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Abstract

Purpose Individuals with TBI are at risk of intracranial hypertension (ICH), and monitoring of intracranial pressure (ICP) is
usually indicated. However, despite many new noninvasive devices, none is sufficiently accurate and effective for application
in clinical practice, particularly in the management of TBIs. This study aimed to compare the noninvasive Brain4Care system
(nICP) with invasive ICP (iICP) curve parameters in their ability to predict ICH and functional prognosis in severe TBI.
Methods Observational, descriptive-analytical, and prospective study of 22 patients between 2018 and 2021, simultaneously
monitored with nICP and iICP. The independent variables evaluated were the presence of ICH and functional prognoses.
The dependent variables were the P2/P1 pressure ratio metrics, time to peak (TTP), and TTP x P2/P1.

Results We found a good nonlinear correlation between iICP and nICP waveforms, despite a moderate Pearson’s linear cor-
relation. The noninvasive parameters of P2/P1, P2/P1 X TTP, and TTP were not associated with outcomes or ICH. The nICP
P2/P1 ratio showed sensitivity/specificity/accuracy (%) of 100/0/56.3, respectively for 1-month outcomes and 77.8/22.2/50
for 6-month outcomes. The nICP TTP ratio had values of 100/0/56.3 for 1-month and 99.9/42.9/72.2 for 6-month outcomes.
The nICP P2/P1 X TTP values were 100/0/56.3 for 1-month outcomes and 81.8/28.6/61.1 for 6-month outcomes.
Conclusion Brain4Care’s noninvasive method showed low specificity and accuracy and cannot be used as the sole means
of monitoring ICP in patients with severe TBI. Future studies with a larger sample of patients with P2 >P1 and new nICP
curve parameters are warranted.

Keywords Traumatic brain injury - Intracranial pressure - Non-invasive techniques - Intracranial hypertension - Prognosis

Introduction intracranial pressure below 22 mmHg is vital to TBI inter-

ventions such as surgeries or the modification of hemody-

Traumatic brain injury (TBI) is a major cause of death and
disability worldwide, affecting mainly individuals of work-
ing age. It is a complex health condition with considerable
economic and social costs and, therefore a public health
problem, especially in developing countries [13]. The moni-
toring of intracranial pressure (ICP) is a cornerstone of the
clinical management of severe TBI. The maintenance of
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namic parameters [12, 15].

The gold standard of ICP monitoring in TBI is the sur-
gical insertion of an intracranial sensor to obtain meas-
urements [39]. The three main sites for sensor placement
are intraventricular, intraparenchymal, and subdural [39].
Although useful for monitoring patients with severe head
trauma, invasive ICP monitoring is associated with a num-
ber of complications, including hemorrhage, obstruction,
mispositioning, infection, and, in asymmetric hemispheric
lesions, a loss of accuracy. It also necessitates a neurosurgi-
cal procedure [4].

Absolute ICP values are clinically useful and are applied
in several protocols. However, the diagnostic significance of
other parameters of the ICP wave is often underestimated.
The ICP waveform morphology has its own tracing, similar
to that of the arterial pulse waveform, with three frequent
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peaks: the percussion wave (P1), the tidal wave (P2), and the
dicrotic wave (P3) [3]. Another useful value is the time to
peak (TTP), which is defined as the time between the onset
of the ICP wave and its highest value [9].

The first mention in the literature of these three com-
ponents of the ICP curve (P1, P2, and P3 peaks) was by
Gega et al. [30] Miller et al. went on to demonstrate that an
increase in the P2 component that exceeded P1 corresponded
to an increase in the ICP wave [38]. Contant et al. were the
first to consider that the rounded shape of the ICP, with cen-
tering of the wave peak (calculated by them with the spec-
tral centroid but calculated in the present work using TTP),
could be related to intracranial hypertension [16] (Fig. 1).

