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This i's a continuation-in-part of U S. Patent 5 Application Serial No.
287,847, filed Decenber 21, 1988, entjtled "METHODS AND APPARATUS FOR
DETERM NI NG THE CONCENTRATI ON OF A TISSUE Pl GVENT OF KNOAN ABSORBANCE
I N VI VO USI NG THE DECAY CHARACTERI STI CS OF SCATTERED
ELECTROVAGNETI C RADI ATION'; and U.S. Patent Application 10 Serial No.
578,063, filed Septenber 5, 1991 entitled "PHASE MODULATED

SPECTROSCCRY, " which is a continuation of U S Pat ent Application No.
307,066, filed February 6, 1989, now U S Patent 4,972,331, issued July
25, 1990, all of which are incorporated by reference as if set forth in
their 15 entireties herein. Background of the Invention

It is clear that a new field of study is energing wher e previous

limtations to the quantitation of the

QUANTITATION AND LOCALIZATION OF TISSUE HYPOXIA
BY TIME AND FREQUENCY DOMAIN SPECTROSCOPY

Cross—-Reference To Related Applications

This is a continuation-in-part of U.S. Patent
5 Application Serial No. 287,847, filed December 21, 1988,
entitled "METHODS AND APPARATUS FOR DETERMINING THE
CONCENTRATION OF A TISSUE PIGMENT OF KNOWN ABSORBANCE IN
VIVO USING THE DECAY CHARACTERISTICS OF SCATTERED
ELECTROMAGNETIC RADIATION"; and U.S. Patent Application
10 Serial No. 578,063, filed September 5, 1991 entitled "PHASE
MODULATED SPECTROSCOPY," which is a continuation of U.S.
Patent Application No. 307,066, filed February 6, 1989, now
U.S. Patent 4,972,331, issued July 25, 1990, all of which
are incorporated by reference as if set forth in their
15 entireties herein.

Background of the Invention

It is clear that a new field of study is emerging
where previous limitations to the quantitation of the
concentration of absorptive constituents in scattering

20 media by continuous light (CW) approaches are overcome as
information on both absorption and scattering parameters
become available in homogeneous tissues, and localization
possibilities ameliorate problems that arise with
inhomogeneous tissues.

25 The incidence of hypoxia/ischemia and hemorrhage
in pre-term neonates is well recognized and the need for
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multiple infarct dementia (MID). All of these applications
dictate an apparatus which can be readily applied to the
exposed tissue and collect sufficient data in times as

20 short as the few seconds that may be required to make a
significant reading; time is often of the essence in
clinical diagnosis and decision making. Thus calibration
procedures, etc., must either be made subsequent to the
measurement or the system itself should be rapidly auto-

25 calibrating:during the study.

A completely different field of applications
which also reflect the need. for a reliable quantitative
measure of oxy- or deoxy-hemoglobin is to the exercising
human body either in a confined exercise test such as

30 rowing ergometry, bicycle ergometry, or in strength testing
devices, etc., where the motion of the muscle during
contraction requires that the unit be firmly attached to
the overlying skin. 1In this case, setup time prior to the
exercise should be minimal and recordings of'steady state

35 deoxygenation of the muscle bed during exercise and the
transient recovery following the exercise is required.
Typical applications are to the testing of national rowers,
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t he exercising human body either in a confined exercise test such as 30
row ng ergonetry, bicycle ergonetry, or in strength testing - devi ces,

etc., where the notion of the nuscle durPng contraction requires that

the unit b i Y . s:fhe LYin Ki g, .k hi s_case, setup
time priore?% %ﬁ% tP{ééﬁE?@ié%wé oh+€’bgﬁﬁbaﬁﬁaﬁngnggféégg Fn%g of steady
state 35 de*aehatimportante thectrabringuendgrehebiditadidnt bé

transi ent rReQVes ehott Poh “ﬁoiféw?ﬁﬁ;\t?éééuFérr Eﬁ&.‘?%@-@ and T8 G2lay of

applications are to'the testing o Ional rower . )
- 3- t RFRLE XY €9 Her extendadi hgdamesty coRNdRtYAE equal |y
i nportans, ¢heditboms pgonnspacdabiavéatli on of nuscl e function follow ng

vascul ar surgery and j.he study. of cle atrophy due to extended ,bed
rest, geriatric 5 cofdte! oh ,l%rcﬁﬁﬁﬁggngvélﬁeV1°e which makeg, Lapid j 5
cl ear that andlevéprodint bl eekesdingsdof heavddlobihodeoiipbenatddinnandof

henogl obi n [ . | gbi . concentration s highly _
desi rabl e. q%ﬁ%gggyfﬁp€§%€€§%f?th€§g€%r81§§%N eﬁé&?@éerquprgg a hi gh

si gnal - 10 RP¥R¢BIGRl 5 droveven, asuehsar daviteakrgquiitries ahhatighs shigmplally-
robust ,10M tfoSHeEsPO0ssE Pb ! b € lhzat : : . rain
cortex and | arger nusclg% %#atiéﬁfézﬁ?gagbéaégggrﬂngr§Pf§,lgt8}§aépg

rel atively enebtish vBPnetpossibhbitinsr fraydpsadizakdobrai n and t he

~nuscles of the 15 foreie b en hedbLEOICHAQUIarbUr! ROLEREE, oF $BaSAG4 | SSUe,
infarcted b ortjon of tunors represent

in.. th ecrotic \ .
heterogenei{féﬁﬁq§l aé#%@ S psPESt bl 2F Rt ERLEELVRIVhBRREEEBEOUS Whid Sthdeed
i f includedthen irmmernebsyeesenf tiheBrghhoandgthe muiselees ofothe gi ve

o opagars ort icert e M BLLOReRRRE CE et R ke oRLPRATE ot e Goupl | ng
i s requirtRrerd deraini ctheanecvotdpy portiangoifstumorsotepaesent
heterogeneities that are of especial interest in themselves
and indeed if included in the measurement of neighboring
tissues would give erroneous values of absorption and
20 scattering. Thus, knowledge of photon propagation in
tissues and judicious placement of input/output coupling is
required for accurate spectroscopy, or acquisition of data
sets appropriate for construction of an image.
Iq principle, time-resolved spectroscopy converts
25 the measurement of concentration or intensities by
transmitted or reflected light to the measurement of photon
migration time delay or path length. This enables
quantitation of concentration changes in highly scattering
‘tissues-which was not heretofore possible. The
30 characteristics of such devices and its principles are
described, for example, in the co-pending patent
applications referenced above.

Summary of the Invention

The present invention utilizes a novel
35 combination of the technology of time and frequency domain

spectroscopy to provide a system for imaging hemoglobin



sets appropriate for construction of an i mage. I n principle,
ti me-resol ved spectroscopy converts 25 the neasurenment of concentration or
intensities by transmtted or reflected light to the measurenent of
‘phot on mgration tine delay or path ungth. Thi s enabl es

guantitation of concentration changes in"highly scattering tissues
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that fulfil]s and, the nedical/surgical requirenments for patient
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into the subject. A detector receives migrating light and

10 creates a signal which is amplified and then transmitted to
a discriminator to provide TTL pulses. The apparatus uses
a time to amplitude convertor to create amplitude signals
which are then synchronized with the alternations of the

.frequency and transmitted to two dedicated multichannel

15 analyzers which create an output signal. Finally, a signal
processor converts the output signals into a ratio of the
terminal slopes of the intensity of the pulses over time
and this ratio is directly proportional to the hemoglobin
saturation @n the tissue of the subject.

