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i PHASE MODULATED SPECTRéEHOTONETRY CROSS- REFERENCE {O RELATED APPINe:@5-BENS
Thi*s apphlcatlonnls related t'o co-pendi ng appllcatlons Serial No. 266, 166,
filed Novenber 2 1988, in the nane of Britton Chance, entitled, "Optical
Gbuplinﬂlﬁﬁstenlfpr Use in Mnitoring Oxygenation State Wthin Living

Ti ssue" Bch is hereby incorporated by reference as if fully set f p
herein; Serial No. 266,019, filed Novenmber 2, 1988, in the nane of Britton
Chance, entitled, "A User-War alndfﬂ)w&l?mglm{ﬁﬂmters@or Neasuring the

Met abol i c Condition of a Suf#festscriptihl Ghhgbs..NENEPYgelin@or Jor at ed by
reference as -if fully set f:;yth he( ei n,m@g_;i___@(grtb gggeglqg.?_‘gﬁ?, 847, filed
December 21, 1988, .in the ngpe- ‘hﬁ

PHASE MODULATED SPECTROPHOTOMETRY

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is related to co-pending applications,
Serial No. 266,166, filed November 2, 1988, in the name of Britton
Chance, entitled, #Optical Coupling System for Use in Monitoring _
Oxygenation State Within Living Tissue”, which is hereby T
incérporated by reference as if fully set forth herein; Serial
No. 266,019, filed November 2, 1988, in the name of Britton
Chance, entitled, ”A User-Wearable Hemoglobinometer For Measuring
the Metabolic Condition of a Subject”, which is hereby
incorporated by reference as if'fﬁlly set forth herein; and Serial
No. 287,847, filed December 21, 1988, in the name of Britton
Chance, entitled, #Methods and Apparatus For Determining the
Concentration of a Tissue Pigment Of Known Absorbance, In_Viyg,
Using the Decay Characteristics of Scattered Electromagnetic
Radiation”, which is hereby incorporated by reference as if fully
set forth herein.

\ BACRGROUND OF THE INVENTION

The application of the basic éual wavelength principle to

detect hemoglobin and myoglobin changes in tissue began with the

work of G.A. Millikan in his studies of the cat soleus muscle, and
o
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- Chance, entitled, "Methods and Apparatus For Deterni&ing t he Concentration

of a Tissue Pignent O Known -Absorbance, In Vivo, Using the Decay

Characteristics of Scattered El ectromagnetic Radiation", which is hereby

itncorporated by reference as if fully set forth herein. BACKGROUND OF THE

| NVENTI IRe application of the basic dual wavel ength principle to gafrest

henogl obi n and nyogl obin changes in tissue began with the work of G A

Mllikan in his studies of the cat sol eus nuscle, and REPLACEMENT SHEET
the work of Millikan and Pappenheimer who detected hemoglobin

deoxygenation in the human ear locbe. Multiwavelength instruments
have been.developed: these instruments use either a
multiwavelength laser diode light source or a time shared filter
technique, in which high precision is sought through various
algorithms which deconvolute background signals, oxidized and
reduced cytochrome signals, and oxy- and deoxyhemoglobin 51gna1s.
Such instruments are oxy-complex and often have dlfficulty
obtaining light sources with wavelengths appropriate to the
algorithms that have been developed, or they have such low light
levels that photon counting is necessary. They are generally in
the price fange of $80,000 and have produced much experimental
data in the literature on neonates and adults. The basic problem
of such methods is that the optical pathlength is not known ab
initio but is calculated by reference to animal models where the
hemoglobin can be removed and cytochrome directly studied.

Transferability of such data from the animal model to the human is’

one difficulty that had to be overcome prior to the 1nvent10n of
time-resolved spectroscopy, where the pathlength is measured
directly. See U.S. Patent Application Serial No. 266,166, filed
November 2, 1988, *Optical Coupling System for Use in Monitoring
Oxygenation State Within Living Tissue,” fully referenced above.
Continuous wave spectroscopy (CWS) of tissue hemoglobin has
the demonstrated advantages of great simplicity and.sensitivity,
as well as affording an *early warning” of tissue hypoxia. The
-
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2 the work of MIlikan a#a Pappenhei ner who detectedf;;nnglobin
deoxygenation in the human ear | obe. Miltiwavel ength instrunents have been
devel oped; these instrunents use either a multiwavel ength |aser diode |ight
source or a time shared filter technique, in which high precision is sought
througgufﬂLhous al gorithnms whi ch deconvol ute background signals, oxipaAPgRT
and reduced cytochrome signals, and oxy- and deoxyhempgl obin signals. Such
instrunments are oxy-conplex and often have difficulty obtaining |ight

sour cesappl Bicatiohe o pH ctidEcund-pul de time-ate¢slvédespéetroscepye(TRS)
devel oped, or they have such low light |evels that photon counting is

necessaty. tIssyeain gudmmitoy determine iapticalpathBSigtls, cguantify the
produced nuch experi nent al ~
changes in hemoglobin copqeptration, and determine the actual
concentration values of hémoglobin and cytochrome has great
applicability to clinical studies of tissue hypoxia. Moreover,
time-resolved spectroscopy used in conjunction with continuous
* 1ight spectrophotometry offers-a means of calibrating the optical
pathlength which photons travellas they migrate through tissue.
While trend indication can be of great value in many situations,
the capability to quantify hemoglobin concentration for both
continuous and pulsed light techniques greatly extends their
applicability to clinical studies. See U.S Patent Application
Serial No. 266,166, filed November 2, 1988, ~Optical Coupling
System for Use in Monitoring Oxygénation State Within Living
Tissue”; and U.S. Application Serial No. 287,847, filed
December 21, 1988, “Methods and Appargtus For Determining the
Concentration of a Tissue Pigmént Of Known Absorbance, In Vivo,
Using the Decay Characteristics of Scattered Elééiromagnetic
Radiation”, both of which are fully referenced above.
SUMMARY OF THE INVENTION
It has now been found that the principles of dual wavelength
spectrophotometry.may be applied to time-resolved
spectrophotometry choosing a carrier frequency at a value in which
the time chéracteristic is compatible with the time delay of
photon migration from input to output through a scattering medium.
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data’'in the literature OJ’neonates and adults. The bésic probl em of such

met'thods is that the optical pathlength is not known ab initio but is

cal cul ated by reference to ani mal.nodels where the henogl obin can be
renoved and cytochrone directly studied. Transferability of such data from
the ani ygM-4m0del to the human is one difficulty that had to be overgg
prior to the invention of tine-resolved spectroscopy, where the pathlength
is measured directly. See U S. Patent Application Serial No. 266,166, filed
Novenber 2, THeS presunt alnventpiompripsides fmethisdsi andbapparatgs whereby
Oxygenation State Wthin Living Tissue," fully referenced above. Continuous
wave spacmodsdaped GaBlefdrn i ks kramnsmitittdd ntdos stattermbngt medéium and
advant ages of great sinplicity and sensitivity, as well as affording an,
"early detected eftex mignation thempthrough. The detected waveform will

have been altered and may thus be compared to the initial
waveform. For example( a waveform is phase shifted by the delay
in migration through_the'scattéring medium; Thus, in a preferred
embodiment, tﬁe phase of the waveform is modulated and the phase
éhift is detected. The differeﬁce in phase shift between two
waveforms of emitted electromagnetic radiatiqn having different,
known wavelengths can then be processed to determihe the
concéntration,of an absorptive constituent such as hemoglobin.
Thus; is an object of the present invention to provide

methods and apparatus for studying photon migration using signal
:modulation techniques such as time, frequency and phase
Emodulation. It is a specific object of the present invention to
provide methods and apparatus whereby phase modulated
spectrophotometry (PMS) may be utilized. in cbﬁjuﬂ;tion with
continuous wave spectrometry (CWS) to determine the critical value
of an absorptive pigment such as hemoglobin, at the point the
PCr/Py ratio Segins to decrease. It is another object of the
present invention to provide as a specific embodiment, a dual
wavelength phase modulaﬁion'system which will allow the clinical
application of the advantages of time resolved spectroscopy in an
economical and commercially feasible embodiment.
BRIEF DESCRIPTION OF THE DRAWINGS
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3 application of picosquod-pulse time-resol ved sped{roscopy (TRS) to
tisssue in order to determ ne optical pathlengths, quantify the changes in
henogl obi n concentration, and deternmine the actual concentration val ues of
?ennglobln and cKéochrone has great applicability to clinical studies of

i ssue 0x%i a. reover, time-resolved spectroscopy used in conjunchaAPBNT
with coﬁ#ﬁngous | i ght spectrophotonetry offers a nggns of calibrgtingkthe
optical pathlength which photons travel as they migrate through tissue.

Wi le trend ipadieal 101 XAkt tds H esimyPl BPed Nsifgle SWdvélength phase
modulated spectrophotometer made ih accordance with the present
invention. .

Figure 1A is a blook diagram of an embodiment of a dual
wavelength phase modulated spectrophotometer made in accordance
with the present invention.

Fiqure 2 is a b;ook diagram of another embodiment a phase
modulated spectrophotometer made in accordance with the present
invention. =

Figure 3 is a block diagram of the preferred embodiment of
the spectrophotometer of the present invention.

Figure 4 is a block diagram of an alternate embodiment of the
spectrophotometer of the ptesent invention.

DETAILED DESCRIPTION

The time, frequency, or phase of a signal may be modulated.

Phase modulation appears to be a convenient implementation of the

time-released spectroscopy (TRS) technlque dlscussed above. In

Figure 1A, a single wavelength spectrophotomete}fu51ng the

principle of phase modulation is shown. In this embodiment, a

frequency generator 17, operating at 200 MHz, excites a 4mW laser

diode 11, which emits light at a wavelength of 760 nm. The light
is conducted to the subject 20 via optic fiber 15. After the
light has migrated through the tissue, it is detected. Preferably

this detector is comprised of a photomultiplier tube and its
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the capability to quantifly hembgl obi n concentration fior both continuous and
pulsed |ight techniques greatly extends their applicability to clinical
studies. See U. S Patent Application Serial No. 266,166, filed Novenber 2,
1988, "Optical Coupling Systemfor Use in Mnitoring Oxygenation State
Wthin lNtM-y Tissue"; and U S. Application Serial No. 287,847, fil eaTENT
Decenber 21, 1988, "Methods and Apparatus For Determ ning the Concentration
of a Tissue Pigment O Known Absorbance, In Vivo, Using the Decay

Char act asssidiated Writagecsupptyt L6nagnet sucRadexticen'is (rhieh Hainamaitsia ar e
fully referenced above. SUMWARY OF THE I NVENTION It has now been found that
the pri R9ia®.es of dual wavel ength spectrophotonetry nmay be applied to

ti me-resol ved
The frequency generator 17 also receives an input from a 50

kHz oscillator 19, transmitting a 200.05 MHz reference waveform,
which is input into the detector 16. Accordingly, the output
waveform 22 from the'dgtector 16 is at a carrier frequency equal
to the difference, i.e., 50 kHz. The waveform 22 from the
detector 16 and a reference wavéform from the oscillator 19 are
fed into a phase and amplitude detector 24. In this embodiment,
the phase and amplitude detector 24 is a lock-in amplifier.. The
output of the lock in amplifier are signals representative of the
phase shift and amplitude of the detected signal. These signals
are then processed and related to the relative concentration of an
absorbing constituent, such as hemoglobin.

In the embodiment of Figure 1, a helium-neon laser light
source 10 is connected to a wide band acousto-optical modulator 12
operating at ZOO"MHz.--The.acoustd-opfical moéuiator 12 frequency
modulates the light emitted by the laser 10. The light is
conducted via a fiber optic light guide 14 to the forehead of the
subject 20 as shown, or other region to be studied. Signals about
3-6 cm from the location of the input waveform are redeived by a
detector 16, for example a Hamamatsu R928. The dynodes are
modulated by a 220.050 MHz signal 18 so that a 50 Hz hetrodyne
signal 22 will be obtained and can be fed into a lock-in amplifier

24, such as a PAR SR510. As above the reference frequency for the
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_spectrophptonetry choosing a carrier frequency at a yvalue in which the tine
clraracteristic is conpatible with the tinme delay of photon mgration from
input to output through a scattering nmedium 4 The present invention
provi des methods and apparatus whereby a nodul ated waveformis transnitted
to a scgiimerl ng nmedi um and detected after mgration therethrough. ThPATENT
detected waveformwi || have been altered and may thus be conpared to the
initial waveform For exanple, a waveformis phase shifted by the delay in
m gr at i bockriaugmpllic isontiiserobtainedl fromthe 501 Hz piifference between

the two frequencies. The phase shift between the transmitted and
detected waveforms is méasured with high precision and the output
waveforms, shown at 26, are plotted as an analog signal on a strip
chart recorder to allow the user to follow the variations in the
propagation of light through thé brain or other tissue. A
logarithmic conversion of the signal is then obtained. The result
is ligearly related to the changé in concentration of an
absorptive pigment, such as hemoglobin.

Referring to Figure 2, there is shown a block diagram of a
simplified embodiment of a dual wavelength phase modulation
spectrophotometer made in accordance with the present invention.
Unlike the single wavelength system of Figure 1A, this embodiment
allows the determination of the concentration of an absorptive
constituent on an absolute basis. The embodiment of Figure 2 is
similar to that depicted in Figure 1A, except that light is
transmitted to the-subjécf at two discrete wavelenéths.

Figure 2 illustrates a second embodiment of the apparatus of
the present iﬁvention. In this embodiment, the laser diode light
is amplitude modulated and the phase shift caused by photon
migration is measured by an optical detector, a mixer, and a phase
detector. The dual frequency time sharing system is comprised of
stable oscillators 30,32, such as Kenwood Model #321 for 220 Hz;
the oscillator system preferably used can generaté_yaveforms from
144 to 440 MHZz (Kenwood.TM?ZlA). Continuous variation of the

. .
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-enbodi ment, the phase of {the waveformis nodul ated and the phase shift is
det'ected. The difference in phase shift between two waveforns of emitted

. electromagnetic radiation having different, known wavel engths can then be
processed to determi ne the concentration of an absorptive constituent such
as henogiymgn. Thus, is an object of the present invention to provi dpaATENT
net hods and apparatus for studying photon migration using signal nodul ation
t echni ques such as tine, frequency and phase nodulation. It is a specific
obj ect dErequenuesistpossible pnaltheugly; des meilbbdbe auddepparatiubywoaec o
phase nodul ated spectrophotonetry (PMS) may be utilized. in conjunction
with comtidinary tid kpdehe cbires fxapienciesinentionede 344y 830 andud4er

an absorptive pignent such_as henogl obin, at the_gpint t he -
z, are adequate for the purposes of initial studies and other

applications. Thg oscillators 30,32 are set 50 Hz apart and the
difference frequency is detected by a mixer 34 to obtain a
reference phase signgl 36, as shown. A 200 Hz electronic switch
38 alternately excites laser diodes 40,42, nominally operating at
between about 150-60 hm and 800410 nm, to emit 220 MHz modulated
light which is cogducted”by fiber optic guides 44,46, preferably

- about 3 mm in diameter, .to the surface of the head of the subject
20, or other region to be examined.

