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(57) ABSTRACT 

A spectrophotometric system for examination of biological 
tissue of interest includes a light source, a light coupling 
system, a light detector, and a processor. The light source is 
constructed and arranged to emit a light beam of visible or 
infra-red radiation. The light coupling sytem includes at 
least one mirror and is constructed and arranged to receive 
the emitted light beam and scan the light beam for intro 
duction into the biological tissue of interest. The light 
detector is optically coupled to detect photons of radiation 
that have migrated over optical paths in the biological tissue 
of interest. The processor is operatively coupled to the light 
source and detector and is adapted to determine an optical 
property of the biological tissue of interest based on the 
changes betWeen the introduced and detected radiation. 
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FIG. 5C 2° 
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SPECTROPHOTOMETER FOR IN VIVO 
EXAMINATION OF BIOLOGICAL TISSUE 

BACKGROUND OF THE INVENTION 

[0001] Continuous Wave (CW) spectrophotometers have 
been Widely used to determine in vivo concentration of an 
optically absorbing pigment (e.g., hemoglobin, oxyhemo 
globin) in biological tissue. The CW spectrophotometers, for 
example, in pulse oximetry introduce light into a ?nger or 
the ear lobe to measure the light attenuation and then 
evaluate the concentration based on the Beer Lambert equa 
tion or modi?ed Beer Lambert absorbance equation. The 
Beer Lambert equation (1) describes the relationship 
betWeen the concentration of an absorbent constituent (C), 
the extinction coef?cient (e), the photon migration path 
length <L>, and the attenuated light intensity (I/IO). 

[0002] HoWever, direct application of the Beer Lambert 
equation poses several problems. Since the tissue structure 
and physiology vary signi?cantly, the optical pathlength of 
migrating photons also varies signi?cantly and can not be 
simply determined from geometrical position of a source 
and detector. In addition, the photon migration pathlength 
itself is a function of the relative concentration of absorbing 
constituents. As a result, the pathlength through an organ 
With high blood hemoglobin concentration, for example, 
Will be different from the same With a loW blood hemoglobin 
concentration. Furthermore, the pathlength is frequently 
dependent upon the Wavelength of the light since the absorp 
tion coef?cient of many tissue constituents is Wavelength 
dependent. One solution to this problem is to determine 6, C, 
and <L> at the same time, but this is not possible With the 
pulse oximeters knoWn previously. 

[0003] Furthermore, for quantitative measurement of tis 
sue of a small volume (e.g., a ?nger) photon escape intro 
duces a signi?cant error since the photons escaped from the 
tissue are counted as absorbed. Other errors may occur due 

to irregular coupling of light to the examined tissue or 
varying relative geometry of the input and detection ports. 

[0004] The time resolved (TRS-pulse) and phase modu 
lation (PMS) spectrophotometers can measure the average 
pathlength of migrating photons directly, but the proper 
quantitation of the time resolved or frequency resolved 
spectra can be performed only When the spectra are collected 
at a relatively large source-detector separation. This sepa 
ration is dif?cult to achieve for a small volume of tissue such 
as the earlobe, a ?nger or a biopsy tissue. 

[0005] Therefore, there is a need for a optical coupler used 
With a spectrophotometric system and method that quanti 
tatively examines a relatively small volume of biological 
tissue. 

SUMMARY OF THE INVENTION 

[0006] The invention features a spectrophotometric sys 
tem for examination of a relatively small volume of bio 
logical tissue of interest using visible or infra-red radiation. 
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[0007] According to one aspect of the invention, a spec 
trophotometric system for examination of a relatively small 
object of interest (e.g., biological tissue, organic or inorganic 
substance in a solid, liquid or gaseous state) using visible or 
infra-red radiation introduced to a path passing through the 
object. The system includes a spectrophotometer With an 
optical input port adapted to introduce radiation into the 
object and an optical detection port adapted to detect radia 
tion that has migrated through a path in the object, photon 
escape preventing means arranged around the relatively 
small object of interest and adapted to limit escape of the 
introduced photons outside the object, and processing means 
adapted to determine an optical property of the object based 
on the changes betWeen the introduced and the detected 
radiation. 