20 iﬁ another preferred embodiment of the present
invention frequency domain spectroscopic apparatus are
provided which can provide quantitation data for the
hemoglobin concentration in the tissue of the subject. 1In
this embodiment, a laser and detector are again used ﬁo

25 alternately pulse two wavelengths of electromagnetic
radiation into a subject where the received signals are
amplified. A phase detector is used to determine the phase

shift between the transmitted pulse and the output signal

detected. An electronic switch means which is synchronized



a discrininator to provi de TTL pul ses. The apparatus uses atineto
appl i tude convertor to create anplitude signals whi ch are then
synchroni zed with the alternations of the frequency and transmitted to
two dedi cated mnul ti channel 15 anal yzers which create an output signal.
Finally, a signal processor converts s ke output signals into a ratio of
t he term nal slopes of the intensity of the pul ses over tine and
this ratio ¥ithiitketalternpbionsnaf thet pulhespgkepbirates that al&ermatien t he
tissue of the subject. 20 ) I n anot her preferred enbodi nent of

t he presentWavelepgithsiapd transBats Hbami Antpeat E49D8RI Pragesserus are
provi ded whi ch caqﬁgéovide quantitation data for the henogl obi n
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el ectronic switch meafg wbi¢h LioeHAENLARLESdent of the present
invention, frequency domain spectroscopic apparatus for the
quantitation of hemoglobin concentration and in tissue
region are disclosed which again use an alternately pulsed
10 laser and detector to transmit light through the tissue of
a subject. The received signal is again amplified and is
then transmitted to two double balanced mixers as well as
being transmitted to a phase detector. The double balanced
mixers also receive a reference phase shift signal which
15 has been set to zero and fed through a 90° splitter. The
output of each of the double balanced mixers is transmitted
to sychronizing circuits which respectively separate the
real and im?ginary portions of the signal for each of the
two wavelenéths. The phase detector signal is also
20 transmitted to a synchronizing circuit which separates the
signal into DC portions corresponding to each of the
respective wavelengths. Finally, signal processing means
are provided which obtain the process signals indicative of
the phase shift and amplitude of the detected signal.
25 These processed signals can then be converted into signals
indicative of the modulation index of the tissue at each of

the wavelengths.



with the alternations of the pul ses separates the alternate wavel engt hs

apd transmts theminto a signal processor whi ch create output signals

i ndicative of the sum the difference and a ratio of the phase signals.
These data 5 can be converted into a va%ue of henogl obi n saturation.

In still another enbodi nent of the presen I nvention, frequency domain
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tissue of recerved si aln a ed and is
then transmtted to two doubl e bal anced m xers as mell as bei ng
transmtted to a phase detector. The doubl e bal anced m xers al so

receive a rgrge®Ndaserapeish bif %uyuﬁrgwl 15 has been set to zero and
fed through a 90[err] splitter. out put of each of the double
bal anced mixers is traugy it dé a sclié?na%’i‘&rﬂéﬁr?éé&tﬁﬁi%ﬁ tesg Wi €fime -
respectively separate the -real and imagi nary portions of the signal
for each5of reselved spectwapdlotogidter.The phase detector signal is also 20
transmtted to a synchronizing circuit which separates the

FIG. 2 is a schematic representation of a

frequency domain spectrophotometef.
FIG. 3 is a schematic representation of a time-

shared/phase modulated spectrophotometer.

10 Detailed Description of the Preferred Embodiments
The availability of pulsed laser diode light

sources and the knowledge that large tissue volumes éuch as
the adult head exhibit photon migration lasting 5-10 nsec
open the possibility that "slow" detection systems such as

15 the squirrel cage photomultipliers, become extremely
attractive especially since the latter can be obtained with
extended reé response which is most suitable for tissue
measurements. Silicon diodes, especially of the avalanche
type, are of adequate speed but have such a small sensitive

20 area that the need for multiple detectors or appropriate
light gathering systems has currently limited their
application to large tissue volumes such as adult brain,
etc. These components, together with simplified photon
counting systems, make time-resolved systems-practical for

25 portable use. In fact, currently available tissue

spectrophotometers can readily be converted to time domain



signdl into DC portions corresponding to each of the respective

wavel engths. Finally, signal processing neans are provi ded which
obtain the process signals indicative of t he phase shift and anplitude
of the detected signal. 25 These processed signals can then be converted
into signals i ndi cative of the nodufafion index of the tissue at each
of t he_wayel engt hs.
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5 diagram of FIG. 1, where a "squirrel cage" photomultiplier
detector 10 and a laser diode light source 20 are employed.
This system serves the need for a more sophisticated and
compact time correlated single photon counting (TCSPC)
system. As shown in FIG. 1, in a preferred embodiment of

10 this system, Hamamatsu PLP-10 pulsed laser diodes 22, 24
are operated at 10 MHz repetition frequency and at
wavelengths of 754 nm and 810 nm. The laser diodes 22, 24
are driven by a 100 MHz pulse generator 18 connected to a 5
mW pulser 19 that drives both diodes. 1In this embodiment,

15 a fiber coupler 28 conducts pulses of light into the
subject 50. The light from the two laser diodes 22, 24 is
time shared electromechanically by a 60 Hz vibrating mirror
26 so that they alternately illuminate the fiber coupler
28. The trénsmitted photons migrate through the subject 50

20 to the detector 10. Using this configuration the extended
red sensitive squirrel cage photomultiplier 16 can be
employed for studies of human brain at input/output fiber
separations of greater than 5 cm as shown. The instrument
function shows a 1 nanosecond FWHM response for this

25 detector. The R928 photomultiplier tube 10 for non-imaging
spectroscopy can be coupled directly to the forehead to
provide a detector area of 200 square millimeters. In an

alternate embodiment, a fiber optics coupling (not shown)



10 Defail ed Description of the Preferred Enbodi nents The

availability of pulsed | aser diode light - sources and the know edge
that |arge tissue volunmes such as the adult head exhi bit photon -
m gration lasting 5-10 nsec open thg possibility that "slow' detection

systens such as 15 the squirrel cage photonultipliers, becone extrenely

attractive wislecnldyesi €26 Neqhdtd 6hi B PE @hACHe ehB1loyea €Xtended
red response which is nost suitable for tissue measurenents. Silicon

di odes, espedilaldry alividies adedpeade in théyoegnal et8f nagdeaugheispesdebut
have such a small sensitive 20 area that the need for nultiple detectors

or appropr iptaviding lingreamediespangisy siessllibosurrently limted their
application to large tissue volunes such as adult brain, etc. These
conponents, together The rowtppt i 6f ethehphotomultipbiletri bgbeysveds, nake
time-resolved systens practical for 25 portable use. In fact, currently
avai | abl® tdikastly comretedptptarmeide sband ampliifjebel2owithted to tine
domai n , ' -1-

appropriate roll-off to give good pulse shape and optimal

signal to noise ratio. A high/low level discriminator 13

receives an output signal from the amplifier 12 and gives

TTL pulses to a time to amplitude convertor (TAC) 14.

10 Following the time to amplitude conversion, the counts
corresponding to the two wavelengths are Separately summed
in two multichannel analyzers (MCA) 30, 32. The outputs of
the multichannel analyzers 30, 32 can be used to calculate

signals 40, 41 indicative of the terminal slopes: u,\, and
15 p,);. These are divided in a division step 44, since their
ratio is simply converted into the saturation of
hemoglobin. The pulses are then preferably accumulated in
a 1,000 bin multichannel analyzer 46 over a sufficient
interval so that approximately 10° counts are collected at
20 the maximum in order that the logarithmic slope be followed
down for three or four decades of intensity. The stored
information on the slopes of the two wavelengths is then
processed by creating a set of ratios and a logarithm is
employed in order to conveniently calculate saturation

25 using the formula:

30 a



spectfoscopy by the use of pulsed |aser diodes and i nproved phot on

counti ng technol ogy. The configuration of a sinplified and
portabl e time domain systemfor tissue studies is shown in the block 5
diagramof FIG 1, where a "squirrel cage" photonultiplier detector 10
and a |l aser diode |ight source 20 are emp?oyed. This system serves the
need for a nore sophisticated and conpact time correlated single photon
counting (TCSPC) systeth (B 193N n_ELG 1, in a preferred enbodildent
of 10 this system Hamamatsu PLP-10 pul sed lgser diodes 22, 24 are
operated at 10 MHz repetition frequency and &, wavel engt hs of 754 nm
and 810 nm The | aser diodes 22, 24 are driven by a 100 MHz pul se
generatog 18 connected to a 5 reruIz’ssé"r9 19gidat drives both diodes. In
this embddiment, 15 a fiber coupler 28 conddtts pul ses of light into the
subject 50. The light fromthe two |aser diodes 22, 24 is time shared
el ectronmechanically by a 60 Hz vibrating mrror 26 so that they

alternately illum nat @hﬁ-lseeﬂlibtmimxplceﬁ the pr&senfheinvemision tabsphot ons
mgrate t I gughtle chubiceRc a1 faddie diPLRPtan dftadbi o Chis

configuration the exten . sensitive squir cage phot onul ti plier
10 can be Partigylaydy whenstfidisesoithaudatadhave heemmbitaineditby ider

10 diffusion equation. If input/output distances smaller than
5 centimeters are desired, then the input function can be
convoluted with the solution to the diffusion equation,
which then is fitted to the experimental curve. 2n
instrument made in accordance with this embodiment of the

15 present invention has attractive possibilities of
portability, and the readout algorithm for saturation is
readily computed from the extinction coefficients according
to the equation set forth above. This embodiment, with the
aid of an extended red sensitive photomultiplier, can

20 accumulate satisfactory data in several minutes, but does
not approach the speed of a phase modulated system.

