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HIGHLIGHTS

e This study investigated the
correlation of morphological findings
from a non-invasive method of

monitoring intracranial pressure
with the clinical diagnosis of hepatic
encephalopathy.

40 liver disease patients without
and with clinical signs suggestive
of hepatic encephalopathy were
compared demographically,
clinically and laboratory wise - and
statistically significant differences
were found in the intracranial
pressure pulse wave morphology
parameters between them.

ROC curve analysis suggested P2/
P1=1.31 (AUROC: 0.5975) and
TTP=0.22 (AUROC: 0.7013) as
optimal cutoff points, where the
presence of hepatic encephalopathy
in liver disease patients would

be associated with obtaining
parameters below these thresholds.

Even though the sensor was able

to differentiate the groups, a larger
case series, a longer-term follow-up,
and a better understanding of the
intracerebral hydrodynamic picture
in hepatic encephalopathy are still
required so that the method helps

in defining management with the
support of clinical parameters.
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ABSTRACT — Background — Liver diseases often occur with hepatic enceph-

alopathy (HE), whose pathophysiology may involve increased intracra-
nial pressure (ICP). Tools for monitoring ICP and its pulse morphology
can be useful for assessing HE. The use of a non-invasive and sensitive
procedure would be extremely useful in managing these cases. Objec-
tive — To evaluate the feasibility and performance of a new, non-invasive
method of monitoring ICP, as an alternative to invasive methods, and to
correlate the clinical diagnosis of HE with the morphological findings
of ICP. Methods — This is a cross-sectional analytical study, conduct-
ed in a tertiary hospital and pioneer in the application of Brain4Care®
BWS equipment. The ICP pulse morphology is parallel to the arterial
one, where there are three frequent peaks: percussion peak (P1), due
to plasma extravasated by the choroid plexus; tidal wave (P2), due to
the degree of intracranial compliance to the reflection of P1, and dicrotic
notch (P3), due to the closure of the aortic valve. Normality indicates
P1>P2>P3. These peaks determine intracranial compliance through their
relationship with cerebral blood volume, where P2/P1 ratio >1 suggests a
pathological morphology, with a sustained increase in ICP and decreased
compliance. Another way to evaluate this would be by a change in the
time-to-peak (TTP). These data were compared between patients with
and without clinical signs indicative of HE. The study was approved by
the Institution’s Research Ethics Committee (number 5.493.775). Results
— A total of 40 liver disease patients were evaluated, of which, at the time
of collection, 20 did not have a clinical picture of HE (59.5+9.3 years;
70.0% male) and 20 had a clinical picture of HE (59.6£11.9 years; 65.0%
male). The groups are demographically, clinically and laboratory similar;
and statistically significant differences were identified in the morphologi-
cal patterns of ICP between the groups evaluated, as well as trends in the
parameters. The difference in the P2/P1 ratio was not significant (Mann
Whitney: two-tailed P=0.2978); however, TTP proved to be a parameter
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with a statistically significant difference between the groups (Mann Whitney: two-tailed P=0.0282; median
difference = 0.04). Analysis using the C statistic, using the ROC curve, suggested P2/P1=1.31 (AUROC:
0.5975) and TTP=0.22 (AUROC: 0.7013) as optimal cutoff points, where the presence of HE in liver disease
patients would be associated with obtaining parameters below these thresholds. Conclusion — The brain-
4care® BWS system proved to be feasible for use in liver disease patients with or without clinical signs of
hepatic encephalopathy and was able to differentiate them. Pathophysiological explanations, however, still
require better causality explanation and understanding of the intracerebral hydrodynamic picture in hepatic
encephalopathy. Given the low sample power found, new studies need better clinical heterogeneity and

longer-term follow-up for definitive conclusions.

Keywords — Hepatic encephalopathy; intracranial pressure; liver diseases; brain4care.

INTRODUCTION

The liver disease

The liver is considered the largest gland in the
body, with exocrine and endocrine functions, such
that its dysfunction can cause considerable systemic
damage. Bile secretion is the main digestive function
of the liver. Furthermore, the liver is essential in re-
gulating the metabolism of carbohydrates, proteins
(including ammonia recycling) and lipids; in the
storage of substances; and in the degradation and
excretion of hormones. Other functions include the
transformation and excretion of drugs; hemostasis
(formation of clotting factors) and support for the im-
mune response. Several etiologies affect this organ;
however, it is possible to systematize them according
to the period of involvement, didactically and non-
-exclusively, in chronic and acute diseases.

Chronic liver disease (CLD) can be mainly caused
by viral infection such as hepatitis B and C; due to
hepatitis induced by alcohol consumption; and due
to the accumulation of fat in the liver (non-alcoholic
hepatic steatosis). Chronic forms can evolve over
time into cirrhosis (fibrosis), eventually requiring
orthotopic liver transplantation. Alcohol is the most
common underlying etiology associated with cirrho-
sis (45%) worldwide. Furthermore, from CLD, acute
on chronic liver failure (ACLF) can occur, in which
there is an acute decompensation of cirrhosis, asso-
ciated with systemic involvement and encephalopa-
thy. In this scenario, bacterial infections (35%), gas-
trointestinal hemorrhages (22%) and alcohol (19%)
represent the most common etiologies globally res-
ponsible for the worsening of a chronic condition®.

