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What is medical optics

Light source

A Lasers
A LEDs

Light tissue Detector

Interaction A Cameras
A Photodiodes
A SPADs

Main qguestions:
1. Does light penetrate deep into the tissue?

2. Does it have any clinical relevance?
3. Can we build devices that are usable in clinics?

Processing,
modelling




Diffuse optical neamnfrared spectroscopies
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Durduranet al., RepProgr Phys. 72, 2010



Diffuse optical neamnfrared spectroscopies

ICFO*

Spectroscopic techniques (GIWIRS, TEINIRS, FINIRS)

Detector

Absorption (cmt)

Durduranet al., RepProgr Phys. 72, 2010
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Diffuse optical neamnfrared spectroscopies

Spectroscopic techniques (GWIRS, TENIRS, FINIRS)
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From the lab to the clinic: examples of different applice

Adult brain monitoring Infant brain Cancer diagnosis
, x A P _ ~ _(pre babies, Qral : & therapy follow-up
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Animal studies

Exercise/sport, physiotherapy  Intensive care Brain functional studies (cancer, plasmonic
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Monitoring tissue oxygenation
and perfusion



How oxygen is delivered to the tissue

The oxygen tralil
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What we measure Need for multimodal devices

)

Tissues

o

Mitochondria

- Cell

Cardiovascular
system

Tissue oxygenation

[ NIRS-derived StO, ]

— ; ISSUEO, extraction

/“'(Tocal consumption

Localblood

Arterial G, conten
(Hb, SaQ)

Only NIRS: StO2 A Integration of blood perfusion, arterial oxygenation, and the metabolic

rate of the tissue.

NI RS + Nnspeckl eOxydedal®/+ 8l@od 8gw:A tissue oxygen metabolism, i.e.
effective oxygen delivery and consumption
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Multi-modal diffuse optical monitoring

/TECHNOLOGY

A NEAR INFRARED SPECTROS&Q!
(CWNIRS, FINIRS, TINIRS -}
Blood oxygen saturation (StO2), o

total hemoglobin concentration KIbT)

A Specklebased techniques
o5/ {2 )Y/ h{ZX
Blood flow (BF)

\ )
|

METABOLIC RATE OF OXYGEN EXTRACTION
MRO2 (Cerebral CMRO2, muscle MMRO2)

& deoxy-hemoglobin (HbO2, Hb), =~~~

(VVHAT DOES IT MEASURE?

& O,

blood flow blood oxygenation

WHERE DOES IT MEASURE?

1-2 cm below

locally surface

(microvascular)

\ NON-INVASIVE

V.,

structure

®

Durduranet al., RepProgr Phys. 721,22010

m) [ocal tissue hemodynamic and metabolic monitoring



Technology:
- Spectroscopy




Basic quantities

random
walk
regime

100 x larger than the drawing

0 0.01 0.1 cm l,: 10 cm
l;: mean free path (1/p,) l,: transport mean free path (1/p,) |,: absorption length 1/p,
M : scattering coefficient W.’: reduced scattering coefficient W,: absorption coefficient
Absorbers Scatterers
Blood Membranes < 0.01lgm,
Water Aggregati ons, | ayer s
Lipids Vesicles, lysosomes <
Collagen Mi tochondri a, nucl ei
é . Cell s >10¢m.
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Deep tissue (>1cm) absorption spectroscopy

Wavelength dependence of absorption (¢a( &, gap 10cm1/

Lipid

400 500 600 1000 1100 1200 1300 1400 1500
700 800 900

A (nm)
Measure: oxy- and deoxy-hemoglobin concentrations (HbO2, Hb)
other chromophores, e.g. water and lipids. 15



Nearinfrared spectroscopy: different modalities

Increasing Information Content per Measurement Pair

>
1. Continuous Wave- 2. Intensity Modulated - 3. Time Pulsed -
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Durduranet al., RepProgr Phys. 72, 2010



Nearinfrared spectroscopy: different modalities

Increasing Information Content per Measurement Pair
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Clinical CW-NIRS based oximeters have provided mixed results.

Problematic due to the physics of the problem.

CerOX EQUANOX 7600

. Tissue heterogeneity is a major problem.
. Measures only oxygenation.

. Good as trend monitors.

. Well-validated in some settings.

. But a failure in others.




Clinical CW-NIRS based oximeters have provided mixed results.

Problematic due to the physics of the problem.

CerOX

Purely absorption

* major problem.
n.
Absorption and scattering ttings.

