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Intracranial pressure (ICP) monitoring is crucial in the management of
traumatic brain injury (TBI) and other neurological conditions. Elevated
ICP or too low intracranial compliance (ICC) can compromise brain
perfusion. Simultaneous monitoring of ICP and ICC is needed to optimize
patient-specific brain perfusion in pathological conditions. Surrogate ICC
changes can be extracted by analysis of ICP pulse wave morphology.
Non-invasive, fully passive sensor and ICC changes monitoring are needed.
This study introduces Archimedes, a novel, fully passive, non-invasive
ICP wave monitor that utilizes mechanical pulsatile movement of the
eyeball to assess ICP pulse waveforms. Preliminary findings indicate a
high correlation r = [0.919; 0.96] between non-invasive and invasive ICP
pulse wave morphologies, demonstrating the device’s potential for accurate
ICP pulse waveform monitoring. Additionally, the monitor can discern ICC
changes, providing valuable insights for TBI and normal tension glaucoma
patients according to the shape of non-invasive measured ICP pulse
wave. The k-nearest neighbours algorithm used in preliminary glaucoma
studies yielded promising diagnostic performance, with an accuracy of
0.89, sensitivity of 0.82, specificity of 1.0 and area under curve 0.91. Ethical
approvals for ongoing studies have been secured. Initial results indicate
that Archimedes real-time ICC non-invasive monitor is safe, cost-effective
alternative to conventional monitoring techniques.

1. Introduction
Brain neurons can be damaged or die when intracranial pressure (ICP) rises
above the patient-specific limit, and intracranial compliance (ICC) decrea-
ses below the patient-specific toleration limit. Optimal cerebral perfusion
pressure (CPP)-guided therapy was introduced as a concept, which allows
personalization of CPP management to improve the outcomes for patients
with traumatic brain injury (TBI) [1].

Marmarou et al. [2] first described ICC as the ratio of intracranial volume
change to change in ICP (ICC = ∆Volume/∆ICP). Brain swelling, disturbed
venous outflow after TBI or increased cerebrospinal fluid (CSF) volume
in hydrocephalus cases are the leading causes of decreased compliance.
However, too high compliance was associated with normal tension glaucoma
compared to healthy subjects [3].

The scientific community agrees that ‘ICP is more than a number’, and the
morphology of the ICP pulse waveform gives more diagnostic information
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than the ICP value [4]. The physiological ICP pulse waveform has three expressed morphological peaks: P1, P2 and P3 [5].
By elevating the mean ICP value or decreasing ICC, the ICP pulse waves become progressively rounded, where the peaks
disappear. The peak ratio of P2/P1 is associated with ICC value [6–8]. If the P2/P1 ratio is above 1, it is associated with
abnormally low ICC due to different brain pathologies of intracranial volume compensation capacity [9]. The amplitude of the
ICP pulse wave is directly related to the mean ICP value [10]. During the appearance of intracranial slow waves, the amplitude
and morphology of the ICP pulse wave have higher variability compared to cases of absent slow waves [11]. Recent studies
have shown a similarity in shape between ICP and cerebral blood flow velocity waveform during ICP plateau waves [12].
The studies [13–15] showed that the P2/P1 ratio or the amplitude of the ICP pulse wave (whether measured invasively or
non-invasively) is the significant marker for outcome prediction after TBI.

In cases such as cardiac surgery, organ transplantation, ophthalmology and aerospace medicine, where invasive ICP sensors
cannot be implanted into patients’ brains, there is a need for non-invasive technologies capable of accurately and precisely
monitoring ICP pulse waveforms. Several studies show that MRI, rheoencephalography (REG), photoplethysmography (PPG)
or optical coherence tomography (OCT) technologies have the potential to estimate compliance-related ICP pulse wave
characteristics non-invasively. However, the clinical application of these technologies is still limited.

A study using the REG method based on measurement of electrical impedance showed REG waves with three morphological
peaks. However, the bioimpedance variable cannot extract ICP pulse wave morphology because it also reflects scalp blood
volume pulsation [16]. The study conducted using the PPG approach of brain pulse monitoring showed a correlation coefficient
of R = 0.66 between non-invasive PPG pulse waves and invasive ICP pulse waves in TBI patients [17]. ‘brain4care’ (Brazil)
developed a novel non-invasive monitor B4C that detects small skull pulsation due to ICP changes and pulse waves. The
correlation coefficient between P2/P1 ratios measured with invasive ICP and B4C monitor was equal to 0.41 [18].

