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Background: Intracranial pressure (ICP) monitoring requires placing a hole in the skull through which an invasive pressure monitor
is inserted into the brain. This approach has risks for the patient and is expensive. We have developed a non-invasive brain pulse
monitor that uses red light to detect a photoplethysmographic (PPG) signal arising from the blood vessels on the brain’s cortical
surface. The brain PPG and the invasive ICP waveform share morphological features which may allow measurement of the intracranial
pressure.

Methods: We enrolled critically ill patients with an acute brain injury with invasive ICP monitoring to assess the new monitor. A total
of 24 simultaneous invasive ICP and brain pulse monitor PPG measurements were undertaken in 12 patients over a range of ICP
levels.

Results: The waveform morphologies were similar for the invasive ICP and brain pulse monitor PPG approach. Both methods
demonstrated a progressive increase in the amplitude of P2 relative to P1 with increasing ICP levels. An automated algorithm was
developed to assess the PPG morphological features in relation to the ICP level. A correlation was demonstrated between the brain
pulse waveform morphology and ICP levels, R>=0.66, P < 0.001.

Conclusion: The brain pulse monitor’s PPG waveform demonstrated morphological features were similar to the invasive ICP
waveform over a range of ICP levels, these features may provide a method to measure ICP levels.

Trial Registration: ACTRN12620000828921.
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Introduction
A major challenge in managing acute brain injury is how to continuously monitor the brain to detect secondary brain injury.
Early detection of a complication is vital to reduce death and disability,' * and is recommended by expert panels, including
the Australian Trauma Guidelines and The International Consensus Conference on Monitoring in Neurocritical Care.>”’
Monitoring for secondary brain injury in unconscious critically ill patients remains problematic. Options include
intermittent clinical examination of brain stem reflexes or invasive forms of brain monitoring. Both have major limitations.
Clinical examination is often poorly done, but even when done well it detects brain injury relatively late, at a potentially
irreversible stage.® The American Association of Neurological Surgeons Traumatic Brain Injury Guideline, therefore,
recommends that treatment be informed by monitoring rather than clinical assessment.” Invasive intra-cranial pressure
(ICP) monitoring, while potentially providing continuous and earlier detection of complications, is expensive and has
significant risks, including ventricular infection rates of up to 9%, haemorrhage of 22%, and haemorrhage causing clinical
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deterioration in 1% of cases.'® Due to the high costs and risks, invasive monitoring is usually reserved for cases of severe
brain injury.>''~'"* For most patients, therefore, monitoring is confined to just clinical examination.

While a non-invasive method to measure ICP would greatly enhance patient care, available methods have limitations.
Braindcare (B4C) have developed an extra-cranial strain gauge sensor that detects small variations in skull deformation
induced by intracranial pressure changes; the “brain stethoscope” has a similar approach with the signal arising from tympanic

1417 These methods both detect a ICP waveform. Only B4C has published preliminary data in brain

membrane pulsations.
injured patients.'®!® Other approaches include the HeadSense monitor that uses an acoustic method.?® Both optical nerve
ultra-sound and transcranial Doppler have been demonstrated to provide a reasonable correlation with invasive ICP levels, but
require a skilled operator and are difficult to use continuously and cannot be positioned over multiple regions of the brain.?!

Diffuse correlation spectroscopy (DCS), and other near infrared (NIRS) non-invasive techniques, can capture
a pulsatile brain signal. While the pulsatile waveform morphologies do not closely resemble an ICP waveform, features
may be extracted to assess parameters such as cerebral blood flow, cerebral blood volume and ICP.?>2° A relationship
with ICP levels was demonstrated in some studies, but the algorithms also included other variables known to correlate
with ICP, such as blood pressure.”**® The contribution of the scalp tissues blood flow to the signal may also be
a limitation.”>***® To date these approaches remain at a research stage.

We have developed a non-invasive brain pulse monitor that captures a brain photoplethysmographic (PPG) signal.***°
The PPG waveform shares similar morphological features with the invasive ICP pulse waveform. These features may
allow measurement of the intracranial pressure.’' > The aim of this study was to assess the potential correlation between

the invasive ICP measurement with the non-invasive brain PPG signal in patients with acute brain injuries.

