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[57] ABSTRACT 

Optical pulses emitted from an optical pulse source is 
incident on a living tissue and is input to an optical sampling 
unit. An optical sampling unit detects intensities, f, of optical 
pulses detected at the respective timings of trigger signals 
input from a delay unit. A ?rst accumulator calculates 
products, t-f, of the intensities f and the delay times t from 
the delay unit. A second accumulator accumulates the light 
intensities f. An average optical pathlength calculating unit 
calculates an average optical pathlength using the accumu 
lation results as the products t-f and the intensities f. An SO2 
value calculating unit calculates a ratio of VHbO2 to VH1, 
from the average optical pathlength to calculate an SO2 
value. 

7 Claims, 11 Drawing Sheets 

2i 
22 23 25 

Optical pulse 24 / 
source Optical sampling 

unit 

/2s 
Delay unit §7 

%——_ First 
accumlatar 

29 
\ Second 

accumlator 
Average optical 
pathlength \ 

calculating unit 28 

S02 
Calculating 30 

unit 

31 



US. Patent Dec. 10, 1996 Sheet 1 0f 11 5,582,169 

Fig. l 

Absorbcnce (mM *‘cm ‘W 
O m I 

! 1 I . I | l l l 

700 '750 800 850 900 

Wavelength (nm) 

Fig. 2 (PRIOR ART) 

Ligh’r incidenT (CW) 

Detec?rl ) Detect (r2) 

I'l 

r2 



U.S. Patent Dec. 10, 1996 Sheet 2 0f 11 5,582,169 

Fig.3 

e B WT n I 8 
0 CM .HC D?m O 

Living Tissue 

\II 

Fig.4 

incident pulse 

-4 

High lighi obsorpiivity 

Low Iighi 
obsorptivii‘y 

Detected profile 

l 

0.5 
Time (ns) 

0.5 5:.3 36:35 



US. Patent Dec. 10, 1996 Sheet 3 of 11 5,582,169 

Fig. 5 



US. Patent Dec. 10, 1996 Sheet 4 of 11 5,582,169 

Fig. 7 

2| 
) 25 

__4 Optical pulse / 
source Optical sampling 

unit 

Delay unit $7 
I First 

accumlalor 

29 
a Second 

accumlator 
Average optical 
pathlenglh 

calculating unit 
' l 

28 

S02 
Calculating 

unit 

Display unit 





U.S. Patent Dec. 10, 1996 Sheet 6 of 11 5,582,169 

Fig.9 

4| 

/ 42 43 44 
Optical pulse 5 

source 4 §> i___é> P M T / 

CFD /46 

TAC f4? 

5! 
Average optical poth- / S a H /48 
length calculating unit 

A DC /49 
S02 / 52 

Calculating unit 

I 50 
Accumlofor / 

Display uni’r f 53 



U.S. Patent Dec. 10, 1996 Sheet 7 of 11 5,582,169 

,5 $9 .3 38:0 96 \Q\O\ DE 
3:5 Guano 



US. Patent Dec. 10, 1996 Sheet 8 0f 11 5,582,169 

FI'g_// 

Ar+ Lcser ______ —_\ 

Mode “ Locked 

Ti :SGpphire loser 

‘ 67 64 

Streak 
camera c:)_/ 



US. Patent Dec. 10, 1996 Sheet 9 of 11 5,582,169 

8 5E 

Z. NR. 

\- LEEEmE E6Et< \_ 6525:: 
TE. . 

A _ _ 

235E moo 
__ _ 

N2 N0 



US. Patent Dec. 10, 1996 Sheet 10 of 11 5,582,169 

Fig. /3 

~ 5. O A413 256:: 

Time (ns) 





5,582,169 
1 

METHOD AND APPARATUS FOR 
MEASURING CONCENTRATION OF 
ABSORPTIVE CONSTITUENT IN 

SCATTERING MEDIUM 

BACKGROUND OF THE INVENTION 

1. Field of The Invention 

The present invention relates to a method and apparatus 
for measuring the concentration of an absorptive constituent 
(e.g., hemoglobin) present in a scattering medium (e.g., a 
living tissue). 