The biophysics of intracraniospinal CSF volume and ICP pulsatility are well understood [19–23]. CSF volume and ICP
pulsatility in the subarachnoid space around the optic nerve have also been under investigation in recent years [24]. It has been
shown using OCT that the optic nerve head pulsates with an amplitude of 7.8 ± 1.3 µm [25]. Optic nerve head pulsation is a
cause of an eyeball pulsatile movement. In a pilot study [26], it was shown that there is no correlation between intracocular
pressure and the pulsatile optic nerve head displacement amplitude. The OCT parameters of the peripapillary Bruch’s mem-
brane angle (pBA) and maximum optic nerve head height (ONHH) also correlate with overnight pulsatile ICP. The pBA became
increasingly smaller with increasing pulsatile ICP; however, ONHH increased with increasing ICP pulsatility [27].

According to the results of state-of-the-art analysis, the general requirements for a non-invasive monitor of ICP pulse waves
are as follows:

— a sensor of such monitor has to be passive: no transmission of some physical signals (electrical, electromagnetic such as
radio waves or NIRS and ultrasonic) to the human head, no pressure applied to the human eye,

— no indirect, nonlinear or correlation-based relationship between invasively recorded ICP pulse wave shape and non-inva-
sively recorded pulse wave shape has to be a basic principle of operation of non-invasive ICP pulse wave and ICC change
monitor and its sensor,

— no distortions of non-invasively recorded ICP pulse wave shape by blood volume pulsations in the human scalp,
— clinically acceptable accuracy and precision of non-invasive spatially averaged ‘global’ (not sectoral or local) ICP pulse

wave shape monitoring in both hemispheres of a human brain to identify ICC changes in cases of TBI, stroke, hydroce-
phalus, glaucoma, sport and aerospace medicine, etc.

We hypothesize that using the phenomenon of eyeball mechanical movement, which directly follows ICP pulsations, it is
possible to create a novel, non-invasive sensor and a wireless, real-time monitor of ICP pulse waves according to the general
requirements listed above.

This article presents the preliminary clinical data of two prospective comparative clinical trials to validate a novel non-inva-
sive ICP pulse wave monitoring technology.

2. Methods
2.1. Archimedes—non-invasive intracranial pressure pulse wave monitor
Following our ideas and formulated requirements above, we created a novel non-invasive, fully passive ICP pulse wave
monitor Archimedes 01/02. It is based on ICP pulse wave sensing by monitoring the mechanical pulsatile movement of the
eyeball (figure 1a) through a closed eyelid. The device consists of one (Archimedes 01) or two ‘goggles’ (Archimedes 02)
attached to the closed eyelids of the patient. The internal medium of the ‘goggles’ is isolated from the closed eyelids with a thin
(50 µm) non-allergic elastic film. The inner volume of the goggles is filled with a non-compressible liquid, and a digital pressure
sensor is placed in it. The principle of operation is based on the fact that cerebrospinal fluid pulsation in the subarachnoid space
of the optic nerve causes an associated spatial movement of the eyeball. The pressure sensor of a wireless Archimedes real-time
ICP monitor is connected to a medical microelectronic Bluetooth transmitter of pulse wave signals, which transmits real-time
ICP pulse wave signals to a laptop or smartphone. Presentation on the screen of the smartphone of pulse waves recorded from
the left and right eyes of a healthy volunteer is shown in figure 1b. The monitor’s ICP pulse wave sensor is lightweight and
completely passive, i.e. it does not radiate any physical signals to the eye, orbit or intracranial medium and does not add any
pressure to the eye or orbit. The ‘goggles’ are cost-effective and disposable. The upgraded version of the Archimedes 02 device
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(figure 2) can monitor ICP pulse waves through both eyes simultaneously in order to diagnose a difference in ICC changes in
injured and healthy brain hemispheres after TBI, stroke, intracranial vasospasm or re-growing brain tumour.