Solutions:

Broadband NIRS (bNIRS)
Frequency domain NIRS (FD-NIRS) : .
Time-resolved spectroscopy (TRS, TD-NIRS) - — o




Timedomain neaiinfrared spectroscopy (TIBIRS)

F— Time == pathlength T
\Pathlength' ~ depth & more

~ few \/
hundreds ps
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g; (A) Molar extinctioncoeft of the tissue component

Ci Concentration of the tissue componet 20



Timedomain neaiinfrared spectroscopy (TIBIRS)

Common TENIRS experimental configuration & components

Source

Laser driver Pulsed laser Optics
Wavelengths
Sync 685 & 828 nm

\ 4
I = |<—|| Detector I— Optics
| PC
...... = I

Thanks to: MZanolgtti




TDNIRS: Diffusion theory expectations
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Measure: oxy- and deoxy-hemoglobin concentrations (HbO>, Hb)
other chromophores, e.g. water and lipids.

Lipid

400 500 600 1000 1100 1200 1300 1400 1500
700 800 900

A (nm)
g; (A) Molar extinctioncoeft of the tissue component

Ci Concentration of the tissue componetit 23
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Technology:

- Laser speckle



What we measure Need for multimodal devices

)

Tissues

o

Mitochondria

- Cell

Cardiovascular
system

Tissue oxygenation

[ NIRS-derived StO, ]

— ; ISSUEO, extraction

/“'(Tocal consumption

Localblood

Arterial G, conten
(Hb, SaQ)

Only NIRS: StO2 A Integration of blood perfusion, arterial oxygenation, and the metabolic

rate of the tissue.

NI RS + Nnspeckl eOxydedal®/+ 8l@od 8gw:A tissue oxygen metabolism, i.e.
effective oxygen delivery and consumption
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What about blood flow: laser speckle fluctuations

-
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Diffuse medium

Detector
Source
Pay attention
Y et to here.

Laser speckle fluctuations
observed on a mouse brain.

T.DragojevidPhD thesis, 2019 26



What about blood flow: laser speckle fluctuations

Source

to here. | Here.

Detector
' LPay attention ﬁ

Diffuse medium

Laser speckle fluctuations t KEaAAOlIf Y2RSft TIb
observed on a mouse brain. Map of blood flow

T.Dragojevid’hD thesis, 2019 27



Several methods based on speckle fluctuations

) (LDF) o

Laser speckle contrast imaging
(LSCI)

Diffuse correlation spectroscopy

(DCS)

Speckle contrast optical spectroscopy
(SCOS)

and others 28



Several methods based on speckle fluctuations

) (LDF) o

Laser speckle contrast imaging
(LSCI)

Speckle contrast optical spectroscopy

(SCOS)
AR

and others 29



Diffuse correlation spectroscopy (DCS)

Light scattering by turbid materialspeckle patternA depends on scattering particle dispositit

LASER

30



Diffuse correlation spectroscopy (DCS)

Light scattering by turbid materialspeckle patternA depends on scattering particle dispositit

LASER

A T e
-
:

intensity |
[
When scattering particles move (i.e. red blood celfs)speckles move - >

timet

DCS: single speckle temporal fluctuation analy&idnformation on blood flow

31



Diffuse correlation spectroscopy (DCS)

Common DCS experimental configuration & components
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DCS: Diffusion theory expectations

g2: intensityautocorr. function

G1.: electric fieldautocorr. function (g1¢ norm.) 7 ,
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Table 1. All in vivo DCS validation studies published to date. ASL-MRI, arterial spin-labelled

MRI; PDT, photodynamic therapy.

DCS: Validation against standard modalities

correlation slope

sample perturbation modality coefficient DCS/mod references
mouse femoral artery laser Doppler >0.8 0.96-1.07 [50]
occlusion
mouse tumour antivascular therapy contrast-enhanced n.a. agreement [24]
ultrasound
mouse tumour PDT Doppler n.a agreement [25]
ultrasound
mouse tumour PDT power Doppler n.a. 0.97 26]
ultrasound
rat hypercapnia ASL-MRI 0.81-0.86  0.75 22]
rat hypocapnia laser Doppler 0.94 1.3 [51]
neonatal piglet traumatic brain fluorescent 0.63 0.4 27]
njury microspheres
premature neonates absolute baseline transcranial 0.53 n.a 48]
Doppler
term neonate hypercapnia ASL-MRI 0.7 0.85 [52]
premature infant absolute baseline transcranial 0.91 0.9 (53]
Doppler
human muscle cuff ASL-MRI >0.77 1.5-1.7 29]
inflation /deflation
adult human pressors and xenon-CT 0.73 1.1 [54]
hyperventilation
adult human acetazolamide transcranial n.a. agreement [46]