In addition, acute liver failure (ALF) - also known
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as fulminant liver failure - can be defined as a clini-
cal syndrome of encephalopathy and coagulopathy
(with international normalized ratio [INR] >1.5) resul-
ting from sudden massive loss of hepatocyte func-
tion. It represents a condition lasting up to 26 weeks,
without previous CLD or ACLF?®. The mortality rate
varies between 30-50%“. Common causes of ALF
include: acetaminophen poisoning (approximately
46% of cases; use is common in suicide attempts);
prescription drug-induced injuries (approximately
11% of cases); liver ischemia; viral hepatitis (A, B and
E, mainly) and autoimmune hepatitis; use of dietary
and herbal supplements; hepatic venous thrombosis
(Budd-Chiari Syndrome); acute hepatic steatosis of
pregnancy (AFLP)/HELLP syndrome; Wilson’s disea-
se; or even cardiac arrest?.

Hepatic encephalopathy: pathophysiology, clinic
and classification

Still in the context of liver diseases, hepatic en-
cephalopathy (HE) can be defined as a cognitive
deficit or a change in the level of consciousness,
possibly reversible, related to a functional disorder
of the central nervous system (CNS) and normally
associated with hepatocellular insufficiency. HE of
any degree may mean the presence of cerebral ede-
ma, the probability of which increases as the con-
dition worsens®>. HE, which was previously seen
as a terminal clinical sign, is now portrayed as a
condition that can be treated.

Under the epidemiological scope, according to
Stravitz et al., severe HE in ALF can occur in 54% of
cases due to acetaminophen intoxication and 36%
of cases due to drug-induced liver injury®. Also,
mortality in ALF can reach 40 to 80% without a liver



transplant, where cerebral edema and intracranial
hypertension (ICH) secondary to hyperammonemia
are responsible for 35% of deaths. These mortali-
ty rates are much higher than those of CLD®. In
chronic disease, the prevalence of HE in cirrhosis
diagnoses is 10-14% overall, 16-21% in patients
with decompensated cirrhosis, and 10-15% in pa-
tients with transjugular intrahepatic portosystemic
shunt (TIPS). HE eventually occurs in 30-40% of
individuals with cirrhosis®.

Furthermore, to classify, as defined by the 11th
World Congress of Gastroenterology, HE can occur
in patients with ALF (type A); in patients with por-
tosystemic shunt (type B); or in patients with CLD
(type O). Type C HE, in turn, can be subclassified
into: () episodic HE, when there is acute delirium
or disturbance of consciousness in previously heal-
thy patients from a neuropsychiatric point of view,
and may be (Ia) precipitated (by triggering factors),
(Ib) spontaneous (in the absence of these factors)
or (Ic) recurrent (with more than two episodes per
year); in (I) persistent HE, when there is a conti-
nuous and uninterrupted presence of neuropsychia-
tric signs and symptoms, generally extrapyramidal
changes, dysarthria, personality, memory and sleep-
-wake cycle disorders, being graded into (ITa) mild,
(ITb) severe and (IIc) treatment dependent; or even
in (IID minimal HE, when there is a preclinical stage
of HE in CLD, with deficits in neurological tests, but
without evident changes in mental status.

The pathophysiology of HE is complex, multifac-
torial and its mechanisms are not completely defined.
However, some factors can be identified as predispo-
sing to the progression and severity of neurological
decline in CLD because they essentially form edema:
inflammation, oxidative stress, excess bile acids, in-
creased lactate and, mainly, hyperammonemia®.

Edema causes changes in chemical homeostasis
and nerve impulse deficiencies. In this context, its
formation can occur via (i) the vasogenic route, that
is, when the blood-brain barrier (BBB) is broken and
there is an influx of water into the cerebral inters-
titial compartment, which is hypertonic; or by (ii)
cytotoxic route, when there is no disruption of the
BBB. Along these lines, astrocytes, the main cells for-
ming the BBB, play a crucial role in this dynamic
- they protect neurons from toxic exogenous agents
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and control electrolyte homeostasis. Dysregulation of
aquaporin four channels, accumulation of intracellu-
lar glutamine and increase in extracellular glutamate
are possible mechanisms related to cerebral edema
mediated by astrocytic inflammation®.

Furthermore, because of pathophysiological
changes, the clinical presentation associated with HE
has some common features. In relation exclusively
to the neurological aspect of HE, apathy is an early
sign, followed by hypersomnia and mental confu-
sion. Patients may experience delirium, euphoria/
mania, spatial disorientation, affected cognition, and
short-term memory loss. There may be bradykine-
sia, but also muscular hypertonia with myoclonus
and exaggerated tendon reflexes. Asterix (flapping)
is more common in cases of CLD. Changes in pu-
pillary reactions are rare. With an affected pontine or
mesencephalic reflex, cerebral edema may also be
suspected. Cushing’s Triad — systemic hypertension,
bradycardia, and changes in respiratory rhythm — can
also serve as an aid in detecting an increase in ICP.
Thus, in general terms, as liver failure worsens, there
is a proportional drop in the level of consciousness,
which may progress to coma®.

Furthermore, since the clinical picture of HE has
a very diverse presentation, the West-Haven criteria
(WHCO) for assessing mental status sought to compile
this variety: those patients without abnormalities are
classified as grade 0; grade 1 are patients who pre-
sent changes in the sleep-wake cycle or sleep disor-
ders, or brief periods of impaired consciousness; gra-
de 2, patients with lethargy or apathy, with changes
in behavior and slowed speech, and who may still
present flapping; grade 3, patients with significantly
reduced level of consciousness and stupor; and, fi-
nally, grade 4, individuals in a coma®>7.

