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Abbreviations and Acronyms

pulse amplitude (first harmonic) of ABP

arterial blood pressure

arterio-venous (jugular) difference of oxygen

ICP pulse amplitude

area under the curve

blood-brain barrier

cerebrovascular compliance

cerebral blood flow

critical closing pressure

fundamental harmonic model of critical closing pressure

multi-parameter mathematical model of CCP based on the concept of
impedance.

closing margin

cerebral metabolic rate of oxygen
cardiac output

mean cerebral perfusion pressure
cerebrospinal fluid
cerebrovascular resistance
dynamic cerebral autoregulation
diffuse axonal injury
decompressive craniectomy
external ventricular drainage
frequency

pulse amplitude (first harmonic) of blood FV

cerebral blood flow velocity



FVm mean blood flow velocity in the middle cerebral artery

Fvd diastolic blood flow velocity in the middle cerebral artery
FVs systolic blood flow velocity in the middle cerebral artery
HR heart rate

ICP intracranial pressure

LLA lower limit of cerebral autoregulation

LDF laser Doppler flowmetry

MAP mean arterial blood pressure

MMM multimodality monitoring

MRI magnetic resonance imaging

Mx mean velocity index of cerebrovascular autoregulation
NCCU Neurosciences Critical Care Unit

nlCP non-invasive intracranial pressure

NIRS near-infrared emission spectroscopy

PaCO, arterial partial pressure of carbon dioxide

PaO, arterial partial pressure of oxygen

PbtO, brain tissue oxygen pressure

PET positron emission tomography

PI Gosling pulsatility index

PRx cerebrovascular pressure reactivity index

PVI pressure-volume index

rCBF regional cerebral blood flow

R, cerebrovascular resistance (CVR in the print publication)
RAP volume-pressure compensatory reserve index

RBC red blood cells

RI Pourcelot resistance index

SAH subarachnoid haemorrhage

sCA static cerebral autoregulation



SjO;
SRoR
TBI
TCD
THRT
ULA
WT
WT,

WTh

|21

jugular saturation of oxygen

static rate of autoregulation

traumatic brain injury

transcranial Doppler

transient hyperaemia response test

upper limit of cerebral autoregulation

wall tension

fundamental harmonics model wall tension

multi-parameter mathematical model of wall tension based on the concept of
impedance

cerebrovascular impedance

cerebrovascular impedance with frequency equal to HR
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INTRODUCTION Multimodal neuromonitoring increases the knowledge of the
physiopathology underlying the plateau waves of intracranial pressure (ICP). The transcranial
Doppler (TCD) pulsatility index (PI) is considered a descriptor of the distal cerebrovascular
resistance (CVR).

Critical closing pressure (CCP) denotes a threshold of arterial blood pressure (ABP) below
which blood vessels collapse and cerebral blood flow (CBF) ceases increasing the ischemic risk.
Although theoretically could be useful, its clinical applicability is limited for methodological
reasons.

HYPOTHESIS 1) PI could be determined by the interaction of multiple haemodynamic
variables and not only by CVR; 2) CCP, estimated with a cerebrovascular impedance model,
increases during plateau waves.

AIMS 1) to define which factors influence TCD pulsatility index of cerebral blood flow
velocity; 2) to measure CCP and verify a new method to its calculation during plateau waves.

SUBJECTS AND METHODS Recordings from patients with severe head-injury undergoing
monitoring of arterial blood pressure, ICP, cerebral perfusion pressure (CPP), and TCD assessed
cerebral blood flow velocities (FV) were analysed. The Gosling pulsatility index (PI) was
compared between baseline and ICP plateau waves (n = 20 patients) or short-term (30—60 min)
hypocapnia (n = 31). In addition, a modeling study was conducted with the ‘‘spectral’’ PI
(calculated using fundamental harmonic of FV) resulting in a theoretical formula expressing the
dependence of PI on balance of cerebrovascular impedances.

Analysis with a validated specific software (ICM+"). Both studies are based in a
multiparametric method new model of cerebrovascular impedance; first a retrospective study of
2 opposing physiological conditions comparing basal PI to: a) plateau waves (n= 20 patients, 38
plateau waves); and b) moderate hyperventilation (n=31); next CCP was calculated in the
plateau waves group (n= 20). According to Burton’s model, wall tension (WT) was estimated
as: WT = CCP-PIC.

RESULTS 1) during plateau waves PI increases significantly while CVR diminishes. During
hypocapnia both PI and CVR increase; 2) CCP increases significantly in the plateau of the wave
while WT lowers a 34.3%.

CONCLUSIONS 1) Transcraneal Doppler PI is usually misinterpreted as a descriptor of distal
CVR. There is a complex relationship between Pl and multiple haemodynamic variables; 2)
Critical closing pressure (CCP) increases during plateau waves but wall tension (WT)
diminishes. A new mathematical model to calculate CCP is presented which allows a more
physiological interpretation.

Keywords Cerebral hemodynamics _ Critical closing pressure _ Intracranial pressure
Mathematical modeling Plateau waves _ Transcranial Doppler  Traumatic brain injury Wall
tension
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1. BRAIN PHYSICS: CEREBRAL PHYSIOLOGY AND BRAIN MONITORING

Scientists have studied the brain for centuries. The brain is the part of the central nervous
system that is housed in the cranial vault and has a very complex biomechanics.

Brain physics is the area of science that summarizes physical interactions between volumes,
flows and pressures within the brain. Hence, a good understanding of these relationships is
needed in order to clearly understand the basics of cerebral physiology, and particularly of
cerebral haemodynamics.

The brain is a unique vital organ with a high metabolic rate that requires a continuous supply of
energy, and its oxygen demand exceeds that of all organs except the heart. Although cerebral
parenchyma comprises only 2% of the body weight it disproportionately consumes 20% of the
total body resting oxygen consumption and 25% of the glucose used by the whole body, and is
dependent on a constant supply of 12-15% of the cardiac output (700 mL min™ in the young
adult). As cerebral function is totally dependent on oxidative phosphorylation of glucose to
provide ATP, the brain is dependent on a stable supply of cerebral blood flow'™.

1.1  Cerebral blood flow and metabolism

Mean resting cerebral blood flow (CBF) in young adults is about 55-60 mL (100 g brain
tissue) ' min"'. This mean value represents two very different categories of flow: 75 and 45 mL
(100 g brain tissue) ' min"' for grey and white matter, respectively. Regional CBF (rCBF) and
glucose consumption decline with age, along with marked reductions in brain neurotransmitter
content, and less consistent decreases in neurotransmitter binding.

In health, oxygen delivery by CBF is efficiently matched to the cerebral metabolic rate for

oxygen (CMRO,), which usually is about 3.3 mL (100 g brain tissue) ' min '. There is a basal

consumption of energy (around 40%) for the maintenance of the cellular integrity and the

electrochemical gradients, synthesis of proteins, lipids and carbohydrates and neurotransmitters

management; besides there is a “functional” consumption (60%) for the electrical activity of the
2

neurons”.

In physiological conditions, there is an excellent flow—metabolism coupling whereby CMRO; is
directly related to CBF and the arterio-jugular differences in oxygen content (AVDO,). The lack
of storage of substrates and the high metabolic rate of the brain accounts for the organ’s
sensitivity to hypoxia. CBF and oxygen consumption thresholds identified for ischemic and
irreversible injuries are 18 mL (100 g brain tissue) ' min 'and 1.0 mL (100 g brain tissue) '
min "', respectively*.

Optimal cerebral perfusion is essential to avoiding tissue ischemia and overperfusion. There are
two common theories to explain the relationship between cerebral perfusion and systemic
hemodynamics. The first is based on an analogy to Ohm’s law regarding the relationship
between resistance, pressure, and flow: ‘organ perfusion (flow) depends on arterial blood
pressure (ABP) and cerebrovascular resistance (CVR)’. The other is based on the distribution of
the cardiac output (CO): ‘the blood flow of the brain is a portion of the CO that is determined
by the value of CO and the percentage of share based on the brain’s metabolic need’".



Application of the Ohm’s law to cerebrovascular haemodynamics translates to the following
equation, where CPP stands for ‘cerebral perfusion pressure’:

CPP
CBF = —
CVR

The driving pressure in most organs is the difference between arterial and venous pressure.
However, the pressure perfusing the brain (CPP) is the difference between mean arterial
pressure (MAP) and either the intracranial pressure (ICP) or the pressure within the cerebral
veins (whichever is greater)s. As the brain lies in a closed cavity, when ICP is elevated there is a
collapse of the bridging pial veins and venous sinuses, which then act as Starling resistors.
Therefore, coupling between the ICP and pressure in bridging and cortical veins provides the
basis for this definition of CPP°.

CVR is influenced in physiologic states by constriction and dilatation of the arterioles in the
brain. In pathologic states, focal changes in resistance can be seen immediately behind an area
of significant stenosis.

The main goal of brain cerebrovascular haemodynamics is to keep CBF stable despite possible
alterations in CPP and CVR. The interaction of different physiological mechanisms is
responsible of this goal.

1.1.1 Regulation of cerebral blood flow

CBEF is rigorously regulated by a set of powerful mechanisms to safeguard the matching of
cerebral metabolic demand and supply. Classically these mechanisms have been considered to
be cerebral autoregulation, neurovascular coupling and cerebrovascular carbon dioxide (and
oxygen) reactivity. However, actual evidence shows that also an alteration in cardiac output,
either acutely or chronically, may lead to a change in CBF that is independent of other CBF-
regulating parameters including blood pressure and carbon dioxide’.

1.1.1.1 Cerebral autoregulation

Cerebral blood flow autoregulation is the intrinsic ability of the cerebral vasculature to maintain
a stable blood flow for a given magnitude of cerebral metabolic rate despite fluctuations in
mean arterial blood pressure. Under normal circumstances, CBF is regulated mainly through
changes in arteriolar diameter, which, in turn, drive changes in CVR in accordance with
Poiseuille’s Law. Decreases in ABP (or CPP) result in cerebral arteriolar vasodilation, while
elevations induce vasoconstriction.

This homeostatic mechanism was first demonstrated by Fog (1937) in cats®” but it was not
accepted until 1959 when Lassen described this phenomenon using the classic triphasic
autoregulation curve which was constructed from CBF measurements in several different



human studies using Kety and Schmidt’s nitrous oxide method'.

Various neurogenic (through pial vessels innervation)'', myogenic (changes in arteriolar
transmural pressure)'* and metabolic pathways (involving nitric oxide and adenosine)" have
been involved in mediation of cerebral vasomotor reactions, but the exact molecular
mechanisms still remain elusive'*.

As shown in figure 1-1, cerebral autoregulation is visualized as a correlation plot of CBF (axis
of ordinate) against CPP or ABP (axis of abscissas).

Figure 1-1. Classical curve of cerebral autoregulation (also known as Lassen’s curve)'’. CBF is
maintained through active changes in vascular diameter of the arterioles despite fluctuations in
CPP. The three elements of the resulting curve are (1) the lower limit, LLA; (2) the upper limit,
ULA; and (3) the plateau. The lower and upper limits are the two inflection points indicating the
boundary of pressure-independent flow (the plateau) and the start of pressure-passive flow.
Reproduced with permission from the Brain Physics Lab, University Neurosurgery Unit,
Addenbrooke’s Hospital, Cambridge, UK.

CBF
[ml/min/100g]
60 /

40

12 #

CBF = CPP/CVR

As we see in figure 1-1, the most quoted are a LLA of 50 mm Hg, an ULA of 150 mmHg, and
the plateau (CBF) around 45-50mL (100 g brain tissue) ' min '. Below the LLA, CBF would be
completely dependent on MAP (or CPP) with the consequent risk of cerebral ischemia. On the
other hand, above the ULA we would have the same condition (CBF directly dependent on
MAP or CPP) but in this case the risks would be related to the damage of the blood-brain barrier
and the consequent risk for oedema or even bleeding.

However, these classical reference numbers are the means of various groups of subjects in
different studies, without any note of the standard deviations or range of distribution'”"". That
explains why these inflection points are usually represented as “sharp points” instead of a more
physiological round “shoulder” limits as seen in figure 1-1. Also the flat plateau (zero tilt) of
the autoregulation curve is an idealized drawing, as it may execute on a slightly tilted plateau
different to pressure-passive flow'”.

There is a wide range of interindividual and study-to-study variations regarding these LLA and



ULA in health and disease, and published figures in humans vary considerablylé. Experts in the
field remark the importance of individualizing these limits or, as a reference for clinical
practice, consider a theoretical LLA with a 75% of the MAP value taken as a reference.
Cerebral hypoperfusion symptoms could be expected when MAP of the patient would become
about 40-50% of the initial reference value'’.

The position of the LLA also depends on the mechanism of hypotension. If it is related to
vasodilating drugs (i.e. low sympathetic tone), the LLA will shift more to the left compared to
cases related to hypovolemia (due to the generalized increment of the sympathetic tone in this
last group)'®.

The cerebral autoregulation curve is shifted to the right in patients with chronic arterial
hypertension. As both upper (ULA) and lower (LLA) limits are shifted, CBF becomes more
pressure-dependent at low “normal” arterial pressures in return for cerebral protection at higher
arterial pressures. Studies suggest that long-term (over 1 year) antihypertensive therapy can
restore cerebral autoregulation limits towards normal'”.

Considering all these facts, the autoregulation curve conceived by Lassen is not a ‘one-
size-fits-all” phenomenon; rather, its position and shape may change following changes in
pertinent physiological and medical conditions.

Cerebrovascular autoregulation can be thought of as comprising both fast (dynamic) and slow
(static) components in terms of the changes in CVR in response to changes in pulsatile and
mean CPP, respectively”. Measurement of cerebral autoregulation is a complicated process.
Besides the technical limitations there are many physiological variables that can affect the CBF
either directly or through metabolic coupling.

e Static cerebrovascular autoregulation (sCA)

Static measurements evaluate the change in CVR in response to the pharmacological
manipulation of MAP allowing sufficient time for the flow and pressure to plateau. In fact, the
static rate of autoregulation (SRoR) is calculated by measuring CBF at two stable blood
pressure levels, and determining the ratio of change in the two parameters; that is, the
percentage change in CVR divided by the percentage change in MAP (or CPP if available, see
figure 1-2).

% change in CVR
% change in CPP

SRoR =

If CVR does not change with change in CPP (or MAP), autoregulation is said to be impaired.

Static measurements are considered the gold standard for testing cerebrovascular autoregulation.
The best approach is to measure it with direct perfusion methods, such as '**Xe clearance,
magnetic resonance imaging (MRI) and positron emission tomography (PET) scan, which all
enable calculation of absolute CBF values.
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Figure 1-2. Static rate of cerebral autoregulation (SRoR). The figure shows assessment of
SRoR during pharmacological-induced hypertension. It is calculated as percentage change of
CVR divided by the percentage change in CPP. a) Direct CBF measurement and SRoR
calculation using a PET scan. Noradrenaline was infused to increase CPP. b) SRoR calculated
with a CBF surrogate (transcranial Doppler). ABP was increased with injection of a vasopressor
(phenylephrine, light blue bar). Right side CBF velocity (dark blue) responded positively and
left side (in yellow) negatively. Left side SRoR was 120% (preserved) and right side SRoR was
64% (altered). Reproduced with permission from the Brain Physics Lab, University
Neurosurgery Unit, Addenbrooke’s Hospital, Cambridge, UK.
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However, despite being quantitative and providing results that are simple to interpret, these
techniques have several drawbacks. First, assessment of CBF at two steady states can provide
information about the long-term (outcome) performance of cerebral autoregulation but not the
dynamic process itself'’. Furthermore, as use of these techniques requires pharmacological
induction of changes in ABP, they are not suitable for critically ill patients in whom blood-
pressure stimuli may be undesirable, nor for sequential monitoring'*.

e Dynamic cerebrovascular autoregulation (dCA)
Described as a concept in 1989 by Aaslid et al, it refers to the fast component of

cerebrovascular autoregulation that tends to be affected earlier than sCA and in consequence is
more vulnerable to a variety of insults®".
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For practical reasons including availability and the capacity to measure blood flow
continuously, surrogate markers of CBF have been frequently measured and adopted for
monitoring dCA. Such methods include transcranial Doppler (TCD), laser Doppler flowmetry
(LDF), partial pressure of brain tissue oxygen (pbtO,) and thermal-diffusion regional CBF, as
well as near-infrared spectroscopy (NIRS) technologies'®. These surrogate measurements place
emphasis on the dynamic process (fast component) of autoregulatory reactions- that is, changes
that occur within seconds after a fall or rise in perfusion pressure.

Owing to the heterogeneity of these modalities, both in terms of the nature of the monitored
parameter as well as their spatial characteristics (white matter versus grey matter, and unilateral
versus bilateral), interpretation of results is often challenging.

In contrast to calculation of the SRoR, no uniform and accepted method exists for calculation of
dCA'®; however, they can be broadly divided into those that require a short blood-pressure
stimulus and those that rely on spontaneous fluctuations of blood pressure, which are less
invasive.

Measurement with blood-pressure stimulus (figure 1-3):

o Transient hyperemic response test (THRT): originally described by Giller et al, it uses
TCD to determine the magnitude of the increase in CBF velocity that occurs after the
common carotid artery is relieved from a brief period of compression (5 seconds)**. The
observed hyperaemia is a consequence and manifestation of autoregulatory
vasodilatation that occurs during compression; lack of a hyperaemic response,
therefore, is suggestive of dysautoregulation. Similar reactions can also be evoked using
NIRS-derived parameters.

o Thigh-cuff deflation method: described by Aaslid et al, it uses systemic hypotension
induced by deflation of a previously inflated thigh cuff*'. This hypotension is
accompanied by a sudden drop in CBF velocity (measured with TCD) with subsequent
recovery, which is again a manifestation of autoregulatory vasodilatation and
decreasing CVR. The rate of recovery can be calculated and used as an index of
autoregulation: fast recovery indicates functional autoregulation.

The fact that the observer controls the exact time and grade of the stimulation imparts precision
to these techniques, as stimuli can be graded to create a favourable signal-to-noise ratio'.

12



Figure 1-3. Dynamic cerebral autoregulation (dCA) assessed with short-lived blood pressure
stimulus. a) Transient hyperaemic response test with a 5 seconds compression (*) and then
release (**) of the common carotid artery. Intact autoregulation (left) shows a positive
hyperemic response of blood FV measured with TCD in the middle cerebral artery. When
autoregulation is impaired (right), no hyperaemic response is seen. b) Thigh-cuff test: following
rapid deflation of a thigh cuff (black arrow), intact autoregulation leads to rapid return of FV to
baseline preceding normalization of ABP (left). Impaired autoregulation shows a slow return of
FV to baseline (right). Reproduced with permission from the Brain Physics Lab, University
Neurosurgery Unit, Addenbrooke’s Hospital, Cambridge, UK.
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Noninvasive measurements (figure 1-4).

Methods are available that enable continuous autoregulation monitoring relying on the
observation of spontaneous responses of CBF to spontancous ABP fluctuations without the
requirement of external stimuli. Hemodynamic oscillations with a period between 20 seconds
and 3 minutes (the so called ‘slow waves’) are the best inputs for this assessment'.

These methods are based on waveform analysis as the signal-to-noise ratio and subsequent
precision is less favourable than in the testing methods previously explained. This loss of
precision is compensated by the ability to repeat the measurements frequently and
autoregulation is calculated continuously by assessment of either the speed or the direction of
changes in any of the surrogate markers of CBF in relation to the speed or direction of the ABP
change. Again, large heterogeneities exist in methods to calculate autoregulatory parameters,
and such variability has particular importance when assessment of autoregulation is based on
spontaneous fluctuations (figure 1-4).
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o Time-based methods assess the correlation between ABP and surrogate markers of
CBF, and follow the concept that in a passive system (such as autoregulatory failure),
the correlation between these two parameters will be high®.

e Frequency-based methods involve application of a mathematical-transfer function
analysis and assess the phase relationship (‘phase-shift’= which variable changes
before which) between fluctuations of ABP and surrogate markers of CBF within a
defined frequency band. In this model, a near-zero phase shift indicates passivity and
impaired autoregulation, while a negative phase shift (indicating surrogate CBF changes
before ABP) indicates intact autoregulation24’25.

Figure 1-4. Dynamic cerebral autoregulation assessed with spontaneous fluctuations of blood
pressure. a) Spontaneous ABP and FV fluctuations (arrows); b) Time-based methods determine
the moving correlation coefficient between ABP and FV; ¢) Frequency-based methods single
out the slow waves with filters and measures the phase shift angle between both signals (high
phase-shift = preserved autoregulation on the right side-FVr, low phase-shift = impaired
autoregulation on the left side-FV1). Modified from Budohoski KP et al. Nat. Rev. Neurol. 2013,
(9): 152-63.
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Currently, TCD remains the most commonly used non-invasive method for monitoring
surrogate markers of CBF. As TCD measures CBF velocity and only in a particular artery,
commonly the middle cerebral artery (MCA), this may introduce a source of inaccuracy26.
Nevertheless, TCD has been extensively validated both for estimating CBF sufficiency and for
monitoring autoregulation®’.
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NIRS is gaining recognition as a non-invasive method to monitor cerebral autoregulation as it
has been shown to accurately reflect the dynamic changes in CBF*®. Experimental work using a
piglet model of induced hypotension demonstrated that NIRS-based assessment of
autoregulation was reliable and correlated well with more-established invasive methods®.
However, a particular limitation for NIRS is that is prone to extracranial contamination of the
signal, particularly when extracranial tissue is extensively swollen (e.g. after neurosurgery)™.

Although in general there is a good concordance between static and dynamic cerebrovascular
autoregulation testing, SCA is more robust than dCA as the former is not affected by latency
changes3 !

1.1.1.2 Cerebrovascular carbon dioxide and oxygen reactivity

The execution of cerebral autoregulation relies on the robust cerebrovascular reactivity that
engenders dilation to a decrease in CPP and constriction to an increase in CPP. However,
carbon dioxide (CO,) is a largely known powerful modulator of cerebral vasomotor tone and
through changes in arterial blood CO, partial pressure (PaCO,) has a major influence in the

regulation of CBF*>*,

At a normal ABP, a change in PaCO, exerts a profound effect on cerebral perfusion with a 2-
4% linear change in CBF for every 1-mmHg change in PaCO,. Carbon dioxide diffuses
rapidly across the blood-brain barrier, increases the concentration of extracellular fluid H' ions,
and causes vasodilation™. However, the arteriolar tone modifies the effects of PaCO, on CBF,
and severe hypotension can abolish the ability of the cerebral circulation to respond to PaCO,
changes3 6.

Hypercapnia increases CBF by cerebral vasodilation. As a consequence, the plateau of the
Lassen’s autoregulation curve is progressively shifted upward and shortened, the lower limit
(LLA) is shifted rightward, and the upper limit (ULA) is shifted leftward (figure 1-5, left). The
extent of these changes depends on the balance between the severity of hypercapnia and the
buffering capacity of the sympathetic nervous activity. At severe hypercapnia, when cerebral
resistance vessels are maximally dilated, the plateau is lost and the pressure-flow relationship is
linear™.

During hypercarbia, vasodilation occurs in the normal cerebral vasculature. As a consequence,
cerebral blood flow steal may happen as there is a decreased blood flow in relatively ischemic
areas of the brain as a result of hypercarbia-induced vasodilation in non-ischemic areas®’.

Conversely, hypocapnia decreases CBF due to cerebral vasoconstriction and results in the
plateau descending to lower CBF with an unremarkable change of the LLA*® (figure 1-5,
right). However, how the upper limit moves is not clear and different speculations have been
stated”. In this case, vasoconstriction in the normal areas of the brain induced by hypocapnia
can redistribute blood to ischemic areas, the so called inverse steal (or ‘Robin Hood”)
phenomenon®.

Within physiological limits, arterial blood oxygen partial pressure (PaO,) does not affect CBF.

Hypoxia-induced cerebral vasodilation begins to rise CBF when PaO; falls to 50 mmHg and
roughly increases two-fold at a PaO, of 30 mmHg because of tissue hypoxia and concomitant
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lactic acidosis. Hyperoxia may be associated with only minimal decreases (<10%) in CBF.
Therefore oxygen regulates CBF both alone and via an integrated mechanism that involves
interplay with CO,, perfusion pressure, and maybe other physiological processes™.

Figure 1-5. Effect of hypercapnia (/eff) and hypocapnia (right) on cerebral autoregulation.
Autoregulation curves are in black at normocapnia, red at hypercapnia and blue at hypocapnia.
Cerebral resistance vessels are drawn in red and R = calibers of the vessels. A = curve below the
LL of autoregulation (LL), B = the plateau at normocapnia (By), mild hypercapnia or
hypocapnia (B)) and severe hypercapnia or hypocapnia (B,); C = the curve above the upper
limit (UL) at normocapnia (Cy), mild hypercapnia or hypocapnia (C;) and severe hypercapnia or
hypocapnia (C,). Taken from Meng L et al. Anesthesiology 2015, 122 (1): 196-205.
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1.1.1.3 Flow-metabolism neurovascular coupling and hypothermia

Increases in local neuronal activity are accompanied by increases in regional cerebral metabolic
rate. Until recently, increases in regional CBF (rCBF) and oxygen consumption produced
during such functional activation were thought to be closely coupled to the CMR of utilization
of both oxygen (CMRO,) and glucose.

However, recent research has shown that the key mechanism responsible for the rCBF increase
during functional activation is a tight coupling (a linear relationship), between rCBF and
glucose metabolism. On the other side, oxygen metabolism only increases to a minor degree,
causing an uncoupling of rCBF and oxidative metabolism*.

The disproportionate increase in glucose utilization leads to regional anaerobic glucose
utilization with a consequent decrease in oxygen extraction ratio. Functional recruitment of
capillaries attempting to accommodate the cerebral tissue's increased demand for glucose supply
during neural activation and recent evidence supporting a key function for astrocytes in rCBF
regulation are the mechanisms involved*'.

Hypothermia is known to reduce both the active and the basal components of metabolism,
thereby increasing the period of ischemia tolerated. The cerebral metabolic rate (CMRO,)
decreases by 5-7% for each 1°C fall in body temperature** while pyrexia has the reverse effect.
Accordingly, there is a parallel reduction in CBF with the decrease in cerebral metabolic rate®.
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1.1.1.4 Cardiac Output

A recent review of the overall evidence shows that, even though the ABP remains stable or
within the autoregulatory range, acute or chronic alterations in cardiac output (CO) lead to a
change in CBF that is independent of other CBF-regulating parameters including ABP and
CO,’. This is a clinically relevant issue because both acute and chronic changes in CO are
frequently encountered in clinical care. CO contributes to the regulation of CBF likely via the
sympathetic nervous activity, with or without the renin—angiotensin system depending on the
acuteness or chronicity of change (figure 1-6).

Although there are methodological heterogeneities between studies with some inconsistent
results there seems to be a causal relationship between acute changes in CO and CBF, where
each percentage of change in CO would correspond to a 0.35% change in CBF’. The speculative
involved mechanism would be a change in CVR due to the sympathetic innervation of the
cerebral resistance vessels incurred by central blood volume alterations, as ABP remained
relatively stable. During acute central blood volume alteration, the extent of the CBF change is
much smaller (about one third) than the change in peripheral regional blood flow probably due
to the concomitant protective effects of the other previously explained CBF-regulating
mechanisms** and to the redistribution of flow from the periphery to the brain due to a major
role of the sympathetic nervous system in the peripheral tissues vascular beds.

On the other hand, there is also extensive evidence showing that CBF is reduced in patients
diagnosed with chronically reduced CO due to chronic heart failure compared to healthy
controls. The extent of the CBF reduction correlates with the severity of the chronic heart
failure assessed using New York Heart Association functional classification*’ and the left
ventricular ejection fraction™.

In both acute and chronic CO reduction on CBF, the differential extent of vasoconstriction of
different vascular beds shunts the flow from the periphery to the brain resulting in a lesser extent
of CBF reduction than both the CO and the peripheral blood flow.

The mechanism underlying the CBF reduction in patients with chronic heart failure is unclear
but likely related to the neurohormonal activation incurred by a failing heart (figure 1-6). The
hyperactivity of both the sympathetic nervous system and the renin—angiotensin—aldosterone
axis provokes vasoconstriction of not only the peripheral vascular beds but also the cerebral
vascular bed. This relentless cerebral hypoperfusion and neurohormonal hyperactivity likely
contribute to the dysfunction of the neurovascular unit increasing the risk of cognitive
dysfunction, abnormal brain aging and Alzheimer’s disease’.

The lesser extent to which CBF changes compared with that of CO or peripheral blood flow
during acute or chronic CO alterations can be explained by the fact that the extent to which CBF
is changed is determined by the integrated effect of all CBF-regulating mechanisms (figure 1-
6). Other powerful CBF-regulating mechanisms unrelated to CO may buffer the effect of CO on
CBF, causing a lesser flow change in the brain compared with the organs that are not influenced
by these mechanisms.
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Unfortunately, studies on the association between CO and CBF in patients with varying
neurologic (vasospasm, ischemic stroke), medical (sepsis, hepatic failure) and surgical
conditions (cardiac surgery, neurosurgery, head injuries) are confounded by methodologic
limitations. The use of vasoactive drugs is a remarkable aspect, as vasoactive agents that
primarily increase ABP such as phenylephrine or norepinephrine may have unpredictable
effects on CO. In contrast, dobutamine and volume augmentation can increase the CO but not
necessarily ABP. The effect of a vasopressor on CBF likely depends on the drug being used, the
disease state, and the functional status of the regulatory mechanisms of brain perfusion.
However, it seems that interventions that enhance cardiac performance may improve perfusion
of the ischemic brain, especially in patients with impaired cardiac function.

1.1.1.5 Integrated Regulation of cerebral blood flow

Meng and colleagues recently proposed a revised conceptual framework of the integrated
regulation of brain perfusion in order to consider all CBF-regulating mechanisms with the
effects of blood pressure and CO on brain perfusion in one concordant context’. This was an
important consideration because blood pressure and CO are related but different systemic
hemodynamic parameters, and they may change simultaneously but exerting distinctive effects
on brain perfusion®’ (figure 1-6).

The autoregulatory curve should be regarded as a dynamic process, meaning that its shape,
plateau, and the lower and upper limits may change depending on the integrated effect of these
CBF-regulating mechanisms including the CO. As CBF regulation is multifactorial, these
various processes, no matter how distinctive, must exert their effects simultaneously on the
cerebral resistance vessels and jointly generate only one consequence that is the extent of the
CVR. Different mechanisms may affect different segments of these cerebral resistance vessels
(i.e. sympathetic stimulation constricts large cerebral arteries, whereas an increase in ABP
constricts the arterioles).

Therefore, how CBF is affected after a change in any of the regulatory processes depends on
how these mechanisms are integrated. Different mechanisms likely have different degrees of
regulatory power likely determined by the physiologic priority in the context of the clinical
situation. The one with the major regulatory power plays a dominant role, whereas one with
minor power plays a smaller role.