[0008] According to another aspect of the invention, a 
system for examination of a relatively small volume of 
biological tissue of interest using visible or infra-red radia 
tion includes a spectrophotometer With a light source 
adapted to introduce radiation at an optical input port, a 
detector adapted to detect radiation that has migrated 
through a path from the input port to an optical detection 
port, and a processor adapted to evaluate changes betWeen 
the introduced and the detected radiation. The system also 
includes an optical medium of a relatively large volume, 
forming photon preventing means, having selectable scat 
tering and absorptive properties, positioning means adapted 
to locate the biological tissue of interest into the migration 
path to create a tissue-medium optical path, the optical 
medium substantially limiting escape of photons from the 
tissue-medium optical path, and processing means adapted 
to determine a physiological property of the tissue based on 
the detected optical property of the tissue-medium optical 
path and the scattering or absorptive properties of the optical 
medium. 

[0009] Preferred embodiments of these aspects of the 
invention include one or more of the folloWing features. 

[0010] The photon escape preventing means include an 
optical medium of a selectable optical property surrounding 
the object. The selectable optical property is an absorption or 
scattering coef?cient. 

[0011] The photon escape preventing means include an 
optical medium surrounding the object; the medium has at 
least one optical property substantially matched to the 
optical property of the object. 

[0012] The spectrophotometer is a continuous Wave spec 
trophotometer (CWS) as described in PCT applications WO 
92/20273 and PCT/US95/15666, a phase modulation spec 
troscopic unit (PMS) as described in US. Pat. Nos. 4,972, 
331, 5,187,672, or a PCT application WO 94/21173, time 
resolved spectroscopic (TRS) unit as described in US. Pat. 
No. 5,119,815 or US. Pat. No. 5,386,827 or a PCT appli 
cation WO 94/22361, or a phased array system as described 
in WO 93/25145, all of Which are incorporated by reference 
as if set forth in their entireties herein. 

[0013] The determined physiological property is the 
hemoglobin saturation, the concentration of an enZyme or 
the concentration of a tissue substance such as glucose. 

[0014] The system performs a single measurement or a 
continuous, time-dependent monitoring of the selected 
physiological property. 
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[0015] The above-described system operates by introduc 
ing into the object, surrounded by the photon escape pre 
venting means, electromagnetic radiation of a selected 
Wavelength and detecting radiation that has migrated in the 
object from the input port to the optical detection port. The 
system determines an optical property of the object based on 
the changes betWeen the introduced and the detected radia 
tion. In addition, different photon escape preventing means 
having a surrounding optical medium With the optical prop 
erty comparable to the optical property of the object may be 
selected. Then, the system measures again the optical prop 
erty of the object. The measurements may be repeated 
iteratively until the optical property of the surrounding 
medium is substantially matched to the optical property of 
the object. 

[0016] According to another important aspect, the inven 
tion is an optical coupling system for non-invasively moni 
toring a region of living tissue. The coupling system 
includes an excitation (input) port positionable at the tissue 
and adapted to introduce optical radiation into the monitored 
tissue, a ?rst light guide de?ning an excitation channel for 
conveying the radiation from a source to the excitation port, 
and a detection port, positionable at the tissue, adapted to 
receive radiation that has migrated in the monitored tissue 
from the excitation port to the detection port. The detection 
port has a detection area larger than a input area of the 
excitation port. Connected to the detection port is a detecting 
light guide, for conveying the radiation from the detection 
port to an optical detector. The coupling system also 
includes optical matching ?uid contained Within a ?exible 
optically transparent bag and disposed partially around the 
monitored tissue and the excitation and detection ports. 

[0017] Preferred embodiments of this aspect of the inven 
tion includes one or more of the folloWing features. 