However, despite new devices appearing in the medical
literature each year that promise to be noninvasive alterna-
tives for the measurement of ICP, none, as yet, is sufficiently
accurate and effective for widespread use in clinical practice,
particularly in the management of TBI [48]. Currently, most
noninvasive devices for monitoring ICP in TBI use the fol-
lowing measures: pressure on the anterior fontanelle, diam-
eter of the optic nerve sheath, venous ophthalmodynamom-
etry, tympanometry, tissue resonance analysis, tonometry,
acoustoelasticity, otoacoustic emissions, transcranial Dop-
pler, electroencephalogram (EEG), near-infrared spectros-
copy, and pupillometry. None of these approaches is widely
used in clinical practice [34, 36, 47].

Since 2013, many articles have been published on the use
of the Brain4Care® system in various diseases with variable
results [2, 5, 8, 10, 19, 27, 40-44]. The system uses a strain
gauge sensor on the scalp, enabling noninvasive monitoring
of ICP (nICP). However, to the best of our knowledge, the
present study is the first prospective comparison of this sys-
tem with standard invasive devices (iICP) in TBI.

P3

Elevated ICP
(decreased compliance)

normal ICP
(normal compliance)

Intracranial Pressure (mmHg)

L

Fig. 1 Behavior of P1, P2, and P3 waves in a compliant and non-
compliant brain, in the lower curve the wave P1>P2 (normal brain)
and smaller TTP and in the upper curve P2>P1 (lack of compliance
of the system) and higher TTP
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This work aimed to compare the accuracy of this nICP
(Brain4Care) device with that of invasive ICP (iICP) curve
parameters (the gold standard) in the prediction of intracra-
nial hypertension (ICH) and functional prognoses in patients
with severe TBI. Based on this comparison, we aimed to
determine the potential applicability of nICP monitoring in
clinical practice.

Material and methods
Patients

This was an observational, descriptive-analytical, and pro-
spective study conducted in a tertiary hospital that receives
TBI referrals. Patients were simultaneously monitored with
iICP and nICP, and the waveforms and clinical parameters
of the two were compared.

The study was conducted between March 2018 and May
2021. Inclusion criteria were age over 14 years, diagnosis of
severe TBI, and clinical indication for ICP monitoring (with
parenchymal and ventricular catheters). Exclusion criteria
were decompressive craniectomy or a surgical approach
to cerebral contusions prior to sensor placement for ilCP
monitoring, skin conditions, or other clinical conditions that
precluded the positioning of sensors for nICP monitoring,
complex or misaligned skull fractures that caused instabil-
ity and deformation. There were 22 patients included in the
study. All patients were followed up on an outpatient basis
for up to 6 months.

The independent variables evaluated were the presence
of ICH (defined as ICP greater than 22 mmHg for more
than 5 min [12]) and functional prognoses, as determined by
Glasgow Outcome Scale (GOS) scores (scoring 1-5, where
1, death and 5, good recovery, minor neurological deficits) at
1, 3, and 6 months, obtained from patient medical records or
by contacting the family by telephone. The dependent vari-
ables were the P2/P1 ratio metrics, TTP, and TTP x P2/P1.

Ethics statement and patient consent

This study was conducted in accordance with the tenets of
the 2013 revision of the Declaration of Helsinki and was
approved by the Ethics Committee of the Clinical Hospital
of the Faculty of Medicine of Ribeirdo Preto (3.994.848).
Written informed consent to participation and publication
was obtained from the legal representative of each patient.

Monitoring
All patients in this study underwent simultaneous invasive

(gold standard) and noninvasive ICP monitoring. For iICP
monitoring, a sensor (invasive Codman®-Integra, Raynham,
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MA, USA) was inserted through Kocher’s point in the
affected cerebral hemisphere and, in cases of diffuse edema,
in the right cerebral hemisphere. Invasive monitoring was
continued for as long as clinically justified.

