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Abstract

Background: Although the placement of an intraventricular catheter remains the gold standard technique for meas-
uring intracranial pressure (ICP), the method has several limitations. Therefore, noninvasive alternatives to ICP (ICPni)
measurement are of great interest. The main objective of this study was to compare the correlation and agreement
of wave morphology between ICP (standard intraventricular ICP monitoring) and a new ICPni monitor in patients
admitted with stroke. The second objective was to estimate the discrimination of the noninvasive method to detect
intracranial hypertension.

Methods: We prospectively collected data of adults admitted to an intensive care unit with subarachnoid hemor-
rhage, intracerebral hemorrhage, or ischemic stroke in whom an invasive ICP monitor was placed. Measurements
were simultaneously collected from two parameters [time-to-peak (TTP) and the ratio regarding the second and first
peak of the ICP wave (P2/P1 ratio)] of ICP and ICPni wave morphology monitors (Brain4care). Intracranial hypertension
was defined as an invasively measured sustained ICP>20 mm Hg for at least 5 min.

Results: We studied 18 patients (subarachnoid hemorrhage = 14; intracerebral hemorrhage = 3; ischemic stroke =1)
on 60 occasions with a median age of 52 4 14.3 years. A total of 197,400 waves (2495 min) from both ICP (standard
ICP monitoring) and the ICPni monitor were sliced into 1-min-long segments, and we determined TTP and the P2/P1
ratio from the mean pulse. The median invasively measured ICP was 13 (9.8-16.2) mm Hg, and intracranial hyperten-
sion was present on 18 occasions (30%). The correlation and agreement between invasive and noninvasive methods
for wave morphology were strong for the P2/P1 ratio and moderate for TTP using categoric (k agreement 88.1% and
71.3%, respectively) and continuous (intraclass correlation coefficient 0.831 and 0.584, respectively) measures. There
was a moderate but significant correlation with the mean ICP value (P2/P1 ratio r=0.427; TTP r=0.353; p<0.001 for
all) between noninvasive and invasive techniques. The areas under the curve to estimate intracranial hypertension
were 0.786 [95% confidence interval (Cl) 0.72-0.93] for the P2/P1 ratio and 0.694 (95% C| 0.60-0.74) for TTP.

Conclusions: The new ICPni wave morphology monitor showed a good agreement with the standard invasive
method and an acceptable discriminatory power to detect intracranial hypertension.

Clinical trial registration Trial registration: NCT05121155.
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Introduction

Invasive intraventricular intracranial pressure (ICPi)
monitoring coupled with external ventricular drainage
(EVD) is considered the gold standard measurement of
intracranial pressure (ICP) for its accuracy and for allow-
ing cerebrospinal fluid (CSF) drainage for therapeutic
purposes [1, 2]. However, ICPi monitoring can be par-
ticularly difficult in patients with small ventricles, has a
5-7% risk of hemorrhage during insertion, and has a pro-
gressive cumulative risk of intracranial infection (up to
25% after 5 days) [3]. Additionally, a basic assumption is
that the ICP reading at one point in the intracranial sys-
tem adequately reflects the average pressure of the entire
skull because CSF pressure, under normal conditions,
should be in balance throughout the CSF space. However,
pressure gradients may develop under pathological con-
ditions, leading to unequal or asymmetrical ICP levels
between the hemispheres or compartments [4]. Moreo-
ver, even when the ICP is homogeneous throughout the
system, it may lose accuracy depending on the method
used or time of use [5].

Because of these limitations of the standard method,
the search for a noninvasive ICP monitoring technique
capable of real-time monitoring has become an essential
topic in neurological intensive care. Several noninvasive
technologies have been described, but no method has
achieved the required accuracy, availability, and ability of
continuous analysis [6—8]. A new opportunity emerged
when the Monro—Kellie doctrine was questioned in its
fundamental principle that after the fontanelles closure,
the cranial volume remains the same [9].

The first attempt to correlate a change in the cranial
diameter to ICP was published in 1985 using brains from
human and dog cadavers to demonstrate physiological
and pathological variations in brain volume [10]. Another
study published in 2009 related deformity in rat skulls
with variations in ICP and confirmed the previous find-
ings with great accuracy [11].