2. Related Background Art 
When light having a wavelength near a near-infrared 

range is incident on living tissue, absorption of the incident 
light by the living tissue is greatly in?uenced by hemoglobin 
in blood. The in?uence of oxyhemoglobin (HbO2) is di?cer 
ent from that of deoxygenated hemoglobin (Hb). The 
absorption spectra of the living tissue changes in accordance 
with the states of hemoglobin, as shown in the graph in FIG. 
1. The wavelength [nm] of incident light is plotted along the 
abscissa in FIG. 1, and the absorbance [mM_1cm_1] is 
plotted along the ordinate. As shown in this graph, the 
absorbance caused by deoxygenated hemoglobin (Hb) is 
higher than that by oxyhemoglobin (HbO2) when the wave 
length is shorter than 800 nm. When the wavelength is 
longer than 800 nm, the absorbance caused by oxyhemo~ 
globin (HbOZ) is higher than that by deoxygenated hemo 
globin (Hb) . That is, the optical absorption in living tissue 
changes in accordance with the metabolic conditions of 
oxygen in the living tissue. 

conventionally, a monitor for oxygen metabolism in 
living tissue has been developed using this principle. Such 
a monitor has been put to practical use. In this oxygen 
metabolism monitor, however, the relative change since the 
start of measurement can only be monitored. For this reason, 
the degree (SO2 value) of saturation of oxygen in blood in 
living tissue, which is a ratio of an oxyhemoglobin (HbO2) 
concentration to a total hemoglobin concentration, cannot be 
measured. Therefore, the S02 value as the index of oxygen 
metabolism in the living tissue cannot be known. Therefore, 
an attempt has been made using the following method and 
apparatus to measure this SO2 value. 

First, a measuring apparatus (tradename: Cerebral Oxime 
ter (invos 3100)) available from Somanetics is used as an 
apparatus for measuring an SO2 value in blood in living 
tissue. This apparatus measures the concentration of an 
absorptive constituent (hemoglobin) in the scattering 
medium (living tissue) using the principle shown in FIG. 2. 
More speci?cally, continuous (CW) light having different 
wavelengths in the near-infrared range is incident on living 
tissue 1, and attenuation amounts of the incident light are 
detected at detection positions spaced apart from the light 
incident position by distances r1 and r2. The Hb and HbO2 
concentrations are obtained in accordance with the correla 
tions between the attenuation amounts of incident light 
components having different wavelengths and the distances 
r1 and r2 between the light incident position and the detec 
tion positions, because the absorption pro?les of incident 
light components in the living tissue is different as described 
above, thereby measuring the S02 value in blood. 

Second, a spectroscopic technique for an absorptive con 
stituent in a scattering medium using a time-resolved spec~ 
troscopy is available, as disclosed in US. Pat. No. 5,119,815 
by B. Chance et al. This reference describes that the spec 
troscopic technique is applied to an SO2 value measurement 
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2 
in blood of a living tissue. More speci?cally, an optical pulse 
is incident on the living tissue, and an optical pulse pro?le 
spreading as a function of time due to light scattering is 
time-resolved measured to obtain a pro?le representing a 
change in light intensity as a function of a change in time. 
Light absorption in the living tissue is measured such that 
the light intensity of the resultant pro?le is logarithmically 
calculated, and a gradient of the change in light intensity as 
a function of time is obtained. When time-resolved mea 
surement is performed upon incidence of two optical pulses 
having different wavelengths on the living tissue, the light 
absorption for each optical pulse of each wavelength is 
measured, thereby the S02 value in the blood can be 
calculated, because the light absorption pro?les of Hb and 
HbO2 are different from each other. 

Third, a spectroscopic technique for an absorptive con 
stituent in a scattering medium, using phase modulation 
spectroscopy, is available, as disclosed in US. Pat. No. 
4,972,331 by B. Chance et al. This reference describes that 
this spectroscopic technique can be applied to an 80., value 
measurement in blood. More speci?cally, modulated light is 
incident on the living tissue, and light absorption of the 
incident light is detected on the basis of a change in phase 
caused by propagation of the modulated light through the 
living tissue. When modulated light components having 
di?Eerent wavelengths are incident on the living tissue, the 
concentration ratios of HbO2 and Hb are detected to calcu 
late the $02 value in the blood because the change in phase 
varies depending on the type of absorptive constituent in the 
living tissue and the wavelength of the incident modulated 
light. 

