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Optical techniques play a major role in modern medical diagnostics through imaging 
d tand spectroscopy

Typical examples include endoscopic inspection of the GI tract and measurement of 
Oxygen concentration in the blood based on hemoglobin absorption

Recent advances in technology have improved both the optical diagnostic 
and imaging capabilities for a wide variety of applications



Near Infrared Spectroscopy 
(NIRS) – Promises and Pitfalls



Goals

1. Current Status of NIRS Devices.1. Current Status of NIRS Devices.

2 Limitations in NIRS Monitoring2. Limitations in NIRS Monitoring 
Technologies.

3. Visible Light Approaches.



Neonatal 
Oxygen Therapy



Problems Related to Oxygen 
Therapy

• ‘Acute’ Toxicity – “Bert Effect”

Therapy
• Hyperoxia-induced Oxygen Toxicity

Acute  Toxicity Bert Effect
• Patient is exposed to very high concentrations of oxygen for short durations 

• Ex: CO poisoning respiratory distress of newborns etc• Ex: CO poisoning, respiratory distress of newborns, etc.
• Primarily CNS effects due to oxidation and polymerization of –SH groups of enzymes, resulting in cellular damage.

• ‘Chronic’ Toxicity – “Smith Effect”
• Low concentrations of oxygen are administered but forl d tiLow concentrations of oxygen are administered but for longer duration

• Primarily has pulmonary effects
• High oxygen conc. may damage the pulmonary epithelium,i i h f d h l d l iHigh oxygen conc. may damage the pulmonary epithelium, inactivate the surfactant and thus lead to atelectasis.



Problems Related to Oxygen 
TherapyTherapy

• Retinopathy of Prematurity (ROP)

• ROP, fka retrolental fibroplasia, is one of 
the single largest causes of blindness inthe single largest causes of blindness in 
childhood.

• Pathology: High oxygen concentration 
induces vasoconstriction, especially in the 
temporal portion of the retinatemporal portion of the retina.



Problems Related to Oxygen 
TherapyTherapy

• Retinopathy of Prematurity (ROP)

• Pathology (continued)
• After the cessation of oxygen therapyAfter the cessation of oxygen therapy, 

regeneration of the vessels occurs extending 
into the vitreous past the retina.

• Dilation and rupture of these vessels can 
cause blindness due to:
• Vitreous or retinal hemorrhage;
• Fibrosis;
• Adhesions leading to retinal detachment• Adhesions leading to retinal detachment.



Possible Solutions to Problems 
R l t d t O ThRelated to Oxygen Therapy

• Continuous Measurement of Cerebral 
Oxygen Saturation LevelsOxygen Saturation Levels.

• Continuous Measurement of SpO2 LevelsContinuous Measurement of SpO2 Levels.

• Use of Non-invasive Devices Preferred!



Theoretical Basis for Optical 
Measurements



Basics of Light Transfer

Rd(λx)I(λx) N t il h i h i l!d( x)( x) Not necessarily hemispherical!

z

Diffuse reflectance spectroscopy.

Given the reflected light, determine the optical properties of the medium.



Boundary Effects
Fresnel’s equation for normal incidence

I R

Snell’s law

Specular reflectance, R, is usually removed with a polarized filter.
Source: M.F. Modest.



Absorption and Scattering

Amount of light 
d f th∆ removed from the 

direction of travel
I I (1 ( ))∆

∆s

I0 I0(1-(μa+μs))∆s

Idealized photon/media interaction

Source: M.F. Modest.



Scattering

Scattering phase function determines the probability ofScattering phase function determines the probability of 
scattering in a given direction.

Source: M.F. Modest.



Henyey-Greenstein - Approximation
g = 0.00 g = 0.20

g = 0.90 g = 1.00

Source: Henyey, L.G., Greenstein, J.L.



Reduced Scattering Coefficient

Incorporates the effects of anisotropy:

I0 I0(1-μa)∆s

g = 1

Scattering plays no role

g

Source: G. Yoon et al.



