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Abstract
Background: Analysis of intracranial pressure waveforms (ICPW) provides information on intracranial
compliance. We aimed to assess the correlation between noninvasive ICPW (NICPW) and invasively
measured intracranial pressure (ICP) and to assess the NICPW prognostic value in this population.

Methods: In this cohort, acute brain-injured patients were included within 5 days from admission in six
Intensive Care Units. ICP values and the P2/P1 ratio derived from NICPW were analyzed and correlated
with outcome, which was de�ned as: a) early death (ED); survivors on spontaneous breathing (SB) or
survivors on mechanical ventilation (MV) at 7 days from inclusion. The target sample size was calculated
for the primary objective of evaluating the NICPW accuracy to discriminate outcomes.

Results: A total of 72 patients were included (mean age 39, 68% TBI). Mean ICP and P2/P1 values were
signi�cantly correlated (r=0.49, p<0.001). P2/P1 was signi�cantly higher in patients with intracranial
hypertension and had an area under the receiving operator curve (AUROC) to predict intracranial
hypertension of 0.88 (95% CI 0.78-0.98). ICP and P2/P1 ratio was also signi�cantly higher in non-
survivors (n=10) than survivors. The AUROC of P2/P1 to predict early mortality was 0.71 [95% CI 0.53-
0.87], and the threshold P2/P1 > 1.2 showed a sensitivity of 60% [95% CI 31-83%] and a speci�city of 69%
[95% CI 57-79%]. Similar results were observed when decompressive craniectomy patients were excluded.

Conclusions: In this study, P2/P1 derived from noninvasive ICPW assessment, was well correlated with
ICP and was higher in non-survivors compared to survivors.

Trial registration: NCT03144219, Registered 01 May 2017 Retrospectively registered,
https://www.clinicaltrials.gov/ct2/show/NCT03144219

1. Introduction
Critically ill patients with primary brain injury or with cerebral damage secondary to extra-cerebral
diseases (i.e. acute liver failure, drug intoxication) are at risk of developing intracranial hypertension (IHT)
[1], a life-threatening condition that, unless an invasive catheter to measure intracranial pressure (ICP) is
placed for monitoring, may elapse unnoticed [2, 3]. Nevertheless, ICP management based exclusively on
prede�ned thresholds may ignore the complexity of intracranial compliance (ICC) [4, 5], which is
in�uenced by several intracranial (i.e. blood �ow, cerebrospinal �uid, mass effect and brain parenchyma)
and systemic (i.e. carbon dioxide, sodium, temperature…) variables that result in moving ICP tolerance
between different patients [6, 7]. Furthermore, other factors, such as age, cerebral autoregulation,
compensatory reserve capacity and speed of IHT occurrence also contribute to the potential detrimental
effects of IHT on brain oxygenation and function, pointing to the need of individualized ICP assessments
rather than static thresholds to be applied to all patients [5].

Because of the invasive nature of ICP measurement techniques, many other non-invasive methods have
emerged in recent years as surrogates or “triage” tools for ICP estimation, such as transcranial Doppler
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(TCD) [8], optic nerve sheath diameter ultrasound [9], optic nerve elastography [10], tympanometry [11]
and automated pupillometry [12], almost all of them having an acceptable accuracy to detect IHT and
potentially guide for cerebral perfusion pressure (CPP) evaluation [8, 13–15].

In this setting, a well-studied but under valuated phenomenon in clinical practice in the ICP waveform
(ICPW)[13]. ICPW variations have been demonstrated according to changes in intracranial volume and
pressure [5, 16], indicating the possibility of this parameter to play a role in acute brain injuries. Recently,
a noninvasive technique for the assessment of ICPW (NICPW), was developed with strong correlation
with ICP wave morphology [17, 18], with its prognostic value still to be proven. Therefore, the objectives of
this study were to assess the correlation between invasive ICP mean values and NICPW parameters, and
to assess the prognostic value of NICPW parameters in acute brain-injured patients.

