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Abstract
Purpose In this research, a non-invasive intracranial pressure (nICP) optical sensor was developed and evaluated in 
a clinical pilot study. The technology relied on infrared light to probe brain tissue, using photodetectors to capture 
backscattered light modulated by vascular pulsations within the brain’s vascular tissue. The underlying hypothesis was 
that changes in extramural arterial pressure could affect the morphology of recorded optical signals (photoplethysmo-
grams, or PPGs), and analysing these signals with a custom algorithm could enable the non-invasive calculation of 
intracranial pressure (nICP).
Methods This pilot study was the first to evaluate the nICP probe alongside invasive ICP monitoring as a gold standard. 
nICP monitoring occurred in 40 patients undergoing invasive ICP monitoring, with data randomly split for machine learn-
ing. Quality PPG signals were extracted and analysed for time-based features. The study employed Bland–Altman analysis 
and ROC curve calculations to assess nICP accuracy compared to invasive ICP data.
Results Successful acquisition of cerebral PPG signals from traumatic brain injury (TBI) patients allowed for the develop-
ment of a bagging tree model to estimate nICP non-invasively. The nICP estimation exhibited 95% limits of agreement of 
3.8 mmHg with minimal bias and a correlation of 0.8254 with invasive ICP monitoring. ROC curve analysis showed strong 
diagnostic capability with 80% sensitivity and 89% specificity.
Conclusion The clinical evaluation of this innovative optical nICP sensor revealed its ability to estimate ICP non-invasively 
with acceptable and clinically useful accuracy. This breakthrough opens the door to further technological refinement and 
larger-scale clinical studies in the future.
Trial registration NCT05632302, 11th November 2022, retrospectively registered.

Keywords Intracranial pressure · Non-invasive monitoring · Traumatic brain injury · Cerebral photoplethysmograms · 
Machine learning

Abbreviations
ICP  Intracranial pressure
nICP  Non-invasive intracranial pressure
TBI  Traumatic brain injury
PPG  Photopletismograph

Introduction

Traumatic brain injury (TBI) is a global pandemic affecting 
50 million patients globally each year with an annual cost 
to the global economy of £400 billion [24]. It is the most 
common cause of death and disability in the under-40 age 
group, and its incidence is increasing [12]. Secondary brain 
injury due to raised intracranial pressure (ICP) may result 
in progressive cerebral ischaemia, herniation syndromes and 
death at various raised ICP thresholds [1, 44]. ICP monitor-
ing is used in unconscious patients to guide treatment [42], 
and despite a trial where ICP monitoring was compared to 
imaging and clinical examination (ICE), which showed no 
difference in outcomes [10], ICP-directed therapy remains 
the internationally recommended standard of care for severe 
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TBI [9]. A European survey subsequently found that 90% 
of clinicians would insert an ICP monitor in patients with 
severe TBI and radiological abnormalities [11], and a recent 
meta-analysis suggested that ICP-directed therapy was asso-
ciated with a lower mortality [41].

All currently available ICP monitoring systems are inva-
sive and require access to the cranial cavity, which have a 
small but significant risk of complications, including haemor-
rhage or infection [47], and for this reason, they are generally 
only inserted by neurosurgeons. The quest for a non-invasive 
monitor has the immediate advantage that it will eliminate 
the risk of complications associated with the invasiveness and 
obviate the requirement for a neurosurgeon to insert it.

Other techniques have been investigated to measure ICP 
non-invasively [19, 32, 34, 35, 52]. These include transcranial 
Doppler (TCD)-based techniques [4, 6, 8, 16, 26, 29] or the 
measurement of the optic nerve sheath diameter (ONSD) [25, 
43]. However, these devices involve cumbersome technology, 
are operator-dependent, and may not provide direct and con-
tinuous measurement of ICP [22]. Also, none of these tech-
nologies have been accepted in routine clinical practice for 
measuring ICP, and hence, their clinical efficacy and accuracy 
have not been extensively demonstrated yet [22].