In order to achieve satisfactory operation at 220 MHz, it has
been found that the most cost effective detector 48 for this
purpose is Hamamatsu R928. A more advantageous device, however,
is the Hamamatsu R1645u, which is a microchannel pléte tube having
120 picosecond transit time spread,.and a high gain; that is, a
twb—stage miérochannel'plate photomultiplier 48. This tube, which
is capable of current amplification of 5 X 103 155 dB) is similar
to those used for pulsed time measurements in time resolved
spectroscopy (TRS) studies, and is considered to be ideal for
these purposes. See, ”"Methods and Apparatus For Determining the
Concentration of a Tissue Pigment Of Known Absorbance, In Vivo,
Using the Decay Characteristics of Scattered Electromagnetic
Radiation”, U.S. Patent Application Serial No. 287,847, filed
December 21, 1988, fully referenced above. The photomultiplier
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-PCr/P[err] ratio begins to decrease. It is another obj. ect of the present
i hvention to provide as a specific embodiment, a dual wavel ength phase
nodul ati on systemwhich will allow the clinical application of the
‘advant ages of tinme resolved spectroscopy in an econoni cal and conmmerci al
feasi bl @/ EMbbdi ment. BRI EF DESCRI PTI ON OF THE DRAW NGS 5 Figure 1PA
Illustrates a sinplified single wavel ength phase nodul at ed

spectrophot oneter made i n accordance with_the present invent,ign
. tube 48 is connected to a hggh voltagepsupply 50 which has an

output of about 3400 volts, in order to ensure high gain. The
photomultiplier tube 48 can be connected to the brain or other
tissue area by the fiber optic guides 44,46 or may be directly
connected and placed in a housing isolated from ground potential,
as illustrated..

As above, thé detector 48 is attached to the subject 20 and
is connected to a mixer 52, which down converts the 220 MHz output
of the detector 48 to a 50 kHz signal by mixing with a 220.050 MHz
signal from the oscillator 32. A lock-in amplifier 54 determines
the phase of the exiting waveform. The lock-in aﬁplifier 54 also
obtains the logarithm of the signal. This signal is then fed to a
second phase detector/lock-in amplifier 56 which determines the
difference between éhe signals at each of the two wavelengths,
this signal 58 is directly proportional to the concentration of an
absorptive pigment, such as hemoglobin. This embodiment may be

) u;;d on neonate, as well as adult brains.

~ A preferred embodiment of a timé-shéred, dual wavelength

laser diode phase modulation spectrophotometer is illustrated in
Figure 3. 1In this emboéiment, a pair of laser diodes 100,102 are
excited in parallel by a stable frequency generator 104 (Kenwood
321) at 220 MHz. Each of the diodes 102,104 generates
electromagnetic radiation of a different wavelength, preferably
760 nm and 800 nm. The electromagnetic radiation is time shared
by a vibrating mirror 105, which illuminates a single fiber optics
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Figure 1A is a block diagram of an enbodi nent of a dual wavel ength phase
nodul at ed spectrophotoneter nmade in accordance with the present invention.
Figure 2 is a block diagramof another enbodi ment a phase ‘nmodul at ed
'spectrophotormeter made in accordance with the present invention. Figure 3
is a bl ggl-di agram of the preferred enbodi ment of the spectrophot onePATEST
the present invention. Figure 4 is a block diagramof an alternate
enbodi nment of-the_spectropﬁotoneter of the present invention. DETAILED
DESCRI PpirobeTlat ta meyduXakjing frequentips cpvéferablyaabeuy 68 Hedul Thed.
Phase nodul ati on appears to be a convenient inplenentation_of_ the
synchronization of the motion of the mirror 105 and the 60 Hz
phase detector 120-(exp1ained‘be1oﬁ)'is accomplished using an
electrical coupling of the reference voltage in the 60 Hz lock-in
amplifier 120. Thus, electromagnetic radiation at each wavelength
is synchronized between emission and detection.
One of ordinary skill will note that the spectrophotometer of
Figqure 3 differs from éhe embodiment depicted in Figure 2 in that
the latter embodiment uses a carrier modulation systeﬁ to code the
excitation power of one laser from anéther, while the embodiment
of Figure 3 continuously switches between the output light from
two lasers excited at the same frequency.
The time shared 760/800 nm light is applied to the subject 20
via an optic fiber 106. Several centimeters away, an output probe
108, preferably comprising a second fiber of relatively large area
will pick up the light which.has migrated through the subject and
illuminates a photo detector 110, which is a suitable )
photomultiplier tube (Hamamatsu 928) or a microchannel plate
detector (Hamamatsu R1645u). The light collected is phase shifted
from input oscillations by the time delay in photon migration
between input and output. |
A second oscillator 114 which generates a 220.030 MHz
waveform is connected to a miker 112. The 220.000 MHz output of
the detector 110 is also connected to the mixer. As a result, the

phase modulation frequency is downshifted to 30 kHz, which is a
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‘ti.me- released spectroscoﬁy (TRS) technique di scussedtabove. In Figure 1A a
S|ngle wavel engt h spectrophotoneter using the princi pl'e of phase nmodul ation
is shown. In this enbodi nent, a frequency generator 17, operating at 200
MHz, excites a 4mWN| aser di ode 11, which emts light at a wavel ength of 760
nm TheNIMt is conducted to the subject 20 via optic fiber 15. AftPATENT
| i ght has nigrated t hrough the tissue it is detected. Preferably this

o obe s s oSl b IR PR it o1oRaT" e
to a phase detector 116, which is preferably a lock-in amplifier.
.A second input to the phase detector 116 is obtained by connecting
an input from the 220.000 ﬁHz oscillator 104 and the 220.030 MHZ
oéci}lator 114 to a mixer 118 to obtain an unshifted 30 kHz signal
whiéh is used as a phase reference. Thus, the lock-in amplifier
116 operates with a reference phase obtained directly from the
frequency generators 104 114 and a phase modulated input obtained
by photon migration through the subject 20.

The phase of the signal output will vary between the phase
due to light propagatiﬁﬁ at'aoo nm and the phase due to light
propagation at 760 nm. The'output'of the lock-in amplifier 116 is
thus a 60 Hz wavefsrm, the amplitude of which bears the phase
information at the two wavelengths. The output of the phase
difference detector 116 then is connected to the same waveform as
that which drives the 60 Hz vibrating mirror 105. The output of
the phase detector may be obtained by using switch contacts on the
vibrating reed modulation which alpernatively connects opposite
phases of the 60 Hz waveform to the integrating network, each one
at the peak of;the waveform of the output phase detector. The
output is put into a differential amplifier to record the
difference of the amplitude of the two parts of the 60 Hz
waveform, corfesponding to the 760 nm and 800 nm phase shift.

This phase difference output is suitably filtered from 0.05~1 Hz
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'R928. The frequency generator 17 also receives an input froma 50 kHz
osCillator 19, transnmtting a 200.05 MHz reference waveform which is input
into the detector 16. Accordingly, the output waveform 22 fromthe detector
16 is at a carrier frequency equal to the difference, i.e., 50 kHz. The
wavef or NIM~4rom the detector 16 and a reference waveformfromthe PATENT
oscillator 19 are fed into a phase and anplitude detector 24. In this
embodi ment, the phase and anplitude detector 24 is a lock-in anplifier. The

out put (ﬁn'* mr%eﬂe%aaﬁﬁnmm tipe §F&ﬁ&'ﬂs qfe%mmeﬁa gy
shift and a tecte These signals are then

e of th
ot ocesoRPIRPERELER bY BHEL SRYPLOBILH Eimer FORGH Y FPasiZaesaRy -
constituent, f&Ch angaggloglghe system illustrated by Figure 3 is that

it affords a single light guide input to the subject operated from
two laser diodes which are continuously operated at the same
oscillefor frequency. Thus, spurious phase differences in
frequencies associated with excitation are minimized. That is, no
differential-phase shift is expected between the 760 nm and 800 nm
signals. Thus, the 30 kHz difference signal would represent the
true phase delay between these two_wevelengths. Moreover, phase
noise in this region would be minimized by the differential
detector 116. The photomultiplier tube detector 110 can be of any
adequately fast type, since the mixing function is separated from
the detector. The lock~in amplifier technique obtained to derive
the difference of the phase and amplitude of the two signals has
the highest signal to noise ratio possible for this type of
equipment.

The principles of time-shared dual wavelenézh
spectrophotometry, together with lock-in technology, follows the
principles employed ih dual waYelength spectrophotometry
generally. However, the present invention provides a vastly
impfoved device, since the carrier frequency of 220.000 MHz is
sufficiently fast to measure photon migration times between input
and output with a characteristic time of about 5 nanoseconds to be
observed. Therefore, the sensitivity of the system disclosed is
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I'n_the enbodi ment of Figure 1, a heliumneon |aser lijght source 10 is
cohnected to a w de band acousto optical nodul ator 12 operating at 200 MHz.
"TEe ?cousto optical nodulator 12 frequency nodul ates the light emtted by '
the laser 10. The light is conducted via a fiber optic |ight guide

the for¥kMad of the subject 20 as shown, or other region to be studléﬁ*gwr
Signals about 3-6 cmfromthe | ocation of t he i nput maveforn1are recei ved

Ez 2 g%gﬁggr 16 fo.r ece?g})so tm{ﬁ%rodynegl gna g:{ﬁe@%f %ﬁéﬁ&e
obt ai ned aﬁgtﬁggggﬁgﬁ;#érg&gékééé: %?E%iﬁéﬁ%af4MO§@T@.as a PAR SR510.

As abov8%t requency
The application of the prlnciples of dual wavelength

>

spectrophotometry to time-resolved spectrophotometry involves the
choice of a carrier frequency at a value in which the time
characteristic-is compatible with the time delay of photon
migration from input to output. The device disclosed achieves the
result of precisely measurihg the absorbance changes in photon
migration, over a specified distance, e.g., over approximately one

-.meter, as contrasted, to the continuous light method in which
photon migration is measured over all possible path lengths. A
path length of approximately one meter is preferably selected in
order to ensure ekploration of all parts of the brain for brain
Sleeding studies. Obviously, higher frequencies would select
smaller portions of the brain which are more localized to the

~ input-output configuration.

For é.multiple—scattering medium such as human tissue, the
only known method for determining the path length of transmitted
photons is the measurement of the time of flight and of the
refractive index, from which the distance travelled may be
calculated. Since this path length in the brain is on the order
of centimeters, the transit time is on the order of nanoseconds or
less. A direct measurement of such periods in this time domain
has several fundamental drawbacks. As the required time
resolution becomes finer, the detection bandwidth must increase;

\ -13-
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7 Iock in anplifier is obtained fromthe 50 Hz diffenence between the two

frequenC|es The phase shift between the transmtted and det ected waveforns
is measured with high precision and the output waveforns, shown at 26, are
pl ott-ed as_an anal og signal on a strip chart recorder to allow the user to
fol l ow ®H¥<Ariations in the propagation of Iight through the brain SATENT
other tissue. A logarithm c conversion of the signal is then obtained. The

e gl Yt 40 Bl e SRS A RN bRl ARk

di agramplon i 1R 11§ G 860 OCh JehcPladi Ay bandihen! NrBBasEuTREY! 8hbRNas
laser diodes, where average output power for both pulsed and
continuous operation are nearly the same, signal power typically
declines when the pulse width is reduced. Since the time between
probe pulses. must be lohg enouéh for the returning light to decay
to approximately zero, the duty cycle of the pulse train is
typiéally low; this implies low average signal power or the use of
high peak power,. which may endanger the skin covering the tissue
being studied. Finally, both the expense and difficulty of
constructing suipablg electronic circuits is considerably greater
for pulsed than for dbﬁéinuoué-wave systems. As an alternative to
time-domain measuremént, a CW system may be employed with phase
measurement taking the place of time intensity, a simple
calculation based on measurement of the phase shift between probe
and return light at a single frequency yields the characteristic
decay time. Such a system has the advantagés of narrowband
modulation and detection and hiéh average power in the probe
signal, yielding a considerable advéntage in signal-to-noise ratio
and therefore in data acquisition time. There is a considerable
body of literature on this technique of time measurement,
particularly as applied to radar, time standards, and
spectroscopy. Perhaps the most relevant tb this application is

the literature on the phase-resolved measurement of fluorescent

decay kinetics.
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-épqctrophotoneter made i n*accordance with the present\invention. Unlike the
singl e wavel ength system of Figure 1A this enbodi nent allows the
determ nation of the concentration of an absorptive constituent on an
absol ute basis. The enbodinment of Figure 2 is simlar to that depicted in
Fi gure MMz%cept that light is transnitted to the subject at two di RATENT
wavel engths. Figure 2 illustrates a second enbodi nent of the apparatus of

o o B SEAAE R cBELHILEEE o ) SR gl e
. ' <[] , T
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such as SamieRiblohs!8einhol og¢0rbithiel Enatt MMR UCHETRY P ot 13! ¥

used can generate wavef orns
essentially a single sideband system where the sidebands are

displaced in proportion to the modulation frequency shift
required. This design places more reliance upon the existing
radio frequency transmitter/receivers which, at prices of about
$300 per frequency for transmit/receive, is a significant
advantage.

‘A block diagram of a system as described directly above is
shown in Figure 4. In this embodiment, a first standard
communications transmitter-receiver (transceiver) 200, operating
at 220 MHz, is used in the transmit mode to generate a waveform
which excites a laser diode 202. The transceiver 200 is used in
the single side band (SSB) mode to provide SSB modulation at 3
kHz. This carrier signal is fed back to the transceiver 200 and
into a phase detector/filter 208,'which'aiso-receives an input
from a second transceiver 204. As in the previous embodiments,
the laser diode 202 emits.light which is conducted to the subject
20 via optic fibers 216.