2.2. Ethical approvals
The ethical approvals were obtained to implement two ongoing prospective comparative observational studies (2024–2025)
for clinical validation of Archimedes technology: ‘R&D of non-invasive innovative intracranial waves monitoring system for
diagnostics and treatment monitoring of patients with normal tension glaucoma’ (project no.: SV5−40) and ‘Research and
development of innovative non-invasive high temporal resolution ICP waves monitoring technology’ (project no.: S-MIP−23–
68). Clinical data collection is carried out in accordance with the study protocols approved by the Vilnius (Lithuania) Regional
Biomedical Research Ethics Committee (nos. 2024/3−1570−1030, 2024−03−05) for brain injury patients with implanted ICP
sensors and by Kaunas (Lithuania) Regional Biomedical Research Ethics Committee (no. BE−2–15, 2024−02−10) for normal
tension glaucoma patients comparing with a control group of healthy volunteers.

Participants and/or their legal guardians signed a written informed consent form to participate in the study. The anonymized
clinical data are used for analysis. The study was registered at the clinical trial registration system ClinicalTrials.gov. The study
identifier is NCT06443411.

2.3. Data collection and analysis
For ICU patients, non-invasive ICP data (recorded with Archimedes 01/02) and invasive ICP data measured with the invasive
ICP monitor Raumedic Neurovent-PTO or with external ventricular drainage (EVD) and ICP monitoring system were collected
using ICM+software (Cambridge, UK). The sampling frequency of the recorded data was 100 Hz. The duration of data
monitoring sessions was at least 3 min. The monitoring sessions were processed by extracting, detrending and normalizing
each pulse wave in the time domain and calculating one averaged pulse wave per monitoring session. Ten ICU patients were
included in the ongoing comparative study until now. All patients required routine implantation of an invasive ICP sensor or
EVD: six patients with subarachnoid haemorrhage (SAH), two patients with TBI and two patients after brain tumour removal.
The patient age range was 31–78 years, and the mean age was 56 years. There were five female and five male patients. The
Pearson correlation coefficient was used to check the similarity between invasive and non-invasive pulse wave monitoring of
ICU patients. The correlation coefficient was determined between averaged invasive and non-invasive pulse wave monitoring
sessions for each patient and expressed by the mean value and interquartile ranges of the overall ICU patients group.

For glaucoma patients or healthy volunteers, non-invasive ICP data only were collected. Currently, 12 healthy volunteers
and 43 glaucoma patients’ data were included in the analysis. The age range of glaucoma patients was 43–87 years, the average

(a)

(b)

Archimedes 01 Ultrasonic TCD

Figure 1. Archimedes 01 sensor placed on a patient during cardiac bypass surgery together with transcranial Doppler (Dolphin 4D, Israel) head frame (a), and the
smartphone screen that presents non-invasive ICP pulse waves recorded from the left and right eyes (b).
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age was 66 years, 13 male and 30 female patients. The age range of healthy volunteers was 27–33 years, average age was
30 years, with four male and eight female volunteers. The K-nearest neighbours (kNN) algorithm was utilized to develop
an artificial intelligence (AI) model for glaucoma diagnosis based on the waveform of non-invasive ICP pulse waves and
evaluate the waveform variances in ICP pulse waves among glaucoma patients and healthy volunteers. A dataset from 12
healthy volunteers was used to create an average reference normal waveform, while data from 43 glaucoma patients were
averaged to form a reference pathological waveform. These reference waveforms were used to train a kNN algorithm to classify
pulse waves as either normal or pathological. The classification was based on the nearest neighbour, determined using the
Euclidean distance between the input waveform and the reference waveforms. The receiver operating characteristic (ROC)
analysis was performed to estimate the kNN model characteristics (accuracy, sensitivity, specificity and an area under the curve)
for diagnosing glaucoma.

3. Preliminary results
Invasive and non-invasive ICP measurements were performed on patients after SAH surgery, ruptured intracranial aneurysm
and intracranial meningioma removal surgery until now. ICP pulse waves were recorded simultaneously, both invasively and
non-invasively, for up to 3 min to obtain an average pulse wave shape for each patient. The interquartile range of correlation
coefficient between invasive and non-invasive pulse waves for the first 10 ICU patients was from 0.919 to 0.96, with a mean
value of 0.933 and standard deviation of 0.063. An example of estimating the similarity of invasive and non-invasive ICP
pulse waves is shown in figure 3, where the averaged correlation coefficient per monitoring session is r = 0.993. To our
knowledge, such a high correlation has never been demonstrated with other non-invasive monitoring technologies that apply
NIRS, ultrasound, electrical or radio signals.