The effect of CO on CBF can be appreciated within the framework of cerebral autoregulation.
When CO is decreased, the plateau descends slightly reflecting the smaller decrease in CBF,
and vice versa. However, how the lower and upper limits of the Lassen’s curve are changed and
whether the plateau tilts when the CO is altered is still unknown.
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Figure 1-6. Integrated regulation of brain perfusion. The calibre of the resistance vessels is
determined by the interaction of different physiological mechanisms of CBF regulation: 1)
cardiac output (CO) via sympathetic nervous activity (SNA) and renin—angiotensin—aldosterone
system (RAA); 2) ABP and CPP via cerebrovascular autoregulation; 3) cerebral metabolic
activity (neurovascular coupling); 4) cerebrovascular reactivity to CO, and O,. The plateau of
the curve shifts downward when CO is reduced and upward when is augmented. The position of
the plateau is determined by the caliber (R, high-normal-low) of the cerebral resistance vessels.
Taken from Meng et al. Anesthesiology 2015, (123): 1198-208.
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1.1.2  Monitoring cerebral blood flow

As previously stated, the best approach to measure CBF is with the aid of direct perfusion
methods, such as 133Xe clearance, MRI or PET, which all enable calculation of absolute CBF
values.

Nevertheless, for practical reasons including availability and the capacity to measure CBF
continuously at the bedside, different methods that measure surrogate measurements of CBF
have been adopted along the last 3 decades. Among them the thermal-diffusion rCBF monitors
may quantify perfusion in absolute physiological units [mL (100 g brain tissue) ' min™'], but it’s
an invasive technology and signals show lot of fluctuations that seem to be artificial®*. With
similar intentions, laser-Doppler flowmetry was largely investigated years ago but now is rarely
used in clinical practice as it is invasive, indirect and has a biological zero®.
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A special mention must be made regarding jugular venous bulb oximetry, frequently used as a
bedside measure of global cerebral oxygen delivery and extraction and as a tool to estimate
adequacy of the global CBF. As CBF and metabolism (CMRO,) are usually coupled, during a
period of stable cerebral metabolism, CBF can be estimated from the arterio-venous (jugular)
oxygen content difference across the cerebral circulation (AVDO,).

CMRO,
CBF

AVDO, =

As a consequence, AVDO, may be considered a measurement of the flow-metabolism
coupling™.

Near infrared spectroscopy is a noninvasive optical monitoring technique that utilizes infrared
light to estimate brain tissue oxygenation and provide indirect information about CBF. Infrared
light is emitted from light emitting diodes and detected by phosphodiode optodes placed over
the scalp of the frontal lobes. However, NIRS technique and normative saturation values vary
among the different manufactured monitors making both comparisons and interpretations
difficult. But technology is still evolving, and besides these recognized limitations it may
provide a bedside tool for an accurate measure of CBF in the near future™.

Nevertheless, among all the described techniques TCD has established itself as a reference
monitor due to its very good dynamical response while being non-invasive. TCD is the only
diagnostic tool that can provide continuous reliable information about cerebral haemodynamics
in real time and over extended periods.
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1.1.3  Transcranial Doppler

TCD is a non-invasive bedside monitor that uses a Doppler transducer to measure red blood
cells (RBC) velocity and pulsatility of the CBF in the circle of Willis large basal cerebral
arteries. Its first use in neurology was reported in 1982 by Aaslid and colleagues, mainly to
detect and monitor vasospasm after subarachnoid hemorrhage’'. Since then, its use has spread in
the monitoring of various brain injuries such as acute ischemic stroke or traumatic brain injury
(TBI)*>*. TCD has also been extensively studied in the setting of clinical brain death’*.

The advantages of TCD are low cost, easy availability, virtually no complications, and the
possibility of frequent repeated examinations and continuous monitoring. It has limited ability
to detect distal branches of intracranial vessels and being a “blind procedure” its accuracy relies
on the knowledge and experience of the explorer.

Ultrasound examination of a vessel is referred to as insonation. The TCD probe is placed over
different “acoustic windows” that are specific areas of skull where there is no bone or the
cranial bone is thin. The transtemporal window is the most commonly used to insonate anterior,
middle and posterior cerebral arteries. It should be noted that 8-10% of the population does not
have an adequate acoustic window™". The other ultrasonic windows are transorbital for the
carotid siphon, suboccipital for the basilar and vertebral arteries, and submandibular for the
more distal portions of the extracranial internal carotid artery.

Principle of transcranial Doppler

TCD does not allow direct visualization of insonated vessels (as with “duplex” devices), rather
it is an indirect evaluation based on the physical principle described in 1842 by Christian
Doppler™.

As it can be seen in figure 1-7, TCD uses low frequency focused pulsed wave probes to
insonate the major cerebral vessels. This TCD probe emits an ultrasonic beam with a known
low frequency of 2 MHz, referred to as f, and propagation speed ¢ towards the moving target, in
this case RBCs. This ultrasonic beam is produced from piezo-electric crystals that have been
stimulated electrically and crosses the skull at the “acoustic windows”. This beam bounces off
the moving erythrocytes (the echo perceived) within the insonated artery at an altered
frequency, f;, which is dependent on the velocity of the RBCs. The difference between the
reflected and the transmitted sound frequencies is called the “Doppler shift” or “Doppler effect”
(f2), and this enables the detection of tissue motion and blood flow velocities.

fa = fe=fo
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Figure 1-7. TCD employs a 2-MHz ultrasound probe because skull bone attenuates about 90%
of the waves and attenuation is lower for the low frequencies. This signal is reflected from the
moving RBCs of the middle cerebral artery (MCA) with a positive or negative frequency shift
(Doppler shift). The faster the erythrocytes are moving, the higher Doppler shift. Modified and
reproduced with permission from the Brain Physics Lab, University Neurosurgery Unit,
Addenbrooke’s Hospital, Cambridge, UK.
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The complex signals resulting from the reflections of moving RBC are received by the
transducer and converted to an electric signal that is processed with the use of spectral analysis
into individual velocities by a method called Fast Fourier Transform (FFT) to obtain a
waveform that allows accurate determination of blood flow velocities and direction of flow. The
flow velocity of the RBC is calculated as

cXfq
2% £,

FV =

But as the FV determined by TCD is dependent on the cosine of the angle of insonation, then

cXfq
FV = ————
2Xfyxcos@
where 0 is the angle between the direction of the ultrasonic beam and the direction of the CBF
(figure 1-7). Hence, at 0° the TCD-calculated and the “real” velocity are equal (as cosine of 0° =
1). But the anatomic limitations related to the insonation of the transtemporal window (most
commonly used to insonate anterior, middle and posterior cerebral arteries) only allow signal
captures at narrow angles (<30°) minimizing the error to <15%"".

As TCD measures RBC velocity and not flow, changes in flow velocity (FV) only represent true
changes in CBF when both the angle of insonation and the diameter of the vessel insonated
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remain constant. There is controversial evidence about changes in the diameter of the middle
cerebral artery (MCA) with changes in ABP, PaCO,, or the use of anesthetic or vasoactive
agents”®™’. Provided these limitations are recognized, this technique can be utilized as a
surrogate marker of CBF.

Practical applications of transcranial Doppler

The TCD system displays information as a velocity-time waveform. The peak systolic (FVs)
and the end-diastolic (FVd) blood flow velocities are measured from the waveform display
(figure 1-8). Classically it’s been considered that FVd reflects the degree of downstream
vascular resistance, whereas FVs depends on upstream determinants such as CO, ABP and
carotid blood flow. The flow velocity waveform is determined by the ABP waveform, the
viscoelastic properties of the elastic bed, and blood rheology.

Figure 1-8. Pulsed wave TCD spectrum (or sonogram) for three cardiac cycles from the middle

cerebral artery (MCA). Vsys = systolic blood flow velocity; Vdia = diastolic blood flow

velocity, Vmean = mean blood flow velocity. Modified and reproduced with permission from

the Brain Physics Lab, University Neurosurgery Unit, Addenbrooke’s Hospital, Cambridge,
UK.

time (sec)

Main information from the TCD is derived from the following calculated parameters:

e Mean flow velocity (FVm) calculated as follows:

_ FVs+ (FVd x 2)

FV
m 3

The range of normal values for adults was determined by Aaslid e al.”'. The different

arteries can be identified according to the insonated acoustic window, the transducer
position, depth, direction of blood flow, their Doppler spectra (velocities) and their
response to carotid compression®.
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e  Waveform pulsatility

Classically it has been stated that the pulsatility of the FV waveform reflects the distal
CVR in the absence of vessel stenosis, vasospasm, arterial hypotension, or profound
anemia®. Different indices have been defined as descriptors of this physical property.

1.1.3.1 Pulsatility index definition

The Gosling pulsatility index (PI) describes changes in the morphology of the flow velocity
(FV) waveform. Defined in 1974, it is a relationship between the difference of systolic flow
velocity (FVs) and diastolic flow velocity (FVd) divided by mean flow velocity (FVm)®'. It is
the most frequently used TCD parameter to theoretically determine the flow resistance. Normal
PI ranges from 0.6 to 1.1 with no significant side-to-side or cerebral interarterial differences in
healthy conditions. A PI higher than 1.2 is being classically assumed to represent high
resistance to CBF.

_ FVs—Fvd
~ FVm

PI

Spectral analysis of the TCD flow velocity signal allows the calculation of the first Fourier
pulsatility index (also called ‘spectral’ PI, sPI) which substitutes the peak-to-peak numerator by
the first harmonic from the spectral analysis®. According to Aaslid, this resulting index is more
reliable than Gosling PI as f1 is not influenced by artifacts®.

1
o = JL
FVm

The Pourcelot resistance index (RI) is another TCD parameter and it is assumed to represents
flow resistance distal to the site of insonation®. Values below 0.75 are considered normal.

_ FVs—Fvd
B FVs

RI

All three indices are theoretically independent of the angle of insonation and have no units.
Studies have shown a strong correlation between the Gosling PI and the Pourcelot RI for all
arteries”” and many authors consider that the three values provide an equal amount of
information.

As Pl reflects both extrinsic resistance (such as during increased ICP) and intrinsic resistance
(such as during hyperventilation), the inherent change in vascular tone with age or diabetes may
also influence PI value®. Large pulse pressure amplitude is quite common in older patients as
their blood vessels become stiff and lose their compliance.

Indeed, the CBF velocity is a dynamic measurement reflecting the instantaneous driving

pressure (i.e. systolic and diastolic ABP). With lowering ABP, FVs and FVd react differently,
as it has been seen both experimentally® and in the clinical setting (see figure 1-9), so
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according to the PI formula, a low diastolic ABP should inevitably result in a high PI value (e.g.
a patient with significant aortic insufficiency will have a high PI value).

Figure 1-9. Experimental study in rabbits during haemorrhage-induced hypotension showing
how TCD diastolic blood flow velocity (FVd) starts to fall sooner than systolic FV (FVs). The
progressive increasing divergence between FVs and FVd increases the amplitude of pulsations
(FVa) and, in consequence would increase the P1. Reproduced with permission from the Brain
Physics Lab, University Neurosurgery Unit, Addenbrooke’s Hospital, Cambridge, UK.
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1.1.3.2 Clinical applications of pulsatility index

For the last three decades many authors have investigated the usefulness of PI in the assessment
of distal CVR, and many experimental and clinical studies in different settings have supported
this interpretation attributing greater PI to higher CVR®”. However, PI does not describe CVR
under all circumstances® and conclusions regarding its accuracy and reliability remain

controversial as far as clinical decisions are concerned®”°

. As an example, the role of PI in
subarachnoid haemorrhage is discussed by some authors as it seems to correlate better with

outcome than with TCD-diagnosed vasospasm’".

Reports on the usefulness of TCD-PI to assess ICP and CPP noninvasively in different groups
of patients are mixed’", but overall its value is very limited’*. However, extreme values of PI
can be used in support of a decision for invasive ICP monitoring and recent studies consider PI
a valuable in-hospital screening tool to identify and follow up patients at risk for second
neurologic deterioration”.

Related to this, the increase in TCD-PI when CPP falls cannot be interpreted as a phenomenon
able to indicate the lower limit of autoregulation because PI always goes up when lowering
CPP, no matter the patient autoregulation status’®. However, it has demonstrated to be a useful
indicator of cerebral hemodynamic asymmetry and an indicator of low CPP”’.

25



1.2 Intracranial Pressure

The human brain (parenchymal brain tissue) weighs about 1400 grams and occupies the
majority of the intracranial compartment (83%). Cerebrospinal fluid (CSF) and cerebral blood
volume (mainly its venous content) occupy approximately 11% and 6% of intracranial volume,
respectively6’78. Most of the intracranial blood volume (about 200 mL) is contained in the
venous sinuses and pial veins, which constitute the capacitance vessels of the cerebral
circulation.

ICP is the force that these three elements exert inside the rigid cranial vault. According to the
Monro-Kellie doctrine the sum of the volume of blood, CSF and brain parenchyma must remain
constant within the fixed dimensions of the rigid non-expandable skull. In other words, the total

. . . . . . 79,80
volume of the intracranial compartment must remain constant if ICP is to remain constant™"".

ICP is a complex variable, consisting of four components modulated by different physiological
mechanisms: (1) inflow and volume of arterial blood, (2) venous blood outflow, (3) CSF
circulation, and (4) brain parenchymal (swelling) or mass lesions. The importance of ICP is not
always associated with its absolute value, but with monitoring of its dynamics in time and with
identifying which of these mentioned components are responsible for the observed pattern of
intracranial hypertension. This is essential, as every component that elevates ICP requires
different countermeasures (like short-term hyperventilation to control 1; head elevation to
control 2; extraventricular drainage (EVD) to control 3; osmotherapy or neurosurgery to control
component 4)*'.

CSF plays a major role assuring favourable mechanical conditions for the central nervous
system. Although there is no enough volume of CSF to have the brain ‘floating’ in this fluid, the
fact of having a continuous fluid environment equilibrates all gradients of the ICP within the
central nervous system (according to Pascal’s law) with no risks for volume shifts or herniations
under normal conditions®. Also, both formation and drainage of CSF are related to CSF pressure
according to the Davson equation®’. Therefore, when circulation of CSF is normal, CSF adopts
a very important compensatory role with lumbar subarachnoid space acting as a reservoir®".

The cerebrospinal pressure-volume curve is nonlinear and expresses the compensatory
reserve™*’. Three parts of the ICP-volume curve can be described (figure 1-9). The curve is flat
at lower intracranial volumes, meaning ICP remains low and stable despite changes in
intracranial volume. This is due to good compensatory mechanisms as the venous blood and
CSF pools are considered to have the highest compliances of all compartments and are the first
to be affected by raising ICP. However, when these compensatory reserves are reduced or
exhausted, the curve rapidly turns exponentially upwards. This part of the curve represents a
phase of low compensatory reserve, where ICP increases considerably, even with relatively
small increases in intracranial volume. At the end, at high levels of ICP, the curve flattens again,
and ICP approximates to the mean arterial blood pressure (ABP). A further increase in ICP
leads to a collapse of the cerebral arterial bed®.
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Figure 1-9. Cerebrospinal pressure-volume curve. Dashed lines marked as B and C determine
the three parts of the curve described in the text. Reproduced with permission from the Brain
Physics Lab, University Neurosurgery Unit, Addenbrooke’s Hospital, Cambridge, UK.
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Intracranial compliance is a concept that is directly related to the pressure-volume interaction,
and it is defined as the change in volume (dV) due to a given change in pressure (dP). The
inverse of the compliance is called elastance (dP/dV), also known as the volume-pressure
response, and it can be described quantitatively by the pressure volume index (PVI), which is
the volume required to raise ICP tenfold*’. Compliance decreases with increasing ICP, while
elastance increases with rising ICP.

Cerebrospinal compliance is a quite complex parameter because is the sum of the CSF space
compliance (associated to CSF buffering capacity), arterial bed compliance and venous
compliance. After exhaustion of all CSF buffering capacity (150-170 mL), venous blood
volume (around 70 mL) is the next buffer, while arterial compliance is controlled by active
modification of arterial wall smooth muscles.

Normal ICP in the horizontal position tends to range between 5 and 15 mmHg, although simple
coughing or sneezing can transiently elevate ICP to a pressure of 50 mmHg*’. The limit of
‘abnormal pressure’ depends on pathology, but in head injury current data support 20-25 mmHg
as an upper threshold above which treatment is required for intracranial hypertension®,

Different methods of monitoring ICP have been described. The “gold standard” technique to
measure ICP is a catheter inserted into the lateral ventricle (usually via a small right frontal burr
hole) and connected to a closed external drainage system with an attached pressure transducer.
The reference point for the external pressure transducer is the foramen of Monro, which in
practice is equated to the external auditory meatus.

The reason for them to be considered the gold standard is related to previously mentioned
Pascal’s principle (or the principle of transmission of fluid-pressure), a principle in fluid
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mechanics that states that “a pressure change occurring anywhere in a confined incompressible
fluid (as CSF in this case) in transmitted throughout the fluid such that the same change occurs
everywhere”gg. In other words, when CSF circulation is normal (an essential requirement) the

values of ICP will be the same in the whole closed system®.

The advantages of external ventricular drainages are its low cost, the possibility of repetitive
recalibrations, the administration of intrathecal medications (e.g. urokinase-type plasminogen
activator tissue to clear intraventricular blood clots) and that it serves as a treatment modality to
allow drainage of CSF, which aids in lowering the ICP.

Disadvantages are related to the fact of being the most invasive of all the ICP monitoring
options. Difficulties with insertion (e.g. in patients with brain swelling and small ventricles)
increase the risk for track hematomas resulting in further brain damage. Also intraventricular
catheters have infection rates (2-27%) directly related to the duration of catheterization (more
than 5 days) and the frequency of EVD manipulation (EVD sampling)’'.

The most common alternative would be intraparenchymal probes consisting of a thin cable with
an electronic or fiberoptic transducer at the tip. These monitors are inserted directly in the right
or left prefrontal area (via a small hole drilled in the frontal skull) and have very low
complication rates (infection rates or risk of major bleeding below 2%) but a small drift of the
zero reference may occur due to inability to recalibrate over time. Also measurements are going
to be influenced by the presence of intraparenchymal gradients®”.

As a substitute for the intraparenchymal probes, subdural and epidural probes can be used, but
the accuracy of these devices is lower limiting its use to coagulopathic patients due to its lower
risk for intracranial haemorrhage”.

Despite eventual complications that might raise from invasive monitoring (infections, brain
tissue lesions and haemorrhage), direct methods still remain the only option if indicated®. When
direct ICP measurement is contraindicated or not available, a reliable non-invasive method
would have a major impact in clinical practice, at least in the early stages of treatment, when it
could act as a screening tool.

Investigations have been made in order to achieve a reliable (both in number and pattern) non-
invasive ICP monitor (nICP) and many different methods have been described (tympanic
membrane displacement, optic nerve sheath diameter, different TCD methods, ABP pulse,
ABP-FV transmission, evoked potentials ...). Unfortunately, at this moment, all of them either
have a significant lack of accuracy (about +/- 15 mmHg) or have one of these 3 problems: do
not measure the absolute value of ICP, have calibration problems or cannot monitor nICP
continuously™.

ICP monitoring has become a standard of care after severe traumatic brain injury (TBI);
however, we do not yet have any class 1 evidence that ICP or more extensive haemodynamic
monitoring improves patient outcome’. The 2016 4th Edition of the Brain Trauma Foundation
clinical practice guidelines for adults recommend, with a level of evidence 1IB, that severe TBI
patients susceptible for treatment (Glasgow Coma Scale after resuscitation < 8 and abnormal
scan) should be managed according to continuous invasively ICP monitoring™. It is remarkable
that ICP monitoring itself contributes little to outcome without proper interpretation and
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secondary analysis of the observed signal. Instead, a positive outcome depends on how the data
from the monitor are used and whether an effective treatment exists.

Related to this subject, a controversial study by Chesnut et al demonstrated that there was no
difference in primary outcome in TBI patients who received ICP monitoring’®. However, while
this trial has internal validity, it has not been externally validated and did not test whether
treatment of ICP per se makes a difference, but rather compared two management protocols
(patients with or without ICP monitoring)%.

Anyway, many cohorts studies that included a large number of patients have demonstrated that
an ICP value above 20 mmHg (or over 22 mmHg according to the last edition of the Brain
Trauma Foundation [BTF] guidelines for severe TBI) is independently associated with a higher
risk of death and disability”’.

We cannot forget that monitoring must be continuous when possible because punctual
measurements (for example manually end-hour values recorded by a nurse) may induce severe
errors’". Also, evaluating only the trends of the mean value of ICP (mICP) alone leaves a lot of
information besides”. As an example, reduced ICP variability may be a better outcome

predictor than mean ICP'".

Waveform analysis of intracranial pressure

ICP is not a static value as it exhibits cyclic variation based on the superimposed effects of
cardiac contraction, respiration and intracranial compliance. That explains why ICP waveforms
include a complex sum of three distinct quasiperiodic components: heart rate pulse, respiratory
waves, and slow vasogenic waves. Although these components overlap on a background of

randomly changing mean ICP, they can be isolated and quantified using spectral analysis'"".

By definition, a frequency spectrum is a graph showing the intensity of individual phasic
components plotted against their specific frequency. In the case of ICP waveform, the area
under the curve can be used to quantify the magnitude of each specific component at their
characteristic range (that is, heart rate 50-180 bpm, respiratory waves 8-20 cycles/min, and slow
waves 0.3-3 cycles/min). However, if the recording is long enough they can be identified in a
time-trend recording (Figure 1-10).
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Figure 1-10. Intracranial pressure waveform recording: Top panel = pulse pressure waves;
middle panel = respiratory waves; Lower panel = slow vasogenic B waves. Modified and
reproduced with permission from the Brain Physics Lab, University Neurosurgery Unit,
Addenbrooke’s Hospital, Cambridge, UK.
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When spectral analysis in frequency domain is performed, the pulse waveform has a
fundamental frequency (also called first harmonic) equivalent to the heart rate, and several
harmonic components. The amplitude of the ICP fundamental component (so called i,) is
useful for the evaluation of various indices describing cerebrospinal dynamics.

However, time-domain analysis is a good alternative as the amplitude of the fundamental
component (i;) and peak-to-peak amplitude of ICP pulsation (AMP) during one heartbeat
have an excellent linear relationship, so both methods seem to be equivalent.

When ICP is recorded continuously we can identify the shape of the pressure pulse (Figure
1-10). Pulsatile CSF flow can observed in the aqueduct cerebri and in the cervical region of
the subarachnoid space® and is undoubtedly associated with this pulse wave of CSF
pressure, as it is related to the pulsatile arterial blood inflow and venous outflow.

Pulse waveform is almost always present in recordings of ICP and includes information
about cerebral blood stroke volume. This ICP beat-to-beat waveform consists of three
relatively constant components analogous to the components of the arterial pulse wave that
reflect various aspects of the cerebral vascular bed (see figure 1-11).

The first peak (P1) is the percussion wave, and is derived from arterial pulsations of the
large intracranial vessels (due to arterial pressure being transmitted from the choroid plexus
to the ventricle). It has a sharp peak and is fairly constant in amplitude.

The second wave (P2), also known as the tidal wave, is derived from brain elasticity, is
much more variable in shape and amplitude, and ends on the dicrotic notch.
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The relation between P1 and P2 provides us information on cerebrospinal compliance and
pulse amplitude of ICP is positively related to pulse amplitude of blood flow velocity.

The origin of the dicrotic wave (P3, not always seen) keeps being a subject of disputes, but
it is believed to correlate with the arterial dicrotic notch (closure of the aortic valve), and

usually tapers down to ICP diastolic position'”.

Under normal conditions of low ICP, the three peaks relate to each other as P1 > P2 > P3.
But when brain compliance decreases and ICP starts to rise the ICP pulse waveform
modifies with an increase in amplitude followed by an inversion of the P2/P1 ratio that
eventually becomes greater than 1.0 (so P1 <P2 > P3). Therefore, continuous monitoring of
ICP and observation of pulse waveform at bed side helps to understand the individual
relationship between volume and pressure for each patient.

Figure 1-11. Component peaks of the ICP waveform. Left: P1 = percussion wave; P2 =
tidal wave; P3 = dicrotic wave. Right: inversion of the P2/P1 ratio. Modified and
reproduced with permission from the Brain Physics Lab, University Neurosurgery Unit,
Addenbrooke’s Hospital, Cambridge, UK.
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Respiratory waves

These waves are almost always present in ICP recordings and are related to the frequency of
the respiratory cycle (usually 8-20 cycles per minute in patients on mechanical ventilation,
figure 1-10). The pressure signal is complex as both arterial and venous factors contribute
to their shape.

Slow waves

All components that have a spectral representation within the frequency limits of 0.05 to
0.0055 Hz (20 seconds-3 minutes) can be classified as slow waves'’". They occur due to
fluctuations of CBF that lead to changes in intracranial blood volume and hence in ICP. The
origin and reason for the presence of these slow vasogenic repetitive waves is still under
debate (a response to ABP variations, a cyclic demand of brain metabolites...). Healthy
subjects can have small amplitude (< 3 mmHg) slow waves, and complete absence of slow
waves is a bad predictor in head-injured patients. On the other hand, reduced intracranial
compliance must be suspected if amplitude increases above 8 mmHg.
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Although slow waves are not as precisely defined as in the original swedish neurosurgeon
Nils Lundberg’s thesis'”, his descriptions had a significant impact in our understanding
about ICP:

o Lundberg A waves, also known as ‘plateau waves’, are pathological slow vasogenic
waves that lead to increases in ICP up to 50-100 mm Hg, lasting from minutes to
hours. Their particular aspects will be extensively discussed in the following section
as they are a main subject of this thesis'**.

o B waves have lower amplitudes (< 50 mmHg) and have a repetitive character
(frequency of 0.5-2 per minute). They are thought to be related to cerebral
vasocycling secondary to multiple mechanisms of CBF control working together.

o C waves occur at a rate of 4-8 min™ with limited duration and amplitude, and have
been documented in healthy individuals. Therefore, they are probably of little
pathological significance®,

1.3 Critical Closing Pressure

Cerebral perfusion pressure is described as the difference between ABP and ICP if we assume
that ICP represents the effective downstream pressure of the cerebral circulation. However, it
has been shown that the real downstream pressure of the cerebral circulation is often higher than
ICP, and this pressure has been called cerebral critical closing pressure (CCP).

This CCP or zero-flow pressure is the level of ABP at which small cerebral vessels collapse and
CBF is interrupted'®. Its value is always greater than ICP, and it was first introduced and
described by Burton in 1951 with a theoretical model suggesting that the difference between
CCP and ICP is explained by the tone of the small cerebral vessels, so-called wall tension (WT).
WT is related to cerebrovascular resistance. Therefore CCP for cerebrovascular circulation

would be calculated as follows'*>'%:

CCP=ICP+WT

An accurate calculation of CCP is important for different reasons. First, it helps to understand
cerebral hemodynamic physiology. Second, it discloses the real value at which brain circulation
would stop, helping to take clinical decisions regarding management of ABP, ICP and vascular
tone (i.e. a low ICP may be linked to a high WT, and therefore CCP could be a sign of alarm).

And third, because CCP value is used in several dynamic cerebral autoregulation models'®”.

However, traditional methods for estimating CCP from TCD assume linearity between ABP and
CBF and underestimate CCP values. Also, these classic methods occasionally render negative
values with no clear physiological interpretation'® and mean a clear methodological

.. 107,109
limitation "~ .

Some of this methods included TCD-ABP pulse-waveform-based methods, as the one proposed

by Michel'” that stated that

FV
CCP = ABP — A1—
F1
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where Al and F1 are the pulse amplitudes of the fundamental harmonics of ABP and FV
waveforms, obtained from the fast Fourier transform (FFT).
Aiming to overcome these drawbacks, Varsos et al recently described a multiparameter

impedance-based mathematical model for an reliable calculation of CCP'".

Resistance is a concept used for direct current, whereas impedance is the alternating current
equivalent. In Varsos model, impedance is used instead of resistance, based on the pulsatile
characteristics of the cerebral circulation. A simplified electrical model of the cerebrovascular
bed was described with arterial compliance (Ca) and resistance (Ra or CVR) set in parallel, such
that the impedance to flow is considered as a function of heart rate. The introduction of
parameters describing the cerebral circulation aids in the understanding of factors influencing
the dynamics of CCP. The CCP values obtained with this method are physiologically
understandable and more meaningful''°.

CPP

CCP = ABP — -
YV (RaxCaxHRx2m)? + 1

where CPP = ABP - ICP, Ca is the pulsatile compliance of the cerebral arterial bed, Ra is
cerebrovascular resistance, and HR denotes heart rate (beat/second). Although Ca and Ra
cannot be measured directly, they can be estimated using TCD blood FV and ABP and CPP

waveforms according to a complex mathematical algorithm''"'"2,

This new multiparameter model takes into account the cerebrovascular time constant (also
called TAU) of the cerebral circulation. This is a concept derived from the electrical circuits,
and it is calculated as the product of cerebrovascular compliance (Ca) and resistance (Ra).
Theoretically, TAU reflects the time it takes for the arterial blood load during the cardiac cycle

to get through the arterial component of the cerebral circulation'"”.

Taking into account all these physiological parameters, this modelling approach allows a better
understanding of how CCP and WT react to physiological maneuvers and its translation to the
clinical setting. As this methodology disallows negative values, it improves the physiological
interpretation of CCP.

According to what is being presented previously, vascular wall tension can be calculated as the
difference between CCP and ICP:

WT = CCP — ICP
The concept of CCP stresses the idea of the “closing margin” (CM), calculated as the difference

between mean ABP and CCP, which is referred by some authors as the “effective CPP” and the

real driving pressure as it includes the contribution of the wall tension''* (which is not

considered in calculation of ‘normal’ CPP).

CM = ABP — CCP
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Providing all these facts, having the chance to determine the CCP for a neurocritical patient
would provide an important threshold for that patient’s ABP below which irreversible brain
ischemia could be developed. In fact, it has been demonstrated that diastolic ABP lower than
CCP is associated with loss of measurable blood FV during diastole when TCD is used'"”.

34



2 TRAUMATIC BRAIN INJURY

2.1  Definition and epidemiology

Traumatic brain injury (TBI) keeps being a major universal health problem that affects 10
million people a year worldwide and remains the leading cause of death and disability among
children and adults under 45 years of age''°. It is defined as an insult or trauma to the brain
caused by external mechanical forces, whereas head injury is a more generic term referring to

injuries affecting not only the brain but also other structures of the head'"”.

The number of publications related to this topic has increased exponentially in the last 10 years
reflecting the increasing importance of TBI and its profound socioeconomic consequences.
Simple estimates of mortality would seriously underestimate its impact therefore any useful risk
prediction model needs to provide estimates of poor neurological outcome other than mortality.
This has major importance because, despite public prevention policies, global trends for TBI are

predicted to increase'"®.

The epidemiology of TBI in high-income countries has been changing, with the effects of
improvements in road safety being offset by increases in fall-related injuries in an ageing
population116’119. According to the Center for Disease Control and Prevention (CDC), in the
United States the three leading causes of TBI are falls (28%), motor vehicle crashes (20%) and
120

being hit by or colliding with an object (19%)

Unfortunately, there is no national registry of head injuries in Spain, but a recent
epidemiological study has reported a TBI annual incidence rate of 472.6 per million (period
analysed: 2000-2009). Over the last decade, the incidence of this type of injury has fallen
significantly when related to the injury traffic crashes. However, TBI incidence among people

aged 65 and over injured in non-traffic-related circumstances has risen dramatically'?'.

Care of patients with TBI has evolved with improvements in pre-hospital medicine,
neuroimaging, and access to multidisciplinary expertise through the development of specialist
neurotrauma centers or functional units, together with advances in our understanding of the
underlying pathophysiology.