As understood by those of ordinary skill, the
data collected and signals obtained by the embodiment
described above can be further analyzed. The Fourier

25 transform of the domain kinetics give phase and amplitude
compounds that contain all the time domain information, and
adequate information for concentration determinations in
the dual wavelength mode, which is available for both.

The present invention also provides novel

30 frequency domain systems which determine hemoglobin
concentrations. Phase modulation spectroscopy has been
shown to be well adapted to the measurement of photon
migration parameters in the human brain and in model
systems. Multi-frequency systems are available and have

35 proved invaluable in this research for studies of the
frequency/phase diagrams and for phase modulation imaging
of tissues. It has been shown tb be desirable to design

simple phase modulation systems for clinical applications.



sepafétions of greater than 5 cm as shown. The instrunent function
shows a 1 nanosecond FWHM response for this 25 detector. The R928

photonul tiplier tube 10 for non-i magi ng spectroscopy can be coupled
directly to the forehead to provi de a detector area of 200 square
mllineters. In an al ternate emb8d*®eft, a fiber optics coupling (not

shown) ., Wth an area of ,20 square |l lineter,s .can be, enpl oyed
with an ob§PSUsd&§&9@§sé°Vﬁvﬁﬁé'§F§H%rq(§ Fqat regision, $R7ding
i ncreased apatiiscuse®ed above, it is convenienfhecowmplioyffrdguencies
D2 with  witkin 838 Reodoer s SR hosr s pid Sntl b A
signal to syistemsawhere Ahlei dliidatiors af stheé rphettagetiedtor receives an
SULP 5. TRV (g v LS, et ot U gMleEs (e 1 Lo
conver si ondegreesoumng path denaddpahandes °f R 8w SRIVEIRSERTS are
separ atel y chaPR&eristic. Thus, oscillator precision, leakage of
excitation signal into the receiving channel, drift of the
phase detector, and cross-talk between the channels
10 representing the two wavelengths employed have all been
problems which can be readily solved by the present
invention, as described below.
A simplified system for frequency domain studies
is illustrated in FIG. 2. Rather than using a pulse
15 generator, this embodiment utilizes a 200 MHz precision
oscillator 118 which drives two laser diodes 22, 24, again
at 760 and 816 nm, the outputs of which are time shared
into a fiber optic coupling 28 to the head 50 as
illustrated. At this frequency, the input/output
20 separations can be varied from 10-5 cm as desired and
either the total output from the sensitive area of
photocathode (200 square millimeters) can be used or that
of a fiber optics coupling from a smaller area, as in the
case of the time domain system described above with
25 reference to FIG. 1. Whilst usually an oscillator
displaced some 20 KHz from the 200 MHz oscillator is used
to provide a low frequency heterodyne signals; as described
in my co-pending patent application referenced above, the
availability of wide band phase detectors makes it
30 attractive to couple the 200 MHz signal directly into such
a wide band phase detector chip 160 as indicated in FIG. 2,
with time shared outputs corresponding to the two light
intensities. 1In order to demodulate these outputs, an
electronic switch 162 synchronized with the Qibrating
35 mirror 26 is employed so that the phase delay at the two
wavelengths is available as the ratio the difference, or



I n thInuItichanneI anal yzers (MCA) 30, 32. The outputs of t he

mul tichannel anal yzers 30, 32 can be used to cal cul ate signals 40, 41
indicative of the termnal slopes: [err] and 15 [err] These are divided
in a division step 44, since their ratio is sinply converted into the
saturation of henogl obi n. The pul<sest are then preferably accunul ated
in a 000 bin_nultichannel analyzer 46 over a sufficient,
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or four decades of intensity. The stored infgnnation on the sl opes of
the two wavel engths is then %%Loce sed by credting a set of ratios and
a logarighmis enpl oyed in %r derfot o convenlémtly cal cul ate saturation
25 using the fornul a: _ —_— 754

[err] ‘2_ 38-178 30 *2

-9- 8 99 Ky

Research has shown that f, can be determined from the

hemoglobin free scattering propérties of the brain tissue.
10 Thus, the three outputs of the electronic switch 162 may ‘be
fed to processing circuits 164, 166 which create a sum and
difference respectively. The phase outputs are also
combined in a circuit 168 to create a ratio. The selection
and construction of the logic devices, e.g., the integrated
15 circuits disclosed herein and the like, is well known to
those of ordinary skill.
The term 0, limits the applications of single-
frequency modulated spectroscépy to tissues where (1-9)u,
can be estimated a priori and is not expected to change
20 such as might happen during disease, treatments such as
radiotherapy, or even transfer from animal models to
tissue. There are, however, two approaches to utilizing
the approximation which circumvent this problem: (i) to
employ an additional third wavelength; and (ii) to employ
25 dual—wavelquth, dual-frequency phase-modulation
techniques.' In the first approach, the ratio of absorption
coefficients for two sets of wavelengths are used to solve
for 8, such that both ratios of absorption coefficients
predict identical hemoglobin saturations, Y. In the second
30 approach, measurement of phase shifts at dual-wavelength
and dual-frequencies, where 2nf,, 2m f2>>u.:1c, u.aAzc, can
give information of hemoglobin saturation from
transmittance geometries.



Y (X°1009% = (1)

754 [err]

25+9 * 816 5 [err] Thi's
enbodi ment of the present invention al sg permts the scattering factor
to be cal cul at ed, particularly whén fifs to the data have been obt ai ned

centi mot or S0P B BPF R PR, £ rpieRlath R e SSRGS o Wi i

t he sol uti bareént eepdolsuphaseeqodnilated spestindphdteameaters qanhhle t he
experi nment e n;axra]cqi,e | qu{lﬁ?c th this
enbodi ment a(%f EH{?& égsgéer??%?wgﬁ%n d gtﬁta?lact Y poS‘W: bilities of

portabili t;ﬁeaéﬁaemﬁ@tﬁeadout al gorithmfor saturation is readily
conputeg fromthe exh'e'i%tfxq@xgc‘&@clfl'lc't%‘tﬁécczorCH W ock diadih epiadi on set
forth above. This enbodinent, th t ai d of an, exten ed red sensitive

phot onul t i ﬁFT“&r s é&ﬁdz@hé(,s@umﬂda’(]@téa’ﬁ SYREH VI ARG W eral ni nutes,

but does waveangmeoaeﬂé e igpeae dfs esrwme g adwst ey Pesvides
As under st god b\é se of ordlﬂgyﬁskll 1 he data col l.ected a

si gnal s obPRPACE™] erenges AL AR ottt 19t
anal yzed. ﬁltelﬁaungera Zﬁhnaansfg)rmmnﬁon tees ditmmitnivke neHdxcing)i o tpﬂas@ﬂand

Pt Flor(i'og;Bglé %or conce(r)llzﬂrEg & q‘{ tﬁeeé d&é@iﬁé{@{”%&’g%&p‘l and

adequate i N mat 1 on atlon Sterm nati ons T H
wavel engt hago@B81ywiveh are srayidind sms Cmilt)h one phase deteqier pr ke

i nvention ali$eeRepded®t RAMSlo &JJM%&M&@&ﬁ%M@%&&E&&m ne

henogl obi n concentrations. Phase nodul at | on spectrosco has been
shown to bBORE EIXPZS &F Do Rtk AR L K dindiieh PerfRERAREe
par anmet er swiittht ae siwpare Eyademnd i n nodel systens. Multi-f requency