Reduced Scattering Coefficient

Incorporates the effects of anisotropy:

I0 I0(1-(μa+ μs))∆s0 0 a s

0

Scattering has maximum effect

g = 0



Summary of Optical Properties
Attenuation due to heat generation

A i d i

Attenuation due to scattering

Attenuation due to scattering 
accounting for anisotropy

1/cm

Attenuation due to scattering

Single scattering albedo

Total attenuation

Index of refraction

Anisotropy of scattering

Index of refraction
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Absorption and Blood
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Deferent Oxygen Saturations
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Diffusion Approximation (DA)

BL’s law source term

Effective diffuse flux

Reduced scattering coefficient

JJ0

Ud

Source: Patterson, MS.



Application of DA

• Determine μa and μ’s. Both carry biologicalDetermine μa and μ s. Both carry biological 
significance.

• Absorption coefficient used to determine 
hemoglobin saturation.

• Scattering properties hold biological 
i f i b iinformation about tissue structure.

• Time resolved formulation also exists.



Limitations of DA

• Model assumptions are not always 
valid.

• Difficult to formulate for multi-layer 
systems.y

• Boundary conditions at interfaces 
complicate analysis.



Beer-Lambert’s (BL’s) Law
L

II0

Scatters once 
and never 
comes back

Att ti ffi i tAttenuation coefficient:

Source: M.F. Modest.



Modified BL’s Law

I0 Ir
L

Effective photon path length Effects of scatteringEffective photon path length

Source: Kocsis, L.



Application of Modified BL’s 
LawLaw

• Determine absorption coefficient at severalDetermine absorption coefficient at several 
wavelengths.

• Fit absorption spectra of hemoglobin to the 
b dobserved.

• Thus determine hemoglobin saturation.



Limitations of Modified BL’s Law

• Information about scattering is lostInformation about scattering is lost
• Hard to interpret G in a physical manner;
• Changes in blood volume cannot be• Changes in blood volume cannot be 

observed;
• Modified BL assumes a fairly constant optical• Modified BL assumes a fairly constant optical 

system.

• Good for detecting change in oxy/deoxy 
le elslevels.



Monte Carlo (MC) Methods

n0=1

J0 Jbs

Layer 1
Epidermis

Jt

z 
(c

m
)

Epidermis

nnEE=1.44=1.44 ggEE = 0.77= 0.77

z

Layer 2
Dermis

nD=1.44 gD = 0.77

∞

Reduced optical thickness of epidermis:



Monte Carlo Simulations
Perform multiple simulations of experimental setup with 
different samples.

Use this look up table to infer optical properties from p p p p
measured data.

Source: Simpson, CR.



Monte Carlo Limitations
• Simulation is limited to particular g 

and nand n. 

• Empirical method hard to interpret 
and modify without rerunning the 

i texperiment.

• Models generally single layer and 
insufficient for in vivo use. 

• Current research is expanding MC



Summary of Theoretical Models
• Various predictive equations have been 

developed to extract information from optical 
signals.

• Measurement of scattering and absorption can 
provide quantitative information about Hb 
oxygenation and concentration.

• Theoretical models provide a framework for 
algorithm development and device operation.

• Continuing development of models has the 
potential to improve the accuracy and spatial p p y p
resolution of optically derived information.



Current NIRS Devices for
www.somanetics.com

Current NIRS Devices for 
Cerebral Oxygen yg

Monitoring in Neonates



NIRS Devices in 
Neonatal Oxygen Monitoring

• DefinitionsDefinitions
• Infrared (IR) – light with wavelength between 

750nm and 1mm750nm and 1mm.
• Near IR (NIR) – infrared light with wavelength 

between 750nm and 1400nm.bet ee 50 a d 00
• NIRS – near-infrared spectroscopy.
• VV – veno-venousVV veno venous.
• ECMO – extracorporeal membrane 

oxygenation.oxygenation.
• SctO2 – cerebral tissue oxygen saturation.
• SvO2 – cerebral venous oxygen saturation



NIRS Devices in 
Neonatal Oxygen Monitoring

• NIRS in Neonatal Patients:NIRS in Neonatal Patients:
• Used to Study Cerebral Hemodynamics and 

Oxygenation.
• Non-invasive, high temporal resolution, relatively easy 

to use.

• Types of Measurements:
R i l C b l Ti O S t ti• Regional Cerebral Tissue Oxygen Saturation 
(rSO2).

• Absolute Cerebral Tissue Oxygen Saturation• Absolute Cerebral Tissue Oxygen Saturation.