[0018] The optical coupling system may include multiple 
excitation (input) ports positionable at the tissue and adapted 
to introduce radiation of the source into the monitored tissue, 
and multiple light guides, each de?ning an excitation chan 
nel for conveying the radiation from the source to the 
corresponding excitation port. 

[0019] The optical coupling system may also include 
multiple detection ports positionable at the tissue and 
adapted to receive radiation that has migrated in the moni 
tored tissue, and multiple detecting light guides each con 
nected to the corresponding detection port for conveying the 
radiation from the detection port to at least one optical 
detector. 

[0020] The optical matching ?uid may be positioned par 
tially betWeen the ports and the monitored tissue. The optical 
matching ?uid may have knoWn scattering or absorptive 
properties. 

[0021] The optical coupling system may further include 
means for changing scattering or absorptive properties of the 
optical matching ?uid and means for calibrating the cou 
pling system by controllably changing scattering or absorp 
tive properties of the optical matching ?uid. 

[0022] According to another important aspect, the inven 
tion is an optical coupler for in vivo examination of bio 
logical tissue. The optical coupler includes an optical input 
port of a selected input area positionable on or near the 
examined tissue, a ?rst light guide optically coupled to the 
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optical input port and constructed to transmit optical radia 
tion of a visible or infra-red Wavelength from a source to the 
optical input port, Wherein the optical input port is con 
structed and arranged to introduce the optical radiation to the 
examined tissue, and an optical detection port of a selected 
detection area positionable on or near the examined tissue. 
The detection port is constructed and arranged to receive 
radiation that has migrated in the examined tissue from the 
input port to the detection port. Optically coupled to the 
detection port is a detector light guide constructed to trans 
mit the radiation from the detection port to an optical 
detector. The optical coupler also includes optical medium 
disposed at least partially around the examined tissue and 
the input and detection ports and constructed to limit escape 
of, or account for photons escaped from the examined tissue. 

[0023] According to another important aspect, the inven 
tion is an optical coupler for in vivo examination of bio 
logical tissue. The optical coupler includes an optical input 
port of a selected input area directed toWard the examined 
tissue, an optical detection port of a selected detection area 
directed toWard the examined tissue, and optical medium 
disposed at least partially around the examined tissue and 
the input and detection ports. The optical medium is also 
placed betWeen the tissue and the input area of the input port 
and betWeen the tissue and the detection area of the detection 
port, and the optical medium exhibits knoWn scattering or 
absorptive properties. Optically coupled to the optical input 
port is a ?rst light guide constructed to transmit optical 
radiation of a visible or infra-red Wavelength from a source 
to the optical input port that is constructed and arranged to 
introduce the radiation to the optical medium. The optical 
detection port is constructed and arranged to receive radia 
tion that has migrated in the examined tissue and the optical 
medium from the input port to the detection port. Optically 
coupled to the detection port is a detector light guide 
constructed to transmit the radiation from the detection port 
to an optical detector. 

[0024] According to another important aspect, the inven 
tion is an optical coupling system for non-invasively moni 
toring a region of biological tissue. The coupling system 
includes a source probe made of at least tWo optical ?bers 
having distal ends positionable directly at the tissue. Each 
distal end forms an input port constructed to introduce 
optical radiation into the examined tissue. The ?bers have 
proximal ends constructed and arranged to form at least one 
coupling port for receiving the radiation from a source. The 
coupling system also includes a detection probe made of at 
least one optical ?ber having a distal end positionable 
directly at the tissue. The distal end forms a detection port 
constructed to receive radiation that has migrated in the 
examined tissue. The ?ber has a proximal end constructed 
and arranged to form at least one coupling port for convey 
ing the detected radiation to an optical detector. 

[0025] The optical ?bers may include at the input port or 
at the detection port an optical matching medium arranged 
to achieve a desired coupling of the radiation. 

[0026] Preferred embodiments of this aspect of the inven 
tion includes one or more of the folloWing features. 