Braincare Inc. (Brazil) developed a novel noninva-
sive monitoring technology [12], which can detect small
changes in the skull dimension created by the changes
in ICP (Fig. 1). The monitor works by connecting a pin
to a voltage sensor that touches the skin surface in the
temporoparietal region lateral to the sagittal suture [13]
delivering continuous real-time information on the ICP
waveform [14, 15].

The ICP pulse wave is divided into three peaks: P1 is
associated with the systolic arterial pressure transferred

by the choroid plexus to the cerebrospinal fluid, P2 is
associated with the reflection (rebound) of the blood
pressure wave in the cerebral parenchyma, and P3 is
related to the aortic valve closure. Intracranial hyper-
tension (IH) affects the characteristics of the waveform.
For example, an increased amplitude of the three peaks
indicates a mean increase in ICP. The reduced amplitude
of P1 suggests a loss of cerebral perfusion pressure, and
a relative increase of P2 suggests a loss of cerebral com-
pliance (CC). Additionally, the presence of Lundberg
A waves sustained increases in the mean ICP lasting
5-20 min may also signify decreased compliance [16].
Therefore, noninvasive analysis of the ICP wave mor-
phology seems a promising technique for monitoring
neurocritical patients.

The main objective of this study was to measure the
correlation and agreement of the wave morphology
between the noninvasive measurements of ICP (Brain-
care Corp., US 2013/0085400 A1) and the standard inva-
sive method (ICPi monitoring with EVD) in patients
hospitalized for stroke. A secondary aim was to estimate
the discriminatory power of the noninvasive method to
detect IH.

Methods

Adult inpatients from a dedicated neurological inten-
sive care unit with ischemic stroke (IS) or hemorrhagic
stroke who needed ICPi monitoring were prospectively
evaluated from March 2019 to March 2020 (before
the COVID-19 pandemic). We excluded patients with
chronic neurological diseases (demyelinating diseases,
chronic hydrocephalus, pseudotumor brain), patients
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with suspected brain death, and patients monitored with
nonventricular sensors (e.g., subdural or epidural).

There was no direct public or private funding in
this study, except for availability of the device and
the technical support given by Braindcare (B4c) Inc.
This clinical trial study protocol was approved by the
local ethics committee on February 1, 2019 (register:
03843118.0.0000.5505), and the patients’ legal repre-
sentative signed a free informed consent form. Registered
under number NCT05121155 at ClinicalTrials.gov.

Patient Monitoring

Data were obtained from both the invasive and the non-
invasive methods simultaneously 5 min after the closure
of the EVD drainage. ICP assessment was performed
using a catheter inserted into the ventricle and connected
to a pressure transducer and a drainage system (Codman,
Johnson and Johnson Medical Ltd., Raynham, MA). The
Braincare sensor was positioned on the patient’s scalp
without the need for trichotomy, surgical incision, or
trepanation, and the morphology of the ICP waves was
acquired through a strain sensor that could detect and
monitor skull bone deformations caused by changes in
ICP. All patients were monitored using this noninvasive
system [Braincare Monitor 2000 and Braincare Intracra-
nial Pressure Noninvasive sensor (BcSsNI2000), Brain-
care Corp] for at least 30 min per session. All recordings
were digitized, filtered, and amplified by the device and
then transferred to a computer for analysis. The waves of
the B4c monitor and the gold standard technique were
accessed and interpreted blindly, including the absolute
values of the ICPi method, which were not included in
the data sent. P1 and P2 were automatically determined
(B4c system analytical software) and confirmed by visual
inspection of the waveforms. Amplitudes were obtained
by detecting the highest point of these peaks and sub-
tracting the baseline value of the ICP waveform. The
P2/P1 ratio was calculated by dividing the amplitude at
these two time points. Time-to-peak (TTP) was defined
as the time between the wave onset and its global peak.
P2/P1 ratio and TTP parameters of the ICP waveform
were calculated using the average ICPi and B4c morphol-
ogy after excluding artifacts. The average pulse wave was
used to calculate the amplitudes of P1 and P2 peaks, and
when in doubt, the peak of the arterial pressure wave was
used to define P1 [15].

Data Analysis

Qualitative variables were summarized in absolute (n)
and relative (percentage) frequencies, and quantita-
tive variables were expressed as mean =+ standard devia-
tion and medians and minimum and maximum values.