Methods

Subject Selection

The inclusion criteria were critically ill adult patients admitted to the Critical Care Unit with an acute brain injury that
may require intracranial pressure monitoring. Patients were excluded if non-invasive brain monitoring was not possible
due to a wound dressing, skin or bone trauma or severely damaged brain or haematoma, preventing placement of the
sensor for brain PPG detection.

The brain pulse monitor uses the wavelength 660 nm to capture a brain pulsatile waveform that is used to assess ICP
levels. The monitor may also be used to assess brain oxygen levels, for this purpose 660 nm and 940 nm are used. This
paper presents data in relation to ICP assessment only.

Unlike a number of other brain near infra-red (NIR) monitors, such as cerebral oximeters, each sensor has a single
light emitting diode (LED) and photodetector (PD). As with any NIR approach removing potential contamination of
photon absorption by the extra-cranial scalp layers is fundamental to obtain an accurate brain signal. The novel geometry
of the LED and PD in the sensor hub preferentially detects photons reflected from deeper tissues, minimising pulsatile
extra-cranial sources contributing to the PPG signal. This is achieved, in part, by the position of the LED and PD, relative
to the skin. This and other aspects of the sensor’s hub allow the detection of a PPG signal arising from the brain. Further
details of the sensor design are not disclosed at this time for commercial reasons.

The major blood source of the brain PPG signal is likely to arise from cardiac induced blood volume changes in the pial
venous vessels that lay on the surface of the cortical gyri. The pial venules contain 75% to 85% of the total pial vessel’s blood
volume.**® The blood volume in the pial vessels is 4-fold higher relative to the capillary vessels deeper in the cortex.’’=®

The brain PPG signal has distinctive features that allow it to be distinguished from a conventional skin PPG signal.
The brain pulse waveform is typically inverted, relative to the skin PPG waveform. The inverted brain PPG signal likely
represents compression (and emptying) of the pial (low pressure) vein/venules by the expanding brain volume during
early systole.***' Consequently, unlike the skin, the blood volume in the pial vein/venules may reduce during systole,
giving rise to the inverted PPG signal.
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Figure | The bedside monitoring unit.

The Brain Pulse Monitor
The bedside monitoring unit is comprised of a roll-stand with an enclosure containing the Graphical User Interface (GUI)
(a Tablet PC), a power supply for all components (Figure 1).

The monitors LED and PD are controlled and processed by an Integrated Analog Front End circuit board, which
digitizes the received signal from each sensor and sends the data stream to the Tablet PC. The PC receives the sensor data
from the Processing Unit, and presents the data on a display, along with patient identifier data to the operator, via
a custom software application. The power supply is a medical grade (IEC60601-1 approved) 120 V AC power supply for
the processing unit. The architecture of the system is shown in Figure 2. All components of the Brain Pulse Monitor were
developed and built by Cyban Pty Ltd in Melbourne, Australia.

A brain pulse sensor was placed over each hemisphere. A Nellcor™ S0, Forehead Sensor was placed on the forehead
(midline) to provide a reference conventional skin pulse oximeter PPG waveform (wavelengths 660 and 900 nm) for
comparison purposes only (Figure 3). The brain pulse sensors were typically placed over the frontal or the temporal lobes
and secured in position with a headband. The sensor’s position may need to be adjusted if a skin PPG signal is initially
obtained. The distinctive features of the brain PPG signals provide a method to adjust the position the sensor for optimal brain
signal detection. This need for adjustment may reflect the fixed geographical distribution of pial veins and venules in relation
to the cortical gyri and sulci. Each gyrus has a dominant vein or veins occupying the centre with abundant arborisations and
vast numbers of venules. Larger cortical draining veins lay along the sulci. The venule rich gyri are the likely source of the
brain signal, as the relative blood volume is higher compared to the other areas. Consequently, to obtain an optimal brain signal
the sensor may need placement over a gyrus.** If required, the hair was shaved to improve signal quality. The sensor was not
placed over areas of large focal haemorrhages, present on routine brain imaging, as this may give rise to an atypical ICP
waveform. Synchronous recordings were made from all three sensors and the invasive ICP.
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Figure 2 Architecture of the brain pulse monitoring system.