Mesquita, Rickson C., et al. "Direct measurement of tissue blood flow and metabolism with diffuse
optics.” Phil. Trans. Roy Soc. A (2011)



BabyLux a for validation

An optical neuremonitor of

S

cerebral oxygen metabollsm arrd /\ P h
Jpv|jy blood flow for neonatology ™ P
(Clinical)

The Capital Region NS P—
o of Denmark e 4
AN -

Pt . <"} Qlinical demonstration A
({- : | L:':
(Industry)Components ..
.w> "‘ PiecsQuANT ~ “ \‘IJ
i SRS SHUP S
/\) P Lasertechnologles e

,,__, o 7 Eo

- /—"'

— ; C]inic;I demonstration
Industrialization Z rraunhofer

IPT

Fiber optipal probe ZEHIEE&%? Ico
( In d u Stry) o e Project managerment /"/

Medical Device de5|gn Omefiici  TRStechnology

y . N Laboratory demanstrati on;’f;
& |00p ] y \ - F
. o \J S P%ndazmneF
Medical device design | g7 b N L ltecnico
9 / // : Y “ N < di Milano
7 ' C_/'\ \ !\.\..
¢ R 4 ] > } Administration management
g — Dissernination, Exploitation
. - ! . \\\ [ — L B
|ICFO® - Sl {
Institut ; A S - i ! I
e Cidncies 4 ' H
Foténiques ! H H e
B A ' i S
DCStechnology Hem@ M
,/‘J R o { R — e
SW/FW Control o

Further exploitation

M. GiovannellaJ. Cerebral Blood Flow & Metabolism 2020 (Industry)Startup medical

device manufacturer



Validation against °O PET

An optical neuremonitor of

| lood flow for neonatoloav

| erebral oxygen metabolism and
A L!,

PET versus Optics Validation

Error associated to the two methods
A DCS 7%

25 50
rCBF (ml/100g/min)
Regional CBF

A PET 18%

Emorycs[CC B*5A 3.0
(https://creativecommons.org/licenses;
sa/3.0)]

device manufacturer



Examples of clinical applications:

Devices



Many applications, many different devices

Adult brain monitoring Infant brain Cancer diagnosis
6AGNRSS (NI dzYh s | 3(Rr fﬂba%e i”{]_Jz xo . Stherapy follow-up
efopment, injury

. NBlalis GKENRARS KSI

: : _ Animal studies
Exercise/sport, physiotherapy  Intensive care Brain functional studies (cancer, plasmonic

(muscle metabolism) (brain injury, sepsis, COVID, ¢ 2 3 y AUGAZ2Y I fLheFidikSNYE G
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Probe head
ut'nm/lm;u

| A Battery operatedand portable
. 3 i,’J
ii A Remotely controllable

A DCS (blood flow monitor: BF)
A Acquisition rate 40 Hz

A TDNIRS (blood oxygen saturationxy-,
deoxy- and total hemoglobinconcentration)
A Acquisition rate 1 Hz

A Integrated automatized vascular occlusion
test (VOT)protocols é€ndothelial function)

A Blood pressuranonitor andpulse oximeter

e » ,

Thanks to: MZanoletti& M. Atif Yaqub 39



Different technology readiness levels

Circa 2004

I g

Circa 2024 S
O




Examples of clinical applications:
1- Intensive care: COVID patients




Intensive care: COVID19 patients
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Infrared Spectroscopy (CWIRS)
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artinis

Mesquida Caballer, Cortese et al., Critical Care 2021

Cortese et al., Sensors 2021
\__
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Vascular occlusion & NIRS

A LOCAL MEASUREMENT FOR GLOBAL HEMODYNAMIC STATUS MONITORII
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Creteur et al., Current Opinion in Critical Care (2008
Lipcsey et al., Annals of Intensive Care (2012) —7 k .