[0027] The optical medium may have absorptive or scat 
tering properties substantially matched to the absorptive or 
scattering properties of the examined tissue. 
[0028] The optical coupler may further include an optical 
system constructed and arranged to alter controllably 



US 2004/0054290 A1 

absorptive or scattering properties of the optical medium. 
The system may be adapted to substantially match the 
absorptive or scattering properties of the optical medium to 
the absorptive or scattering properties of the examined 
tissue. 

[0029] The optical coupler may further include a second 
input port of a selected input area, and a light guide optically 
coupled to the second input port. The detection port may be 
placed symmetrically relative to the ?rst input port and the 
second input port. The detection port may be arranged in a 
transmission geometry or in a backscattering geometry 
relative to the input ports. 

[0030] The optical coupler may accommodate movable 
optical ports relative to the examined tissue. 

[0031] The optical coupler may further include multiple 
input ports, and multiple light guides optically coupled to the 
corresponding input ports. The multiple input ports may be 
arranged to introduce simultaneously radiation of knoWn 
time varying pattern to form resulting introduced radiation 
possessing a substantial gradient of photon density in at least 
one direction. The multiple input ports may form a one 
dimensional or tWo dimensional array. The optical detection 
port may be movable to another location relative to the 
examined tissue. 

[0032] The optical coupler may also include multiple 
detection ports, and multiple detector light guides optically 
coupled to the corresponding detection ports. 

[0033] The optical medium may be made of a solid, liquid, 
or gas. The optical medium may also include solid particles 
of smooth, spherical surface, or styrofoam. The optical 
medium may also include a liquid of selectable scattering or 
absorptive properties such as an intralipid solution. The 
optical medium may include a pliable solid of selectable 
scattering or absorptive properties. 

[0034] The optical coupler may have the detection area of 
the optical detection port is larger than the input area of said 
optical input port. 

[0035] The optical coupler may further include a port for 
the needle localiZation procedure or may be arranged for 
ultrasonic examination of the tissue performed simulta 
neously With, or subsequently to the optical examination of 
the tissue. The optical coupler may further include a set of 
MRI coils arranged to perform an MRI examination of the 
tissue. 

[0036] The optical coupler may be disposed on an endo 
scope, catheter, guideWire or the like for insertion via a body 
passage, or transcutaneously, to internal tissue. The optical 
coupler is designed for visual and spectroscopic examination 
the selected internal tissue. The catheter may include an 
in?atable balloon that can press the input and detection ports 
against the tissue selected for spectroscopic examination. 
The catheter may also include a biopsy attachment for taking 
a biopsy specimen from a tissue region before or after the 
spectroscopic examination. 

[0037] According to another important aspect, the inven 
tion is an optical coupler for in vivo examination of bio 
logical tissue. The optical coupler includes an optical input 
port of a ?rst selected area directed toWard the examined 
tissue and a second selected area oppositely oriented to the 
?rst area, and an optical detection port of a selected detec 
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tion area directed toWard the examined tissue. The input port 
is constructed to accept a light beam scanned over the 
second area and introduce the beam to the tissue at the ?rst 
area. The optical coupler also includes optical medium 
disposed at least partially around the examined tissue and 
the input and detection ports. The optical medium is also 
placed betWeen the tissue and the input area of the input port 
and betWeen the tissue and the detection area of the detection 
port. The optical medium exhibits knoWn scattering or 
absorptive properties. The optical detection port is con 
structed and arranged to receive radiation that has migrated 
in the examined tissue and the optical medium from the 
input port to the detection port. Optically coupled to the 
detection port is a detector light guide constructed to trans 
mit the radiation from the detection port to an optical 
detector. 

[0038] Preferred embodiments of this aspect of the inven 
tion includes one or more of the folloWing features. 

[0039] The detection area of the optical detection port may 
include a multiplicity of detection subareas located at a 
knoWn position of the detection area. Each detection subarea 
is constructed and arranged to receive radiation that has 
migrated in the examined tissue and convey the received 
radiation to a detector. 