Figure 3 A brain pulse monitor was placed on each temple. A Nellcor™ SO, A skin pulse oximeter was placed on the forehead (midline) to provide a reference
conventional skin PPG waveform for comparison. The extra-ventricular drains (EVD) used to measure intracranial pressure are highlighted by the Orange arrows.
Abbreviation: ICP, intracranial pressure.

Invasive ICP Measurement

An extra-ventricular drain was placed into the left or right lateral ventricles. The pressure levels were zeroed at the tragus
and monitored by a Philips IntelliVue system. The physiological data were exported, including the ICP waveforms using
ICM+ (Cambridge Enterprise, Cambridge, UK).

Brain Pulse Signal Pre-Processing

We applied a Butterworth bandpass filter with order 3 and lower and higher 3-dB frequencies 0.1 (Hz) and (8.5 Hz),
respectively, using the Scipy signal “butter” and “filtfilt” (v1.9.0). The sampling frequency is set to 500 (Hz). Pulse starts
were identified using methods previously applied to QRS complex whereby the signal second derivative is taken through

18 https: Medical Devices: Evidence and Research 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Dixon et al

filters, which exaggerates areas of the graphs of fastest change.*’ Then, a moving average filter is applied to merge minor
peaks, where a broader the moving average filter merges larger features. We then added an additional layer of logic to
localise these pulse starts to within —80 milliseconds preceding and +60 milliseconds following the skin pulse starts.
A pulse-end was defined as the next pulse-start. The algorithm was developed through an iterative comparison to the
invasively measured ICP levels over the range of 0 to 40 mmHg. The invasive ICP level was defined as the highest point
during the ICP pulse. Invasive ICP levels >40 mmHg were given the value of 40 mmHg. For each participant,
a timestamp at each hemisphere was visually inspected and recorded whereby a clean signal was identified at the time
of invasive ICP measurement. Non-invasive ICP measurements were calculated for each pulse and averaged over
a window of recording which was at least 30 seconds.

Brain Pulse Monitor |ICP Estimation

An automated algorithm was developed to assess the brain pulse monitor’s correlation with ICP levels based on the brain
pulse waveform, using ICP morphological waveform features known to be associated with raised ICP.***® The normal
ICP waveform typically comprises 3 peaks P1 (the percussion wave, representing the early systolic increase in brain
volume), P2 (the mid/late systolic tidal wave) and P3 (the dicrotic wave, following closure of the aortic valve during
diastole). The dicrotic notch represents an earlier nadir associated with aortic valve closure. Normal ICP levels are
associated with the relative amplitudes of the peaks, where P1 > P2 > P3. With raised ICP levels there is an increase in
the amplitude of P2 and P3 relative with P1, a temporal delay in the pulse’s peak, an increasingly indistinct P3 and
dicrotic notch and changes in the area under curve of the waveform.***” The peaks were determined using the Scipy
signal “find peaks” function (v1.8.0) and area under the curve was estimated using the Numpy “Trapz” function
(v1.22.3). Further details of the algorithm are not disclosed at this time for commercial reasons.

St Vincent’s Hospital (Melbourne, Australia) Human Research Ethics Committee (HREC) granted ethics committee
approval. Because participants lacked the capacity to consider participation at the time of eligibility, informed consent was
obtained from their person responsible prior to enrolment. This was written consent except when the person responsible was
unable to attend the hospital; in these circumstances, and in accordance with the approved consent procedures, verbal
(telephone) consent was obtained. All medical protocols in this study adhered to the Declaration of Helsinki. All methods

Table | Patient Characteristics

Patient Sex Age Injury (Grade) Hospital Days CCU Days Survived
| F 78 | SAH (IV) 51 4 Yes
2 F 54 | SAH (IV) 15 14 No
3 M 46 | SAH (IV) 3 3 No
4 F 62 | SAH (IV) 23 8 Yes
5 M 72 | STROKE 19 14 No
6 F 65 | SAH (IV) 17 8 Yes
7 F 49 | SAH (Il 22 ) Yes
8 F 72 | SAH (Il 40 20 Yes
9 F 59 | SAH (Il 68 8 Yes
10 M 64 | Tumour resection 25 15 No
11 M 52 | ICH 25 14 Yes
12 F 59 | ICH 2 2 No

Abbreviation: CCU, critical care unit.
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were performed in accordance with the relevant guidelines and regulations of our hospital. Informed consent to release
information and images from online open-access publications was obtained from all participants.

