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Abstract: Early detection of neurological deterioration in serious acute brain injury is seen as an important goal to reduce death and
disability, but monitoring for neurological deterioration remains challenging. Routine methods, such as neurological examination and
brain imaging, often identify brain injuries only after they have progressed to an irreversible stage. Alternate approaches such as
invasive brain monitoring, are complex, costly and carry inherent risks. The optical brain pulse monitor (OBPM) is a novel, non-
invasive, safe, and continuous monitoring device designed to provide earlier detection of neurological deterioration and address the
limitations of traditional approaches. This review presents the development, technical aspects, and clinical results from past and
ongoing trials over the last five years.
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Introduction
Acute neurological deteriorations occur in around 40% of critically ill patients with severe traumatic brain injury (TBI),
warranting urgent consideration for surgical intervention.' Early detection and treatment of neurological deterioration is

4

associated with better patient outcomes,”* and is therefore strongly recommended by expert panels, including the

Australian Trauma Guidelines and The International Consensus Conference on Monitoring in Neurocritical Care.””’

Monitoring for signs of neurological deterioration or secondary brain injury however remains problematic, in
unconscious patients. Options include clinical examination or invasive forms of brain monitoring. Both have limitations.
Clinical examination even when done well may detect brain injury at a late and potentially irreversible stage. Invasive
oxygen and intra-cranial pressure (ICP) monitoring, while providing continuous and earlier detection are expensive, and
have risks including ventricular infection rates of 9%, mild haemorrhage of 22% and haemorrhage with clinical
deterioration of ~ 1% of patients.”

Non-invasive brain monitors have also not demonstrated consistent efficacy in detection of acute neurological
deteriorations. Clinical studies found cerebral oximeters were poor at detection of acute stroke, did not improve clinical
outcomes in premature infants with hypoxic brain injury and oxygen levels did not correlate with invasive brain oxygen
levels in traumatic brain injury.’ "' Braindcare have developed a monitor that detects small variations in skull deforma-
tion induced by intracranial pressure changes; the “brain stethoscope” has a similar approach with the signal arising from
tympanic membrane pulsations.'* !> Only B4C has published data in brain injured patients and has FDA approval.'®!”
Diffuse correlation spectroscopy, and other near infrared spectroscopic (NIRS) non-invasive techniques, capture
a pulsatile brain signal, features may be extracted to assess parameters such as cerebral blood flow, cerebral blood
volume and ICP."®*?? To date these approaches remain at a research stage.

A major challenge in managing acute brain injury therefore is the development of safe continuous monitoring of the
brain to detect neurological deteriorations earlier. The optical brain pulse monitor (OBPM) is an innovative, non-
invasive, safe, and continuous monitoring device designed to detect neurological deteriorations earlier without the
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risks associated with invasive monitoring. This review presents the development, technical aspects and clinical results
from past and ongoing trials.

The Optical Brain Pulse Monitor

OBPM uses near infra-red (NIR) (660 nm) and red (940 nm) light sources to detect cardiac pulsations and respiratory
waves arising from the brain (Figure 1). These represent a combination of blood flow, blood oxygen and brain motion
changes associated with the cardiac (brain pulses) and respiratory cycles.”*

In published and ongoing studies, we have identified several distinct classes of OPBM brain pulses in normal and
injured brains (Figure 2). The Arterial brain pulse is seen in normal brains, while in injured brains the pulse classes
include the Low compliance brain pulse. This pulse has similar features to invasive ICP monitoring waveforms seen with
low brain compliance states or raised ICP;>* the Hybrid brain pulse is associated with low cerebral blood flow, and the
Venous I brain and the Venous II brain pulses, both of which are associated with very low or no cerebral blood flow. The

Weak brain pulse also represents a very low cerebral blood flow state but does not have central venous features.

Non Cardiac Cycle Related Oscillations
Other classes of oscillations are present in injured brains that appear unrelated to the cardiac or respiratory cycles, such as
Fast waves and Spindles which demonstrate high frequency oscillations (7—14 hz), and also spikes (Figure 3).

Respiratory Waves

Intra-thoracic pressure oscillations associated with the respiratory cycle have marked influences on both brain venous
flows and central spinal fluid (CSF) flows which in turn induce brain motion.?®>° These responses give rise to respiratory
waves detectable in the OPBM signal (Figure 4). In cases of brain injury, there may be notable differences in the
amplitude of respiratory waves between the hemispheres.

Optical Intensity
The optical intensity and it’s ratio (OIR) assess responses in 660 nm and 940 nm light absorption levels over longer time

frames than the cardiac or respiratory cycles. These include slow oscillations in cerebral blood flow such as Lundberg