In an ongoing clinical study on normal tension glaucoma patients, the monitoring data from non-invasive ICP were collected
on 43 patients and 12 healthy volunteers until now. A kNN algorithm trained on healthy volunteers and normal tension
glaucoma patients’ waveform data were used to create a model for glaucoma diagnosis. The preliminary results obtained from
the ROC of the developed model (accuracy of 0.89, sensitivity of 0.82, specificity of 1.0 and area under curve 0.91) showed
clinically acceptable performance for diagnosing an early stage of normal tension glaucoma and monitoring of treatment’s
effectiveness. The correlation coefficient between the average reference pulse wave of healthy volunteers and the set of
glaucoma patients’ pulse waves was 0.66, with a standard deviation of 0.107 and an interquartile range from 0.6145 to 0.6701.

The pulse wave repeatability analysis was performed on each healthy volunteer to test the non-invasively recorded varia-
tions of ICP pulse wave signals on different days. The calculated correlation coefficients between measurements performed on
the first day and those on the second, third and fourth days were R = 0.997, R = 0.917 and R = 0.924 for the left eye and R = 0.999,
R = 0.948 and R = 0.953 for the right eye, respectively, showing acceptable repeatability of non-invasively measured ICP pulse
waves on healthy volunteers.

4. Discussion
The guidelines for TBI management emphasize the importance of absolute ICP value monitoring for acute TBI patients by
pointing to the evidence-based averaged ICP threshold value, which is associated with unfavourable outcomes [28]. However,
many studies show that such critical ICP threshold varies among patient groups and, therefore, does not reflect patient-spe-
cific cerebrospinal compensatory reserve [6,8,9,11,29,30]. The ICC changes and its related metrics based on ICP pulse wave
morphology were introduced to estimate cerebrospinal compensatory reserve changes, which could open new perspectives for
the identification of personal ICP thresholds and challenges against the concept of evidence-based medicine, which proposes

Figure 2. Non-invasive wireless ICP pulse wave monitor Archimedes 02 placed on a healthy volunteer.
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a universal and fixed ICP threshold [8,9,30]. In addition, such methodology allows the estimation of ICC changes using
non-invasive approaches.

Therefore, our study aims to explore the proposed non-invasive ICP pulse wave measurement technology by analysing the
similarity between the shape of invasive and non-invasive ICP pulse waves measured through the mechanical eyeball pulsation
caused by the ICP pulse waves.

4.1. Limitations
The novel technology proposed for non-invasive ICP pulse wave monitoring is based on our hypothesis that human eyeball
pulsation reflects the dynamics of CSF volume and provides the same morphology as the invasive ICP pulse wave. The
background for this hypothesis is the anatomical feature of the optic nerve, which is surrounded by CSF and is connected
to intracranial CSF [31,32]. Therefore, the pressure in the subarachnoid space, which is equal to ICP, is transferred into the
eyeball through the optic nerve head. ICP pulsations can be sensed by eyeball movements with an externally applied pressure
sensor, which has hydrostatic contact with the pulsating eyeballs. Our previous studies on the piglet model confirmed that
approach [33]. Our ongoing study is the first pilot study of the proposed technology. The first limitation is the limited number
of included patients. Additional limiting factors, such as blood flow pulsations in the extracranial skin layers surrounding the
eyeball or anatomical abnormalities in the eye orbit, might influence the shape of non-invasively recorded eyeball pulsations.
However, the performed comparison of invasively and non-invasively measured ICP waves shows a high correlation between
these waves, varying in range from 0.919 to 0.96 with a mean value of 0.933.

Although in this ongoing study with a limited number of patients we used the correlation coefficient as the metric for
comparing normal and pathological pulse wave in glaucoma patients, the further comparative analysis will include the
nonlinear dimensional reduction technique—Isomap projection of the pulses into bidimensional space [8] and other metrics
(ratio P2/P1, time to peak [6,7]) to perform detailed comparison of pulse wave morphology.