SUMMARY OF THE INVENTION 

The following problems are posed by the conventional 
measurements for concentrations of absorptive constituents 
in the scattering media. 
The measuring apparatus available from Somanetics, as 

the ?rst prior art, must have a plurality of photodetecting 
devices, thus resulting in a complicated device setup 
because the attenuation amounts of the incident light must 
be detected at a plurality of detection positions. In addition, 
conditions under which the respective photodetecting 
devices are brought into contact with a skin must be equal 
to each other. When a patient moves in contact with the 
photodetecting devices even under the equal conditions, 
photodetecting conditions of the respective devices may 
become nonuniform at the respective positions. That is, 
inde?nite factors are included in optical measurements in 
this measuring device. It is, therefore, di?icult to accurately 
measure an SO2 value in blood. 

In use of the time-resolved measurement as the second 
prior art, the total light intensity vs. time pro?le must be 
measured because the optical absorption of the incident light 
is detected in accordance with the gradient of the light 
intensity vs. time pro?le. For this reason, the calculation 
process for obtaining the S02 value from the measurement 
data becomes complicated, and a circuit arrangement 
required for this calculation process becomes bulky. In this 
measurement method, the number of wavelengths of the 
optical pulses incident on the living tissue is two, and the 
incident pulse light having each wavelength is time-resolved 
measured to calculate the S02 value in the blood. Such a 
two-wavelength measurement can be performed only when 
background absorption except for hemoglobin in the blood 
can be neglected. H2O, proteins, and the like present in the 
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living tissue except for the hemoglobin cannot be generally 
neglected with respect to incident light in the near-infrared 
range. Therefore, the concentration measurement of the 
absorptive constituents in the scattering medium, proposed 
by B. Chance et al., can be applied to only a limited number 
of scattering media so as to measure SO2 values. 

In the technique for measuring an SO2 value using the 
frequency-resolved measurement method as the third prior 
art, it is expected that an optimal modulation frequency of 
the incident light may vary depending on scattering condi 
tion, boundary conditions, and the like in the living tissue. 
For this reason, the modulation frequency must be set again 
for each living tissue on which an optical pulse is incident. 
The optical measurement process cannot be simply per 
formed. In addition, when the modulation frequency cannot 
be optimally set for the living tissue, an accurate SO2 value 
cannot be measured. Even in this prior art using the modu 
lated light, a two-wavelength infrared measurement is 
required. The background absorption cannot be neglected, as 
described above, and this technique can be applied to only 
a limited number of scattering media so as to measure the 
concentrations of absorptive constituents. 
The present invention has been made to solve the con 

ventional problems described above and includes the steps 
of causing light having a predetermined wavelength to be 
incident from a predetermined position of a scattering 
medium containing n (n52) types of absorptive constitu 
ents, detecting the light, scattering in the scattering medium 
at a predetermined position spaced apart from the light 
incident position by a predetermined distance, calculating an 
average optical pathlength of the light having the predeter 
mined wavelength in the scattering medium on the basis of 
the detected light, obtaining respective average optical path 
lengths of light components having n+1 types of wave 
lengths while a wavelength of light incident on the scattering 
medium is changed, obtaining respective average optical 
pathlength di?erences between respective pairs of light 
components having different wavelengths from the average 
optical path lengths, and obtaining a concentration ratio of 
the respective absorptive constituents in the scattering 
medium in accordance with a relationship representing that 
the average optical pathlength difference is inversely pro 
portional to a difference in absorbance of the absorptive 
component between the light components having two wave 
lengths. 
The present invention also includes a light source for 

generating pulsed light having a predetermined wavelength 
every predetermined time interval, light guide means for 
causing each pulse of light from the light source to be 
incident on a scattering medium containing n (n52) types of 
absorptive constituents from a predetermined position and 
extracting each pulse of light scattering within the scattering 
medium from a predetermined position spaced apart from 
the light incident position by a predetermined distance, 
photodetecting means for time-resolved measuring each 
pulse of light extracted by the light guide means, wavelength 
control means for controlling a wavelength of the pulses 
emitted from the light source, optical pathlength calculating 
means for calculating an average optical pathlength of light 
components having n+1 wavelengths in the scattering 
medium in accordance with time-resolved measurement 
results of pulse light components having n+1 wavelengths 
obtained by causing the wavelength control means to control 
the wavelength of the pulse light emitted from the light 
source, and concentration calculating means for obtaining an 
average optical pathlength di?erence between light compo 
nents having two wavelengths from the average pathlengths 
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4 
calculated by the optical pathlength calculating means and 
obtaining a ratio of the absorptive constituent concentrations 
in the scattering medium in accordance with a relationship 
representing that the average optical pathlength difference is 
inversely proportional to a difference in absorbance of the 
absorptive component between the light components having 
two wavelengths. 