B waves (Figure 5) or blood volume and brain swelling changes associates with acute stroke and haemorrhage.®'~?
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Figure | The Optical brain pulse monitor.
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Figure 2 Classes of Brain pulses. The uppermost panel demonstrates a normal Arterial compression brain pulse. The pulse has similar shape to a normal arterial pressure waveform.
The next panel demonstrates a Low compliance brain pulse has a shape like an invasively measured low brain compliance or high intra-cranial pressure waveform, with a delayed time to
P2 and high P2/P1 ratio, an A wave may be present. It has clear and distinct features consistent with increased blood volume in the pial venules. The Hybrid brain pulse 940 and 660 nm
pulse shapes are quite distinct from each other and may also have some venous pressure features including subtle A, X, C, V and Y waves, consistent with reduced arteriole pressure
levels. The Venous | brain pulse has somewhat undifferentiated features. Consistent with similar arteriole and central venous pressure levels throughout the cardiac cycle. The start of
the pulse may be difficult to determine. Commonly a trough is present in the diastolic phase consistent with a Y wave. The systolic phase of the pulse may have discernible Arterial brain
pulse features. The 660 and 940 nm pulses have similar shapes. The Venous Il brain pulse is like the Venous | but demonstrates clear central venous waveform features though out the
cardiac cycle. The combination of a X wave (in systole) and the Y wave (in diastole) suggest arteriole pressure is lower than the central venous pressure throughout the cardiac cycle.
The Weak brain pulse is characterized by a low pulse amplitude < 1000 AU and prominent jitter throughout and is consistent with very low cerebral blood flow. Red brain pulse is 940
nm and blue brain pulse 660 nm. The yellow area represents the systolic phase of the cardiac cycle and the white the diastolic phase.

Hardware

The bedside OBPM is comprised of a roll-stand with an enclosure containing the Graphical User Interface (GUI) (a
Tablet PC), a power supply for all components. The monitor’s 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.

Signal Analysis

For all the studies in this review the data from the OBPM was captured at a rate of 500 hz and stored for subsequent analysis.
This analysis was conducted using Python v3.10, SciPy v1.10. Raw data cleaned using an automated pipeline to remove artifacts
such as photodetector saturation, temporary disconnection, and motion. The clean data were filtered to highlight specific
frequency components relevant to physiological mechanisms for quantitative analyses. The respiratory and cardiac frequency
components were isolated using a Butterworth bandpass filter (0.052—0.1 hz) for respiration and a high-pass filter (>0.5 hz) to
preserve cardiac and higher-frequency components, both applied with the filtfilt function from the SciPy package. Synchronous

recordings were made with the routine intensive care monitoring outputs, such as blood pressure, central venous pressure, ECG,
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Figure 3 Non cardiac cycle related brain oscillations in brain injury. The upper panel demonstrates a normal Arterial brain compression pulse. The next panel Fast waves
which oscillate at high frequencies (8—14 hz). The amplitude is typically high > 2000 AU with symmetry of 940 and 660 nm throughout the cardiac cycle. Spindles also
oscillate at high frequencies (10 —14 hz), but are typically brief, just a few heart beats in duration and the amplitude lower than Fast waves. Spikes are typically single brief
waves. They are usually independent of the cardiac cycle. Red brain pulse is 940 nm and blue brain pulse 660 nm. The yellow area represents the systolic phase of the cardiac

cycle and the white the diastolic phase.
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Figure 4 Separation of the Optical brain pulse signal (upper panel) with signal processing into its components, the respiratory cycle (middle panel) and cardiac cycle (lower

panel). Resp: Respiratory, AU: arbitrary units.

end tidal CO, and heart rate. The physiological data was exported from the Philips IntelliVue system using ICM+ (Cambridge
Enterprise, Cambridge, UK. All components of the OBPM were developed and built by Cyban Pty Ltd in Melbourne, Australia.

Photodetector and Light Emitting Diode
Unlike other NIR monitors, such as cerebral oximeters, the OBPM uses a single photodetector (PD). As with any NIR

approach, minimising signal contamination from blood flow in the extra-cranial tissue layers is fundamental to accurately

494 https: Medical Devices: Evidence and Research 2024:17

Dove!


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

Dove Teo et al

% T T T T T
f‘c.’.,\ — Left
£2 :
g 1 1 1 1 1
(@]
20 ! T T T T
o0
“E oo ~p 4 NN |
0 50 100 150 200
Time (s)

Figure 5 Lundberg B waves. The Optical Intensity (660 nm) demonstrates slow waves over the left and right hemispheres associated with Lundberg B waves present in the
invasive intra-cranial pressure (ICP) signal. The right sided changes are a little earlier than the left suggesting increased cerebral blood flow on the that side.

Notes: Adapted from Teo EJ, Petautschnig S, Hellerstedt |, et al. Cerebrovascular Responses in a Patient with Lundberg B Waves Following Subarachnoid Haemorrhage
Assessed with a Novel Non-Invasive Brain Pulse Monitor: A Case Report. Med Devices (Auckl). 2024;17:73-87.3'

obtaining a brain signal. The relationship of the light emitting diode (LED) and PD’s spatial positions in relation to the
skin provides a novel approach to achieve this. Both PD and LED are recessed away from the skin surface, unlike
cerebral oximeters that maintain direct contact with the skin (Figure 6).>

This design assumes that deeper photons are reflected from the brain back toward the PD over a wider arc as
compared to photons reflected from the skin. The PD is strategically positioned within this wider arc to primarily capture
the beam of predominately brain-reflected photons. No direct contact of the LED and PD with the skin further reduces
the likelihood of skin photons reaching the PD through physical skin distortion by the LED and PD which increases
photon scatter within the skin.**

The separation between the LED and PD along the horizontal axis is shorter in the OBPM compared to other NIR
approaches, such as cerebral oximeters, which typically have a separation of approximately 40 mm (Figure 6).>>%
Characteristics related to the skull and brain blood flow support this configuration for optical detection of a brain signal.
Unlike cerebral oximeters, the OBPM sensor is placed over thinner areas of the skull, similar to the positions used by
transcranial Doppler devices.*® The average minimum thickness of adult temporal bone is approximately 1 mm, and the
occipital bone 2 mm.*”*® In contrast, the frontal bones over which cerebral oximeters are placed are much thicker.***
Consequently, it can be assumed that the scalp surface to cortical distance is relatively short, approximately 12 mm in the