The SSB modulated signal is phase shifted by'the delay in
migration through the brain. The light is scattered and absorbed
as it migrates through the subject 20 and is received by an
optical coupler/fiber assembly 218. The received light is then

transmitted to a detector 220, either of the photomultiplier tube

T -15-
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144 to 440 MHz (Kenwood TH721A). Continuous variation: of the 8 frequency
I s possible, although, as wll be understood by one of ordinary skill, the
three frequenci es nmentioned, 144, 220 and 440 MHz, are adequate for the
purposes_of initial studies and other applications. The oscillators 30, 32
are set T4 apart and the difference frequency is detected by a m

to obtain a reference phase signal 36, as shown. A 200 Hz el ectronic swtch

Do AL FLESRBR, iRl BeER, B h ERR
in reference to other embodiments.

The output of the detectdr 220 is coupled to the RF input to
the second transceiver 204, i.e., the transceiver is used in the
receive SSB mode and a phase shifted 3 kHz tone is obtained and
connected to the phase detector filter 208. The output.is a 3 kHz
phase shifted signal which is input to the second SSB transceiver
204. In ordeg tqhensu;e phase coherence, the first transceiver
200 and the secoﬁd transceiver 204 form a phase locked loop. The
3 kHz carrier waveform is also locked to 220 MHz by frequency
dividers 206, thereby locking the 220 MHz and the 3 kHz phases and
allowing the phase shift to be determined with ﬁigh precision. As
seen in Figure 4, an output of the transmitter oscillator 200 is

. .frequency divided by about 7X105, to yield a 3 kHz signal. The
output of the phase detector/filter 208 is thus related to the
phase shift and, accordingly, is representative of the absorption
within the subjecé% .

The carrier frequency is initially chosen to be 220 HHz: this
is sufficiently high to give a detectable phase shift for decay
times of a few nanoseconds, but low enough to be within the
bandwidth of a number of commercially-available active mixers.
Although diode-ring mikers are readily a&ailable up to 36 GHz,
they have significantly less dynamic range than active (transistor
bridge or linear multiplier) designs; a large dynamic range is

crucial for this type of spectrophotometer system. A heterodyne
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'Iight whi ch is conducted by fiber optic guides 44,46, preferably about 3 nmm
in dianeter, to the surface of the head of the subject 20, or other region
to be exam ned. In order to achieve satisfactory operation at 220 MHz, it
has been found that the nbst cost effective detector 48 for this purpose is
Hamamat NEMP8. A nore advant ageous devi ce, however, is the Hamamat sPATENT
R1645u, which is a mcrochannel plate tube having 120 plcosecond tranS|t
time spread angd a ihat a_two-sta m cr gchanpel

photorrulﬁlﬁ)tF?‘ErI%BCh?%?gggﬂbél ﬁi'FéP&spas S Favedepathsi B Bation o

° oLl s ARl e8] LR, RIS eb BRI

for thesh QIANSESs, SBfia t8ELTPES PREsEPAEERLYIonC Lo B EAYP18E bR® within
the frequency range of commercial phase sensitive detectors, i.e.,
#lock-in amplifiers.” These devices have a superb noise figure,
linearity, dynamic range, and phase and amplitude accuracy; their
performance is very much superior to any phase detector operating
directly at the RF carrier freqﬁency. Generation of the reference
signals for the lock-in amplifiers by frequency division from the
master RF oscillator provides adéquate phase coherence of all
subcarriers and all demodulated signals with respect to the
carrier; no_phaée calibration between wavelengths is required.
Frequency generation by division also provides minimum possible
phase noise for a given master oscillator. Should additional
carrier frequéncies be required, such as for the measurement of
multi-exponential decays, the only changes required in this design
would be the addition of a one-by-N RF swztch and additional RF

. —

oscillators.

Laser diodes are chosen over thermal sources, for their much
higher radiance, ease of coupling to optical fiber, narrow output
spectrum and wavelength stability, long life, and ease of
modulation at RF frequencies. In order to maximize the signal-to-
noise ratio of the system, and to avoid problems of
intermodulation disfértion due to laser nonlinearities, single-
sideband suppressed-éarrier modulation is used. The intermediate

- -
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‘Concentration of a Tissue{Pignent O Known Absorbancérﬁln Vivo, Using the
Decay Characteristics of Scattered El ectronagnetic Radiation", U. S Patent
Application Serial No. 287,847, filed Decenber 21, 1988, fully referenced
above. The photonultiplier "9 tube 48 is connected to a high voltage
supply YIMm4 ch has an out put of about 3400 volts, in order to ensurgAWEgﬂ
gain. The photomnul tiplier tube 48 can be connected to the brain or other

ti ssue area by the flber tlc des 4,46 or nmay be dlrectl¥nconghcted
and pl ab&® #ﬁﬁuﬂ?@ SUFRPgSt Rt £9) to 100

must be high enough to allow a realizable Q of the single side
band filters, but low enough to be within the range of low-cost
commercial lock-in amplifiers. |

The heat einks of the lasers are preferably temperature-
controlled using Peltie:;eoolers and feedback control.
Temperature control is necessary in order to stabilize the
wavelength of the lasers, and to allow sufficient tuning of the
output wavelength to cover the tolerance (approx. + 10 nm) of
commercial diodes. However, it should be noted that post-
demodulation detection of phaée'shift substantially eliminates
this consideration, since neither constant wavelength or amplitude
are required. |

| The optical system consists of one optical isolator per
laser, lens assemblies for coupling the laser light into the
optical fibers, a fiber bundle(s) for transmitting the light to
ana froﬁ tﬁe'subject, a fiber-subject coupler on the distal end of
the bundle(s), and a light detector assembly.

The isolators are necessary in order to prevent optical
feedback into the laser cavity due to reflections from the optics
or subject; such feedback, even at levels as low as -60 dB, are
well known to cause both amplitude and phase noise in laser
sources.

The fibers chosen for fabrication of the bundles must have

sufficiently small dispersion that the phase uncertainty

\ -1s-
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-as i llustrated. As above}rthe detector 48 is attache{jgo t he subject 20 and
is connected to a nixer 52, which down converts the 220 Mz out put of the
detector 48 to a 50 kHz signal by mxing with a 220.050 MHz signal fromthe
oscillator 32. A lock-in anplifier 54 determ nes the phase of the exiting
wavef or FEMTe | ock-in anplifier 54 also obtains the | ogarithm of thePATENT
signal. This signal is then fed to a second phase detector/l ock-in

anplifier 56 whic eterm nes, the difference betmgen the signalsg at each of
t he twoiﬂ&{ at the nominal 509 Mz medulagiepoFregugncy, ispauch

concent Lo Vo hadth R sy, MAERLoe Yl RRaLoTORLOBY. o Lis TR0 iEN
a tine_igﬁﬁﬁﬂm.%%gsiﬁﬁgﬂég§£rhiameter and numerical aperture are desired.
This simpiifies and makes more robust the laser-fiber coupling,
and greatly increases the return light signal collected from the
subject, which greétly increases the return light signal collected
from the subject, which is approximately a Lambertian fadigggg?
For this reason, single-mode fib?gs are ruled out, deépite,;ﬁ;ir
extraordinary bandwidth-length producﬁs. For multimode fiber,
only modal dispefsion is significant for the sources, lengths, and
bandwidths considered here; we therefore disfegard wéveguide and
material dispersion. Considering first step-index fiber, simple
ray optics will show that it is numerical aperture, and not core
size, that determines modal dispersion. For an allowable time
uncertainty of 100 picoseconds, and a total step-index fiber
length of two ﬁeters, a numerical aperture of approximately 0.17
or leés would be required; all commercial éteé-index multimodé
fibers have a much larger numerical aperture. For an ideal
graded-index multimode fiber, however, modal dispersion for
meridional rays is zero, from Fermat’s principle, and actual
bandwidth-length products in commercial graded-index fibers exceed
100 MHz-km at the wavelength of interest for thié study. We
therefore choose a graded-index fiber with 100 micron core size,
0.3 numerical aperture, and 100 MHz-km bandwidth¥1ength product.

—_—
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| aser di ode phase nndulat(on spectrophotoneter is iII{;trated in Figure 3.
In this enbodinent, a pair of |aser diodes 100,102 are excited in parall el
by a stable frequency generator 104 (Kenwood 321) at 220 MHz. Each of the
di odes 102,104 generates el ectromagnetic radiation of a different

wavel endf=$referably 760 nm and 800 nm The el ectromagnetic radi at iRATENT
time shared by a vibrating mrror 105, which illum nates a single fiber

ooh ol EUERE Bk BBk Mt AP B0 B ortdred For
fabricating bundles.

The detection optics consist of a.fiber bundle of cross-
sectional area matched to the active area of the detector, an
optical bandpass or comb filter to pass only the laser wavelengths
and prevent degector”éatﬁration by room light, and the detector
itself. 1Initially, a photomultiplier tube with a'GaAs(cS)
photocathode will be used; this detector has a gain advantage of
about thirty compared to a PMT ﬁith silicon photocathode, and

- about 300-compared to a silicon avalanche photoéiode, not
including the much smaller active area of the avalanche
photodiode. However, the photomultiplier tube also has a marginal

' bandwidth for this application, and extraction of the signal from
the middle of the dynode chain may be required, thus reducing the
gain. Should the signal-to-noise ratio prove sufficient, the
system may be easily modified later by substitution.of an

-.avalanche photodiode for the PMT, regucing the cost and increasing.
bandwidth, reliability and ruggedn;sé. The avalanche photodiode
detectors are also to be-ased for imaging experiments due to their
smaller size and lower cost. Conversely, if greater detection
bandwidth and high gain are needed simultaneously, a microchannel
plate photomultiplier may be used; the disadvantages heré are the
much greater cost and lower photocathode sensitivity,

approximately a factor of 30 cqmpared to GaAs(Cs) available.
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‘phase detector 120 (expl ai ned bel ow) is acconplished ysing an el ectri cal
coupling of the reference voltage in the 60 Hz |ock-in anplifier 120. Thus,
el ectromagnetic radi ati on at each wavel ength i s synchroni zed bet ween

em ssion_and detection. One of ordinary skill will note that the
spect r off¥dreter of Figure 3 differs fromthe enbodiment depicted i FATENT
Figure 2 in that the |atter enbodi nent uses a carrier nodul ation systemto

de th '
of Figure 5 ARRImIBIATIA e Rt cREREen %‘”%%gﬁé%swﬁb'ﬁf o BT H5 HeRea:
Xl od ol HaR SAURAIEBEDEVeo ThEe  +HPE20RLEAC100/ 800 80 LRRD LBmaRI:R]
| é e cen

to the sSU i'a an o iC fl ver a

EELQUt Eﬁ%@%hﬂgi ﬂﬁéﬁiiﬁ“&ﬂbfPfPéféLnﬂné ﬁSEﬂnﬂnbeEroﬁiibﬁhaﬁhVQEEnb%hge
(If frequency) is used. While this increases the cost, it reduces
data acquisition time by a factor of about 1.41 (SQRT 2)

(comparing two amplifiers to one), and avoids undesirable

-

assumptions about the relative absorption kinetics at each
wavelength. | | '

The entire system may be controlled by an IBM-compatible
portable computer, with IEEE 488, a;alog-digital, digital-analog,
and bidirectichal digital iﬁterfaces. All of the latter can be
provided by two low-costiplug-in cards for the IBM. The ﬁée of
the computer control has a number of significant advantages, among
them the possibility of autom;tic operation for testing and
phantom experiments; simplified reconfiguration as the system is

refined, speed, accuracy, and ease of post-processing of data, in
particular for statistical analysis. The choice of a-portable
machine greatly simplifies clinical trials of thé present
invention.

The technology of mﬁltiwavelength phase modulation each
encoded by its own subcarrier can readily be carried out as
illustrated in the preferred embodiment of Figure 3. The output
of such a system would then replace the continuous wave technology
of existing systems, and ét the same tihe, take advantage of the
algorithms for decoding various states of hemoglobin and even

| _// - 21-
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w Il pick up the |ight ﬁéich has m grated through the subject and
I1lumnates a photo detector 110, which is a suitable photonmultiplier tube
(Hamamat su 928) or a mcrochannel plate detector (Hamamatsu R1645u). The
light collected is phase shifted frominput oscillations by the tine dela
in photNdM—# gration between input and output. A second oscillator 1 PATRHIC
generates a 220.030 MHz waveformis connected to a nixer 112 The 220. 000

MHz out put of the detector 0 i,s also conn 0 As a resylt,
Uhe. phABEEQRRERBE: o T8¢ YERAE, AHEaRbaRE NP EHAEothe RRELGH) BRthiegth is

known and not assumed. Thus, phase modulation is a convenlent
implementation of the TRS technique, since it can be built to
emphasize delay times on the order-of 5 nanoseconds where the

© - decay is exponentiai and long path migrations are involved.

geptaced
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.conveni ent frequency for [ock-in detection. This sign@al is input to a phase
detector 116, which is preferably a lock-in anplifier. A second input to
the phase detector 116 is obtained by connecting an input fromthe 220.000
MHz oscillator 104 and the 220.030 MHz oscillator 114 to a mi xer 118 to

obt ai n aNIMméhifted 30 kHz signal which is used as a phase ref er ence. PFRENT
the lock-in anplifier 116 operates with a reference ase ctly
fromthe enc ene ors 104,114 and a phase gﬂm m t ai ned
oy ot RSS! RS Y e et act 90" e nclIMEIAINEAREM ot o
wi |l vary between the phase due to |ight propagation®at® 830 Mm &nd*t he
phase due to |ight propagation at 760 nm The output of the lock-in

anpl i fier 11651 S Gy &P d¥ dBREhYdEnd ¥nd BhaLUNE-LL1 80 6P g2 S the

phase

absorptive constituent in a scattering medium, comprising the
steps of: . _
(aj generating a Qéveform of a frequency appropriate to

:propégation is the scattering medium;

(b) generating electromagnetic radiation chosen to
’ ipropagate effectively in the.scattering mediuﬁ and having a
knowﬁ wavelength:
(c) imposinq“said'waveform upon said.electromagnetiﬁ -
radiation to generafe a'modulated waveform;
(d) coupling said radiation to the scattering medium;
(e) detecting.aﬁ altered waveform, comprising the
portion of said ra&iation which migrates through said
scattering medium;

.(f) determining the.Variation in a quantifiable )
parameter associated with said radiation dde to propagatidn
and absorption in the scattering medium by comparing said
altered waveform with a reference waveform which has not
migrated through the scagtering medium; and

(g) converting said wvariation to a quantitative measure
of the concentration of an absorptive constituent in the
scattering medium.
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information at the two wabel engths. The output of the( n mmmﬁ“ “ﬂ!\s
detector 116 then is connected to the sane maveforn1a§f n '

the 60 Hz vibrating mrror 105. The output of the phase*defecfor“nay be
obtai ned by using switch contacts on the vibrating reed nodul ati on which

al t er natNXM+4 connects opposite phases of the 60 Hz waveformto the PATENT
I ntegrating network, each one at the peak of the waveform of the output
phase detector. The output is put into a differential anplifier to record
the difference of ThRAcmerppra: afecdaimnhd,: Wbepains sgid: muabtifiakdecf or m
corresponding to the 760 nm and 800 nm phase shift. This phase difference
out put RAZARGEOY 1% FLBREd from 0.05-1 Hz :

3. The method of claim 1, wherein said quantifiable

parameter is phase;

4. The method of claim 1, wherein said gquantifiable
parameter is frequency. '

5. The method of claim 1, further comprising the steps of:

(g9) generéting electromagnetic radiation chosen to
propagate effectively in the scattering medium and having a
second known wavelength;

(h) imposing said waveform upon said electromagnetic
radiation to generate a second modulated waveform; said
electromagnetic radiation chosen to propagate effectively in
‘the scattering medium and.having a ;écond known wavelength;

(i) coupling said radiation having a first wavelength
and said:radiation having a second wavelength to the
scattering medium alternately; and

(3) synchronizing the detection of said altered waveform

with said alternate coupling of step (i).