According to the present invention, incident light scatter 
ing in a scattering medium can be detected at one location 
of the scattering medium. Therefore, detection of each 
incident light passing through the scattering medium can 
always be performed under the same conditions, and inde? 
nite factors in the optical measurement process can be 
excluded. For this reason, the concentration measurement in 
the scattering medium can be accurately performed. 

Even if background factors except for absorptive con 
stituents serving as measurement targets are present in the 
scattering medium, the measurement is free from the in?u 
ences of light absorption caused by these background fac 
tors. Therefore, the concentration measurement in a wide 
range of objects can be performed regardless of the types of 
scattering media. 

Light incident on the scattering medium can be set 
independently of light scattering and the like in the scatter 
ing medium. For this reason, the conditions of the apparatus 
need not to be changed in accordance with the types of 
scattering media, and hence the conditions of the incident 
light need not to be set again. The concentration measure 
ment of the absorptive constituent in the scattering medium 
can be easily and accurately performed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph showing the light absorption pro?les of 
deoxygenated hemoglobin Hb and oxyhemoglobin HbO2. 

FIG. 2 is a sectional view showing a living tissue for 
explaining the conventional principle of measuring the con 
centration of an absorptive constituent in a scattering 
medium. 

FIG. 3 shows that pulse light scatters in a living tissue 
spreading as a function of time and is detected. 

FIG. 4 shows a graph for explaining the principle of 
measurement of the present invention, representing a pro?le 
X of pulse light incident on a scattering medium and pro?les 
A and B of pulse light components detected upon scattering 
and absorption of this pulse light in the scattering medium. 

FIG. 5 is a graph showing sampling timings t,, of a 
detected light pro?le Y when an average optical pathlength 
is expressed in the form of a sequence. 

FIG. 6 is a graph showing a detected light pro?le Y 
obtained when a large number of photons are detected in 
single-photon measurements. 

FIG. 7 is a block diagram showing the schematic arrange 
ment of a light intensity sampling apparatus according to the 
?rst embodiment of the present invention. 

FIGS. 8(a)—8(e) are timing charts showing signals in the 
respective components of the light intensity sampling appa 
ratus according to the ?rst embodiment. 

FIG. 9 is a block diagram showing the schematic arrange 
ment of a light intensity sampling apparatus according to the 
second embodiment of the present invention. 

FIGS. l0(a)§10(e) are timing charts showing signals in 
the respective components of the light intensity sampling 
apparatus according to the second embodiment. 
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FIG. 11 is a block diagram showing the schematic 
arrangement of a light intensity sampling apparatus accord 
ing to the third embodiment of the present invention. 

FIG. 12 is a view showing a rat serving as a sample used 
in the third embodiment. 

FIG. 13 is a graph showing the pro?les of incident pulse 
light and detected pulse light in the third embodiment. 

FIG. 14 is a graph showing changes in average optical 
pathlength with changes in wavelength of incident pulse 
light when an FiO2 concentration in an inhalation gas 
supplied to the rat is used as a parameter. 

‘ DETAILED DESCRIPTION OF PREFERRED 

EMBODIMENTS 

A method and apparatus for measuring the concentration 
of an absorptive constituent in a scattering medium accord 
ing to the present invention will be described when they are 
applied to a measurement of Hb and HbO2 concentrations in 
a blood of a living tissue. In principle, this concentration 
measurement comprises [1] a process for correlating an 
average optical pathlength in the scattering medium with 
light absorption information, [2] a process for measuring an 
average optical pathlength, [3] a process for acquiring light 
absorption information from an average optical pathlength 
difference between optical pulses having two different wave 
lengths, and [4] a process for deriving a ratio of absorptive 
constituent concentrations in the scattering medium from 
this light absorption information. These processes will be 
described in detail below. 