2¥3é?e Sg;etﬁgallablﬁggn have 35 rowﬁg |n%§#H%$g$h%ﬂ%é |ﬁ%%€$e h for
I magi ng thef syissemenf IRICh.as’z b&em]ﬁtmkramed)elzdesl@ ab3 ewhereletshgn
sinple phaa%t@@%lrat&u%&ysf§ ’Bin’f q{hrc&.ﬁﬂ c&bo aspf)cké Ck%ﬁc? "ouble balance
mixers (DBM) 270, 272 which are fed through a 90° phase
splitter 274 so that real (R) and imaginary (I) portions of
20 the signal are obtained. The double balance mixers 270,
272 preferably operate at the modulation frequency. The
phase { is the angle whose tangent is the imaginary over
real part, whilst the amplitude is the square root of the
sum of the squares of these values, providing the phase
25 shift has been taken out as the residual phase shift { set
to zero as indicated. Thus this embodiment of the present
invention provides the modulation index, which is the
guotient of the amplitude over the amplitude plus the DC
component obtained from a narrow band detector 276 as shown
30 in FIG. 3. A synchronous detector de-codes the phase
shifts for the phase and amplitude values for the two
wavelengths so that the ratio of the phase shifts may be
obtained as indicated in the previous diagrams. In order
to obtain the proper functions, the ratio of the ¢'s and
35 the correct value of amplitude, a ratio circuit divides the
I and R terms and the angle is computed; in this case, the
small angle approximation is valid and the ratio circuit



- 10 - Such designs however, require significant precision, since,

as discussed above, it is convenient to enploy frequenci es within the
range of the squirrel cage photomultiplier systens where the :
limtations of the photodetector 5 freq €nC|es to 200 MHz, phase shifts of
the order a few degrees, and path length changes of a feM/centlneters

are chargshgutes! §, /FRAUS qgc*,] il r 30y O ation
signal into thgurecel |/n ch sanne I?rd)fftc'&(r)fe&itqﬁ éﬁha e%lls(e detﬁe%)f’th?%g{r:l
cross-talk %%fﬁé%hceh§°cﬁaﬁne2saheveepréaehhengasheOfmmhna

| oyed h h
enpl oyed haggnétioReeehe sEﬁQPEegﬁoﬁhbf tﬁénsgﬁ 5@thEyK§95np||%&éd syst em

pr esent i nventi on, as déscri bed be

for frequen%?mBBﬁﬁ?ntgtEBFéén the; §mP1PE§§?aPEG theFsammingrafger t han

using a $)ulaﬁvi¢51§gneiﬁbﬁitst Baicﬁ![@@él fREI mUBLL hEEENa 1 ARGXMEL RIHRC RPN
OSCI||at0r %ﬁ?%h drlves two | aser diodes 22, 24, again at 760 and

816 nm the ? whi ch are tine shared |nto a fiber optic
coupling 28 to the headmBOofisthe cohpoaenssedt ﬁhetbhboﬁﬁQQMQ@Cwm the

I nput / out c rle from as de and
Ll?her thgq%ota ﬁgp?ﬁa%h??§ﬂ1 sggéﬁ gg grgé%gfre%erﬁﬁgfo ﬁgﬁg *(200
squar e n1||1n%t§¥§)05aﬁSbecmebdloteraat, e.gof ahélbequapememtsomMn ng from
a smllps agsa 1a8einalbes 220as% Qfe! ffiati £ dﬁzaw ' BoRLsl, O GRP Gl

above with 25 reference_to | st usua osci I'l at or
di spl aced s&hed9® thmP?B%?Pﬁé EGBrN@E°§s§PIgaYQrSignééédappran¥wﬁwlde a

I ow frequentyr hemsady@euaneaal SThéSpHS§€rinBSQlated' @n%rﬁﬁta%m'l@ pat ent
appllcatlon % fere avagla il él wi de band phase

c
detectors esti'e grgFt?a§§99é§?SaEBuBP uFﬁe°§0 REYesSyRfa®redtly into
such a sedendaaddphmpertahecfeatobepisbthasstanitated oifn dryetad,

with tipe S@ééfglgﬂé t§e88£%f§€098g98p%9aéﬁe8§?SﬁrsgéﬁlF@ﬁSf%%FQ§ItIes In

order to denopdu ate ese ou
synchr oni ze*ndi FRNing paﬁaaetﬁgs35 Ther pergérinaneapiajuessarehalr itfite gfhase

delay at the,imf/hr aM@vEh&8EIASikE avalbaR! 8n28 bhe H3! bAnk% il erence,
or Signal changes are usually 1-2 cm in a 23 cm path length.
Wavelengths of the laser diodes 22, 24 are preferably on
20 opposite sides of the cross over or isosbestic point
between the oxXy- and deoxy- hemoglobin absorption spectrum
(about 800 nm) are used so that the difference of the
signals represents a change on deoxygenation whilst the sum
represents the total amount of hemoglobin'present of the
25 desirable qdantities mentioned above.

Data display is of considerable importance to the
functioning of the apparatus of the present invention, as
is computer coupling. A running time LCD display is
preferably used for monitoring in order to ensure that

30 signals are within the linear range of the phase detector,
together with a LED indicator, indicating that the signal
amplitude does not reach predetermined limits. 1In
addition, the computer coupling to obtain manipulated data
from wave saturation may be obtained as necessary.

35 Various formulations by which the path length
changes measured in time and frequency domain studies can

be simply converted into concentration changes using



the sum for appropriate cal culations of the saturation according to the
equal i ty: [err] Research has shown that
[err] can be determ ned fromthe henogl obin free scattering properties
of the brain tissue. 10 Thus, the three outputs of the electronic switch
162 may be fed to processing circuitst462, 166 which create a sum and

di fference respectjvely. 1?1 hase outputs are, al so nbined in a

circuit 168aQQ£§PE%ﬂEF IR %ﬁgéﬁ% %%@e%PPBﬁprlaﬁﬁde§5ﬁ§FF&8P|on of the

: 'OEi c devi ceseffigientdchavié cgserh fqdréﬁeﬁtédul t whilisel anedbhebnemamdt t he
i ke, 1Is e of. or ar erm
Lerr] 15 m CEoTHERdE P astalifhftidh 08 Y citkhn. reporptizrtien:  the

spect r oscoyhysiclegist mhe¢@ntemt]w1thchhebsaturatnbadperpenuageand i's not

expect ech Cediiggeo? ot Chorts JLON-02BER €' LRGHLECa38ual 152L IR Ry UCH

as r adi ot even om anl na i Ssue. “There
are, homevéVthwﬁe%aﬁﬁ%ahﬁeﬁh%ot@tal|ﬁﬁhg -+ depxyippnokheacase afi ch

ci rcunvent &émé?pépﬁhﬁm Théset£1 orfeﬁheygaﬁeeginyl ?Reb1Bi EHevRyelignat h;

and (ii) to oy 25 ual - wave dal -frequency phase-nodul ati on
t echni ques.® gng?ﬁép??psfe%%ﬁ?%a@ﬁtegﬂénﬁgtFB BfP§B§oP§tWéﬁelen863§fP@lents

for two setindicatedl tngthe @igcm@gﬂohOaﬁgbée_ Ho&@veﬁcerthogécb_ﬂ hat both
(201 00 9, BEIALEGROEL L L P S BLpd SholbCetbLesLo SRl O,
dual - wavel emlsd be sbadiled! - Foegexampie, dhdeetpdr ihdpeyahinargreey (e
| nformat i ong Py NEARELLLLE) SAEHT ALEQPa 11 9 boculk FIRgThbEBREE EC QTR W8S
fat, protein, water may be studied by photon migration
techniques such as those utilized by the present invention.
15 The coupling of the system to the subject 50 is
of importance and whilst this can be done satisfactorily
with plastic light guides 28, usually of an area for
receiving of 2 square centimeters, direct contact of a
large area detector with the subject's skin is desirable if
20 the input/output separation exceeds 5-10 cm, as is the case
in an adult. Similarly, whilst spectroscopy requires
signal acquisition from large surface areas, imaging upon
this area sets limitations to about 1 cm signals from a
large number of points around the circumference of the
25 human head are desirable for planar imaging of brain
bleeding.