Sample sizes were determined by convenience due to
great numbers of waves in each patient.

We used Pearson’s linear correlation to assess the asso-
ciation between B4c and ICP wave morphology (P2/P1
ratio and TTP). The intraclass correlation coefficient
(ICC) and the Bland—Altman plot were used to analyze
the agreement when analyzed continuously; Cohen’s «,
when analyzed binary categorically (P2/P1 ratio>1 and
TTP>0.2 s) on the basis of previous studies [17, 18].

The relationship of the noninvasive method with the
absolute value of ICP was evaluated using Pearson’s cor-
relation. To define the cutoff points of the noninvasive
method, receiver operating characteristic (ROC) curves
for repeated measures were constructed for each variable
of the method; the presence or absence of IH, defined as
a mean ICP above 20 mm Hg for at least 5 min, was con-
sidered as outcome. The area under the curve (AUC) was
used to describe discriminatory power of the methods,
and the Youden index was used to define the cutoff for
each method.

We performed a sensitivity analysis in three different
ways. First, we combined the wave morphology param-
eters (TTP and P2/P1 ratio) to evaluate their impact on
accuracy; secondly, we evaluated the parameters to esti-
mate cerebral perfusion pressure under 60 mm Hg; and
thirdly, we evaluated their accuracy to predict ICP above
25 and 30 mm Hg. There were no missing data. Statistical
analysis was performed using the JAMOVI software (ver-
sion 1.8.1.).

Results

Description of the Population

From a total of 30 patients with ICPi monitoring evalu-
ated in our hospital between March 2019 and March
2020 (pre-COVID-19), 18 patients were included. A total
of 60 monitorizations were performed (Fig. 2). The clini-
cal characteristics of patients are detailed in Table 1.

We included 14 patients with subarachnoid hemor-
rhage (SAH), one with IS, and three with intracerebral
hemorrhage (ICH). All cases of SAH were aneurysmatic,
all patients with ICH were hypertensive, and the only
IS case was a cardioembolic malignant middle cerebral
artery stroke. Patients with SAH had a median Hunt-
Hess scale of 3.0 points [mean 2.95, interquartile range
(IQR) 2.0], ranging from 0 to 5. The median ICH score
in patients with intraparenchymal hemorrhage was 3
(mean 3.14, IQR 0.14). The median National Institutes
of Health Stroke Scale score was 17.0 (95% confidence
interval [CI] 15.9-18.8) in patients with SAH, 12 (95% CI
10.2-15.3) in patients with ICH, and 6 in the only patient
with IS. Seven patients died (37.3%). The distribution of
the modified Rankin scale score was as follows: 2 in 5%
of the patients, 3 in 21.7%, 4 in 18.3%, and 5 in 18.3%.
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30 stroke patients
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Fig. 2 Inclusion and exclusion criteria for patients in the study. B4C
Brain4care monitor, BD brain dead, EVD external ventricular drainage,
ICPi invasive intracranial pressure monitor

Table 1 Clinical characteristics of patients (N=60 meas-
urements in 18 patients)

Mean (SD) Median Minimum Maximum
Age 536 (14.3) 54.0 31 84
NIHSS 17.4 (5.67) 17.0 6 28
MAP, mmHg 98.5(17.0) 95.0 67 140
Temperature, 36/96.9 36.2/97.1 35.0/950 380/100.4
°C/°F (0.585/3.3)
Glucose, mg/dL 103 (20.4) 101 70 185
ICP mini- 9.82 (11.0) 6.50 0 46
mum, mmHg
ICP maxi- 16.5 (14.5) 12.5 4 52
mum, mmHg
Hemoglobin, g/ 10.8 (1.06) 11.0 8.80 136

dL

°C Celsius, °F Fahrenheit, ICP intracranial pressure, MAP mean arterial pressure,
NIHSS National Institute of Health Stroke Scale, SD standard deviation

There were no side effects from the use of the noninva-
sive method.