2. Methods

2.1. Study design and population
This single center, cross-sectional study was conducted in six intensive care units (ICUs) of the Hospital
das Clínicas, São Paulo University, Brazil between 2020 and 2022. Therefore, the present manuscript is a
retrospective analysis of a prospective trial. The clinical trial study protocol was approved by the local
Ethics Committee in April 2017 (number NCT03144219, available at clinicaltrials.gov). Informed consent
was obtained from legally authorized representatives/next of kin of patients before inclusion. This study
was performed according to the Standards for Reporting of Diagnostic Accuracy Studies (STARD)
(Supplemental Table 1).

Patients were eligible for this study if they had: acute traumatic (TBI) or non-traumatic brain injury; b)
need for ventilatory support at enrollment; c) required invasive ICP monitoring, according to local
guidelines for high-risk of brain herniation. Exclusion criterion was the presence of �xed mydriatic or
middle-sized pupils for more than 2 hours after ventilatory and hemodynamic stabilization. As part of a
greater study for the assessment of ICP variations over cerebral blood �ow and ICP waveforms, the
present analysis comprised a single 10-min session (i.e., at least 700 heart beats) for each patient,
including them within the �rst 5 days after admission. In this model, no comprehensive variations of the
recorded parameters were induced. Simultaneous recording of invasive arterial blood pressure, ICP,
NICPW (see below), electrocardiogram, temperature and oxygen saturation was obtained, as previously
reported [6, 18]. Data analysis was dedicated to registering ICP values and NICPW parameters, correlating
them with early outcomes described in detail below.

2.2. Neuromonitoring
Intracranial pressure (ICP) was measured using the Neurovent monitoring system via optic-�ber
transducer (Raumedic, Munchberg, Germany); mean ICP value (mICP) over the 10-min recording was
therefore calculated. NICPW were assessed using the B4C (B4C; Brain4care Corp., São Carlos, Brazil)
sensor, which consisted into a monitor that quanti�es local cranial bone deformations using speci�c
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sensors [19]. Physics, engineering and implementation of this system in clinical practice have been
described elsewhere [18, 19] (Supplemental Fig. 1). The system was positioned in the frontotemporal
region, approximately 3 cm over the �rst third of the orbitomeatal line, at the same side of ICP catheter
implantation. Consequently, the main branches of the temporal super�cial artery and the temporal
muscle were avoided, and sensor contact was provided through an area of thin skin and skull bone,
whereas slight pressure was applied to the adjustable band until an optimal signal was detected. The
obtained waveform was equivalent to the ICP waveform obtained through invasive techniques, such as
intraparenchymal probes or external ventricular derivation as observed in previous studies with smaller
samples than the present [17, 18]. The distinctive ICP peaks were extensively described previously, being
P1 the representation of arterial ejection and P2 the tidal wave, there is the spreading of blood volume
thru the brain [20].

NICPW calculations were performed from the average of the pulses within each minute of monitoring,
likewise, mICP were calculated as the average of each minute of the session. The parameter of interest
obtained from the analysis of NICPW was the P2/P1 ratio, that is, the ratio form dividing the amplitudes
of these two peaks. As demonstrated previously, the amplitude of P2 increases with IHT [20, 21]; this ratio
is based on an algorithm previously created from the synchronization of NICPW with arterial blood
pressure obtained from more than hundred thousand heartbeats [19] (Supplemental Fig. 2). For this
study, brain compliance index (BCI) was calculated as = mICP*P2/P1, for each patient, to observe
whether the combination of mICP with NICPW would perform satisfactorily on the correlation with
outcomes.

Arterial blood pressure (BP) was recorded invasively using a radial artery catheter (Leadercath Arterial
polyethylene catheter − 18-gauge, 10 cm length, 0.8 mm internal diameter, 1.2 mm external diameter,
Vygon, Ecouen, France), connected to a disposable pressure transducer (VAMP Plus system; Edwards
Lifesciences, Irvine, CA, USA) and to a Philips MX800 IntelliVue monitor (Philips Medical System; Best,
The Netherlands).

2.3. Data collection
The clinical variables collected were demographics, previous comorbidities, �nal diagnosis, the Marshall
tomographic score (in the case of TBI), the modi�ed Fisher tomographic score (in case of subarachnoid
hemorrhage, SAH), neurosurgical interventions (i.e., craniotomies or craniectomies), blood gas analyses
before the 10-min session and concomitant administered sedatives.