OBPM sensor positions.*”

Figure 6 Comparison with cerebral oximeters. The Optical brain pulse monitor has a light emitting diode (LED) and single photodetector (PD) recessed away from the skin
with no direct contact. In addition, a shorter separation between the LED and PD.
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Brain Optical Source

A significant proportion of the brain’s blood supply is located on the cortical surface in the pial venules within the sub-
arachnoid space. The pial venules act as a blood reservoir.*'** The blood volume fraction of skin is quite low, between
1-5%,>* while in the upper brain’s dense vasculature of pial vessels, this figure approaches 100%.** So, while the path
length of photons in the skin layer is ~ 20 times more than in the upper brain, there is 20 times more blood present in the
brain layer compared to the skin. Thus, a large venous blood volume lays on the surface of the cortex, providing a strong
optical signal. Blood oxygenation level dependent (BOLD) functional magnetic resonance imaging studies have also
found that pial venous blood has a more dynamic response to physiological changes than the cortical capillary blood,

potentially providing greater optical responses to acute deteriorations.*!*>-4¢

Brain Motion

Pulsatile blood volume changes are not the only source of the brain pulse signal. The brain is one of the softest tissues in
the human body and deforms under its own weight.*’ Cerebral blood flow, CSF dynamics, and breathing all induce brain
motion.**** Approximately 750 mL of blood enters and exits the brain each minute, giving rise to significant pressure
waves across the soft brain tissues, which surprisingly can also induce subtle skull deformation.*”>! In cases of brain

injury, distinct brain motions are observed across both hemispheres,*®**> which can be detected using the OBPM.

Sensor Placement and Signal Capture

Obtaining an optimal brain pulse signal using the OBPM requires adjustment of the sensor’s position. The adjustment
may be necessary due to variations in bone thickness with the need to locate a thin “bony window” (Figure 7).*> In
addition, the surface of the cortex has undulating gyri and sulci with distinct geographical blood distributions. The
penetrating cortical ascending venules reach the cortical surface on the gyri, while the pial venules largely travel along
the sulci to form cortical veins.”> Each gyrus has a dominant vein or veins occupying the centre with abundant
arborisations and vast numbers of venules. The venule rich gyri may be an important source of the brain pulse signal,
as the relative blood volume is higher compared to other areas.’® There are also described 180 distinct neurovascular
regions in the brain that have unique vascular, histological and functional features. There is homogenous blood flow
within a region. A high-fidelity brain pulse signal may require light interacting within a neurovascular region.>*

MCA
territory

Head Band

Figure 7 Position of the sensor to obtain a brain pulse signal from the frontal or temporal lobes supplied by the middle cerebral artery.
Notes: Adapted from Teo EJ, Petautschnig S, Hellerstedt |, et al. Cerebrovascular Responses in a Patient with Lundberg B Waves Following Subarachnoid Haemorrhage
Assessed with a Novel Non-Invasive Brain Pulse Monitor: A Case Report. Med Devices (Auckl). 2024;17:73-87.%"
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Positioning the sensor is achieved using a headband to maintain stability (Figure 7). Identifying the distinctive
features of the brain pulse signal allows location of a suitable position. Once an appropriate brain signal is identified, the
sensor’s skin adhesive is deployed to secure the sensors in fixed position and to minimise movement artefacts.

The sensor is typically placed on the temporal bone behind the orbit. This captures signals from the frontal or
temporal lobes, both supplied by middle cerebral arteries (MCA). Other “bony windows” include the posterior temporal
bone above the ear, which captures signals from the temporal lobes supplied by the MCA and/or posterior cerebral
artery’s (PCA), and the occipital or parietal bones over the occipital lobe.

The headband pressure should be kept modest (< 25 mmHg) to prevent pressure effects on the skin. The skin should
be monitored every eight hours, and the headband pressure should be released for 30 minutes periodically. For overnight
recordings, where patient movement is more likely, it is important for the headband to be secured with adhesive behind
the ears and mid forehead to prevent sensor movement.

OBPM Brain Pulse Classes

Normal Brain Pulse
In healthy individuals, the brain pulse shape resembles an arterial pressure wave. There are two subclasses of Arterial
brain pulses - the Arterial compression pulse and the Arterial expansion pulse (Figure 8). The terms “compression” and
“expansion” refer to the likely blood volume changes in the pial venules during the systolic phase of the cardiac cycle.

The Arterial compression brain pulse has a sharp increase in light intensity during early systole. The waveform likely
reflects the arterial systolic pressure driving an increase in brain volume, which in turn compresses and empties blood
from the pial venules, resulting in increased light reaching the PD.>*3"%° The systolic pressure wave in the CSF
(ventricles, subarachnoid space and Virchow-Robin perivascular spaces) may also contribute to systolic compression and
emptying of pial venules.®’** During diastole, the cortical brain volume decreases, and the pial venule blood volume
increases, corresponding to a fall in the light intensity (Figure 8, panel A).