The performance of the phase modulation systems
disclosed above have been experimentally determined,
together with quantification of the drift, noise and other

30 parameters. For example, the performance of the laser
diode light source and squirrel cage detector as applied to
a model system and a human head have been noted. While
animal models provide excellent systems for quantifying the
performance of both time resolved and phase modulated

35 systems the exercising human muscle is optimal for the
validation of the functionality of the system, particularly



- 12 - Thus, a preferred enbodi nent of the invention disclosed
herei n enpl oys phase nodul ated spectrophot oneters capabl e of

ti me-shared, dual -wavel ength, dual -frequency measurenents. 5
Referring still to FIG 2, a block diagramof a ti me shared phase
modul ati on systemin which two wavel ehfths are available is shown. This

d i diff d f
S anal T T SO OEVEBF a6 ABRH TP oRobBer bR Al PROUBY e NG 10
| aser wavelsysftdm. This sinplifies the oscillator system as only two

o L P ont Lafile BUBTSAEl S Ahs FOGsencll LRFERCE ke D

circuits afford cance common e errors a great extent
~affordi ng Heime pand ofreauency dprain spaptrosgeP¥m eash one capablgnof

al ternatg Waé’ﬁré‘ﬁéﬂ’c' 8¢ ﬁEﬁoQ%BlHUEQ%rBE%h anling18¥at %-6‘1%&' Grhe 1 S
illustrated in wher e detector output is Epg& roug tmo mnde

band doubl em%%taﬂe@prehﬁpsiéve peswrzmentz?g Q,HVSH B¥e

90[err] pha§i3nce €REI éh&ﬁr37'&1ﬁe pbahneabf( obg a&&ayna&yn{eh)suwd I ons
of 20 the SI are obtalne bl e nce .m xer.s 272

preferably 3 rhf neRSPREdf uFSPHSH g??&ﬁen&? ipdgpende afg Perr] is the
angl e whosePé¢engpst the hbsti dmagbréaptofeature o€altheadns trtuinestt athieon

anplitu t q e t « S S val ues,
rovi di o the ShafatabevaRTprThn B8 rime iy MITHS Sk ER ¢ 1N 2

shi ft [err]vebtage isongtr esas pmdmaayedactmrs Blsi dongbasi e of the
present ﬁXfﬂEhﬁQcpEQEbQ%S %RgviFﬁ%% t4po f@Q&Xouﬂhéﬁhlbﬁ Ebetlmes,

guotient of  t | tude over tude p t he DC nponent
obt ai ned frbn?arnﬁriewﬂﬁandTBEF@CF5#52¥BS§§NSH§WHP§GWQ4 Fox de‘@dult

synchr onoush@gréfcheadd@heedesonhe pakas e engthshiahids 1adige epirrei gigd of
anplitu val ue el engths so that the ratio of the phase

g fog t%e t wo . m@;
shifts y HRPUT/ OBEPUL, 85, 8VRI3RARAFed i n the previ ous diagramnms. |n order
to obtain the proper Bystemsnef Figuresi @ ahd IBe arer sjuitaiice for

shorter path lengths as are observed in skeletal muscle or
neonates. The system of Figure 3 gives comprehensive
information which if available at a number of frequencies
20 and appropriately Fourier transformed would have the same
information content as the pulse time method. When
restricted to particular carrier frequencies, the method
nevertheless retains its quantitation of hemoglobin
saturation through the ratio of the 4 values and affords in

25 addition the modulation index. Thus, this unit would have
unique properties for imaging, brain bleeding, or other
localized depots of hemoglobin. The system is in effect to
be significantly faster than that of Figure 1 by a factor
of 10 or perhaps more.

30 The system of Figure 2 is the simplest system
requiring only a small number of chips to afford the ratio
of phase shifts necessary for the calculation of
saturation. This system is also quite fast, time constants
of 5 sec probably being appropriate for brain recording.

35 The system of Figure 1 is not expected to need"
calibration except for its own instrument function which is
expected to be constant for a given dyode voltage on the



35 the correct value of anplitude, a ratio circuit divides the | and R
ternms and the angle is conputed; in this case, the smal | angl e
approxXximation is valid and the ratio circuit ‘

- 13 - ~ conputes [err] as required for the equation set forth with
reference to Fig. 2 above. In the case af6 the anplitude function, the
square root of the sum of the squares are conputed to obtain the

anpl i t ude @hbtdmlstipd ier and EbcNaNxhquxgnxin¢%nbbycHl&heSmhélnDduIatlon

i ndex at thgdmn. tqﬁ%@@%enghﬂ§ system of Fi escr?% ggdtgewgggponents of

t he enbodlnents 0 present | nvent 1 on above wth reference

to Figs. Trequiyeqabibrahien ofox rthe caalues of 4 tltheughehbnfRORE 10
the laser Qoqes o trid %@etmlék@flﬂ%wwluésﬂw asekptabidi adgs be

nodul at ed near 100%to %$ve signal s appropriate for tisSsue studies. The
phase nodiulfts ¥ SFHtPEALiQn erremt a7 bl enbyn Be sPEnFRFERARIYOI une of

tiss ;Jel S li g f 260 1|-t]9art1ce . SeoRio@sy | Mae tﬁé\é%d e@él%fopﬁehhe oft tablah%tamef
crysta _ Ci ators requlring a rqgﬁga e el ec % niec gons %ug Iﬁﬁp

ant tuni ng PRGOS CIREUREFY o RAFEICHIATLE 19 cEhPi FEIGPR OF dO97PR, and
phase noi seMHEz GvIn reswal®. jlnl—lZub'ahn@lrvsiihﬂslllflcaGignal oth&hgeappacatasal | y

12 omin EhENESLLEnthe e WAKELENOLIG, of chlicubessl digdes 22, 24

are prefera opp05|te S CT oSS over I Sosbesti c poi nt
bet weerl @ heshamed alrseeokiodecriayebenathd sandt the spdculabion framodhes0o

nm are usethfs tcﬁ\kﬁﬁ:ﬁi@e dih{ eEENGE Qe [Dfturat §13|ﬂ ”@lﬁuﬁ-ze R19%%/! fenChange

on deoxygenati on st _the sum represents the total anount of

henogl obi n Preatesx Eﬁe?ﬁ%mZQrG@sﬁFbﬁteaﬁﬁah%¢¥9§§uﬁénﬁﬂeﬁédsa$§@@ for
Data di spl ay ¢in@le coacelehgbhesyspen! angbvidutlg, as hamgt WaRigl@nefthishe
appar 8> Ofgtdes PLET kgl AYDHL 008y b2 SRURYLET cOUPIT G- AT U ng
that 30%ignals are wWhéi goaheofi hbarcerntgin oprefierpeds endetddamtents of
together widle 4, -ED L0} FPERE1 ochNBLERLEDDl NRL £B81513%te what is
needed in order to acquire appropriate data for the study
of brain tissue hypoxia. The first requirement is
obviously of a system of adequate accuracy and
20 reproducibility; the requirements being approximately 1 mm
in distance or 0.001 in logarithmic slope (i.e., a
corresponding value in mm). Absolute stability is less
stringent, but_nevertheless, the measurement requires the
difference or ratio of slopes for the determination of
25 saturation and for the absolute concentration. The second
major requirement is to select wavelengths at which an
adequate signal is generated, i.e., one in which the change
of hemoglobin saturation or concentration gives a
significant change of path length. Also, ready calibration
30 is necessary. For animal models, 100% change can readily
be obtained by ischemia and hypoxia, however, for the study
of human subjects, the range from 40% to 80% saturation is
the maximum that could be expected under conditions of
patient stability. The "normal" variations may be 1/5th of
35 this for 8 to 10%. Thus, the "oxygen saturation" of the
brain study requires a very high level of stability and
reproducibility and stable calibration.



ahpliiude does not reach predetermned limts. In addi tion, the conputer

coupli.ng to obtain mani pul ated data fromwave saturation may be obtai ned
as necessary. 35 Various formul ati ons by which the path | ength
changes neasured in time and frequency_ domain studies can be sinply

converted into concentration changes usi
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dlscu55|on<§ 10 ordinary skill Wil appreC|ate t hat

er, rhos
ot her absor Q§§¥E°n af sth g%?%ﬁ?%@ SFSPa%anplés Anffapctdon of
|ndﬁcyam|unqﬁuiatidn freéﬁémtyndfCag@héorétlﬁa%Uééhbid@%ﬁ%&bh@@s%b&orbers
such as nay ot on_mi.gr at i_op
t echni ques $ g% as t %%é?c §§% T by T h gPtéghPX EV@HPFBHI fz £, and
The coupl|n@,ofath@hsybtbhetmaghetudbjefttﬁé Bsand Mohenﬁuytﬁﬂxxb
e | A0 e h BRGNS, 2o SERRLOIORY 1, atthld) LRI LLONe 11 065,28

usual ly of an area recel ving ers
contact of @ ©of @Qﬁgﬁ?%ﬁ%%.@@@e@%b@cﬁprhcﬁhélgubFGQPhs sﬁrnm:th@e5|rable

if 20 theIﬂuhﬁd(bEFb%l@ﬁ@@laft@@u@%&fégSléeﬂglfﬂbda§rbﬁ bAasCAShire [N an
adul t . S|n1la{d¥ || st s ctroscogg requires | gnal ach|S|t|on from
| arge surf &85 %ﬂéﬁ etﬁFglaréﬁ §€§§rPF#PPat|ons to about 1

cmsignal s do&fﬁrc1entéam§newewmmmndof poi nts around the circunference of

the 25 human head are desirable for planar inmaging of brain bl eedi ng.
The performance of theszp'-Hase m)dl%#aa,i.lQn syst ens ;
——f—__. —_ [~ — /6( tl
22 —~w9.).
f, o M

15 Sensitivity of this technique increases with enhanced
tissue scattering and minimal absorption as is the
characteristic of the brain. Thus, f: and ff, might be
identified from experimental spectra of media with
physiological scattering properties to determine whether

20 differentia% frequency-resolved spectroscopy may be used to
accurately duantitate tissue oxygenation.