2.4. Participants and outcome endpoints
Data obtained using the B4C sensor was not used for clinical management. The primary outcome of the
study was the predictive value of P2/P1 ratio for mICP > 20 mmHg (i.e., intracranial hypertension, IH).
Secondary outcomes were (a) early mortality at day 7 (ED group); (b) successful mechanical ventilation
weaning with spontaneous breathing (SB group) or (c) dependency from mechanical ventilation (MV
group) on day 7.
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2.5. Statistical analyses
The sample size was calculated for the primary objective of evaluating the NICPW accuracy to
discriminate intracranial hypertension and the study outcomes. To estimate an area under curve (AUC-
ROC) of 0.85, with a null hypothesis value of 0.6, 20% mortality incidence and 80% power, a total of 70
patients would be required [22]. For descriptive purposes, categorical variables were presented through
relative and absolute frequencies and were compared using the chi-square or Fisher’s exact test, as
appropriate. Continuous variable distributions were deemed normal, as assessed by skewness, kurtosis,
and graphical methods. The 3 groups (ED; SV and MV) were compared through chi-square, ANOVA and
Kruskal-Wallis tests, as appropriate. The ROC curve analysis was performed using the Johns Hopkins
University tool (available at www.jroc�t.org). Differences between AUROCs were assessed using the
DeLong method. As decompressive craniectomy (DC) may impact intracerebral dynamics and NICPW [6,
18], a secondary analysis excluding DC patients was also performed. Previous studies indicated for
patients with craniotomies or large skull fractures absence of comprehensive changes in intracranial
compliance, hence no exclusion of these patients was considered for statistical analysis [6, 18].

3. Results

3.1 Study population
Over a total of 164 patients with ICP monitoring over the study period, 89 were not included because of
restrictions imposed by COVID-19 pandemics. Of the remaining 75 patients, three were excluded because
of poor data quality, yielding 72 patients for the �nal analysis, a mean of 783 ± 92 waveforms per patient,
with a total sample of 56.386 cardiac pulses for parameters extraction. The overall clinical features of the
sample are presented in Table 1, strati�ed according to the outcome subgroups. The mean age was 39 ± 
21 years, 65% were male and the majority (68%) suffered TBI. There were no baseline differences
regarding age, gender, comorbidities, pathology, admission GCS or neurosurgical status among groups.

https://www.clinicaltrials.gov/ct2/show/NCT03144219


Page 6/16

Table 1
Main characteristics of the study population, according to early outcome

  ALL

(n = 72)

SB

(n = 15)

MV

(n = 47)

ED

(n = 10)

p
value

Age, years 39 ± 21 35 ± 20 39 ± 20 45 ± 24 0.510

Male gender, n (%) 47 (65%) 10 (67%) 32 (68%) 5 (50%) 0.547

Parameters          

Mean ICP, mmHg 14 (11–19) 13 (11–19.5) 13 (10–17) 21.5 (12–27) 0.016

mICP > 20mmHg, n (%) 13 (18%) 3 (20%) 5 (11%) 5 (50%) 0.013

P2/P1 ratio 1.15 (0.9–
1.3)

0.9 (0.8–
1.25)

1.1 (0.9–
1.3)

1.25 (1.2–
1.5)

0.066

P2/P1 > 1.2 31 (43%) 5 (33%) 19 (40%) 7 (70%) 0.159

BCI 14.5 (9.9–
22.2)

13.7 (11.7–
19.1)

13.9 (9.3–
19.0)

27.1 (21.2–
36.9)

0.004

Mean arterial pressure,
mmHg

89 ± 11 88 ± 13 90 ± 12 86 ± 10 0.577

SO2 99 (97–100) 99 (97.5–
100)