For nICP monitoring, the Brain4Care® (Sao Carlos, Sao
Paulo, Brazil) system was used. When using this system, an
electrical resistance strain gauge is applied to the external
surface of the skull. This is based on the hypothesis that, as
the skull is not completely rigid, changes in ICP result in
small but measurable expansions of the skull, with no need
for a surgical implant [11]. A sensor is placed on the skin
and attached with elastic tape. This is able to measure cra-
nial deformation through a system of built-in strain gauges,
generating a noninvasive ICP curve (Fig. 2).

The noninvasive system (sensor and equipment) was
applied by the researchers at the bedside in the intensive
care unit after the procedure for invasive monitoring had
been performed. The noninvasive monitor can record ICP
information (number and waveform) obtained from both
invasive and noninvasive methods, providing information
for immediate interpretation and later analysis.

Noninvasive monitoring was performed for as long as
iICP measurement was necessary. Rotation of the area of
installation of the noninvasive device was carried out every
2 h by the nursing team under the supervision of the respon-
sible researcher and collaborators to avoid pressure-induced
skin injury. No wave difference was found in different meas-
urement sites.

Initially, all data obtained (total of 12,081 min of moni-
toring) from the nICP and iICP curves were automatically
processed using Brain4Care Analytics software [6] into indi-
vidual units, each representing a wave of nICP and iICP with
P1, P2, and TTP. These units were first grouped into 1-min
intervals and then into 10-min intervals and the averages

Fig. 2 Infographic illustrat-

ing invasive and noninvasive
monitoring. A brace is installed
circumferentially on the skull.
The sensor transmits invasive
and non-invasive information
obtained to a monitor simul-
taneously, then the intensivist
can use the invasive values for
clinical performance and the
non-invasive data are stored for
research. ICP, intracranial pres-
sure; TTP, time to peak iicp

ilCP cable

nICP cable

ilCP waveform
nlCP waveform

Absolute value of ICP

Fixing device

of P2/P1 and TTP were calculated, generating 3565 aver-
age pulses. Afterward, a noise signal filter was applied to
remove artifacts, leaving 1241 average pulses. These were
processed to obtain receiver operating characteristic (ROC)
curves. ROC curve analysis was performed using software
developed by Johns Hopkins University [25].

The calculations were performed using category 1 analy-
sis, which accounts for the severity of each parameter, using
a scoring scale of 1-6, with known negatives scoring 1 and
certain positives as 6. Table 1 shows the graduations and
values used for the parameters analyzed.

We applied Isomap nonlinear dimension reduction to all
points obtained from the nICP curve, reducing them to a
low-dimensional set projected onto a graph. This technique
projects the pulses into a bi-dimensional space (K1 and K2)
to compare the entire waveform shapes of the invasive and
noninvasive ICP signals [46] (Fig. 3).

Isomap is a non-linear dimensionality reduction
method. It is a widely used low-dimensional embedding
method. Isomap is used to calculate a low-dimensional

Table 1 Parameters used to create the ROC curve according to Johns
Hopkins University School of Medicine Online ROC Curve Calculator
(http://www.rad.jhmi.edu/jeng/javarad/roc/TROCFITi.html)

Note Description P2/P1ratio TTP  P2/P1XTTP GOS

1 Definitely negative <1 <023 <0.31 5

2 Probably negative 1 023 0.3l -

3 Possibly negative 1.1 024 032 -

4 Possibly positive 1.2 0.25 0.33

5 Probably positive 1.3 026 0.34 3

6 Definitely positive >1.4 >0.27 >0.35 <3

TTP, time to peak; GOS, glasgow outcome scale

Cover of
sensor

Strain gauge
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Fig. 3 Flowchart showing the steps used to calculate and design Isomap. Fourier transform is a mathematical model to transform the signals

from time domain to frequency domain

quasi-isometric embedding obtained from a set of high-
dimensional data points (ICP P1, P2, and P3 points and
the P2/P1 and TTPA). In the present study, all the points
obtained from the nICP curve in its wave-by-wave record
is a high-dimensional set that can be reduced to a low-
dimensional set and projected on a graph. The Isomap
algorithm provides a method for estimating the intrinsic
geometry of a dataset based on a rough estimate of each
point’s neighbors. Isomap is highly efficient and generally
applicable to a wide range of data sources and dimension-
ality especially meteorology and astrophysics which deal
with high dimensional datasets [46].