6. A method of determining the concentration of an

pocn Replaced
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-.'12_‘a‘nd. provides a runni n!fl me record of the changes I“H'HM‘I“"F"!IIHF!II

concentration by dual wavel ength tine-resol ved spectr

of the systemillustrated by Figure 3 is that it affords a S|ngle | i ght

gui de input to the subject operated fromtwo | aser di odes which are
contlnu§%§rﬁ operated at the same oscillator frequency. Thus, spuri oB3TENT
phase differences in frequencies associated with excitation are mni m zed.
That is_.no dif.ferenti has hlft S cted hetween the,760 nm and 800
am si gnAPEOTRRiYE (GRRabiRRERE TR ch creatEobESy Redfimr cpPBBE ELa. thye
phase d b en these two mavelengths Mor eover, phase noi se |n this
regi on. %%2¥g géﬁﬁ nimzed by the differential

(a) generating a first waveform having a first

. frequency;
(b) imposing said waveform upon at least two sources of

eiectromagnetic radiation which emit radiation of known
wavelengths;

(c) alternately coupling radiation from each of said
sources to the scattering medium at an input location, said
alternate coupling occurring at a reference frequency;

(d) detecting an altered waveform'%t'an output location,
said altefed waéeform comprising the portion of said
radiation which migrates through said scattering medium;

(e) generating a second waveform having a second
frequency;

(f) mixing said altered waveform and said second
Qaveform'to create a dowﬁ-converted wébeform:

(g9) mixing said first waveform and said second waveform
to create a down converted reference waveform;

(h) detecting the variation in a quantifiable parameter
associated with said radiation due to propagation and
absorption in the scattering medium by comparing said down
converted waveform with said down converted reference

waveform and creating an oﬁtput waveform;
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‘detector 116. The photorrugtl plier tube detector 110 cQ ’M‘"”"M'""M"""

adequately fast type, since the mxing function is separate

detector. The lock-in anplifier technique obtained to derive the dlfference
of the Egiﬁe and anplitude of the two signals has the highest signal to

noi se rarto possible for this type of equipnment. The principles of A

ti me-shared dual wavel ength spectrophotonetry, together with [ock-in

Spect r ophot omet ry Gk “&s?%@ihﬁ'méés?a?tﬁégépééeﬁ”""' [ Fesidsion dn o,

suri o entl y SEfEHEERR1S PaEahdRer bbihben CALATE %%iéé%ﬁ"'%ﬁip 1l of

output with Gid¥iersR byt témpafEng saéausuépaen%%%ﬁ WAth saia
reference waveform and creae;ng a difference output,
whereby said difference outéut is related to the

concentration of said absorbing constituent.

7. A method of determining the concentration of an

absorptive constituent in a scattering medium, comprising the

steps of:
(a) generating a waveform having a first frequency:
(b) transmitting said waveform to said scattering
medium; |

(c) detecting the phase angle of said waveform upon its
exit from said scattering medium:;
(d) generating a waveform having e second frequency:

(e)'trehsmitting said waveform to said scattering

" medium;
(£) detecting the phase angle of said waveform upon its
exit from said scattering medium; and
(g) determining the phase difference between the phase
angle of the waveform of said first frequency and the
waveform of said second frequency;
whereby the said first and second frequency are selected to

be commensurate with the time difference between the transmission

J—
//d,,,,-f"”" .._-zs-
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obaerved Therefore, the gen5| tivity of the systemdi scl JJmmm'""l’mm ”m | e

approximately 70 per nanosecond or 3[err] per centinmeter Tthan

pat hl engt h, as observed in experinental nodels. The appllcatlon of the

pri nci pl {mdual wavel engt h spectrophotonetry to tinme-resol ved
spectroﬁﬁ@?b try involves the choice of a carrier frequency at a vaF@eENT
which the tinme characteristic is conpatible with the tinme delay of photon

: : ; .
ot 6 ser fekbs (8 ABa0(eP hna (Bhel GkEaBeToR IR0 ERBE" (B °3r 1)) Slhe’
said phase difference is related to said concentration of an

absorptive constituent in a scattering medium.

8. A method of determining the concentration of an
absorptive constituent in a scattering medium by applying the
principles of dual wavelength spectrophotometry to time-resolved
spectroscopy, comprising the steps of:

(a) transmitting éiectromagnetic enefgi of two different’
wavelengths into said scattering medium at 3 carrier
frequency, wher;in said carrier frequency is chosen to be a
value at wﬂich the time characteristic is compatible with the
time delay of photon migration from input to ocutput through
said scattering medium; |

(b) determining the difference_in the phase shift off
said electromagnetic energy from input to output thrbugh said
scattering medium; and

(c) determining said concentration of an absorptive

constituent from éaid phase shift difference. |

whereby this device achieves the result of precisely

measuring the absorbance changes in photon migration over a

specified distance.
9. A method of determining the concentration of an

;27-
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"mgration, over a specified distance, e.g., over apploxinately one neter,
as contrasted, to the continuous light nmethod in which photon mgration is
-nmeasured over all possible path lengths. A path I ength of approximately one
meter i grm-@f erably selected in order to ensure exploration of all ppapgnNef
the brain for brain bleeding studies. Qobviously, higher frequencies would
select smaller portions of the brain which are nore |ocalized to the

| Nnput - ogbairptivid Qilgpidrt. el tissud irdgion bt edi sgbiject | nconpbisinguthe
tissue, the only known nethod for determning the path | ength of

transm stegsplodizons is the neasurenent of the tine of flight and of the

refractive index, fromwhich the distance travelled may be cal cul at ed.

Since this path Ie(rajt lgenexating & fixstwaveformchaving a first
frequency:; ' )

(b) at a switching frequ;ncy, switching said first
waveform between at least two means for generating a pulse of
electtomagnetic energy, - each means capable of!generating a
pulse having a different wavelength; '

(c) transmitting said puises of different wavelengthé to
an input location proximate to said tissue region;

(d) detecting the phase angle of said pulse at an exit
location proximate to-said tissue region;

(e) amplifying a detected signal representative of said
phaéé angle;

(f) generating a second waveform having a second
frequency:

| (gf mixing said second waveform and said first waveform
to generate a first reference waveform; T
(h) mixing said second waveform and said detected signal
to generate a phase shift signal having the same frequency as
said first reference signal;
(1) comparing said first reference signal and said phase

shift signal to create phase shift data;
(j) converting said phase shift data to a logarithmic

LR LD ——
* C L M S % .

This Sheet Has Been R

T i




-bf.centineters, t he tranggt time is on the order of J;;bseconds or less. A
direct neasurenent of such periods in this tinme domain has several
fundanent al drawbacks. As the required tinme resolution becones finer, the
det ecti on bandw dth nust increase; 14 signal power at best remains
const antIMm4i | e noi se power increases proportionally with the increabARENT
bandwi dt h. For sources such as | aser di odes, where average output power for
bot h pul sed and _conti pnuous operation are nearly the sape, sigpal wer
Lypi cal |y dedGRHes b AeRRrEias 4 simal representabive pfolepAribbmigen
phase shift data; '

(k) separating data resulting from the input of pulses
different wavelengths by synchronizing said logarithmic phase
shift data with said switching freqtency:

(1) obtaining the difference between successive sets of
said iogarithmic phase Shift data resulting from the input of
pulses different wavelengtﬁs, wherein each of said sets
contains data representing each wavelength:;

(m) converting said difference to the actual

concentration of said absorptive constituent present.

10. Apparatus for determining the concentration of an
absorptive constituent in a scattering medium, comprising:

(a) oscillator means for generating a waveform of a
frequency appropriate to propagation is the scattering
.mediuk:‘ )

(b) laser means for generating electraiignetic radiation
having a known wavelength;

(c) means for imposing said waveform upon said laser
means to generate a modulated waveform; |

(c) light guide means for coupling said radiation to the
scattering medium;

(d) detector means for detecting an altered waveform,

e I
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‘prabe pul ses nust be | ong-enough for the returning Iibht to decay to
approxi mately zero, the duty cycle of the pulse train is typically |ow,
this inplies | ow average signal power or the use of high peak power, which
may endanger,the skin covering the tissue being studied. Finally, both the
expense %ifficulty of constructing suitable electronic circuits jRATENT
considerably greater for pulsed than for continuous-wave systens. As an

phace measur cREK EHERES: REVATATE GPURFASTAR SR8 el Af S04 cul ati on
based f Iof J

Singl e iroquiragtaciof whiEnTHiSTathe) braBliC RS Methensid Whd i) 2" °
the advantages of pajrpubROdnRAPIZEIAP HRdnLClrRY dtaAM MY theT age

power in the probe
variation in a quantifiable parameter associated with said

radiation due to propagation and absorption in the scattering
medium; and -

(£f) means for tracﬁing ;gi&"éariation as a quantitative
measure of the concentration of an absorptive constituent in

the scattering, medium.

11. The apparatﬁs of claim 10, further comprising:

(g) second laser means for generating electromagnetic _
radiation having a second known wavelength;

(h) means for imposing said waveform upon said
electromagnetic radiation to generate a second modulated
waveform.

(i) switching means for coupling said radiation having a
first wavelength and said radiation havind'; second
wavelength to the scattering medium alternately; and

(j) oscillator means for synchronizing the detection of

said altered waveform with said alternate coupling of

step (i).

12. The apparatus of claim 11, wherein said switching means

e - /
is an acousto-optical modulator:
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/signal, yielding a consitlerabl e advantage in signal-(g-noise rati o and
therefore in data acquisition tine. There is a considerable body of
_Ilterature on this technique of tine nmeasurenent, particularly as applied
to radar |ne standards, and spectroscopy. Perhaps the nost rel evanpabpfyr
this apHFME ion is the literature on the phase-resol ved neasur enment o?ﬁ
fluorescent decay kinetics. 15 Anot her alternate enbodi nent of the

apparatus of the present invention is depicted in Figure 4. This system
‘relies nore upon

13. Apparatus for determining the concentration of an
absorptive constituent in a séﬁf%ering medium, comprising:

(a) oscillator means for generating a first waveform
having a first frequency;

(b) means for imposing said wavefbrm upon at least two
sources of electromagnetlc radiation which emit radiation of
known wavelengths.

(c) switching means for alternately coupling radiation
from each of sai& sources to the séattering medium at an
input location, said alternate coupling occurring at a
reference frequency;

(4) detector means for detecting an altered waveform at
an output location, said altered waveform comprising the

~~portion -of said radiation which migrates through said
scattering medium;

(e) second oscillator means for generating a second
waveform having a second frequency; T

(f) means for mixing said altered waveform and said
'second waveform to create a down converted waveform;

(g) means for mixing said first waveform and said second
waveform to create a down converted reference waveform;

(h) lock-in amplifier means for detecting the variation
in a quantifiable parameter associated with said radiation

due to propagation and absorption in the scatterin i by

o \\!\\\\3\\\\\}\\\1\\\\\!\\\\j\
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‘communi cati ons technol ogy' rather than NVR technology,(ﬁhd Is essentially a
singl e sideband system where the sidebands are displaced in proportion to
.Ahe nodul ation frequency shift required. This design places nore reliance
upon thgggﬁisting radio frequency transmtter/receivers which, at pr#ﬁ f
about $ ﬂer frequency for transmt/receive, is a significant adva §§ ;
A bl ock diagramof a system as described directly above is shown in Figure

i hn it cHgIy o4 Bt BU0EL S8 VAUAESH Yhch! S0RE et oo ver
loed n the conyeroal IR o aaE B Ertating i SOFREE ¥aTefimic
(i) lock =in amplifier means for detecting the
difference in said variation in a quantifiable parameter
between each of said wavelengths of radiation by comparing
said output waveform with said reference waveform and
creating a difference output, |
whereby said difference output is related to the
concentration of said absorbing constituent.
14. The apparatus of claim 13, wherein said switching means

is comprised of an electronic switch.

15. The apparatus of claim 13, wherein said switching means
is comprised of:
(a) a mirror; and

(b) electromechanical drive means for yibratipg said

——

mirror.