Of historical interest it was noted in 1925 by Sir Howard Florey, in his microscopic study of cat brain pial blood
flow...”that as the arteries expand the veins lessen in diameter, and this occurs synchronously with the heart-beat. This
probably exhibits the normal relationship in the vessels, for the brain being enclosed in a rigid case, with the

Arterial brain compression pulse
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Figure 8 Comparison of normal Arterial brain compression (Panel (A) pulse and Arterial brain expansion pulse (Panel (B) measured simultaneously in the left and right
hemispheres. The expansion pulse is likely associated with higher pial venule blood pressure and blood volume than the compression pulse. The expansion pulse is a mirror
image of the compression pulse shape but the expansion pulse has high cerebral blood flow features including a higher pulse amplitude, an earlier reflected wave and
a clearer A wave. It has clear and distinct pulse features consistent with increased blood volume in the pial venules. Red brain pulse is 940 nm and blue brain pulse 660 nm.
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accompanying restrictions of flow by reason of this, as the blood is forced into the arteries the veins are compressed to
make way for this increase”.”

MRI studies also demonstrate a fall in venous blood volume during systole.’*°>%* Cardiac pulsations in cortical veins
are also observed in MRI studies and are slightly delayed relative to the cardiac pulse in the superior sagittal sinus, which
may reflect pressure waves in the CSF compressing the venous sinuses.®> The pulse shape of the 940 nm and 660 nm
wavelengths are similar. The equivalent of an A wave (central venous pressure right atrial contraction) may be present in
late diastole (Figure 2). Other brain monitors, including invasive ICP monitoring and MRI CSF flow imaging, also detect
A waves.®®®

The normal Arterial expansion brain pulse is essentially a mirror image of the compression pulse, demonstrating
a negative change in the light intensity during early systole. The arterial character is more prominent, suggesting
relatively higher cerebral blood flow. The Arterial expansion pulse may result from pial venules with relatively higher
blood pressure that resists compression during systole. It also has clear and distinct pulse features consistent with

increased blood volume in the pial venules giving rise to a high-fidelity optical signal (Figure 8, Panel B).®%"°

Brain Pial Blood Diastolic Blood Oxygen Levels are Lower Than Systolic

The rate of change in the ratio of 660 nm to 940 nm light levels may provide additional information on the speed and
direction of change in blood oxygen levels within a cardiac cycle. Oxygenated haemoglobin has high 940 nm absorption,
while deoxygenated haemoglobin high 660 nm absorption. During the cardiac cycle, the brain diastolic oxygen falls
compared to the systolic levels, causing the 660/940 ratio to increase during systole and decrease during diastole. The
temporal pattern of the rate of change in the 660/940 ratio can be used to identify high, normal and low cerebral blood
flow and oxygen states in the brain pulse classes (Figure 9). In a normal Arterial compression brain pulse, the 660/940
ratio increases rapidly in early systole and slowly decreases thereafter. This pattern is consistent with rapid oxygen
delivery in early systole with adequate cerebral blood flow throughout the remaining cardiac cycle.

Brain Pulse Classes in Brain Injury

We consider the major cerebrovascular factor influencing the OBPM pulse shapes is the relative arteriole to venous
pressure levels acting on the microvascular beds in the injured brain. We found in brain injury and stroke patients, we
were able to identify classes of brain pulses exhibiting strong central venous pressure features, including A, C, X, V, and
Y waves. These findings suggest that the central venous pressure may become an important determinant of microvascular
blood volume oscillations and cerebral blood flow in brain-injured states where arteriolar pressure levels may be similar
or lower than venous pressure.

Hybrid Brain Pulse

The 940 nm and 660 nm wavelengths, have pulse shapes that are clearly different from each other. The 660 nm pulse
peak and trough are delayed relative to the 940 nm peak and trough (Figure 2). Low cerebral flow with an increased
difference between the systolic and diastolic oxygen levels is the likely cause of the distinct pulse shapes of 940 and 660
nm. The pulse shape difference can be graphically assessed using the rate of change in the 660/940 ratio over the cardiac
cycle. Compared with the Arterial brain pulse, the 660/940 ratio peaks later in systole, and thereafter levels fall more
rapidly over diastole, consistent with reduced cerebral blood flow and oxygen levels (Figure 9).

In an ongoing OBPM study of acute stroke patients and also in an animal model of acute MCA stroke, the Hybrid
brain pulse was associated with low cerebral blood flows as documented by Computed Tomography (CT) perfusion in the
human study and was temporally associated with stroke onset in the animal study.”"”* Figure 10 demonstrates a Hybrid
brain pulse in a patient with a large right MCA stroke with a midline shift (Panel A) during an acute fall in arterial
pressure (Panels C and D).

Venous | Brain Pulse
The Venous I brain pulse likely reflects a period where arteriole and venous pressure levels are similar. This gives rise to
a brain pulse with somewhat undifferentiated features, making the start of the pulse difficult to determine. Typically,
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Figure 9 Classes of brain pulses and the rate of change in the 660/940 nm ratio. The rate of change in the 660/940 nm ratio, may represent the speed and direction of
change in blood oxygen levels during a cardiac cycle. The Y axis represents the direction and rate of change. A rate greater than 0 (red serrated line) represents an increase
in oxygen levels, while less than 0 a fall in oxygen levels. The duration of increasing oxygen levels is delineated by the green shaded area. The duration of the fall in oxygen
levels is delineated by the blue shaded area. For the Arterial brain compression pulse there is a rapid and steep increase in the 660/940 ratio, thereafter there is a long gentle
fall. The gentle slope (or rate of fall) is indicated by the black serrated line. In comparison for the Low compliance brain pulse the rate of increase in 660/940 ratio is less
steep, and the duration of increase longer, while the rate of fall in diastole is steeper and the duration of fall shorter. In comparison to the Low compliance brain pulse for the
Hybrid brain pulse the rate of increase is less steep, and the duration of increase longer, while the rate of fall is steeper and the duration of fall shorter. These findings suggest
that compared to the normal arterial brain pulse cerebral blood flow and oxygen levels are lower in the low compliance brain pulse and even lower again in the Hybrid brain
pulse. Of note the Diastolic pulse is associated with a brief increase in the 660/940 ratio.