Although many studies demonstrate that the ICP pulse waveform can be used to estimate individual patient-specific
ICC changes, we analysed the similarity between invasive and non-invasive ICP pulse wave shapes in this comparative
study. Larger studies, including long-term ICP pulse wave invasive and non-invasive monitoring over plateau phases,
are needed to explore the feasibility of individual patient-specific management of the ICP value and brain compliance
management.
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Figure 3. The comparison of non-invasive (a) and invasive ICP pulse waves (b). The raw monitored signals of simultaneously recorded non-invasive and invasive
ICP pulse waves are shown in red curves (top graphs). The processed non-invasive and invasive ICP pulse waves, after eliminating slow and respiratory waves,
normalization, and averaging, are shown in black curves (bottom graphs). The invasive ICP pulse waves were recorded using the Raumedic Neurovent-PTO invasive ICP
sensor implanted in the brain parenchyma. The correlation coefficient between averaged invasive and non-invasive pulse waves was r = 0.993.
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We found in our prospective clinical studies [3,34,35] of patients with diagnosed normal tension and high tension glaucoma
that in normal tension glaucoma cases an ICP is lower than normal. A consequence of that phenomenon is a deformation
of the lamina cribrosa caused by two pressure gradients: normal intraocular pressure and abnormally low ICP. Too low ICP
is associated with too high ICC. Our hypothesis of the ongoing normal tension glaucoma study is that Archimedes can be
used for normal tension glaucoma diagnosing and treatment monitoring because of the possibility of monitoring abnormally
high ICC changes. A key limitation of our ongoing normal tension glaucoma study is the non-invasive character of indirect
ICC identification. Unfortunately, direct invasive ICC measurement is impossible in patients with glaucoma because of ethical
reasons.

5. Conclusions
The novel Archimedes fully passive, non-invasive ICP pulse wave monitor has been developed using, for the first time, direct
monitoring of an eyeball mechanical movement caused by ICP pulse waves. It shows a high correlation with simultaneously
invasively recorded ICP pulse waves according to preliminary data of a prospective comparative observational study. Also,
it showed clinically acceptable repeatability, sensitivity, specificity and accuracy according to preliminary data of a clinical
comparative observational study of normal tension glaucoma patients and healthy volunteers. The proposed monitor is safe for
the patients. It does not radiate any physical signals to the eye, orbit or intracranial medium and does not add any pressure to
the eye or orbit. It is disposable and cost-effective compared with invasive ICP sensors and monitors, and it is wireless and easy
to use. It can be used in a wide range of clinical medicine areas inside and outside intensive care units or surgery theatres. It can
be used everywhere where ICC monitoring by automatic AI-based analysis of recorded pulse wave morphology is needed for
patients treatment decision-making.

Ethics. All participants provided written informed consent to participate. Clinical data collection was carried out in accordance with the study
protocols approved by the Vilnius and Kaunas (Lithuania) Regional Biomedical Research Ethics Committees (no. 2024/3-1570-1030, 2024-03-05
and no. BE-2-15, 2024-02-10).
Data accessibility. Due to privacy concerns and ethical considerations, access to the clinical data used in this study is restricted. Data are available
upon reasonable request, subject to approval by the Regional Kaunas Biomedical Research Ethics Committee (kaunorbtek@lsmuni.lt) and
Regional Vilnius Biomedical Research Ethics Committee (rbtek@mf.vu.lt).
Declaration of AI use. We have not used AI-assisted technologies in creating this article.
Authors’ contributions. V.Pu.: conceptualization, formal analysis, investigation, resources and writing—original draft, writing—review and editing;
E.C.: resources, software, validation, visualization and writing—original draft, writing—review and editing; M.D.: methodology, project
administration, resources, software, validation and visualization; L.B.: project administration, resources, software and software; Y.H.: funding
acquisition, project administration and resources; V.Pe.: investigation, methodology, software, validation and writing—original draft, writing
—review and editing; A.K.: methodology, resources and software; A.R.: conceptualization, funding acquisition, project administration,
supervision, validation and writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. A.R., V.Pe. and E.Ch. are inventors of a non-invasive ICP pulse wave monitoring technology (patent pending). The other
co-authors declare no competing interests.
Funding. This research was supported by the Research Council of Lithuania under Grant Agreements nos. SV5−40, S-MIP−23–68, and S-ITP−24–11.

References
1. Kartal A, Robba C, Helmy A, Wolf S, Aries MJH. 2024 How to define and meet blood pressure targets after traumatic brain injury: a narrative review. Neurocrit. Care 41, 369–385.

(doi:10.1007/s12028-024-02048-5)
2. Marmarou A, Shulman K, LaMorgese J. 1975 Compartmental analysis of compliance and outflow resistance of the cerebrospinal fluid system. J. Neurosurg. 43, 523–534. (doi:10.