In spite of all these improvements in the last 25 years, including the periodic Brain Trauma
Foundation (BTF) publication of their consensus evidence-based international guidelines for
treatment of TBI, neither mortality nor morbidity have diminished as much as it could be
expected'””. There are still many unanswered questions regarding the physiopathological
phenomena underlying each individual patient.

2.2 Clinical assessment and classification: the Glasgow Coma Scale
The Glasgow Coma Scale (GCS) score is the best known and widely accepted scale used in the

triage of patients early after TBI to indicate its severity and evaluate any subsequent
improvement or deterioration. GCS score was introduced in 1974 in order to have a formal

35



scheme to overcome ambiguities and aid in the clinical assessment of post-traumatic

unconsciousness'*.

Since then, it has gained worldwide acceptance as an easily performed and reproducible tool
and remains a key measure in neurological assessment after head injury. The GCS score has
three components: eye (E), verbal (V) and motor (M) responses to external stimuli and the best
or highest responses of each component are recorded'**.

THE GLASGOW COMA SCALE

Eyes Open Spontaneously
To verbal command
To pain
No response

“NWwhH

Best motor response To verbal command Obeys .
Localizes pain

To painful stimulus Flexion - withdrawal
Flexion - decorticate
Extension - decerebrate

No response

Best verbal response Oriented, converses
Disoriented, converses

Inappropriate words
Incomprehensible sounds
No response

Total

SNW AT _2NWDAOIO

In most studies, classification of the severity of the trauma is still based on the admission post-
resuscitation GCS, as mild (GCS 15), moderate (GCS 9-14) or severe (GCS < 8). As well as
providing a quantitative documentation of the level of consciousness, GCS has been
demonstrated to have a powerful predictive value for survival and final outcome in both
traumatic and non-traumatic coma'?>'**. The motor score seems to have a higher accuracy
compared with the whole GCS scorem, but other variables such as age, abnormal motor
responses, CT findings, pupillary abnormalities, and episodes of hypoxia and hypotension, have
been subsequently introduced to build more complex and accurate prognostic models'?*'*. Poor
autoregulation and loss of pressure-reactivity are also independent predictors of fatal outcome

following head injury97’130.

However, GCS does have many limitations. The scale excludes assessment of many important
neurological functions, requires serial observations to be effective and is limited to the best
response in one limb. It cannot therefore identify asymmetry and has poor diagnostic value. In
addition, combining the three components (E/V/M) into a single total score can lead to
disparities in assessment of true conscious level. Finally, a complete GCS cannot be obtained in
TBI patients with eyelid swelling, sedated and intubated or who are aphasic due to a dominant
hemisphere lesion.

That explains why numerous scoring scales have been proposed and validated as an alternative
to GCS score, but few of them have gained widespread acceptance'>*. The Full Outline of
UnResponsiveness (FOUR) score is one of them as it circumvents many of the limitations of the
GCS and has shown an excellent inter-rater agreement'”'. It replaces the verbal score of the
GCS by assessments of pupil reactions and respiratory pattern, making it more appropriate for

patients with fluctuating levels of consciousness and/or intubated.
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2.3 Physiological changes after a traumatic brain injury

TBI is an evolving process that extends beyond the initial insult. The primary injury is the
mechanical damage that occurs at the time of the injury and results in shearing of neurons, glia
and blood vessels. It includes skull fractures, cerebral contusions and the diffuse axonal injury
(DAI) due to white matter shearing injury. Primary injuries are untreatable and only preventable
with safety precautions.

However, the extent of brain damage is determined also by the subsequent secondary (or
delayed) brain injury. It is a sequela of the initial trauma that occurs over time (from minutes to
even years after the injury) due to the activation of different biochemical and molecular
reactions at the tissue and cellular level, and it may be initiated (or enhanced) by episodes of
cerebral hypoperfusion, arterial hypotension, hypoxemia, and flow—metabolism uncoupling.
Early medical/surgical interventions may ameliorate these deleterious effects to limit the
damages.

Disruption of the cerebral vasculature also participates in this pathogenesis in the form of
hypoperfusion, ischemia, hypoxia, haemorrhage, chronic inflammation, blood-brain barrier
(BBB) disruption and oedema.

Cerebral edema, the excess accumulation of fluid within the brain, accounts for 50% of deaths
in severe TBI'*%. After TBI, cerebral edema forms at the lesion and incorporates into the
surrounding tissue. Classification of oedema may be quite complex, but it may be simplified to

cytotoxic (occurring immediately after injury) and vasogenic.

Cytotoxic oedema results in water accumulation in cells, is caused by dysregulation of the
sodium and potassium pumps in the cell membrane and the BBB remains intact'*.

Vasogenic edema results in water accumulation in the extracellular space and is caused by a
disruption of the BBB'*. It associates with elevated ICP, tissue swelling, changes in blood flow

and compression of brain structures.

Any increase in ICP may reduce CPP, reduce CBF and cause ischaemia. Ischaemia can cause a
further rise in ICP due to increased cerebral edema and further reduce CPP. This mechanism
may develop into a vicious positive-feedback loop, causing irreversible brain damage.
Therefore, ICP is both an important surrogate marker of injured brain and a potential cause for
secondary insults.

2.3.1 Intracranial hypertension

Acutely raised ICP or intracranial hypertension is a final pathophysiological feature common to
many neurocritical conditions including 40 to 60% of severe head injuries, and is a major factor
in 50% of all fatalities'**. Besides, it is an important cause of secondary lesion as it impairs
CBF, electrical activity and metabolism. Poor outcome after TBI is associated with sustained
high ICP" or low 0xygenation97.
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Sudden increases in ICP decrease CPP, but it may be somewhat compensated by an active
cerebral vasodilation to maintain CBF due to cerebral autoregulation. However, recent studies
indicate that the CBF response to a sustained decrease in CPP caused by a decrease in ABP or
an increase in ICP has key physiological differences. A major one is related to the LLA, as it

will be lower when the cause is intracranial hypertension instead of a low ABP"**'Y.

In addition, the haemodynamic response to increased ICP is complicated by the presence of the
‘Cushing response’ (a triad of arterial hypertension, changes in heart rate, and breathing

18 Although its
physiological relevance to cerebral haemodynamics remains unclear'”, a recent experimental
study with an animal model of acute intracranial hypertension brought interesting

. 140
conclusions .

abnormalities) that suggests involvement of vital centers within the brain stem

First, it seems that the brain has two intrinsic mechanisms to protect itself from hypoperfusion
during intracranial hypertension: with moderate increases in ICP (from baseline to 40 mmHg),
global CBF (assessed with TCD mean FV) may be maintained mainly by a decrease in vascular
WT until maximum vasodilation (autoregulatory response) and some increase in ABP; however,
with further intracranial hypertension (ICP ~ 70 mmHg) CPP would be protected by a vigorous
Cushing vasopressor response reflected by reductions in HR and increases in ABP. Having
ABP above the CCP maintains the ‘closing margin’ and keeps cerebral vessels open.

Second, regional differences in the control of cerebral perfusion seem to exist with cortical
blood flow (measured with LDF) decreasing almost linearly with increasing ICP, whereas
global CBF (assessed with TCD FVm) seemed to be well maintained until ICP values > 60
mmHg. These findings reflected topographic differences in regional and global CVR consistent
with differential autoregulatory control of cortical and global CBF due to a suspected intrinsic
differential vascular reactivity between cortical and non-cortical brain. Different clinical
monitoring studies support these differential autoregulatory capacity of the cortical compared to
non-cortical areas'*"'*.

As a last issue, changes in the relationship between ICP pulsatility and mean ICP can be
observed. With intracranial hypertension pulse amplitude of ICP (AMP) increased with
increasing mean ICP until very high levels of mean ICP were achieved, at which point AMP
decreases with increasing mean ICP**'*, This upper breakpoint associates with a low diastolic

TCD measured flow velocity and low diastolic closing margin (figure 2-1).

TCD derived values have been suggested as a potential non-invasive assessment of ICP and
CPP to avoid the inherent risk of invasive ICP monitoring. Different approaches have been
employed because, as a general concept, as ICP increases and CPP decreases, TCD flow
velocities fall. This fall preferentially affects diastolic values initially, and that explains the
decrease of the FVm and progressive increase in PI and RI values.

Although different formulas have been proposed for the prediction of absolute CPP and ICP,
results have proved disappointing (with large 95% confidence intervals for predictors), so

values are still unacceptable for clinical purposes'*>'*.
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However, different studies have concluded that altered TCD measurements (PI1>1.25 and FVd
<25 cm/s) upon admission to the emergency departments are associated with early neurological
worsening after mild to moderate TBI. According to this TCD may be useful for in-hospital
triage to may provide additional information about neurological outcome .

Figure 2-1. ICM+" software recordings in the same patient showing the distinctive changes in
both the shapes and values (please see the scales) in both ICP and TCD-FV pulsatile
components with intracranial hypertension. Left: basal; Right: intracranial hypertension, where
TCD shows a low FVd, a peaked waveform, and higher PI values (if calculated). Modified and
reproduced with permission from the Brain Physics Lab, University Neurosurgery Unit,
Addenbrooke’s Hospital, Cambridge, UK.
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Decompressive craniectomy (DC) is a surgical technique used, among other indications, for
patients with TBI with the goal of relieving refractory intracranial hypertension and/or to
prevent or reverse cerebral herniation. At the moment significant controversies exist regarding
optimal candidate selection, timing of the procedures, technique and neurological

147,148
outcomes .

The pathophysiology of pressure-flow and cerebral haemodynamic consequences of DC have
been reviewed in the last decade, and a study by Timofeev et al justifies the expected sustained
reduction of ICP with an improvement in the cerebrospinal compliance due to an enhancement
of the pressure-volume relationship. However, intraparenchymal ICP measurements and
dynamics are more complicated in the setting of an open cranial vault as similar ICP values may
relate to different pressure-volume relationships post-craniectomy.

CBF, brain tissue oxygenation and metabolic effects of DC were recently reported by Lazaridis
and Czosnyka'®’. Different studies included in their review supported similar TCD findings
post-DC with a trend to a bilateral increase in blood FV, being more pronounced ipsilaterally to
the site of surgery. Concurrently, PIs on both sides seem to decrease significantly.

In addition, studies showing significant augmentation of PbtO, and microdialysis-related
parameters post-DC are also reported.
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2.3.2  Plateau waves (A waves of Lundberg)

“Sudden rises in intracranial pressure” were first described by Guillaume and Janny in 1951'%,

but the term “plateau waves” or “A waves” was introduced by Lundberg in 1960'®.

A plateau wave is classically defined as a sudden substantial elevation of ICP of a magnitude of
20-60 mmHg, above 50 mmHg depending on baseline ICP, that lasts longer than 5 minutes and
terminates either spontaneously or in response to treatment (e.g. hyperventilation to induce
hypocapnia)'**">'. Nowadays, however, duration of plateau waves should not be a strict

criterion as elevations of ICP are actively treated in neurocritical patients.

Plateau waves are thought to be caused by a vasodilatory cascade causing a rapidly increasing
cerebral blood volume (CBV), which may be triggered by a vasodilatory stimulation, such small
oscillations of ABP, brain oxygenation or PaCO; levels, in the presence of functioning cerebral
autoregulation'™>'*?. The increase in ICP results in a decrease in CPP, leading to further
vasodilation (at a second stage after the initial stimulation) in order to compensate for the
decreased CPP, resulting in further rise of CBV and further increase in ICP (figure 2-2, left).

This mechanism would also explain the increment in ICP pulse amplitudem.

The reverse of this cycle may arise spontaneously or due to medical management with a
vasoconstrictive stimulus that decreases CBV (e.g. hyperventilation aiming hypocapnia for
vasocostriction), and restores normal ICP and CPP'" (see figure 2-2, right).

Figure 2-2. Pathophysiology underlying the formation and termination of plateau waves of ICP.
Reproduced with permission from the Brain Physics Lab, University Neurosurgery Unit,
Addenbrooke’s Hospital, Cambridge, UK.
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During plateau waves the profound reduction in CPP is accompanied by a significant decrease
in CBF, CVR and brain tissue oxygenation™'>*
vasodilation is reached. Recent studies that included autoregulation changes analysis with
different secondary indices support this classical model, showing how autoregulation is intact
before the onset of the plateau wave but it is disrupted during the crest of the wave' ™',

, and the whole cascade lasts until the maximum
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A transient reactive post-plateau hyperemic response (a significant increase in CBF and brain
oxygenation above baseline) may occur as a response to the referred period of brain tissue

155

hypoperfusion and hypoxia . The magnitude of this hyperemia seems to be associated with a

better autoregulation status and low oxygenation levels at baseline'>.

Figure 2-3. ICM+" software recording of two plateau waves of intracranial pressure (white
arrows). ABP arterial blood pressure; ICP intracranial cerebral pressure; LDF laser Doppler
flowmetry. FV flow velocity measured with TCD. Note the widening of the FV peak-to-peak
amplitude, but mean FV decreases. Modified and reproduced with permission from the Brain
Physics Lab, University Neurosurgery Unit, Addenbrooke’s Hospital, Cambridge, UK.
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Plateau waves affect approximately 40% of TBI patients'**, but might also occur in various
cerebral pathological conditions with working cerebrovascular reactivity and exhausted
cerebrospinal compensatory reserve such as spontaneous subarachnoid haemorrhage'**'’,
intracerebral haemorrhage'>®, brain tumors'”, acute hydrocephalus'>®, craniosynostosis'® and
benign intracranial hypertension'>. As soon as these phenomena are identified, the end of the
vasodilatory cascade of a plateau wave should be pursued with active treatment because long
duration of more than 30 minutes seem to be related to an unfavourable outcome'*’. Duration of
plateau waves seems to be related to basal autoregulation status, so that the better the

autoregulation the longer the duration of plateau waves'>’.

Plateau waves are not a benign phenomena and, at the LLA, there is a risk of zero flow due to

the collapse of brain vessels''’. This is particularly relevant in the situations of intracranial
hypertension with increased LLA.
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3 ICM+® SOFTWARE FOR MULTIMODAL BRAIN MONITORING

3.1 Multimodal neuromonitoring

The last 25 years have meant the entrance in the era of clinical neuromonitoring which is

161,162 .
%%, The combined use

routinely performed in all TBI patients who receive neurocritical care
of monitors, including the neurological examination, laboratory analysis, imaging studies, and
physiological parameters, is common in a platform called multimodality monitoring (MMM).
MMM is defined as the simultaneous collection of data from multiple diverse sources
associated with a single patient coupled with the ability to view the data in an integrated and

time synchronized manner'®*,

Twenty to 25 years ago, clinical practice guidelines would only consider invasive ICP
monitoring through an EVD (gold standard) or an intraparenchymal probe in a patient with a
severe head injury'®. However, in the last 2 decades we’ve achieved the possibility to measure
parameters related to global or regional cerebral oxygenation both invasively (jugular bulb
oxygen saturation) or non-invasively through NIRS techniques'®*. Measurement of oxygen
saturation in the jugular bulb (SjO,) provides a means of indirectly assessing the brain ability to
extract and metabolize oxygen. Technology allowed us to have dispositives to obtain local
oxygenation measurements (brain tissue oxygen pressure — pbtiO2) through the Neurotrend”
microcatheter or the Licox” catheter (polarographic technique with a Clark electrode)'®.
Cerebral microdialysis meant a further step as it allowed us to analyze the trends in time of
different metabolites in the cerebral cellular interstitium as glucose, glutamate, glycerol or the

lactate-to-pyruvate molar ratio and its relation to the brain injury'**'?’.

All this MMM (ABP, ICP, TCD, NIRS, Licox® etc) provide a large volume of data whose
analysis can give us a lot of information if well interpreted. But the processing and analysis of
these biological signals requires complex informatic systems ("multi-channel digital trend
recorders") to present them in a comprehensible way for the treating medical staff so that
evolution in time of the different pathophysiological changes can be recognized.

The fast evolution of bioinformatics in critical care has allowed integration of multiple monitors
in order to acquire, store, retrieve, and display integrated data in a user-friendly format'®®,
Besides, including analytic techniques for optimal clinical decision making has also facilitated
translational research. As these tools offers the possibility to perform online real-time analysis
of the interdependence between the dynamic behaviours of different biological signals, different
phenomena of interest may be detected and interpreted (otherwise impossible without computer
bedside data analysis)'”'. Several devices that can integrate these neurocritical care monitoring

data are available, with ICM+® software being probably the most extended one at this moment.
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3.2 The ICM+® software

The ICM+® software (www.neurosurg.cam.ac.uk/icmplus), developed in the Academical
Neurosurgery Unit of the Addenbrooke’s hospital in Cambridge, United Kingdom, was
introduced in clinical practice in the 1990s and is now extended as a clinical and research
multimodal neuromonitoring system in neurointensive care in over 120 centres around the
world'®.

Its impact has been notorious with an actual integrated database of more than 1000 TBI patients

distributed across all ICM+® users research centers and over 300 ICM+° based publications on
PubMed. These facts have led to very important multicenter collaborative data collection

projects such as BrainIT'”°, CENTER-TBI'"' and different optimal CPP projects led by the

®
ICM+™ core users groupm’m.

ICM+® is not just a multimodal bedside data collection platform; in fact, data collection is only
the prerequisite for its main function which is the real-time analysis and presentation of data.
Although major technical improvements have been made in the last 5 years, ICM+® is based on
software for standard IBM compatible personal computers, equipped with analog-to-digital
converter (ADC) and RS232 serial interfaces when needed.

Figure 3-1. Left: example of a patient included in these thesis studies with MMM connected to
a laptop running ICM+® software (red arrow). Right: schematic description of MMM
integrated into ICM+®. Modified and reproduced with permission from the Brain Physics Lab,
University Neurosurgery Unit, Addenbrooke’s Hospital, Cambridge, UK.
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3.2.1 Principles of ICM+® software

e Data collection and storage format

Once all monitors of the patient are connected (through analogue or digital inputs) and
communicate with the laptop computer with ICM+® software, data from these sources
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starts to be collected simultaneously, time synchronized (precisely time stamped), and
displayed in an integrated fashion. Data are collected at the highest possible sampling
frequency (i.e. higher than the duration of the events to be detected) to avoid missing
any clinically significant event (see figure 3-1). Collection of continuous or near
continuous data has the necessity to review and edit the data so that artifacts can be
removed (data cleaning) and missing data dealt (e.g., device disconnection for
transfers).

These input variables are also analysed and displayed according to predefined
‘calculation profiles’, and the output data is saved in two separate files:

o First file contains the time trends of the analysed signals and all results of
calculated indices. These processed data are stored in a unique .icmp file (with a
proprietary format) along with all the clinical descriptors and annotations
introduced during the monitoring of the patient.

o Second file contains digitally raw data (input signals defined by the user) that
are continuously collected and split into many .dfa files (also proprietary).

Storing both types of files enables building up a library of signals for off-line post-
processing, as software can be reconfigured for previously saved data to be viewed and
reanalyzed with a different calculation profile.

Data analysis and interpretation

ICM+® software uses a wide array of advanced mathematical tools to transform raw
data into actionable information by applying different pre-defined calculations profiles
(“data acquisition and analysis configuration profile’). Available functions vary from
simple time domain functions such as moving average, to more complex frequency
domain computations.

Analyses are broken down into stages, whereby the result (output) of one stage is passed
into the next, forming the source data (input) for the next calculation. In the first step
‘Virtual signals’ are selected (the ones providing the raw data) and they form the input
to the next stage. Analysis is therefore divided up into a ‘Primary analysis’, one or more
‘Secondary analysis’ (or none), and a ‘Final analysis’. The results and subsequent
output are determined by the configuration of the ‘Final Analysis’ only.

So the flow for data occurs as follows (see figure 3-2):

Virtual Signals (Input) = Primary Analysis = Secondary Analysis/es = Final Analysis
(Output).
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Figure 3-2. Analysis pipeline of the ICM+® software methodology for data collection and
analysis. Reproduced with permission from the Brain Physics Lab, University Neurosurgery
Unit, Addenbrooke’s Hospital, Cambridge, UK.
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Besides monitoring of multiple variables describing dynamics of the studied pathology, the
software allows both on-line (while monitoring) and offline (retrospective) analysis of the
collected data, including calculation of different secondary measures derived from the primary
signals (e.g. ABP, ICP or TCD derived FV). The easiest example would be CPP (calculated as
ABP minus ICP)’, but different indices have been described by using a moving linear
correlation coefficient approach applied to the primary analysis results.

On this basis, many secondary indices have been defined along almost 25 years of studies with
ICM+®. Probably those describing cerebral autoregulation with TCD (‘mean velocity index’,
Mx)>, cerebrovascular reactivity through correlation of ICP and ABP (‘cerebrovascular pressure
reactivity index, PRx)'”*, and cerebrospinal compensatory reserve (RAP coefficient)'” have the
most relevance and proved to be useful in head injury or subarachnoid haemorrhage (SAH)
patients. They can be calculated as a moving correlation coefficient using 10 seconds averages
of primary variables over a moving window of 5 minutes in duration. According to the concept
of correlation, in a reactive vascular system, these indices are supposed to be close to zero or
negative (< 0), while positive values close to one signify impaired reactivity.

All these secondary indices have been clinically validated and its utility has been
demonstrated'®. Recently, a systematic review and meta-analysis has concluded that both PRx

and Mx provide a strong prediction of mortality and outcome for patients with TBI'”.

A special mention must be made about the volume-pressure compensatory reserve index
(named RAP coefficient), defined as a linear correlation coefficient between the amplitude of
ICP wave (AMP) and mean ICP'”. With RAP we can define 3 distinct regions in the pressure-
volume curve (figure 3-3): first flat indicates a good compensatory reserve with linear
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relationship between volume and pressure, so RAP coefficient is close to 0. The second part
shows an exponential relationship between volume and ICP, and RAP index is close to 1,
indicating a poor compensatory reserve. When the critical level of ICP is achieved and
cerebrovascular bed losses its reactivity curve becomes flat again and RAP coefficient becomes
negative indicating a exhausted compensatory reserve® .

ICM+® is extensively used for the analysis of cerebrospinal fluid circulatory and compensatory
reserves in hydrocephalic patients. The software includes a pre-defined set up for computerized
infusion test with built-in database, and aids decisions about shunting or revisions for shunt
failure. Information about the evolution of RAP is very useful for a proper interpretation of

these infusion studies for the CSF dynamics analysis'"".

Figure 3-3. Cerebrospinal pressure-volume curve representing the changes in pulse amplitude
of ICP and the RAP coefficient (volume-pressure compensatory reserve index). Reproduced
with permission from the Brain Physics Lab, University Neurosurgery Unit, Addenbrooke’s
Hospital, Cambridge, UK.
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In addition to what has already been explained, the flexibility of ICM+® software analysis
allows almost unlimited signal analysis and calculation of secondary measures for different
fields of research. Some examples include: (figure 3-4).

- Alternative secondary indices related to cerebral autoregulation may be calculated from
different CBF surrogate monitors, as NIRS-derived ‘cerebral oximetry index’ (COX)178
or pbtiO; - derived ‘oxygen reactivity index” (ORx)'”. Transfer function analysis may
be also applied for calculation of the autoregulatory index (ARI)’.

- Autoregulation indices are used to identify patient-specific (or optimal) CPP'** and ICP
thresholds that in turn have demonstrated a more robust relationship with outcome than

generic population-based thresholdsl73’181’182,
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- Calculating the area under the curve (AUC) above a specific cut point (e.g. ICP > 20

mmHg) provides a measure of pathophysiological “dose” that can be used to track

therapy'™'.

- The ICM+® software also includes different analysis tools for various intervention tests

like transient hyperaemic response test>, CO, reactivity tests'®, or CSF infusion

'8 Autonomic nervous system can also be monitored through the analysis of the
185

study
heart rate variability and the baroreflex sensitivity

Figure 3-4. Secondary indices able to be obtained with ICM+® software through analysis of the
primary multimodal signals. Most of them are described in the previous paragraph. CM closing

margin; CPPopt optimal cerebral perfusion pressure; CrCP critical closing pressure; MSE
multiscale entropy. Reproduced with permission from the Brain Physics Lab, University
Neurosurgery Unit, Addenbrooke’s Hospital, Cambridge, UK.
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3.2.2 Integrated physiological study of plateau waves

The last 20 years have sent us on a quest to understand more deeply the active processes that
may be target for interventions in our patients. The possibility of integrating and analyzing all
these signals together means a great improvement to increase our knowledge about the
physiopathology underlying the changes that continuously happen in a neurocritical patient. An
example would be the study of the plateau waves of intracranial hypertension, also known as A

waves, described by the swedish neurosurgeon Nils Lundberg, back in 1960'%.

The increase in ICP seen during the plateau wave results in a dramatic decrease in CPP, which
is finally below the LLA and therefore causing a decrease in CBF. Prolonged reduced-CBF
associated with plateau waves may then provoke a secondary ischemic brain insult, providing
they last for a longer period (above 30 minutes); and therefore contribute to a worse outcome
after TBI.

Many of these studies were performed by analyzing the changes that on the TCD velocities
before, during and after the plateau wave. The characteristics of the cerebral arterial blood flow
velocity viewed and analyzed with TCD will bring us additional information about the cerebral
haemodynamics.

The most commonly used haemodynamic index is the Gosling pulsatility index (PI), which
describes the pulsatility of TCD waveforms®'. For the last three decades many authors have
investigated the usefulness of PI in the assessment of distal CVR, non-invasive ICP and CPP in
traumatic brain injury (TBI)’* and hydrocephalus”. Nevertheless, conclusions regarding its
accuracy and reliability remain controversial as far as clinical decisions are concerned®”".
Many experimental and clinical studies have supported the interpretation of PI as a reflection of
the distal CVR, attributing greater PI to higher CVR®’, and this assumption is still accepted
nowadays'*’.

However, an experimental study in rabbits published by Czosnyka et al. had already shown that
in physiological conditions hypercapnia decreased both CVR and PI while a reduction in CPP in
autoregulating animals caused a decrease in CVR but an increase in PI. These findings
suggested a combined change in distal vascular resistance and compliance of the large cerebral
arteries®.

The proposed vasodilatory mechanism of plateau waves can be examined by estimating critical
closing pressure (CCP), which is related to cerebrovascular vasomotor tone represented by wall
tension (WT). Past studies under various scenarios''** and physiological stimuli'®® have
demonstrated that both changes in ICP and vascular tone cause predictable changes in estimated
CCP. Unfortunately, traditional calculation methods for CCP estimation are not very accurate

and may produce negative non-physiologic non-interpretable values'*'"'
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Severe TBI patients MMM with ICM+® software permits the early identification of plateau
waves, and its off-line analysis allows a better understanding of these intrinsic brain vascular
phenomena. This thesis aims to take advantage of this particular pathophysiology to enhance
further our knowledge about 1) what factors truly determine TCD pulsatility index; and 2) an
accurate and reliable method to calculate critical closing pressure (CCP) and wall tension (WT)
changes during plateau waves.

This knowledge may have a positive influence in the management of head injury patients as it
would determine a proper interpretation of these often misleading parameters.
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Hypothesis and Aims
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Based on what has been previously exposed we can present the following working hypothesis:

e In the first study we hypothesized that:
Pulsatility index (PI), calculated from the transcranial Doppler recording of the cerebral
blood flow velocity waves and values, is a complex function of various haemodynamic
factors and is not solely determined by distal cerebrovascular resistance (CVR). The study
compared two groups with opposing changes in CVR (plateau waves vs mild hypocapnic
challenge).

e Our second study hypothesis is that:
Calculation of critical closing pressure (CCP) and wall tension (WT) through a newly
defined cerebrovascular impedance model could accurately define the pathophysiological
changes during plateau waves of intracranial pressure.

A reliable CCP calculation would allow an accurate estimation of the closing margin

(expressed as the difference between arterial blood pressure and CCP) to determine the
risk for cerebral circulatory collapse and zero flow.
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In our first study the aims were the following:

To clarify the relationship between TCD pulsatility index (PI), derived from the CBF

velocity waveform, and the cerebrovascular resistance (CVR).

1.1 To analyze the behavior of ICP, CPP, PI and CVR during ICP plateau waves.

1.2 To analyze the behavior of ICP, CPP, PI and CVR during transient hyperventilation.

1.3 To compare continuous monitoring recordings of these two opposing physiological
conditions where PI increases.

To analyze the relationship between PI and ICP and CPP.

To compare the Gosling PI and the ‘spectral PI’ (calculated in both groups) with a newly
described mathematical formula where PI is expressed as a function of cerebrovascular
impedance.

3.1 To calculate PI with a newly defined mathematical model

3.2 To correlate TCD-measured PI with PI calculated with the new mathematical model

In our second study the aims were:

1.

To examine the pathophysiology of the plateau waves applying the concepts of critical
closing pressure (CCP) and arterial wall tension (WT).

To calculate critical closing pressure and wall tension with a new multiparametric
model based on cerebrovascular impedance.

To compare the modelled CCP (CCPm) and modelled wall tension (WTm) with CCP
and WT calculated with a classical method (CCP1 and WT1 respectively).

To evaluate the possible clinical appliance of the calculated CCPm
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Subjects and Methods
Results
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4.1 Previous preparation of the doctoral candidate

In 2011, I spent a year as an honorary clinical fellow in the Academical Neurosurgery Unit at
Addenbrooke’s hospital (University of Cambridge, Cambridge, UK).

On his time there he got to develop both clinical work and research:

e (linical job: worked at the Neuroscience Critical Care Unit (NCCU) from January to May
2011. Care of patients included multimodal monitoring and integration with ICM+"
Software.

e Research job: from May 2011 to December 2011 I was involved in the Academical
Neurosurgery Unit directed by Prof. John D. Pickard and under the supervision of Prof.
Marek Czosnyka. In that time I developed this project and got involved in another one
related to cerebrovascular autoregulation (publication included in the last section, ‘Other
merits’). Both projects involved clinical monitoring of new admitted patients and analysis
of previously recorded data.

This is a reference international group of knowledge related to multimodal monitoring and
signal analysis. It is a multidisciplinary team involving neurosurgeons, engineers from
different backgrounds and both clinical and research physicians from different specialties
(mainly from anaesthetics field, neurointensive care and neurosurgery).

During my time there I got to familiarize with the use of the ICM+" software for advanced
neurocritical multimodality monitoring and got involved in quite different projects.

Disclosures: [CM+" Software is licensed by Cambridge Enterprise, Cambridge, UK. The
doctorand declares not to have any conflict of interest. Prof Marek Czosnyka and Dr Piotr
Smielewski (both co-authors in the presented publications) have a financial interest in a
fraction of the licensing fee.
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4.2 Published papers

Description of the design and the results of the studies in each of the two published papers
related to the exposed thesis investigation are presented:

PUBLICATION 1

de Riva N, Budohoski KP, Smielewski P, Kasprowicz M, Zweifel C, Steiner LA, Reinhard
M, Fabregas N, Pickard JD, Czosnyka M.

Transcranial Doppler Pulsatility Index: What it is and What it Isn't.

Neurocrit Care. 2012 Aug;17(1):58-66.

IF 2016 = 2.752.

-SUMMARY OF THE STUDY-

Background and Purpose: Transcranial Doppler (TCD) pulsatility index (PI) has
traditionally been interpreted as a descriptor of distal cerebrovascular resistance (CVR). We
sought to evaluate the relationship between PI and CVR in situations where CVR increases
(mild hypocapnia) and decreases (plateau waves of intracranial pressure - ICP).