16. Aﬁéaratus for determining the concentration of an
absorptive constitueﬂt in a scattering médium, comprising:
(a) first transceiver means for emitting a single side
band waveform; |

(b) means for emitting electromagnetic radiation of a

Th\\ii\\‘\ﬁa“ii\\\\m\d =2 ] Wi
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kHz. This carrier signal 'is fed back to the transcei Yer 200 and into a
phase detector/filter 208, which also receives an input froma second
transceiver 204. As in the previous enbodi nents, the |aser diode 202 emts

| i ght ' Ihis conducted to the subject 20 via optic fibers 216. Th%?ﬁ@&ﬂ?
nodul at'éd signal is phase shifted by the delay in mgration through
brain. The light is scattered and absorbed as it migrates through the

PUBLECL 7P, e SrLACLO Bt Sl ol AP b 0. e
phot omul ti pl¢ednss@ever means; )
(c) means for coupling said emitting means and the
scattering medium; _
(d) means for co;;gcting'radiation from said emitting
means after it has migfated through the scattering mediﬁm:
(e) detector means for detecting an altered waveform and
providing a signal representative of said altered waveform;
(£f) second transceiver means for receiving said signal
T and transmitting and receiviné a carrier signal, thereby
being in a phase locged loop with said first tr&nsceiver: and
(g) phase detector and filter means for determining the
phase shift of said altered waveform and providing a signal

representative of said concentration of an absorptive

constituent.
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"16<or the m crochannel pl ate type, both of .which are{;Lscussed above in
reference to other enbodi nents. The output of the detector 220 is coupled
.to the RF input to the second transceiver 204, i.e., the transceiver is
used in g4receive SSB node and a phase shifted 3 kHz tone is obtai ﬁfd
connected to the phase detector filter 208. The output is a 3 kHz phase
shifted signal which is input to the second SSB transceiver 204. In order
to ensurée phase coherence, the first transceiver 200 and the second
transcei ver 204 form a phase | ocked | oop. The 3 kHz carrier waveformis
al so | ocked to 220 MHz by frequency dividers 206, thereby |ocking the 220
MHz and the 3 kHz phases and all owi ng the phase shift to be determned with
hi gh precision. As ABSTRACT

. .The present invention to provides methods and apparatus for
studying photon migrétioh'using signal mocdulation techniques such
as time, fregquency ané phase modulation. The photon migration
data may then be coﬁéerted, usirig the princibles of time~resolved
spectroscopy, to determine the concentration of an absorptive
constituent in'a scattering medium, such as_the concentration of
hemoglobin ih a brain of other tissue. The methods and apparatus
disclosed provide as a specific embodiment, a dual wavelength
phase modulation system which allows the clinical application of
the advantages of time resolved spectroscopy in an economical and
commercially feasible embodiment.
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seen in Figure 4, an output of the transmtter oscillator 200 is frequency
di vi ded by about 7X105, to yield a 3 kHz signal. The output of the phase
detector/fllter 208 is thus related to the phase shift and, accordingly, is

trepresentatlve of the absorption within the subject. The carrier frequency
“ds.dniitially chosen to be 220 MHz; this is sufficiently high to give a

~ detectabl e phase shift for decay tines of a few nanoseconds, but |ow enough
<10 be within the bandwi dth of a nunber of commercially-avail able active
“mi.xers.. Although diode-ring mxers are readily available up to 36 GHz, they
““have significantly |ess dynanrc range than active (transistor bridge or

- linéar. multiplier) deS|gﬂ§ a | arge dynam c range is crucial for this type

: of spectrophotoneter syste 5é§heéeror ne - /)1
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“17.Systemis chosen to allow multiple optical wavel engths to be transmitted
and detected in parallel on individual subcarrier frequencies, and to all ow
.phase ‘detection to be carried out within the frequency range of conmmerci al
-phasé-sensitive detectors, i.e., "lock-in anplifiers." These devices have a
-Superh noise figure, Iinearity, dynam ¢ range, and phase and anplitude
‘accuracy; their performance is very nmuch superior to any phase detector
‘operating directly at the RF carrier frequency. Generation of the reference
“.signals for the lock-in anplifiers by frequency division fromthe

30
R4I64SA 220MHz 321

MCP-PMT
220,000 MH
iCs-0-09) 50 34\{—-‘-3_ 148 10430MH
220050 7 21172
Mz 220.050 Mz

22'2’300 ) SOtz 36
25— }{somz [ sokmz 54
g S |
| 1
FI16.2  |mwrmw ]
~56
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nagter RF oscillator provides adequate phase coherence of all subcarriers
‘and all denpdul ated signals with respect to the carrier; no phase
-callbratlon between wavel engths is required. Frequency generatlon by
- di vision. al so provi des m ni mum possi bl e phase noise for a given naster
~.0scil]ator. Should additional carrier frequencies be required, such as for
“the neasurenent of nulti-exponential decays, the only changes requireéd in
.this. design would be the addition of a one-by-N RF switch and additional RF
'_QSCi1Jators. Laser diodes are chosen over thermal sources, for their nuch
hi gher .radi ance, ease of coupling to optical fiber, narrow output spectrum
and wavel ength stability, long life, and ease of nodul ation at RF
freqUEnc1es In order to naximze the signal-to-
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noi Se ratio of the system and to avoid problens of internodul atfecemss zes

di stertTon due to | aser nonlinearities, singl e- sideband suppressed-carrier
modul ation is used. The internediate 18 frequencies are chosen within
the range of 10 to 100 KHz; they nust be high.enough to allow a realizable
Q of the single side band filters, but |ow enough to be within the range of
| ow-cost commercial |ock-in anplifiers. The heat sinks of the |asers are
preferably tenperature- controlled using Peltier coolers and feedback
control .

PHASE MODUTATED SPECTROPHOTOMETRY

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is related to co-pending applications,
Serial No. 266,166, filed November 2, 1988, in the name of Britton
Chance, entitled #Optical Coupling System for Use in Mon:LtorJ.ng .
Oxygenation State Within Living Tissue”, which is hereby
incorporated by reference as if fully set forth herein; Serial
No. 266,019, filed November 2, 1988, in the name of Britton
Chance, entitled, ”A User-Wearable Hemoglotinbmeter For Measuring
the Metabolic Condition of a Subject”, which is hereby
incorporated by reference as if fully set forth herein; and Serial
No. 287,847, filed December 21, 1988, in the name of Britton
Chance, 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¥, which is hereby incorporated by reference as if fully
set forth herein. |
BACRGROUND OF THE INVENTION

The application of the basic __;.lual waveleng'th principle to
detect hemoglobin and myoglobin changes in tissue began with the

work of G.A. Millikan in his studies of the cat soleus muscle, and
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Terrperature control is necessary in order to stabilize the wavel ength of
the tasefs, and to allow sufficient tuning of the output wavel ength to
cover the tol erance (approx. 10 nn) of commercial diodes. However, it
shoul d be noted that post- denpdul ati on getection of phase shift
substanti al | y elimnates this consideratTon, since nei t her constant

opt 1 cal i scras S, b ELEL Bdif Bhe Elonehis 28 Wh8gRHELEM SRIRLTE, O
into the opaésaigenbess, i tnd Humdtnetelsbe f Omuitwmiéﬂgm s ettt st O
and from-the subject, a fiber-subject coupler on the distal end of the
bundl e(s), hane a:elengdeveﬂeqmeﬁnrtl'&ssseiﬂ:ﬁtymé'm usel either @ e necessary in
order to prnei‘t\xlft waveg.leggth laser diode light source or a time shared filter
technique, in which high precision is sought through various
algorithms which deconvoiuté l;ackground signals, oxidized and
reduced cytocimrome signals, and oxy- and deoxyhemoglg_bin signals.
Such instruments are oxy¥comp1e>'c and often have di.fficul_ty
oﬁtaining light sources with wavelengths appropriate to the
algorithms that have been developed, or they have such low light
levels that photon counting is riecessary. They are generally in
the price range .of $80,000 and"have produced much experig:ient;al
data in the literature on neonaﬁes and adults. The basic problem
of such methods is that the optical pathlength is not known ab
initio but is calculated by reference to animal models where the
hemoglobin can bé rémoved and cytochrome directiy studied.
Transferability of such data from the animal model to. the human is
one difficulty that had to be overcome prior to the invention of
time-resolved spectroscopy, where the pathlength is measured
directly. See U.S. Patent Application Serial No. 266,166, filed
November 2, 1988, ~Optical CO-upling System for Use in Monitoring
Oxygenation State Within Living Tissue,” fully referenced above.
Continuous wave spectroscopy (CWS) of tissue hemoglobin has

- the demonstrated advantages of great simplicity and sensitivity,

‘'as well as affording an *early warning” of tissug hypoxia. The
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feedback .into the laser cavity due to reflections fromthe optics or

subj éct; such feedback, even at levels as low as -60 dB, are well known to
cause both anplitude and phase noise in | aser sources. The fibers chosen
for fabrication of the bundles nust have sufficiently small dispersion that
t he phase uncertainty 19 introduced at3 the nonminal 100 MHz nodul ati on
frequency is much smaller than the phase shifts of interest. At the sane
time, the APPLAGAFERR 9 IRIGasesonAzpRLSS tinerTasatyed Spagtarsaery {TRS)

desired. to tissue in order to determine optical pathlengths, quantify the

changes in hemoglobin co_nc'e.ntration, and determine the actual
concentration values of ﬁemoglobin and cytochrome has great
applicability to clinical studies of tissue hypoxia. Moreover,
time-i‘esolved spectroscopy uséd in conjunction witl:x co-ntinuous

* light spectrophotometry offers. a means of calibrating the optical
pathlength which photons travel 'as they migrate through tissue,
While trend indication can be of great value in many situations,
the ca'pé.bility to quantify hemoglobin concentration for both
~continuous and pulsed light techniques greatly extehds their
aﬁplicability to clinical studies. See U.S Patent Application
Serial No., 266,166, filed November 2, 1988, ¥“Optical Coupling
System for Use in HonitoringIOxyg;nation State Within Living
Tissue”; and U.S. Application Serial No. 287,847, filed
De.cember 21, 1988, “Methods and Appar.atus For Determining the
Concentration of a Tissue Pigment Of Known Absorbance; In Vivo,
Using the Decay Characteristics of Scattered Elé;troﬁagnetic
Radiation*, both of which are fully referenced above.
SUMMARY OF THE INVENTION ’

It has now been found ttia’c the principles of dual wavelength
spectrophotometry .may be applied to time-resolved '
spectrophotometry choasing a carrier frequency at a value in which
the time chardcteristic is compatible with the time delay of

photon migration from input to output through a scattering medium.
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This sinplifies and nmakes nore robust the l|aser-fiber coupling, and greatly
I ncreases the return |ight signal, collected fromthe subject, which greatly
i ncreases the return light signal collected fromthe subject, which is
approximately a Lanbertian radiator. For this reason, single-node fibers
are ruled out, despite their extraordinar4 bandw dth-1ength products. For

mul ti node fiber, only nodal dispersion,is si %ﬂificant for the squrces,
| engt hs, and bEREVRERIANt IRVieatlier) Rravidesdatherarpe aRRATAGYF cfg?ﬁzf\?g’ﬁui de

and material di [Si sisdef ' P=l | per | ra
optics wil? ﬁ&%gﬁit‘pﬁ%e%%n t}(r;re{r"#éc}%fnfig%%é ttu%tr g, sg%geér(\%{ﬂ%%? gi‘?? ;%H,det ha%/
det er ni nesgJmadaby th SRS Siidration @ierethevedt.c rharderestdawatryfaim ¥G01

pi coseconds, and a total step-index fiber length of two neters, a nunerical

aperture afaveppeeniakitarted @ni7may thus be compared to the initial
waveform. For example{ a waveform is phase shifted by the delay
in.migration through the sﬁattering medium. Thus, in a preferred
" embodiment, tﬁe phase of the waveform is modulated and the phase
shift is detected. The differeﬁce in phase shift between two
waveforms of emitted electromagnetic radiation having different,
known wavelengths can then be processed to determine the
concentration of an absorptive constituent such as hemoglobin.

Thus, is an object of the present invention to provide

methods and apparatus for studying phoﬁon migration using signal
modulation techniques such as time, frequency and phase
modulation. It is a specific object of the present invention to
provide methods and apparatus whereby phase modulated
spectrophotometry (PMS) may be utilized. in conjunction with
continuous wave spectrometry (CWS) to determine the critical value
of an absorptive pigment such as hemoglobin, at the point the
PCr/Py ratio begins to decrease. It is anothernobject of the
present invention to provide as a specific embodiment, a dual .
wavelength phase modulation system which will allow the clinical
appliﬁation of the advantages of timg resolved spectroscopy in an

economical and commercially feasible embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS
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or less would be required; all commercial step-index nultinode fibers have
a nmuch | arger nunerical aperture. For an ideal graded-index multinode

fi ber, however, nodal dispersion for neridional rays is zero, fromFermat's
principle, and actual bandw dt h-1ength products in conmercial graded-index
fibers exceed 100 MHz-km at the wavel ength of interest for this study. W
therefore choose a graded-index fiber with 100 mcron core size, 0.3
nunerical aperture, and 100 MHz- km bandw di h-1 ength product. "20 This
fiber is also cheap enough ($0.50/neter) t0 be considered for o

Figure 1 illustrates a simplified single wavelength phase
modulated spectrophotometer méde in accordance with the present
invention. |

Figure 1A is a block diagram of an embodiment of a dual
wavelength phase modulated spectroghotometer made in accofdance
with the present invention.

Pigure 2 is a b}ock diagram of another embodiment a phase
modulated spectrqphotometer madé in accordance with the present
invention. ) |

Figure 3 is a block diagram of the preferred embodiment of
the spectrophotometer of the present invention.

Figure 4 is a block diagram of an'alternate embodiment of the
spectrophotometer of the pfesent invention. .

‘DETATILED DESCRIPTION

The time, frequency, or phase of a signal may be modulated.
Phase modulation appears to be a convenient implementation of the
time-released spéctroscopy (TRS) téchniqﬁe*discussed above. In
Figure 1A, a single wavelength spectrophotometer using the
principle of phase mbdulation is sh;wn. In this embodiment, a
frequency generator 17, operatipg at 200 MHz, excites a 4mW laser
diode 11, which emité-light at a wavelength of 760 nm. Tﬁe light

- is conducted to the subjecf 20 via optic fiber 15. After the
light has migratéd through the tissue, it is detected. Preferably

this detector is comprised of a photomultiplier tube and its
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fabricating bundles. The detection optics consist of a fiber bundle of
cross- séctional area matched to the active area of the detector, an

opti cal bandpass or conmb filter to pass only the | aser wavel engt hs and
prevent detector saturation by roomlight, and the detector itself.
Initially, a photormultiplier tube with a GaAs(Cs) photocat hode w Il be
~used; this detector has a gain advantage of about thirty conpared to a PMI
with silicon photocathode, and about 300 conpared to a silicon ‘aval anche
phot odi ode, not including the nuch smaller active area of the aval anche
phot odi ode. However, the photonultiplier.tube also has a marginal bandwi dth
for this application, and extraction of the signal fromthe mddle of the

dynode chain may, be ' i
y assoxiate %'1%282’s££%53 E%gugﬁéuéu%geaevice is the Hamamatsu

R928.

The frequenéy generat&r 17 also receives an input from a 50
kHz oscillator 19, transmitting a 200.05 MHz reference wavéform}
which is input into the detector 16. Accordingly, the output
waveform 22 from the detector 16 is at a carrier frequency equal
to the difference, i.e., 50 kHz. The waveform 22 from the
detector 16 and a reference wavéform from the oscillator 19 are
fed into a phase and amplitude detector 24. 1In this embqﬁiment;
the phase and amplitude detector 24 is a lock~in amplifier.. The
oﬁtput of the lock in amplifier are signals representative of the
phase shift and amplitude'of the detected signal. These signals
are then processed and related to the relative concentration of an
absorbing constituent, such as hemoglobin.

