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• Non-invasive 

• Portable systems

• Monitoring at bedside or at home

Hemoglobin concentration in tissue can be 
quantified with light  

http://www.nonin.com

www.medisave.com.au
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Near-infrared spectroscopy sensors
• Commercial instruments exist 

• Due to absorption of light, changes in hemoglobin concentration can be measured

http://fnirdevices.com

www.nirsoptix.com

Detector

} Sources

Optical probe

ISS Inc. 

Artinis, Netherlands

Wearable sensors

Sagittal AxialCoronal



Hemoglobin concentration changes during 
functional activation
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Intracranial pressure and impaired neuronal 
function

www.capnoacademy.com https://www.ohsu.edu

Hydrocephalus

https://www.brainline.org

Traumatic Brain Injury

Increased intracranial pressure is associated with worse 
neurological outcome in patients



Measure hemodynamic changes in the brain to 
determine intracranial pressure
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http://www.iss.com/biomedical/instruments/oxiplexTS.html

Near-Infrared Spectroscopy
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ISS OxiplexTS

• 5 – 50 Hz sampling

• 690nm and 830nm

• 2 detectors

• Source-detector distance ≈ 2cm

Δµ𝑎 𝜆 = −
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Diffuse Correlation Spectroscopy
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• Sampling at 100 Hz

• Long coherence laser 

• λ = 785nm or 850nm

• 4 detectors recording at a single 

location

• Source-detector distance ≈ 2cm 

System built in-house

𝑔2 𝜏 =
𝐼 𝑡 ∙ 𝐼 𝑡 + 𝜏

𝐼 𝑡 2
ΔCBF



• Non-human primate model 

Animal model
(a)

(b) (c)
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• Non-Human Primates with invasive pressure sensor

Animal study to induce intracranial pressure changes

Catheter

Pressure 

Sensor

NIRS

DCS

Motor

IC
P

 o
sc

ill
at

io
n NIRS

NIRS



• Cerebral Perfusion 
Pressure 

– CPP = MAP - ICP

• Blood pressure doesn’t 
respond to oscillation

• 0.01 – 0.06 Hz 
oscillations are induced

Example



• Fluid pressure 
oscillation translate 
to cerebral 
hemodynamic 
changes 

Example data of induced ICP and ABP oscillations



• Non-parametric

• Frequency domain

• Discrete value

• 2 Zeros, 4 Poles

• Least-square error fit of parameters

Transfer function analysis for non-invasive ICP

ΔHbO HΔHbO(z) ΔICPNIRSNIRSICP-

Sensor

Catheter

𝐻Δ𝐻𝑏𝑂 𝑧 =
−0.22𝑧 + 0.22

𝑧4 − 1.9𝑧3 + 0.22𝑧2 + 1.33𝑧 − 0.65

A. Ruesch et al., JCBFM, 2019
A. Ruesch et al., BOEx, 2020



Relative changes in ICP extracted with NIRS 

• Example of two 
different animals at 
high ICP (40mmHg)

• Application of transfer 
function to low-pass 
(fc=0.1Hz) filtered data

• Good fit of invasive 
ICP measurement and 
transfer function 
output
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• Transfer function 
approach allows:
– non-invasive dynamics of 

ICP
– High temporal resolution
– Small magnitudes

• What is missing:
– Detection of pathologic 

ICP
– Offset detection of ICP

Non-invasive pressure sensing is possible
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• ICP waveform changes with 
ICP baseline

• Tidal wave increases due to 
impedance change 

• Our Hypothesis:

– Same impedance change will 
also influence cerebral blood 
flow (CBF) pulse wave

Pulse waveform change with pressure

P1: Percussion wave

P2: Tidal wave

P3: Dicrotic wave
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Diffuse Correlation Spectroscopy
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• Sampling at 100 Hz

• Long coherence laser 

• λ = 785nm or 850nm

• 4 detectors recording at a single 

location

• Source-detector distance ≈ 2cm 

System built in-house

𝑔2 𝜏 =
𝐼 𝑡 ∙ 𝐼 𝑡 + 𝜏

𝐼 𝑡 2
ΔCBF
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• CBF changes in the microvasculature 

• Beat to beat CBF changes can be monitored

Diffuse Correlation Spectroscopy



Pulse Averaging - Setup

• DCS placed on forehead and 
arm

– d = 2.5cm

– λ = 850nm

– 4-bundled ‘few’ mode fibers 
(5.8µm)

• EKG tags 60 pulses

19

DCS probes

EKG electrodes



Blood Flow Changes with Head of Bed Tilting

• Can we measure the local 
microvasculature impedance?

– Can this be indicative of 
disease state?

• DCS placed on the head and 
arm

• Increase ICP by inversion
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Human results – Head of Bed Tilting

21

Flat Initial

Down 40

Flat Return

• 100 pulses averaged at 
50Hz bandwidth

• Head shows 
morphological change in 
flow when tilting

• Arm shows little change 
in flow 



• Cerebral Perfusion 
Pressure 

– CPP = MAP - ICP

• Blood pressure doesn’t 
respond to oscillation

• 0.01 – 0.06 Hz 
oscillations are induced

Example



• ICP cardiac pulse waveform changes with baseline

Cardiac Pulse Waveform as a Function of ICP
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• Regression Forest

• Continuous values 
opposed to discrete 
classes

• Value given by 
distribution of ground 
truth values in every 
terminal node

The Decision Forest as a Machine Learning Tool

Criminisi A., et al., Springer. E-pub, February 2013. 



• Single pulses are determined by peak finding algorithm

• Averaging of 60 pulses for increased SNR

• Calculate average ICP in the given time window as ground truth

• Use features in regression forest

Feature extraction
(a)

(b) (c)
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A. Ruesch et al., JCBFM, 2019
A. Ruesch et al., BOEx, 2020

• Using feature based machine learning (regression forest)

Machine Learning for ICP Calculation

(a)

(b) (c)
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• Changed over time can also be extracted

• One example animal shown 

Absolute ICP can be extracted

(a) (b)

(c)

(d)

A. Ruesch et al., JCBFM, 2019
A. Ruesch et al., BOEx, 2020



Clinical Translation
• Collaboration with the Children’s 

Hospital of UPMC of Pittsburgh
• Pediatric Intensive Care Unit

• Measure hemodynamics on 
pediatric TBI and Hydrocephalus 
patients

• Co-Localized DCS and NIRS
• With ICP monitor or ventricular drain

• Until today: 4 subjects with a total of 
12 hours of data

28

Test Baseline
ICP 

check
ICP 

check
ICP 

check

ICP 
check

https://meetings.ami.org/2019/project/
external-ventricular-drainage-device/

NIRS

DCS



29

Low-pass fc= 0.1 Hz
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• Relative changes in intracranial pressure 
with NIRS and transfer function analysis

• Quantitative estimation based on 
regression forest tree

• Clinical translation – measure children 
with hydrocephalus and traumatic brain 
injury 

Summary and Conclusions
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