Results

Twenty-five patients were monitored between March 2018
and March 2021, but only 22 were included in the study
(Appendix) as the data from three patients (#1, #6, and #9)
were unusable due to poor quality monitoring signals. Intra-
ventricular iICPs were kept closed during the study.

Linear and nonlinear ICP comparisons

The values of all validated pulses of all patients were
obtained both invasively and noninvasively so, after filtering
by the signal-to-noise ratio, the nonlinear Isomap technique
was used to project the pulses into a two-dimensional space.
In this way, it was possible to evaluate the behavior of the
iICP and nICP waves in relation to K1 and K2 (projections
in two Isomap planes), P2/P1, TTP, and P2/P1 X TTP. The
Pearson’s linear correlations (p) for K2 and P2/P1 showed
moderate correction, with values of 0.49 and 0.52, respec-
tively. Nonlinear analysis of the MI found a relationship
between the curves with respect to K2 (MI=0.65), TTP
(MI=0.69), and P2/P1 X TTP (MI=0.75) (Table 2).

@ Springer

ICP waveforms and absolute ilCP values

According to the ROC curve, the iICP waveform in the
context of ICH (defined as > 22 mmHg) had a sensitivity of
100%, specificity of 62.1%, and accuracy of 63.8% to predict
ICP above this value. The invasive P2/P1 X TTP ratio was
statistically significant for the prediction of ICP >22 mmHg
when its value was greater than 0.31, with a sensitivity of
96.4%, specificity of 54.5%, and accuracy of 56%. However,
the nICP parameters showed no strong relationships between
P2/P1>1.2, P2/P1>1.3, P2/P1> 1.4, P2/P1 X TTP>0.31,
and TTP > 0.25 (Table 3).

ICP waveforms and prognosis

A comparison of the results with the clinical outcomes measured
by the GOS found that the worsening of the mean value of iICP
was associated with outcomes (Table 4). This value showed a
sensitivity of 100% for outcomes at 1 month and 88.9% for out-
comes at 6 months (cut-off value of ilCP of >22 mmHg).
Regarding the ICP waveform parameters, the nICP P2/P1
ratio showed a sensitivity of 100% for outcomes at 1 month
and 77.8% for outcomes at 6 months, while that of the iICP

Table 2 Pearson’s correlation between iICP and nICP in relation to
K1 and K2 (Isomap), TTP, P2/P1, and P2/P1 X TTP

K1 K2 TTP P2/P1 P2/P1XTTP
P 0.312 0.491 -0.013 0.525 0.173
Ml 0.444 0.653 0.694 0.366 0.751

p ranges from—1 to+1, with zero unrelated between the variables
and the extremes as perfect correlations

MI, mutual information normalized boo from 0 to 1 with 1 being a
perfect correlation

TTP, time to peak; i/CP, invasive intracranial pressure; n/CP, nonin-
vasive intracranial pressure

Highlighted are the correlations considered strong

In bold correlations considered strong
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Table 3 Relation obtained by the ROC curve between iICP/nICP parameters and ICP greater than 22 mmHg. TTP, time to peak; iICP, invasive
intracranial pressure; nICP noninvasive intracranial pressure. Yellow: invasive ICP. Green: non-invasive ICP