In the UK, patients with severe TBI requiring time-crit-
ical surgery can take up to 6 h to reach a neurosurgeon if 
initially resuscitated in a hospital without a neurosurgery 
department [21] and 3.7 h if taken straight to a neurosur-
gery hospital [7]. In contrast, a non-invasive ICP monitor 
used by pre-hospital emergency services would allow ICP-
directed therapy (e.g., osmodiuretics, deep sedation and 
hyperventilation) to be implemented as soon as the patient 
is reached, certainly within the ‘golden hour’ and at a far 
earlier stage than what is currently achievable in most situa-
tions. Therefore, there is a significant need to develop novel 
technologies that will allow truly non-invasive and continu-
ous ICP measurements which are neither cumbersome nor 
operator-dependent.

The technique of near-infrared spectroscopy (NIRS) 
has been extensively used to assess cerebral oxygenation 
non-invasively; however, current NIRS devices only pro-
vide relative changes of oxy-, deoxy-haemoglobin and tis-
sue oxygenation index (Hb, HbO2, TOI) and only use non-
pulsatile brain signals. To date, there is no evidence of any 
non-invasive technology that uses the pulsatile component 
of near-infrared signals to assess ICP quantitatively [34]. 
Therefore, this research utilised a non-invasive, continuous 
monitoring system to acquire cerebral pulsatile NIRS signals 
(photoplethysmograms (PPGs)), referred to as PPG-NIRS, 
from the forehead of TBI patients. Such technology was 
developed with the aim of allowing ICP monitoring early 
and in a variety of settings, thereby decreasing the risks of 
secondary injury and reducing costs. The developed sensor 
works by shining infrared light into the brain through the 

skull and records PPG signals from the backscattered light 
detected by two photodetectors.

This pilot study is based on the hypothesis that changes in 
the extramural arterial pressure (intracranial hypertension) 
will affect the morphology of the cerebral PPG signals, so 
advanced algorithms and machine learning (ML) models 
utilising optical signal feature extraction techniques could 
be implemented in translating the PPG-NIRS signals into 
absolute measurements of ICP within acceptable accuracy 
limits. The results of this pilot clinical investigation will 
guide future device optimisation and the design of subse-
quent clinical studies.

Methods

Study design

This 78-week, non-randomised pilot study (ClinicalTrials 
No. NCT05632302) was performed at a single site in the 
United Kingdom from January 2020 to July 2021 (the study 
was delayed significantly by the COVID-19 global pan-
demic). The East of England – Cambridge Central Research 
Ethics Committee approved the protocol on 14/02/19 (REC 
reference 18/EE/0276, IRAS ID 219476). The Medicines 
and Healthcare Products Regulatory Agency (MHRA) had 
no grounds for objection to making the device available for 
the purposes of a clinical investigation (CI/2019/0025). This 
single-arm trial recorded optical signals using the interven-
tional device, while invasive intracranial pressure measure-
ments were recorded simultaneously using a traditional inva-
sive method as part of their normal medical treatment. This 
study was performed in accordance with the Declaration of 
Helsinki and in agreement with the International Confer-
ence on Harmonisation Guidelines on Good Clinical Prac-
tice. This manuscript was written following the preferred 
reporting items presented on the ‘CONSORT 2010 checklist 
of information to include when reporting a pilot or feasibil-
ity trial’ [13].

Participants

Participants were recruited in the intensive therapy unit 
(ITU) at the Royal London Hospital, UK, on the advice of 
a personal or professional consultee. Severe TBI diagno-
ses were made based on guidelines for the Management of 
Severe Traumatic Brain Injury, Fourth Edition [9]. With 
the exemption of one patient, all the subjects were uncon-
scious as a result of head injury, which was an indication of 
invasive ICP monitoring. One conscious patient undergoing 
invasive ICP monitoring as an investigation for normal pres-
sure hydrocephalus was also included in the study.
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Potential participants were excluded if they were deemed 
unlikely to survive 48 h or if a personal consultee advised 
against participation. Patients who had undergone decom-
pressive craniectomy were excluded due to poor signal qual-
ity due to the damping effect of the surgery.

All conscious participants provided written informed con-
sent prior to study participation. In the case of patients who 
could not consent for themselves due to incapacity due to 
TBI, consent was obtained from a personal consultee or an 
independent healthcare professional if a personal consultee 
was unavailable, according to the 2005 UK Mental Capac-
ity Act.