Methods: Recordings from patients with head injury undergoing monitoring of arterial
blood pressure (ABP), ICP, cerebral perfusion pressure (CPP) and TCD assessed cerebral
blood flow velocities (FV) were analyzed. The Gosling pulsatility index (PI) was compared
between baseline and ICP plateau waves (n = 20 patients) or short term (30-60 minutes)
hypocapnia (n = 31). In addition, a modeling study was conducted with the ‘spectral’ PI
(calculated using fundamental harmonic of FV) resulting in a theoretical formula expressing
the dependence of PI on balance of cerebrovascular impedances.

Results: PI increased significantly (p< 0.001) while CVR decreased (p< 0.001) during
plateau waves. During hypocapnia PI and CVR increased (p< 0.001). The modeling formula
explained more than 65 % of the variability of Gosling PI and 90% of the variability of the
‘spectral’ PI (R=0.81 and R=0.95, respectively).

Conclusion: TCD pulsatility index can be easily and quickly assessed but is usually
misinterpreted as a descriptor of CVR. The mathematical model presents a complex
relationship between PI and multiple haemodynamic variables.
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Methods Recordings from patients with head-injury
undergoing monitoring of arterial blood pressure (ABP),
ICP, cerebral perfusion pressure (CPP), and TCD assessed
cerebral blood flow velocities (FV) were analyzed. The
Gosling pulsatility index (PI) was compared between
baseline and ICP plateau waves (n = 20 patients) or short
term (30-60 min) hypocapnia (n = 31). In addition, a
modeling study was conducted with the “spectral” PI
(calculated using fundamental harmonic of FV) resulting in
a theoretical formula expressing the dependence of PI on
balance of cerebrovascular impedances.

Results Pl increased significantly (p < 0.001) while
CVR decreased (p < 0.001) during plateau waves. During
hypocapnia PI and CVR increased (p < 0.001). The
modeling formula explained more than 65% of the vari-
ability of Gosling PI and 90% of the variability of the
“spectral” PI (R = 0.81 and R = (.95, respectively).
Conclusion TCD pulsatility index can be easily and
quickly assessed but is usually misinterpreted as a
descriptor of CVR. The mathematical model presents a
complex relationship between PI and multiple haemody-
namic variables.

Keywords Cerebral hemodynamics - Plateau waves -
Transcranial doppler - Traumatic brain injury

Introduction

Transcranial Doppler (TCD) ultrasonography allows repe-
ated, non-invasive investigations of rapid changes in
cerebral perfusion. While mean flow velocity (FV) cannot
be translated easily into volume blood flow [1] due to the
unknown diameter of the insonated vessel, additional
information on cerebral haemodynamics may be derived
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from the TCD waveform. The most commonly used
haemodynamic index is the Gosling pulsatility index [2]
(PI), which describes the pulsatility of TCD waveforms. It
is calculated as the difference between systolic and dia-
stolic flow velocities divided by the mean velocity
[(Fvsys - dem)/FVJ

For the last three decades many authors have investi-
gated the usefulness of PI in the assessment of distal
cerebrovascular resistance (CVR), non-invasive intracra-
nial pressure (ICP) and cerebral perfusion pressure (CPP)
in traumatic brain injury (TBI) [3], and hydrocephalus [4].
Conclusions regarding its accuracy and reliability remain
controversial as far as clinical decisions are concerned
[5, 6]. In subarachnoid hemorrhage (SAH), the role of PI is
discussed by some authors as it seems to correlate better
with outcome than with TCD-diagnosed cerebral vaso-
spasm [7].

Many experimental and clinical studies have supported
the interpretation of PI as a reflection of the distal CVR,
attributing greater PI to higher CVR [8], and this
assumption is still accepted nowadays [9].

A previous experimental study in rabbits [10] showed
that in physiological conditions hypercapnia decreased
both CVR and PI while a reduction in CPP in autoregu-
lating animals caused a decrease in CVR but an increase in
PI. These findings suggested a combined change in distal
vascular resistance and compliance of the large cerebral
arteries.

Our hypothesis is that PI is a complex function of var-
ious hemodynamic factors and not only of CVR as it is
usually interpreted. To clarify the relationship between
TCD pulsatility and CVR, we have retrospectively com-
pared clinical data of two different physiological situations
where PI increases. The first one is intracranial hyperten-
sion, represented by ICP plateau waves, where a major
vasodilatory cascade takes place (i.e., CVR decreases) due
to a time-dependent positive feedback loop between
vasodilation caused by decreasing CPP and increasing ICP
[11]. The second group involves patients submitted to a
mild hypocapnic challenge, which is known to increase
CVR [12] [13]. We also sought to compare measured PI in
both groups with a mathematical formula, expressing PI as
a function of cerebrovascular impedance.

Subjects and Methods

Patients

From a database of 345 head-injured patients with con-
tinuous recordings of ABP, ICP, and TCD (the median age

of patients was 29 years [interquartile range (IQR) 20—44],
with 75% being male) we have identified all patients where

an ICP plateau wave occurred during the monitored period.
This material was partially presented before [14], however
not in the context of TCD pulsatility and waveform anal-
ysis. Plateau wave data were recorded during daily TCD
investigations of cerebral autoregulation [15] performed in
head-injured patients, which constituted a part of a standard
clinical protocol. Data were retrospectively analyzed as a
part of routine clinical audit, with approval of Neurocritical
Care Users Committee.

In order to explore the effect of hypocapnia we have
used recordings from a previously published study evalu-
ating the effect of moderate hyperventilation on ICP and
FV [12]. Data were acquired as part of a research project
investigating cerebral physiology and metabolism follow-
ing TBI, which was approved by the Neurocritical Care
Users Committee and the Institutional Research Ethics
Committee.

Except for the period of the hypocapnic challenge to
assess CO, reactivity patients were managed according to an
ICP/CPP oriented protocol which aimed to keep CPP
between 60 and 70 mmHg and ICP below 20-25 mmHg
[16].

Monitoring and Data Analysis

ABP was monitored invasively from the radial artery using
a pressure monitoring kit (Baxter Healthcare CA, USA;
Sidcup, UK). ICP was monitored using an intraparenchy-
mal probe (Codman & Shurtleff, MA, USA or Camino
Laboratories, CA, USA). FV was monitored from the
middle cerebral artery (MCA) with a 2 MHz probe
(Multidop T, DWL, Germany) and using the Doppler Box
(DWL Compumedics, Germany) or Neuroguard (Meda-
sonic, CA, USA). TCD was performed daily for periods of
10 min to 1 h starting from the day of initiation of invasive
monitoring. The decision to discontinue monitoring was
made on clinical grounds.

Raw signals were digitized using an analog—digital con-
verter (DT9801, Data Translation, Marlboro, Mass, USA)
sampled at a frequency of 50 Hz and recorded using WREC
(Warsaw University of Technology) or BioSAn (University
of Cambridge, UK) software. ICM+ Software (Cambridge
Enterprise, Cambridge, UK, http://www.neurosurg.cam.
ac.uk/icmplus/) was used for final analysis. All signals
were subjected to manual artifact removal. Artifacts con-
sisted of three types: fast bimodal variations more than
20 mmHg from baseline which are related to tracheal suc-
tioning; complete loss of diastolic FV (without signs of
increased ICP) or fast, bimodal spikes on TCD due to a poor
temporal bone window or incorrect gain settings; absence
of the pulse waveform in ABP or ICP which were related
to arterial line flushing or transducer malfunction.

@ Springer
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The maximal and minimal values of FV from every 2 s
period were calculated and treated as the peak-systolic and
end-diastolic components, respectively. Second, FV and its
peak-systolic and end-diastolic components were averaged
over 10 s to give the mean values for FV (FV_), peak-
systolic FV (FV,), and end-diastolic FV (FV,). Discrete
Fourier transform was used to calculate the fundamental
harmonic components for pulse waveforms of ICP, ABP,
and FV (denoted as il, al, and f1, respectively).

CVR was estimated as 10 s time-averaged CPP
divided by the mean FV (CVR = CPP/FV,,) [I5]. PI was

calculated as the difference between FV peak-to-peak
values divided by the mean FV [(FVy — FVy)/FV,,]. For
analyzing TCD pulsatility at a fixed frequency the “‘spec-
tral” PI was evaluated as f1/FV,,.

Finally, a mathematical model of cerebrovascular space,
reduced to CVR and cerebral arterial compliance (Ca), was
evaluated to express cerebrovascular impedance analyti-
cally. From this analysis PI was calculated for a fixed
frequency equivalent to heart rate (HR). This relation is
defined by the following formula (1) (please see “Appen-
dix” for details of mathematical derivation).
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Fig.1 Timetrends of intracranial pressure (ICP), arterial blood
pressure (ABP), cerebral perfusion pressure (CPP), mean cerebral
blood flow velocity (FV,,), pulsatility index (PI) and cerebrovascular
resistance (CVR) in two different patients with head-injury. Top panel
plateau wave of ICP. Bottom CO, vasoreactivity test (hypocapnia).
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The figure demonstrates an increase in PI in both situations while
CVR decreases during the plateau wave due to the vasodilation but
increases during the hypocapnic challenge due to the cerebral
vasoconstriction
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PI= 2 x/(CVR x Ca x HR x 2m)>+1 (1)

where al is the fundamental harmonic of arterial blood
pressure pulse, CPP—mean cerebral perfusion pressure,
CVR—<cerebrovascular resistance, Ca—cerebral arterial
compliance, HR—heart rate.

Statistical Analysis

Changes in ICP, CPP, CVR, and PI between baseline and the
observed physiological condition (plateau or hypocapnia)
were compared with the paired 7 test. Data are reported as
mean + SD. Calculations were performed using STATIS-
TICA 6.0 (StatSoft, Inc.). p < 0.05 was considered
significant.

Results

Fifty-one patients were included in the study on plateau
waves and hypocapnia. The first cohort included 19 patients
(mean age: 24.32 £ 6.02 years, range 17-35 years, five
women, 14 men, median admission GCS 5, range 3-12)
where 38 events of ICP plateau waves were registered.
Studies were carried out 1-10 days after injury (median: day
4). Data obtained from an additional patient who exhibited
four plateau waves has been included in the analysis although
full demographics were unavailable. Total recording time
equaled 30.3 h, with an average of 43.3 min per session
(range 16.5-103.5 min).

The second group included 31 patients (mean age:
38 + 15 years, range 17-70 years, five women, 26 men,
median admission GCS: 5, range 3—12). Studies were carried
out 1-10 days after injury (median: day 3). Patients were
subjected to short term (30—60 min) controlled hyperventi-
lation as part of a standard clinical CO, reactivity test.

Examples of time trends of recorded and calculated
parameters are presented in Fig. 1.

Changes During Plateau Waves (group 1)
and Hypocapnia (group 2)

During the plateau waves the increase in ICP from an
average of 24.01 £ 6.91 to 43.53 + 12.14 mmHg pro-
voked a significant decrease in CPP, FV,,, and FV, but an
increase in FV,. The pulse amplitude of ICP and FV (il and
f1,respectively) increased while the pulse amplitude of ABP
(al) did not change (Table 1). During the plateau waves PI
increased significantly, whereas CVR decreased (Fig. 2a).
The increase in minute ventilation reduced PaCO, from
5.10 £ 0.35 to 4.40 £+ 0.34 kPa inducing a small but

Table 1 Mean values of pressure and haemodynamic parameters
found in 20 patients before and during plateau waves

Plateau waves (n = 20)

Parameters Baseline Plateau p value
ICP (mmHg) 24.01 + 6.91 4353 + 12,147 <0.001
CPP (mmHg) 71.64 + 10.63 4937 + 11.64"  <0.001
FV,, (cm/s) 69.47 £ 2997 5794 + 25777 <0.001

il (mmHg) 2.58 + 0.85 6.01 £2217  <0.001

f1 (cm/s) 21.90 £ 6.87 2592 + 8557 <0.001

al (mmHg) 18.16 + 3.50 17.31 £+ 3.30 NS (0.062)
ABP (mmHg) 95.67 £9.15 9291 +£9.25"  0.014

HR (cycles/min) 74.26 £ 12.60  73.68 & 1226 NS (0.446)
FV, (cm/s) 127.16 + 41.05 132.03 4+ 4341 NS (0.055)
FVq4 (cm/s) 42,10 +£21.98  28.92 + 18307  <0.001

PI 1.34 + 0.38 201 £073"  <0.001
CVR 1.25 £ 0.61 1.03 +£ 050" <0.001

[mmHg/(cm/s)]

Values are expressed as the mean + SD. Significant levels of the
differences between change in parameters before and during the
plateau wave are given (paired ¢ test)

al pulse amplitude (first harmonic) of ABP, ABP arterial blood
pressure, CPP cerebral perfusion pressure, CVR cerebrovascular
resistance, f/ pulse amplitude (first harmonic) of blood FV, FV,, mean
blood FV in the MCA, FV, diastolic blood FV in the MCA, FV;
systolic blood FV in the MCA, i/ pulse amplitude (first harmonic) of
intracranial pressure, /CP intracranial pressure, HR heart rate, NS not
significant, PaCO, carbon dioxide arterial partial pressure, PI Gosling
pulsatility index

*p < 0.05: p < 0.01

significant decrease in mean ICP (from 16.59 £ 6.68 to
12.73 £ 6.25 mmHg, p < 0.001). CPP improved slightly
with no significant change in ABP (Table 2). In this group
of patients there was a steep decline in all parameters
related to FV, however, PI as well as CVR increased sig-
nificantly (Fig. 2B).

Pulsatility Index and ICP/CPP

Regression between all points of PI and ICP indicates a
correlation coefficient of R = 0.7 with linear model 95%
prediction margin for ICP of 21 mmHg. Regression
between CPP and PI suggests best reciprocal fit, with a
correlation coefficient R = 0.77 and 95% prediction for
CPP around 22 mmHg (Fig. 3).

Pulsatility Index and its Explanation Using
the Mathematical Model

Analysis performed combining the results from both groups
1 and 2 showed that the correlation between the calculated
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Fig. 2 a The differences in the
mean intracranial pressure
(ICP), cerebral perfusion
pressure (CPP), Gosling
pulsatility index (PI), and
cerebrovascular resistance
(CVR) between baseline and
plateau wave of ICP. Data is
averaged from recordings of 42
plateau waves encountered in 20
patients. b Differences in mean
ICP, CPP, Gosling PI, and CVR
between baseline and
hypocapnic challenge. In all
cases, PI significantly increased
while CVR decreased in a and
increased in b
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Table 2 Mean values of pressure and haemodynamic parameters
found in 31 patients before and during the hypocapnia challenge

Hypocapnia challenge (n = 31)

Parameters Baseline Hypocapnia p value
PaCO, 5.10 £ 0.35 4.40 4+ 0.34" <0.001
ICP (mmHg) 16.59 + 6.68 1273 £ 6257 <0.001
CPP (mmHg) 80.02 £+ 9.57 85.39 4 12.08" 0.0023
FVm (cm/s) 7722 £2633  58.99 + 17437 <0.001
il (mmHg) 1.92 + 1.63 1.37 + 1.487 <0.001
f1 (cm/s) 2358 + 1045 1922 + 8.08"  <0.001
al (mmHg) 20.34 + 5.09 20.86 + 5.98 0.432 (NS)
ABP (mmHg) 96.62 + 9.99 98.13 + 12.65 0.339 (NS)
HR (cycles/min) 78.58 + 16.64  78.75 £ 1574  0.850 (NS)
FV (cm/s) 129.26 + 41.03  103.94 + 28.68"  <0.001
FV4 (cm/s) 47.86 £ 17.68  35.29 + 11.037  <0.001
PI 1.09 + 0.24 1.20 £ 027" <0.001
CVR 1.17 + 045 1.57 £ 0.527  <0.001
[mmHg/(cm/s)]

Values are expressed as the mean & SD. Significant levels of the
differences between change in parameters before and during the
hypocapnia challenge are given (paired ¢ test)

al pulse amplitude (first harmonic) of ABP, ABP arterial blood
pressure, CPP cerebral perfusion pressure, CVR cerebrovascular
resistance, f7 pulse amplitude (first harmonic) of blood FV, FV,, mean
blood FV in the MCA, FV, diastolic blood FV in the MCA, FV;
systolic blood FV in the MCA, i/ pulse amplitude (first harmonic) of
intracranial pressure, /CP intracranial pressure, AR heart rate, NS not
significant, PaCO, carbon dioxide arterial partial pressure, PI Gosling
pulsatility index

*p < 005 " p <001

Gosling PI and the modeled PI (mPI) using the formula
expressed in (1) is high (R = 0.81). This correlation
improved further (r = 0.95) when PI was calculated by
using the fundamental harmonic of FV (i.e., “spectral” PI)
instead of the FV peak-to-peak pulse amplitude (Fig. 4a, b).

For confirmation of the obtained results the correlations
between the mPI with the Gosling PI and the “spectral™ PI
were analyzed using our whole head-injury database
(n = 345), achieving comparable average fit (Fig. 4c).

Discussion

The TCD-based pulsatility index is often interpreted as a
descriptor of the distal cerebrovascular resistance [9].
However, our study suggests that this concept should be
viewed with caution. We have analyzed two clinical situ-
ations, plateau waves, and hypocapnia, where opposite
changes in CVR are observed. During plateau waves
vasodilatation leads to decrease in CVR, increase in cere-
bral blood volume (CBV) and increase in ICP. During
hypocapnia vascular constriction leads to an increase in

A

Gosling Pl R=0.70

o

0 20 40 60 R0
ICP [mm Hg]

R=0.77

0

20 40 60 80 100 120
CPP [mm Hg]

Fig. 3 The relationship between PI and a intracranial pressure (ICP)
and b cerebral perfusion pressure (CPP). Combined data from
recordings of plateau waves and hypocapnic challenge are presented.
Dashed lines indicate 95% confidence limits for mean (inner) and
95% confidence limits for prediction (outer)

CVR, decrease in CBV, and slight decrease in ICP. Despite
opposite changes in CVR we observed that PI in both cases
increased, reinforcing the concept that PI cannot be inter-
preted as an index of CVR alone. Also, in both situations
ICP changed inversely (i.e., dramatically increased during
plateau waves and slightly decreased during hypocapnia),
therefore universal description of rising ICP by rising PI is
also questionable.

We have demonstrated by using a mathematical model
of cerebrovascular impedance the possible input signals
determining the reactions of PL. Analysis of the model
suggests that PI is determined by the interplay of the value
of CPP, the fundamental harmonic of ABP pulse (al),
CVR, compliance of the cerebral arterial bed (Ca), and
heart rate.

Plateau waves are defined as any sudden elevation of
ICP above 50 mmHg that lasts longer than 5 min and
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Fig. 4 Scatter plots of the relationship between Gosling PI and the
modeled PI calculated using a mathematical model (1). a Strong
relationship between the predicted Gosling PI and a real Gosling PT and
b predicted and real “spectral” PI is seen (R = 0.81 and R = 095,
respectively). ¢ The relationship between “spectral” PI and modeled P1
when applied to the whole head-injury database (N = 345: R = 0.92)

terminates spontaneously or in response to treatment. They
are thought to be caused by a vasodilatory cascade, which
may be triggered by a sudden decrease in CPP in the
presence of functioning cerebral autoregulation [11, 17].
During plateau waves the profound reduction in CPP is
accompanied by a decreased cerebral blood flow [15]. On
the other hand, the vasodilatation leads to an increase in
CBYV, which is associated with an increase in cerebral
arterial compliance (Ca) [14]. As the pulse amplitude of

@ Springer

ABP (al) remains fairly stable, during plateau waves PI
changes inversely to the changes in CPP. Most probably,
changes in both Ca and CVR balance each other therefore
none of them play a major role in determining PL

The second group involves patients submitted to short
term hypocapnia to assess CO, reactivity. Based on the
available evidence, the most recent “Guidelines for the
management and prognosis of severe traumatic brain
injury” still include moderate manipulation of the arterial
partial pressure of CO, (PaCO,) as an option to treat raised
ICP [18]. The beneficial effect of hyperventilation is due to
a reduction in CBV, through vasoconstriction [19].
Therefore, the observed increase in CVR was expected in
this group of patients. It has been already shown that
changes in CVR are stronger than changes in Ca during
controlled changes of PaCO, in an experimental setup [20].
Most likely, a similar situation exists during hypocapnia in
clinical conditions, therefore the observed increase in PI
follows an increase in the product of CVR and Ca com-
bined with a slight decrease in CPP.

According to the described mathematical model (1)
(please see “Appendix”) PI is a complex function of many
mutually interdependent hemodynamic parameters. PI
increases when the amplitude of ABP (al) increases as
well as during arterial hypotension and intracranial
hypertension through changes in CPP. PI also increases
when the product of CVR, Ca, and HR increases [14, 21],
which has not been studied thoroughly before. Theoreti-
cally, the product of CVR and Ca expresses the time
constant of the cerebral arterial bed [21]. The longer this
time constant, the longer the time interval which is needed
for arterial blood volume to arrive (from the point of TCD
insonation) at the cerebral resistive vessels. In the experi-
mental study mentioned above [21], the time constant has
been shown to increase with hypocapnia and with reduc-
tions in cerebral perfusion pressure (caused by both arterial
hypotension and rise in ICP). Similarly the PI in these
scenarios will increase.

There are several limitations of this study. First, the
sides of TCD insonation and of the ICP probe were not
standardized. Although in most of the cases the ICP probe
was placed in the right anterior frontal lobe, the side of the
analyzed TCD signal depended on the qualities of both the
insonated window and the recording. However, we cannot
exclude that our data might have been more reliable if it
had been based on the average of bilateral TCD readings.
Neither can we exclude the influence in cases with uni-
lateral lesions.

Limitations of the method used to calculate CaBV, Ca,
and CVR from pulsatile waveforms of FV and ABP for the
calculation of the cerebrovascular time constant have been
discussed in previous publications [ 14, 22]. Monitoring the
changes in cerebrovascular compliance is difficult to obtain
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Fig. 5 Simplified input circuit used for the derivation of the formula
(4) describing PI (calculated for fixed frequency of heart rate). a Input
circuit representing a model of cerebral circulation. b Diagram of
cerebrovascular impedance IZ(f)l as a function of frequency. Two
frequencies are considered: f = 0 (i.e., DC component) and f = HR.
Module of impedance for f = 0 is equal to R,, and may be estimated
as CPPm/FV,,. al pulse amplitude (first harmonic) of ABP, ABP

absolute measures, which requires the application of phase-
contrast MRI [23, 24]. Recently Kim et al. developed a
computational method allowing a continuous assessment of
relative changes in cerebral compartmental compliances
based on the relationship between pulsatile components of
ABP, ICP, and the cerebral arterial blood volume (CaBV)
[14]. This method is estimation only; it does not allow
assessing absolute values of Ca but only its relative
changes.

In the past another mathematical model was proposed,
linking TCD pulsatility index and critical closing pressure
[25]. But these formulas differ as the one we present links
PI with physiological model parameters.

Conclusion

A mathematical formula describing PI is proposed and it
shows a good correlation with the measured values of PL,
and hence it is able to explain the major factors influencing
PI. The pulsatility index is not dependent solely on CVR
but it is a product of the interplay between CPP, pulse
amplitude of arterial pressure, cerebrovascular resistance
and compliance of the cerebral arterial bed as well as the
HR. PI is not an accurate estimator of ICP; it describes CPP
in a more accurate manner.
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Appendix
Mathematical Methods

The input circuit to cerebrovascular space (Fig. 5) can be
reduced to cerebrovascular resistance (R,) and compliance
(Ca) of arteries. Under the assumption that input pressure is
low, and systolic—diastolic distance is totally contained
within the range of autoregulation, the system may be
treated as semi-linear.

The pulsatility of the flow (PI), described as the ratio of
the fundamental amplitude of the FV waveform divided by
mean FV (1)

i B

p_ f1__al_ | z(0) |Z(HR)| )
FV, CPP, |z(HR) __CPP,,
" Zo)]

where f1 is the fundamental harmonic of FV, FV, is the
mean FV, al is the fundamental harmonic of arterial pulse
pressure, CPP_, is the mean cerebral perfusion pressure,
Iz(0)l is the cerebrovascular impedance at zero frequency,
Iz(HR)I is the cerebrovascular impedance at frequency
equal to heart rate.

Cerebrovascular impedance (Z(jw)) can be described as
a complex function of frequency (2).
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Ry
JjoCa R,

R, +,_,1C£ ~ joR,Ca+ 1

(jo) = (2)
where o is the 2xf, j is the imaginary unit, R, is the
cerebrovascular resistance, Ca is the compliance of arteries

and arterioles.
Z(f)l is described in (3)

R
T —
\/R3Ca”w? +1

where R, is the cerebrovascular resistance, Ca is the
compliance of arteries and arterioles.

From here we can derive formula describing the pulsa-
tility index:

(3)

PI = %11.,, X \/ (R,Ca)’HR?(27)* + 1 (4)
where PI is the pulsatility index (for fundamental compo-
nent of HR), al is the pulse amplitude (first harmonic) of
ABP, CPP,, is the mean cerebral perfusion pressure, R, is
the cerebrovascular resistance, Ca is the compliance of
arteries and arterioles, HR is the heart rate.

For the Gosling pulsatility index (PI) al should be
substituted by the peak-to-peak amplitude of the ABP
pulse. Also, Ca should be derived in a far more complex
way, taking into account all harmonics of the ABP pulse
and modules of impedances at these frequencies. But the
general description of TCD pulsatility as a function of
cerebral haemodynamic parameters remains the same.
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-SUMMARY OF THE STUDY-

Critical Closing Pressure (CCP) is the arterial blood pressure (ABP) at which brain vessels
collapse and cerebral blood flow (CBF) ceases. Spontaneous increases in intracranial pressure
(ICP), termed plateau waves, occur in many neurocritical conditions including head injuries and
subarachnoid haemorrhages. The aim of this study was to analyze the behaviour of CCP during
plateau waves in order to identify situations at risk for ischaemia.

For calculating CCP, we used a multi-parameter method (CCPm) which is based on the
modulus of cerebrovascular impedance. CCPm is expressed with parameters such as cerebral
perfusion pressure (CPP), ABP, estimators of cerebrovascular resistance and compliance, and
heart rate. Arterial wall tension was estimated as CCPm-ICP.

We analyzed recordings of ABP, ICP and transcranial Doppler based blood flow velocity (FV)
from 38 events of ICP plateau waves, recorded in 20 patients after head injury. Overall, CCP
increased significantly during plateau waves, by 11.42 = 8.63 mm Hg (p<0.001). Change in
CCPm was correlated to ICP changes (R=0.80 p<0.001). Cerebral arterial wall tension
decreased significantly during plateau (28.61 = 7.05 mm Hg to 18.79 = 5.60 mm Hg; p<0.001),
confirming its vasodilatatory origin.

In conclusion, CCP increases during plateau waves of ICP while arterial wall tension decreases.
CCPm did not demonstrate the non-physiological negative values that are shown in traditional
methods for calculating CCP, allowing the interpretation of CCP in clinical reality where ICP of
patients is rising.
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Abstract

Background Critical closing pressure (CCP) denotes a
threshold of arterial blood pressure (ABP) below which
brain vessels collapse and cerebral blood flow ceases.
Theoretically, CCP is the sum of intracranial pressure
(ICP) and arterial wall tension (WT). The aim of this study
is to describe the behavior of CCP and WT during spon-
taneous increases of ICP, termed plateau waves, in order to
quantify ischemic risk.

Methods To calculate CCP, we used a recently introduced
multi-parameter method (CCPm) which is based on the
modulus of cerebrovascular impedance. CCPis derived from
cerebral perfusion pressure, ABP, transcranial Doppler esti-
mators of cerebrovascular resistance and compliance, and
heart rate. Arterial WT was estimated as CCPm-ICP. The
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Results  Overall, CCPm increased significantly from51.89 +
8.76 mmHgatbaseline ICPto 63.31 + 10.83 mmHg atthe top
of the plateau waves (mean £ SD; p < 0.001). Cerebral
arterial WT decreased significantly during plateau waves by
343 % (p < 0.001), confirming their vasodilatatory origin.
CCPm did not exhibit the non-physiologic negative values that
have been seen with traditional methods for calculation,
therefore rendered a more plausible estimation of CCP.
Conclusions Rising CCP during plateau waves increases
the probability of cerebral vascular collapse and zero flow
when the difference: ABP-CCP (the “collapsing margin™)
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Introduction

A plateau wave is a sudden substantial elevation of intra-
cranial pressure (ICP) of a magnitude of 20-60 mmHg,
depending on baseline ICP, that lasts several minutes and
terminates either spontaneously or in response to treatment
[1-6]. Plateau waves are caused by rapidly increasing
cerebral blood volume (CBV) [7, 8] triggered by a vasodi-
latory cascade [2], which may be initiated by a vasodilatory
stimulation, such as an initial reduction in arterial blood
pressure (ABP) (Fig. 1) [5]. The increase in ICP results in a
decrease in cerebral perfusion pressure (CPP), which enga-
ges pressure autoregulatory mechanisms in a positive
feedback-loop with further vasodilation, further rise of CBV
and further increase in ICP. The whole cascade loop lasts
until maximum vasodilation is reached. Reversing the cas-
cade to a vasoconstrictory cycle may restore ICP to a
baseline level [5]. Plateau waves can be observed in various
clinical conditions causing exhausted cerebrospinal com-
pensatory reserve, including subarachnoid hemorrhage

[7, 9], head injury [2, 10, 11], brain tumor [l2], acute
hydrocephalus [3, 13], craniosynostosis [14, 15], and pseu-
dotumor cerebri [3].

Overall, the increase in ICP seen during the plateau wave
results in a dramatic decrease in CPP, usually below the
lower limit of autoregulation, therefore causing a decrease in
cerebral blood flow (CBF) [5, 6, 16]. Prolonged reduced-
CBF associated with plateau waves may then provoke a
secondary ischemic brain insult [ 1 7], providing they last for a
longer period (above 30 min); in that way, plateau waves
have been associated with a worse outcome following trau-
matic brain injury (TBI) [5]. The proposed vasodilatory
mechanism of plateau waves can be examined by estimating
critical closing pressure (CCP), which is related to cerebro-
vascular vasomotor tone, represented by wall tension (WT).

CCP or zero-flow pressure was first theoretically descri-
bed as a concept in 1951 by Burton, who stated that small
vessels can collapse when local blood pressure isreduced to a
critical value [18]. Since then, CCP has been studied in
vascular beds under various conditions [19-21].

Burton’s model suggests that CCP is equal to the sum of
ICP and vascular WT [18, 22]: CCP = ICP + WT.

Past studies performed under various conditions [23-25]
and physiological stimuli [26] have demonstrated that both
changes in ICP and vascular tone cause predictable changes in

Fig. 1 Example of a sudden
increase in intracranial pressure
(ICP) that lasts several minutes,
termed as plateau wave. A
decrease in arterial blood
pressure (ABP) triggers a
vasodilatory cascade, increasing
cerebral blood volume and

ICP [mm Hg)

leading to rising of mean ICP.
During this increase, cerebral
perfusion pressure (CPP)
decreases, as does cerebral
blood flow velocity (FV). Gaps
left after artefacts removal have
been interpolated graphically

ABP [mm Hg]

CPP [mm Hg]

80

FV [cm/s]

10 min

Time (min)
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estimated CCP. A reliable estimation of CCP from non-
invasive traditional transcranial Doppler (TCD) [27, 28] might
be clinically useful to estimate changes in ICP non-invasively
for patients at risk of elevated ICP, such as in occurrence of
plateau waves. Unfortunately, the methods available so far
[21, 28] suffer from uncertainty and poor accuracy as they may
produce negative non-interpretable values [29].