NIRS Devices in 
Neonatal Oxygen Monitoring

• FDA-Approved Devices

INVOS® 5100C C b l O i t (510k NO• INVOS® 5100C Cerebral Oximeter (510k NO

K080769) by Somanetics® Corporation, Troy, 
MichiganMichigan.

• FORE SIGHT® Cerebral Oximeter Monitor• FORE-SIGHT® Cerebral Oximeter Monitor 
MC2000 (510k NO K073036) by CASMED®

Medical Systems, Inc., Branford, Connecticut.Medical Systems, Inc., Branford, Connecticut.

Source: www.fda.gov



NIRS Devices in 
N t l O M it iNeonatal Oxygen Monitoring

INVOS® 5100C Cerebral Oximeter

 Near-infrared light at 
l h f 30 d

INVOS® 5100C Cerebral Oximeter

wavelengths of 730 nm and 
810 nm.

 Emitted from a source on one Emitted from a source on one 
side of disposable sensor.

 The light gets scattered in 
biological tissue (mainly gray 
matter).

 The remaining light is detected The remaining light is detected 
by detectors on the other side 
of disposable sensor.Source: Somanetics Corporation (www.somanetics.com)



NIRS Devices in 
Neonatal Oxygen Monitoring

FORE-SIGHT® MC2000 Cerebral Oximeter

 Light is projected into the 
b i i f i

FORE-SIGHT MC2000 Cerebral Oximeter

brain in four precise 
wavelengths - 690, 780, 805, 
and 850 nm.

 It could reduces patient 
dependent variability (e.g. 
Melanin)Melanin).

 More reliable measurements 
in low or zero perfusion p
states.

 No user calibration required.
Source: CASMED Medical Systems, Inc. (www.casmed.com)



Visible Light Oxygen 
Saturation Detection



Visible Light Oxygen Saturation 
DeviceDevice

• Manufacturer: Spectros
• T-STAT 303
• Manufacturer: Spectros, 

Portola Valley, CA
• Use visible light (470 nm to 

600 nm range)600 nm range)
• Report capillary-weighted 

oxygen saturation due to the 
selection of the range of lightselection of the range of light 
emitted

• Hemoglobin has the 
strongest absorbance in 475strongest absorbance in 475 
nm – 600 nm range.  In 
capillaries, a large amount of 
light passed through capillary g g y
structures can be scattered 
back to the sensor.



T-Stat Comparison

Device Spectros 
T Stat

Somanetic
s Invos

Hutchinso
n

CAS 
MedicalT-Stat s Invos n 

InSpectra
Medical

Fore-Sight
Device Visible Near- Near- Near-
Type Light Infrared Infrared Infrared

Ischemia 
D t ti

Yes Yes No No
Detection
Normal 
Range

Tight(±3%) Wide(±9%) Wide(±9%) Wide(±9%)
a ge

Outcome 
changes?

Yes Yes No No

Measured 
Site

Mucosal Brain Muscle Brain



Near-Infrared (NIR) SpO2
M it iMonitoring –

Peripheral/ArterialPeripheral/Arterial



Masimo  Rad-57TM

• Non-invasiveNon invasive
• Finger pulse oximeter

• Continuous monitoring.g
• Up to 72 hours of 

trending memory for g y
SpCO, SpMet, SpO2, 
Pulse Rate and 
Perfusion Index. 

• Light-weight and 
portable.

Source: http://www.masimo.com/rad‐57/



Conclusions on Alternative 
Technologies

C t NIRS t h l ff f• Current NIRS technology suffers from 
motion artifact and measurement error.

• Capnographic measurements are 
effectively performed by currently 
approved devices.

• Peripheral SpO2 measurements form the p p 2
basis of current management 

• Research objectives include improvedResearch objectives include improved 
spatial localization & measurement 
accuracy, and reduction of artifacts.





Applications of Optical Technologies are expanding the 
capabiliteis of traditional medical imaging devicesp g g

New imaging modalities provide the physician with unique 
methods of identifying normal and diseased tissue.

Optical biopsy techniques may permit real time analysis of 
tissue without removing it from the body.