3171/jns.1975.43.5.0523)
3. Deimantavicius M, Hamarat Y, Lucinskas P, Zakelis R, Bartusis L, Siaudvytyte L, Janulevicienė I, Ragauskas A. 2020 Prospective clinical study of non-invasive intracranial pressure

measurements in open-angle glaucoma patients and healthy subjects. Medicina (Kaunas). 56, 1–8. (doi:10.3390/medicina56120664)
4. Frič R, Bryne E, Warsza B, Eide PK. 2024 Intracranial pulse pressure amplitude as an indicator of intracranial compliance: observations in symptomatic children with Chiari

malformation type I. J. Neurosurg. Pediatr. 34, 293–300. (doi:10.3171/2024.4.PEDS24168)
5. Wagshul ME, Eide PK, Madsen JR. 2011 The pulsating brain: a review of experimental and clinical studies of intracranial pulsatility. Fluids Barriers CNS 8, 5. (doi:10.1186/2045-8118-

8-5)
6. Ballestero M, Dias C, Gomes ICN, Grisi LS, Cardoso RAM, Júnior ELZ, de Oliveira RS. 2023 Can a new noninvasive method for assessment of intracranial pressure predict intracranial

hypertension and prognosis? Acta Neurochir. (Wien) 165, 1495–1503. (doi:10.1007/s00701-023-05580-z)
7. Bertani R et al. 2024 Management of shunt dysfunction using noninvasive intracranial pressure waveform monitoring: illustrative case. J. Neurosurg. Case Lessons 7, CASE23437.

(doi:10.3171/CASE23437)
8. Gomes I, Shibaki J, Padua B, Silva F, Gonçalves T, Spavieri-Junior DL, Frigieri G, Mascarenhas S, Dias C. 2021 Comparison of waveforms between noninvasive and invasive monitoring

of intracranial pressure. Acta Neurochir. 131, 135–140. (doi:10.1007/978-3-030-59436-7_28)
9. Kazimierska A, Manet R, Vallet A, Schmidt E, Czosnyka Z, Czosnyka M, Kasprowicz M. 2023 Analysis of intracranial pressure pulse waveform in studies on cerebrospinal compliance: a

narrative review. Physiol. Meas. 44, 10TR01. (doi:10.1088/1361-6579/ad0020)
10. Kim MO, Adji A, O’Rourke MF, Avolio AP, Smielewski P, Pickard JD, Czosnyka M. 2015 Principles of cerebral hemodynamics when intracranial pressure is raised: lessons from the

peripheral circulation. J. Hypertens 33, 1233–1241. (doi:10.1097/HJH.0000000000000539)

6

royalsocietypublishing.org/journal/rsfs 
Interface Focus 14: 20240027

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 D

ec
em

be
r 

20
24

 

http://dx.doi.org/10.1007/s12028-024-02048-5
http://dx.doi.org/10.3171/jns.1975.43.5.0523
http://dx.doi.org/10.3171/jns.1975.43.5.0523
http://dx.doi.org/10.3390/medicina56120664
http://dx.doi.org/10.3171/2024.4.PEDS24168
http://dx.doi.org/10.1186/2045-8118-8-5
http://dx.doi.org/10.1186/2045-8118-8-5
http://dx.doi.org/10.1007/s00701-023-05580-z
http://dx.doi.org/10.3171/CASE23437
http://dx.doi.org/10.1007/978-3-030-59436-7_28
http://dx.doi.org/10.1088/1361-6579/ad0020
http://dx.doi.org/10.1097/HJH.0000000000000539


11. Kasprowicz M, Asgari S, Bergsneider M, Czosnyka M, Hamilton R, Hu X. 2010 Pattern recognition of overnight intracranial pressure slow waves using morphological features of
intracranial pressure pulse. J. Neurosci. Methods 190, 310–318. (doi:10.1016/j.jneumeth.2010.05.015)

12. Ziółkowski A, Kasprowicz M, Kazimierska A, Czosnyka M. 2024 Quantitative analysis of similarity between cerebral arterial blood volume and intracranial pressure pulse waveforms
during intracranial pressure plateau waves. Brain Spine 4, 102832. (doi:10.1016/j.bas.2024.102832)

13. Brasil S, Cardim D, Caldas J, Robba C, Taccone FS, de-Lima-Oliveira M, Yoshikawa MH, Malbouisson LMS, Paiva WS. 2024 Predicting short-term outcomes in brain-injured patients: a
comprehensive approach with transcranial Doppler and intracranial compliance assessment. J. Clin. Monit. Comput. (doi:10.1007/s10877-024-01181-y)