P2/P1  P2/P1x TTP  P2/P1  P2/P1 P2/P1 P2/PIxT  TTP
Parameters (lcP)  TTP (GICP) nICP  nICP nICP TP >0.31 (nICP)
>1,2)  (iICP)> >025 >12 >1.3 >1.4 @ICP)  >0.25
0,31
sensitivity 100% 94.6% 94.6% 53.6% 33.9% 268% 268% 0%
specificity 62.1% 54.5% 57%  49.7% 63.9%  73.6%  49% 57.1%
accuracy 63.8% 56.0% 58.7% 499% 62.5%  T71.5% 48% 54.6%
AUC 0.828 0.764 0.754 0.484 0.487 0.497 0.373 0.25

showed sensitivities of 100% and 71.4% for the same out-
comes. The nICP TTP ratio had a sensitivity of 100% for
outcomes at 1 month and 90.9% for outcomes at 6 months,
while the TTP ratio of the iICP had sensitivities of 100% and
80.0% for the same outcomes. The nICP P2/P1 X TTP had a
sensitivity of 100% for outcomes at 1 month and 81.8% for
outcomes at 6 months, while the iICP P2/P1 X TTP had sensi-
tivities of 100% and 87.5% for the same outcomes (Table 5).

Discussion

An ideal noninvasive system for monitoring ICP is the holy
grail of neurocritical care practice and neurosurgery. If avail-
able, it would have a wide range of applications in neurol-
ogy, neuroscience, and translational medicine, from exercise
physiology to aerospace medicine [20].

The Brain4Care noninvasive monitoring device was
cited in 50 papers between 2013 and 2022. Apart from
experimental and non-original papers, most of these arti-
cles were piloting the use of the device in patients with
various neurological and non-neurological conditions.
These included cryptococcal meningitis [5], renovascu-
lar hypertension [26], pediatric hydrocephalus [2], obe-
sity [8], critical COVID-19 [10], end-stage renal disease
[41], pregnancy [19], patients sedated for gastrointestinal

Table 4 Relationship between mean ICP and functional outcome at 1,
3, and 6 months

ilCP-average value

GOS Im GOS 6m
Average value Accuracy 43.80% 61.10%
Sensitivity 100.00% 88.90%
Specificity 0.00% 33.30%
AUC 0.75 0.75

In bold correlations considered strong

endoscopy [24], sedentary chronic stroke patients [40],
hemodialysis patients [42], prostatectomy surgery patients
[45], fibromyalgia [33], cardiovascular surgery patients
[1], diabetes and chronic kidney disease [35], and migraine
[14]. To the best of our knowledge, this is the first prospec-
tive study to compare the Brain4Care noninvasive method
with the invasive gold standard in TBI.

As has been previously noted, ICP is much more than a
number. Its complex waveform has led some previous authors
to compare invasive and noninvasive ICP curves. Frigieri et al.
used Isomap analysis to analyze the data of seven patients
monitored by iICP and nICP (Brain4Care) simultaneously
with invasive radial arterial pressure. The patients had spon-
taneous hemorrhages, TBIs, or brain tumors. A strong cor-
relation was found between iICP and nICP, and there was a
statistically significant difference when these waveforms were
compared to the arterial invasive blood pressure wave [27].

Gomes et al. compared the iICP and nICP curves and
showed that the correlation between the two is probably
nonlinear in nature [31]. Di Leva et al. demonstrated that
nonlinear analysis can also be a reliable means of describ-
ing ICP signals over time [23].

Moraes et al. used the Brain4Care sensor simultane-
ously with iICP in stroke patients (subarachnoid hemor-
rhage, intracerebral hemorrhage, or ischemic stroke) for
30 min and found correlations and agreement between
the invasive and noninvasive methods for wave morphol-
ogy, which were strong for the P2/P1 ratio and moderate
for TTP using categoric (x agreement 88.1% and 71.3%,
respectively) and continuous (intraclass correlation coef-
ficient 0.831 and 0.584, respectively) measures. There
was a moderate but significant correlation between the
mean ICP values obtained from the two techniques (P2/P1
ratio r=0.427; TTP r=0.353; p<0.001 for all). The areas
under the curve for estimation of ICH were 0.786 (95%
confidence interval [CI], 0.72—-0.93) for the P2/P1 ratio
and 0.694 (CI95%, 0.60-0.74) for TTP. ICH was observed
in 30% of the data monitored [21].