A study analyzing 92 cases of ALF over 7 years
detected the presence of cerebral edema in 31% of
cases; did not identify cerebral edema in patients
with grade 1 and 2 HE but reported the presence
of edema in 88% of those with grade 3 or 4. Later,
the same author reinforced the correlation, pointing
out the presence of edema in more than 75% of pa-
tients with grade 4 HE®. Furthermore, another study
indicated that cerebral edemas were identified in ap-
proximately 80% of patients with ALD, with 25-35%
presenting edema when the HE was grade 3, and
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65-75%, at Grade 4. Raschke et al. also pointed out
that there is an increase in ICP in 85-95% cases of
grade 3 or 4 HEYY, Finally, Raghavan et al. described
that cerebral edema and ICH occur in 75-80% of ALF
patients with HE grade 3 or 42,

In this sense, the International Society for Hepatic
Encephalopathy and Nitrogen Metabolism (ISHEN)
also proposed a clinical grading — but reducing the
variability intrinsic to the subjectivity of the analysis
of WHC grades 1 and 2 and making it more objec-
tive for studies. It divides the HE syndrome into: (i)
absent EH; in (i) covert HE, whose patients present
minimal HE and WHC grade 1; or in (iii) overt HE,
whose patients present evident clinical abnormali-
ties. This classification considers the patient’s mental
state, the results of specialized tests and the presence
or absence of asterixis (flapping)?.

Ochoa-Sanchez et al. pointed out that more than
80% of cirrhotic patients develop covert HE; while
30% of patients in ALF have apparent HE®. Lido-
fsky et al. reported overt HE in 12 to 67% of ALF
patients*?, Another study reports that minimal HE
occurs in 20-80% of cirrhotic patients; in addition to
pointing out that the chance of the first episode of
HE is 5 to 25% within the first 5 years of diagnosis®.

Hepatic encephalopathy: diagnosis and
management

Consequently, the diagnosis of HE is primarily
clinical, focusing on the identification of specific cli-
nical features. Concurrently, laboratory tests may be
ordered to indicate an increase in transaminases, an
increase in prothrombin time (or via INR), or even an
increase in serum ammonia®. With regard to imaging
tests, computed tomography (CT) should be perfor-
med as soon as possible to identify edema with mass
effect, despite the low sensitivity for early edema. A
patient with HE and a normal CT scan still presents
a high risk of edema and a rapid increase in ICP,
which must be monitored®. Non-invasive methods
such as transcranial Doppler ultrasonography, optic
nerve sheath diameter assessment and magnetic re-
sonance imaging can also be used to estimate intra-
cranial compliance (ICC), ICP and cerebral perfusion
pressure (CPP)®.

With regard to the management and treatment
of HE, it is recommended that (i) stabilization be
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achieved, (ii) modifiable precipitating factors be
controlled, (iii) serum ammonia levels be lowered,
(iv) ICP be managed, and (v) liver complications be
addressed?,

Monitoring intracranial pressure and intracranial
compliance

Several studies suggest that ICP monitoring may
be clinically useful. Tt is indicated in all cases with
grade 4 HE®. In ALF, whose definitive treatment is
usually orthotopic liver transplantation, its preopera-
tive and intraoperative function would be to control
ICP to avoid brain stem herniation with consequent
neurological damage; but it could also be used to
classify receptors. However, despite the value of
monitoring, complications with invasive monitoring
have been reported in several studies, with intracra-
nial hemorrhage being the most common of these™?,
Blei et al. reported that these complications may
occur in 20% of cases, with fatal hemorrhage being
reported in up to 4% of intraparenchymal catheter
uses"; while Maloney et al. reported a hemorrhage
rate of 3.8-22%“. The parallel coagulopathy combi-
ned with possible iatrogenesis is responsible for this
considerable rate!”. Also, the infection rate in intra-
ventricular catheters still reaches 10%, depending on
the duration®®. Therefore, the use of invasive ICP
monitoring is still controversial, considering the pos-
sibility of infection and hemorrhage intrinsic to the
use of invasive methods® — justifying the study of
non-invasive ICP (ICPni) monitoring methods.

ICP, in turn, tends to be stabilized by an intrinsic
characteristic of the brain, the ability to accommoda-
te intracranial volume without significantly changing
pressure, called intracranial compliance (ICC). Des-
pite the attempt to stabilize ICP to aim for a stable
CPP, ICP occurs in pulse waves (ICPW). These pulses
occur as a reflection of the cardiac cycle — systole
and diastole — in the cerebrospinal fluid. Analogous
to the cardiac arterial pressure waveforms, the pres-
sure pulse in the cerebrospinal fluid has components
P1, P2 and P3: P1 is the percussion wave, due to the
arterial pressure being transmitted from the choroid
plexus to the intracranial ventricles; P2 would be the
tidal wave and is inversely related to the ICC; and
P3 would be the wave of closure of the dicrotic no-
tch (closing of the aortic valve during diastole)”.



In addition to isolated ICPW, the set of pulses os-
cillates secondary to the respiratory cycle: when we
inhale deeply, intrathoracic pressure decreases and
systemic venous return increases; however, this re-
duces the volume in the left heart chambers, which
generates a specific decrease in ejection and a con-
sequent drop in blood pressure (BP). This dynamic
is reflected in a tendency for ICP to increase during
expiration and vice versa (FIGURE 1). Furthermore,
factors such as age, posture, time of day, and clinical
condition affect average ICP; which varies in a range
of 7-15 mmHg in healthy adults, 3-6 mmHg in chil-
dren and 0.5-6 mmHg in infants®.

When the level of P2 exceeds P1, a considerable
loss of ICC is expected. Also, several studies indicate
that a pathological ICPW format is more suggestive
than an increase in absolute ICP. For example, in
idiopathic hydrocephalus, meningitis, hemorrhagic
cerebrovascular accidents or traumatic brain injuries,
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an altered pulse wave is detected without necessarily
an absolute increase in ICP"**”, Thus, the shape of
the ICPW may serve as an early indicator of neuro-
logical decompensation - in addition to the absolute
ICP itself (FIGURE 2).