Personal information relating to participants has been 
kept confidential and managed under the Data Protection 
Act, NHS Caldecott Principles, The Research Governance 
Framework for Health and Social Care, and the conditions 
of Research Ethics Committee Approval.

Interventions

The reference invasive ICP monitor used was the Rau-
medic® Neurovent-P intra-parenchymal pressure probe43 
(catalogue reference 092946001) and was used in all 
patients. This was inserted through a single-lumen 5-French 
polymer cranial bolt and interfaced with a GE® monitor. 
The reference invasive ICP was collected via the GE® iCol-
lect software on a laptop computer powered by a medical-
grade isolation transformer (SN: 2430).

The developed reflectance non-invasive optical ICP 
sensor(nICP) was placed on the patient’s forehead, and opti-
cal signals were acquired from extracerebral tissues and the 
brain (Fig. 1). The nICP sensor comprised a high-intensity 
light-emitting diode (OIS-330–810-X, Osaoptolight, Ger-
many) with a peak emission wavelength of 810 nm and 
two silicone photodiode detectors with a large active area 
(VBPW34S, Vishay Intertechnology, USA) positioned at 

10 mm and 35 mm from the light source [36]. These dis-
tances were chosen to guarantee the light penetration nec-
essary to interrogate extracerebral tissues and the cerebral 
cortex, respectively, as is commonly used in cerebral near-
infrared spectroscopy measurements [14, 37].

The probe was connected to a custom-made instrumen-
tation unit responsible for supplying the driving currents 
to the LED, transforming and amplifying light intensities 
into voltages and pre-processing the acquired signals. This 
system was previously described as the ZenPPG [5], and it 
was powered by a battery pack. From the ZenPPG, the sig-
nals passed through a National Instruments Data Acquisition 
Card (DAQ) card to a laptop, where an in-house Labview 
acquisition software recorded the data sampled at 100 Hz.

After the invasive ICP monitor had been inserted, moni-
toring commenced. The nICP monitor was calibrated in 
each case, adjusting the LED intensity and amplification 
gain according to patients’ characteristics and ambient light. 
Calibration was performed before recording started, then 
monitoring continued for up to 48 h, and the investigators 
monitored the signals during this time. If the patient left 
the ITU for a scan or surgery, the nICP monitor probe was 
disconnected but left in situ.

Outcomes

Endpoints, assessment measurements and the criteria to pro-
ceed with a further clinical trial are summarised in Table 1.

The primary endpoint was the accuracy of the nICP 
model calculated from the acquired optical signals. Moreo-
ver, key secondary endpoints were the quality of the opti-
cal signals and safety issues related to the probe. Outcomes 
were evaluated at the end of data collection and complete 
model analysis for the primary and key secondary endpoints. 
The nICP model accuracy and the probe’s safety included 

Fig. 1  nICP probe: a patient 
with the invasive ICP probe 
on the left hemisphere and the 
nICP sensor on the right; b the 
distribution of optical compo-
nents on the nICP sensor allows 
the acquisition of deep cerebral 
PPG-NIRS signals from the 
distal detector and extracer-
ebral signals from the proximal 
detector
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prespecified criteria used to judge whether or how to proceed 
with future clinical trials using the nICP monitor.

Sample size

The GE® monitor uses a sampling frequency of 100 Hz 
to acquire invasive ICP measurements. Intending to keep 
the nICP signals consistent with the invasive data, the sam-
pling frequency defined in the LabView interface for the 
optical signals acquisition was also at 100 Hz. In addition, 
a monitoring window of up to 48 h was predefined based 
on published literature that suggests a range of elective ICP 
monitoring between 8 and 72 h [50]. Moreover, the selected 
monitoring window considered that ICP monitoring devices 
are generally removed once the ICP is normalised with sus-
tained or clinical improvement for at least 48 h [27]. The 
features of the optical signals will be explained in the fol-
lowing statistical methods section. Features were extracted 
from the PPG signals every 60 s, leading to a record of up to 
2880 observations per patient for each feature.