Although certain embodiments of the present
invention have been set forth above with particularity, the
invention is by no means limited to these embodiments.

25 Upon review of the instant specification those of ordinary
skill will realize numerous variations or adaptations to
the methods and apparatus disclosed. For example, certain
modifications can be made to the circuits disclosed or
their application which still lie within the spirit of the

30 invention disclosed. Accordingly, reference should be made
to the appended claims in order to determine the scope of
the present invention.



di scl osed above have been experinental |y determ ned, __together with _
guantification of the drift, noise and other 30 paraneters. For exanple,

t he performance of the |aser di ode light source and ' I

detector as applied to a nodel system and a hunan heﬁﬂmuuﬁluﬂgﬂmmud
VWi | e ani mal nodel s provi de excel I'ent8systens for quahti§¥yitng® hé *
performance_of both tipme resolved and phase nodul ated 35 systens the

exer ci si ng ¥iakanisnelained 18:iml for the val i dation of the
functionality of the §y5teﬁlméa§ﬁé§ﬂhér|flme resolved spectroscopic
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system  appafaflsiqr @ Gl LaliuReokheRotlobinatotentnatigh

time and friaguencissioearagiprcdfoacenijeeticbonpeisangbl e of 5 neasur enent
of henogl obi n sat ur at od_vo onpr ehensi ve
measurenent is given %Qg?ﬁ”ﬁeg%g 9°¥ %g%BSmIEglng Eﬁgge%tgge time profile
of phot dn d@lggtmmmasmedenergndaltenaataulydaat tiwonpredeternined
i ndependent a Sst+i QRO r

wéﬁei%%#ihs ﬁﬁ?&ﬂ Re+LPRaFBShE! ?H Eiegﬁn%ﬁﬁﬁah%ﬁ%&ﬁ%@ﬁﬁhltlplIer

i nstrunentat] on he variation o oto

vol tage i s hiRehscauplereRganacter, tyanFaa§tangt ke PUF§§§r¢Ph#P@ sl opes,
[err] valua§ubfé@t;ead out at Ionger tines, i.e., 5-10 ns. Thus, this
systemis optinmal for t@ % n head mher% Iong gath I%.%;hs and

| arge separations of FﬁgﬁFlﬂﬁFBﬁt QF e TECEAVARP TR 1ses afterg qieng
of Fi gux@es Iﬂl@lﬂtﬁonrthsdugthEtﬁ.ééue refdoher thet Bekeegblrs maanar e obser ved
I n skel etal t em,of,_Fi
conprehen5|V@yf&éfngornﬁPg%gﬂm% HIIF%aééglggpe aggk§n% 6%% Fequenci es
20 and appr%pmmaiely Fourier transforned woul d have t he sane

i nf ormation content asmgmgfﬁzuks'aeshgﬁfe;%t aagn\ég%gr the! S8t Ydria1

partlcular carrier frequencies | essretains Its
quant it ati cMPdf ﬁéﬁﬁﬁll‘éﬁilﬁg an applifiegh sianadghor Be ALECTITEMATRE [err]

val ues pd méansdEoirnp2bvaddntl et balwedyl ati on i ndex. Thus, this unit
woul d have

a time to amplitude convertor for creating
amplitude signals corresponding to each of the alternately
transmitted wavelengths;

a synchronizing circuit synchronized with the

20 alternating frequency for transmitting the amplitude
signals to dedicated multichannel analyzers corresponding
to each wavelength and each creating an output signal; and

signal processor means for converting the output
signals into a ratio of the terminal slopes of the

25 intensity of the pulses over time;

whereby the ratio is directly proportional to the
hemoglobin saturation in the tissue of the subject.

2. The apparatus of Claim 1, wherein the laser
means comprises a pulse generator and a pulser for
30 producing pulses of electromagnetic radiation.

3. The apparatus of Claim 2, wherein the pulse
generator operator at about 100 MHz and the pulser produces
about 5 mW.



uni que properties for imaging, brain bleeding, or ot her T l'ecarized

depots of henogl obin. The systemis in effect to
faster than that of Figure 1 by a factor of 10 or m '@iﬂ’ '“",
The systemof Figure 2 is the sinpl est system reqw r| C[s)

nunber of chips to afford the ratio 18f “phase shifts necessary for the
cal cul at'i on of saturation. This system i.s ,al so g}:ﬂte fast, tine
constant s of 5 séc prIBSHEAPRIEETYESOF GFalR & f PR YR or di ng. 35

The syst enpgbdEtehdnkd Wal@l et ed-d @birad 754 mealdnd aibark esoept for

its own instrunent function which is expected to be constant for a
gi ven dyodB™ol tage on the ' - 16 -
photonultiplier and to vary insignificantly with small changes t hereof.

The system of Fi gur eg 2 a 3 ‘ﬂ#altrad‘:tﬁﬁ%“ 1%19:?'1 gyﬁf%fﬂ{etfﬁ)ggl ues of

[err] although it shalld rati se values is
accept abl ecanplert ﬁ@@nﬂt@mhlﬁfm setectan mesanﬂ |larepritgpayeaterd e onere y
i mpor t ance ¢ hGRV Rty 5 Idie rapi d devel opnent of available el ectronic
circuitry, particularly in the region of -100-500 Mz will result in

further sinplifications of the apparatus di spl ayed here. At the present
time, the use of tims.10 qbﬂ@s&uglmmm\t@mﬁg&ﬁ@r@m the cal cul ation
fromthe t|o ofr%ﬁases ifts.of the turatlo valuelgitllovvs much

gr eat er fr8§8 P eq (B BeFRaniGaLi gl e
wavel engt hmepsise mompndi soiuss \g \alsbr&mi;ng/\maatmlg.t hs as desired can be

obt ai ned by tine sharing. 15 The goal of the certain preferred
enbodi ment s of the present invention therefore, is to indicate what is

needed1iOn order to adqui r fp@EREATatus i L¥aim the whexgin the pabiaes
ti ssue hypee nhel e rmlimil ISUPELBIYE diforeqd WV LUS N Of o BcP¥aEEM, OF

adequat e accuracy and 20 reproduci bility; the requirenents being
appr oxi mat &@Fa1 sgh and jtheyisignrk Rﬁ°‘€?$ﬁﬂr|?ﬁ1f€}g]a¢?‘?%n$%t‘s¥65é°{‘v &, a

according to the formula:

u 754
15 @
38-17 216
ua
Y (x 100%) = (1)
754
20 K,
25+9 oy
Ml ua
25 . 8. A method of quantifying the hemoglobin

concentration in the tissue of a subject comprising the
steps of:
creating alternate pulses of electromagnetic
energy at two predetermined wavelengths which alternate at
30 an alternating frequency:
transmitting the pulses to the subject;
detecting the pulses after migration through the
tissue of the subject and creating an output signal;
amplifying and processing the output signal to
35 create TTL pulses; '



corresponding value in nm). Absolute stability is |ess stringent, but~
nevert hel ess, the neasurenent requires the di fferenc

sl opes for the determ nation of 25 saturation and for thgmmmmmmﬂ“ ,!Il
concentration. The second maj or requirenent is to sel &cttway

whi ch an adequate signal is generat®® =.e., one in which the change
of henogl obin saturation or concentration glves a si gni fi cant change of
path length. Al so, reiwverting stherpebses stocampkityde £bgnahenal nodel s,
100% changedxahe g;?&faixyg to dEcRbAlfied Dyrdscdesip epansyperea, hovever,

for the study human subj ects, the range from40%to 80% saturation -
i's theWﬁ%ﬁ#ﬁﬂﬁqqﬁﬁ coul d be expected under conditions of pat i ent