Following these, Mascarenhas et al.?" innovated
by questioning the Monro-Kellie Doctrine of 1820.
This doctrine, developed by three anatomists, defi-
ned that the cranial cavity was filled mainly by three
components — blood, fluid, and brain parenchyma
— and that the increase in volume of one of these
components would necessarily imply an increased
ICP once the skull is considered an extremely rigid
bone that cannot be expanded — at least after the
fontanelles have closed. And to challenge the doc-
trine, the authors carried out a simple experiment:
“in vitro”, they applied deformation sensors to the
parietal region of human skulls and inflated a bal-
loon inside the skull up to 100 mmHg, detecting a
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(a) Normal intracranial pressure pulse wave morphology; (b) Oscillations secondary to the respiratory cycle.
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FIGURE 1. Morphology of ICP pulse wave —Adapted from: Frigieri et al. 2021.
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FIGURE 2. Morphology types of ICPW — Adapted from: Frigieri et al. 2021.
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dilation directly and linearly proportional to the ICP.
In the “in vivo” experiment, they performed postural
maneuvers in Wistar rats to evaluate a variation in
ICP and, with the same sensor, minimally invasive
and placed externally to the skull, they were able to
capture variations in cranial dilation®".
Subsequently, the same authors compared the
gold standard of invasive ICP monitoring (ICPi) —
the Codman intraparenchymal catheter — with the
minimally invasive sensor attached to the skull of
Wistar rats (ICPmi) and found a positive Pearson
correlation coefficient (r) of 0.8+0.2 (0.31-0.99) af-
ter infusion of saline into the spinal canal®®. Soon
after, in another study, they tested a non-invasive
device for measuring ICP (ICPni) against the gold
standard ICPi method. With the device consisting of
a band around the head, they found an r=0.8+0.2
(0.28-0.96)*>. These studies led to the development
of the brain4care® system, a non-invasive mechani-
cal method of monitoring ICPni. Although this sys-
tem does not measure absolute ICP, it is capable
of monitoring volume and pressure variations over
time based on the ICPW pulse morphology and its
parameters, such as P2/P1 ratio, time to peak (TTP)
and pulse amplitude, providing a high sensitivity
for evaluating pulse wave formats and therefore
avoiding the risks associated with the aforementio-
ned invasive methods. This system has since been
tested in various clinical contexts to evaluate its ap-
plicability in clinical diagnosis and prognosis.

METHODS

Study

This study aims to evaluate the feasibility and
performance of a new non-invasive device for mo-
nitoring ICP and ICC as an alternative to invasive
methods and to correlate the clinical diagnosis of HE
with the morphologic findings of ICP.

This is an analytical cross-sectional and prospec-
tive study of diagnostic tests, conducted in a tertia-
ry hospital that is a reference for liver transplanta-
tion, located in a city in the interior of the State of
Sao Paulo (SP-Brazil). The study was carried out
between July 2022 and October 2023. Eligible par-
ticipants were those hospitalized, with ALF, CLD or
ACLF and not yet transplanted. Exclusion criteria in-
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cluded those with contraindications to ICPni moni-
toring, such as decompressive craniectomy, cranial
defects, hypersensitivity to the sensor, or other fac-
tors that made monitoring impossible. Participants
were then divided into two groups: those who
currently had HE and those who did not currently
have HE. The hospitalized patients had their ICPni
measured and the results correlated with electronic
medical record data.

The independent variable evaluated was the cli-
nical classification of HE (gold standard). The ICPni
dependent variables used were P2/P1 ratio, TTP and
P2/P1XTTP.

Details of the study can be found in the Brazi-
lian Clinical Trials Registry (ReBEC) under UTN
code: U1111-1287-2555. Its design was based on the
STARD (Standards for Reporting Diagnostic accuracy
studies) guideline.

Ethical procedures

The study was submitted for review to the Ins-
titutional Research Ethics Committee and approved
under code 5.493.775. Clinical access was authorized
by the Chief of the Liver Transplantation Service. Par-
ticipants or their legal representatives were informed
about the research and the procedures to be per-
formed and voluntarily signed an informed consent
form, in accordance with Resolution n® 466/12 - Na-
tional Health Council. No medical behavior was mo-
dified as a result of the monitoring.

Instruments

The instrument used to record the PICni pulse
waveforms was the brain4care® BWS system, whi-
ch consists of an ultrasensitive mechanical sensor
coupled to an inelastic adjustment band. This sensor
(BcSs-PICNIW-1000) transmits information via Blue-
tooth to the brain4care® application, whose proces-
sing algorithm generates a report every minute sho-
wing the average pulse morphologies parameterized
by the variable averages P2/P1, useful pulses, he-
art rate, TTP, T1, T2 and their respective confidence
intervals. This system is not calibrated in absolute
pressure values (mmHg) - its digital output values
represent data related to skull expansion. This me-
thod and device have been previously validated in
the literature® .



Data collection

Eligible hospitalized participants were convenien-
tly approached in the liver transplant unit between
4 pm and 8 pm and informed about the study. After
signing the informed consent form, patients were pla-
ced in a 30° supine position, asked about modifiable
factors that could alter BP — such as recent caffeine
consumption, full bladder, poor sleep, stress — and
asked to remain still. A cardiac monitor and the BWS
sensor were placed. The latter was repositioned until
an ICPni pulse morphology was obtained, avoiding
typical arterial pulse morphologies - see comparison
in Galdino et al.??. After obtaining a satisfactory sig-
nal on both instruments, monitoring was recorded
for 10 minutes or longer if there were many artifacts.
Psychomotor agitation and basal myoclonus could
produce noise in the mechanical recording of the
ICPni waveform. At the end of monitoring, BP was
measured manually for control.