We recently published a multi-parameter model to cal-
culate CCP (CCPm), which is based on cerebrovascular
impedance [30]. In the present study, we retrospectively
re-analyzed clinical material [5, 31, 32] with the primary aim
to examine the pathophysiology of “plateau waves” using
the concept of CCP and arterial WT. The second aim was to
verify the performance of CCPm for calculating CCP in
clinical practice, by comparing it to traditional methodology.

Subjects and Methods
Patients

From a database of 345 head-injured patients [median age of
patients: 29 years (interquartile range 20—44), with 75 %
being male] with continuous recordings of ABP, ICP, and
short TCD recording periods (up to 1 h sessions daily per
patient), we identified a total of 20 patients where at least one
ICP plateau wave occurred during the monitored period. A
total of 38 plateau waves were recorded and retrospectively
analysed for the purpose of our study. The mean length of
plateau waves was 13 min with a range of 4-34 min. The
median Glasgow Coma Score of the patients at admission
was 5 (range from 3 to 12), while the Glasgow Outcome
Score varied from good outcome to mortality, with most of
the cases (57 %) having an unfavorable outcome (dead,
persistently vegetative or severely disabled). Data were
recorded during daily routine clinical TCD investigations of
cerebral autoregulation [6], performed in head-injury
patients, which was included in a standard clinical brain
monitoring protocol. This material has been partially pre-
sented before [31, 32], however not in the context of CCP
analysis. This retrospective analysis was performed as part
of an anonymous clinical audit, with approval of Neuro-
critical Care Users Committee Addenbrooke’s Hospital,
Cambridge, UK.

Monitoring and Data Analysis

ABP was invasively monitored from the radial artery with a
pressure monitoring kit (Baxter Healthcare CA, USA; Sid-
cup, UK),zeroed at the level of the heart; ICP was monitored
using an intraparenchymal probe (Codman & Shurtleff, MA,
USA or Camino Laboratories, CA, USA); Cerebral blood
Flow velocity (FV) was measured from the middle cerebral

artery with a 2-MHz probe (Multidop T, DWL, Germany)
and monitored with the Doppler Box (DWL Compumedics,
Germany) or Neuroguard (Medasonic, CA, USA). The TCD
recordings were performed daily for periods of 10 minto | h
starting from the day of initiation of invasive monitoring.
The decision to discontinue monitoring was made on clinical
grounds.

Raw signals were digitized using an analog—digital con-
verter (DT2814 or DT9801, Data Translation, Marlboro,
Mass, USA) sampled at a frequency of 50 Hz and recorded
using WREC (Warsaw University of Technology), BioSAn
(University of Cambridge, UK) or ICM+ (Cambridge
Enterprise, Cambridge, UK, http://www.neurosurg.cam.ac.
uk/icmplus/)software. The recorded signals were then sub-
jected to manual artefacts removal and analysed with the
ICM+ software.

The amplitudes of the fundamental harmonics of ABP,
FV, and ICP (Al, Fl, and I1, respectively) were derived
using 10-s discrete Fourier transformations. Heart rate (HR)
was calculated using spectral position (adjusted using sinc
interpolation, as above) of the peak associated with the first
harmonic of ABP. All the calculations, including mean
values of ABP, ICP, FV, and CPP, were performed over a
10 s long-sliding window [30]. The minimal values of FV
from every 2-s period were calculated and treated as end-
diastolic components. These components were then aver-
aged over 10 s to give the mean values for end-diastolic FV,
termed as FVd.

Calculation of CCP and WT

The multi-parameter estimation of CCP was calculated
using the following formula (1):

CCPm = ABP — gt (1)

\/(Ra-Ca-HR-Zn)z—lrl

where CPP is the mean cerebral perfusion pressure (being
calculated as CPP = ABP — ICP), Ra denotes cerebro-
vascular resistance, Ca stands for compliance of cerebral
arterial bed, while HR is the heart rate (beats/s).

The above-mentioned formula is based on the analysis
of a simple model of cerebrovascular impedance. Details of
its derivation have been published previously [5, 30].

On this model, two parameters (Ra and Ca) cannot be
measured directly and need to be estimated. Their esti-
mation can be made using TCD blood flow velocity and
ABP, CPP waveforms according to the algorithm presented
in previous studies [33-35].

Model WT (WTm) was calculated using Dewey’s model
[22], which denotes WT to be estimated as the difference
between estimation of CCP and ICP

WTm = CCPm — ICP
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The traditional calculation of CCP (termed as CCP1)
was performed using the formula proposed by Michel [28]:

CCPl = ABP - Al B (2)
Fl
where Al and Fl are amplitudes of the fundamental har-
monics of ABP and FV pulse waveforms, respectively.
The traditional calculation of WT was also derived from
Dewey’s model, like previously, however with CCPI
instead of CCPm:

WT1 = CCPl - ICP

Statistical Analysis

Statistical analysis of the data was conducted with IBM SPSS
Statistics 20 package. The analysis included comparison of
changes in the group of data of ABP, ICP,FV,CCP1, CCPm,
WTI1, and WTm from normal baseline ICP to high and stable
ICP at the top of the plateau wave. Results are presented in
mean value =+ standard deviation format. Normal distribu-
tion was tested with the Shapiro—Wilk test and paired 7 tests
were used to examine the significance of each sample com-
parison. The level of significance was set at 0.05. Bivariate
correlations were used, with R being the Pearson correlation
coefficient. Bland—Altman method was used to determine
the agreement between CCPm and CCP1.

Results

Critical Closing Pressure and Wall Tension During
Plateau Waves

Detailed results are given in Table 1. During plateau
waves in these subjects, mean ICP increased significantly

(p < 0.001) by 21.56 mmHg from baseline to plateau level.
CPP decreased significantly by a margin of 31.96 %
(p < 0.001), while ABP did not endure any significant
changes and remained at the same levels. Mean CBF velocity
also decreased by 13.8 % (p < 0.001), with its diastolic
values showing a larger decrement (28.36 %; p < 0.001).
Plateau waves in these subjects caused a significant increase
in CCP by 22.00 % (p < 0.001). This result was demon-
strated using both the novel and traditional methods of
calculating CCP (CCPm and CCPI, respectively, see
Table 1). As predicted by the vasodilatory nature of plateau
waves, WT decreased significantly by 34.30 % (p < 0.001),
demonstrated by WTm and confirmed by values of WT1
(p < 0.001, see Table 1). As CCP is equal to the sum of ICP
and WT, it can be seen in these subjects that the ICP increase
during plateau waves which is more pronounced than the
decrease in WT, resulting in a net increase in CCP (Fig. 2).
In the same figure we can observe that during a plateau
wave CCP rises while ABP remains constant. Therefore the
“collapsing margin” (ABP-CCP) decreases, presenting an
increased risk for brain vessels to collapse (Fig. 3).

Relationship Between the Two Methods of CCP
Calculation

When data from both baseline and plateau levels of ICP were
considered, there was a strong correlation between CCPm and
CCP1 (R=0.87, p < 0.001; Fig. 4a) as well as between
WTm and WTI1 (R = 0.69,p < 0.001).

Bland—Altman plot (Fig. 4b) was used to demonstrate the
overall agreement between CCPm and CCPl (Bias =
10.06 mmHg, standard deviation of error = 10.60 mmHg).
When the average of CCPm and CCP1 wasbelow 40 mmHg,
the agreement deteriorated significantly as compared to the
values above 40 mmHg (mean difference of 25.02 + 15.50

Table 1 Mean values and standard deviations (mean £ SD) of measured and calculated variables from baseline to plateau

Baseline Plateau p value (¢ value, df)
ICP (mmHg) 21.81 £ 6.63 4337 £ 11.96 <0.001 (12.76, 37)
ABP (mmHg) 94.85 + 11.25 93.13 + 10.59 0.141 (1.50, 37)
CPP (mmHg) 73.02 £+ 12.92 49.68 + 14.34 <0.001 (14.22, 37)
FV (cm/s) 62.61 £ 29.91 53.94 + 28.19 <0.001 (6.39, 37)
FVd (cm/s) 35.12 4 20.10 25.16 £ 20.72 <0.001 (6.29, 37)
CCPm (mmHg) 51.89 + 8.76 63.31 £+ 10.83 <0.001 (8.15, 37)
CCPI1 (mmHg) 40.36 £ 17.44 5471 £ 17.66 <0.001 (7.86, 37)
WTm (mmHg) 28.61 + 7.05 18.79 + 5.60 <0.001 (11.45, 37)
WTI (mmHg) 18.55 + 16.64 11.34 + 14.22 <0.001 (5.77, 37)
Collapsing margin (mmHg) 4296 + 1291 29.82 +£ 11.98 <0.001 (9.64, 37)

ABP arterial blood pressure, CCP/ fundamental harmonic model of critical closing pressure, CCPm multi-parameter mathematical model of CCP
based on the concept of impedance, CPP cerebral perfusion pressure, FV mean blood flow velocity in the middle cerebral artery (MCA), FVd
diastolic blood FV in the MCA, ICP intracranial pressure, W77 fundamental harmonics model wall tension, WTm multi-parameter mathematical
model of wall tension based on the concept of impedance, Collapsing margin calculated as the difference between ABP and CCPm
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Fig. 2 Example of the behavior
of critical closing pressure

«ABP ¢ CCP @ ICP | WT

100
(CCP) during a plateau wave.

The multi-parameter

mathematical model CCPm was

used to demonstrate the increase

of CCP during the increase in 80
intracranial pressure (ICP),

while the arterial blood pressure

(ABP) remained unchanged.

The difference between CCP o (.
and ICP, demonstrated as the

gap between the two
corresponding waveforms,
indicates the active vasomotor
tone, represented as the wall 40
tension (WT). The multi-
parameter mathematical model
WTm was used to demonstrate
the decrease of WT at the top of
the plateau in comparison to
baseline opening pressure, due
to vasodilation compensating
for the increase in ICP
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Fig. 3 Difference of mean arterial blood pressure (ABP) to critical
closing pressure (CCP) calculated with the module of impedance
(CCPm), termed as collapsing margin decreases significantly
(p < 0.001) from baseline intracranial pressure (ICP) to the plateau
level. This denotes the increased risk of brain vessels collapsing during
plateau waves in comparison to baseline normal ICP

and 6.68 + 4.91 mmHg; p = 0.001 for values of CCP <
40 mmHg and CCP > 40 mmHg, respectively).
Traditional methods for calculation of zero-flow pressure
presents the drawback of the appearance of non-physiologic,
negative values of CCP. In our data, CCP1 occasionally
rendered negative values during the post-plateau “hyper-
emia.” This is exemplified in Fig. 5, where the decrease in
ICP after the plateau with increasing CPP, ABP, and FV
values resulted in CCP1 falling below zero, yielding values

Time (min)

that have no meaning. By contrast, our own estimator CCPm
stayed positive during this period.

Discussion

CCP is a metric that has inspired theoretical interest but
which has been relatively neglected as a clinical applica-
tion. In theory, CCP can enhance our understanding in
regard of cerebral haemodynamics when CPP is below the
lower limit of autoregulation. In that sense, CCP can pro-
vide a second, higher-risk threshold of CPP, where CBF
ceases completely.

The primary aim of this study was to measure CCP
during “plateau waves.” The results show that during the
vasodilatatory loop of the plateau waves, there is a rise in
CCP and a reduction in WT, with both of them being
significant. However, the effect of rising ICP is more
pronounced than the corresponding vasodilatatory response
decreasing WT.

The observed increased CCP during plateau waves
imposes an elevated risk for brain vessels to collapse,
especially if ABP remains constant (example shown in
Fig. 2). As can be seen in Fig. 3, the collapsing margin
ABP-CCP decreased significantly (p < 0.001) in this
cohort from baseline ICP to plateau levels, indicating that
the probability for brain vessels to collapse is increasing
during this phenomenon.

The collapsing margin (ABP-CCP) was once thought to
describe cerebral perfusion pressure [22]. However, even
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Fig. 4 a Correlation between multi-parameter mathematical model
CCPm and first harmonic model of critical closing pressure (CCP1)
(Pearson correlation coefficient: R = 0.87; p < 0.001). b Bland-
Altman test for comparing difference between CCPm and CCPI
to average value of CCP1 and CCPm. Note that after the physiolog-
ical threshold of 40 mmHg the difference is becoming minimal
(p < 0.001)

though there is a strong bivariate correlation between CPP
and the collapsing margin (R = 0.844, p < 0.001), the
collapsing margin is different from CPP in at least two
respects. First, the collapsing margin accounts for changes
in WT, which do not influence the CPP equation. Second,
the collapsing margin indicates the amount of pressure
reserve available to avoid total cease of flow, whereas CPP
indicates the perfusion pressure driving CBF and does not
have an inherently meaningful threshold.

A reliable calculation for CCP and monitoring of the
collapsing margin may have a future role in the care of
patients after TBI or stroke. For example, identifying
patients with frequent decrements in the collapsing margin
may inform selection of patients who would benefit from
decompressive craniectomy.

@ Springer

The second aim of this study was to verify the perfor-
mance of our novel mathematical multi-parameter model for
calculating CCP in the clinical cases of plateau waves. It has
been proven with experimental animal data that CCPm is
well-correlated to the traditional method used to calculate
CCP from the fundamental harmonic of pulse-frequency
Doppler and pressure changes (CCP1) [30]. The same
high correlation is shown in plateau waves of human sub-
jects, further supporting the validity of CCPm. Divergence
between CCPI (traditional) and CCPm (novel) can be seen
only when CCP1 has meaninglessly low(or negative) values
[29, 30, 36]. The issue of low and negative values of CCP has
been a known drawback of traditional calculation methods in
cases such as hyperemia, vasospasm, or with artificially
elevated diastolic blood flow velocity [29, 36, 37]. In plateau
waves, CCP1 rendered negative values in a variety of situ-
ations in which changes in amplitude and mean values of FV
and/or ABP occurred. The appearance of these values is
considered to be a methodological limitation, as there is no
physiologic explanation for negative values of WT. By
contrast, CCPm, calculated with the concept of impedance
was proven to overcome this drawback. CCPm cannot reach
non-physiologic negative values, provided physiologic val-
ues of ABP, CPP, and FV are used [30, 33], and is, therefore,
more clinically relevant.

The validity of WT calculation via cerebrovascular
impedance was also proven, with WTm being significantly
correlated to WT1 (p < 0.001) during the plateau waves, as
has been also proven in experimental animal data [30]. Like
CCPm, the use of WTm has the advantage of consistently
positive values, unlike the fundamental harmonic model
WTI, which presents senseless negative values. Decrease in
WTm is in agreement with modeling data presented previ-
ously by Daley [38], although our study takes into account
changes in CBF, confirming validity of previous analyses
done using ICP and ABP waveforms [38].

Limitations

Due to the small number of patients, we are unable to test
an association between the collapsing margin and outcome.
Plateau waves, although are observed in 40 % of TBI
patients [5], are difficult to be captured with limited time
TCD recording in the neurocritical care unit. However,
having set the theoretical basis of the collapsing margin, a
similar study of a larger cohort of patients is indicated.
The main disadvantage of the multi-parameter mathe-
matical model for calculating CCP (CCPm) is the
requirement of invasive ICP monitoring. However, in sub-
jects at risk for plateau waves, measurement ,and signal of
ICP monitoring are standard care, which increases the clin-
ical relevance of the technique demonstrated in this study.
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Estimation of CCP requires good quality recording of
flow velocity through TCD. The TCD monitoring sessions
were not continuous like ABP and ICP monitoring but
instead were performed for short periods for every patient
on a daily basis. The short periods were justified by the
difficulty of having continuous TCD measurements, as the
head injured patients were treated in a neurointensive care
environment, thus subjected to change in position or
transfer i.e. for the purpose of an MRI scan, which would
result in intervention of TCD recordings. On that basis, it
might be possible that not all the occurred plateau waves
have been captured. However, as the aim of this study was
to estimate CCP during the specific phenomenon of
occurring plateau waves and not continuously, this limi-
tation does not affect its purposes.

Conclusion

During plateau waves and increase in ICP, CCP increases
significantly while active vasomotor tone, represented by
WT, decreases due to vasodilation. Rising CCP in turn can
increase the risk for brain vessels to collapse if the difference
ABP-CCP termed as “collapsing margin” decreases to zero.
In a neuro-intensive environment, monitoring of this col-
lapsing margin can then indicate a “pillow’ of safety for the
small brain vessels and can be used as a reference point to
guidance of treatment in terms of terminal ischemia associ-
ated with collapsing vessels. Estimation of CCP based on the
impedance methodology does not produce non-physiologic
negative values in contrast to the a traditional computations
of CCP.

Time (min)
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The application in neurocritical care of multimodal brain monitoring together with advanced
bioinformatics for computerized analysis help clinicians in early detection of secondary insults
at the bedside and improve the clinical management of these patients. Besides this obvious
contribution, having the chance to do off-line retrospective analysis allows investigators to
revisit current concepts in order to improve our knowledge and understanding about their
underlying pathophysiology'®. This is an extremely important issue because a significant
number of clinical decisions are taken on the basis of data that, if wrongly interpreted, may
derive in detrimental clinical decisions'”.

Considering these facts, we decided to revisit the pathophysiology underlying two classical
concepts as TCD pulsatility index (PI) and critical closing pressure (CCP) with data obtained
from TCD and multimodal monitoring of TBI patients, with the help of advanced
bioinformatics (ICM+" software) and the support of a multidisciplinary team that included both
physicians and engineers (Prof M. Czosnyka, P. Smielewski and GV Varsos) among other
contributors. Both parameters had been described for a long time, but conclusions regarding
their interpretation and applicability had been controversial for many years and sometimes

reporting completely opposing results’>”.

TCD-based pulsatility index (PI) is a haemodynamic index derived from the TCD waveform
and is often interpreted as a descriptor of the distal cerebrovascular resistance (CVR)'™.
However, an experimental study in rabbits by Czosnyka et al. with a controlled decrease of
CVR had already shown that in physiological conditions hypercapnia decreased both CVR and
PI while a reduction in CPP in autoregulating animals caused also a decrease in CVR but an
increase in PI. So their final conclusion was that PI could not be interpreted simply as an index

of CVR in all circumstances®.

To our knowledge, no studies had been published since then regarding which factors truly
determine and influence the PI value, so we decided to review this concept with analysis of data
obtained from the clinical setting. For the development of this first article of this thesis we
opted to reanalyse already recorded multimodal monitoring data including TCD from severe
TBI patients that had been admitted in a european reference neurocritical care unit
(Addenbrooke’s hospital, Cambridge, UK) where the doctorand developed this project. We
opted for this pathology as it is a prevalent condition that has an extreme health and social
impact, and because almost 50% of these patients present intracranial hypertension along their
evolution, a deleterious fact that has been proven to be clearly associated with a worse
outcome”’.

As we wanted to analyse the relation between CVR and PI, we decided to confront two clinical
situations, plateau waves and hypocapnia challenges, where opposite changes in CVR are
known and observed.

Our first group included 20 severe TBI patients that developed plateau waves of intracranial
hypertension. Due to their previously explained pathophysiology, this phenomena represent an
excellent model of cerebrovascular vasodilation related to the presence of functioning cerebral
autoregulation.

In contrast, we had a second cohort of 31 patients where a short hypocapnia stimulus was
applied to assess cerebrovascular vasoreactivity. Hypocapnia increases CVR by cerebral
vasoconstriction at the level of the cerebral resistance vessels.
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A first analysis of our results prove the concept that TCD-based pulsatility index is wrongly
interpreted as merely a descriptor of the distal cerebrovascular resistance'*’. During
vasodilatation leading to plateau waves, CVR decreases while hypocapnia induces a vascular
constriction that leads to an increase in CVR. Despite opposite changes in CVR we observed
that PI in both cases increased, reinforcing the concept that PI cannot be interpreted as an index
of CVR alone (see figure 1).

Figure 1. Timetrends recordings with ICM+" software of arterial blood pressure (ABP),
intracranial pressure (ICP), cerebral perfusion pressure (CPP), left and right cerebral blood flow
velocities, Gosling pulsatility index (GPI), Pourcelot resistance index (PRI, calculated as [FVs-
FVd]/FVm), “spectral” pulsatility index (sPI), and cerebrovascular resistance (CVR) in two
different patients of the study. 7op panel plateau wave of ICP. Bottom Hypocapnia in a CO,
vasoreactivity test. The figure demonstrates an increase in PI in both situations, while CVR
decreases during the plateau wave (due to the vasodilation) but increases during the hypocapnic
challenge (due to the cerebral vasoconstriction).
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It is also important to consider the fact that in both situations ICP changed inversely (i.e.
increased during plateau waves and slightly decreased during hypocapnia), therefore universal
description of rising ICP by rising PI is also questionable. In this study combined data from
recordings of both cohorts was used to study the regression between all points of PI and ICP
and then between CPP and PI, with a best reciprocal fit for CPP. A further-in study by Zweifel
et al’* concluded that the diagnostic value of PI for direct non-invasive assessment of ICP and
CPP is very limited but may have value as a screening tool for identification of patients at risk
when highly elevated ICP or dangerously decreased CPP is suspected””. But unfortunately PI is
not a reliable diagnostic tool for detecting critical clinical thresholds (as ICP > 20 mm Hg or
CPP < 60 mm Hg)™.

The next step in our investigation was to search for the hemodynamic factors that could
determine the reactions of PI. Using the concept of impedance to CBF we described a
mathematical model of cerebrovascular impedance where capacitance (i.e. cerebrovascular
compliance, Ca) and resistance (cerebrovascular resistance, CVR or Ra) are in parallel such that
impedance to flow is considered as a function of heart rate (see figure 2).

It should be noted that resistance is a concept used for direct current (DC), whereas impedance
is the AC (alternating current) equivalent. In this model, impedance is used instead of resistance
based on the pulsatile characteristics of the cerebral circulation. Details of the mathematical
analysis are given in Appendix of the first article, but are beyond the scope of this thesis.

Figure 2. Mathematical model of cerebrovascular impedance. a) Simplified electrical model of
the cerebrovascular circulation used for the derivation of the formula describing the modelled PI
(calculated for fixed frequency of heart rate). [ABP arterial blood pressure, Ca cerebrovascular
compliance, F'V flow velocity, Ra cerebrovascular resistance].

b) Diagram of cerebrovascular impedance |Z(f)| as a function of frequency (f) in Hz. Two
frequencies are considered: f= 0 (i.e. direct current component) and f = HR. Module of
impedance for f = 0 is equal to Ra, and may be estimated as CPPm/FVm. [a, pulse amplitude
(first harmonic) of ABP, ABP arterial blood pressure, CPPm mean cerebral perfusion pressure, f
frequency, f7 pulse amplitude (first harmonic) of blood FV, FVm mean blood flow velocity in
the middle cerebral artery, HR heart rate frequency (beats/min), P/ pulsatility index, Ra
cerebrovascular resistance (also expressed in the text as CVR), |z| cerebrovascular impedance,
|z;| cerebrovascular impedance with frequency equal to HR].
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FV B) CPPm
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ABP

85



According to the relations determined in this model of cerebrovascular impedance, PI can be
defined by the following formula

al
CPP

Pl =

x 3/(Ra x Ca X HR x 2m)% + 1 (formula 1)

where al is the fundamental harmonic of arterial blood pressure, CPP is the mean cerebral
perfusion pressure, Ra is the cerebrovascular resistance, Ca is the compliance of the cerebral
arterial bed, and HR denotes heart rate (in beats/second). Although Ca and Ra cannot be
measured directly, they can be estimated using TCD blood FV and ABP and CPP waveforms

according to an algorithm described in previous mathematical studies'”*'**.

We have demonstrated, by using this mathematical model of cerebrovascular impedance, the
possible input signals determining the reactions of PI. Analysis of the model suggests that PI is
determined by the interplay of the value of CPP, the fundamental harmonic of ABP pulse (al),
cerebrovascular resistance (Ra), compliance of the cerebral arterial bed (Ca), and heart rate.

Plateau waves are defined as any sudden elevation of ICP above 50 mmHg that lasts longer than
5 minutes and terminates spontaneously or in response to treatment. Multimodal brain
monitoring helps to distinguish and describe them. They are thought to be caused by a
vasodilatory cascade, which may be triggered by vasodilatory events such as small oscillations
in ABP, brain oxygenation or arterial CO,, in the presence of functioning cerebrovascular
reactivity and low cerebrospinal compensatory reserve' ">,

These frequent cerebrovascular phenomena in TBI, are not usually associated with worse
outcome unless they are longer than 30 minutes'®. Nonetheless, poor outcome after TBI is
associated with sustained intracranial hypertension or low oxygenation®’.

During plateau waves the profound reduction in CPP, usually below the LLA, is accompanied
by a decreased CBF"** and oxygenation'**. On the other hand, the vasodilatation leads to an
increase in cerebral blood volume (CBV), which is associated with an increase in cerebral
arterial compliance (Ca)'”’. As the pulse amplitude of ABP (al) remains fairly stable, during
plateau waves PI changes inversely to the changes in CPP. Most probably, changes in both Ca

and Ra balance each other, therefore none of them play a major role in determining PI.

The second group involves patients submitted to short term hypocapnia to assess CO; reactivity.
Based on the available evidence, the most recent “Guidelines for the Management and
Prognosis of Severe Traumatic Brain Injury” still include moderate manipulation of the arterial
partial pressure of CO, (PaCO,) as an option to treat raised ICP%. The beneficial effect of
hyperventilation is due to a reduction in CBV, through vasoconstriction'*’. Therefore, the
observed increase in cerebrovascular resistance (stated as CVR or Ra) was expected in this
group of patients. It has been already shown that changes in Ra are stronger than changes in Ca

194

during controlled changes of PaCO; in an experimental setup . Most likely, a similar situation
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exists during hypocapnia in clinical conditions, therefore the observed increase in PI follows an
increase in the product of Ra and Ca combined with a slight decrease in CPP.

According to the described mathematical model (formula 1) PI is a complex function of many
mutually interdependent hemodynamic parameters. PI increases when the amplitude of ABP
(al) increases as well as during arterial hypotension and intracranial hypertension through
changes in CPP. PI also increases when the product of Ra, Ca and HR increases'*>'"”, which
had not been studied thoroughly before. Theoretically, the product of cerebrovascular
compliance (Ca) and resistance (Ra) expresses the time constant of the cerebral arterial bed,
also denoted as TAU'.

As defined in the introduction, TAU is a concept derived from the electrical circuits, and
theoretically reflects the time (in seconds) it takes for the arterial blood load during the cardiac
cycle to get through the arterial component of the cerebral circulation'". If the large conductant
vessel is poorly compliant, as in cerebral vasospasm, and the resistance is decreased because of
vasodilation of arterioles, blood takes less time to get through the arterial circulation (low
TAU)"®,

On the other hand, if the conductance vessels compliance is increased and the arterioles are
constricted leading to a high cerebrovascular resistance (Ra), blood will stay longer inside the
arterial circuit (high TAU). The longer this time constant, the longer the time interval which is
needed for arterial blood volume to arrive (from the point of TCD insonation) at the cerebral
resistive vessels.

In the experimental study mentioned above'”’

, the time constant (i.e. TAU) has been shown to
increase with hypocapnia and with reductions in CPP (caused by both arterial hypotension and

rise in ICP). Similarly the PI in these scenarios will increase.

There are several limitations in this first study of the thesis. First, the sides of TCD insonation
and of the ICP probe were not standardized. Although in most of the cases the ICP probe was
placed in the right anterior frontal lobe, the side of the analyzed TCD signal depended on the
qualities of both the insonated window and the recording. However, we cannot exclude that our
data might have been more reliable if it had been based on the average of bilateral TCD
readings. Neither can we exclude the influence in cases with unilateral lesions.

Limitations of the method used to calculate cerebral arterial blood volume (CaBV), Ca and Ra
from pulsatile waveforms of FV and ABP for the calculation of the cerebrovascular time
constant have been discussed in their original publications'*>'*”. Monitoring the changes in
cerebrovascular compliance is difficult and in order to obtain absolute measures requires the
application of phase-contrast MRI®¥?%. Years ago Kim et al developed a computational method
allowing a continuous assessment of relative changes in cerebral compartmental compliances
based on the relationship between pulsatile components of ABP, ICP and the CaBV'*”.
However, this method is an estimation only, it does not allow to assess absolute values of Ca

but only its relative changes.
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In the past, another mathematical model had been proposed, linking TCD pulsatility index and
critical closing pressurezm. But these formulas differ as the one we present links PI with
physiological model parameters.

The second study (Varsos GV, de Riva N, Smielewski P et al.) included in this thesis aims to
characterize the proposed vasodilatory pathophysiology of ICP plateau waves by using the
concept of critical closing pressure (CCP), which is related to cerebrovascular vasomotor tone,
represented by arterial wall tension (WT). The patients included in this second study are the
same ones studied in the first article of this thesis (PI investigation) as the “plateau wave group”
(n= 20 patients, a total of 38 plateau waves).

CCP is the level of ABP at which small brain vessels collapse and CBF ceases. As such, it is a
metric that has inspired theoretical interest but has been relatively neglected as a clinical
application. In theory, CCP can enhance our understanding in regard of cerebral
haemodynamics when CPP is below the lower limit of autoregulation (LLA). In that sense, CCP
may provide a second higher-risk threshold of cerebral perfusion pressure, where CBF ceases
completely.

Since Burton’s theoretical model’” (CCP = ICP + WT), different traditional TCD-derived
methods to calculate this zero-flow pressure have been described'***” but present the drawback
of frequent negative non-physiologic values of CCP. The first harmonic model of CCP (CCP1)

proposed by Michel'” seems to be the most robust among them'**:

FV
CCP1 = ABP — A1 X —
F1

where A1 and F1 are amplitudes of the fundamental harmonics of ABP and FV waveforms,
obtained from the fast Fourier transfer (FFT) .

The traditional calculation of WT was calculated using Dewey’s model as:
WT1 = CCP1—-ICP

Searching for a more accurate method, and based on the analysis of the same simple model of
cerebrovascular impedance previously described to calculate pulsatility index (PI)'", Varsos et
al reported in 2013 a multi-parameter mathematical model for estimation of CCP (CCPm)

according to the following formula (2)'':

CPP
%[(Ra x Ca x HR x 2m)2 +1

CCPm = ABP —

(formula 2)

where CPP is the mean cerebral perfusion pressure (calculated as CPP = ABP — ICP), Ra
denotes cerebrovascular resistance, Ca stands for the pulsatile compliance of the cerebral
arterial bed, and HR denotes heart rate (beats/second). As previously explained, Ca and Ra
cannot be measured directly and need to be estimated. Their estimation can be made using TCD
blood flow velocity and ABP and CPP waveforms according to the previously referred
algorithm'*'%*,
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Arterial WT can be associated with these cerebrovascular physiological parameters by creating
its multiparameter mathematical descriptor. This model WT (WTm) was calculated also using
Dewey’s equation, which denotes WT to be estimated as the difference between the
mathematical descriptor model of CCP (CCPm) and the measured ICP.