Mesquida et al., Intensive Care Medicine (2013) 3 6 Time (A¥in)



Vascular occlusion & NIRS

A LOCAL MEASUREMENT FOR GLOBAL HEMODYNAMIC STATUS MONITORII

v \ Hyperemic
c StQ peak
baseline
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slgpe
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A 4

\ Cuff pressure
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>
time
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\ function )

Creteur et al., Current Opinion in Critical Care (2008)
Lipcsey et al., Annals of Intensive Care (2012)
Mesquida et al., Intensive Care Medicine (2013) 44



Vascular occlusion & NIRS

A LOCAL MEASUREMENT FOR GLOBAL HEMODYNAMIC STATUS MONITORII

4 ( \ Hyperemic
StQ peak
baseline
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Creteur et al., Current Opinion in Critical Care (2008)
Lipcsey et al., Annals of Intensive Care (2012)
Mesquida et al., Intensive Care Medicine (2013) 45



Vascular occlusion & NIRS

A LOCAL MEASUREMENT FOR GLOBAL HEMODYNAMIC STATUS MONITORII

4 /~ Hyperemic\
StG peak
baseline
1 HAUC -
S i Re-Ox.
) slope slope
N
ystolic + 50 mmHg
/ Cuff pressure
3 min 3 min 5 min
/H . - >
Baseline | Occlusion | Recovery time

Baseline Oxygen cons.,| Endothelial
function Microv. funct.\funct. j

Creteur et al., Current Opinion in Critical Care (2008)
Lipcsey et al., Annals of Intensive Care (2012)
Mesquida et al., Intensive Care Medicine (2013) 46



Clinicabpplicationof VOT/NIR criticalcare

A Monitoring global hemodynamic status in resuscitation

Early detection of tissue hypoperfusion
Evaluation of persistence of tissue hypoperfusion

A Mixed |CU-patients
A Septic shock
A Trauma/hemorrhagic shock

A Cardiovascular challenges: Weaning from mechanical ventilation
Unmask poor cardiovascular performance

A Endothelial function
. Monitoring microvascular reactivity: COVID-19, ARDS, septic and non-septic. ',;

Creteur et al., Current Opinion in Critical Care (2008)
Lipcsey et al., Annals of Intensive Care (2012)
Mesquida et al., Intensive Care Medicine (2013)

47
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Clinicabpplicationof VOT/NIR criticalcare

I
I
I
1

A Monitoringglo  * | | | Healthy subjedt
Early detecti  sor Patient (sepsis)
Evaluationc | |

A Mixec
A Septi
A Traur
A Cardiovascula n
Unmask poc - | | | | |
0 100 200 300 400 500 600 700

A Endothelial fur Thanks to: Mzanoletti "™ (®)
Monitoring microvascuiar reactivity: COVID-1Y, ARDS, septic and non-septic.

Creteur et al., Current Opinion in Critical Care (2008)
Lipcsey et al., Annals of Intensive Care (2012)
Mesquida et al., Intensive Care Medicine (2013)
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Intensive care: COVID19 patients

- HEMOCOVID PROJECT A
HEIV&C‘W ID-19 http://hemocovidio-project.org/
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Commercial devicesContinuousWave Near
Infrared Spectroscopy (CWIRS)
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Mesquida Caballer, Cortese et al., Critical Care 2021

Cortese et al., Sensors 2021 49
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Healthy Vs. COAI®
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ARDS severlty Vs. endothelial impairment

DeOz(%/min)

80r

50k

ARDS: Acute Respiratory Distress Syndrome

ARDS severity defined by the SF ratio
(SPQ/FIG)

SpQ: Oxygen saturation
FiO,: Fraction of inspired oxygen administered

Severe: SF < 144
Moderate: 144 < SF < 235

Mild: 235 < SF < 315
Rice et al., Chest. 2007; 132(2):441Y .
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Mortality & antivirals
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Second stage: non COVID ICU patients
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Examples of clinical applications:

2- Intracranial pressure monitoring



Intracrantapressues |GR monitoring ICFO°

Intracranialpressure(ICB
IEP

ICP pulsatile signal ~10 mmHg

CSF=erebrospinafluid

Work from: S. Tagliabue, J. FischeW&uccia M. Torrecilla C. Fajardo. Colléboration: MPoca

Pathologicahlterationsof ICPpresentini.e.:

(TB)

A Traumatic brain injury
hypertension
ICP 7
— ] i
=| >20 mmHg = 8
H | *
= | Pathological £ ~J
= ICP P < (
- 8 IRa§
E m
—_—

A Hydrocephalus A
pattern (i.e. B-waves)

!

A

ICP with distinct
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Methods 1GPorediction
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Recurrent neural networkRNN with BFI as input

Modelling of sequential data without feature engineering

Training and validation based on a 50% hold out method
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Resultsicrpredition

Invasive ICP Fischer et al, J of Neurotrauma 20:

Predicted ICP

(validation) Time-trace example

Training points 30 second bins with standard
deviation

Time [minutes]

PredictedVSmeasurediCPon TBI (N=15)

A Accuracyx4 mmHg; bias ~0
mmHg

A Similar results obtained for BE
cohort

Can this be
Improved?