Current Methods include:
• direct insepction
• Rigid endocscopy
• Flexible endoscopy

“Pill cam”• “Pill cam”



























THE EVOLUTION OF MINIMALLYTHE EVOLUTION OF            MINIMALLY 
INVASIVE SURGERY

FOR MORE THAN 150 YEARS, LARGE INCISIONS 
INTO BODY CAVITIES WAS THE ONLY MEANS OFINTO BODY CAVITIES WAS THE ONLY MEANS OF 
ACCESSING DISEASED ORGANS.  IN THE LATE 
1970’S, INTERVENTIONAL TECHNIQUES USING1970 S, INTERVENTIONAL TECHNIQUES USING 
X-RAY IMAGING ALLOWED PHYSICIANS TO 
OPEN BLOCKED ARTERIES WITHOUT LARGE 
INCISIONS.



THE EVOLUTION OF MINIMALLYTHE EVOLUTION OF            MINIMALLY 
INVASIVE SURGERY

IN THE EARLY 1980’S, VIDEO IMAGING 
THROUGH ENDOSCOPES BECAME FEASIBLETHROUGH ENDOSCOPES BECAME FEASIBLE, 
ALLOWING THE ENTIRE SURGICAL TEAM TO 
SEE INSIDE THE BODY.SEE INSIDE THE BODY.

IN THE MID 1980’S, INSTRUMENT MAKERS 
BEGAN TO DEVELOP TOOLS TO WORK WITHBEGAN TO DEVELOP TOOLS TO WORK WITH 
THE OPTICAL IMAGING SYSTEMS AT 
OPERATIVE SITES WITHOUT LARGE INCISIONS.OPERATIVE SITES WITHOUT LARGE INCISIONS.
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IMAGE GUIDED MINIMALLY INVASIVE SURGERY 
HAS REVOLUTIONIZED THE PRACTICE OF 
MEDICINE, IMPROVING THERAPEUTIC 
OUTCOMES, DECREASING PAIN, SHORTENING 
RECOVERY TIMES, ELIMINATING MILLIONS OF 
HOSPITAL BED DAYS AND DECREASING 
COSTSCOSTS.

ADDITIONAL OPTICAL TECHNIQUES CAN 
EXPAND THE ROLE OF MIS IN THE DIAGNOSISEXPAND THE ROLE OF MIS IN THE DIAGNOSIS 
AND TREATMENT OF DISEASE.



Design of Endoscopes































CCD Camera vs. Fiber Optic Bundle

•CCD and CMOS chips are now small 
enough to fit at the working end of g g
endoscopes
•A combination of LED and/or fiber optics 
is still required to deliver light to the tissue
•CCDs are more durable than fiber optics
•CCDs are difficult to package below 4 mm2

•In smaller scopes, fiber optic bundles are 
still preferedstill prefered.









Elastin Fluorescence – artery wall



Lipid Deposition/BPD stain



Collagen Fluorescence
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OCT

Th d l t f lt f t l l d t thThe development of ultrafast laser sources led to the 
invention of a new imaging modality called Optical 
Coherence Tomography (OCT).

It is the optical analogue of ultrasonic imaging.  Ultra short 
(femtosecond) light pulses reflect off of layers with 
differential refractive indexes.  The resulting interference 
patterns are processed to create an imagepatterns are processed to create an image



OPTICAL COHERENCE TOMOGRAPHY HAS 
BEEN PIONEERED BY FUJIMOTO, IZATT, , ,
TROMBERG, TIERNEY, BOUMA AND MANY 
OTHERS.

FEMTOSECOND LASER PULSES ARE USED 
TO INVESTIGATE TISSUE AND ARE 
COMBINED WITH A REFERENCE BEAM TO 
PRODUCE INTERFERENCE PATTERNS. THIS 

C O OG O S G SO OTECHNOLOGY PROVIDES HIGH RESOLUTION 
IMAGING OF TISSUE AT DEPTHS OF 300-500μ.



STRATUS OCT RETINAL IMAGER



COMMERCIALIZATION OF OCT TECHNOLOGY 
WAS PIONEERED BY ZEISS OPTICAL CORP. 
WHICH DEVELOPED THE FIRST CLINICAL OCT 
RETINAL IMAGER.

THIS DEVICE ALLOWS OPHTHALMOLOGISTS 
TO OBTAIN ACCURATE MEASUREMENTS OF 
THE THICKNESS OF VARIOUS RETINAL 

S O G OS C OS SLAYERS FOR DIAGNOSTIC PURPOSES.