Since the clinical picture of HE is insidious and
the recording horizon is relatively small for signifi-
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cant pathophysiological changes to occur in ICC, a
well-adapted mean pulse morphology is sufficient.
The protocol for selecting the time frame used to ob-
tain these parameters was as follows: first, the trend
of the P2/P1 relationship over time was identified
and the intervals with the lowest confidence interval
were prioritized. A graphical evaluation of all curves
was then performed to exclude artifacts such as typi-
cal arterial pulses and discrepancies without clinical
explanation. Therefore, those minutes were prioriti-
zed in which the pulse amplitude showed little varia-
tion and that did not belong to the first morphologies
(period of adaptation and accommodation). Finally,
the curve with the smallest confidence interval and
the highest percentage of useful pulses was selected
(FIGURE 3).

After contacting the participant, descriptive data
were collected based on clinical history and informa-
tion from the electronic medical record. These data
were recorded on an electronic form for subsequent
statistical analysis.

210
I ———  T2=0345s
204 ““
‘ Rel P2/P1=0.99[0.92, 1.05]
2084 Pulsos uteis =63 (97%)
FC = 65[63, 66]bpm
Time to Peak =0.22[0.20,0.22]

T1=0210s

T1=0.185s
T2 =0.300s

Rel. P2/P1 =1.28[1.22.1.34]
Pulsos Gteis = 72 (98%)

FC =74(73, 75]bpm

Time to Peak=0.23[0.23.0.24]

See 2 examples of braindcare’s system output: above there is a nonpathological pulse wave where P2/P1<1; while below there is a
pathological morphology with P2/P1>1.

FIGURE 3. Examples of ICPni pulse morphology.
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The following descriptive data were collected: me-
dical record number; full name; date of birth; mother’s
name; sex; education; date of hospitalization; comor-
bidities; medications in continuous use; medications
for in-hospital use; whether there was a previous neu-
rological event; social habits (alcoholism, smoking,
and related burdens); family history; anthropometric
measurements (weight, height); blood pressure; clas-
sification and etiology of liver disease; date and time
of monitoring; participant’s mental status; HE clas-
sification; and clinical history of previous HE. With
regard to laboratory tests, the following were collec-
ted: INR (most recent, maximum); prothrombin time;
prothrombin activity; activated partial thromboplas-
tin time; albumin; total bilirubin and fractions; GOT/
AST; GPT/ALT; gamma-glutamyl transferase; alkaline
phosphatase; serum creatinine. The most recent labo-
ratory test results available, typically from the same or
previous day, were recorded. The results were used
to calculate the Model for End-Stage Liver Disease
(MELD) score and Child-Pugh classification.

Data treatment

For the descriptive characteristics of the control
group and the group with HE, the Shapiro-Wilk nor-
mality test was applied to the quantitative and ordi-
nal qualitative variables, followed by the #test for
those with verified normality and the Mann-Whitney
test for the others.

To evaluate whether the groups with and without
HE show a statistically significant difference in ICC,
assessed by the parameters P2/P1, TTP and P2/P1xT-
TP, a normality test was performed and the t-test or
Mann-Whitney test was applied, depending on the
best indication.

Finally, to evaluate the usefulness of ICP pulse
morphology as a predictor of the presence of HE,
diagnostic tests were performed estimating the sen-
sitivity and specificity of each parameter (P2/P1 and
TTP) over a spectrum of possibilities. By tabulating
the sensitivity (true positive rate) by 1-specificity (fal-
se positive rate) for each threshold, the correspon-
ding receiver operating characteristic (ROC) curve
was found, which can be measured by the parameter
area under the ROC curve (AUROC) — calculated by
a non-parametric method analogous to the Willco-
xon/Mann-Whitney test.

(JALN Arq Gastroenterol e 2024. v. 61:624057

RESULTS

A total of 41 liver disease patients were evaluated,
however, due to the poor quality of ICP monitoring,
three participants had their ICPni retaken and the
data of 1 participant was discarded. Thus, 20 liver
disease patients who did not present clinical signs of
HE (59.5£9.3 years; 70.0% male) were evaluated as
a control group and, as a test group, 20 liver disease
patients presenting a clinical picture indicative of HE
(59.6+11.9 years; 65.0% male).

The groups had similar levels of education, but
the group without HE practiced harmful social ha-
bits with greater prevalence and intensity. Alcohol-
ism was a habit for 75% of participants without HE,
while it was practiced by 60% of those with HE — the
average alcohol load was 65 vs 7 doses/week, respe-
ctively. Smoking was practiced by 55% (average smo-
king history: 22.1 pack-years) of liver disease patients
without HE, while 40% (average smoking history: 7.0
pack-years) of those with HE smoked. There were no
other significant differences between the groups re-
garding demographic aspects and habits.

In terms of comorbidities, the groups had similar
profiles. The prevalence of diagnosed cirrhosis, dia-
betes mellitus (DM), hypertension, and obesity for
the group without HE compared to the group with
HE [X%/X%] were: 90/70, 65/45, 40/40, and 5/15.

Regarding the etiology of liver disease, both
groups had a higher prevalence of CLD (95%) com-
pared to ALF (5%) at the time of enrollment. Partici-
pants with CLD were classified according to Child-
Pugh: the prevalence of A, B and C [%/%/%] was
52.6/30.8/10.5 in those without HE and 0.0/52.6/47.4
in those with HE. The difference between MELD sco-
res was also statistically significant (P=0.0322; power
86.5%): the mean score was 14.0+7.8 for the group
without HE and 20.2+9.7 for the group with HE.