WTm = CCPm — ICP

Again, it is important to remark the interplay between Ra and Ca as it was previously exposed.
TAU decreases during hypercapnia suggesting a decrease in WT (providing no change in CPP
is present) and correspondingly to CCP owing to vasodilation. Similarly, TAU decreases in
carotid artery stenosis, where distal vasodilation is present, suggesting again a compensatory
decrease in WT and CCP. TAU decreases even further with bilateral carotid stenosis. On the
other hand, TAU was shown to increase during a decrease in CPP, both as a result of arterial
hypotension or intracranial hypertension, keeping with the expected autoregulatory vasodilation
observed with decreased CPP.

The primary aim of this second study of this thesis was to measure CCP during plateau waves in
order to examine their pathophysiology by using the concepts of CCP and arterial WT. Our
results show that during the vasodilatory loop of the plateau waves, there is a rise in CCP and a
reduction in WT, with both of them being significant (p < 0.001). However, the effect of rising
ICP is more pronounced than the corresponding vasodilatatory response decreasing WT.

These results were demonstrated and significant with both the traditional (CCP1 and WT1) and
the multi-parameter methods (CCPm and WT) of calculation.

Some investigators have coined the term “effective cerebral perfusion™'*
margin”*"*

or “closing collapsing
to refer to the difference between mean ABP and CCP. They argue that this
“collapsing margin” would be a better descriptor of the real driving pressure for the arterial
cerebral circulation instead of CPP (= ABP-ICP) as CCP is higher than ICP and takes into

account the tone of the vessels (i.e. the contribution of wall tension)'**!!%,

However, even though we found a strong bivariate correlation between CPP and the “collapsing
margin” (R = 0.844, p <0.001), the “collapsing margin” is different from CPP in at least two
aspects. First, the “collapsing margin” accounts for changes in WT, which do not influence the
CPP equation. Second, the “collapsing margin” indicates the amount of pressure reserve
available to avoid total cease of CBF, whereas CPP indicate the perfusion pressure driving CBF
and does not have an inherently meaningful threshold.

In our study the observed increased CCP during plateau waves imposes an elevated risk for
brain vessels to collapse, especially if ABP remains almost constant. Therefore, the “safety
collapsing margin” (ABP — CCP) decreased significantly (p < 0.001) in this cohort from
baseline ICP to plateau levels, indicating that the probability for brain vessels to collapse is
increased during this phenomenon (see figure 3).
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Figure 3. Example of the behaviour of CCP and WT (calculated with the multi-parameter
mathematical model) during a plateau wave of intracranial pressure. The “collapsing margin”
is referred as the difference between ABP and CCP waveforms. On the other hand, the gap
between CCP and ICP waveforms indicates the active vasomotor tone, represented as the wall
tension. ABP arterial blood pressure, CCP critical closing pressure (with the multi-parameter
model), /CP intracranial pressure, W71 wall tension (with the multi-parameter model).
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Besides the fact that several models of dynamic cerebral autoregulation use CCP in their
formulations®'**, a reliable calculation for CCP and monitoring of the “collapsing margin” may
have a future role in the care of neurocritical patients.

On one hand, a measurement of CCP for a neurocritical patient would provide a threshold for
the patient’s ABP below which irreversible brain ischaemia may be developed. In fact, it has
been demonstrated that diastolic ABP lower than CCP is associated with loss of measurable
blood FV during diastole when TCD is used'"”.

Its knowledge would help clinicians to manage ABP, ICP and also vascular tone by itself.
Specific patients could have a low ICP but a high WT with a consequent high CCP and a low
“closing margin”, while the clinician has a false safety feeling.

Also, identifying patients with frequent decrements in the “collapsing margin” may improve the
selection of patients who would benefit from a decompressive craniectomy.

The second aim of this second study was to verify the performance of a novel multiparameter
mathematical model for calculating critical closing pressure (CCPm), in clinical cases of sudden
increases of ICP like plateau waves. The introduction of parameters describing the cerebral
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circulation aids the understanding of factors influencing the dynamics of CCP during plateau
waves.

A retrospective analysis of experimental animal data proved that CCPm is well correlated to the
traditional method used to calculate CCP from the fundamental harmonic of pulse-frequency
TCD and pressure changes (CCP1)''’. A more recent clinical study by Puppo et al. comparing
these same methods also corroborated the experimental findings by Varsos et al'”’.

The same high correlation (R = 0.87; p <0.001) is seen in this study of plateau waves in clinical
patients, further enhancing the conclusion of similarity of the two methods and thus proving the
validity of CCPm. Divergence between ‘traditional’ (CCP1) and ‘modeled’ CCP (CCPm) can
be seen only when CCP1 achieves non-physiologically low (or negative) values'®''%*% but

that makes the agreement too poor to interchange them.

The issue of low and negative non-interpretable values of CCP has been a known drawback of
traditional calculation methods in cases like hypercapnia-induced hyperaemia, vasospasm, or
with artificially elevated diastolic blood flow velocity'******""_ In plateau waves, CCP1 rendered
negative values in a variety of situations where changes in amplitude and mean values of FV
and/or ABP took place. The appearance of these values is considered to be a methodological
limitation, as there is no physiological explanation for negative values of WT.

In contrast, CCPm, calculated with the concept of impedance, was proven to overcome this
drawback. CCPm cannot render non-physiological negative values when physiological values
of ABP, CPP and FV are provided110’194, and is, therefore, more relevant to actual clinical reality
complying with CCP definition and concept (see figure 4).

Figure 4. Example of first harmonic model of critical closing pressure (CCP1) demonstrating
non-physiologic negative values during the recovery time after a plateau wave. Negative CCP1
were caused by increased values of mean flow velocity (FVm). In contrast, the multi-parameter
mathematical model (CCPm) rendered always positive values. ABP arterial blood pressure,
CCP] critical closing pressure (with the first harmonic TCD-derived model), CCPm critical
closing pressure (with the multi-parameter model), F'Vm mean blood flow velocity in the middle
cerebral artery, /CP intracranial pressure.
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The validity of WT calculation via cerebrovascular impedance was also proven, with WTm
being significantly correlated to WT1 (p < 0.001) during the plateau waves, as has been also

proven in experimental animal data''".

Like CCPm, the use of WTm has the advantage of consistently positive values, unlike the
fundamental harmonic model WT1, which presents senseless negative values. Decrease in
WTm is in agreement with modelling data presented previously by Daley et al**®, although our
study takes into account changes in CBF, confirming validity of previous analysis done using
ICP and ABP waveforms. Impaired autoregulation has been found to be associated with a lower

WT supporting the role of vasoparalysis in the loss of autoregulatory capacity™”.

This second study of the thesis has a number of limitations that deserve discussion. First, the
small number of patients does not allow to test for an association between the collapsing margin
and outcome. Plateau waves, although are observed in 40% of TBI patients'*, are difficult to be
captured with limited time (10 minutes to 1 hour) TCD recording in the neurocritical care unit.
However, having set the theoretical basis of the collapsing margin, a similar study of a larger
cohort of patients is indicated.

The major drawback of the multi-parameter mathematical model for calculating CCP is the
requirement of invasive ICP monitoring; and therefore, it cannot be calculated noninvasively.
However, in subjects at risk for plateau waves ICP monitoring is a standard care, which
increases the clinical relevance of the technique demonstrated in this study. Also, it is
recognized that CPP is a more accurate estimate of the transmural pressure gradient and
therefore is more relevant to changes in vasomotor tone.

A third remarkable issue is that estimation of CCP requires good quality recording of CBF
velocity through TCD in order to obtain an accurate calculation of Ra and Ca. As it’s been
explained TCD monitoring sessions were not continuous like ABP and ICP monitoring, but
instead were performed for short periods for every patient on a daily basis.

The short periods were justified by the difficulty of having continuous TCD measurements, as
the head injured patients were treated in a neurointensive care environment, thus subjected to
change in position or transfers (e.g. for the purpose of a CT or MRI scan), which would result in
intervention of TCD recordings.

On that basis, it might be possible that not all the occurred plateau waves have been captured.
However, as the aim of this study was to estimate CCP during the specific phenomenon of
occurring plateau waves and not continuously, we think this limitation does not affect its
purposes.

It is also important to keep in mind the factors that have been reported to have an influence on
CCP values. Hypocapnia (as induced by mild hyperventilation) generally increases CCP due to
vasoconstriction, while vasodilatation decreases CCP. Nevertheless, in these patients there was
no significant change in PaCO; levels as clinical management was performed maintaining
normocapnia.
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It has been reported that CCP may be disturbed by localised brain lesions with CCP asymmetry
corresponding to asymmetrical findings on CT scans in head injury*'’. CCP also reflects
asymmetry in common carotid artery stenotic disease and decreases “artificially” during
Vasospasm206. However, none of these factors were consider in our analysis as the aims of our
study were focused on characterizing the vasodilatory pathophysiology of plateau waves with
the newly defined method.

As a final remark, the retrospective character of the recordings included in both studies is in fact
a limiting factor, but probably not a serious limitation. Multiple use of continuous collection of
biological signals for retrospective big data analysis and to conduct mathematical modelling
studies is scientifically sound and allows an in-depth study of cerebral haemodynamics.
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10.

11.

During the plateau waves the increase in intracranial pressure provoked a significant
decrease in cerebral perfusion pressure, mean blood flow velocity and diastolic blood
flow velocity, but an increase in systolic flow velocity. Pulsatility index increased
significantly but cerebrovascular resistance decreased.

Hyperventilation challenge induced a small but significant decrease in intracranial
pressure. However, pulsatility index as well as cerebrovascular resistance increased
significantly.

The mathematical formula provided to describe pulsatility index shows a good
correlation with the measured values of pulsatility index.

The presented mathematical model is able to explain the input signals with influence
on pulsatility index.

Pulsatility index is not dependent solely on cerebrovascular resistance. It is a product of
the interplay between cerebral perfusion pressure, pulse amplitude of arterial pressure,
cerebrovascular resistance and compliance of the cerebral arterial bed, as well as the
heart rate.

Pulsatility index is not an accurate estimator of intracranial pressure; it describes
cerebral perfusion pressure in a more accurate manner.

During plateau waves of intracranial pressure, critical closing pressure increases
significantly while active vasomotor tone, represented by wall tension, decreases due to
vasodilation.

Estimation of critical closing pressure based on the impedance methodology disallows
non-physiologic negative values.

Critical closing pressure and wall tension based on the impedance methodology allow
an accurate analysis of plateau waves pathophysiology in contrast to the traditional
computations.

The main disadvantage of the impedance mathematical model is the requirement of
invasive intracranial pressure monitoring. But if a good quality recording of transcranial
Doppler flow velocity is achieved, the effect of plateau waves may be clinically useful
within the other monitoring parameters setting.

Multimodality neuromonitoring integrated with bio-informatics analysis (ICM+"

Software) provide new insights into physiologic variables as pulsatility index and
critical closing pressure.
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Abstract

Background Determination of relationships between tran-
scranial Doppler (TCD)-based spectral pulsatility index
(sPI) and pulse amplitude (AMP) of intracranial pressure
(ICP) in 2 groups of severe traumatic brain injury (TBI)
patients (a) displaying plateau waves and (b) with unsta-
ble mean arterial pressure (MAP).

Methods We retrospectively reviewed patients with severe
TBI and continuous TCD monitoring displaying either
plateau waves or unstable MAP from 1992 to 1998. We
utilized linear and nonlinear regression techniques to
describe both cohorts: cerebral perfusion pressure (CPP)
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versus AMP, CPP versus sPI, mean ICP versus ICP AMP,
mean ICP versus sPI, and AMP versus sPIL.

Results Nonlinear regression techniques were employed to
analyze the relationships with CPP. In plateau wave and
unstable MAP patients, CPP versus sPI displayed an
inverse nonlinear relationship (R2 =0.820vs. R* = 0.610,
respectively), with the CPP versus sPI relationship best
modeled by the following function in both cases:
PI = a + (b/CPP). Similarly, in both groups, CPP versus
AMP displayed an inverse nonlinear relationship
(R* = 0.610 vs. R* = 0.360, respectively). Positive linear
correlations were displayed in both the plateau wave and
unstable MAP cohorts between: ICP versus AMP, ICP
versus sPI, AMP versus sPL

Conclusions There is an inverse relationship through
nonlinear regression between CPP versus AMP and CPP

(8]
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versus sPI display. This provides evidence to support a
previously-proposed model of TCD pulsatility index. ICP
shows a positive linear correlation with AMP and sPI,
which is also established between AMP and sPI.

Keywords Neurocritical care - Traumatic brain injury -
Pulsatility index - Intracranial pressure -
Cerebral perfusion pressure - Transcranial doppler

Introduction

Multi-modal, high-resolution intracranial monitoring within
the critically-ill neurological patient is becoming standard in
most high-volume neurocritical care units. Recent endorse-
ment of multi-modal monitoring has come from a multitude
of professional societies associated with the critical care
management of these patients [1, 2]. To date, traumatic brain
injury (TBI) and subarachnoid hemorrhage have dominated
the literature on both invasive and noninvasive cranial
monitoring, with TBI the focus of most publications [1, 2].

Worldwide interest in noninvasive measurement of
various cranial hemodynamic indices has driven the
application of transcranial Doppler (TCD) in a variety of
scenarios, with the goal of correlating middle cerebral
artery (MCA) flow velocity and pulsatility index (PI) to
common invasive measures such as intracranial pressure
(ICP) and cerebral perfusion pressure (CPP, the calculated
difference between arterial blood pressure (ABP) and ICP),
as documented within a recent systematic review [3]. The
brain is extraordinarily fragile following TBI. Patients are
at risk of increasing ICP, and of sudden changes in ABP or
CPP that may require immediate clinical intervention. Low
CPP is associated with potential instances of delayed
cerebral ischemia; conversely, high CPP is associated with
edema [4].

PI has been found to be a complex descriptor of several
“mutually interdependent” parameters within the brain [4].
Elevated values of PI can signal rising ICP and can addi-
tionally inform of both decreasing CPP and of decreasing
cerebrovascular resistance. These correlations are particu-
larly relevant to the study of plateau waves, phenomena
characterized by unexpected elevations in ICP above 50 mm
Hg accompanied by marked depletions of CPP for a duration
of at least 5 min that either resolve on their own or through
treatment with vasopressors. In addition to plateau waves,
alterations of mean arterial pressure (MAP) can upset the
balance of CPP in critically-ill neurological patients, due to
the fundamental nature of ABP within the CPP derivation.
Clinical analysis of unstable, decreasing MAP can assist in
the ongoing investigation of the relationships between var-
ious cerebral hemodynamic parameters.
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To delineate the relationships between CPP, ICP, MAP,
and TCD parameters, continuous data series through large
ranges of CPP and ICP values would be ideal. Difficulties
with long-term, high-quality TCD signal acquisition have
led to limited studies in humans correlating TCD measures to
CPP, ICP, and MAP [5], with some animal studies docu-
menting the relationship [6] and others utilizing
mathematical modeling [7]. Ideally, being able to correlate
TCD-based PI with ICP pulse amplitude (AMP), MAP, and
CPP could bolster the concept of reliable noninvasive
measurement of these hemodynamic parameters. Previous
literature has outlined the possibility of an inverse nonlinear
correlation between PI and CPP, utilizing “spectral” PI (sPL,
defined as the first harmonic of the flow velocity (FV) pulse
waveform divided by mean FV) in 51 patients with plateau
waves and continuous TCD monitoring [6]. The following
relationship between PI and CPP was proposed within the
supplementary portion of that same manuscript [4]:

Ay
PI =
CPPm

-\/(CVR - Ca)?HR? - (2241

In this equation, A, represents the fundamental harmonic
of ABP, CPPm the calculated mean of recorded CPP
values, CVR the cerebrovascular resistance, Ca the
cerebral arterial compliance, and HR the heart rate.

Given the complexities in such analyses, we hypothesized
that validation of relationships between CPP and indices of
cerebrovascular pulsatility (defined using either sPI or AMP)
would be strengthened by demonstrating similar relation-
ships in contexts where the drivers of CPP change were
different. Consequently, in this study, we used a unified
method to compare the same relationship in clinical condi-
tions where CPP is affected either by increasing ICP or by the
oscillations of unstable MAP. The aim of our study was to
describe and compare the relationships between spectral PI
and various invasively-derived cerebral hemodynamic
measures across two groups of TBI patients demonstrating
either plateau waves or unstable MAP while continuously
recording flow velocities with TCD. These patients were of
interest given the continuous data recorded through a wide
range of CPP values, allowing us to potentially gain a better
insight into the relationship between TCD and invasively-
monitored parameters. The following relationships are
described for each cohort: ICP versus AMP, ICP versus sPI,
AMP versus sPI, CPP versus AMP, and CPP versus sPL

Methods
Patients

From a database of 1023 head-injured patients with con-
tinuous ICM+ (Intensive Care Monitoring) monitoring and
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TCD recordings of ABP and ICP, we performed a retro-
spective review of recorded data for patients exhibiting ICP
plateau waves during the period from 1992 to 1998. We
were primarily observing physiological effects in subsets of
TBI patients, with plateau waves of special interest because
they are relatively uncommon. Each recording lasted for a
maximum of 15-30 min. These patients have previously
been described within other published studies [6, 8, 9] and
were selected to evaluate the relationship between CPP
versus sPI and CPP versus AMP over a large range of CPP
that was observed secondary to large fluctuations in ICP, as
seen during plateau waves. 5643 minute-by-minute data
points for each variable were analyzed across all patients.

Furthermore, we retrospectively analyzed a second cohort
of severe TBI patients with unstable MAP to determine the
relationship between CPP versus sPI and CPP versus AMP
during wide fluctuations in CPP secondary to unstable MAP.
The definition of “unstable MAP” describes mean ABP
during recording changing by a minimum of 15 mm Hg in
either a monotonic or a fluctuating manner. All patients in
both cohorts suffered moderate—severe TBI and were
admitted to the Neurosciences Critical Care Unit (NCCU) at
Addenbrooke’s Hospital, Cambridge. Patients were man-
aged according to an ICP-oriented protocol which aimed to
keep ICP below 20 mm Hg. Institutional ICP protocols were
employed during the patients’ NCCU stay, to provide
homogeneity of care between patients. Of note, these
patients were not treated via CPP-directed therapies, as this
was not the standard of care within the NCCU at that time.
Thus, fluctuations in CPP seen during plateau wave record-
ings are natural CPP responses, with no influence of
vasoactive substances during recording. On the other hand,
patients within the unstable MAP cohort may have received
vasopressors in an attempt to stabilize blood pressure;
however, this was not titrated to CPP goals.

Monitoring

All patients underwent both invasive and noninvasive
monitoring throughout their ICU stay. Raw data signals
from select monitoring devices were recorded and elec-
tronically stored using WREC software (Warsaw
University of Technology).

ABP was continuously monitored both invasively (from
the radial artery using a pressure monitoring kit [Baxter
Healthcare CA, USA; Sidcup, UK]) and noninvasively.
ICP was monitored using an intraparenchymal probe with
strain gauge sensors (Codman & Shurtleff, MA, USA, or
Camino Laboratories, CA, USA). Mean and peak blood
flow velocities (FVm and FVx, respectively) were moni-
tored from the MCA with a 2 MHz probe.

Raw data recordings within the plateau wave cohort
patients included only 20—40 min of continuous data,

focusing on the immediate periods before, during, and after
ICP plateau waves. Within the unstable MAP cohort, raw
data recording occurred throughout the entire period of
unstable blood pressures.

Monitoring of above brain modalities was conducted as
a part of standard NCCU patient care using an anonymized
database of physiological monitoring variables in neuro-
critical care. Data on age, injury severity, and clinical
status at hospital discharge were recorded at the time of
monitoring on this database, and no attempt was made to
re-access clinical records for additional information. Since
all data were extracted from the hospital records and fully
anonymized, no data on long-term outcomes or patient
identifiers were available, and formal patient or proxy
consent was not sought.

Data Processing

Processing of raw data signals utilized ICM + software
(Cambridge Enterprise, Cambridge, UK; http://www.
neurosurg.cam.ac.uk/icmplus). Signal artifact removal
was first conducted with signal cropping tools within
ICM+. CPP was determined from the difference between
raw ABP and ICP signals.

Primary analysis involved the calculation of time-aver-
aged mean values for ABP (MAP), ICP, cerebral blood FV,
and CPP. These means were calculated during 10-s time
windows and were updated every 10 s to eliminate overlap.
Mean FV was calculated using the data from FV. In
addition, we determined the amplitude of the fundamental
frequency of FV (F1) and the amplitude of the fundamental
frequency of ICP AMP. Both fundamental amplitude cal-
culations were done by applying a 20-sec time window,
updated every 10 sec.

Final data processing involved the calculations of sPI
over the course of each individual recording utilizing the
equation: Mean Fl/Mean FV. Mean Fl and FV were cal-
culated utilizing a 10-sec time window, updated every
10 sec.

All data post-processing was exported from each patient
to separate comma-separated variable (CSV) files for fur-
ther statistical analysis.

Statistics

All statistical analyses were conducted utilizing the
XLSTAT (Addinsoft, New York, USA; https://www.xIstat.
com/en/) add-on package to Microsoft Excel (Microsoft
Office 15, Version 16.0.7369.1323) and IBM SPSS
Statistics 23 software. Post-processing data of individual
patients, as CSV documents, were compiled into one CSV
document containing all patients and signals described
previously. Statistical significance for measured and
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derived variables, both within and between the two patient
cohorts, was determined utilizing a two-tailed 7 test, with
an alpha set at 0.05.

Various statistical techniques were employed to describe
the following relationships in both patient cohorts: ICP
versus AMP, ICP versus sPI, AMP versus sPI, CPP versus
AMP, and CPP versus sPL.

Relationships between ICP, AMP, and sPI were ana-
lyzed utilizing linear regression techniques. Goodness of fit
was reported utilizing the Pearson correlation coefficient
(r) and the determination coefficient (Rz). All R? values
were reported. Statistical significance was assigned only if
the p value was less than 0.05.

Analysis of the relationship between CPP, AMP, and sPI
was conducted utilizing both linear and nonlinear tech-
niques, with goodness of fit reported via R>. Nonlinear
regression involved the fitting of existing functions within
the statistical programs, in addition to manual function fitting
utilizing the nonlinear inverse function: y = a + (b/x).

Results
Patient Demographics

A total of 11 patients were eligible for inclusion within the
plateau wave cohort of this study, with a total of 18 plateau
waves recorded. A total of 9 patients composed the
unstable MAP cohort, with 13 separate recordings of
unstable blood pressure. Figure | displays an example of
the ICP, CPP, and MAP recordings from individual
patients during plateau waves (Fig. 1a) and unstable blood
pressure (Fig. Ib). All available demographic details are
listed in Table 1.

Table 2 summarizes the mean ICP, ABP, CPP, HR, FV,
and sPI for both the plateau wave and unstable MAP
cohorts. Data for the plateau wave cohort were split into
measurements before the plateau wave (i.e., “baseline’)
and during the plateau wave, with comparison done via
two-tailed 7 test. Data for the unstable MAP cohort were
split into the recorded variables during the “Lowest 10%”
and “Highest 10%" of recorded arterial blood pressures,
with comparison done via two-tailed 7 test.

Relationships Between CPP, AMP, and sPI During
Plateau Waves and Unstable MAP

Linear regression techniques failed to yield satisfactory
relationships between CPP and AMP, or CPP and sPIL Their
correlation coefficients were poor, and variance measures
had large mean squared errors. As the scatterplots for each of
these comparisons produced a nonlinear pattern, we utilized
nonlinear regression analyses (with functions within
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XLSTAT and IBM SPSS Statistics 23 software ) to determine
the relationships displayed between these variables during
ICP plateau waves, using an inverse function that we have
previously theorized to characterize this relationship. Non-
linear regression analysis for CPP versus sPI in each
individual plateau wave patient is shown in Appendix A of
the Supplementary Materials. Nonlinear regression analysis
for CPP versus sPI in each unstable MAP patient is shown in
Appendix B of the Supplementary Materials.

The results of both the nonlinear regression across the
compiled plateau wave patient data for CPP versus sPI are
shown in Fig. 2a. Similarly, the nonlinear regression for
CPP versus AMP is shown for Fig. 2b. The corresponding
results for the compiled unstable MAP patient data are
shown in Fig. 3a and Fig. 3b, respectively.

CPP versus AMP

Nonlinear regression analysis of the relationship between
CPP and AMP in plateau wave patients produced an inverse
relationship between CPP and AMP (R* = 0.610). Nonlin-
ear regression analysis of the relationship between CPP and
AMP in unstable MAP patients produced an inverse rela-
tionship between the two parameters (R> = 0.36).

CPP versus sPI

Similarly, nonlinear regression analysis of the relationship
between CPP and sPI in the plateau wave cohort produced
an inverse relationship (R* = 0.820), best described by the
following function:

sPI = a+(b/CPP)

with CPP measured in mm Hg, and the statistical analysis
concluding: a = —0.03 and b = 26.4. When the individual
plateau wave patients were analyzed via nonlinear regres-
sion, the mean and standard deviation for the values of “a”
and “b” were: a = 0.005 £ 0.061, b = 23.61 + 6.33.
Similarly, nonlinear regression analysis of CPP versus sPI
in the unstable MAP cohort demonstrated an inverse rela-
tionship between CPP and sPI (R2 = (.61), as shown in
Fig. 3a. As seen within the plateau cohort’s nonlinear
regression of CPP versus sPI, the model of best fit was the
same as in plateau waves, showing the same function (with
CPP measured inmm Hg, a = —0.061 and » = 25.3). When
the individual unstable MAP patients were analyzed via
nonlinear regression, the mean and standard deviation for the
values of “a” and “b” were: a = —0.144 + 0.391,
b = 2743 + 21.72. Interestingly, both relationships closely
resemble and support the inverse nonlinear relationship
between CPP and PI previously proposed by de Rivaetal. [4].
The “a” and “b” values calculated for each patient
cohort were compared in a two-tailed independent-samples
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Cerebral Hemodynamic Parameters in Plateau Waves Cerebral Hemodynamic Parameters with Unstable MAP
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Fig. 1 ICP, CPP, and MAP recordings in both plateau wave and unstable MAP patients. ABP arterial blood pressure, CPP cerebral perfusion
pressure, FV flow velocity, /CP intracranial pressure, MAP mean arterial pressure, mm Hg millimeters of mercury

Table 1 Platcau wave and unstable MAP patient demographics

Patient cohort  Number of patients Mean age (years) Male: female ratio Median admission GCS  Glasgow outcome scale at

discharge

Plateau wave 11 27.2 (range: 17-76) 8:3 5 (range: 3-10) GOS # of patients
Dead 2
PVS 0

Severe disability 5
Moderate disability 4

Good 0

Unstable MAP 9 25.1 (range: 17-60) 5:4 5 (range: 3-7) GOS # of patients
Dead 2
PVS 1

Severe disability 5
Moderate disability 1
Good 0

GOS utilized within this study is an inverted GOS, with 5 = death and 1 = good outcome
GCS Glasgow Coma Scale, GOS Glasgow Outcome Scale, # number, MAP mean arterial pressure, PVS persistent vegetative state

Table 2 Measured and derived signals in plateau and unstable MAP cohorts

Plateau wave recordings Unstable MAP recordings

Baseline Plateau Lowest 10% of MAP Highest 10% of MAP

Mean SD Mean SD p value Mean SD Mean SD p value
MAP (mm Hg) 96.93 10.12 95.06 8.39 0.52 71.96 15.96 103.65 20.05 0.0002
Al (mm Hg) 16.41 2.32 15.96 225 0.53 15.61 3.76 19.10 5.30 0.07
ICP (mm Hg) 25.60 5.92 50.12 8.66 <0.0001 21.8 10.58 20.65 10.64 0.78
AMP (mm Hg) 223 0.73 6.41 1.64 <0.0001 2.51 2.16 1.71 1.15 0.25
CPP (mm Hg) 71.34 12.73 4494 10.29 <0.0001 50.16 14.91 83.00 19.77 <0.0001
sPI (a.u.) 0.29 0.16 0.48 0.23 0.004 051 0.27 0.28 0.12 0.01

MAP mean arterial pressure, CPP cerebral perfusion pressure, /CP intra-cranial pressure, AMP fundamental amplitude of ICP, P pulsatility
index, mm Hg millimeter of Mercury, SD standard deviation, A1 fundamental amplitude of arterial blood pressure
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Fig. 2 Nonlinear regression analysis of CPP versus sPI (FI/FV) and
CPP versus AMP in plateau cohort. a Nonlinear regression of CPP
versus sPI. b Nonlinear regression of CPP versus AMP. AMP ICP
pulse amplitude, CPP cerebral perfusion pressure, F'/ amplitude of

R?=0.610 sPI=-0.061 + 25.3/CPP
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Fig. 3 Nonlinear regression analysis of CPP versus sPI (FI/FV) and
CPP versus AMP in unstable MAP cohort. a Nonlinear regression of
CPP versus sPL. b Nonlinear regression of CPP versus AMP. AMP
ICP pulse amplitude, CPP cerebral perfusion pressure, F/ amplitude

t test to evaluate significant differences between the plateau
wave versus unstable MAP cohorts. Levene’s test for
equality of variances was assumed and dictated a non-
significant difference between both the “a” and the “b”
values obtained from the two groups (7[27] = —1.507,
p = 0.143 and 727] = 0.670, p = 0.509, respectively).

The effects of this hypothesis were further examined to
determine whether each group’s sets of “a” values were
statistically different from the test value of 0 via two-tailed
one-sample 7 tests. There was a nonsignificant difference
between 0 and the “a” values in unstable MAP patients as
well as in plateau wave patients (7[12] = —1.330,
p = 0.208 and 7 15] = 0.300, p = 0.768, respectively).

Relationships Between ICP, AMP, and sPI During Plateau
Waves and Unstable MAP

Unlike the case for relationships between CPP versus sPI
and AMP (where nonlinear relationships were found),
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fundamental frequency of FV, FV mean blood flow velocity in the
mean cerebral artery (MCA), mm Hg millimeter of mercury, sPI
spectral pulsatility index

B R?=0.360

AMP [mm Hg]
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of fundamental frequency of FV, FV mean blood flow velocity in the
mean cerebral artery (MCA), mm Hg millimeter of mercury, sPI
spectral pulsatility index

linear regression techniques yielded robust relationships of
ICP with calculated variables in the plateau patient cohort.

The relationship between ICP and AMP across the
compiled patient data for the plateau wave cohort is shown
in Fig. 4a. A statistically significant linear relationship was
described between ICP and AMP (r = 0.871, R* = 0.758).
Similarly, a statistically significant linear relationship was
described between ICP and sPI (r = (.728, R’ = 0.530), as
displayed in Fig. 4b. The relationship between AMP and
sPI is displayed in Fig. 4c. Linear regression techniques
yielded a significant relationship between AMP and sPI
(r = 0.700, R* = 0.490).

While linear regression also demonstrated significant
relationships between ICP and AMP across the unsta-
ble MAP cohort, these relationships were less robust
(Fig. 5). A statistically significant linear relationship was
described between ICP and AMP (R2 = 0.470). A very
weak linear relationship was described between ICP and
sPI (R* = 0.059), as displayed in Fig. 5b. Finally, the
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Fig. 4 Linear regression analysis of ICP versus AMP, ICP versus
sPI, and AMP versus sPI in plateau cohort. a Linear regression of ICP
versus AMP. b Linear regression of ICP versus sPI. ¢ Linear

relationship between AMP and sPI was linear (R* = 0.310)
(Fig. 5¢).