[0040] The optical detector may include an array of semi 
conducting detectors each receiving light from a correspond 
ing detection subarea via the detector light guide. Thus a 
time pro?le of the detected radiation can be measured at the 
individual locations. 

[0041] The light beam may be scanned over the input port 
using a selected pattern relative to a detection sequence 
accumulated over the detection subareas. Then, by knoWing 
the input and detection locations of the migrating photons, 
average photon migration paths may be calculated. 

[0042] In general, the optical coupling system provides an 
excellent coupling of light to the examined tissue. The 
coupling system may also substantially prevent escape of 
photons from the tissue surface and achieve semi-in?nite 
boundary conditions for the introduced radiation. A larger 
volume of optical medium is usually used for a small tissue 
siZe. The optical coupling system also achieves precisely a 
selected geometry of the input (excitation) ports and the 
detection ports regardless of the tissue shape or property. 
The precise geometry is frequently important for proper 
evaluation of the photon migration patterns measured by the 
continuous Wave (CWS) unit, the phase modulation unit, the 
TRS unit, or the phased array unit. 

BRIEF DESCRIPTION OF THE DRAWING 

[0043] FIG. 1 is a diagrammatic vieW of a spectrophoto 
metric system for examination of tissue of a relatively small 
dimension. 

[0044] FIGS. 2 and 2A shoW different vieWs of a cylinder 
for preventing escape of photons during spectrophotometric 
measurements of a ?nger. 

[0045] FIG. 2B shoWs a set of cylinders of preselected 
optical properties for a ?nger oximetry. 

[0046] FIG. 3 is a diagrammatic vieW of an optical ?ber 
holder for a spectrophotometric study of the head. 
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[0047] FIG. 4 a plan vieW of an optical coupling system 
for monitoring the oxygenation-deoxygenation state of the 
hemoglobin Within the brain tissue of a subject. 

[0048] FIG. 4A depicts an optical coupling system for 
examination of the brain tissue utiliZing several input and 
detection ports. 

[0049] FIGS. 5 through 5C depict several optical cou 
pling systems for optical examination of the breast tissue. 

[0050] FIG. 5D depicts an optical coupling system With a 
tWo dimensional input array also adapted for the needle 
localiZation procedure. 

[0051] FIGS. 5E and SF depict optical coupling systems 
adapted for optical examination together With ultrasound 
and magnetic resonance imaging, respectively. 

[0052] FIG. 6 depicts an optical coupling system With 
optical WindoWs adapted for a scanning system With an array 
detector. 

[0053] FIGS. 7 and 7A depict a “hairbrush” optical cou 
pling system for optical examination of the brain. 

[0054] FIGS. 8 and 8A depict a “hairbrush” optical cou 
pling system for optical and MRI examination. 

[0055] FIGS. 9 and 9A depict a scanning coupling system 
constructed for examination of breast tissue. 

[0056] FIGS. 10, 10A and 10B depict an optical coupler 
disposed on a catheter. 

[0057] FIGS. 11 and 11A depict a spectrophotometer 
disposed on a catheter. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0058] Referring to FIG. 1, the basic principle of opera 
tion of different optical couplers is explained by describing 
a system 10. System 10, designed for examination of bio 
logical tissue of a relatively small volume, includes an 
optical medium 12 of selectable optical properties, a spec 
trophotometer 18, a titrimetric circulation system 30, and 
computer control 35. Biological tissue of interest 14, 
attached to a locator 15, is immersed in optical medium 12. 
Spectrophotometer 18 examines optical properties of 
medium 12 by employing visible or infra-red light con 
ducted via light guides 20 and 22. Light guides 20 and 22, 
Which in a preferred embodiment are optical ?bers, are 
connected to a light source 21 and a light detector 23, 
respectively. Photons introduced at an optical input port 19 
migrate in medium 12 through a scattering and absorptive 
path and are detected at a detection port 21. The selectable 
?xed geometry of input port 19 and detection port 21 
controls the migration path, i.e., optical ?eld 25. 