It remains unclear how to calculate the sample size 
required for a given machine learning model with the aim of 
medical application [2]. Therefore, the patients’ sample size 
was calculated based on a predefined desired nICP model’s 
diagnostic accuracy. Since the accuracy reported for other 
non-invasive ICP monitoring techniques [40] reaches 90% 
for both sensitivity and specificity, 90% was established as 
the nICP model’s desired diagnostic accuracy. According 
to Headway (UK national brain injury charity) statistical 
reports, the incidence of TBI admission in London hospi-
tals was 216 per 100,000 of the population between 2019 
and 2020. Given these assumptions and defining α = 0.1 
and β = 0.2, the sample size was calculated as 37 patients; 
10% was added due to potential attrition; therefore, the final 
recruitment was 40 patients.

In accordance with the referenced checklist published by 
ClinicalTrials.gov [28], this study cannot be considered a 
small clinical trial despite the intentions of the authors to 
test a prototype device. Where the primary outcome measure 
relates to feasibility and not to health outcomes (the latter 
defined as a trial with at least 10 subjects), the current study 
would generally not be considered “small” for purposes of 
exclusion [28].

Randomisation, implementation and blinding

Considering that this is a single-arm study, where both nICP 
and invasive monitoring occurred synchronously in all the 
patients, there was no intervention randomisation. However, 
during the offline analysis of the optical signals, data were 
randomly assigned to the training or the testing group.

The function cvpartition of MATLAB was utilised to 
randomly allocate the dataset to the training group (80%) 
and the testing group (20%), following the Pareto law [23]. 
Because most patients (39/40) were receiving pharmaco-
logical sedation with the aim of maintaining an ICP of less 
than 20 mmHg, the distribution of the ICP across the whole 
dataset is biased toward normal ICP. Therefore, the data-
set was divided by ICP levels (5–10 mmHg, 10–15 mmHg, 
…, 35–40 mmHg) before applying the partition function 
to each interval. This ensured that data from all ICP levels 
were included in both training and testing groups. Due to 
the nature of the study, no blinding was employed. Patients 
were numbered sequentially by recruitment date using natu-
ral numbers starting from number one (1). A key linking 
these sequential numbers to patient details was stored on a 
secure clinical computer; however, other than this, there is 
no way to track the patient's personal information.

Statistical methods

General signal processing was performed using Matlab 
R2022b (The MathWorks Inc., Natick, MA, USA). All 
PPG signals are sensitive to different noise sources, such 
as movement and ambient light. Therefore, movement arte-
fact anomalies and photodetector saturation sections were 
removed from the cerebral PPG signals, as well the respec-
tive synchronous segment was removed from the invasive 
ICP reference. Then, the cerebral PPG signals were filtered 
using Butterworth filters to separate the AC PPG component 
(2nd-order bandpass filter with cut-off frequencies of 0.8 Hz 
and 10 Hz) from the DC PPG component (2nd-order low-
pass filter with a cut-off frequency of 0.1 Hz). The filtered 
signals were then normalised by dividing the AC part of 
the signal by its DC, followed by a 10-factor multiplication.

Several features have been extracted and investigated in 
the literature to characterise pulsating signals, such as PPG 

Table 1  Endpoints, assessment 
measurements and the criteria 
to proceed with a further 
clinical trial

Endpoint Assessment measurements Criteria

nICP model accuracy • Bland–Altman limits of agreement (LM)
• Sensitivity (SE) and specificity (SP) (hyper-

tension threshold = 15 mmHg)

• LM ≤ 6 mmHg
• SE ≥ 80%
• SP ≥ 90%

Quality of the optical signals • Signal-to-noise ratio (SNR)
nICP probe’s safety • Visible skin reaction (VSR)

• Visible skin burns (VSB)
• VSR = mild
• VSB = none
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[17]. This study extracted eleven time-domain features from 
the cerebral PPG signals. These features were as follows:

 1. amplitude,
 2. pulse width,
 3. rise time,
 4. decay time,
 5. upslope,
 6. downslope,
 7. area under the curve,
 8. area of the systolic period,
 9. area of the diastolic period,
 10. ratio between both systolic and diastolic areas, and
 11. ratio between the max and min of the second derivative 

pulse.

The median value of each feature was calculated during 
a signal window of 60 s. Also, the mean value of invasive 
ICP was calculated for this period. Given the sparsity of 
recorded pulses above 20 mmHg of ICP, the final dataset 
only included ICP values between 5 and 40 mmHg. The 
above procedures resulted in a total of 40,795 observations 
across all patients.