SLabillty- The "nor medyn dﬁﬁéﬁﬁi?ﬁ@ﬁﬂﬁd t@iﬁéﬁﬁ£s£$%36ftbhe émpl&tudelg@6h
Thus, t " OX nsatur ion"_o e rain stu reguires a._ver ig
level ofb sty tndnit ¢ fohartnel Saetyegra b rhfectl; aR3, PyfBlt

- 17 - signal; andCertai n enbodi nents of the present invention can

det erm ne heanIobln e ase shift and
nodul ati on at var gI #?éjfﬁﬁné%?‘g] %@%ﬁl{ g?&ﬁél %nggbéena}:ound t hat
[err] may BHY ymmpw'@mnell'e@thlneeheuoqhquaﬁeﬁﬂraﬁn@e FBa$beenent s

of phase-shifdsud &5# |thééubjectenodul ation of the detected signal, M as a
function of nodul ati on frequency, f. Theoretical considerations show

that the critical phase and nodul ation frequencies, [err] and [err] at
whi ch tiwe magm tude oé t herherkétrod Mvéléﬂﬁ & , skapeRetOconpadk ifigni ma,

are functi err n ardles or of the source
and detectg# f ﬁ%e EBE%Pﬂe §8Fg% %& Eﬁgpﬁcﬁlaﬁr@qS@%
identified éet)m\oérns’exméu adhd calaullatibngl adtonraspenir i, bleeordting ch:fo

absorption 440 f@ﬁﬁ&igl ents can be found:

i 754

15 8
38-17 816

p'a

Y (x 100%) =

20 uana
25+9 316

ua

25 10. Frequency domain spectroscopic apparatus for

the guantitation of hemoglobin concentration in a tissue
region of a subject comprising:
laser means for transmitting pulses of
electromagnetic energy alternately at two predetermined
30 wavelengths which alternate at an alternating frequency
fiber coupler means for transmitting the pulses to the
subject; _
detector means for receiving the pulses after
migration through a tissue region, the detector means
35 including a photomultiplier tub and creating an output
signal;
amplifier means for amplifying the output signal
and transmitting an amplified signal; ;



[e,rr]" 15 Sensitivity of this technique increases with enhanced - “"t‘l_S sue T

scattering.and mnimal absorption as is the characterlst
brain. Thus, [err] and [err] m ght be identified from ex l EIH‘MLIHI“I
spectra of media with physi ol ogi cal scattering properties

whet her 20 differential frequency-resotvell spectroscopy nmay be used to

accurately quantitate tissue oxygenatlon Al t hough certain
enbodi ments of the prieRaFe deteChoEnmeanshiQE Betarsiningr theabbasew t h

particul arignift fwetweemnﬂﬁ@ttﬁansﬁl’eieao Ie88Sahd "th8dohephkeedgnal
enbodi nent s, %2,5? on review of the i nstan? specification tﬁose ofg ordi nary

skill wll ? %E%%F%ﬁs variations or adaptations to t he net hods
and appar at us di scI osellectpontaaspitchchehas) synchpehigzeat khes can be nade

to the r r a iIl Iie within
‘the spdﬁtcéﬁé%#ﬁg§%$$ gdg?%ﬂc%rs£95585g3£t53rBﬁﬂﬁFy?lgﬁP Pence shoul d be
made t 0 comwrespending ctai eschnobtr the adtdehatihgewahelengthsof and t he
present invention. v%at i's
Gl i med o signgl processing, means, for the) DEGCERRATTo Sy ¢
appar at us fRnaﬁﬁeSh%%§l$t§?|@he@tehentgubbsmgn@hsemndacabmve oifn thet i ssue

region of am@np)€ké GOFPELSHOE and a ratio of! BREM HQ@ESSE hals@nsm tting
rommgnet i c_energy.al ternately atotwo predeterri ned

pul ses ct

maveleﬁﬂihs Qﬁﬁ%ﬁyaﬁ?%rﬂ%?%uﬁtséﬂnaiﬁeﬁﬁﬁtFﬁ@V?FEﬁGeﬁ€§° a vegee &8l er
neans for ttlessaturagisheopuhensglebiie subj ect ; det ect or
means for receiving the pulses after 10 mgration through a tissue region,
t he detector neans i ncluding a photonultiplier tub and creating an

out put si gnal ; 1l. The apparatus of Claim 10 wherein the laser

means comprises an oscillator and a driver for producing
pulses of electromagnetic radiation.

15 12. The apparatus of Claim 11, wherein the
oscillator operates at 200 MHz and the driver produces
about 5 nmw.

13. The apparatus of claim 10 wherein the

predetermined wavelengths are about 754 mm and about 810
20 nm.

14. The apparatus of claim 10 wherein the fiber

coupler'means and the detector means are separated by more
than about 5 cm.

15. The apparatus of claim 10 wherein the
25 predetermined wavelengths are alternated by mechanical

means comprising a vibrating mirror.



anplf%ier means for anplifying the output signal anmd—transnitting an-

anplified signal to a discrimnator 15 neans for provigdi :
atime to anplitude convertor for creating anplit* B Hl Eﬂ"
corresponding to each of the alternately transmt .

a synchronizing circuit synchronized wtt3R the 20 alternating frequency for
transmtting the anplitude signals to dedicated nultichannel analyzers
corr espondi ng t 0 ¥ach The capprratuendotachatnedf nghanednt phe si gnal

and 'éﬁgﬂ s+ £0 [ ut put
signalsinﬂ??ﬁ?%%ﬂ?% of ?ﬁ%ﬂ§g§§§%%.'§?o%és£o%g?ﬁgag%agn%ggg?ty of the

pul ses overddG9rding to the formpkieby the ratio is directly proportional
to the henmogl obi n saturationj1n theg tissue of ythe subject.

2. The mpparatus of Claim1l, whererrn the |aser means conprises a pul se
generator and a pul ser for 30 produciﬁg,pgjses o#’electronagnetic

radi ation. 3. "Thg, apparatus o U g m 2, wherein the pul se
generator operator at about 100 ﬁ#&—quzthe'pulsgr %roduces about 5 mW
-19- 4. The apparatus 8f Claim1, fherein the

pr edet er mi ned wavel engt hs are about 754 nm and about 810 nm

5. The apparatus of pfai m lnabrse®i Ot B8ahtReyiAgCeHB! REmBEABS1ANd the
det ect or . means are separafed by npre t han a%out 5 cm

10 concentration in thé tissue of a subject comprising the
steps of:

' creating alternate pulses of electromagnetic
energy at two predetermined wavelengths which alternate at
an alternating frequency;

15 transmitting the pulses to the subject;

detecting the pulses after migration through the
tissue of the subject and creating an output signal;

amplifying and processing the output signal to
create TTL pulses;

20 amplifying and processing the output signal to
determine the phase shift between the transmitted pulse and
the output signal of the detector to create a phase
signal;

synchronously switching the phase signal at the

25 frequency the wavelengths are alternated to produce phase

signals corresponding to each of the wavelengths;

processing the phase signals to create output
signals indicative of the sum, difference and a ratio of
the phase signals; and

30 converting the output signals into a value for
the saturation of hemoglobin.