Statistical Analysis

We used linear regression to determine the coefficient of correlation between the non-invasive ICP prediction and the
invasive ICP measurements. Figures and the Pearson correlation was performed using GraphPad Prism version 9.4 (Graph
Pad Inc, San Diego, USA). The slope of the line of best fit was used to determine the predicted ICP measurements from the
algorithm estimations. All assumptions for statistical tests were met. Aggregate patient demographic data is presented as
median with interquartile range (IQR) unless otherwise stated. Values over p < 0.05 were considered significant.

Results

Patient Characteristics
A total of 24 simultaneous recordings were recorded in 12 (4 males, 8 females) patients with a median age of 61 (46—72)
years (Table 1). Eight patients suffered a sub-arachnoid hemorrhage (SAH), one suffered a stroke, 2 suffered intracerebral
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Figure 4 Simultaneous conventional skin and brain PPG signals (over one pulse period) compared with the invasive intracranial pressure from a patient presenting with
a sub-arachnoid haemorrhage. The shape of the waveforms for both the right and left brain pulse monitor PPG signals are inverted compared with the skin PPG. The
morphological features of the right and left brain waveforms were similar to the invasive ICP waveform in terms of the peaks’ temporal positions (P, P2, P3) and the dicrotic
notch (indicated by arrow). Note the raw skin PPG signal is presented without being flipped as is the convention with bedside commercial monitors.

Abbreviations: ICP, intracranial pressure; V, Volts; PPG, photoplethysmography.
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hemorrhage (ICH) and one underwent complicated surgery for a retro-orbital tumour. The median length of stay in
hospital was 22.5 (IQR, 16.5-28.75) days, and 11 (IQR 7-14.5) days in the critical care unit. Seven patients survived.

Brain Pulse Waveform Morphology
The brain pulse monitor PPG demonstrated features similar to the invasive ICP waveform. These included peaks at P1,
P2, P3 and a dicrotic notch. Figure 4 demonstrates the morphological features of the left and right brain pulse monitor
PPG signals in relation to the conventional forehead skin PPG signal and simultaneous invasive ICP waveforms.

The relationship of these waveform features (P1, P2, P3, notch) was similar to the invasive ICP waveform, over
a range of ICP levels. Figure 5 demonstrates the changes in the brain pulse monitor PPG signal in comparison to the
invasive ICP waveform in a patient over a 3-day period in which the ICP increased. Both methods demonstrated an
increase in the amplitudes of P2 and P3 relative to P1, a later pulse peak and a progressively indistinct notch and P3.***¢
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Figure 5 The evolution of the morphological waveform features of the brain pulse monitor PPG signal over a 3 day period in relation to the simultaneous invasive ICP (one
pulse period) measured from an external ventricular drain positioned in the right lateral ventricle of a patient with a grade 5 sub-arachnoid haemorrhage. Day |: Normal ICP.
The relative amplitudes of the waveform peaks were Pl > P2 > P3, (indicated by the angle of the green line segment), and there is a rapid increase from the beginning of the
pulse wave to the pulse peak in early systole (tl; 0.13 seconds). Day 2: Raised ICP. The P2 amplitude is now greater than Pl and P3 and there is an increased time lag (t2; 0.22
seconds) to the highest pulse peak. Day 3: Markedly raised ICP. The P2 and P3 amplitudes are very much greater than Pl and the time lag to reach the pulse peak is extended
further (t3; 0.24 seconds).