As mentioned, the dataset of observations (fea-
tures + mean ICP/window) was randomly portioned in train-
ing and testing sets. An additional set (20%) was held out 
from the training group for cross-validation of the model 
parameters; this group is called the validation set. Both 
training and validation sets were used to build a regression 
bagged tree model using the regression learner app of Mat-
lab R2022b [48]. The functionality and working principle 
of regression trees and bagging are explained in detail else-
where [45]. The regression chosen here was a bagged ensem-
ble of 30 individual decision tree regressors. The maximum 
depth of each tree was set to 8, considering that an increased 
tree depth can yield better results but risks overfitting. Also, 
no restrictions were given on the features available to every 
node or tree, so all features could be used at any time.

After training, the regression forest with the training 
data set and the corresponding invasively measured ICP as 
the ground truth, the testing data set was used. Bland–Alt-
man analysis was performed to determine the inter-method 
agreement. The correlation between methods was assessed 
by considering the Pearson correlation coefficient. Receiver 
operating characteristic (ROC) curves were constructed to 
determine the sensitivity, specificity and area under the 
curve (AUC) of the estimated values compared with the 
measured values for elevated ICP (ICP ≥ 15 mmHg). Statis-
tical significance was defined as p-value < 0.05. These sta-
tistics were calculated from pairs of observations (invasive 
and non-invasive ICP), treating each pair as an independent 
measurement. The latter is to ensure comparability of our 
results with other publications in the field, where AI models 

have been created from optical cerebral measurements to 
estimate ICP [30, 39, 46]. Nonetheless, the AI and statistical 
techniques applied have not been adjusted for the extensive 
number of repeated measurements per patient.

Results

Participants’ flow chart and numbers analysed

The participants’ flow diagram shown in Fig. 2 includes the 
number of participants evaluated for potential enrolment into 
the pilot study and the number excluded at this stage either 
because they did not meet the inclusion criteria or declined 
to participate. The diagram also displays information regard-
ing the number of patients included in the main analysis, 
with numbers and reasons for exclusions. Moreover, the 
authors included an additional step concerning the random 
allocation of observations to build the machine learning 
model.

Recruitment

After ethics approval, 40 patients were enrolled in this sin-
gle-arm prospective study beginning in January 2020, with 
completed enrolment in July 2021. All actively participating 
patients met the inclusion criteria of the study.

Baseline data

Patient demographics and baseline measures are identified 
in Table 2. The mean patient age was 42 (SD = 16) years 
old, with 87% male.

Outcomes and estimation

Morphological changes in cerebral PPG pulses across the 
ICP range are shown in Fig. 3. This figure extracted 20 s 
of pulses from 7 random patients to illustrate the shape of 
cerebral PPG at different intervals of ICP measurements.

The distribution of the observations for testing and train-
ing was skewed toward lower ICP values (Fig. 4a), within 
the 5 to 40 mmHg range of ICP values. More data were 
available at lower ICP values, especially between 10 and 15 
mmHg, because all patients were undergoing active medical 
treatment to avoid intracranial hypertension as part of their 
normal medical treatment. The estimated intracranial pres-
sure (nICP) was compared against the invasive ICP reference 
on the testing group. Figure 4b shows an uphill pattern from 
lower to higher ICP values; this indicates a positive rela-
tionship between the estimated ICP values and the invasive 
measurements.
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Having a determination coefficient of 0.6734 further 
highlights that nICP explains approximately 67.34% of the 
variability in ICP, reinforcing the predictive capability of 
nICP for ICP. Moreover, the correlation coefficient suggests 
a strong positive linear relationship between ICP and nICP 

(r = 0.8254), with nICP tending to be associated with corre-
sponding changes in nICP. These statistical measures indicate 
a meaningful and statistically significant relationship between 
these two parameters in the context of the presented data-
set, being awarded that the estimation performance drops for 
higher ICP values due to the lower availability of high ICP 
data for training the model. Moreover, in order to analyse 
the agreement between the two methods, a Bland–Altman 
analysis was performed, comparing the differences in mmHg 
as shown in Fig. 4c. The mean difference, or bias, between 
nICP and the invasive reference, was of − 0.22 mmHg differ-
ence. Furthermore, the limits of agreement (Z = 1.96) indi-
cate that 95% of the differences between the two monitoring 
methods are within the range of ± 3.8 mmHg. Additionally, 
the variability of the bias is consistent across the graph, and 
in accordance with the trend line, the estimated values at low 
ICP values (< 14 mmHg) are higher than the gold standard, 