In addition, the etiologies of CLD often overla-
pped. The most common etiologies of CLD in the
groups without and with HE were [X%/X%)]: cirrhosis
of alcoholic origin (57.9/36.8), non-alcoholic hepa-
tic steatosis (26.3/36.8), viral hepatitis (21.5/15.8),
hepatocellular carcinoma (15.8/5.3), autoimmune
causes (5.3/15.8), hemochromatosis (0.0/10.5), pri-
mary biliary cirrhosis (5.3/5.3), other (0.0/10.5), and
unknown causes (0.0/15.8).
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After data collection, participants were matched
for clinical characteristics. Although patients with HE
tended to have lower systemic blood pressure, there
were no statistically significant differences between
the groups. In addition, since non-selective beta-blo-
ckers (BB) are used to control portal hypertension in
chronic liver disease, it is worth noting that 50% of
participants without HE were taking some type of BB
continuously or in the hospital, while this number
reached 65% among those with current HE.

Also, according to the most recent laboratory
data available in the electronic medical records, the
groups were statistically similar except for prothrom-
bin activity (63.6£31.0% vs 46.3£13. 6%; P=0.0048),
albumin (3.4£0.8g/dL vs 2.9+0.5g/dL; P=0.0253), and
serum creatinine (0.9+0.3mg/dL vs 1.3+0.8mg/dL;
P=0.0403), which were more critical in patients with
current HE (TABLE 1).

Regarding mental status, among those without
HE®, only one was lethargic and the rest were nor-
mal. Among those with HE®”, 70% were lethargic,
10% were in delirium, 10% were obtunded, and 10%
were in coma.

TABLE 1. Clinical and laboratorial data.

For the group with HE, the encephalopathy was
classified, with 1 of the participants being type A
(acute) and the rest"” being type C (chronic). Of
the chronic cases, 47.4% were further subclassified as
precipitated episodic HE (Ia), 10.5% as spontaneous
episodic (Ib), 15.8% as recurrent episodic (Ic), 10.5%
as mild persistent (Ila), and 15.8% as severe persis-
tent (IIb). Considering types A and C, clinical factors
predisposing to HE were identified in half (50%) of
the participants with HE — the recurrent ones were:
constipation, erysipelas, upper gastrointestinal blee-
ding, urinary tract infection, spontaneous bacterial
peritonitis and drug intoxication.

Regarding ICPni monitoring, the average percent-
age of useful pulses for each group was 97.2+1.6%
for the group without HE and 94.0+7.0% for the
group with HE, indicating a statistically significant
difference in the quality of monitoring (unpaired
rtest: two-tailed P=0.048). This difference is partly
explained by the myoclonus and underlying tremor
that make up the clinical picture of HE.

When evaluating the P2/P1 ratio, the Shapiro-Wilk
W test was significant (2=0.0123), indicating that the

Clinical and laboratorial data Without HE With HE

Total N=20 N=20

Avarage weight (kg) 74.4 83.2

Avarage height (cm) 172.5 167.2

Systolic blood pressure (mmHg) 115.3 114.5 P=0.8895
Diastolic blood pressure (mmHg) 71.8 66.15 P=0.1379
Heart rate (bpm) 73.2 77.2 P=0.4607
INR - maximum 1.6£0.7 2.2+1.0 P=0.0523
INR - most recent 1.5+0.6 2.0+£1.0 P=0.0617
Prothrombin time (sec) 19.7+6.8 241117 P=0.1616
Prothrombin activity (%) 63.6+£21.0 46.3+13.5 P=0.0048*
Activated partial thromboplastin time (sec) 39.4+7.3 42.4+11.0 P=0.3055
Albumin (g/dL) 3.4+0.8 2.9+0.5 P=0.0253*
Total bilirubin (mg/dL) 2.9+7.1 7.3+9.4 P=0.0977
Indirect bilirubin (mg/dL) 0.8+1.6 1.8+2.1 P=0.0816
Direct bilirubin (mg/dL) 2.1£5.6 55+7.5 P=0.1066
AST - aspartate aminotransferase (IU/L) 85.4+193.9 144.7+258.0 P=0.4326
ALT - alanine aminotransferase (UI/L) 59.7+£129.1 68.4+82.1 P=0.8053
Gamma-glutamy! transferase (IU/L) 119.7+£72.1 134.7+£82.2 P=0.5724
Alkaline phosphatase (1U/L) 182.0+124.6 154.4+68.5 P=0.4010
Serum creatinine (mg/dL) 0.9+0.3 1.3+0.8 P=0.0403*

HE: hepatic encephalopathy. *Statistically significant difference between groups (P<0.05).

Arq Gastroenterol ® 2024. v. 61:624057 /AL



Fernandes LK, Barbosa RC, Godoy MF

Non-invasive method of monitoring intracranial pressure for the evaluation of hepatic encephalopathy

parameter does not follow a normal distribution.
Comparative evaluation of the P2/P1 ratio using the
Mann-Whitney test indicated that the groups were
not statistically different (two-tailed P=0.2978). The
median P2/P1 ratio for each group was 1.33 for the
group without HE and 1.25 for the group with HE.

The mean and median TTP values for each group
were 0.26+0.06 [0.25] for the group without EH and
0.22+0.07 [0.22] for the group with EH. The Shapiro-
-Wilk W test was significant (P=0.0237), indicating
that the parameter did not follow a normal distri-
bution. Comparative assessment of TTP using the
Mann-Whitney test suggests a statistically significant
difference between the groups (two-tailed P=0.0282;
median difference=0.04). Furthermore, to control
TTP by HR, since these variables are expected to
be inversely correlated, it was found that HRXTTP
has a statistically normal distribution (Shapiro-Wilk
W: P=0.7531) and does not have a statistically signifi-
cant difference (unpaired ~test: two-tailed P=0.2914)
between the groups without and with HE.