Abbreviations: ICP, intracranial pressure; V, Volts; PPG, photoplethysmography, (t time to peak).
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Figure 6 (A) Correlation between the brain pulse monitor predicted ICP and invasive ICP measurements. The solid line represents the best linear fit and the dark shaded
area represents the 95% confidence interval of the fit, and the light shaded area represents the prediction interval of the fit; (B) Bland-Altman plot (difference as
a percentage vs mean ICP), the central dashed line represents the mean bias that was less than 1%, the outer dashed lines represent the mean * 1.96 standard deviations
demonstrating that 95% of the data points were = 13.6% of the invasive measurement. R? = 0.66, P<0.00I (Pearson).

Abbreviation: ICP, intracranial pressure.

Based on these waveform morphological features, an automated algorithm was developed to predict ICP from the
brain pulse waveform. A single outlier data point was removed based on analysis of the standard residuals which
identified a z-score of 3.49, more than 3 standard deviations less than the mean. A significant correlation between the
invasive and predicted ICP levels, R?=0.66, p<0.001 (Figure 6).

Discussion

We found the non-invasive brain pulse monitor’s PPG waveform demonstrated morphological features similar to the
invasive ICP waveform across a range of ICP levels. These features were used to develop an algorithm which
demonstrated a significant correlation with invasive ICP levels. Our findings suggest the brain pulse monitor may
provide a simple method to continuously and safely monitor the brain to provide earlier detection of brain injury and its
complications. Early detection and treatment of complications could markedly improve patient outcomes.

Cardiac induced pulsatile blood volume changes are the likely source of the common waveform features seen with the
2 monitoring methods. During early systole brain volume increases with the arterial inflow of blood, from mid systole the
brain volume falls as venous drainage exceeds arterial inflows.>**® Early systolic expansion of the brain volume may
compress the low pressure pial veins/venules on the cortical surface emptying these vessels, while subsequent relaxation
of the brain re-expands the pial blood volume.>* This mechanism may also explain why the brain and skin PPG signals
are inverted in relation to each other, unlike the skin, the blood volume in the pial veins/venules reduces during systole.

These distinct differences between the brain and skin PPG signals provide a method to reduce extra-cranial
contamination from the skin by allowing adjustment of the sensor position till an optimal brain waveform is found.
This is a major difference with existing commercial NIR devices, such as cerebral oximeters, which may have significant
levels of extra-cranial contamination.**™"

Brain swelling from acute brain injury may negatively impact on venous drainage through compression of the large venous
sinuses, particularly the sagittal and transverse sinuses.***>* The ICP waveform and the brain PPG changes seen with raised ICP
are likely to represent prolonged systolic brain volume expansion due to a mismatch between arterial blood flow in and limited
venous flows out. The ICP waveform peak is therefore delayed with a dominant P2. The brain relaxation phase is shorter.> Studies
have demonstrated that augmenting venous drainage resolves these ICP waveform changes and reduces the ICP. #5254
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Limitations
To obtain an optimal brain PPG signal and to avoid a skin PPG signal the sensor’s position may need adjustment. This
process can, however, delay obtaining a signal and if the sensor moves the brain PPG signal may be lost.

The brain pulse monitor waveform assesses ICP levels in the sub-arachnoid space, we compared with invasive ICP
levels measured at a much deeper and distinct anatomical site, the lateral ventricle with an extra-ventricular drain. Studies
have shown that both the pressure levels and waveforms vary at these distinct anatomical sites.’®*>® Furthermore,
following a focal injury that has not resulted in a global insult, ICP increases may be localised and vary between regions
of the brain.’>*® In addition, the ICP waveform also reflects changes in brain compliance, hence in patients with early
compliance changes, the ICP may still be normal.®’~®* These factors could result in an anticipated loss of accuracy and
variation in the relative waveform morphologies relative to the invasive ICP levels used in the study. Other limitations
include the absence of blinding in the study design.

Conclusion

The non-invasive brain pulse monitor PPG waveform demonstrated morphological features similar to the invasive ICP
waveform over a range of ICP levels. An algorithm based on the PPG morphology found the brain pulse monitor ICP
levels were significantly correlated with invasive ICP levels. Our findings raise the possibility that this novel non-
invasive monitor could provide a simple method to continuously and safely monitor the brain to provide earlier detection
of brain injury or its complications.

Data Sharing Statement

The data that support the findings of this study are available from the corresponding author upon reasonable request.
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