Fig. 2  Participants’ flow 
diagram: the chart shows the 
enrolment of participants in 
the study and describes the 
reasons why some of them were 
not included in the analysis. In 
addition to the Consort flow 
chart, a machine learning data 
allocation has been included in 
the figure

Table 2  Baseline characteristics

* One (1) case of possible hydrocephalus
Probe location refers to the hemisphere where the invasive probe was 
inserted

Parameter (n = 32) Value

Age (mean) in years, mean (SD) 42.16 (16.19)
Male, n (%) 35 (87%)
Right probe location, n (%) 27 (67%)
Severe TBI diagnosis*, n (%) 39 (98%)
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Fig. 3  Cerebral PPG pulses across different intervals of ICP values
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(a) Distribution of the observations and their partitions by ICP 
intervals into training and testing groups

(b) Correlation between the non-invasive ICP estimated values 
and the invasive ICP reference on the test group

(c) Bland-Altman analysis to evaluate the differences between 
the non-invasive ICP estimated values and the invasive ICP 

reference on the test group

(d) ROC curve to assess the diagnostic capacity of detecting 
hypertensive cases, considering a threshold of 15 mmHg

(e) Trend of the estimated nICP on top of the invasive ICP
  reference in the whole testing group 

(f) Trend of the estimated nICP on top of the invasive ICP
  reference in one patient with labile ICP 

Fig. 4  Non-invasive ICP model performance
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while at high ICP (> 14 mmHg), they are lower. Although 
an accurate ICP value is useful in the clinical management 
of TBI patients, the model diagnostic capability to detect 
hypertensive events could be of interest in neurocritical care. 
Therefore, Fig. 4d presents the ROC curve that evaluated the 
model performance considering the limitation of an unbalance 
data distribution within the ICP intervals. Therefore, a lower 
threshold (15 mmHg) than the one recommended by the clini-
cal guidelines (20 mmHg) was defined. The estimated nICP 
showed an area under the curve (AUC) of 0.92, a sensitivity 
of 79.7% and a specificity of 89%.

In addition to the results on the whole dataset, the model 
was tested individually per patient. Table 3 summarises the 
mean ± standard deviation and the confidence interval (95%) 
of the different accuracy parameters evaluated. From this indi-
vidual analysis, three patients were not included as they did not 
have more than 100 observations. These results show the varia-
bility of the model performance across the patients, presenting 
reasonable limits of agreement of approximately ± 3.5 mmHg, 
a mean RMSE of 2.79 ± 0.93 mmHg, and correlation coeffi-
cients within 77% and 83% in 95% of the patients.

Figure 4e shows a continuous estimate of ICP (black line) 
on top of the testing group’s invasive reference (red). The 
amount of data per ICP interval is noticed in this figure, as 

well as the trend of the nICP estimation against the gold 
standard. Similarly, Fig. 4f displays the trending of one ran-
dom patient who experienced increases in intracranial pres-
sure. Again, the red line matches the trend of the invasive 
measurements with a root mean square error of 3.22 mmHg.

Ancillary analyses

The quality of the cerebral PPG signals is key for extracting 
reliable features from the PPG waveform. Therefore, the sig-
nal processing methods included a denoising algorithm with 
the aim of removing anomalies from the PPG-NIRS signals, 
as shown in Fig. 5. Data length before and after denoising 
was reduced by 40.18% from 1425.67 h before denoising to 
852.83 h. However, the signal-to-noise ratio (SNR) increased 
after the application of the denoising algorithm by 35%.