14. Budohoski KP, Schmidt B, Smielewski P, Kasprowicz M, Plontke R, Pickard JD, Klingelhöfer J, Czosnyka M. 2012 Non-invasively estimated ICP pulse amplitude strongly correlates
with outcome after TBI. Acta Neurochir. 114, 121–125. (doi:10.1007/978-3-7091-0956-4_22)

15. Ziółkowski A, Pudełko A, Kazimierska A, Uryga A, Czosnyka Z, Kasprowicz M, Czosnyka M. 2022 Peak appearance time in pulse waveforms of intracranial pressure and cerebral blood
flow velocity. Front. Physiol. 13, 1077966. (doi:10.3389/fphys.2022.1077966)

16. Cannizzaro LA, Iwuchukwu I, Rahaman V, Hirzallah M, Bodo M. 2023 Noninvasive neuromonitoring with rheoencephalography: a case report. J. Clin. Monit. Comput. 37, 1413–1422.
(doi:10.1007/s10877-023-00985-8)

17. Dixon B, Sharkey JM, Teo EJ, Grace SA, Savage JS, Udy A, Smith P, Hellerstedt J, Santamaria JD. 2023 Assessment of a non-invasive brain pulse monitor to measure intra-cranial
pressure following acute brain injury. Med. Devices (Auckl). 16, 15–26. (doi:10.2147/MDER.S398193)

18. de Moraes FM, Rocha E, Barros FCD, Freitas FGR, Miranda M, Valiente RA, de Andrade JBC, Neto FEAC, Silva GS. 2022 Waveform morphology as a surrogate for ICP monitoring: a
comparison between an invasive and a noninvasive method. Neurocrit. Care 37, 219–227. (doi:10.1007/s12028-022-01477-4)

19. Davson H, Welch K, Segal MB. 1987 Physiology and pathophysiology of the cerebrospinal fluid. Edinburgh, UK: Churchill Livingston.
20. Strik C, Klose U, Kiefer C, Grodd W. 2002 Slow rhythmic oscillations in intracranial CSF and blood flow: registered by MRI. Acta Neurochir. 81, 139–142. (doi:10.1007/978-3-7091-

6738-0_36)
21. Ragauskas A, Daubaris G, Petkus V, Sliteris R, Raisutis R, Piper I, Rocka S, Jarzemskas E, Matijosaitis V. 2008 Clinical study of craniospinal compliance non-invasive monitoring

method. Acta Neurochir. 165–169. (doi:10.1007/978-3-211-85578-2_33)
22. Ragauskas A, Daubaris G, Ragaisis V, Petkus V. 2003 Implementation of non-invasive brain physiological monitoring concepts. Med. Eng. Phys. 25, 667–678. (doi:10.1016/s1350-

4533(03)00082-1)
23. Varsos GV et al. 2015 Intraspinal pressure and spinal cord perfusion pressure after spinal cord injury: an observational study. J. Neurosurg. 23, 763–771. (doi:10.3171/2015.3.

SPINE14870)
24. Morgan W, Yu DY, Cooper RL, Alder VA, Cringle S, Constable IJ. 1993 Pressure gradients across the optic disk (ed. MCW Treplin). In 25th Annual Scientific Congress of the Royal

Australian College of Ophthalmologists, vol. 1993, p. 194, Hobart, Australia: Mures Convention Management.
25. Solano MM, Richer E, Cheriet F, Lesk MR, Costantino S. 2022 Mapping pulsatile optic nerve head deformation using OCT. Ophthalmol. Sci. 2, 100205. (doi:10.1016/j.xops.2022.