The mean and median values of the P2/P1xXTTP
ratio for each group were 0.37+0.16 [0.34] for the
group without HE and 0.28+0.14 [0.27] for the group
with HE. The distribution is not statistically normal
(Shapiro-Wilk W: P=0.0017). Comparative evaluation
of the P2/P1XTTP relationships using the Mann-Whit-
ney test suggests that the groups are not statistically
different at the 5% significance level (P=0.0524), but
since the P value is extremely close to 0.05, it is pos-
sible that this statistical difference will occur with a
larger sample size and thus greater power of the test.

ICPni pulse morphologies also varied between the
different clinical grades of HE stratified by WHC gra-
des (TABLE 2). The composition of patients with HE
was asymmetric for the mildest grades, with grade 1:
35%, grade 2: 45%, grade 3: 10%, and grade 4: 10%.
The low sampling power does not allow to conclude
statistically significant differences between grades.

In this context, the optimal cutoff points for P2/
P1 and TTP were selected by analyzing the ROC cur-
ve (FIGURE 4). The P2/P1 parameter obtained an
AUROC estimated by the Wilcoxon test of 0.5975,
with a DeLong standard error of 0.0935. The selected
threshold for P2/P1 was 1.31, with a sensitivity of
60% and a specificity of 75%. The TTP parameter ob-
tained an AUROC estimated by the Wilcoxon test of
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TABLE 2. ICPni pulse morphology by WHC grades.

:ﬁggh%l:f:y W e L e
Without HE 1374035 0.26:0.06 0.37:0.16
With HE 1231026 0.22:0.07 0.28+0.14
WHC Grade 1 35% 1.3620.20 0.25:0.06 0.35:0.14
WHC Grade 2 45% 1.21:0.28 021:0.06 0.26+0.11
WHC Grade 3  10% 1.2740.03 0.27:0.02 0.35:0.03
WHC Grade4  10% 0.860.03 0.10:0.06 0.08+0.05
Total 1314031 0.24:0.07 0.32:0.15

HE: hepatic encephalopathy; ICPni: non-invasive intracranial pressure;
WHC: West-Haven Criteria; TTP: time to peak.
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FIGURE 4. ROC Curve to assess P2/P1 and TTP threshold.

0.7013, with a DeLong standard error of 0.0857. The
optimal threshold selected for TTP was 0.22, with a
sensitivity of 90% and a specificity of 45%.

DISCUSSION

The pathophysiology of liver disease is not yet
fully understood. From a hemodynamic perspective,
CLD is recurrently associated with arterial hypoten-
sion and portal hypertension - often generating a
state of hyperdynamic circulation. Also, insufficient
protein synthesis leading to a decrease in colloid
osmotic pressure, an increase in hydrostatic pressu-
re due to a multiplication of vascular resistance in
the liver, an increase in sympathetic tone, the load



of pro-inflammatory cytokines and nitric oxide are
some of the mechanisms that justify these changes.

In addition, cirrhosis - the final stage of CLD - is
often associated with harmful habits such as alcoho-
lism (cirrhosis of alcoholic origin) and obesity (non-
-alcoholic hepatic steatosis). Therefore, several liver
diseases are comorbid with cardiovascular diseases
such as DM and high BP. Each of these diseases has
its own therapy, but antihypertensive therapy plays
a special role from a hemodynamic point of view. In
this context, non-selective beta-blockers to control
portal hypertension are also added to the prescrip-
tions - further compromising the maintenance of an
adequate mean arterial BP to maintain CPP.

On the other hand, one of the systemic manifesta-
tions of liver disease, hepatic encephalopathy, still has
ambiguous hemodynamic behavior. It is a syndrome
with multiple pathophysiologies, whether metabolic
encephalopathy (e.g., hyperammonemia), cerebral
atrophy, cerebral edema, or a combination of these
conditions. The medical literature correlates higher le-
vels of HE with progressive increases in intracranial
edema and hypertension, in addition to worsening
CPP and greater impairment of neurotransmitter sys-
tems. The prevalence of comorbidities and the hetero-
geneous clinic make it difficult to have a clear patho-
physiological explanation. In this sense, the classical
mechanism of increased CPP in ICH, synthesized in
Cushing’s triad, may be compromised in HE: the in-
crease in nitric oxide levels and the dysfunction in the
GABAergic and glutamate systems are some of the
mechanisms that would justify this dysfunction in per-
fusion compensation. Thus, the dynamics of systemic
blood pressure in a patient with HE cannot be clearly
determined. ICP, which is closely correlated with arte-
rial pressure because it is determined by extravasation
from the choroid plexus, is also uncertain.

The present study investigated the association of
ICP with the presence of HE and its different clini-
cal grades. A diagnostic test was also performed to
evaluate the accuracy of using non-invasive ICP mor-
phology parameters as predictors of HE. A diagnostic
test, if accurate, should provide status information
and suggest management of a patient. However, in
order to do this, the evaluated test must be com-
pared to the gold standard, which should correctly
assess the evaluated condition. This assessment can
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be challenging when the gold standard is clinical and
passive of relative subjectivity. This is the case of HE:
which represents subclinical states and prevalence
correlated with other comorbidities.

The present study separates statistically signifi-
cant differences in the morphological patterns of ICP
between the groups evaluated, as well as trends in
the parameters. The difference in P2/P1 ratio was
not significant (Mann-Whitney: two-tailed P=0.2978);
however, TTP proved to be a parameter with a sig-
nificant difference between groups (Mann-Whitney:
two-tailed P=0.0282; median difference = 0.04).
A subsequent ROC curve analysis suggested P2/
P1=1.31 (AUROC: 0.5975) and TTP=0.22 (AUROC:
0.7013) as optimal cutoff points, where the presence
of HE in liver disease would be associated with para-
meters below these limits.