Harms

The nICP sensor was attached to the forehead of TBI patients 
in neurocritical care for up to 48 h. Near-infrared light was 
continuously shone into the tissue with a controlled current of 
up to 30 mA. This non-invasive tool did not lead to unintended 

Table 3  Summary of the model 
performance at an individual 
level

* Threshold = 15 mmHg

Accuracy measurement (n = 29) Mean ± SD Confidence interval 95% Units

Bland–Altman limits [− 3.11 ± 1.16; 
2.91 ± 1.95]

[− 3.53; 3.62] mmHg

Bland–Altman bias  − 0.1 ± 0.87 [− 0.42; 0.22] mmHg
Root mean square error 2.79 ± 0.93 [2.45; 3.13] mmHg
Area under the curve* 0.94 ± 0.04 [0.92; 0.95]
Sensitivity* 75.97 ± 21.74 [68.06; 83.88] %
Specificity* 84.92 ± 24.6 [75.97; 93.88] %
Determination coefficient 57.16 ± 20.99 [49.52; 64.8] %
Correlation coefficient 80.07 ± 8.8 [76.87; 83.27] %

Fig. 5  Detection of anomalies by the denoising algorithm: the PPG-NIRS signal in blue colour passes through a denoising algorithm that detects 
abnormalities, as highlighted by the red square
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consequences, harms or effects. Mild marks on the skin were 
observed after sensor removal, yet no skin lesions or burns 
were reported. The skin marks were thought to be related to 
the probe being in place for 48 h, and the marks rapidly disap-
peared, leaving no permanent marks in any participant.

Discussion

This paper reports a novel optical device’s first clinical 
pilot study to measure ICP non-invasively using PPG-NIRS 
waveform analysis. It has several advantages over previously 
described systems, including TCD and ONSD measure-
ments, in that it is truly non-invasive and is neither operator 
nor patient dependent.

Interpretation

The correlation between the invasive and non-invasive 
instruments observed in this work showed for the first time 
that the non-invasive ICP monitor effectively followed the 
trends in ICP changes during the protocol. This provided 
reassurance that the features extracted from the nICP sig-
nals correlate with changes in ICP as initially hypothesised. 
The estimated nICP also showed good accuracy and good 
agreement (i.e. RMSE = 3.3 mmHg and limits of agreement 
of ± 3.8 mmHg) in estimating absolute values of ICP when 
compared to the reference ICP. Furthermore, the accuracy 
of different invasive ICP sensors has been reported to be in 
the range of 0.7–2.3 mmHg [51], whereas the expected accu-
racy is ± 2 mmHg for ICP < 20 mmHg or ± 10% for ICP > 20 
mmHg [18]. For these reasons, the accuracy between 
the nICP monitor and the reference invasive ICP sensor 
observed in this investigation aligned with the expected error 
for a new ICP measuring technique.

Additionally, this work compares favourably to other 
non-invasive ICP monitors. For the non-invasive estima-
tion of ICP, a number of TCD-based techniques have been 
employed. By evaluating a large variety of TCD-based tech-
niques, Cardim and colleagues reported confidence ranges 
ranging from 4.2 to 59.6 mmHg, with an average confi-
dence interval of about 12 mmHg [8]. Similarly, Bellner 
et al. looked for the correlation of the TCD pulsatility index 
with ICP, which led to an accuracy of ± 4 mmHg [3], yet 
other studies could not reproduce these results. Kim et al. 
employed a semi-supervised algorithm to categorise intrac-
ranial hypertension by analysing the morphology of the TCD 
waveform, but this approach could not provide a continuous 
ICP estimate [20].

Other recently developed non-invasive techniques either 
analyse acoustic waves that pass through the skull and pro-
vide an ICP estimate accuracy of ± 6.8 mmHg [15] or meas-
ure with ultrasound or other imaging techniques the optic 

nerve sheath diameter to detect elevated ICP [31]. Most 
of the ICP monitoring systems addressed in the review by 
Rosenberg et al. employed CT or ultrasound to assess the 
diameter of the optical nerve sheath [38]. However, they 
only make a binary decision between elevated and normal 
ICP, while the nICP sensor reported in this study has the 
additional advantage of allowing continuous estimations of 
ICP instead of binary decisions.