a trough is present in the diastolic phase of the cardiac cycle, consistent with a Y wave, which may represent right
ventricular relaxation due to increased venous drainage in early diastole. The Y wave suggests arteriole pressure is lower
than the central venous pressure during the diastolic period of the cardiac cycle. The systolic phase of the pulse may have
discernible Arterial brain pulse features, indicating the systolic arteriole pressure level may exceed or equal the venous
pressure. The contours of the Venous I pulse are rounded rather than sharp. The 940 nm and 660 nm pulse shapes are
similar (suggesting blood oxygen levels are unchanged over the cardiac cycle) and the pulse amplitude is high (> 2000
AU) (Figure 2). Overall, these features are consistent with very low cerebral blood flow.

Venous Il Brain Pulse

The Venous II brain pulse is like the Venous I but demonstrates clearer central venous waveform features though out the
cardiac cycle (Figure 2). The combination of an X wave (in systole) and the Y wave (during diastole) suggest arteriole
pressure is lower than the central venous pressure throughout the cardiac cycle and cerebral blood flow is therefore very
low and may be reversed with venous flow toward the brain. The 940 nm and 660 nm pulse shapes are also similar.
Figure 11 demonstrates a Venous II pulse in a patient following cardiac arrest requiring extra-corporeal membrane
oxygenation (ECMO) who subsequently demonstrated severe brain injury with fixed dilated pupils. In this example the
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Figure 10 Brain pulse class changes associated with hypotension and an acute fall in cerebral arteriole pressure over 6 minutes in a brain injured patient. Panel (A) Patient
with large volume right middle cerebral artery stroke with raised intracranial pressure evidenced by midline shift to the left on computerized tomography (CT). Panel (B)
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Figure 11 Venous Il brain pulse. A patient on extra-corporeal membrane oxygenator (ECMO) following prolonged out of hospital cardiac arrest. The left brain
demonstrates a Venous Il brain pulse with strong central venous pressure features, consistent with the arteriole pressure less than the venous pressure in this area of
injured brain. The simultaneous central venous pressure (CVP) trace is demonstrated. The A, C, X, V, Y waves are labelled. The patient had a severe brain injury and
subsequently developed fixed dilated pupils. The routine intensive care monitoring is shown BP, EtCO, and ECG. Red brain pulse is 940 nm and blue brain pulse 660 nm. (the
right brain sensor was disconnected).
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Figure 12 Post thrombectomy for large left middle cerebral artery stroke. Venous |l brain pulses are present over both hemispheres following thrombectomy for a L middle
cerebral artery stroke. The patient developed a severe brain injury with a very poor neurological outcome. The A, C, X, V, Y waves are labelled. The routine intensive care
monitoring is shown BP, EtCO,. The Red brain pulse is 940 nm and blue brain pulse 660 nm.

central venous pressure trace was also recorded. The pulse shapes are remarkably similar for the Venous II brain pulse
and the central venous pressure waves.”> In an ongoing OBPM study of acute stroke patients, we found the Venous I and
II brain pulses were associated with large areas of low cerebral blood flows on CT perfusion and were also temporally
associated with stroke onset in an animal model of MCA stroke.”'”* Figure 12 demonstrates bilateral Venous II brain
pulses in a patient post-thrombectomy for a large left MCA stroke. The patient sustained severe brain injury with a poor
clinical outcome.

In brain injury, the brain pial venule blood volume increases over time despite reduced cerebral blood flow.>>3-7477¢
This may explain the high amplitude of the Venous I and II pulse signals. The similar pulse shape of 940 nm and 660 nm
wavelengths suggests oxygen levels are relatively unchanged during systole and diastole, unlike with a Hybrid pulse in
which the difference in systolic and diastolic oxygen levels is increased. The brain pulse shape may largely reflect venous
pressure oscillation of the microvascular blood volume or movement of the brain itself.

The literature is sparse regarding the influence of the venous circulation on cerebrovascular responses following brain
injury. Venous catheterization to measure venous pressure in the upstream sagittal sinus and transverse sinuses, in normal
brains demonstrate a waveform with predominately arterial features and with some subtle central venous features.
Downstream the venous features are more obvious in the sigmoid sinus and internal jugular veins.”” In settings of brain
injury with reduced arterial pressure, the venous waveform features are more prominent.”” "’

Doppler studies in severe brain injury have demonstrated upstream or reversed flow in cerebral veins with increased
central venous pressure wave features.””’® A study of 53 brain-dead patients with no arterial flow found 50% had
radiotracer within the brain’s superior sagittal sinus following peripheral vein injection. This suggests possible upstream
venous flow toward the brain.®* Other studies in brain death also found evidence of upstream flow into the cerebral
venous sinuses.®""®* Radiological studies also demonstrate enlarged cortical veins following brain death.”*® The
valveless nature of the vertebral venous plexus which connects the brain with the spinal column veins and drains
blood from throughout the body, could provide such a pathway.®*