@ Springer
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Table 5 Relationship between the nICP and ilCP curves with and
their parameters P2/P2, TTP, and P2/P1 X TTP. iICP, invasive intrac-
ranial pressure; nICP, noninvasive intracranial pressure; GOS, glas-

gow outcome scale; TTP, time to peak. Highlighted are the values
above 75%. Yellow: invasive ICP. Green: non-invasive ICP

nlCP ilCP

GOSIm___GOS6m___GOSIm ___GOS6m

accuracy 23.80% 50.00% 37.50% 38.00%

specificity . () 5 () . 0 5 ()

AUC 0.341 0.531 0.333 0.429

accuracy 56.30% 72.20% 31.30% 38.90%
TIPS 060 ade0n  lobos  3d0e
specificity .00% .90% .00% 10%

AUC 0.454 0.63 0.7 0.646

accuracy 56.30% 61.10% 3.80% 55.60%

sensitivity 100.00% 81.80% 100.00% 87.50%
P2PIXTTP e ificity 0.00% 28.60% 0.00% 30.00%
AUC 0.389 0.636 0.532 0.625

In the present study, linear analysis verified that the nICP
and iICP curves behave differently, while in nonlinear analy-
ses such as MI, they are similar. In general, the curves were
found to be related in terms of their shape, when considering
the variables K2, P2/P1, and P2/P1 x TTP.

In 2018, Frigieri et al. were the first to compare Brain-
4Care nICP and iICP in a heterogeneous sample of patients
and found similarities between the noninvasive and invasive
waveforms [27]. To the best of our knowledge, this is the
only study besides the present work to compare iICP with
Brain4Care nICP in TBI patients.

An interesting approach to the prediction of ICH uses
past changes in waveform morphology. Recognizing that
most clinical decision-making accounts for only the abso-
lute value of ICP, Hu et al. proposed a technique for the
automatic extraction of useful information from the iICP
waveform. This is achieved through the detection of the P1,
P2, and P3 peaks within the ICP waveform. They named
this morphological clustering and analysis of intracranial
pressure (MOCAIP) [32].

Using the MOCAIP technique in a sample that included 23
TBI inpatients, ICP pulse morphological metrics were shown
to correlate with low cerebral blood flow (CBF), as meas-
ured by an intravenous xenon-133 clearance technique. Of
particular interest was the association found between high P3
peaks and low FSC. However, the correlation between pulse
morphological metrics and low CBF was lower in patients
with TBI than those with other diagnoses, such as subarach-
noid hemorrhage and hydrocephalus [32]. Unfortunately, in
the present study, it was not possible to measure P3 peaks.

A study of TBI patients described the characteristics
of iICP plateau waves (sudden and relevant increases in
ICP of 40-100 mmHg with durations of 5-20 min). The
study observed plateau waves in 44% of patients. It was
also observed that abrupt increases in ICP were associated
with increases in ICP pulse wave amplitudes and significant

@ Springer

decreases in CBF and cerebral oxygenation, despite car-
diovascular variables such as blood pressure and heart rate
remaining stable. Analysis of the ICP pulse waveform during
plateau waves using invasive monitoring found significant
increases in amplitude and changes in the shape of ICP pulse
components with P1 <P2>P3 [22].

In the present investigation, the ilCP P2/P1 ratio had
a sensitivity of 100%, specificity of 62.1%, and accuracy
of 63.8% for the prediction of ICP >22 mmHg. The iICP
P2/P1 x TTP ratio showed a significant ability to predict
ICP > 22 mmHg, when its value was > 0.31, with a sensitiv-
ity of 96.4%, specificity of 54.5%, and accuracy of 56%. The
corresponding results obtained using nICP monitoring were
less satisfactory.