In the embédiment of Figure 1, a helium-neon laser light
source 10 is connected to a wide band acousto-optical modulator 12
operating at 200-MHz. The acoustd-opéical mo&uiator 12 frequency
modulates the light emitted by the laser 10. The light is
conducted via a fiber optic 1ight guide 14 to the forehead of the
subject 20 as shown, or other region to be studied. Signals about
3-6 cm from the location of the ipput waveform are received by a
detector 16, for exaﬁple a Hamamatsu R928. The dynodes are
modulated by a 220.050 MHz signal 18 so that a 50 Hz hetrodyne
signal 22 will be obﬁained and céh be fed into a lock—-in amplifier

24, such as a PAR SR510. As above the reference frequency for the
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gain. Should the signal-to-noise ratio prove sufficient, the system may

easidly nbdified | ater by substitution of an aval anche phot odi ode for the

PMT, reduci
ruggedness.

ng the cost and increasing. bandwidth, reliability and
The aval anche phot odi ode detectors are also to be used for

I magi ng experinents due to their snmaller size and | ower cost. Conversel
I f greater detection bandwi dth and hi gh gain are needed si nmul taneously,

m cr ochannel
the nuch greater cost and | ower photocat hode sensitivity,

factor of 30 conpared to GaAs(Cs) avail able.

lock-in amplifier is obtained from the 50 Hz difference between
the two frequencies. The phase shift between the transmitted and
detected waveforms is measured with high precision and the output-
waveforms, shown at 26, are plotted as an analog signal on a strip
chart recorder to allow the user to follow the variations in the
propagation Sf light through the brain or other tissue. A |
logarithmic conversion of the signal is then obtained. The result
is linearly related to the chanéé in concentration of an
absorptive pigment, such as hemoglobin.

Referring to Figure 2, there is shown a block diagram of a
simplified embodiment of a dual wavelength phase modulation
spectrophotometer made in accordance with the present invention.
Unlike the Single wavelength system of Figure 1A, this embodiment
allows the determination of the concentration of an absorptive '
constituent on an absolute basis. The embodiment of Figure 2 is
similar to that depicted in Figure 1A, except that light is
transmitted to the -subject at two discréte wavelengths.

Figure 2 illustfates a second embodiment of the apparatus of
the present invention. In this embodiment, the laser diode light
is amplitude modulated and the phase shift caused by photon
migration is measured by an optical detector, a mixer, and a phase
detector.‘ The dual frequency time sharing system is comprised of
stable oscillators 30,32, such as Kenwood Model #321 for 220 Hz;
the oscillator system preferably used can generate waveforms from

144 to 440 MHz (Kenwood.TM721A). Continuous variation of the
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21 After a variable gain stage, the signals out of the detector are

het er odyhed back to the IF frequencies and fed into conmercial two-phase

| ock-in anplifiers; one |lock-in per optical wavelength (If frequency) is
used. Wihile this increases the cost, it reduces data acquisition tinme hy a
~factor of about 1.41 (SQRT 2) (conparing two anplifiers to one), and avoids
undesi rabl e assunpti ons about the relative absorption kinetics at each
wavel ength. The entire systemmay be.controlled by an | BM conpdti bl e
portable conputer, with | EEE 488, anal og-digital, digital-analog, and
bidirectional digital interfaces. Al of t | atter can be provided by two
| ow- cost plug-in cards for the | BM The use of . '

frequency is possible, _a]_.though, as will be understood by one of
ordinary skill, the three frequencies mentioned, 144, 220 and 440
MHz, are adequate for the purposes of initial studies and other
applications. The oscillators 30,32 are set 50 Hz apart and the
difference frequency is detected by a mixer 34 to obtain a
reference phase sig'na'l 36, as shown. A 200 Hz electronic switch
38 alternately excites laser diodes 40,42, nominally operating at
between about 750-60 nm and 800-:10 nm, to emit 220 MHz modulated
light which is conducted by fiber optic guides 44,46, preferably
about 3 mm in diameter, .to the surface of the head of the subject
20, or other region to be examined.

In order to achiew}e satisfactory operation at 220 MHz, it has
been found that the most cost effective detector 48 for this
purpose is Hamamatsu R928. A more advantageous device, however,
is the Hamamatsu R1645u, which is a microchannel plate tube having
120 picosecond transit time spread, and a high gain; that is, a
tw.c)-stage mic.:rochanne-I -plate photoinultiplier 48. This tube, which
is capable of current amplification of 5 X 105 (57 dB) is similar
to those used for pulsed time méasurements in time resolved
spectroscopy (TRS) studies, and is considered to be ideal for
these purposes. See, ”Methods and Apparatus For Determi_ning the
Concent-:ration of a Tissue Pigm;e-nt: Of Known Absorbance, In Vivo,
Using the Decay Characteristics of Scattered Electromagnetic
Radiation”, U.S. Patent Application Serial No. 287,847, filed

December 21, 1988, fully referenced above. The photomultiplier

' REPLAGEMENT SHEET

25 JUL 1996




the conputer control has a nunber of significant advantages, anmong themthe
possd bil.fty of automatic operation for testing and phant om experi nents,
sinplified reconfiguration as the systemis refined, speed, accuracy, and
ease of post-processing of data, in particular for statlstlcal anal ysi s.
The choice of a portable machine greatly sinplifies clinical trials of the
present invention. The technol ogy of multiwavel engt-h phase nodul ation each
encoded by its own subcarrier can readily be carried out as illustrated in
the preferred enbodi nent of Figure 3. The dhtput of such a system woul d
then replace the continuous wave technol ogy of existing systems, and at the
same tinme, take 4&\isncegbected Hw al high tveitagersuippdydBAgWwhieh das anat es of
henogl obi n and even
output of about 3400 volts, in order to ensure high gain. The
photomultiplier tube 48 can be connected to the brain or other
tissue area by the fiber optic guides 44,46 or may be directly
connected and placed in a housing isolated from ground potential,
as illustrated. '
As above, the detector 48 is attached to the subject 20 and
is connected to a mixer_sz, which down converts the 220 MHz output.
of the detector 48 to a 50 kHz signal by mixing with a 220.050 MHz
signal from the oscillator 32. A lock-in amplifier 54 determines
the phase of the exiting waveform. The lock-in amplifier 54 also
- obtains the logarithm of the signal. This signal is then fed to a
second phase detector/lock-in amplifier 56 which determines the
difference between the signals at eacﬁ of the two wavelengths,
this signal 58 is directly proportional to the concentration of an
absorptive pigment, such as hemoglobin. This embodiment may be
" used on neonate, aé well as adult brains.
A preferred embodiment of a time-shared, dual wavelength
laser diode phase modulation spectrophotometer is illustrated in
Figure 3. In this embodiment, a pair of laser diodes 100,102 are
excited in parallel by a stable frequency generator 104 (Kenwood
321) at 220 MHz. Each of the diodes 102,104 genera;es
electromagnetic radiation of a different wavelength, preferably

760 rm and 800 nm. The electromagnetic radiation is time shared

by a vibrating mirror 105, which illuminates a single fiber optics
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22 cytochrone. The great advantage is that the optical pathlength is known
and not assuned. Thus, phase nodul ation is a convenient inplenentation of
the TRS technique, since it can be built to enphasize delay tinmes on the
order-of 5 nanoseconds where the decay is exponential and | ong path

m grations are invol ved. What is clained is:

10 -
probe at a modulating frequency, preferably about 60 Hz. The
synchronization of the motion of the mirror 105 and the 60 Hz
phase detector 120 (explained below) is accomplished using an
electrical coupling of the reference voltage in the 60 Hz lock-in
amplifier 120. Thus, electromagnetic radiatiqn at each wavelength
is synchronized between emission and detection.

One of ordinary skill will note that the spectrophotometer of
Figure 3 differs'gfom the embodiment depicted in Figurg 2 in that
the latter embodiment uses a carrier modulation systeﬁ to code the
excitation power of one laser from another, while the embodiment
of Figure 3 continuously switches between the output light from -
two lasers_excited at tﬁe same frequency.

The time shared 760/800 nm light is applied to the subject 20
via an optic fiber 106. Several centimeters away, an output probe
108,'preferab1y comprising a second fiber of relatively large area
will pick up the light_which.has migrated through the subject and
illuﬁinates a photo detector 110, which is a suitable
photomultiplier tube (ﬁamamatsu 928) or a microchannel plate
detector (Hamamatsu R1645u). The light collected is phase shifted
from input oscillations bj the time delay in photon migration
between input and 6utput.,

- A secon& oscillator ;14 whiéh generates a 220.030 MHz
waveform is connected to a mixer 112.- The 220.000 MHz output of
the detector 110 is also conhected to the mixer. As a result, the

phase modulation frequency is downshifted to 30 kHz, which is a




1. A nethod of determning the concentration of an absorptive constituent
in a scattering nedium conprising the steps of: (a) generating a waveform
of a frequency appropriate to propagation is the scattering nmedium (b)
generating el ectromagnetic radi ation chosen to -propagate effectively in
t he scattering nediumand having a known wavel ength; (c) inposing said
wavef orm upon said el ectromagnetic radi ation to generate a nodul ated
waveform (d) coupling said radiation to the scattering nmediuni (e)
detecting an .altered waveform conprisipyg the portion of said radiation
which mgrates through said .

convenient frequency for lock-in detection. This signal is input

to a phase detector 116, which is preferably a lock-in amblifier.
A second input to the phase detector 116 is obt;ined by connecting
‘an input from the 220.000 MHz oscillator 104 and the 220.030 Mz
osci%lator 114 to a mixer 118 to obtain an unshifted 30 kHz signal
which is used as a phase f;ference. Thus, the lock-in amplifiér
116 operates with a reference phase obtained directly from the
frequency generators 104,114 and a phaée modulated input obtained
by photon migration through the subject 20.

The rhase of the signal output will vary_hétween the phase
due to light propagatioﬁ at'soo nrn and the phase due to light
propagation at 760 nm. The output of the lock-in amplifier 116 is
thus a 60 ﬁz wavef;rm,.the amplitude of which bears the phase
information at the two wavelengths. The output of the phase
difference detector 116 then is connected to the same waveform as
that which drives the 60 Hz vibrating mirror 105. The output of
the phase detector may be obtained by using switch contacts on the
vibrating reed modulation which alternatively connects opposite
phases of the 60 Hz waveférm to the integrating network, each one
at the peak of the waveform of thé output phase detector. The
output is put into a differential amplifier to record the
difference of the amplitude of the two parts of the 60 Hz
waveform, corresponding to the 760 nm and 800 nm phase shift.

This phase difference output is suitably filtered from 0.05-1 Hz




scattering nmedium (f) determning the variation in a quantifiable
parareter associated with said radiation due to propagati on and absor ption
in the scattering nedium by conparing said altered waveformwith a

ref erence wavef orm whi ch has not mgrated through the scattering nedlum
and (g) converting said variation to a guantitative neasure of the
concentration of an absorptive constituent in the scattering medi um 24

and provides a rxunning time record of the changes in hemoglobin
concentration by dual wavelength time-resolved spectroscopy.

The advantage of the system illustrated by Figure 3 is that
it affords a single light guide input to the éubject operated from
two laser diodes which are continuously operated at the sém-e
oscillator 'frequency. Thus, spurious phase differences in
frequencies associated with excitation are minimized. That is, no
differential phase shift is e;cpécted between the 760 nm and 800 mn
signals. Thus, the 30 kHz difference signal would represent the -
true phase delay between these two _w'a'.velengths. Moreover, phase
noise in this region would be minimized by the differential
detector 116. The photomultiplier tube detector 110 can' be of any
adequately fast type, since the mixing function is'separatéd from
the detector. The lock-in amplifier technique obtained to derive
the difference of the phase and amplitude of the two signals has
the highest signal to noise rﬁtio possible for this type of
equipment. '

The principles of time-shared dual wavelength
spectrophotometry, together with lock-in technology, follows the
principles employed in dual wa\_relé_ngth spectrophotometry
generally. However, -the present invention provides a vastly
improved device, since the carrier frequency of 220.000 MHz is
sufficiently fast to measure photon migration time.s. between input
and output with a characteristic time of about; § nanoseconds to be

observed. Therefore, the sensitivity of the system disclosed is




2. The nethod of claim1l1l, wherein said quantifiable paraneter is tinme; 3.
The et hod of claim 1, wherein said quantifiable paraneter is phase; 4. The
nmet hod of claim 1, wherein said quantifiable paraneter is frequency. 5. The
met hod of claim11, further conprising the steps of: (g) generating

el ectromagnetic radiation chosen to proppgate effectively in the scattering
medi um and havi ng a second known maveleﬁg?h; (h) inposing said waveform

Rt T i s PR
of pathlength, as observed in experimental models.

The application of the principles of dual wavelength
spectrophotometry to time-resolved spectrophotometry involves the
choice of a carrier frequency at a value in which the time '
characteristic-is compatible wit.h thfe i:ime delay of photon

. migration from input to outﬁﬁé; The device disclosed achieves the
resuit of precisely measuring the absorbance changes in photon ;
migration, over a s;pecified distance, e.g., over approximately one

.meter, as contrasted, to the continuous light method in which
photon migration is measured over all possible path lengths. A
path length of approximately one meter is prefe;:ably selected in
order to ensure e;cploration of all parts of the brain for brain

' i:leeding studies. Obviously, higher frequencies would select

- smaller portions of the brain which are more localized to the
input-output configuration.

For a Jnull‘i:iple-scattering medium such as human tissue, the
only known method for determini.ng the path length of transmitted
photons is the measurement of the time of f£light and of the
refractive index, froh which the distance travelled may be
calculated. sinc.e this pa'th length in the brain is on the order
of centimeters, the transit time is on the order of nanoseconds or
less. A direct measurement of such periods in this time domain
has several fundamental-drawbacks." As the required time

resolution becomes finer, the detéc’gion bandwidth must increase:;




t he scattering nedium and having a second known wavel ength; (i) coupling
sai d-radi'ati on having a first wavel ength and said radi ati on having a second
wavel ength to the scattering mediumalternately; and (j) synchroni zing the
detection of said altered waveformwith said alternate coupling of step
(i). 6. Anmethod of determning the concggtration of an 25 absorptlvé
constituent in a scattering medium conprising the steps of:

signal power at best remains constant, while noise power increases
proportionally with the increasing bandwidth. For sources such as
laser diodes, where average output power for both pulsed and
continuous operation are'nearly the same, signal power typically
declines when the pulse width is reduced. Since the time Between
probe pulses must be long enouéh for the reﬁurning light te decay
to approxlmately zero, the duty cycle of the pulse train is
typically low; this implies low average signal power or the use of
high peak power,.which may endanger the skin covering the tissue
being studied; Finally, both the expense and difficulty of
consfructing suiﬁable e;ectroﬁic circuits is considerably greater
for pulsed than for continuous-wave systems. As an alternative to
time-domain measufement, a CW system may be employed withlphase
measurement taking the place of time intensity, a simple
calculation based on measurement of the phase shift between probe
and return light at a single frequency yields the characteristic
decay time. Such a system has the advantages of narrowband
modulation and detection and hlgh average power” in the probe
signal, yielding a considerable advantage in signal-to-noise ratio
and therefore in data acquisition time. There is a considerable
body of literature on this technique of time'measurement,
particularly as applied to radar, time standards, and
spectroscopy. Perhaps the most relevant to this application is
the literature on the phase-resolved measurement of fluorescent

decay kinetics.