6. The apparatus of Claim1, wherein the predet er m ned mavelengths are
al ternated by mechani cal means conprising a vibrati “u“rmuu
7. The apparatus of Claim1, wherein the ratios ““\“‘ mﬂ“ pes

are stored over tinme to create a data set and the S|gnat p¥ ocessor
cal cul ates saturation, Y, according £8 #he fornula: 15
[err] 25 8. A nethod of quantifying the henogl obin

concentration in thelBLssmheomeahsdbpécCIa¢mpﬂWsimgrther cogpays igia
creating aljer ?Eséﬁ BﬁlgkggbrgnggQﬁEhﬁion ?ihgya%EoE%HJﬂ¥QQﬁter”‘”ed

wavel engt hs whi erna an alternating trequency;
transn1tt|¢EPtf@Im%l§és to the subject; detecting the pul ses
after mgration through the tkssueng t he subLgct and creating an out put
signal ;s anpllfylnggand'pr ceSS|ng gpe out put signal to 35
create TTL pul ses; - 20 -

A2 Az Az
8 90 “'a

19. Frequency domain spectroscopic apparatus for
10 the quantitation of hemoglobin concentration in a tissue
region of a subject comprising:
laser means for transmitting pulses of
electromagnetic energy alternately at two predetermined
wavelengths which alternate at an alternating frequency
15 fiber coupler means for transmitting the pulses to the
subject;
detector means for receiving the pulses after
migration through a tissue region, the detector means
including a photomultiplier tube and creating an output
20 signal;
amplifier means for amplifying the output signal
and transmitting an amplified signal; _
quadrature reference signal means for providing a
reference phase signal which may be set tb a predefined
25 value and create a reference phase signal;
first and second double balanced mixers for
receiving input signals from the amplifier and for
receiving the reference phase signal, wherein the mixers to
create a real output signal and an imaginary output signal;
30 synchronous detector means for decoding the phase
shifts for the phase and amplitude values for the two
wavelengths;
signal processing means for providing a signal
indicating the DC component of the amplified signal
35 corresponding to each wavelength;



onvértl ng the pul ses to anplitude signals correspondl ng to each of

al ternately transmtted wavel engt hs; sync uﬁmﬁ\mw
transii ssi on of the anplitude 5 signals to nultichannel

create and out put signal ; and _ _ processing sdl d€output si gnal
into aratio directly proportional t &thé henogl obi n saturatlon in the
ti ssue of the subject further
conpri sing t he stes|ol nafJ:l e & s'os'rlinr% n%f"ensproces Ibf%’iﬂgna%fgs a data

set over tisepaneticw dleatienl utput iwignal and dehi nipaginaryheutpphul a:
[err] ignal f each wavelendeh; H&fluency domai'n spectroscopic
apparatus for e quant|tat|on of henogl obin concentration in a tissue
regi on of a subj ect g kipkpcessing means fopeht HLRHRI f BFOCPEREH ¢ t | ng

pul ses & sigrRiIRCHTHARGHISIVE SNy phd$s N BEY @ﬁdta\ﬂppiﬁdQégr m ned 30
wavel engt hs wh h al.ternate at%‘gn al ternating fre%tej*{(_eengy coupl er

means for f % {5hfy RERFRFSE STt are ony into s:.gnal
det ect or neEaH dayiveecsf iy mddulat 5@ hidex of thegtassoe abreagh af

ti ssue reglt%ré Ja veelegggqﬁlsor rreans 35 including a photomultiplier tub and
creating an out put anplifier neans for anplifying
~the out put signal and transm tt| ng an anplified signal;




- 21 - phase detector nmeans for determ ning the phase

shift between the transmtted pul se and t he out put signal of the
detector; el ectronic switch nmeans, synchronized the 5 -
alternating frequency, for creating phase signals correspondi ng to each
of the alternating wavel engths; and = 25 = si gnal processing neans
for the processing the phase signals to create output signals

i ndicative of the sum the differsBSERBOT a rati o of the phase signals,

10 whereby the outp é'ﬁgggéhéffh&gﬂ¥f5£ glég%gsgspﬁggﬁagngnglafgflo

saturati on of henogl obi
wher ei n t h&@RRAXRtUS fmatfse mmtsb@taqnosudl llacehaaulandplfvensfsme

produci ng hypdui$ cﬁa&e@ilﬁ@r@we t 12.  The
appar atus of Clmlﬁﬁg_ %MEFEIH ffégg F?a?gﬁaén ?ggrgfcggg MHz and

the driver PtoRiesent 1%&&Rﬁl%PdBV°Vldes several a ggrn € apparatus of

clai m 10 weitssdindiets of mmf@w@,m@# WRYeheBHbh§athifa8RBH! o£54 MM and
about 810 he

ot S10 il weaion g e 9biemtpoiintA ek Skl e 2

t han about eénhgdiment, a simplified system provides data which are
directly proportional to the tissue saturation. In the
phase modulating embodiments of the present invention, a
first embodiment provides phase shift data which may be
converted into saturation readings. A second embodiment,
separates the real and imaginary portions of the signal and
uses these data along with the data gathered from the DC
portion of the signal to determine saturation. Methods of
determining the hemoglobin concentration/oxygenation of a
tissue region are also disclosed.

This Sheet Has Been R

T




15. The apparatus of claim 10 wherein the 25 predeterm ned wavel engths are

alternated by nechani cal means conprising a vibrating mrror.

- 22 - 16. The apparatus of C aim 10, wherein the out put
signals are converted to a saturation val ue according to the formul a:
[err] 17. A method of quantifying the henmpgl obin 10
concentration in the tissue of a subject conprising the . steps of:
creating alternate pul ses of el ectromaggnetic energy at two predetern1ned
wavel engt hs which alternate at an alternating frequency; 15

transmtting the pulses to the subject; detecting the pul ses

after m gratlgg hrougbct,ﬁle ©0dze of the subject and creating an out put
si gnal ; 28 PMT anpl,ifyi nylaﬂﬂl 6 ﬁSSI ng the output signal to
4pi

create TTL pul ses; 20 |ng t he out put signal
Q:b > Sr¥M¥ni ttled pul se and t he
or 25 %ze a FF&HESER si jphdl ;
25 frequency the

to det®200Me |
alp ggrresponding to

out put siAMPRIFIERS
synchr onousl
wavel engt hs

- each of the wavel|engths; proc ggq or Ppffase signals to
creat e out put signals indicative,8b the rence and a ratio of
! S0z MCfA)\ Py $6
' =1 /L0
DISCRIMINATOR] | Tac | § emt T 1E _i.i..Lx.L")‘ N rvryy B
Cs » —MCAAZ—{pia A\ | = HaA2
‘32 Va2
VIBRATING
R928 PMT MIRROR
60H
W Ol v |
| = -
0 \FAsS | DRI\;ER
12

WIDE BAND l— 118
PHASE 200 MHz e

ELECTRONIC 2N

(SGWOITC‘)* RATIO | 4)
H
2), N

I >_.¢M Prz
Rt
FIG. 2




thegbhase signals; and 30 converting the output signals into a
val ue for t he saturation of henogl obin.

- 23 - 18. The method of Claim 17, further conprising “the
steps of calculating a saturation value according to t he formul a:

[err] 19. Frequency domai n spectroscopi c apparatus for
10 the quantitation of henopglobin concentration in a tissue regi on of a
“subj ect conpri sing: | aser means for transmtting pul ses of

el ectromagnetic energy alternately at two predeterm ned wavel engt hs
which alternate at an alternating fr gyency 15 fiber coupler means for
transmtting the pulses to the subj ect; detector neans for
receiving the pul ses after m gration through a tissue region, the

det ect or neans } ] o] tiplier tube d creating out put
20 signal; 7T yi rgnal

and trans . . ce
signal neg Ice phaseNg] , : t to
a predefi bren¢e phase

first and éeco 0 @5 ) T s fo recgeiving i signal s
fromthe @ ; ET F receiving the ref (ﬁﬁm‘e phaqggﬁﬁnal -
wherein the nixers to DC )\ * DCH2

[
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G224 2 7|
create a real output signal and an inmaginary output signal; 30

synchronous detector neans for decoding the phase shifts for the phase
and anplitude values for the two wavel engt hs; si gnal
processi ng nmeans for providing a signal i ndi cating the DC conponent of
t he anpllfled S|gnal 35 correspondi ng to28ach wavel engt h;

- 24 - si gnal erCGSSIno neans for s nchronously separating
t he real out put SH<8hat ~fand - ridnk LALLM P pach

wavel engt h; and BY._IIME AND ER" Ik A $EPP¥Dbt ai ni ng processed

I signals indicative of the phase shift and anplltude wher eby t he
processed signals are converted into signals I ndi cative of the nodul ation
i ndex of the tissue at each of the ﬁﬂggﬂéﬁgths.

The present invention discloses methods and
apparatus for the gquantitation and localization of tissue
hypoxia by both time and frequency domain spectroscopy.
The present invention provides several alternate
embodiments of apparatus by which the saturation of a
tissue region may be detefmined, In the time-resolved
embodiment, a simplified system provides data which are
directly proportional to the tissue saturation. In the
phase modulating embodiments of the present invention, a
first embodiment provides phase shift data which may be
converted into saturation readings. A second embodiment,
separates the real and imaginary portions of the signal and
uses these data along with the data gathered from the DC
portion of the signal to determine saturation. Methods of
determining the hemoglobin concentration/oxygenation of a
tissue region are also disclosed.

Fig. 1