In addition, the clinical description of the study
participants may provide clues for the management
of these patients: factors predisposing to the HE crisis
were identified in 50% of the participants with HE.
All of these factors have a well-described prognostic
value in the literature, a detailed specific management
and are often treated with continuous prophylaxis.

Despite these findings, clinical heterogeneity and
low sample power may be limiting factors for con-
clusions about the morphologic patterns of ICPni.
Furthermore, normality standards for ICPni have not
been described in the literature. New technologies
may change these paradigms.

Regarding the method chosen to evaluate ICP and
ICC, the brain4care® system has consolidated in the
literature — several articles have been published since
2013 with applications in the most diverse fields*.
For example, this technology has been used to assess
ICC in dialysis patients with end-stage renal disease.
Rickli et al. found a normalization of the P2/P1 ratio
after dialysis®?. More recently, Ballestero et al. found
a significant non-linear relationship between ICPi
and ICPni in the assessment of ICH. However, there
was no significant association between compliance
parameters (P2/P1, TTP and P2/P1XTTP) and ICH
(ICP >22 mmHg) or neurological prognosis (measu-
red by Glasgow scale). In the ROC curve analysis to
evaluate ICH, the P2/P1 ratio was found to have a
sensitivity/specificity/accuracy (%) of 100/62/64 for
ICPi and 54/50/50 for ICPni®?.
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Thus, in line with the literature and the afore-
mentioned studies, the growing applicability of
non-invasive technologies in scientific investiga-
tions is evident.

CONCLUSION

The use of the braindcare® BWS device proved
to be feasible in patients with liver disease without
or with clinical signs of hepatic encephalopathy and
was able to differentiate them. However, due to the
small sample size, a larger case series, a better un-
derstanding of the intracerebral hydrodynamic pictu-
re in hepatic encephalopathy, and the need for lon-
ger-term clinical follow-up are required for definitive
pathophysiological explanations.
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Fernandes LK, Barbosa RC, Godoy MF. Método ndo invasivo de monitoriza¢do da pressdo intracraniana para avaliacdo de encefalo-

patia hepatica. Arq Gastroenterol. 2024;61:€24057.

RESUMO - Contexto — Doencas hepaticas frequentemente cursam com encefalopatia hepatica (EH), cuja fisiopatologia pode envolver
aumento da pressdo intracraniana (PIC). Ferramentas de monitorizacio da PIC e da sua morfologia de pulso podem ser Gteis para
avaliacio da EH. A utilizacio de um procedimento ndo invasivo e sensivel seria extremamente Gtil na conducdo desses casos. Ob-
jetivo — Avaliar a factibilidade e o desempenho de um método inédito e ndo invasivo de monitorizacio da PIC, como alternativa
aos métodos invasivos, e correlacionar o diagnostico clinico de EH aos achados morfologicos da PIC. Métodos — Trata-se de um
estudo analitico transversal, conduzido em um hospital tercidrio e pioneiro na aplicacio do equipamento BWS da brain4care®. A
morfologia de pulso da PIC € paralela a arterial, onde existem trés picos frequentes: pico de percussio (P1), pelo plasma extravasado
pelo plexo coroide; onda de maré (P2), pelo grau de complacéncia intracraniana a reflexdo de P1, e incisura dicrética (P3), pelo
fechamento da valva aoértica. A normalidade aponta P1>P2>P3. Esses picos determinam a complacéncia intracraniana através de sua
relacdo com o volume sanguineo cerebral, onde a relagdo de alturas P2/P1 >1 sugere uma morfologia patoldgica, com aumento
sustentado da PIC e diminui¢do da complacéncia. Outra forma de avaliar isso seria por uma alteracio no tempo até o pico (Time-
-to-Peak, TTP). Esses dados foram comparados entre pacientes sem e com quadro clinico indicativo de EH. O estudo foi aprovado
pelo Comité de Etica em Pesquisa da Instituicio pelo parecer nimero 5.493.775. Resultados — Foram avaliados 40 hepatopatas, dos
quais, no momento da coleta, 20 nio apresentavam quadro clinico de EH (59.5£9.3 anos; 70.0% masculinos) e 20 possuiam quadro
clinico de EH (59.6£11.9 anos; 65.0% masculinos). Os grupos sdo demogrifica, clinica e laboratorialmente semelhantes; e foram
identificadas diferengas estatisticamente significantes nos padrdoes morfologicos da PIC entre os grupos avaliados, bem como ten-
déncias nos parimetros. A diferenca na relacao P2/P1 ndo se mostrou significante (Mann Whitney: P bicaudal = 0.2978); porém TTP
mostrou-se como um pardmetro com diferenca estatisticamente significante entre os grupos (Mann Whitney: P bicaudal = 0.0282;
diferenca mediana = 0,04). A andlise pela estatistica C, por meio da curva ROC sugeriu como pontos de corte 6timos um P2/P1=1.31
(AUROC: 0.5975) e TTP = 0.22 (AUROC: 0.7013), onde a presenca de EH em hepatopatas estaria associada a obtenc¢do de pardmetros
abaixo desses limiares. Conclusao — A utilizacio do sistema BWS da brain4care® mostrou-se factivel para utilizacdo em pacientes
hepatopatas sem ou com quadro clinico de EH e foi capaz de diferencid-los. As explicacoes fisiopatologicas, porém, necessitam
ainda de maior casuistica, face ao baixo poder amostral constatado, melhor entendimento do quadro hidrodindmico intracerebral
na encefalopatia hepatica, heterogeneidade clinica e necessidade de seguimento em mais longo prazo, para conclusoes definitivas.

Palavras-chave — Encefalopatia hepatica; pressdo intracraniana; hepatopatias; brain4care.
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