Combined Invasive and B4c Monitoring

Median ICP values for each stroke subtype were as fol-
lows: 9 for SAH (95% CI 10.0.3-15.1, IQR 12.0), 19.5 for
ICH (95% CI 8.64—21.2, IQR 15.3), and 3.5 for the only
patient with IS. The mean ICP was greater than 20 mm
Hg in 30% of the measurements. The invasive and

Table 2 Wave morphology characterization (P2/P1 ratio
and TTP) of B4c and ICPi

P2/P1 ratio P2/P1 ratio TTP ICPi TTP B4C
ICPi B4C
Minutes 2495 2495 2495 2495
Mean (SD) 1.11 (0418) 1.17 (0.326) 0.176 (0.108) 0.219 (0.104)
Median 1.10 1.18 0.179 0.215
Minimum  0.380 0420 0.0390 0.0370
Maximum  2.61 293 0.980 0.820

B4C Brain4care monitor, ICPi invasive intracranial pressure monitor, P2/P1
ratio ratio regarding the second and first peak of the ICP wave, SD standard
deviation, TTP time-to-peak

Table 3 Correlation matrix between B4C and ICPi wave
morphology

P2/P1 ratio ICPi P2P1 ratioB4C TTPICPi TTP B4C

P2/P1 ratio ICPi -

P2/P1 ratio B4c 0.754 =

TTP ICPi 0.707 0.517 -

TTP B4c 0.582 0.648 0.395 =

B4C Brain4care monitor, ICPj invasive intracranial pressure monitor, P2/P1 ratio
ratio regarding the second and first peak of the ICP wave, TTP time-to-peak

noninvasive monitoring time for each patient averaged
45 min (ranging from 35 to 60 min), with 3,290 waves on
average (number of waves=heart rate x minutes moni-
tored) per monitoring (ranging from 2080 to 4310), total-
ing 197,400 waves for both B4c and ICPi monitoring in
2495 min.

Wave Morphology of the P2/P1 Ratio and TTP of the B4c
and ICPi Methods and Correlation and Agreement Between
the B4c and ICPi Methods

The description of the wave morphology of the B4c and
ICPi methods is shown in Table 2. There was a positive
correlation between all wave characteristics between the
methods and between TTP and the P2/P1 ratio within
each method (Table 3). The highest correlation was
between P2/P1 ratios (Pearson 0.754, p <0.0001), and the
lowest correlation was between TTPs (Pearson 0.395,
p<0.0001) between the methods.

Wave morphology of the ICPi method showed a P2
greater than P1 (P2 > P1) in 54.3% of the minutes (1356 of
the total 2495 min), whereas wave morphology of the B4c
method showed a P2 greater than P1 64.5% of the time
(1598 of 2495 min). The agreement between the methods,
when we considered the ability to demonstrate a P2/P1
ratio> 1, was strong, with a x of 0.76 (p<0.001). Much
of the disagreement occurred because of more P2>P1
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findings in the B4c method than in the ICPi method. The
sensitivity of the B4c method for detection of a P2/P1
ratio > 1 morphology of ICPi monitoring was 98.3%, and
the specificity was 76.8% [positive predictive value (PPV)
of 83.4% and negative predictive value (NPV) of 97.5%],
with an accuracy of 88.4%.

The TTP of ICPi and B4c monitoring was greater than
0.2 s in 998 min (39.1%) and in 1307 min (52.3%), respec-
tively. The agreement between the methods, when we
considered the ability to demonstrate a TTP >0.2 s, was
moderate, with a x of 0.43 (p<0.001). Most of the disa-
greement occurred because of a higher TTP>0.2 s in
the B4c method than in the ICPi method. The sensitiv-
ity and specificity of the B4c method for detection of a
TTP>0.2 s morphology of ICPi monitoring were 80.3%
and 65.8% (PPV 70.1%, NPV 83.7%), respectively, with an
accuracy of 71.3%.

Continuous Agreement Using ICC

The ICC of the mean P2/P1 ratio between the ICPi and
B4c methods was 0.83 (95% CI 0.72—0.90). The ICC of
the mean TTP between the methods was 0.58 (95% CI
0.32-0.76).