99 (98–100) 98 (97–100) 0.971

PaCO2 37.3 ± 5.6 37.6 ± 6.6 37.5 ± 5.6 35.5 ± 3.5 0.562

Hemoglobin, mg/dL 9.8 ± 1.7 9.6 ± 1.7 9.9 ± 1.7 9.5 ± 2.2 0.773

Temperature, oC 36.1 ± 1.0 37.0 ± 0.7 36.0 ± 0.9 35.5 ± 0.7 0.06

Pathology         0.612

TBI 49 (68%) 10 (67%) 33 (70%) 6 (60%)  

SAH 12 (17%) 2 (13%) 6 (13%) 4 (40%)  

Ischemic Stroke 7 (10%) 2 (13%) 6 (13%) 0 (0%)  

Hemorrhagic stroke 3 (4%) 1 (7%) 2 (4%) 0 (0%)  

Brain neoplasm 1 (1%) 0 (0%) 1 (2%) 0 (0%)  

Neurosurgery         0.744

No 17 (24%) 4 (27%) 10 (21%) 3 (30%)  

Craniotomy 32 (47%) 8 (53%) 23 (49%) 3 (30%)  

Craniectomy 21 (29%) 3 (20%) 14 (30%) 4 (40%)  
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  ALL

(n = 72)

SB

(n = 15)

MV

(n = 47)

ED

(n = 10)

p
value

Mean arterial pressure,
mmHg

89 ± 12 88 ± 11 90 ± 12 86 ± 10  

Comorbidities, n (%)         0.192

None 47 (65%) 8 (53%) 32 (68%) 7 (70%)  

Metabolic syndrome 20 (28%) 4 (27%) 14 (30%) 2 (20%)  

Others 5 (7%) 3 (20%) 1 (2%) 1 (10%)  

SAPS-3 score 58 ± 11 54 ± 10 58 ± 11 64 ± 13 0.082

Admission GCS 3 (3–8) 3 (3–10) 3 (3–8) 3 (3–3) 0.738

Data presented as mean ± standard deviation, median (quartiles) or counts (%).

SB: spontaneous breathing; MV: mechanical ventilation; ED: early death; ICP: intracranial pressure;
BCI: brain compliance index; TBI: traumatic brain injury; SAH: subarachnoid hemorrhage; SAPS-3:
simpli�ed acute physiologic score 3; GCS: Glasgow coma score. P values represent statistical
signi�cance between ED and the other groups.

3.2 ICPW and ICP
Overall mean values of ICP (mICP) and P2/P1 ratio were 14 [11–19] mmHg and 1.15 [0.9–1.3],
respectively (Table 1). There was a signi�cant correlation between mICP and P2/P1 (r = 0.49, p < 0.001 –
Fig. 1). P2/P1 was signi�cantly higher in patients with IHT (Fig. 2); P2/P1 had an AUROC to predict IHT of
0.88 [95% CI 0.78–0.98], whereas the P2/P1 cut-off of > 1.2 showed a sensitivity of 85% [95% CI 58–97%]
and a speci�city of 77% [95% CI 64–85%]. Similar results were observed when patients with DC were
excluded.

3.3. ICPW and Outcome
Mean ICP and the proportion of patients with mICP > 20 mmHg were signi�cantly higher in the ED group
when compared to the others (p = 0.016 and p = 0.013, respectively – Table 1). P2/P1 ratio and the
proportion of P2/P1 > 1.2 were also higher, although not statistically signi�cant, in the ED group when
compared to the others (Table 1 - Fig. 2).

Mean ICP (21.5 [12–27] mmHg vs 13 [10–18], p = 0.009), P2/P1 (1.25 [1.2–1.6] vs. 1.1 [0.8–1.3], p = 
0.035) and BCI (27.1 [21.2–36.9] vs. 13.8 [9.7–19.2], p = 0.001) were signi�cantly higher in non-survivors
than survivors. The AUROC of P2/P1 to predict early mortality was 0.71 [95% CI 0.53–0.87], and a P2/P1
cut-off of > 1.2 showed a sensitivity of 60% [95% CI 31–83%] and a speci�city of 69% [95% CI 57–79%].
The AUROC of BCI to predict early mortality was 0.78 [95% CI 0.61–0.94], with a BCI > 19.3 showing a
sensitivity of 70% [95% CI 40–89%] and a speci�city of 79% [95% CI 67–87%]. Similar results were
observed when patients with DC were excluded. The predictive accuracy of ICP, P2/P1 and BCI were
similar.
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A graphical representation of the interaction between ICP and P2/P1 ratio and their effect on outcome is
presented in Fig. 4.