THE SUCCESSFUL INTRODUCTION OF RETINALTHE SUCCESSFUL INTRODUCTION OF RETINAL 
OCT HAS PROMOTED DEVELOPMENT OF THE 
TECHNOLOGY FOR MULTIPLE APPLICATIONSTECHNOLOGY FOR MULTIPLE APPLICATIONS.

HIGH RESOLUTION CAN BE OBTAINED BY 
USING SHORTER PULSES IMPROVEDUSING SHORTER PULSES, IMPROVED 
SCANNING TECHNIQUES AND MORE ACCURATE 
IMAGE RECONSTRUCTION ALGORITHMSIMAGE RECONSTRUCTION ALGORITHMS.



HIGH RESOLUTION OCT OF RETINA

FROM JAMES FUJIMOTO/MIT WEBSITE



HIGH RESOLUTION OCT OF MOUSE RETINA

FROM JAMES FUJIMOTO/MIT WEBSITE



OCT AND HISTOLOGIC IMAGES OF CERVIX

FROM JAMES FUJIMOTO/MIT WEBSITE



OCT OF CERVICAL DYSPLASIA

FROM JAMES FUJIMOTO/MIT WEBSITE



OCT OF ESOPHAGUS

FROM JAMES FUJIMOTO/MIT WEBSITE

























THE DATA PRESENTED IN THE PREVIOUS 
SLIDES WAS OBTAINED USED POINT 
SPECTROSCOPY A SINGLE FIBER OPTICSPECTROSCOPY.  A SINGLE FIBER OPTIC 
CABLE WAS USED TO EXTRACT INFORMATION 
FROM A SMALL VOLUME OF TISSUE WHILEFROM A SMALL VOLUME OF TISSUE.  WHILE 
ACCURATE, THIS TECHNOLOGY IS TOO SLOW 
FOR ENDOSCOPIC APPLICATIONS.

IT IS POSSIBLE TO DEVELOP A LIFETIME 
IMAGING SYSTEM WHICH USES LIFETIME ANDIMAGING SYSTEM WHICH USES LIFETIME AND 
WAVELENGTH DATA TO GENERATE CONTRAST 
MAPS FOR CANCER DETECTION.



HYPERSPECTRAL IMAGING CAN USE EITHER 
SINGLE OR MULTIPLE EXCITATION SOURCES S G O U C O SOU C S
TO STIMULATE FLUORESCENCE EMISSIONS 
FROM THE TISSUE.

THE EMITTED FLUORESCENCE IS CAPTURED 
AND ANALYZED FOR EVERY POINT IN THE 
IMAGE, YIELDING MAPS OF RELATIVE 
INTENSITIES.  THESE DATA CAN THEN BE USED 
TO PREDICT THE PRESENCE OR ABSENCE OF 
CANCERS.



HYPERSPECTRAL IMAGINGHYPERSPECTRAL IMAGING

Standard 
Laparoscopic 

Fused 
Laparoscopic and 

Fused 
Laparoscopic, LIFS p p

View of Pelvis
apa oscop c a d
Hyperspectral 

Image

apa oscop c, S
and Hyperspectral 

Image



TRLIFSTRLIFS

Hyperspectral imaging to date has not achieved 
sufficient sensitivity and specificity to eliminate the 
need for tissue biopsy.  In an effort to improve 
diagnostic accuracy multiple investigators have studied 
various forms of time resolved fluorescence 
spectroscopy in an effort to overcome these limitations.spectroscopy in an effort to overcome these limitations.

























THE DATA PRESENTED IN THE PREVIOUS 
SLIDES WAS OBTAINED USED POINT 
SPECTROSCOPY A SINGLE FIBER OPTICSPECTROSCOPY.  A SINGLE FIBER OPTIC 
CABLE WAS USED TO EXTRACT INFORMATION 
FROM A SMALL VOLUME OF TISSUE WHILEFROM A SMALL VOLUME OF TISSUE.  WHILE 
ACCURATE, THIS TECHNOLOGY IS TOO SLOW 
FOR ENDOSCOPIC APPLICATIONS.

IT IS POSSIBLE TO DEVELOP A LIFETIME 
IMAGING SYSTEM WHICH USES LIFETIME ANDIMAGING SYSTEM WHICH USES LIFETIME AND 
WAVELENGTH DATA TO GENERATE CONTRAST 
MAPS FOR CANCER DETECTION.