Continuous Agreement Using the Bland-Altman Plot

The agreement between the ICPi and B4c methods
regarding the wave morphology parameters (P2/P1 ratio
and TTP) was analyzed using the Bland—Altman plot
(Fig. 3). The mean bias for the P2/P1 ratio between the
methods was —0.065 (95% CI —0.077 to —0.053), and
the 95% limits of agreement were —0.64 (95% CI — 0.664
to —0.626) and 0.513 (95% CI 0.492-0.534). The interval
of the agreement up to 1.96 standard deviations between

the methods was 0.97. For the TTP, the mean bias was
—0.0426 (95% CI —0.0476 to —0.0377), and the 95%
limits of agreement were —0.280 (95% CI —0.0288 to
—0.271) and 0.194 (95% CI 0.186—0.2030). The interval
region of the agreement up to 1.96 standard deviations
between the methods for TTP was 0.98.

Correlation Between B4c and ICPi Waves with the ICP Value
The mean correlation values of the P2/P1 ratio from the
ICPi and B4c methods with the absolute mean value of
ICP were 0.41 for ICPi and 0.43 for B4c (both with a p
value <0.001). The correlation value between TTP and
ICP was 0.39 for ICPi and 0.35 for B4c (both with a p
value <0.01). Figure 4 shows the distribution of the P2/P1
ratio and mean TTP values pertaining to the presence
or absence of IH. All patients with IH had a mean P2/P1
ratio above 1 and a TTP above 0.2 s.

ROC Curve with the P2/P1 Ratio and the TTP of the B4c
Method to Predict IH

The mean P2/P1 ratio of the B4c method showed a sen-
sitivity of 100%, specificity of 45.4%, PPV of 36.8%, and
NPV of 100% to predict IH with a cutoff value of 1.06.
The TTP of the B4c method showed a sensitivity of
85.7%, specificity of 50.0%, PPV of 35.3%, and NPV of
91.7% to predict IH with a mean ICP more significant
than 20 mm Hg with a cutoff value of 0.2. Concerning the
AUC, the mean P2/P1 ratio had an AUC of 0.79, whereas
mean TTP had an AUC of 0.69 to predict IH (Fig. 5).

The sensitive analysis aggregating the wave morphol-
ogy parameters did not bring better accuracy. Waveform
analysis variables were less accurate to predict Cerebral
Perfusion Pressure (CPP) less than 60 mm Hg than to
predict IH.

A Bland-Altman plot
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Fig. 3 Bland-Altman plots for mean P2/P1 ratio (@) and mean TTP (b) between ICPi and B4c. B4C Brain4care monitor, ICPi invasive intracranial pres-
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Discussion

Our study demonstrated a high correlation and agree-
ment between the wave morphology (P2/P1 ratio and
TTP) between the invasive (ICPi) and noninvasive (B4c)

methods of ICP monitoring in patients with stroke. With
a sensitivity of nearly 100%, this noninvasive method
could be used as a screening tool to identify patients
who need invasive intracranial monitoring. Only two
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previous studies have sought to evaluate the charac-
teristics of the ICP waveform between an invasive and
a noninvasive method. The first study that compared
the invasive method with the B4c method [19] included
seven patients from Portugal with simultaneous meas-
urements of B4c and intraparenchymal ICPi methods
totaling 337 h of monitoring. The analysis, however,
was not of the wave morphology but of the nature of the
waves (power spectral density). This previous case series
also differs from ours in the diagnosis of the patients
included (traumatic brain injury) and in the location of
the monitor (intraparenchymal). Recently, another study
[17] compared the wave morphology of an intraparen-
chymal monitor and of the B4c method in a single meas-
urement in ten patients (three patients with traumatic
brain injury, three with SAH, three with ICH, and one
with IS), totaling 1504 min of monitorization. Like in our
series, all signals were analyzed in blocks of 1 min, and
from the mean pulse obtained, the TTP and the P2/P1
ratio were determined. In contrast with our study, there
was a low correlation between the B4c and ICPi meth-
ods [TTP 0.30 (95% CI 0.26—0.36), P2/P1 ratio 0.40 (95%
CI 0.35-0.46)]. Some reasons for this inconsistency of
results might include the smaller number of measure-
ments (ten), the inclusion of heterogeneous diseases, the
use of an intraparenchymal monitor [20-22], and the low
prevalence of IH (7%) in their study.