4. Discussion
In this study, mICP values were signi�cantly correlated with P2/P1 derived from NICPW analysis in a
heterogeneous population of brain-injured patients. Moreover, P2/P1 values had, as for elevated mICP,
prognostic value for early mortality. The predictive values of BCI and mICP were similar. The presence of
DC did not in�uence overall results.

The classic studies of Marmarou et al. [16] and Lang�tt et al. [23], by means of invasive ICP
measurement, observed the relation between intracranial volume and ICP variations [24], whereas Nucci
et al. [20] con�rmed that changes in ICPW followed ICP variations; in particular, elevation of the second
ICP peak was related to impaired ICC, although quantitative relations between ICPW peaks were not
demonstrated in that study. Kazimierska et al. [25] performed intracranial elastance assessment by
means of infusion test in normal pressure hydrocephalus patients and compared three techniques,
including changes in P1 and P2 amplitudes, indicating that the ratio obtained from these peaks has good
correlation with the intracranial volumetric manipulation.

ICPW is a well-known parameter for intensivists and neurosurgeons; however, clinical applicability of
ICPW remains di�cult because invasive systems do not routinely analyze P2/P1, being a clear
recognition of the two peaks is not always possible. Therefore, isolated ICP values are currently
recommended in the trigger for speci�c therapies of IHT [1]. The expansion of multimodal
neuromonitoring could help to further understand how ICP values should be optimized in clinical practice.
In particular, as the combination of ICP values with brain oxygenation [26, 27], there is potential to
combine information from ICP invasive measurement and the NICPW analysis to better understand
intracranial compliance after an acute brain injury.

In experimental and clinical settings, the non-invasive P2/P1 ratio has been well correlated with ICP or
applied as additional information to predict outcomes and assess shunting malfunctioning in children
with hydrocephalus [28, 29] and idiopathic intracranial hypertension [30]. In COVID-19 patients, the
combination of P2/P1 with TCD allowed to identify disturbances in cerebral hemodynamics (CH) and
predict early poor outcome [31]. Moreover, the application of this system in previously unexplored health
conditions has suggested interesting alterations in brain compliance among patients with end-stage renal
disease under hemodialysis [32] and robotic prostatectomy surgery because of Trendelenburg positioning
[33].

The clinical interest of P2/P1 should be in the understanding of the brain tolerance to different ICP
values; as an example, if a patient with an ICP of 18 mmHg could be considered as having ICP values
within acceptable ranges, the concomitant presence of P2/P1 > 1.2 might suggest poor intracranial
compliance, potentially requiring additional investigations and interventions. On the opposite, an ICP of
23 mmHg, which should deserve prompt therapy according to guidelines, could be further evaluated in its
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pathogenesis (i.e., hyperthermia, awakening, fever) if P2/P1 ratio remains within normal ranges. A
prospective study including additional neuromonitoring tools to better understand cerebral physiology
during ICP surges is required to respond to this hypothesis.

This study has several limitations to acknowledge. First, a single-center study cohort might in�uence
patients’ management and early outcome, so that generalizability of overall results could be biased.
Second, the association of P2/P1 with early mortality does not imply that altered brain compliance could
be the only explanation for death, rather, this could be explained by the neurological damage itself even
considering that our three groups disclosed no overall severity admission differences Third, data
acquisition was a single and short length recording in the early acute phase after admission with no
additional information on the ICP behavior posteriorly. In fact, a cohort design is proper to outcome
assessment and justi�es further investigation and register more IHT events than the few occasions
reported in the present study. Fourth, our results need for external validation. Although DC did not appear
to signi�cantly in�uence the applicability of NICPW analysis, some cautious should be considered in
such patients, who will require dedicated investigations with such monitoring tools.