[0059] System 30 is adapted to change precisely the 
scattering and absorptive properties of medium 12. Medium 
12 includes intralipid solution (made by Kabi Vitrum, Inc., 
Clapton, N.C.) that exhibits scattering properties depending 
on its concentration and carbon black india ink that exhibits 
absorptive properties. The scattering or absorptive proper 
ties of medium 12 can be either maintained constant and 
uniform by properly mixing the solution or can be changed 
almost continuously by changing the concentration of the 
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constituents in titration system 30. Tubes 32 and 34 are 
adapted for continuous circulation of the solution. 

[0060] In system operation, tissue 14 is ?rst located aWay 
from optical ?eld 25. Spectrophotometer 18 examines 
medium 12 in ?eld region 25, and control 35 compares the 
detected data to the preselected values of the absorption 
coef?cient (,ua) and the scattering coef?cient Next, 
locator 15 positions tissue 14 into ?eld 25 and spectropho 
tometer 18 measures the optical properties of tissue 14 and 
medium 12. From the spectral data collected With and 
Without tissue 14, computer control 35 determines the opti 
cal properties of tissue 14. 

[0061] In another preferred method of operation, after 
measuring the optical properties of medium 12, the scatter 
ing and absorptive properties of medium 12 are matched by 
titration to the properties of tissue 14 so that, When inserted 
into ?eld 25, tissue 14 does not cause perturbation of ?eld 
25. After matching the scattering and absorption coefficients 
of medium 12 to the coef?cients of tissue 14, spectropho 
tometer 18 detects the same data With or Without tissue 14. 
The knoWn titrated values of pf and pf are equal to the pa 
and #5 values of tissue 14. The matching process is per 
formed by ?rst matching pa and then #5 or vice versa. 

[0062] The described method is applicable to both in vivo 
and in vitro tissue examination. Tissue 14 may be a biopsy 
specimen enclosed in an optically transparent material or a 
portion of a human ?nger inserted into medium 12. The 
Wavelength of light used by spectrophotometer 18 is 
selected depending on the tissue component of interest (e. g., 
hemoglobin, oxyhemoglobin, glucose, enZymes); it is Within 
the scope of this invention to use multiple Wavelengths. 

[0063] The present invention envisions the use of different 
preferred embodiments of optical medium 12. Referring to 
FIG. 2, a holloW cylinder 42 ?lled With medium 12 sur 
rounds, for example, a ?nger 40 and prevents escape of 
introduced photons. The optical properties, pressure and 
volume of medium 12 are controlled by system 30 con 
nected to cylinder 42 by tubes 32 and 34. The inside Walls 
of cylinder 42 are made of a pliable, optically transparent 
barrier 44. After insertion into cylinder 42, barrier 44 ?ts 
snugly around the ?nger. The dimension of inside barrier 44 
is such that after ?nger 40 is WithdraWn, medium 12 ?lls the 
volume of cylinder 42 completely. This enables both a 
background measurement of medium 12 and a measurement 
of ?nger 40 in medium 12 in the same Way as described in 
connection With FIG. 1. Optical ?eld 25, controlled by the 
position of input port 19 and detection port 21, is either in 
transmission or re?ection geometry. 

[0064] Referring to FIG. 2B, in another embodiment, 
cylinder 42 is replaced by a set of cylinders 42A, 42B, 42C 
. . . , each containing medium 12 in a ?uid or solid state With 

a constant preselected absorption and scattering coef?cient. 
The solid optical medium is titanium oxide, or other scat 
terer, imbedded in an absorbing, pliable medium such as a 
gel. 

[0065] A human ?nger is inserted into the individual 
cylinders, and the optical properties of the inserted ?nger are 
measured by spectrophotometer 18. Using the knoWn optical 
properties of the cylinders and the input port-detection port 
geometry, the optical properties (i.e., pa and p5) of the ?nger 
can be matched to the properties of one of the cylinders. 




