Weak Brain Pulse

The Weak pulse may occur in an early phase of brain injury and is associated with very low cerebral blood flow and
likely reduced blood volumes in the pial venous system, giving rise to a indistinct optical signal with a very low pulse
amplitude (< 1000 AU). This very weak signal has a background jitter at around 20 hz (Figure 2). The origin of this jitter,
whether physiological or artefactual, is not clear. We have noted the Weak pulse in patients following out of hospital
cardiac arrest who developed severe brain injury.’? Figure 10 demonstrates a Weak brain pulse (Panel D) associated with
an acute fall in arterial pressure in a patient with a pre-existing large right MCA stroke (panel A) and midline shift.
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Low Compliance Brain Pulse

The Low compliance brain pulse is similar in shape to invasively measured ICP waveforms with low brain compliance
features or raised ICP levels in patients with a brain injury.***"%7 The classic features associated with reduced brain
compliance include an increase in the amplitude of P2 relative to P1 and a delayed time to the pulse peak (Figure 2).%'-%
We have documented this class of OBPM brain pulse in patients with brain injuries associated with brain swelling
including sub-arachnoid haemorrhage, prolonged cardiac arrest and large strokes. Figure 10 demonstrates bilateral Low
compliance brain pulses in a patient with a large right MCA stroke and midline shift to the left (Panels A and B).”

The pulse shape demonstrates very clear features, including the pulse start, the systolic peak, the dicrotic notch, and
dicrotic peak, with a high amplitude of > 2000 AU. These findings suggest that the pial venule blood volume is increased
providing a high-fidelity optical signal, as may be expected with brain swelling and downstream compression of the
venous sinuses. Brain swelling negatively impacts on venous drainage through compression of the sagittal and transverse
sinuses.® !

The Low compliance waveform likely results from a mismatch between arterial blood inflow with impaired venous
outflow from the brain. The pulse peak is therefore delayed with a dominant P2.°> Studies have demonstrated that
augmenting venous drainage resolves these ICP waveform changes.®*®! Assessment of the rate of change in the 660/940
ratio, shows that peak rate of change is reached later in the cardiac cycle and levels fall more rapidly in diastole than is
seen with a normal OBPM arterial brain pulse. This is consistent with reduced cerebral blood flow and oxygen levels

(Figure 9).

Hyper-Perfusion Brain Pulse

The Hyper-perfusion brain pulse shape resembles peripheral arterial pressure waves with features of vasoconstriction.
These include an anacrotic notch due to a reflected wave.””* Figure 13 demonstrates a patient with possible late
hyperperfusion syndrome of the left and right MCA territories on day 12 following a SAH. The patient’s blood pressure
was 180/80 mmHg.

Non Cardiac Pulse Related Oscillations
Other classes of brain waveforms are also present in injured brains that appear unrelated to the cardiac or respiratory

cycles.

Left brain

13.09:59.000 13:1001.000
Timo (HH:MM:SS)

Anacrotic notch Reflected waves Dicrotic peak Dicrotic notch

Right brain

13.0050.000 13:10:00.000 13:10.01.000
Time (HH:MM:SS)

Figure 13 Hyper-perfusion brain pulses on both hemispheres. A patient with possible cerebral hyper-perfusion syndrome on day |12 following a Grade V sub-arachnoid
haemorrhage. The blood pressure was 180/80 mmHg. The patient had a poor neurological outcome. The pulse shape is like that seen in a peripheral arterial pressure trace
with vasoconstriction. These features include an anacrotic notch and an early reflected wave. It has clear and distinct pulse features consistent with increased blood volume
in the pial venules. Red brain pulse is 940 nm and blue brain pulse 660 nm.
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Fast Waves, Spindles and Spikes

Fast waves and Spindles oscillate at high frequencies (7-14 hz). Fast waves usually have a duration of longer than
20 seconds, while Spindles are brief with a duration of a few cardiac cycles (Figure 3). The underlying cardiac brain
pulse usually remains present unless the Fast wave amplitude is very high (> 4000 AU) dominating it. The 660 and 940
nm waves share similar morphology suggesting an oscillation or motion of brain tissue rather than an effect related to
high frequency oscillation of oxygen levels. Fast waves typically have a dominant brain side with a lower amplitude
signal on the contralateral side. Fast waves and Spindles are seen in injured brains or in settings of brief periods of
change in cerebral blood flow, such as onset of acute hypoxia, as demonstrated in a human volunteer study.”® The
oscillation may also be triggered in an injured brain by painful stimulation, of the contra-lateral side. We have noted Fast
waves in several intensive care unit patients prior to clinical seizure onset or during seizure.

Spikes are typically single very brief waves and are also associated with brain injury (Figure 3). In severe brain injury
the spikes may develop more complex or bizarre features. Figure 14 demonstrates bizarre spikes in a patient an acute
large left middle cerebral artery infarct with midline shift to the right. In this case the large amplitude spike is followed
by a rapid higher frequency low amplitude oscillations. High amplitude respiratory waves are also present over the right
hemisphere.