Discussion

In the past, observations of brain pulsatility in the scenario
of lowering CPP [10] and increasing ICP [11] were
reported, although much mixed methodology was used in
those works. In this study, we used a unified method to
compare the same relationship in clinical conditions where
CPP is affected either by increasing ICP or by the
oscillations of unstable MAP.

Through the application of linear and nonlinear regres-
sion analysis, we have displayed both confirmatory and
new results regarding the relationships between TCD-based
PI and invasively-measured cerebral hemodynamic indices,
ICP and CPP. This is “old” data harvested from the
“Cambridge database™ of high-resolution recorded signals
from the 1990s, as neuro-intensive care TBI patients at that
time were not treated according to rigorous CPP-/ICP-

A Regression of AMP by ICP (RZ=0.470) B
14 12

sPI

AMP[mmHg]

20

ICP [mmHg]

Regression of sPI by ICP (R2=0.059) C

ICP [mmHg]

= Con’, interval (Mezn 95%)

regression of AMP versus sPL. AMP ICP pulse amplitude, ICP
intracranial pressure, mm Hg millimeters of mercury, sPI spectral
pulsatility index, R2 coefficient of determination

oriented protocol—therefore, incidences of lowering CPP
were recorded more easily. This is a relevant major aspect
of these data recordings given that it is uncommon to have
high-resolution datasets in the absence of CPP-directed
therapy post-TBIL.

Here, we have demonstrated that large fluctuations in
CPP, either via changes in ICP or MAP, hold true the
inverse nonlinear relationship between CPP versus sPI, and
this relationship can be best described through the function:
Pl = a + (b/CPP); with a ~ 0 (i.e., plateau patients,
a = —0.03; unstable MAP, a = —0.06) and b almost
identical between both cohorts (i.e., plateau patients,
b = 26.4; unstable MAP, b = 25.3). Furthermore, nonlin-
ear regression analysis of each individual patient in both
cohorts shows that the value for “a” is also close to 0. This
was displayed strongly within the plateau wave cohort
(mean “a” = 0.005; SD = 0.061). The unstable MAP
cohort displayed this same relationship, but less substan-
tially (mean “a” = —0.144; SD = 0.391). The statement
that “a” was no different from 0 was further solidified via
¢t test analysis demonstrating no statistically significant

Regression of sPI by ICP (R2=0.310)

ANP[mmHg]

—— Model(5PI[])
—— Cont. interval {Obs 95%)

Conf. interval (Mean 5%

Fig. 5 Linear regression analysis of ICP versus AMP, ICP versus
sPI, and AMP versus sPI in unstable MAP cohort. a Linear regression
of ICP versus AMP. b Linear regression of ICP versus sPI. ¢ Linear

regression of AMP versus sPl. AMP ICP pulse amplitude, ICP
intracranial pressure, mm Hg millimeters of mercury, sPI spectral
pulsatility index, R2 coefficient of determination
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difference between “a’ and 0 in both cohorts. Therefore, if
“a” is essentially equal to 0, then the relationship between
CPP versus sPI can be approximated by the relation:
PI = b/CPP, with b ~ 25. This closely models the relation
proposed by de Riva et al. [6] and provides the first evi-
dence in support of this mathematical relation between
CPP and PI in human models.

Secondly, we have also demonstrated the positive linear
correlations between ICP versus AMP, ICP versus sPI, and
AMP versus sPI in both the plateau wave and unsta-
ble MAP cohorts. Linear regression analysis of ICP versus
AMP displayed the most robust linear relationship.
Although the relationship between ICP versus nonspectral
methods of PI calculation had been already described
[12-15], limited literature exists by utilizing spectral
methods for PI determination. Furthermore, the relation-
ship between ICP versus AMP and AMP versus sPI is
seldom described, leaving our manuscript as a nice and
clear example of their linear relationships.

Third, it is also remarkable that the relationship between
CPP and AMP also followed an inverse nonlinear rela-
tionship through nonlinear regression techniques. Again,
this was also confirmed for both platcau wave and
unstable MAP cohorts.

On the other hand, ICP seems to have a stronger link to
intra-cranial/extra-vascular parameters (i.e., AMP, with an
R*> = 0.758) compared to intra-vascular measurements
(i.e., sPI, with an R*= 0.530). Conversely, we could show
that CPP displays a stronger relationship to intra-vascular
parameters (i.e., sPI, with an R* = 0.820) versus extra-
vascular intra-cranial measures (i.e., AMP, with an
R* = 0.610).

As a last point, the fact that sPI is a smooth inverse
function of CPP makes it very difficult to prove that the
CPP level below which sPI starts to increase could denote
the lower limit of autoregulation. This would mean that the
brain is on the verge of becoming unable to maintain a
constant level of blood flow. This thesis was proposed in
the past [10], but later experimental challenges have
proven it wrong [16].

Clinical Implications

The most recent edition of the Brain Trauma Foundation
Guidelines recommends that CPP be directed towards the
target range of 60—70 mm Hg. Constraining CPP between
these values is thought to prevent either the hyper- or hypo-
perfusion that could, respectively, increase patient risk of
poor outcome. When considering trends across individual
patient data, all sPI versus CPP curves suggest that values
of sPI around 0.4 correspond to CPP values around 60 mm
Hg. In this manner, sPI can easily be interpreted by clini-
cians as an indicator of the accepted “safe” lower bound of
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CPP [17]. Furthermore, through the above analysis we have
been able to demonstrate the correlation between TCD-
based sPI and CPP. This reinforces previous literature
stating that TCD potentially provides the ability for a
noninvasive estimation of CPP. Finally, we were able to
demonstrate that the relationship between CPP- and TCD-
based sPI is maintained during extremes of physiology
(i.e., plateau waves and unstable MAP). Thus, if the clin-
ician is to apply this methodology of noninvasive CPP
estimation, our data suggest that the relationship between
sPI and CPP should hold true, regardless of the individual
clinical situation and extremes of physiology seen at the
time of measurement.

Limitations

Our study has several limitations that need to be acknowl-
edged. First, our analyses are based on observational data,
rather than a prospective recording of response to a change
in CPP. Consequently, many confounders may have affected
critical variables, and the data access we have (and the
relatively small volume of data compatible with
ICM+ during this period) does not allow us to fully account
for these. Second, our results are derived from only 11 sets
of patient data containing 18 distinct plateau waves and nine
datasets containing 13 instances of variable MAP. Conse-
quently, extrapolation of this data to all patients with TBI is
not possible, and confirmation of the described relationships
will need to occur through comparative analysis of larger
datasets.

Third, our nonlinear regression techniques for the rela-
tionships between CPP versus AMP and CPP versus sPI
described the best fit with an inverse nonlinear function.
However, with a total of only 20 patients, larger datasets
are needed to better delineate and further prove this inverse
relationship. Given that our patient population was so
small, the next step is to validate our findings within a large
TBI cohort to show that the proposed relationship holds.
The relation yielded via nonlinear regression cannot be
extrapolated and must serve only as a point of interest in
the relationship between CPP versus AMP and CPP versus
sPI, providing preliminary supporting evidence for the
theorized nonlinear relation previously described in the
literature [6]. Fourth, within the unstable MAP cohort, it is
difficult clinically to isolate pure MAP from pure ICP
contributions to changes in CPP. These patients exhibit
significant fluctuations in various physiologic measures, as
it is shown in Table 2. Finally, patients with severe TBI
and plateau waves are an extreme cohort of critically ill
patients, with injuries that may yield abnormal physiologic
brain properties. Therefore, the relationships described in
this small study cannot necessarily be applied to all TBI
patients.
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Conclusions

In severe TBI patients with plateau waves or unstable MAP,
the relationships between CPP and pulsatility of brain signals
are inversely proportional, no matter the mechanism that
lowers CPP. ICP versus AMP, ICP versus sPI, and AMP
versus sPI display positive linear correlations.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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Reliability of the Blood Flow Velocity Pulsatility
Index for Assessment of Intracranial and Cerebral
Perfusion Pressures in Head-Injured Patients

BACKGROUND: It has been postulated that the Gosling pulsatility index (Pl) assessed
with transcranial Doppler (TCD) has a diagnostic value for noninvasive estimation of
intracranial pressure (ICP) and cerebral perfusion pressure (CPP).

OBJECTIVE: To revisit this hypothesis with the use of a database of digitally stored
signals from a cohort of head-injured patients.

METHODS: We analyzed prospectively collected data of patients admitted to the
Cambridge Neuroscience critical care unit who had continuous recordings of arterial
blood pressure, ICP, and cerebral blood flow velocities (FVs) using TCD. Pl was calculated
(FVeys — FV4ia)/FVimean OVer each recording session. Statistical analysis was performed
using Spearman rank correlation, receiver-operator-characteristics methods, and modeling
of a nonlinear PIHCP/CPP graph.

RESULTS: Seven hundred sixty-two recorded daily sessions from 290 patients were
analyzed with a total recording time of 499.9 hours. The correlation between Pl and
ICP was 0.31 (P < .001) and for Pl and CPP-0.41 (P < .001). The 95% prediction interval of
ICP values for a given Pl was more than =15 mm Hg and for CPP more than =25 mm Hg.
The diagnostic value of Pl to assess ICP area under the curve ranged from 0.62
(ICP =15 mm Hg) to 0.74 (ICP =35 mm Hg). For CPP, the area under the curve ranged
from 0.68 (CPP <70 mm Hg) to 0.81 (CPP <50 mm Hg). Probability charts for elevated
ICP/lowered CPP depending on Pl were created.

CONCLUSION: Overall, the value of TCD-PI to assess ICP and CPP noninvasively is very
limited. However, extreme values of Pl can still potentially be used in support of a
decision for invasive ICP monitoring.

KEY WORDS: Cerebral perfusion pressure, Critical care, Diagnostic value, Head injury, Intracranial pressure,
Pulsatility index
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be highly valued in dinical practice. Past efforts
have involved attempts to estimate ICP based on
measurements of intraocular pressure,' tympanic
membrane displacement,” and, more recently,
ultrasonography assessment of the optic nerve
sheath diameter.” Transcranial Doppler (TCD)
ultrasonography is probably the most widely
investigated tool for its potential to assess ICP
and CPP noninvasively in many populations
of patients: traumatic brain injury (TBI),*®
subarachnoid hemorrhage,é“) hydrocephalus,“'
pediatrics,'*'? and others. One of the measures
derived from the TCD flow velocity (FV)
waveform that has been discovered to reflect
changes in ICP and CPP is the pulsatility index
(PI), a ratio of pulse amplitude to its mean
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FIGURE 1. A, a4 3-hour recording interval of a head-injured patient displaying 2 platean waves. Asimilar
increase of PI and ICP during plateau wave can be observed and, therefore, PI and ICP, and, respectively,
PI and CPP, show a good correlation in this example (B). C, PI values for the same interval were clustered
in 0.2 wide bins, and the corresponding ICP and CPP were averaged and plotted with their respective
standard errors. ICP, intracranial pressure; CPP, cerebral perfusion pressure; FV, flow velocity; PI,

pulsatility index.
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FIGURE 2. Shown is a 2-hour recording interval of a head injured patient. A, 2 peaks of ABP elevations led to
a consecutive increase of CPP and FV and lowering of PI. ICP showed just a minor change during ABP increase.
B and C, the correlation between PI and ICP was almost not existent during the recording interval. On the other
side, there is a stronger correlation between PI and CPP in this example. ABP, arterial blood pressure; ICP,
intracranial pressure; CPP, cerebral perfusion pressure; FV, flow velocity; PI, pulsatility index.
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value."? The index, being a ratio of velocities, does not rely on
the knowledge of the diameter of the insonated vessel and thus
can be directly compared between patients. Its version using peak-
to-peak amplitude, termed the Gosling PI, is usually displayed
in the modern TCD machines and is thus readily available for
diagnostic interpretations. However, reports on its usefulness for
predicting ICP and CPP are mixed.

A particularly positive report supporting the use of PI assessing
ICP was from Bellner et al* in 2004 in a cohort of 81 adult
patients with mainly TBI and subarachnoid hemorrhage. They
found a strong correlation between PI and ICP (r = 0.938,
7 << 0.0001) and a sensitivity and specificity of 0.89 and 0.92 to
detect ICP higher than 20 mm Hg. Brandi et al’ demonstrated
in a cohort of 45 TBI patients that the estimated value of ICP
by using PI measure had a median difference from the real ICP
of —3.2 mm Hg with a standard deviation of £12.6 mm Hg
and concluded that PI was useful to screen for patients at risk
of increased ICP. Similarly, Melo et al'* reported a sensitivity of
0.94 and a specificity of 0.41 to diagnose ICP higher than 20 mm
Hg in pediatrics with severe TBI when end-diastolic velocity was
below 25 cm/s or PI was higher than 1.31. They also concluded
that TCD was a valuable screening tool to identify those children
who need continuous invasive ICP monitoring.

Other researchers have been far more reserved on this subject.
Behrens et al'’ studied ICP-PI relationship in patients with
communicating hydrocephalus during a CSF infusion test. They
found that in their cohort the 95% prediction interval to assess
ICP was as high as =25 mm Hg and therefore concluded that
PI does not reliably estimate ICP. Figaji et al found only a weak

relationship (r=0.36, P =.04) between Pl and ICP in children."!
They reported that, with increasing PI, the spedificity for detecting
ICP >20 mm Hg increases, but sensitivity becomes very low,
so that PI cannot be a reliable noninvasive indicator of ICP.

The relationship between the pulsatility index and ICP/CPP
has been recendy studied by using a simplified model of cerebro-
vascular circulation.'® Analysis presented there clearly shows that
PI is indeed related to the inverse of CPP, but that the
relationship is complex, and it depends on further factors like
arterial blood pressure and its pulse amplitude, cerebrovascular
compliance and resistance, as well as the heart rate.'*"”

All in all, a complex and unclear picture of the relationship
between PI, ICP, and CPP, emerges. This is potentially a serious
problem, because investigators who follow the more enthusiastic
reports and rely on TCD for an initial assessment of ICP/CPP may
be making clinically harmful decisions. We have therefore decided
to revisit this issue in our relatively large database of recordings
from patients with severe head trauma.

PATIENTS AND METHODS

Data were collected prospectively from patients admitted to the
Neurosciences Critical Care Unit at Addenbrooke’s Hospital (Cambridge
University Hospitals NHS Foundation Trust) between 1992 and 2009

ICP 60
§560
50-55
45-50
4045
3540
3035
2530
2025
15-20
10-15
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[mmHg]

TABLE. Baseline Characteristics”
Patients (n = 290)
Age, y 328 (+15.9)
GCS on admission 6 (*3)
MABP (mmHg) YL/ (=101 )
ICP (mmHg) (mean) 20.0 (*+9)
CPP (mmHg) (mean) 728 (£13.3)
HR (min~) (mean) 804 (£16.8)
RR (min~') (mean) 13.8 (+£3.1)
Fv max (cm/s) 114.7 (+40.2)
Fv mean (cm/s) 62.0 (+25.5)
Fv min (cm/s) 34.1 (+£17.9)
Mean PI| 12 (+0.4)
GOS at 6 mo®
1 dead 58
2 vegetative state 7
3 severe disability 69
4 moderate disability 48
5 good recovery 63

“MABP, mean arterial blood pressure; HR, heart rate; RR, respiratory rate; FV, flow
velocity; GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Scale; ICP, intracranial
pressure; CPP, cerebral perfusion pressure; P, pulsatility index.

GOS available for 245 of 290 patients.
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FIGURE 3. Frequency chart of PI and ICP/CPP observations. ICP, intra-
cranial pressure; CPP, cerebral perfusion pressure; PI, pulsatility index.
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with closed head injury who had ICP and concomitant TCD
monitoring. The data were acquired as part of daily routine
investigation of cerebral autorcgulati(m.I " The database only
included patients with a satisfactory quality of flow velocity
recording. No information with regard to number of recordings/
patients rejected due to poor ultrasound window was retained.
For the early recordings, the Neurocritical Users Committee
approved their anonymous use in a form of clinical audit. For the
later ones, individual consent was obtained from the family or next of
kin. Different treatment protocols were used over the years: before
2003, a pure CPP-oriented therapy was administered'”; since 2003,
a mixed ICP/CPP protocol has been used with a restricted use of
vasopressors.'®

Signal Acquisition

ICP was either monitored using an intraparenchymal probe (Codman
ICP MicroSensor, Codman & Shurdeff Inc., Raynham, M) or an extra-
ventricular drinage system with a pressure transducer (Baxter). During
recording, the extraventricular drainage was closed. Arterial blood pressure
(ABP) was measured directly from the radial or femoral artery (Baxter
Healthcare Corp CardioVascular Group, Irvine, California), which was
zeroed at the heart level. FV in the middle cerebral artery was monitored
using TCD with a 2-MHz probe (model PCDop 842; Scimed, Bristol,
England; since 2008: Multidop T, DWL, Germany). These signals were
digitized using A/D converter (DT9801, Data Translation, Marlboro,
Massachusetts), sampled at frequency 50 Hz. Before analysis, signal artifacts
such as arterial line flushing and repositioning of Doppler probes were
removed. The data acquisition and analysis was done using a laptop PC
running ICM+ software (http://www.neur(murg.cam.ac.d(/idnpll.ls)'q

Statistics

Discrete variables were summarized using counts (percentage) and
continuous variables using means (* standard deviation). Significance
was set at P = .05. PI was continuously calculated by using the Gosling
formula (FV, — FV 4., )/FV e and averaged over consecutive 10-second-
long pcri(xls"in keeping with the process of calculating trends of mean
values of ICP, FV, and CPP adopted for this project (Figures 1 and 2).
To deal with the problem of autocorrelated data points (correlation
between consecutive data points), as well as effects of varying recording
durations, ICP and CPP data samples from each patient were divided
into bins according to PI. Bin width of 0.2 was chosen as a compromise
between PI resolution and amount of averaging needed. Center values
of PI for each bin along with the mean values of ICP and CPP within
each bin were subsequently taken for further statistical analysis. In addition,
1 average value of PI per patient was calculated to determine its asso-
ciation with outcome (Spearman, Kruskal-Wallis). Receiver-operating-
characteristic (ROC) curve analyses were performed to determine
performance of PI as a diagnostic index for detection of elevated ICP
(or decreased CPP). The ROC curve is created by plotting the true
positive rate (sensitivity) against the corresponding false positive rate
(1-specificity) for different cutoff points of a p:u‘amcterm (in this case PI).
The area under the curve (AUC) is a measure of how well PI can detect
elevation of ICP above (or decrease of CPP below) given threshold for
which the curve was constructed. In our case, the AUCs were calculated
for ICP thresholds of 15, 20, 25, 30, and 35 mm Hgand CPP thresholds
of 70, 65, 60, 55, and 50 mm Hg. It is generally considered that,
in medicine, an AUC <<0.7 is not a useful diagnostic tool. An AUC >0.8
is a good diagnostic tool, and an AUC >0.9 an excellent diagnostic tool.

NEUROSURGERY

PI FOR ICP/CPP ASSESSMENT

Finally, 2 sets of empirical second-order polynomial models were
formulated to chart the probability of ICP, and CPP, respectively, of
exceeding different thresholds given measured value of Pls (see
Supplemental Digital Content 1, http:/links.lww.com/NEU/A476).

RESULTS

The cohort consisted of 290 head-injured patients with a mean
ageof 32.8 (£15.9). The mean Glasgow Coma Scale on admission
was 6 (£3). The mean FV of all patients was 62.0 cm/s (£25.5),
and only 4 patients had an average FV above 120 cm/s. And
although the Lindegaard ratio was not measured, the fact that
none of the patients had an average FV higher than 180 cm/s
suggests that traumatic vasospasm was unlikely in our cohort.
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FIGURE 4. Error bar chart with mean ICP/CPP and with 95% confidence
interval for prediction. ICP, intracranial pressure; CPP, cerebral perfision
pressure.
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Further baseline characteristics of patients are shown in
the Table.

A total of 762 recorded daily sessions were analyzed adding up
to the total recording time of 499.9 hours, yielding 1385 PI-ICP
and PI-CPP pairs. An example of PI/ICP and PI/CPP scatter
plot, as well as the corresponding binning from a single patient,
is shown in Figure 1 and Figure 2. Distribution of PI/ICP and
PI/CPP pairs across all patients is shown in Figure 3. Of all
PI-ICP pairs, 44.7% corresponded to ICP values above 20 mm Hg.
Similarly, 25% of all PI-CPP data pairs corresponded to CPP
values below 60 mm Hg.

Among the individual recordings, there were those in which PI
and ICP (and CPP) showed very high correlaton (Figure 1), and
those in which a PI and ICP correlation was nonexistent (Figure 2).
Correlation analysis (Spearman) performed across all patients
revealed highly significant but rather poor association between
PI and ICP of 0.31 (P < .001) and, somewhat better for PI and
CPP of —0.41 (P < .001).

The mean and 95% confidence interval for prediction of ICP
and CPP for a given PI is charted in Figure 4. The confidence
interval for ICP ranged from *15 mm Hg to £35 mm Hg, and
for CPP from about £25 mm Hg to =50 mm Hg.

Results of ROC analysis are presented in Figure 5, which
shows that the diagnostic value improves (ie, higher AUC) with
increasing ICP or decreasing CPP thresholds. For ICP, the AUC
ranged from 0.62 (ICP >15 mm Hg) to 0.74 (ICP >35 mm
Hg), and for CPP, the AUC ranged from 0.68 (CPP <70 mm
Hg) to 0.81 (CPP <50 mm Hg). The ROC for a critical ICP
threshold of 20 mm Hg was 0.64; for a critical CPP threshold of
60 mm Hg, it was 0.75.

Probability charts for ICP and CPP with respect to P are shown
in Figure 6. Such constructed charts can be used to assess the
probability of increased ICP/decreased CPP given measured PIL.
With a PI of 1.8, for example, the probability of ICP exceeding
25 mm Hg is approximately 40%. Similarly, the probability of
decreased CPP to levels below 60 mm Hg is approximately 37%.

The outcome of our cohort was assessed with the Glasgow
outcome scale and was available for 245 patients. The correlation
between PI and outcome was 0.078 (P = .22, Spearman). The
Kruskal-Wallis test showed that there was no significant difference
between the medians of PI in the 5 outcome groups (P = .33).

DISCUSSION

The aim of this study was to evaluate the association between
the TCD-derived Pl and ICP/CPP ina cohort of 290 head-injured
patients. Although one can find examples of a good correlation
between Pl and ICP/CPP within a single recording (eg, Figure 1),
overall there appears to be only a weak association between PI
and ICP and between PI and CPP. Also, the rather wide 95%
confidence interval for prediction of ICP and CPP reflects the
limitation of PI as a diagnostic tool in this respect. ROC analysis
showed that the predictive value of PI can indeed be relatively
high, with AUC values exceeding 0.75; however, this is the case
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only for highly elevated ICP (>35 mm Hg) and low CPP values
(<55 mm Hg). For detecting critical clinical thresholds
(ICP >20 mm Hg, CPP <60 mm Hg), PI is certainly not
a reliable diagnostic tool.

Our resultsare in accordance with a study published by Behrens
et al,"” mentioned earlier, in which the authors analyzed the
PI-ICP relationship during lumbar infusion studies in patients
with normal pressure hydrocephalus. With this setting it was
possible to investigate the PI-ICP relationship across a wide range
of ICP values from baseline up to 50 mm Hg and they found
a relationship between PI and ICP of 0.47 (R? = 0.22). What
distinguished that project from other more optimistic ones like
Bellner et al* or Brandi et al’ was a much larger range of ICP
studied, thus allowing for more exhaustive examination of the
PI-ICP relationship. In our present study, a large number of
recordings including several daily examinations for each patient
ensured that our ICP data were similarly widely distributed. In
particular, in more than one-fourth of data pairs, ICP exceeded
25 mm Hg. This might explain why our results support findings of
Behrens et al'® and are contrary to the other 2 studies mentioned.

Various TCD-derived formulae have been proposed for ICP
and CPP estimation. Whereas some include ABP?'*? as a variable,
others only indude PL*> A retrospective study of Brandi et al’
compared different formulae and concluded that the one proposed
by Bellner® have higher predictive value than those of Schmidt
et al*” and Edouard et al.>' The conclusion of Brandi et al® was
questioned in a review of Lavinio and Menon® where the authors
reasoned that the Schmidt and Edouard formulae are more
suitable for clinical use because they tend to underestimate ICP
less than the ones by Bellner et al* and Brandi et al.” Our results
show a rather wide 95% confidence interval of prediction, and
this indicates that any formula based solely on PI will not provide
satisfactory results.

Other ayproaches to noninvasive assessment of [CP have been
reported.”® In particular, ultrasonography based assessment of
the optic nerve sheath diameter has gained significant interest.
A recently published meta-analysis showed that this technique
has a pooled sensitivity of 0.9, a specificity of 0.85, and a
summarized AUC of 0.9 to detect elevated intracranial hyper-
tension.” Another TCD-based method using dual-depth inso-
nation of extraocular and intraocular arteries with simultaneous
application of external pressure to the orbit even offers a direct
measurement of ICP with relatively high degree of accuracy.”
These techniques, and others, although far from perfect, will
perform much better than TCD alone, and, in particular, PI, for
estimation of ICP. However, the temptation to use such a readily
available index as a diagnostic tool for elevated ICP, a notion
supported by some positive experience reported in the literature,
often seems too great to resist. So, is there a way that PI can be
interpreted safely in terms of its relation to ICP?

Our results clearly show that TCD-PI is a poor and clinically
inadequate predictor of ICP that cannot provide a replacement
for direct ICP measurement, nor can it compete with other more
sophisticated methods of noninvasive assessment of ICP. Particularly
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when ICP and CPP are close to the critical thresholds, the diagnostic
accuracy is very inadequate. However, with a more empirical
approach, PI may still have a clinical value as a screening tool for
identification of patients at risk.”'>** The scientific foundation of
the actual guidelines (European Brain Injury Consortium guide-
lines, European Neurointensive Care and Emergency Medicine,
Brain Trauma Foundation)?®?® for the indication of invasive ICP
monitoring is based on the probability of increased ICP, and, again,
this is based on assessment of dinical and imaging data. Probably
the most widely used Brain Trauma Foundation guidelines
recommend ICP monitoring when the Glasgow Coma Scale after
resuscitation is =8 and an abnormal CT scan is present.”” If the
CT scan results are normal, there is a likelihood of about 10% to
15% that a head-injured patient will develop intracranial hyper-
tension. Similarly, we can take this concept and apply it to PI
assessment. According to our distribution and the derived
probability graph (Figure 6), we can state that, if PI is =1, there
is a chance of about just 15% that the CPP is below 60 mm Hg. If
PI is =0.8, there is a likelihood of about 10% that CPP is below
60 mm Hg. On the other hand, if PIis =2.2, the probability of low
CPP below 60 mm Hg is about 50%; if PI is =3, the probability
increases to 80%. In this context, a prospective observational study
published by Bouzat et al” showed that PI has a prognostic value
for secondary deterioration of patients with mild to moderate
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FIGURE 6. Charts of empirical second-order polynomial models to assess the
probability to be above a certain ICP value (A) and below a certain CPP (B)
value, respectively. ICP, intracranial pressure; CPP, cerebral perfusion pressure.
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brain injury. Instead of associating PI directly with ICP and
CPP, they associate PI with a clinical follow-up. They found
that, in patients with mild to moderate head injury and no
evidence of severe head injury on inital CT, a PI =1.25 is
significantly associated with the occurrence of secondary neuro-
logical deterioration. And this really suggests a role for a quick
TCD check in accident and emergency medicine. Although we
have rather discredited PI as a method for assessment of ICP,
taking the full clinical picture in context, and given the
probability charts, like the ones in Figure 6, TCD-PI may still
offer support for screening for patients at risk of brain
hemodynamic deficit who require invasive ICP monitoring.

Limitations

There are several limitations of this study. First, because of
logistical reasons, the distribution of duration of individual
recordings and their date postadmission as well as their number
per patient in our study was very uneven. In order to deal with
this problem, PI, ICP, and CPP values were averaged for each
patient (within respective 0.2 wide bins of PI) toestablish 1 PI-ICP
and PI-CPP profile per patient. Hence, we cannot provide reliable
information about within-patient variability of our PI-based
estimates. However, because our results are similar to previous
reported studies in which within-patient variability has been
taken into account,'”"" we believe that the averaging approach
we took was not a major confounding factor in our present study.
Second, the side of TCD insonation and the side of ICP probe
location was not standardized. It has been described that unilateral
brain swelling may influence noninvasive CPP determination
by use of TCD.* Third, the examinations were performed over
a period of 17 years. We may not exclude that changes in the
treatment regime, interoperator reliability of multiple TCD
investigators, and changes in the technical equipment may have
influenced the results. Intraventricular drain for ICP monitoring
was used from 1992 to 1993, and later only sporadically. On
the other hand, our goal was to assess the suitability of PI for
assessment of ICP (and CPP) irrespective of these factors. And last,
TCD is not suitable for all patients, because the lack of temporal
ultrasonic window has been reported in up to 10% of patients.”

CONCLUSION
The diagnostic value of TCD FV pulsatility index for direct

noninvasive assessment of ICP and CPP is very limited. However,
because its measurement can be readily and repeatedly performed,
and given careful probability-led interpretation, PI may still have
value as a diagnosis-supporting tool where highly elevated ICP
or dangerously decreased CPP is suspected.
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The Relationship Between Cerebral Blood Flow
Autoregulation and Cerebrovascular Pressure
Reactivity After Traumatic Brain Injury

BACKGROUND: Cerebrovascular pressure reactivity is the principal mechanism of
cerebral autoregulation. Assessment of cerebral autoregulation can be performed by
using the mean flow index (Mx) based on transcranial Doppler ultrasonography.
Cerebrovascular pressure reactivity can be monitored by using the pressure reactivity
index (PRx), which is based on intracranial pressure monitoring. From a practical point
of view, PRx can be monitored continuously, whereas Mx can only be monitored in
short periods when transcranial Doppler probes can be applied.

OBJECTIVE: To assess to what degree impairment in pressure reactivity (PRx) is asso-
ciated with impairment in cerebral autoregulation (Mx).

METHODS: A database of 345 patients with traumatic brain injury was screened for
data availability including simultaneous Mx and PRx monitoring. Absolute differences,
temporal changes, and association with outcome of the 2 indices were analyzed.
RESULTS: A total of 486 recording sessions obtained from 201 patients were available for
analysis. Overall a moderate correlation between Mx and PRx was found (r = 0.58; P < .001).
The area under the receiver operator characteristic curve designed to detect the ability of PRx
to predict impaired cerebral autoregulation was 0.700 (95% confidence interval: 0.607-0.880).
Discrepancies between Mx and PRx were most pronounced at an intracranial pressure of 30
mm Hg and they were significantly larger for patients who died (P = .026). Both Mx and PRx
were significantly lower at day 1 postadmission in patients who survived than in those who
died (P < .01).

CONCLUSION: There is moderate agreement between Mx and PRx. Discrepancies
between Mx and PRx are particularly significant in patients with sustained intracranial
hypertension. However, for clinical purposes, there is only limited interchangeability
between indices.