The B4c method showed adequate performance when
we considered the correlation of the B4c waves and the
mean value of the ICP, similar to the waves of ICPi itself,
corroborating its agreement. The ability to detect IH was
better with the P2/P1 ratio than with TTP. The prediction
of CPP <60 mm Hg with the noninvasive P2/P1 ratio was
less accurate than the prediction of IH. These results are
in line with previous research showing that the intracra-
nial compliance, measured by the ICP wave morphology
and CPP, was not significantly related [23].

Even more interesting is the analysis of how the mor-
phology curve behaves pertaining to the presence or
absence of IH (Fig. 3). All patients with IH had the
expected morphological findings with a P2/P1 ratio
greater than 1 and a TTP greater than 0.2. However,
for patients with normal ICP, we observed both normal
and abnormal waves. Our findings fit perfectly with the
expectation of morphological changes of the brain vol-
ume—pressure curve that precede IH [24-27]. A recent
study interpreting wave morphology as a measure of
CC [28] evaluated three noninvasive methods and their
relationship with CC. It evaluated records of 36 patients
with ICP monitoring who underwent intracranial volume
infusion testing with continuous and parallel monitoring
of ICP and flow velocity by transcranial Doppler (TCD).
Three methods were used to evaluate CC: a mathematical

fluid model, evaluation of changes in the cerebral arterial
blood volume, and ratio of the amplitudes of the P2/P1
peaks of the pulse wave. All methods showed a strong
and positive correlation with increased ICP, and the
P2/P1 ratio showed the best correlation with CC with an
r of 0.94. When we consider the hypothesis that the wave
morphology changes before the rise of ICP, the P2/P1
ratio and TTP must be altered in IH but may be normal
or altered in normal ICP values, depending on the brain
compliance (CC). Therefore, the accuracy of the P2/P1
ratio and TTP was only moderate for different thresholds
as depicted in our ROC curve.

Given the evidence from our data that the morphol-
ogy of the ICP waveform can be evaluated by a noninva-
sive, continuous method that is simple to install and has
no side effects, we have opened a considerable avenue to
increase pathophysiological studies of intracranial com-
plications of several diseases and scenarios. To reinforce
the benefit of this monitoring, it would be necessary to
evaluate whether guiding therapy by wave morphology
can bring better outcomes for patients than the absolute
value of ICP alone. The only randomized trial that relied
on this premise using wave amplitude did show a signifi-
cant clinical benefit [29]. Patients with aneurysmal SAH
were evaluated using the ICP wave amplitude or the ICP
value to guide therapy, with the modified Rankin scale as
the clinical outcome in 12 months. The group treated on
the basis of the wave amplitude had a better prognosis
than the group treated using the ICP.

It is worth comparing these findings with other non-
invasive monitoring techniques, such as TCD, that have
been tested in patients with acute brain injury, with the
goal to identify patients with IH. In a multicenter pilot
study that included 36 patients, TCD had an AUC of 0.96,
with 100% sensitivity and 91.2% specificity, for exclud-
ing IH [30]. Unlike our cohort, their sample was mostly
composed of patients with traumatic brain injury and
ICH. However, other studies did not show similar per-
formances, which emphasizes the need of further stud-
ies in different populations to evaluate the real prediction
accuracy of these methods [31-33] or to investigate the
best combination of complementary noninvasive meth-
ods [34].

Our study has some limitations. It was a single-center
study evaluating only 18 consecutive patients with
stroke; however, the number of measurements was rea-
sonable (n=60), and the number of waves was satisfac-
tory (n=197,400 waves in 2495 min). The time between
admission and evaluation varied among patients, as
well as the interval between measurements within the
same patient. Another limitation was the fixed cutoff
for IH (ICP>20 mm Hg) and not individualized meas-
urements, such as the RAP [correlation coefficient (R)
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between AMP amplitude (A) and mean ICP pressure
(P)] index, that would have added information on the
status of cerebral autoregulation [35, 36]. Finally con-
tinuous CO, measurement was not available during our
monitorization.

Conclusions

Our study showed a high correlation and agreement in
the analysis of wave morphology between the new Bdc
method when compared with ICPi monitoring, especially
the P2/P1 ratio, opening the possibility for the routine
use of this noninvasive technology as a screening or even
follow-up method in patients who have contraindications
to ICPi monitorization methods. It becomes an option
that will need further studies to clarify its role in daily
neurocritical practice.
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