A study in stroke patients assessing brain tissue motions, over a depth of 20 to 80 mm, using a novel transcranial
Doppler technique found similar high frequency oscillations and Spikes.’* These findings were consistent with cortical
and subcortical brain tissue motions.>? Fast Fourier transformations of invasive ICP waveforms also demonstrate a range
of similar frequency oscillations within the ICP waveform, which are associated with increased mortality and raised ICP
levels.”> "7

We speculate that oscillations of cerebrovascular smooth muscle and transmitted pressure waves through brain tissue
may be a mechanism of Fast waves, Spindles and Spikes. The brain is a soft but muscular organ with smooth muscle
present on all cerebral arteries, arterioles, capillaries (pericytes), venules and veins.”®® Autoregulation of brain blood
flow depends on smooth muscle mediated control. Smooth muscle is heavily innervated via complex neural pathways
that mediate smooth muscle tone.’” Following brain injury, the neural networks may be damaged, causing irritability and
autologous smooth muscle spasms.>>'°*!%! Both arterioles and large cerebral veins possess smooth muscle sphincters

and contraction of sphincters could cause large blood volume oscillations.””' %1%

Left Brain

Right Brain

m
[}
@

EtCO,

Figure 14 Spikes and respiratory amplitude changes in a brain injured patient. Patient with established large left middle cerebral artery infarct day 2 following cardiac
surgery. Complex large amplitude spikes in the left brain (green arrows). The initial spike is followed by a rapid high frequency lower amplitude oscillations. The spikes are
not synchronous with breathing (blue vertical lines demonstrate the respiratory period). There is a low amplitude cardiac pulse. On the right side the optical brain pulse
monitor demonstrates a very high respiratory to cardiac amplitude ratio (RCAR). The bizarre spikes on the left are suggestive of severe brain injury triggering abnormal
vascular smooth muscle contractions. The high respiratory signal on the right is consistent with swelling or cerebral oedema of the left hemisphere with exaggerated
respiratory motion of the right hemisphere. The brain CT (insert) demonstrates the large left sided infarct The patient had a very poor neurological outcome. The routine
intensive care monitoring is shown BP, EtCO; and ECG. Red brain pulse is 940 nm and blue brain pulse 660 nm.
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It is also known that the brain has a low amplitude natural resonance of approximately 7—10 Hz.'®*'°® This natural
resonance may result from the interaction of arterial, venous and CSF pressure waves through the soft brain tissues. In
settings of reduced brain compliance or increased cerebral blood flow the amplitude of the resonance may be increased,
giving rise to Fast waves.

In shivering patients, a waveform similar to Fast waves is present and likely represents movement artefact.'®” Spikes
could also be due to artefact from sensor movement, coughing, swallowing, teeth grinding, or tension on the sensor
cables.

Respiratory Waves

Inspiration increases intra-abdominal pressure with compression of the spinal fluid and causes cranial flow of CSF into
the skull. The movement of CSF creates a pressure wave over the cortex moving it slightly away from the skull, the
reverse is the case during expiration.*****1%"113 In addition, venous drainage increases during inspiration and falls during
expiration.?® 30112114115 Artificial ventilation exerts more complex effects on venous drainage and CSF flows and brain
motion.”®''® These physiological responses give rise to the respiratory waves seen with OBPM.

Normal respiratory waves monitored by OBPM are similar in phase and amplitude over both hemispheres (Figure 4).
The respiratory to cardiac amplitude ratio (RCAR) can be calculated (the peak to trough of the respiratory wave
compared with the peak to trough of the cardiac pulse) to assess the relative increase in the amplitude of the respiratory
waves (Figure 15).

Respiratory Waves and Brain Injury

MRI studies assessing brain motion in TBI demonstrate large unilateral hemispheric respiratory motion associated
with abnormal CSF flows in the lateral ventricles.**''” Decompressive craniotomy is associated with major
respiratory phase pattern of abnormalities of CSF flow dynamics which can give rise to complications including
hydrocephalus and subdural hygromas.''® A MRI study in patients with epilepsy also found increased brain
respiratory oscillations.!'” Lundberg also found marked respiratory phase changes in the ICP amplitude in patients
with TBI.''? Importantly, high abdominal pressure can cause marked respiratory motions of the brain and even brain
herniation.”!

In brain injury the OBPM respiratory waves may show distinct temporal phase differences between hemispheres
and distinct increases in respiratory wave amplitudes whereby a RCAR of over 2:1 is considered abnormal. In
patients with predominately unilateral brain injury with swelling on CT an increased respiratory amplitude may be
present over the normal hemisphere with a normal respiratory amplitude and a low compliance brain pulse over the
swollen hemisphere. This pattern may represent unilateral cerebral oedema with the respiratory flow of CSF diverted

Midline shift to left on CT
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Figure 15 Respiratory amplitude changes in a brain injured patient. Computerized tomography (CT) demonstrates cerebral oedema on the right side following acute infarction
due to sub-arachnoid hemorrhage with midline shift to the left. The optical brain pulse monitor demonstrates a high respiratory to cardiac amplitude ratio (RCAR) > 2:1 on the left
(black arrows). The right injured brain has a normal respiratory amplitude with a low compliance brain pulse. These features suggest cerebral oedema and swelling of the right
hemisphere with exaggerated respiratory motion of the left brain. Red brain pulse is 940 nm and blue brain pulse 660 nm. Invasive intra-cranial pressure (ICP).

504 https: Medical Devices: Evidence and Research 2024:17

Dove!


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

Dove Teo et al

to the contralateral (more compliant brain) hemisphere resulting in an exaggerated respiratory motion on that side.
Figures 14 and 15 demonstrate such findings in a patient with L MCA infarct and in another patient with a sub-
arachnoid haemorrhage.