5. Conclusions
The novel noninvasive system can analyze biometric parameters extracted from the ICPW parameters
obtained from cyclic spontaneous cranial deformation, which are correlated with ICP. These parameters
seem to be adjuvants for intracranial compliance monitoring and may participate on the outcomes of
acute brain injured patients.

Declarations
The manuscript complies with all instructions to authors 

Authorship requirements have been met and the �nal manuscript was approved by all authors giving
consent for its publication.  

This manuscript has not been published elsewhere and is not under consideration by another journal 

The authors con�rm adherence to ethical guidelines and approvals (IRB/CAAE: 66721217.0.0000.0068
by the University of São Paulo School of Medicine Ethics Committee). 

Con�icts of interest: SB has recently joined brain4care’s scienti�c committee. GF is founder of brain4care.
The other authors declare no competing interests.

Checklist for diagnostic accuracy studies (STARD) was applied (supplemental). 

This research did not receive any speci�c grant from any funding agency in the public, commercial, or
not-for-pro�t sectors. Brain4care provided ICPW system for data collection free of charge for the
institution. One single device was used for the entire research.



Page 10/16

Authors contributions; Institutional support: MJT, WSP and LMSM. Study supervision: RCN. Data
collection and study execution: SB. Electronic data acquisition: MHY. Data analysis: GF. Statistical
analysis: GF, DJFS and FT. Manuscript writing: SB. Manuscript critical revision: CR and FT.

References
1. Robba C, Graziano F, Rebora P, Elli F, Giussani C, Oddo M, Meyfroidt G, Helbok R, Taccone FS, Prisco

L, et al. Intracranial pressure monitoring in patients with acute brain injury in the intensive care unit
(SYNAPSE-ICU): an international, prospective observational cohort study. Lancet Neurol.
2021;20:548–58. doi:10.1016/S1474-4422(21)00138-1.

2. Battaglini D, Brunetti I, Anania P, Fiaschi P, Zona G, Ball L, Giacobbe DR, Vena A, Bassetti M, Patroniti
N, et al. Neurological Manifestations of Severe SARS-CoV-2 Infection: Potential Mechanisms and
Implications of Individualized Mechanical Ventilation Settings. Front Neurol. 2020;11:845.
doi:10.3389/fneur.2020.00845.

3. Brasil S, Taccone FS, Wahys SY, Tomazini BM, Annoni F, Fonseca S, Bassi E, Lucena B, Nogueira RC,
De-Lima-Oliveira M, et al. Cerebral Hemodynamics and Intracranial Compliance Impairment in
Critically Ill COVID-19 Patients: A Pilot Study. Brain Sci 2021, 11, doi:10.3390/brainsci11070874.

4. Czosnyka M, Smielewski P, Timofeev I, Lavinio A, Guazzo E, Hutchinson P, Pickard JD. Intracranial
pressure: more than a number. Neurosurg Focus. 2007;22:E10. doi:10.3171/foc.2007.22.5.11.

5. Rubiano AM, Figaji A, Hawryluk GW. Intracranial pressure management: moving beyond guidelines.
Curr Opin Crit Care. 2022;28:101–10. doi:10.1097/MCC.0000000000000920.

�. Brasil S, Solla DJF, Nogueira RdC, Jacobsen Teixeira M, Malbouisson LMS, Paiva WS. Intracranial
Compliance Assessed by Intracranial Pressure Pulse Waveform. Brain Sci. 2021;11:971.

7. Bor-Seng-Shu E, Figueiredo EG, Fonoff ET, Fujimoto Y, Panerai RB, Teixeira MJ. Decompressive
craniectomy and head injury: brain morphometry, ICP, cerebral hemodynamics, cerebral
microvascular reactivity, and neurochemistry. Neurosurg Rev. 2013;36:361–70. doi:10.1007/s10143-
013-0453-2.

�. Robba C, Pozzebon S, Moro B, Vincent JL, Creteur J, Taccone FS. Multimodal non-invasive
assessment of intracranial hypertension: an observational study. Crit Care. 2020;24:379.
doi:10.1186/s13054-020-03105-z.

9. Robba C, Santori G, Czosnyka M, Corradi F, Citerio G. Optic nerve sheath diameter: the next steps.
Intensive Care Med. 2019. doi:10.1007/s00134-019-05769-w.