100205)
26. Masís Solano M, Richer E, Costantino S, Lesk MR. 2024 Optic nerve head pulsatile displacement in open-angle glaucoma after intraocular pressure reduction measured by optical

coherence tomography: a pilot study. Bioengineering (Basel). 11, 411. (doi:10.3390/bioengineering11050411)
27. Jacobsen HH, Jørstad ØK, Moe MC, Petrovski G, Pripp AH, Sandell T, Eide PK. 2022 Noninvasive estimation of pulsatile and static intracranial pressure by optical coherence

tomography. Transl. Vis. Sci. Technol. 11, 31. (doi:10.1167/tvst.11.1.31)
28. Carney N et al. 2017 Guidelines for the management of severe traumatic brain injury, fourth edition. Neurosurgery 80, 6–15. (doi:10.1227/NEU.0000000000001432)
29. Carra G et al. 2021 Association of dose of intracranial hypertension with outcome in subarachnoid hemorrhage. Neurocrit. Care 34, 722–730. (doi:10.1007/s12028-021-01221-4)
30. Cucciolini G, Motroni V, Czosnyka M. 2023 Intracranial pressure for clinicians: it is not just a number. J. Anesth. Analg. Crit. Care 3, 31. (doi:10.1186/s44158-023-00115-5)
31. Golzan SM, Kim MO, Seddighi AS, Avolio A, Graham SL. 2012 Non-invasive estimation of cerebrospinal fluid pressure waveforms by means of retinal venous pulsatility and central

aortic blood pressure. Ann. Biomed. Eng. 40, 1940–1948. (doi:10.1007/s10439-012-0563-y)
32. McCulley TJ, Chang JR, Piluek WJ. 2015 Intracranial pressure and glaucoma. J. Neuroophthalmol. 35, S38–S44. (doi:10.1097/WNO.0000000000000295)
33. Hamarat Y et al. 2024 Intraorbital pressure–volume characteristics in a piglet model: in vivo pilot study. PLoS One 19, e0296780. (doi:10.1371/journal.pone.0296780)
34. Stoskuviene A et al. 2023 The relationship between intracranial pressure and visual field zones in normal-tension glaucoma patients. Diagnostics (Basel). 13, 174. (doi:10.3390/

diagnostics13020174)
35. Siaudvytyte L, Januleviciene I, Ragauskas A, Bartusis L, Siesky B, Harris A. 2015 Update in intracranial pressure evaluation methods and translaminar pressure gradient role in

glaucoma. Acta Ophthalmol. 93, 9–15. (doi:10.1111/aos.12502)

7

royalsocietypublishing.org/journal/rsfs 
Interface Focus 14: 20240027

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 D

ec
em

be
r 

20
24

 

http://dx.doi.org/10.1016/j.jneumeth.2010.05.015
http://dx.doi.org/10.1016/j.bas.2024.102832
http://dx.doi.org/10.1007/s10877-024-01181-y
http://dx.doi.org/10.1007/978-3-7091-0956-4_22
http://dx.doi.org/10.3389/fphys.2022.1077966
http://dx.doi.org/10.1007/s10877-023-00985-8
http://dx.doi.org/10.2147/MDER.S398193
http://dx.doi.org/10.1007/s12028-022-01477-4
http://dx.doi.org/10.1007/978-3-7091-6738-0_36
http://dx.doi.org/10.1007/978-3-7091-6738-0_36
http://dx.doi.org/10.1007/978-3-211-85578-2_33
http://dx.doi.org/10.1016/s1350-4533(03)00082-1
http://dx.doi.org/10.1016/s1350-4533(03)00082-1
http://dx.doi.org/10.3171/2015.3.SPINE14870
http://dx.doi.org/10.3171/2015.3.SPINE14870
http://dx.doi.org/10.1016/j.xops.2022.100205
http://dx.doi.org/10.1016/j.xops.2022.100205
http://dx.doi.org/10.3390/bioengineering11050411
http://dx.doi.org/10.1167/tvst.11.1.31
http://dx.doi.org/10.1227/NEU.0000000000001432
http://dx.doi.org/10.1007/s12028-021-01221-4
http://dx.doi.org/10.1186/s44158-023-00115-5
http://dx.doi.org/10.1007/s10439-012-0563-y
http://dx.doi.org/10.1097/WNO.0000000000000295
http://dx.doi.org/10.1371/journal.pone.0296780
http://dx.doi.org/10.3390/diagnostics13020174
http://dx.doi.org/10.3390/diagnostics13020174
http://dx.doi.org/10.1111/aos.12502

	Prospective comparative clinical trials of novel non-invasive intracranial pressure pulse wave monitoring technologies: preliminary clinical data
	1. Introduction
	2. Methods
	2.1. Archimedes—non-invasive intracranial pressure pulse wave monitor
	2.2. Ethical approvals
	2.3. Data collection and analysis

	3. Preliminary results
	4. Discussion
	4.1. Limitations

	5. Conclusions