Optical Intensity

The optical intensity (OI) refers to the raw light levels of 660 and 940 nm over longer time periods than the cardiac and
respiratory cycles. Ol reflects slower physiological or pathological responses in the brain. The NIR wavelengths used are
highly absorbed and scattered by blood, but relatively little by other tissues, such as the skin, skull, muscle and CSF, the
OI changes therefore largely reflect blood volume or oxygen changes in the skin or brain, though changes in 940 nm OI
are more sensitive to CSF/H,O levels.!?°

In normal brains the OI and the optical intensity ratio (OIR) (660/940) remain stable, as blood volume and oxygen
levels are stable due to intact cerebrovascular autoregulation. The appearances are similar for the right and left
hemispheres.

Dark hair, surgical dressings, skin pigmentation or skin haematoma or bruising or variation in skull thickness or the
sensor not sitting flat on the skin may also cause a difference in OI between hemispheres. Such mechanical effects are
fixed and do not contribute to changes over time. Movement of the sensor due to coughing, or other mechanical forces
causes artefactual changes in the OI and change of posture will impact the brain and skin blood volumes and hence
the OL.

Optical Intensity and Brain Injury
Pathological causes of OI changes include stroke, cerebral oedema, infarction, cerebral haemorrhage, and cerebral
perfusion changes which may result in Lundberg B waves.**!2!7124

In brain injury the 660 and 940 nm temporal changes in OI may become non-congruent. Figure 16 demonstrates
non-congruent changes in the OI and the OI ratio (OIR) immediately following cardioversion from ventricular
tachycardia to sinus rhythm in a patient on venous arterial extra-corporeal membrane oxygenation (VA ECMO). The
subsequent oscillations and falls in the OIR suggests the possibility of a brain injury such as clot embolization from
the heart. Seven hours later the patient developed fixed dilated pupils. A subsequent CT demonstrated diffuse cerebral

oedema.”

Lundberg B Waves

Lundberg B waves are typically defined as brief repeating increases in ICP of 10-20 mmHg with a frequency of 0.5-3
waves/min.'?* Lundberg B waves are seen in a range of brain injuries and are present normally in sleep.'® Studies using
trans-cranial Doppler ultrasound, found Lundberg B waves arise from brief periods of increased middle cerebral artery
blood flow due to vasodilation.'*”"'*® In a case report, we found slow oscillations of the OI were observed in both brain
hemispheres synchronous with the Lundberg B waves measured with an invasive ICP monitor (Figure 5).>' We also saw
slow waves in an animal stroke study < 6 hours following reperfusion of the stroke territory. Other NIRS technologies,
such as the NIRO 200, found similar slow oscillations in phase with Lundberg B waves, but the direction of change was

the same for both hemispheres.'*!-'**

Potential Artefacts in the OBPM Signal

The skull has a range of muscles attached, such as the temporalis muscle, which are involved in activities such as
chewing and swallowing. These muscles can cause movement of the sensor, resulting in signal artefacts. Other sources of
sensor movement artefacts include changes in body position, shivering, coughing, head movement, and sensor contact
with the patients’ bedding. In addition, tension or movement of the cables attached to the sensors can introduce
movement artefacts.

Dark hair poses another challenge, as it has high photon absorption, potentially decreasing the signal quality.'* This
issue can be addressed by shaving the hair around the sensor area. A craniectomy, where a portion of the skull is
removed, can also lead to sensor movement artefacts due to pulsing brain directly under the skin. Placement of the
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Figure 16 Brain optical intensity (Ol) and the optical intensity ratio (OIR) 660 nm / 940 nm changes following cardioversion (CV). Patient on venous arterial extra-corporeal
membrane oxygenation (VA ECMO) following cardiac arrest. The patient underwent cardiopulmonary resuscitation (CPR) followed by cardioversion to revert long standing
ventricular tachycardia to sinus rhythm. Following successful cardioversion acute changes in the Ol the AOIR occurred particularly in the left brain. The recording covers
a 2.6 minute period. The patient subsequently developed fixed dilated pupils | | hours after sinus rhythm was restored. The falls in the OIR immediately following cardioversion
raises the possibility of clot embolization from the heart. BP: blood pressure, AU: arbitrary units. Red brain pulse is 940 nm and blue brain pulse 660 nm.

sensor’s footprint directly on a large, visibly pulsating arteries, such as the temporal artery, may give rise to signals that
resemble brain pulses but exhibiting higher amplitude and a distinctly arterial pressure waveform, which is more

monotonous in character.

Conclusions

OBPM represents a novel, non-invasive modality capable of detecting cardiac pulsations and respiratory waves
originating from the brain. This technology provides critical information on cerebral blood flow, oxygenation states,
brain compliance and stages of brain injury through the assessment of pulse classes and other oscillations. Such
capabilities hold significant promise for the early identification of neurological deterioration, enabling clinicians to
initiate timely interventions and potentially prevent irreversible brain injury.

Moreover, the OBPM addresses key limitations of existing monitoring modalities, such as their reliance on invasive
procedures or their inability to provide continuous, real-time data. By facilitating earlier detection of pathological
changes, the OBPM offers the potential to enhance clinical decision-making, improve patient outcomes, and optimize
resource allocation in critical care settings. As further research and clinical trials validate its efficacy, OBPM has the
potential to become an integral component of standard neurological monitoring practices, thereby advancing the

management of acute brain injuries and other critical neurological conditions.
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