KEY WORDS: Cerebral autoregulation, Cerebrovascular reactivity, Intracranial pressure, Transcranial Doppler,
Traumatic brain injury

Neurosurgery 71:652-661, 2012 DOI: 10.1227/NEU.0b013e318260feb1 www.neurosurgery-online.com

erebral  blood flow autoregulation
describes the intrinsic ability of the brain
to maintain a stable cerebral blood flow
(CBF) despite fluctuations in cerebral perfusion
pressure (CPP)."* In the acutely injured brain,

ABBREVIATIONS: ABP, arterial blood pressure; BF,
cerebral blood flow; CBV, cerebral blood volume;
CPP, cerebral perfusion pressure; FV, flow velocity;
GCS, Glasgow Coma Scale; GOS, Glasgow Outcome
Scale; ICP, intracranial pressure; Mx, mean flow
index; PRx, pressure reactivity index; ROC, receiver
operator characteristic; TBI, traumatic brain injury;
TCD, transcranial Doppler
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cerebral autoregulation may be dysfunctional,
leadmg to episodes of hypoperfusion or hyper-
emia.”” It has been shown that poor autoregu-
lation is associated with unfavorable dinical
outcome following traumatic brain injury
(TBI) and subarachnoid hemorrhage, suggesting
that both hypo- and h)perperfusnon may play
a part in secondary brain insults.”
Cerebrovascular pressure reactivity describes the
ability of vascular smooth muscle cells to react to
changes in transmural pressure,'® and is thought
to be one of the prmcxpal mechamsms governing
CBF autoregulation.*>">'* Intuitively, it should
be possible to distinguish various mechanisms of
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autoregulatory failure. For instance, impairment of pressure
reactivity may lead to a loss of autoregulation and significant
fluctuations in CBF. However, in other circumstances CBF may
be disrupted despite a functioning myogenic mechanism of
vascular dilation/constriction, ie, intact pressure reactivity.

The transcranial Doppler mean flow index (Mx) and the arterial
blood pressure (ABP)/intracranial pressure (ICP)-derived pressure
reactivity index (PRx) are 2 commonly used methods to assess CBF
autoregulation and cerebrovascular pressure reactivity, respec-
tively.”"> These indices rely on spontancous changes of ABP or
CPP and are calculated using the time correlation method.”'”
Both Mx and PRx have been shown to be predictors of outcome
after TBI. However, there seem to be intrinsic differences in the
prognostic information derived from Mx and PRx. PRx
demonstrates a better discriminatory power between fatal and
nonfatal outcome (mortality),l':"I7 and Mx demonstrates a better
discriminatory power between favorable and unfavorable out-
come (functional outcome).” Both Mx and PRx, when averaged
over specific CPP thresholds, demonstrate a U-shaped curve
suggesting a specific relationship with the level of CPP, which
may be used to individualize CPP management.*'®"? Both
methods have been validated,”*? showing good agreement with
other dynamic indices of autoregulation,”** as well as the static
rate of autoregulation.”'** Additionally, PRx has been compared
with positron emission tomography and has been shown to be
significantly related to global oxygen extraction fraction.”’ Mx
and PRx are modulated by cerebral metabolic rate of oxygen®' as
well as Paco,.>?” Although a relationship between Mx and PRx
has been described before,'”?'283% 3 detailed description of the
factors that influence that relationship has not been performed.

At present, the readily available invasive monitoring has meant
that PRx has largely replaced Mx in the assessment of autoregu-
lation following head injury. Transcranial Doppler (I CD) mon-
itoring over a longer period is cumbersome in critically ill patients,
whereas continuous intraparechymal ICP monitoring can be
performed without significant risks of complications over days or
even weeks. The advantages of long-term monitoring indude
increased accuracy and predictive value as well as improved ability
of optimizing CPP thresholds.®'” However, it is unclear whether
the 2 methods can be used interchangeably, or whether both
should be used as separate parameters equally contributing to
a more complete assessment of the cerebral autoregulatory status.

We attempted to address this issue by assessing the degree of
correlation between the 2 indices in datasets that included simul-
taneous Mx and PRx recordings obtained from patients after head
injury. Furthermore, we wanted to determine the factors that are
responsible for any potential divergence of the 2 modalities.

PATIENTS AND METHODS

A prospectively collected database of ICP, ABP, TCD recording, and
clinical details from 345 TBI patients admitted to the Neurosciences
Critical Care Unit between 1992 and 2010 was screened. The inclusion
criteria were the availability of data regarding the severity of injury assessed
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with Glasgow Coma Scale (GCS), outcome assessed with Glasgow
Outcome Sale (GOS) at 6 months postinjury, and availability of
monitoring data of ICP, ABP, and TCD. The minimal monitoring
duration considered adequate for reliable calculation of autoregulatory
indices was 30 minutes. Patients who underwent decompressive craniec-
tomy had continuous TCD monitoring discontinued. Therefore, in those
patients, only recordings before decompressive craniectomy were consid-
ered. All recordings were performed as an element of routine daily
assessment of autoregulation in TBI patients in our center. Data collection
and analysis was approved by the Neurocritical Care Users’ Committee and
the Institutional Research Ethics Committee. The database is continu-
ously extended when new patients are studied and serves as a material
source for conceptual, technical, and clinical hypothesis setting studies.

All patients were sedated and mechanically ventilated. From 1996
onward, all TBI patients were managed according to an updated version of
the ICP/CPP-oriented protocol.>’ ICP was maintained below 20 mm
Hg and CPP above 70 mm Hg. Reduction of ICP was achieved with
a stepwise escalation approach by means of head positioning, sedation
(continuous infusion of propofol or midazolam), cerebrospinal fluid
drainage, use of osmotic agents (20% mannitol and/or hypertonic saline
depending on electrolyte levels and renal function), induced hypother-
mia, and moderate hyperventilation. CPP was maintained with fluid
expansion, the use of inotropes, and vasopressors. Intracranial hyper-
tension refractory to medical management was treated with either
decompressive craniectomy or central nervous system depressants,
typically barbiturates. Mechanical ventilation was titrated to maintain
a Paco, level of 4.5 to 5.0 kPa (34-38 mm Hg).

Monitoring and Data Analysis

ABP was monitored invasively from the radial artery by use of a pressure-
monitoring kit (Baxter Healthcare, Deerfield, IHllinois; Sidaup, United
Kingdom). ICP was monitored using an intraparenchymal probe (Codman
& Shurtleff, Raynham, Massachusetts, or Camino Laboratories, San Diego,
California). Flow velodity (FV) was monitored from the middle cerebral artery
by using Doppler Box (DWL Compumedics, Germany) or Neuroguard
(MedaSonics, Fremont, California). ABP and ICP signals were monitored
continuously. TCD was performed daily for periods from 10 minutes to 3
hours starting from the day of initiation of invasive monitoring, The dedision
to discontinue monitoring was made on clinical grounds.

Raw signals were sampled and recorded by using home-designed
software (WREC, Warsaw University of Technology, Poland; BioSan,
University of Cambridge, United Kingdom; and ICM+, Cambridge
Enterprise, Cambridge, United Kingdom) and retrospectively reanalyzed
using professional ICM+ software (Cambridge Enterprise, Cambridge,
United Kingdom). All signals were subject to an automated artifact
removal process as well as manual correction. The automated artifact
removal process applied a “not-a-number” value to all samples that did
not fit preset criteria for valid samples. ABP was considered as valid when
ABP peak-to-peak amplitude and diastolic ABP were =30 mm Hg and
<200 mm Hg, respectively. FV was used when its peak-to-peak
amplitude and diastolic FV was >10 cm/s and <180 cm/s. Sub-
sequently, ABP, ICP, and FV signals were detrended by using a low-pass
filter. The detrended signals were used for calculating Mx and PRx.

Calculation of Autoregulation and
Pressure-Reactivity Indices

Calculation of the autoregulatory indices was based on previously
of 9,15 o
described meth()d()logy.)‘ Mx was calculated as a moving Pearson
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correlation coefficient between FV and CPP from a window of 30
consecutive samples, each averaged over 10 seconds, with an update of
1 sample. Similarly, PRx was calculated as a moving Pearson correlation
coefficient between ICP and ABP from a window of 30 consecutive
samples, each averaged over 10 seconds, with an update of 1 sample.
Positive values of Mx and PRx indicate impaired autoregulation or
pressure reactivity (passive transmission), whereas zero and negative
values indicate an intact vascular regulatory mechanism. This method-
ology relies on spontaneous, slow fluctuations of blood pressure and/or
cerebral perfusion pressure, and therefore does not require application of
any external stimuli. Both indices were calculated from the whole
duration of each daily monitoring session and formed minute-by-minute
time series. For this analysis, PRx was not calculated continuously,
throughout the whole hospitalization, but intermittentdy, only when
simultaneous TCD recordings were available. The absolute difference
between Mx and PRx (|Mx-Px|) was calculated using the averaged value
of Mx and PRx from a single monitoring session.

Statistical Analysis

Statistical analysis was performed using SPSS 16.0 (IBM, Armonk,
New York). To avoid multiple sampling, all outcome analysis was
performed using patient-averaged values from all recording sessions.
Binary l()gistic regression was pcrformcd to assess the influence of age,
admission GCS, ABP, ICP, CPP, PRx, Mx, and |Mx-PRx| on outcome
(favorable vs unfavorable and death vs survival). A receiver operator
characteristic (ROC) curve was designed to detect the ability of Mx
and PRx to predict favorable and fatal outcome. A second ROC curve
was designed to detect the ability of the overall (averaged per patient)
PRx to predict impaired cerebral autoregulation (Mx >0.2).” 2 Empirical
regression was used to plot the time trend of Mx and PRx changes
over time and to average Mx, PRx, and |Mx-PRx| across ICP and
CPP thresholds. For comparison between outcome groups and days
postinjury, the 2-tailed 7 test was used. P < .05 was considered
significant.

Outcome was assessed 6 months postinjury with the GOS. Outcome
groups were dichotomized into death vs survival (GOS1vs 2,3, 4, and 5),
or favorable vs unfavorable outcome (GOS 1, 2, and 3 vs GOS 4 and 5).

RESULTS

There were a total of 486 recordings containing the required
signals with a duration >30 minutes. The recordings were
obtained from 201 patients. Seventy-eight percent of the patients
were male, and the median age was 23 (range, 11-78). The
median GCS was 6 (interquartile range 4-8). There was a 23%
mortality rate within the analyzed cohort, and a broadly even
distribution of patients between favorable and unfavorable
outcome categories (49% vs 51%) (Table 1).

Agreement Between Mx and PRx

We analyzed the overall correlation between Mx and PRx and
the ability of PRx to predict impaired cerebral autoregulaton
defined as Mx >0.2.%* Figure 1 demonstrates 2 different sets of
monitoring: one with good agreement between Mx and PRx (r =
0.55) and one with large discrepancies. The overall correlation
between Mx and PRx (averaged from all recordings) was moderate,
but highly significant (r = 0.58; 2 < .001) (Figure 2). The area
under the ROC curve designed to detect the ability of PRx to
predict impaired cerebral autoregulation was 0.700 (95% CI:
0.607-0.880). Furthermore, an average PRx = —0.02 during the
first 2 days after hospitlization could predict impaired cerebral
autoregulation with a sensitivity of 70% and specificity of 63%.

Relationship of Mx and PRx to Outcome

Table 1 demonstrates the differences in the baseline characteristics
of the analyzed patients, whereas Table 2 summarizes the relationship

TABLE 1. Baseline Characteristics Split by Outcome Group With Intergroup Comparison and Statistical Significance”
Value by Outcome Group

Parameter Overall Dead Alive P Value Unfavorable Favorable P Value
n (% of total) 201 (100) 46 (23) 155 (77) n/a 104 (51) 97 (49) n/a
Males, n (%) 157 (78) 38 (82) 119 (76) n/a 84 (80) 71 (73) n/a
Age, median (range) 23 (11-78) 30 (16-78) 32 (11-76) .146 34 (11-78) 32 (13-76) 408
GCS, median (IQR) 6 (4) 5(3) 7 (5) 015" 5 (4) 7 (5) .010°
GOS median (IQR) 3(2) 1(0) 4 (2) n/a 2(2) 4 (1) n/a
ABP (mean * SD) 93 + 11 mm Hg 97 £ 11 92 + 11 .007° 95 + 10 91 £ 12 .014°
ICP (mean * SD) 18 £ 9 mm Hg b 2= s 7558 022° 19 = 10 17528 991
CPP (mean * SD) 75 * 12 mm Hg 76 * 16 74 * 12 479 75712 74 =1 335
FV (mean * SD) 60 £ 21 cm/s 66 £ 23 SOEE20 077 6382 59 £ 19 179
PRx (mean * SD) 0.00 + 0.25 0.07 + 032 —0.03 * 0.23 .020° 0.04 *+ 0.26 —0.05 * 0.23 .024°
Mx (mean * SD) 0.04 + 0.26 0.12 = 0.29 0.01 * 0.25 .018° 0.09 *+ 0.26 =0.03580.25 .002°
|[Mx-PRx| (mean * SD) 025 * 0.19 0.28 + 0.22 023 *+ 0.17 026" 0.25 *+ 0.20 024 *+ 0.20 46

“ABP, arterial blood pressure; CPP, cerebral perfusion pressure; FV, transcranial Doppler flow velocity; GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Scale; ICP, intracranial
pressure; IQR, interquartile range; Mx, mean flow index; |[Mx-PRx|, absolute difference between Mx and PRx; PRx, pressure reactivity index; SD, standard deviation; n/a, not

available.

“Significant (P < .05) in intergroup comparison.
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FIGURE 1. An example of multimodal monitoring (ABP, ICP, CPP, FV, and Mx and PRx) from 2 patients with head injury.
In A, ICP is stable with some fluctuations in ABP. There is a good temporal relationship between Mx and PRx (r = 0.55). In
contrast the patient in B experienced significant, sustained rises in ICP. Clear discrepancies between Mx and PRx are visible. The
differences are augmented during sharp spikes in ICP from 30 mm Hyg to 40 mm Hyg (black arrow left); without apparent
dynamics in ICP (black arrow middle); and during a gradual rise of ICP from an overall high baseline of 30 mm Hg (black arrow
right). ABP, arterial blood pressure; CPP, cerebral perfusion pressure; FV, flow velocity; ICP, intracranial pressure; Mx, mean

Sflow index; PRx, pressure reactivity index.

of Mx and PRx with outcome by use of ROC curve analysis and
binary logistic regression to determine independent predictors.

The Influence of ICP

Both Mx and PRx showed a relationship with the level of CPP.
When averaged PRx values obtained from all recordings were

NEUROSURGERY

plotted against CPP, a U-shaped curve was obtained, demonstrat-
ing the presence of a CPP level that is associated with the best
pressure reactivity (65-75 mm Hg) as previously described by
Steiner et al.® However, when Mx values obtained from all
patients were plotted against CPP, a descending curve was
obtained (Figure 3A). Furthermore, the curve obtained using Mx
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Mx 1
r=0.58; P<.001

1.0

PRx

FIGURE 2. Ouerall correlation between Mx and PRx. Each point on the plot represents one averaged value of Mx and PRx for
each recording session, which lasted = 30 minutes each. Multiple sessions per patient were permitted. Dotted line represents 95%
confidence interval for the mean. Mx, mean flow index; PRx, pressure reactivity index.

was shifted toward higher perfusion pressures (around 90 mm
Hg), demonstrating sensitivity toward low-pressures states.

Both indices of autoregulation demonstrate a direct relationship
with ICP. Although the changes are similar in direction, Mx
increases more gradually, beginning to show changes at an ICP
level of 20 mm Hg, whereas PRx demonstrates a sharper change at
an ICP above 30 mm Hg (Figure 3B).

Temporal Relationship of Mx and PRx

The time trends of Mx and PRx with respect to days postin-
jury were similar (Figure 4). Patients who died on day 1
postinjury had higher values of both indices (Mx = 0.25 =
0.28 vs Mx = —0.02 = 0.27, P=.002; and PRx = 0.17 = 0.44 vs
PRx = 0.07 = 0.24, P = .003 for those who died and those who
survived, respectively). In the group who died there was a decrease

TABLE 2. ROC Curve Analysis of the Ability of the Analyzed Parameters to Predict Unfavorable and Fatal Outcome and Binary Logistic
Regression of the Relationship of the Analyzed Parameters to Outcome”

Unfavorable Outcome

Fatal Outcome

ROC Curve Binary Regression ROC Curve Binary Regression
AUC 95%ClI P Value B (SE) Wald x2 Sig. AUC 95%ClI Sig. B (SE) Wald x2 P Value
GCS 0.625 0558-0692 <.001° 0.197 (0.054 13.2 <.001° 0638 0564-0.713 .001°  0.243 (0.077) 99 .002°
Age 0.566 0.494-0.639 073 —0.019 (0.010) 35 060 0593 0507-0.679 .023° —0.013 (0.012) 1.2 264
ABP 0.582 0.510-0.653 .027° -8337(5.727) 2.1 145 0574 0482-0.666 .126 2.762 (4.750) 03 561
ICP 0.578 0.507-0.650 .034° 8.299 (5.726) 2.1 147 0.585 04920678 .077 —2.798 (4.750) 03 556
CPP 0.513 0.440-0.586 726 87.317 (5.727) 2.1 146 0495 0400-0.591 .928  —2.776 (4.750) 03 559
Mx 0.649 0.584-0.714 <.001 —0.089 (0.652) 5.6 .018° 0606 0518-0.695 .003° —0.172(0.701) 0.1 806
PRx 0.579 0.512-0.647 .023°  —1.433 (0.605) 0.6 893 0658 0.566-0.750 .001° —1.806 (0.776) 54 .020°
[Mx-PRx| 0.540 0.467-0.612 284 —0.640 (0.855) 06 454 0558 04730647 .179  —1.070 (1.021) 1.1 294
Constant  n/a n/a n/a 1.886 (1.199) 25 116 n/a n/a n/a 2.485 (1.427) B 082

“ABP, arterial blood pressure; AUC, area under the curve; Cl, confidence interval; CPP, cerebral perfusion pressure; FV, transcranial Doppler flow velocity; GCS, Glasgow Coma
Scale; GOS, Glasgow Outcome Scale; ICP, intracranial pressure; IQR, interquartile range; Mx, mean flow index; NS, not significant; PRx, pressure reactivity index; [Mx-PRx|,
absolute difference between Mx and PRx; ROC, receiver-operator characteristic; SE, standard error; SD, standard deviation; n/a, not available.

“Indicates statistical significance (P < .05).
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FIGURE 3. Empirical regression d rating the relationship of Mx and PRx
with CPP (A) and ICP (B). Note that the relationship between Mx and CPP is
shifted toward higher CPP levels compared with PRx (A). A gradual deterioration
of Mx with rising ICP is demonstrated, whereas PRx shows an exponential
increase at ICP approximately 30 mm Hg. The largest difference between Mx
and PRx is seen at ICP 25 to 30 mm Hg (B). CPP, cerebral perfusion pressure;
ICP, intracranial pressure; Mx, mean flow index; PRx, pressure reactivity index;
| Mx-PRx|, absolute difference between Mx and PRx.

(significant only for Mx) in Mx and PRx values on day 3
compared with day 1 postinjury (Mx = 0.25 * 0.28 vs Mx =
0.01 = 0.25, P=.01 and PRx = 0.17 % 0.44 vs PRx= —0.06 =
0.30, 2 =.09 on day 1 and day 3, respectively). The trends of Mx
and PRx in patients who survived were also comparable with Mx
and PRx values lower than in patients who died (Figure 4).

The Absolute Difference Between Mx and PRx

Although a moderate correlation between Mx and PRx was
observed, there were situations where Mx and PRx did not
demonstrate agreement (Figure 1B). Overall, Mx was slightly

NEUROSURGERY

A Temporal profile of Mx and PRx in patients who died
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FIGURE 4. Temporal profile of the changes of Mx and PRx following head
injury (from day 0 to 8). Mx and PRx follow the same pattern in patients with
Jatal (A) and nonfatal outcome (B). Higher Mx and PRx values areseen on day 1
in patients who died compared with those who survived. An improvement in Mx
and PRx is seen on day 3 in patients who die with secondary deterioration (A).
Low values of Mx and PRx, with little dynamic, are seen in patients who survived
(B). Mx, mean flow index; PRx, pressure reactivity index; P < .05 between
outcome groups; SP < .05 for days postadmission.

higher than PRx, regardless of the initial GCS and the day
postinjury (Mx = 0.04 = 0.26 and PRx = 0.00 = 0.25); however,
this difference was not statistically significant. We observed that
the absolute difference between Mx and PRx was related to the
level of ICP. The difference increased with increasing ICP
reaching a maximum at ICP of 30 mm Hg and subsequently
decreased (Figure 3). There was no obvious relationship between
the absolute Mx-PRx difference and the level of CPP. However, it
was observed that the absolute difference between Mx and PRx
was larger in patients who died as a result of the sustained injury

(P =.026) (Table 1).
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DISCUSSION

We have shown that PRx distinguishes between fatal and
nonfatal outcome, whereas Mx distinguishes between favorable
and unfavorable outcome. An abnormal PRx previously has been
shown to be predictive of unfavorable outcome.'®"” For this study
we used only monitoring periods of 30 min or longer in which
simultaneous calculation of Mx and PRx was possible. This
approach limited the availability of monitoring data to approxi-
mately 1 hour/day. Other studies, however, used continuous, long-
term monitoring of PRx, potentally making outcome associations
more robust. PRx showed an expected relationship with CPP,
confirming previous results.® In contrast to earlier work,'® we have
not demonstrated a complete U-shaped curve when Mx has been
plotted against CPP. However, the lowest Mx value was found at
the same CPP level (90 mm Hg) as in earlier studies.'® In the
analyzed dataset, there were very few recordings with a CPP above
90 mm Hg, which could account for the absence of the ascending
arm of the U-shaped curve as a rise in Mx at high CPP levels was
previously seen for CPP above 90 mm Hg'®

Our results demonstrate that the agreement between Mx and PRx is
primarily influenced by the level of ICP, with the biggest discrepancy
observed foran ICP value of 30 mm Hg. Furthermore, we have shown
that the difference between Mx and PRx is greater in patients with fatal
outcomes. This finding is concordant with the fact that patients with
a fatal outcome have, on average, higher ICP.** Additionally, we have
observed that, in patients who die, both Mx and PRx demonstrate
severely disturbed CBF autoregulation and pressure reactivity during
the first 2 days of hospitalization. In contrast, patients who survived
had, on average, preserved both CBF autoregulation and pressure
reactivity throughout the whole monitoring period. Despite a statis-
tical difference in Mx and PRx values between the analyzed groups,
due o the heterogeneous distribution of Mx and PRx data,
statements about the overall state of autoregulation are prone
to misinterpretation. One possible way to overcome this problem
in future studies is to calculate the time spent above certain thresholds
of Mx and PRx using described methodology.*

In the majority of cases, autoregulatory failure was represented
by asimultaneous increase in Mx and PRx (Figure 1A), suggesting
that both CBF autoregulation and pressure reactivity are
impaired. Furthermore, the time course of the changes in PRx
and Mx after TBI were similar. The impairments seen during the
first 2 days after hospitalization distinguished patients who died
from those who survived (Figure 4). Interestingly, in patients who
died, significant improvements in the state of autoregulation were
seen during the first 3 days postinjury.*> Furthermore, PRx was
found to have good accuracy in predicting impaired cerebral
autoregulation, regardless of whether the analysis was based on
the whole monitoring period or the first 2 days of hospitalization.
These findings support the assumption that pressure reactivity, ie,
the ability of vasoconstriction and vasodilatation in response to
CPP changes, is an important mechanism of CBF autoregulation.
Accordingly, Mx and PRx could be viewed as indices monitoring
2 aspects of the same process.
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FIGURE 5. Pictorial demonstrating the pressure volume relationship (A) and
the autoregulatory curve (B). In the flat part of the pressure volume curve (light
gray area), the change in volume (AV,) does not result in a change in pressure
(AICP; ~ 0) due to CSF compliance. In this area, PRx will be, artificially,
Sfluctuating around zero. In the exponential part of the curve (dark gray area),
a change in volume (AV>) will elicit a change in pressure (AP,). In this area, PRx
will reflect the state of cerebrovascular reactivity. On the other hand, Mx is
influenced by the FVICPP relationship (B). FV (gray line) is related to changes in
CVR (black line), which are a direct result of vessel diameter changes (gray
circles). Because CVR is independent of ICP, Mx will not be affected by the
P -volume relationship to the same extent as PRx. CPP, cerebral perfusion
pressure; CVR, cerebrovascular resistance; FV, flow velocity; AICP; and AICPs,
change in ICP; LLA, lower limit of autoregulation; PRx, pressure reactivity
index; S, diameter of resistance vessels; 'V, intracranial volume; AV and AV,
change in intracranial volume.

There were, however, recordings with a significant discrepancy
between Mx and PRx (Figure 1B). Overall, the absolute difference
between Mx and PRx was a function of increasing ICP and was
maximal at an ICP of approximately 30 mm Hg. There was a clear
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difference in the response of Mx and PRx to increasing level of
ICP. Although Mx started to show impairments when ICP reached
15 to 20 mm Hg and increased steadily thereafter, PRx rose
dramatically after ICP reached 30 mm Hg (Figure 3). As a result,
with ICP between 20 and 30 mm Hg, the discrepancy between
Mx and PRx suggested episodes of impaired CBF autoregulation
despite functioning pressure reactivity. PRx is calculated from
changes in ICP in response to fluctuations of blood pressure. An
assumption is made that the observed changes in ICP are coupled
with changes in cerebral blood volume (CBV) and therefore
represent vasomotor reactions. However, small CBV changes may
be sucoessﬁlllgl buffered by the compliance of the cerebrospinal
fluid (CSF).?>® Because the intracranial pressure-volume relation-
ship is nonlinear, the degree of buffering may be different at
different ICP levels (Figure 5).%¢ PRx does not include information
about CSF compliance, which may significantly confound the
obtained measurements. On one hand, a functioning vasocon-
striction/vasodilatation mechanism (pressure reactivity) may be
insufficient to maintain CBF (CBF autoregulation). Such a situ-
ation would result in the observed discrepancy between PRx and
Mx. Another possibility is that at low levels of ICP, where the CSF
compliance is high and the pressure-volume curve is fla, CBV
changes will not be transferred to changes in ICP, artificially
forcing PRx to fluctuate around zero (Figure 5). Similarly, high
levels of ICP with exhausted CSF compliance may cause
accentuation of PRx. It is possible that both mechanisms are
responsible for the observed effects simultaneously. The effect of
increased CSF compliance on PRx has been reported previously
following decompressive craniectomy. The results are equivocal,
with 1 study suggesting an improvement in PRx’” and another
a further derangement following craniecotmy.®® Although defin-
itive conclusions have not been drawn from these studies because
of the limited number of patients, the discrepancies support
confounding influence of CSF compliance on PRx.

Interestingly, our results demonstrate that patients with a large
discrepancy between Mx and PRx were more likely to have a fatal
outcome. Previous studies that analyzed the relationship between
ICP and outcome after TBI have shown that patients who do
not survive a head injury have, on average, a higher ICP level
(27 mm Hg) than those who survive (16 mm Hg)."" Although this
provides 1 facile explanation for the observed differences, the
documented discrepancy between the 2 indices suggests that, at
an elevated ICP, functioning pressure reactivity may not be
sufficient to sustain a stable CBF, and that this autoregulatory
failure is better reflected by Mx. However, the clinical
significance of this finding remains to be determined, and studies
that address the question of cerebral autoregulation in the context
of cerebral compliance are warranted.

Limitations

First, both indices of autoregulation (Mx and PRx) are noisy.
Improving signal/noise ratio requires time averaging over long
periods. Although continuous recordings over long periods are

NEUROSURGERY
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feasible by use of PRx, it is challenging to obtain a stable signal
using TCD technology for more than 1 hour, making Mx time-
limited. For methodological clarity, we have compared Mx and
PRx calculated only from periods where both signals were
available. This approach disadvantages PRx.

Second, both PRx and Mx are only surrogate measures of
autoregulation, because they do not measure CBF directly.
Therefore, the observed changes and discrepancies may be a result
of factors that do not have a direct translation to CBF, but rather
influence only the calculation method.

All patients were treated with CPP/ICP-directed therapy.’’ The
effect of vasopresors on slow wave activity (essential for reliable
calculation of PRx and Mx) and the state of cerebral autor-
egulation is unknown. We are, therefore, unable to make
a definite statement regarding the effect of therapy on the
measured indices and their interrelationship, particularly at high
ICP levels, where vasopresors were likely to be used.

It has previously been shown that autoregulatory indices are
influenced by the cerebral metabolic rate of oxygen and arterial
levels of carbon dioxide.”" In the present study, we were unable to
correct for these confounding factors. Furthermore, the influence
of various other physiological stimuli on PRx and Mx was not
considered here, which needs to be treated as a limitation of
the study.

CONCLUSION

Mx and PRx describe different aspects of the homeostatic
phenomenon known as cerebral autoregulation. Both indices are
independently associated with outcome after head injury.
The discrepancies between Mx and PRx are maximal during
sustained increases in ICP to 30 mm Hg, suggesting changes in
intracranial compliance influences measurement accuracy, partic-
ularly of PRx. Although the discrepancies may offer an insight into
the nature of cerebral autoregulatory failure, their clinical
significance remains unknown.
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COMMENT

his study compares 2 measures of cerebral blood flow autoregulation,

Mrx, which is the transcranial Doppler mean flow index, and Prx,
which is the arterial blood pressure/intracranial pressure—derived pressure
reactivity index. The authors’ group has described both these measures
extensively in previous works. The current study addresses the important
question of whether these 2 measures are comparable, or whether they
serve as independent biomarkers of cerebral blood flow autoregulation
status in patients with severe traumatic brain injury. Prospectively col-
lected data from 201 patients was assessed in a retrospective fashion. A
statistically significant and moderately robust relationship was found
between Mrx and Prx. The indices appeared to diverge from each other
at higher intracranial pressure (above 30 mm Hg). Importantdy, both
Mrx and Prx were lower in patients who survived compared with those
who died. In addition, the temporal course of changes in Mrx and Prx
were predictive of outcome.

This work is an important comparison of 2 indices of cerebral physiology
that can be measured in the Neurointensive Care Unit. However, as the
authors point out, the limits of these derivative measures should be kept
in mind. Neither Mrx or Prx are direct measures of cerebral autoregulation,
because only a direct measure of cerebral blood flow vs cerebral perfusion
pressure can yield the autoregulation curve in a particular patient ata given
time point. Although this could not be studied in the current work, in
certain clinical situations such as after decompressive craniectomy, the usual
relationships between cerebral blood flow, cerebral blood volume, and

roaucton or tnis articie 1S pronioited.
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intracranial pressure may change because the increased buffering capacity of
the opened cranium, making Prx values more difficult to interpret. Hope-
fully, future studies will help shed more light on whether derivative measures
such as Mrx and Prx can help guide patient-spedific treatment strategies in
patients with traumatic brain injury. In particular, can these measures help
define the optimal cerebral perfusion pressure goal in individual patients? Is

PRESSURE REACTIVITY VS CEREBRAL AUTOREGULATION

the time spent above certain thresholds of Mrx and Prx related to outcome?
And, most importantly, can we use these measures to intervene appropri-
ately in order to improve patient outcomes?

Guy Rosenthal
San Francisco, California
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