(a) generating a first waveform having a first frequency; (b) inposing said
wavef orm upon at |east two sources of electromagnetic radiation which emit
radi ati on of known wavel engths; (c) alternately coupling radiation from

each of said sources to the scattering nediumat an input |ocation, said
alternate coupling occurring at a refere frequency; (d) detecting an-

al tered waveform at an output |ocation, g?qi-’l d altered waveform conpri sing

the portion of ﬁﬁb&lé@@l@éﬂ%t@héﬂbd%%@tﬁs thBr Hjah-a28k 00 £ Gaie! Si-éé‘&at

medi um (e) generating a second waveform having a second frequehcy;
invention is depicted in Figqure 4. This system relies more upon
communications technology rather than NMMR technology, and is
essentially a single sideband syster where the sidebands are
displaced in p;op_ortion to the modulation frequency shift.
required. This design places more reliance upon the.existing
radio frequency transmitter/receivers which, at prices of about
$300 pér frequency for transmit/'receive, is a significant
advantage.

A'block diagram of a system as described directly above is
shown in Figure 4. In this émbodiment, a first standard
communications transmitter-receiver (transceiver) 200, operating
at 220 MHz, is used in the transmit mode to generate a waveform
which excites a 1a§ér diode 202. The transceiver 200 is used in
the single side band (SSB) mode to provide SSB modulation at 3
kHz. This carrier signal is fed back to the transceiver 200 and
into a phase détec’cor/filter 208, which also “yeceives an input
from a second transceiver 204. As in the previous embodiments,
the laser diode 202 emits light which is conducted to the subject
20 via optic fibers 216. _

The SSB modulated signal is phase shifted by the delay in
migration through the brain. The light is scattered and absorbed

as it m:.grates through the subject 20 and is received by an

- optical coupler/flber dssembly 218. The received light is then
transmitted to a detector 220, either of the photomultiplier tube




(f) mxing said altered waveform and said second waveformto create a down
converted waveform (g) mixing said first waveform and said second wavef or m:
to create a down converted reference waveform (h) detecting the variation
in a quantifiable paraneter associated with said radiation due to
propagation and absorption in the scattenigng nmedi um by conparing said down
converted waveformw th said down converted reference wavef orm and creating

an out put WV & fli crockfnnel plate type, both of which are discusséd above
in reference to other embodiments.

The output of the detector 220 is coupled to the RF input to
the second transceiver 204 ’ i.e., the transceiver is used in the
receive S§B mode and a phase shifted 3 kHz tone is obtained and
connected to the phase detector fili-:er 208.' The output is a 3 kHz
phase shifted signal which is input to the second SSB transceiver
204. In oxder to____ensv.}re phase coherence, the first transce'ivér
200 and the second t;rapséeiver 204 form a phase locked loop. The
3 XHz carrier waveform is also locked to 220 MHz by frequency
dividérs 206 , thereby locking the 220 MHz and the 3 kHz phases and
allowing the phase shift to be .detezjm.ix}ed with high precision. as
seen in Figure 4, an output of the transmitter oscillator 200 is
frequency divided by about 7x1o§, to yield a 3 kHz signal. The
output of the phase detectbr/filter 208 is thus related to the
phase shift and, accordingly, is representative of the absorption
within the subﬁécf;

The carrier frequency is initially chosen to be 220 MHz; this
is sufficiently high to give a detectable phase shift for decay
times of a few nanoseconds . but low enough to be within the |
bandwidth of a number of commerciéxlly-available active mixers.
Although diode-ring mixers are readily available up to 36 GHz,
they have significantl_y .1ess d}namic range than active (transistor

' bridge or linear multiplier) designs; a large 'dynémic range is

crucial for this type of spectrophotometer system. A heterodyne




(i) detecting the difference in said variation in a quantifiable paraneter
bet ween each of said wavel engths of radiation by conparing said out put
waveformwi th said reference waveformand creating a difference output,
whereby said difference output is related to the concentration of said
absorbing constituent. 7. A nethod of determ ning the concentration of an
absorptive constituent in a scattering megyum conprising the steps of: (a)
generating a waveform having a first fre uenc¥i (b) transmtti'ng said

wavef or m t os¥ater dearhesengtacailion npitinka optical Mavepprgkhsatgl beof .said

wavef or m Upggarlxstmsitt_ed and detected in parallel on individual subcarrier

frequencies, and to allow phase detection to be carried out within
the frequency range of commercial phase sensitive detectors, i.e.,
#}lock-in amplifiers.” These devices have a superb noise figure,
linearity, dynamic range, and phase and.ampli.tude accuracy:_their
performance is very much superior to any phase detector operating
directly at the RF cafrier_f;eqﬁency. Generation of the reference
signals for the iock-in amplifiers by frequency division from the:
master RF oscillator provides adequate phase coherence of all "
subcarriers and all demodulated signals with respect to the
carrier; no Pha'se calibrdtion between wavelengths is required.
Freguency generation by division also prbvides minil-num possible
phase noise for a'given.master oscillator. Should additional
carrier frequencies be reqﬁired, such as for the measurement of
multi-exponential decays, the only chaxige’s’ required in this design
would be the addition of a one-by-N RF switch and additional RF
oscillators.

Laser diodes are chosen over thermal sources, for their much
higher' radiance, ease of coupling to optical fiber, narrow output
spectrum and wavelength stability, long life, and ease of
modulation at RF frequencies. In order to maximize the signal-to-

. noise ratio of the system, and to avoid problems of |
intermodulation distortion due tc;' laser nonlinearities, single--

sideband suppreésed-carrie_r modulation is used. The intermediate




exit fromsaid scattering nmedium (d) generating a waveform having a second
frequency; (e) transmtting said waveformto said.scattering nmedium (f)
detecting the phase angle of said waveformupon its exit fromsaid
scattering nmedium and (g) determ ning the phase difference between the
phase angle of the waveformof said first;frequency and the waveform of
sai d second frequency; whereby the said first and second frequency are

sel ected 10 Bg.GRERBIEY! ¥t cHokln! PitHinTendifahge cHf & PUIADD kii®; they

Lransmesst Onnust be high enough to allow a realizable Q of the single side
band filters, but low enough to be within the range of low-cost
commercial lock-in amplifiers.

The heat sinks of the lasers are preferably temperature-
controlled using Peltier coolers and feedback control.
Temperature control is necessary in oxder to stabilize the
wavelength of the 1asers,'and to allow sufficient tuning of the
output wavelength to cover the tolerance (2pprox. + 10 nm) of
commercial diodes. However, it should be noted that post-
demodulation detection of phase shift substantially eliminates
this consideration, sincé neither constant wa.velerigth or amplitude
are'required. |

| The optical system consists of one optical isolator per
laser, lens assenblies for coupling the 1ase£ light into the
optical f£ibers, a fiber bundle(s) for transmitting the 1igh£ to_
and f:oz:; the subject, a fiber-subject coupler on the distal end of
the bundle(s), and a light detector assembly.

. The isolators are necessary in order to prevent optical
feedback into the laser cavity due to reflections from the optics '
or subject; such feedback, even at levels as low as ~60 dB, are
well known to cause both ampl'itu,de and phase noise in laser
sources.

The fibers chosen for fabrication of the bundles nmust have

sufficiently small dispersion that the phase uncertainty




27 in steps (b) and (e) and the detection in steps (c) or (f), and said
phase difference is related to said concentration of an absorptive
constituent in a scattering medium 8. A nethod of determ ning the
concentration of an absorptive constituent in a scattering nmedi um by
applying the principles of dual wavel engtjla spectrophotonetry to

ti me-resol ved spectroscopy, conprising the steps of: (a) transmtting

el ect r omaghntradusedr g thetnemingl ape Ezmeduiakions fragueneay diss@cheri ng

el um o SsSAlA Shert GV RRroE TLeF I el FERLSHEY s 0
maxinun possible core diameter and numerical aperture are desired.
This simplifies and maﬁes nore robust the laser—fiber coupling,
and greatly increases the return light signé.l collected from the
subject, wh-ich grea.tly increasés the return light sié'nal collected
from the subject, which is approximately a Lambertian éadiat;or., _
For this reason, single-mode fibers are ruled out, de;pite their
extraordinary bandwidtﬁ—length products. For multimode fiber,
only modal dispersion is significant for the sources, lengths, and
bandwidt':hs considered here; we therefore disz:egard wa:veguide and
material dispersion. Considering first step-index fiber, simple
ray optics will show th.at it is numerical aperture, and not core
s-ize, that determines modal dispgrsion. For an allowable time
uncertainty of 100 picoseconds, and a total step-index fiber
length of‘ two meters, a numerical apertufe of approximately 0.17
or less would be required; all commercial step-index multimode.
fibers have a much larger numerical aperture., For an ideal
graded-indéx rnultimode fiber, however, modal dispersion for
meridional rays is zerxo, from Fermat’s principlé, and actual
banéwidth-—length products in commercial graded-index fibers exceed
100 MHz-Xxm at the wavelength of interest for this study. We
therefore choose a graded-index fiber with 100 micron core size,

" 0.3 numerical aperture, and 100 MHz-km bandwidth-length product'.




tine delay of photon migration frominput to output through said scattering
medi um (b) determning the difference in the phase shift of said

el ectronmagnetic energy frominput to output through said scattering medium
and (c) determning said concentration of an absorptive constituent from
sai d phase shift difference. whereby this device achieves the result of
preci sely neasuring the absorbance change%oin photon mi gration over a

specified dh3EaReher %s A1 MAdaB  erfbtlh (36U s00nbbEC W HU LRHLLE, s 85
fabricating bundles. : '

The detection optics consist of a fiber bundle of cross-
sectional area matched to the active area of the detector, an
optical bandpass or comb filter to pass only the laser wavelengthé
and prevent desector-gaiuration by room light, and the detector
itself. Initially, a photomultiplier tube with a GaAs(Cs)'
pﬁotocatho&e will be used: this ‘detector has a gain advantage of
ayout thirty ‘compared to a PMT with silicon photocathode, and '
about 300.compared to a silicon avalanche photoéiode, not
including the much smaller active area of the avalanche
photodiode. Howeéer, the photomultipliér tube also has a marginal
bandwidth for this applicatioﬁ, ;nd extraction of the signal from
the middle of the dynode chain may be required, thus reducing the
gain. Should the signal-to-noise ratio prove sufficieﬁt, the
system may be easily modified later by substitution.of an

--avalanche photodiocde for the PMT, reducing the cost and increasing,
bandwidth, reliability and ruggednééé. ‘The avalanche photodiode
detectors are also to be used for imaging experiments due to their
smaller size and lower cost.- COnvefsely, if greater deﬁection |
bandwidth and high gain are needed simultaneously, a microchannel
plate photomultiplier may.be used; the disadvantages heré are the
much greater cost and lower photoca?hode sensitivity,

. approximately a factor of 30 compared to GaAs(Cs) available. -




28 absorptive pignent in a tissue region of a subject, conprising the steps
of : .(a) ‘generating a first waveformhaving a first frequency; (b) at a

swi tching frequency, switching said first waveform bétween at |east two
nmeans for generating a pulse of electromagnetic energy, each neans capable
of generating a pulse having a different2wavel ength; (c) transmtting said
pul ses of different wavel engths to an input |ocation proxi mte to said

tissue region; ehrdgtestidind MRinhaefgaNEhe stianadk dodti G the aetedtiol
are heterodyned back to the IF frequencies and fed into commercial
two-phase lock-in amplifiers; one lock-in per optical wavelength
(If frequency) is used. While this increases the cost, it reduces
data acquisition time by a factor of about 1.41 (SQRT 2)
(comparing.two amplifiers to Qne), and avoids undesirable
assumptions about the relative absorption kinetics at each
wavelength.

The entire system may be controlled by an IBM~compatible '
portable computer, with IEEE 488, a;a}og-digital, digital-analog,
and bidirectional digital in'terfaces. All of the latter can be
provided by two low-cost .plug-in cards for the IBM. The use of
the computer control has a number of significant advantages, among -
them the possibility of automatic operation for testing and
phantom experiments, simplified reconfiguration as the systen is
refined, speed, accuracy, and ease of post-processing of data, in
particular for statistical analysis. The choice of a .portable
machine greatly simplifies clinical trials of the€ present '
invention. |

The technology of multiwavelength phase modulation each
encoded by its own subcarrier can readily be carried out as |
illustrated in the preferred embodiment of Figure 3. The output
of such a system would then replace the continuous wave technology
of existing systems, and at the same time, take advantage of the

algorithms for decoding various states of hemoglobin and even




| ocation proximate to said tissue region; (e) anplifying a detected signal
representative of said phase angle; (f) generating a second waveform havi ng
a second frequency; (g) mxing said second waveform and said first waveform
to generate a first reference waveform (h) mxing said second waveform and
said detected signal to generate a phase shift signal having the sane
frequency as said first reference signal;22i) conparing said first
reference signal and said phase shift signal to create phase shi.ft data;

(j) -conver t¢éykpobapye phdthe gngat gdvantageais dhati thei gptical pathlength is

known and not assumed. Thus, phase modulation is a convenient
implementation of the TRS technique, since it can be built to
emphasize delay times on the order-of § nanoseconds where the

decay is exponential and long path migrations are involved.