Therefore, in our sample, the value increases to those
deemed indicative of ICH (>22 mmHg) were not reliably
predicted by noninvasive monitoring. Therefore, we must
conclude that, although nICP monitoring showed a satis-
factory nonlinear relationship with the ICP curve, which is
useful data for the mathematical and physical study of ICP
monitoring, it did not obtain sufficient statistical strength to
predict ICP values indicative of ICH. However, this defi-
ciency in nICP monitoring could be considered a flaw in
ICH criteria since the use of a specific ICP cutoff value for
ICH does not consider the context of each TBI and the mul-
tiple factors that affect brain dynamics and homeostasis. The
iICP value of 22 mmHg used in the latest protocols does
not allow for variation between individuals, which is likely
to depend on multiple intrinsic factors, such as age, sex,
and comorbidities, and extrinsic factors, such as systemic
trauma severity, type of brain injury, and brain autoregula-
tion capacity [18, 37].

In the present study, the values obtained for P2/P1, TTP,
and P2/P1 X TTP may be related to brain compliance. This is
the ability of the intracranial space to accommodate changes
in volume. The degree of brain compliance affects the
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relationship between changes in volume and corresponding
changes in pressure. Thus, if our values relate to brain com-
pliance, this, in turn, will relate to the temporal evolution of
ICP and the prognosis of the TBI patient. Using the Brain-
4Care method, research has shown that brain compliance
decreases as the P2/P1 ratio increases in animal models of
spinal subarachnoid infusion [28]. Recent Brain4Care stud-
ies report preliminary experience with a black box algorithm
that derives a composite index of ICC (intracranial compli-
ance scale—ICS) from the nICP waveform. The primary
aim was to evaluate the ICS ability to detect elevations in
ICP and the secondary to correlate ICS with early in-hospi-
tal mortality (7 days). The authors report that preliminary
results suggest that the ICS is a reliable tool for the detection
of ICC alterations [7, 29].

When the parameters of the P2/P1, TTP, and P2/P1 X TTP
curves were compared with the functional outcomes of our
sample, we found that the P2/P1, TTP, and P2/P1 X TTP
ratios of both the nICP and iICP showed high sensitivity
to the 1 and 6-month outcomes. All nICP specificity values
were low for these parameters.

Few studies have tried to establish the relationships
between ICP curve parameters and patient prognosis. A
study of 56 TBI patients on mechanical ventilation showed
that RAP coefficients (which is the compensatory reserve
index derived from the mobile correlation between the ICP
pulse amplitude and the ICP value itself) close to zero corre-
late with worse functional prognoses, as measured by GOS,
12 months after the TBI [17]. However, the calculation of
this parameter is complex, and it has not been incorporated
into clinical practice.

Limitations

A particular limitation of the present study was obtain-
ing participants during the COVID-19 pandemic, which
restricted access to intensive care and the resources nec-
essary for invasive ICP monitoring. This also affected the
follow-up durations. In addition, automatic extraction of the
nICP curve provided fewer parameters for study, such as
P1, P2, and their relationships, and presents difficulties with
timely interpretation in clinical practice, which can hamper
feasibility and lead to subjective interpretations and potential
inappropriate conduct, if used indiscriminately.

Other studies of the same noninvasive monitoring device
have used the device for shorter periods, while we continu-
ously monitored participants for several days. This increased
the incidence of issues with poor device positioning, move-
ment artifacts, and unusable results. Another limitation was
the relatively low number of ICH peaks, which limited the
analysis of this variable. Also, failure to obtain data on other
parameters of neuro and hemodynamic monitoring made
the assessment of brain compliance unfeasible. Finally, an

important limitation in the use of this noninvasive moni-
toring device is that it does not allow CSF drainage in the
treatment of ICH.

Conclusions

Brain4Care’s noninvasive system cannot be used alone to
monitor intracranial pressure in individuals with severe TBI.
It is limited by low sensitivity to change prediction in ICH
and low specificity in functional evolution prediction. How-
ever, further studies that include more individuals with high
ICP, other nICP curve parameters, and the assessment of
brain compliance could establish reliable cutoff values for
the P2/P1, TTP, and P2/P1 X TTP ratios, among other pos-
sible parameters. This would then allow greater use of the
device in clinical decision-making and prognosis definition.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00701-023-05580-z.
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