10. Xu G, Wu X, Yu J, Ding H, Ni Z, Wang Y. Non-invasive intracranial pressure assessment using shear-
wave elastography in neuro-critical care patients. J Clin Neurosci. 2022;99:261–7.
doi:10.1016/j.jocn.2022.03.011.

11. Torrecilla SG, Avan P. Wideband tympanometry patterns in relation to intracranial pressure. Hear Res.
2021;408:108312. doi:10.1016/j.heares.2021.108312.



Page 11/16

12. Jahns FP, Miroz JP, Messerer M, Daniel RT, Taccone FS, Eckert P, Oddo M. Quantitative pupillometry
for the monitoring of intracranial hypertension in patients with severe traumatic brain injury. Crit
Care. 2019;23:155. doi:10.1186/s13054-019-2436-3.

13. Ocamoto GN, Russo TL, Mendes Zambetta R, Frigieri G, Hayashi CY, Brasil S, Rabelo NN, Spavieri
Junior DL. Intracranial Compliance Concepts and Assessment: A Scoping Review. Front Neurol.
2021;12:756112. doi:10.3389/fneur.2021.756112.

14. Gura M, Silav G, Isik N, Elmaci I. Noninvasive estimation of cerebral perfusion pressure with
transcranial Doppler ultrasonography in traumatic brain injury. Turk Neurosurg. 2012;22:411–5.
doi:10.5137/1019-5149.JTN.4201-11.1.

15. Citerio G, Oddo M, Taccone FS. Recommendations for the use of multimodal monitoring in the
neurointensive care unit. Curr Opin Crit Care. 2015;21:113–9. doi:10.1097/mcc.0000000000000179.

1�. Marmarou A, Shulman K, LaMorgese J. Compartmental analysis of compliance and out�ow
resistance of the cerebrospinal �uid system. J Neurosurg. 1975;43:523–34.
doi:10.3171/jns.1975.43.5.0523.

17. de Moraes FM, Rocha E, Barros FCD, Freitas FGR, Miranda M, Valiente RA, de Andrade JBC, Neto F,
Silva GS. Waveform Morphology as a Surrogate for ICP Monitoring: A Comparison Between an
Invasive and a Noninvasive Method. Neurocrit Care. 2022. doi:10.1007/s12028-022-01477-4.

1�. Brasil S, Solla DJF, Nogueira RdC, Teixeira MJ, Malbouisson LMS, Paiva W. d.S. A Novel Noninvasive
Technique for Intracranial Pressure Waveform Monitoring in Critical Care. J Personalized Med.
2021;11:1302.

19. Andrade RdAP, Oshiro HE, Miyazaki CK, Hayashi CY, Morais MA, Brunelli R, Carmo JP. A nanometer
resolution wearable wireless medical device for non invasive intracranial pressure monitoring. IEEE
Sens J 2021, 1–1, doi:10.1109/JSEN.2021.3090648.

20. Nucci CG, De Bonis P, Mangiola A, Santini P, Sciandrone M, Risi A, Anile C. Intracranial pressure wave
morphological classi�cation: automated analysis and clinical validation. Acta Neurochir (Wien).
2016;158:581–8. doi:10.1007/s00701-015-2672-5. discussion 588.

21. March K. Intracranial pressure monitoring and assessing intracranial compliance in brain injury. Crit
Care Nurs Clin North Am. 2000;12:429–36.

22. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC, Muller M. pROC: an open-source
package for R and S + to analyze and compare ROC curves. BMC Bioinformatics. 2011;12:77.
doi:10.1186/1471-2105-12-77.

23. Lang�tt TW. Increased intracranial pressure. Clin Neurosurg. 1969;16:436–71.
doi:10.1093/neurosurgery/16.cn_suppl_1.436.

24. Rabelo NN, da Silva Brito J, da Silva JS, de Souza NB, Coelho G, Brasil S, Frigieri G. The historic
evolution of intracranial pressure and cerebrospinal �uid pulse pressure concepts: Two centuries of
challenges. Surg Neurol Int. 2021;12:274. doi:10.25259/SNI_53_2021.