Finally, Ruesch et al. have been working with NIRS and 
diffuse correlation spectroscopy (DCS) technologies to esti-
mate ICP non-invasively. The authors present a recompila-
tion of studies where ICP changes were induced incremen-
tally (from about 3–10 mmHg up to 40 mmHg in steps of 
10 mmHg) through fluid infusion in non-human primates 
(n = 5 to 8) [30, 39, 46]. These studies utilised the cardiac 
pulse acquired by DCS in a similar way to how this pilot trial 
used cerebral PPG signals. Interestingly, as explained by 
Themelis et al., flow and volume are closely correlated [49]. 
Therefore, it is not surprising that morphological features 
from the flow pulsations change when ICP increases, as the 
volume signals from NIRS-PPGs do. Nonetheless, Ruesh’s 
approach relies on incorporating ECG measurements for 
pulse detection in the DCS signals, which is not needed by 
the PPG method as these signals are synchronised to the 
heart cycle. Moreover, Ruesh’s method is not entirely non-
invasive, as it utilises MAP measurements from an arteria 
line to estimate ICP [30, 39, 46].

Limitations

Assuming that altered cerebral vessels’ geometry brought 
on by high pressure is the cause of morphological waveform 
alterations, it is essential to recall that other mechanisms, 
such as cerebral autoregulation, can also alter the vasomotor 
tone. The authors accept that cerebral autoregulation is fre-
quently disrupted in patients with intracranial hypertension. 
Despite this study was not designed to detect autoregulation 
failure, it demonstrated the capacity to interrogate the effect 
on ICP of such impairment. As cerebral autoregulation fails, 
vasomotor response is reduced, and then changes in the PPG 
morphology are mainly related to ICP changes rather than 
autoregulation. In addition, a previous study in healthy vol-
unteers with normal cerebral autoregulation showed changes 
in cerebral PPG features that corresponded to an increase in 
intracranial pressure generated by body position tilting [33].

An accuracy of ± 3.8 mmHg in the random allocation 
method may be unrepresentatively good. This is because 
some data from all subjects are included in the training set 
and the statistical methods do not adjust for repeated meas-
urements in subjects i.e. each pair of invasive and estimated 
ICP were treated as independent observations. Future work 
would allow the analysis of additional models and training 
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methods and adjust for repeated measurements using a ran-
dom effects approach.

Similarly, the correlation between the measurements could 
have been diminished by the cases where the Rhaumedic ICP 
sensor tip was placed on different sides to the nICP probe; 
considering that intra-parenchimal ICP reading changes when 
the patient is turned from one side to the other even though the 
intracranial pressure is the same. Future work would ensure 
the acquisition of ICP and nICP signals from the same side of 
the head where the invasive bolt is located.

In addition, the regression model’s accuracy depends on 
the training data set distribution. An increasing error with 
increasing ICP is an effect of fewer training data points at 
larger ICP values, which is a limitation of the study as most 
patients are medicated to avoid intracranial hypertension; 
however, this may not be as clinically important as detect-
ing rises in ICP approaching thresholds of 20 mmHg or 25 
mmHg (the usual cut-off for increasing intervention) since 
anything above this level will be considered for treatment 
regardless of how far it is above the threshold. Moreover, the 
ICP threshold in sedated patients goes down, which allows 
the consideration of a 15 mmHg threshold.

The results presented in this research were analysed 
offline; however, near real-time waveform analysis would be 
possible by deploying the algorithms into an embedded sys-
tem. Future clinical research on an embedded system could 
provide a performance evaluation of the model in real time.

Conclusions

In conclusion, this study has introduced and demonstrated a 
new and potentially transformative method and an algorithm 
to estimate ICP in a continuous and truly non-invasive man-
ner which is not co-dependent on any other measurements 
with cerebral PPG-NIRS. In particular, a bagging tree fed 
with morphological features from cerebral vessel pulsations 
that are measured optically by NIRS to estimate ICP values 
coming from an invasive ICP sensor. The method was dem-
onstrated on adults with TBI.

With further improvements and optimisations of the 
technology and more validation studies, the nICP sensor 
might be suitable for other conditions including hydroceph-
alus, meningitis, and stroke patients, among others. The 
ability of pre-hospital physicians to initiate ICP-directed 
neurocritical care within the “golden hour” (and often 
several hours before the patient reaches the hospital) may 
significantly improve outcomes in trauma patients. It may 
additionally open new scenarios for patients from low- and 
middle-income countries where the majority of the world’s 
population has no access to neurosurgery: A low-cost, non-
invasive monitor may allow ICP-directed therapy in trauma 
that could be implemented in any hospital.
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