29 scale and generating a signal represent ative of | ogarithm c phase shift
data: (k) separating data resulting fromthe i nput of pul ses different
wavel engt hs by synchroni zing said | ogarithm c phase shift data with said
swi tching frequency; (1) obtaining the difference between successive sets
of said logarithm c phase shift data resulting fromt
di fferent wavel engths, wherein each of sakd sets cont mm‘mﬂ "ﬂl#ﬂ“ﬁ“btl ng
each wavel engt h;

at is claimed is:

1. A method of determining‘the concentration of an
' Absorptive constituent in a scattering medium, comprising the
stéps of: '
(2) generating a waveform of a fregquency appropriate to
_propagation is the scattering medium;
] (b) generating electromagnetic radiation chosen to
- propagate e;fectively in the scattering medium and having a
known. wa.velength;. |
(c) imposing said waveform upon said electromagnetic
radiation to generate a modulated waveform; _
' (d) coupling said radiation to the scattering medium;
(e) detecting an altered waveform, comprising the
portion of said rad'iation which migrates through said
scattering medium; ‘

.(f) determining the Vvariation in a quantifiable
parameter associated with_ said radiation due to propagation
and absorption in the scattering medium by comparing said
altered waveform with a reference vavéform which has not
migrated through the sca.t:i:ering medium; and

(g) converting -said variation to a quantitative measure
of the concentration of an absorptive constituent in the

scattering medium. -




(m converting said difference to the actual concentration of said '
absorptive constituent present. 10. Apparatus for detau\ngrhe\
concentration of an absorptive constituent in a scat tmgﬂ ”H
conprising: (a) oscillator neans for generating a wav «i”éncy
appropriate to propagation is the scatter%gg medi um- (b) Iaser means

generating electronagnetic radi ati on havi a known wavel ength; (c) neans
for inposing sa

wavef orn (c) #ght V%T"?Fr Lég(ﬁ)’g ?gﬁidmcgﬂp‘l’ rﬁ%‘ig%s#cf eagx?.r;g%%ige '{nﬁg“' at ed
scattering ﬂﬁqhﬁﬂbr is time; -

3. The method of claim 1, wherein said quantifiable

parameter is phase;

4. The method of claim 1, wherein said quantifiable

parameter is frequency.

S. The method of claim 1, further comprising the steps of:

(g) generating electromagnetic radiation chosen to
propagate effectively in the scattering medium and having a
second known wavelength;

(h) imposing said waveform upon said electromagnetic
radiation to gene'fate a second modulated waveform; said
electromagnetic radiation chosen to propagate effectively in
‘the scatteriné mediﬁm and.having a second known wavelenét'h:

(i) coupling said radiation having a first wavelengt}z
and.said.radiation having a second wavelength to the
scattering medium alternately; and

(3) synchronizing the detection of said altered waveform

with said alternate coupling of step (i).

6. A method of determining the concentration of an




(d) detect.or nmeans for detecting an altered waveform W
wavef orm conprising the portion of said radiation whic “m
said scattering nmedium (e) lock-in anplifier means for;\“ﬁ‘\m;“\\mm
variation in a quantifiable paraneter associated with s monsdue to

propagation and absorption in the scatterzlsng medi um and (f) means for
tracking said variation as a quantitativé neasure of the concentratlon of

an absor ptivg,£uekLbUgBhstituent in a scattering nedium, comprJ.sing the
steps of:

(2) generating a first waveform having a first

. frequenéy; | |
| (b) inmposing said waveform upon at least two sources of
eiec—’éromagnet_:ic radiation which emit radiation of known
wavelengths; | _ _

(c) alternately couplfng.radiatio,n from each of said
sources to the scattering medium at an input location, said
alternate coupling occurring at a refefence frequency:

(d) detecting an a.ltered waveform -at an output location,
said altered wavefora comprising the portion of said
radiation which nmigrates through said scattering medium;

(e) generating a second waveform hé.ving a second
frequency;. .

(f) mixing said altered waveform and said second
waveform to create a dowﬂ converted wa.veform;

(9) :nixing'sa'id first waveform ana said ‘second.wavef-orn
to create a down converted reference waveforn;

(h) detecting the variation in a guantifiable parameter
associated with said rad:.atlon due to propagatn.on and
absorpt:.on in the scattering medium by comparing said down
converted waveform with said down converted ‘reference

waveform and.creating an output waveform;




the scattering nmedium 11. The apparatus of claim

-n
(g) second | aser neans for generating el ectromagneti g =T i a
second known wavel ength; (h) means for inposing sai d]m MH “ﬂwd :
el ectromagnetic radi ation to generate a second nodul c o

swi t.ching means for coupling said radiation having a first wavel ength and
said radi ati on having a second wavel ength %4& the scatteri ng medi um
n

Sai d altered vavet of il PSRN, oS Aiteetaiin thad Seeitign 1 2"
quantifiable parameter between each of said wavelengths of
radiation by comparing said output waveform with éaid
reference waveform and creating a difference output,
whereby said difference output is related to the

concentration of said absorbing constituent.

7. A method of determining the concentration of an

absorptive constituent in a scattering medium; com'prising" the

steps of:
(a) .generating- a waveform having a first frequency;
(b) transmitting said waveform to said scattering |
medium; -

(c) detecting_ the phase angle of said waveform upon its
exit from said scattering ﬁedium; |

(d) generating a wavefofm having a second frequency;

Ue) transmitting said waveform to said '_scatﬁéiiﬁg |
medium;

(£) detecting the phase angle of said_ waveform upon its
exit from said scattering medium; and _

(g) determining the phase difference between the phase
angle of the waveform of said first frequency and the
waveform of said second frequency;
whereby the “said f:%.rst’ and s;econd frequency are selected to

be commensurate with the time difference between the transmission

H



12. The apparatus of claim1l, wherein said switching neans is an .
acoust o-opti cal nodul at or; 31 13. Apparatus for determning the .
concentration of an absorptive constituent in a scat mmm‘ ) \Ll“‘ .
conprising: (a) oscillator means for generating a fi FauilE\ © A ng a
first frequency; (b) neans for inposing said waveform upon at |east two
sources of electromagnetic radiation whic7emt radiation of known

wavel engt hs; .
in steps (b) and (e) and the detection in steps (c) or (£), and

said phase difference s related to said concentration of an

absorptive constituent in a scattering medium.

8. ;_ method of determining the cqncenfcration of an
. absorptive constituent in a scattering medium by applying the
principles of dual wavelength spectrophotometry to time-resolved
spectroscopy, comprising the steps of:

(a) transmitting electromagnetic enexrgy of two different’
wavelengths into said scattering medium_at 'é carrier
frequency, wherein sg_id-carrier 'frequency- is chosen to be a
valué at wr;iCh the time g:haracteristic is compatible with the
time delay of photon mig.ration from input to output through
said scattering medium;

(b) determining the difference in the phase shift of
said electromagnetic energy from input to output through said
scattering medium; and '

(c) determining said concentration of "an absorptive

constituent from said phase shift difference.
whereby this device achieves the result of precisely

' measuring the absorbance changes in photon migration over a

specified distance.

g.” A method of determining the concentration 6f an




(c) switchi ng means for alternately coupling radiation fromeach of said
sources to the scattering nmediumat an input location, said a -

coupling occurring at a reference frequency; (d) det ”mmm 1
detecting an altered waveform at an out put |ocation, 'sf i mumf orm -
conprising the portion of said radiation which mgrates througf s&id* -

scattering medium (e) second oscillator #8ans for generating a second

wavef orm having a second freguency, (f) neans for mxing said altered
wavef or m aakEarRtdve eiamenaidi & Hiesre Tegien £ anAuRbetlor (COBPRASHIDARE ()
means for snéé(gsngfsai d first waveform and said second

_ (a) generating a first waveform having a first
frequency;

(b) at a switching frequency, switching said first
waveform -.hetweien at. least two means for generating a. pulse o.f
electromagnetic energy,'- each means capable of generating a |
pulse having a different wavelength;

(c) transmitting said puises of different wavelengths to
an input location proximate to said tissue region; '

(d) detecting the phase angle of said pulse at an exit

. location proximate to-éaid tissue region: |

(-e) amplifying a detected signal representative of said
pha'se angle; '

(f) generating a second waveform having a second
frequency:;

' (g) mixing said second waveform and said first waveform
to generate a first reference waveform;

(h) mixing said second waveform and said detected signal
to generate a phase shift signal having the same frequency as

. said first reference signai: )
(i) comparing said first reference signal and said phase
shift signal to create phase shift data; '

(j)' converting said phasé shift data to a logarithmic




waveformto create a down converted reference waveform (hj—toeek—+n—
anplifier neans for detecti ng the vari ation in a quantif

associated with said radiation due to propagation and abs‘m"mm"mﬂﬁﬂu’ _
scattering medi um by 32 conparing said down converted wavef orm wi d
down converted reference waveform and creating an output waveform (i) |ock:
-in anplifier nmeans for detecting the dif2@erence in said variation in a
guantifiabl e paranmeter between each of said wavel engths of radiation by
conpari ng scale and generating a signal representative of logarithmic

phase shift data;

(k) separating data'resulting from the input of pulses
digferent.wavele'ng’chs by synchronizing said logarithmic phase
shift data with said switching fréqueney;

(1) .obtaining the difference between successive sets of
said logarithmic phase shift data resulting from the ‘inj:ut of
pulses different wavelengths, wherein each of said sets |
contains data representing each wavelength;:

(m) converting said difference to the actual

concentration of said absorptive constituent present.

10. Apparatus for determiriing the concentration of an
absorptive constituent in a scattering medium, comprising:

-(a) oscillator means for generating a waveform of a
frequency appropriate to propagation is the scattering
medium; .

(b) laser means for. generating electromagnetic radiation
having a known wavelength; . |

(c) means for imposing said weveform upon said laser
means to generate a modulated wevefpm: .

(c) light guide means for coupling said radiation to the

-

scattering medium;

(d) detector means for cﬁetecting an a:l_.tered waveform,




sai d out put waveformwi th said reference waveformand creating a di fference
out put, whereby said difference output is related t .
sai d absorbing constituent. I4. The apparatus of cI

switching neans is conprised of an electronic swtcl l!]"ﬁjlmmiﬂg us of
claim13, wherein said swtching nmeans is conprised “and

(b) el ectromechanical drive neans for vibrgfing said mirror. 16. Appar at us
for determ ning the concentration of an absorptive constituent in a

scattering medi Ugki§ iM¥drdd)§aveforn comprising the portion of said

radiation which migrates through said scattering medium;

(e) lock-in amplifier means for determining the |
variation in a quantifiable parameter associated with said
radiation .due to propagation and absorption in the scattering
.médiu:n; and . .

(£f) means for tracking said variation as a quan'_tita.tlive
measure of the concentration of an absorptive constituent in

the scattering, medium.

i1. The a;;paratﬁs of claim 10, further comprising:

(g) second laser means .for generating electromagnetic .
radiation having a second known wavelength;

(h) means for imposing said waveform upon éaid
electromagnetic radiation to generate a second modulated
waveform. |

(i) switching means for cdupling said raciiation having a
first wavelength and said radi#tion having a second
wavelength to the scattering medium altérnately; and .

(j) oscillator means for.synchronizing the detection of

said altered waveform with said alternate couplj.ng of

step (1).

12. The -apparatus of ciaim '11,' w-here;sin said switching means

. is an acousto-optical modulator;




(a) first transceiver nmeans for emtting a single side band waveform (b)
nmeans for emtting el ectromagnetic radiation of a 33 specified

wavel ength, said neans excited by said first transceiver nmeans; (c) neans
for coupling said emtting nmeans and the scatterin -ms-drtrm—‘tﬁ‘ means 1yofr

fggl ggglttng“rﬁgl ﬁ:ﬂlﬁl?[}n’: romsaid emtting neans after ”“I“ﬁﬂl‘"”‘“ﬂﬁﬁ“lm ough
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13. Apparatus for determining the concentration of an
absorptive constituent in a scattering medium, comprising:

(a) oscillator means for generating a 'fir_st waveform
having a first frequency;

(b) means for imposing said waveform upon at least two
sources of electromagnetic radiation which emit radiation of
known wavelengths;

{c) switching means for alternately coupling radiation
from each of said sources to the scattering medium at an
input location, said alternate coupling occurring at a
reference fregquency; |

(d) detector means for detecting an altered waveform at
an output location, said altered waveform comprising the
‘portion-of said radiation which migrates through said
scattering medium; '

(e) sec_:ond oscillator méans for generating a second
‘waveform having a second frequency;

(f) means for mixing said altered wavefoim and said
second waveform to create a down converted waveform;

(g) means for mixing said first waveform and said second
waveform to create a down converted reference waveform; |

(h) lock-in amplifier means for detecting the variation

in a quantifiable parameter associated with said radiation

due to propagation and absorption in the scattering medium by




(e) detector neans for detecting an altered waveform.and providing a signal

representative of said altered waveform (f) second t Lver neans -for
receiving said signal and transmtting and receiving Hm ﬁ’ "HEmm, -
t hereby being in a phase | ocked |oop with said first J ! ol g)

phase detector and filter means for determ,hing the phase shift of s&id |
al tered waveform and providing a signal representative of said,

concentration of gL AN RhI¥CA6MN HonldeBla waveform with said down

converted reference waveform and creating an output waveform;

(i) lock -in amplifier means for detecting the
difference in said variation in a quantifiable parameter
between each of said wavelengths of radiation by' comparing
said output waveform with said :..;eference waveform and
creating a difference output, .
whereby said difference output is related to the

concentration of said absorbing constituent.

14. The apparatus of claim 13, wherein said switching means

is comprised of an electronic switch.

15. The apparatus of claim 13, wherein said switching means
is comprised of: ' '
(a) a mirror; and
(b) electrqmechanical drive means for vibrating said

nirror.

1s. Aéparatus for determining the concentration of an
absorptive ccnstitizer;t in a écatte:_*:ing m.edium, comprising:
(a) first transceiver means for e'mitting a single side
band waveform;

: (b) means for emitting electromagnetic radiation of a
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specified wavelength, said means excited by said first

33

transceiver means;

(c) means for coupling said enitting means and the
scattering medium;

(d) means for collgcting radiation from said emitting
means aft.er it has migré.ted through the scattering médiﬁm;

(e) iietect_:or means for _detecting an altered waveform and
providing a signal representative of said altered waveform;

(£f) second transceiver means for receiving said signal
and-transmitting and receiving a carrier sigmal, thereby
being in a phase locked loop with sa;id first transceiver; and

(g) phase detector and filter means for determining the
phase shirft of said altered waveform and providing a signal
representative of said concentration of an absorptive

constituent.
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ABSTRACT
PHASE MODULATED SPECTROPHOTOMETRY
.. .The present invention to provides methods and apparatus for
studying-photon' m:igrétjlo-n ‘using signal modulation techniques such
as time, frequency an& phase modulation. The photon migration
data ma}- then be cor;\;erted, using the principles of time-resolved
spectroscopy, to determine the co_hcentration of an absorptive
constituent in 2 scattering medium, such as_,the concentration of
hemoglobin i.n a brain of other tissue. The methods and apparatus
~disclosed provide as a specific embodiment, a dual'wavelength
phase modulation system which allows the clinical application of

-the advantages of time resolved spectroscopy in an economical and

commercially feasible embodiment.
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