25. Kazimierska A, Kasprowicz M, Czosnyka M, Placek MM, Baledent O, Smielewski P, Czosnyka Z.
Compliance of the cerebrospinal space: comparison of three methods. Acta Neurochir. 2021.



Page 12/16

doi:10.1007/s00701-021-04834-y.

2�. Guiza F, Depreitere B, Piper I, Citerio G, Chambers I, Jones PA, Lo TY, Enblad P, Nillson P, Feyen B, et al.
Visualizing the pressure and time burden of intracranial hypertension in adult and paediatric
traumatic brain injury. Intensive Care Med. 2015;41:1067–76. doi:10.1007/s00134-015-3806-1.

27. Okonkwo DO, Shutter LA, Moore C, Temkin NR, Puccio AM, Madden CJ, Andaluz N, Chesnut RM,
Bullock MR, Grant GA, et al. Brain Oxygen Optimization in Severe Traumatic Brain Injury Phase-II: A
Phase II Randomized Trial. Crit Care Med. 2017;45:1907–14. doi:10.1097/ccm.0000000000002619.

2�. Ballestero MFM, Frigieri G, Cabella BCT, de Oliveira SM, de Oliveira RS. Prediction of intracranial
hypertension through noninvasive intracranial pressure waveform analysis in pediatric
hydrocephalus. Childs Nerv Syst. 2017;33:1517–24. doi:10.1007/s00381-017-3475-1.

29. Paraguassu G, Khilnani M, Rabelo NN, Cobos LD, Frigieri G. Case Report: Untreatable Headache in a
Child With Ventriculoperitoneal Shunt Managed by Use of New Non-invasive Intracranial Pressure
Waveform. Front Neurosci. 2021;15:601945. doi:10.3389/fnins.2021.601945.

30. Dhaese TM, Welling LC, Kosciasnki AM, Frigeri G, Auada J, Rabelo NN, Figueiredo EG. Non-invasive
intracranial pressure monitoring in idiopathic intracranial hypertension and lumbar puncture in
pediatric patient: Case report. Surg Neurol Int. 2021;12:493. doi:10.25259/sni_124_2021.

31. Brasil S, Renck AC, Taccone FS, Fontoura Solla DJ, Tomazini BM, Wayhs SY, Fonseca S, Bassi E,
Lucena B, De Carvalho Nogueira R, et al. Obesity and its implications on cerebral circulation and
intracranial compliance in severe COVID-19. Obes Sci Pract. 2021;7:751–9.
doi:https://doi.org/10.1002/osp4.534.

32. Rickli C, Cosmoski LD, Dos Santos FA, Frigieri GH, Rabelo NN, Schuinski AM, Mascarenhas S, Vellosa
JCR. Use of non-invasive intracranial pressure pulse waveform to monitor patients with End-Stage
Renal Disease (ESRD). PLoS ONE. 2021;16:e0240570. doi:10.1371/journal.pone.0240570.

33. Saba GT, Quintao VC, Zeferino SP, Simoes CM, Coelho RF, Fazoli A, Nahas W, Vilela GHF, Carmona
MJC. Noninvasive intracranial pressure real-time waveform analysis monitor during prostatectomy
robotic surgery and Trendelenburg position: case report. Braz J Anesthesiol. 2021;71:656–9.
doi:10.1016/j.bjane.2021.09.003.

Supplementary Figures
Supplemental Figures 1 and 2 are not available with this version

Figures



Page 13/16

Figure 1

Linear correlation between mean intracranial pressure (mICP) values and P2/P1 ratio.



Page 14/16

Figure 2

P2/P1 values according to mean intracranial pressure (mICP) values, in all patients (n=72, left side) or
after exclusion of those with decompressive craniectomy (n=51, right side).
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Figure 3

Distribution of mean intracranial pressure (mICP), P2/P1 ratio and brain compliance index (BCI),
according to early outcomes (SB = spontaneous breathing; MV = mechanical ventilation; ED = early
death).
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Figure 4

Surface graphical depiction of the interaction between intracranial pressure (ICP), P2/P1 and outcomes. 
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