[1] Process for Correlating Average Optical Pathlength 
with Light Absorption Information 

As shown in FIG. 3, when an optical pulse is incident on 
a living tissue 11, the light pulse scatters as a function of 
time and is detected. The intensity of the optical pulse 
detected as described above has a pro?le shown in a graph 
in FIG. 4. Time [ms] is plotted along the abscissa in FIG. 4, 
and the detection light intensity [a.u.] is plotted along the 
ordinate therein. As shown in this graph, the average optical 
pathlength of the optical pulse between the optical pulse 
incident position and a detection position changes in accor 
dance with an in?uence of light absorption in the living 
tissue. More speci?cally, when pulse light having a pro?le X 
indicated by a dotted line in FIG. 4 is incident on the living 
tissue, a detection pro?le is detected as a pro?le A when light 
absorption in the living tissue is high; when light absorption 
is low, the detection pro?le becomes a pro?le B. That is, a 
mean ?ight time <t> during which the optical pulse passes 
through the living tissue changes in accordance with a light 
absorption state in the living tissue. This mean ?ight time 
<t> corresponds to a time interval from an incident timing at 
zero time when the pulse light is incident to a barycentral 
position 8a or b of the pro?le A or B. As shown in this graph, 
when the light absorption is high, the mean ?ight time <t> 
becomes short; when the light absorption is low, the mean 
?ight time <t> becomes long. The present inventors disclose 
in other patent applications (Japanese Patent Application 
No. 2-322105 and Japanese Patent Laid-Open No. 
4-191642) that a detection intensity f(t, eVC) actually mea 
sured for an incident optical pulse having such spreading as 
a function of time is represented as a product of a light 
intensity f0(t) in the absence of absorptive constituents in the 
scattering medium and a light intensity 10*vc' in the 
presence of absorptive constituents as follows: 
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where 

t is the time from the optical pulse incident timing 
6 is the absorption coefficient of an absorptive constituent 

in the scattering medium, which varies depending on wave 
lengths of incident light components 
V is the molar concentration of the absorptive constituent 
C is the speed of light in the scattering medium 
Equation (1) is deemed to represent a photon distribution 

as a function of time until the photon reaches from the light 
incident position to the detection position. That is, this 
pro?le is a so-called scattering time pro?le. The parameters 
6, V, and C increase with respect to the scattering time pro?le 
fo(t) in the absence of light absorption. To simplify the 
calculation, the exponential base of 10 is replaced with e, 
and the exponential part —eVCt is replaced with —_at to 
rewrite equation (1) into equation (2) as follows: 

In this case, the absorption coe?icient for the exponential 
base of e is de?ned as e‘, and eVC=0.434e'VC=a is estab 
lished. 
An average optical pathlength C<t(a)> required to cause 

the photon to reach the detection position from the light 
incident position is de?ned as equation (3) below: 

(3) 

The numerator and denominator of equation (3) are 
Taylor-expanded to approximate terms up to terms of the 
?rst degree around a0, and the resultant equation is divided 
by an integral term represented by following expression: 

Equation (5) can be obtained by the following equation 
transform. In this case, a Laplasian transform relation is used 
to derive equation (5), provided that a:aO+Aa is established: 

<t(a)> = 

[2] Process for Measuring Average Optical Pathlength 
The average optical pathlength is de?ned by equation (3), 

but can be rewritten as equation (6) in the form of a 
sequence. 
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wherein times t" (=t1, t2, t3, . . . ) can be plotted at a 
predetermined interval, as indicated in the graph of FIG. 5. 
Time t is plotted along the abscissa of this graph, and a light 
intensity f(t) is plotted along the ordinate thereof. This graph 
represents that an optical pulse having a pro?le X indicated 
by a dotted line is incident on a living tissue to obtain a 
detection pro?le Y. 
The average optical pathlength C<t> is obtained from 

equation (6) as follows. That is, timings at which optical 
pulses are incident on the living tissue are given with delay 
times t" with reference to the incidence of the light having 
the pro?le X, and light intensities f(t,,, eCV) are measured at 
the respective timings. The products of the light intensities 
f(tn,eCV) and delay times t", which are represented as the 
numerator of equation (6) , are accumulated. The light 
intensities f(tn,eCV ) represented by the denominator of 
equation (6) are accumulated. The sum of the numerator is 
divided by the sum of the denominator to obtain a quotient, 
thereby calculating the average optical path length C<t>. 
The average optical pathlength can also be obtained in a 

single-photon measurement by equation (7) as follows: 

62%. ‘7) 
N 

where N is the number of measured photons. 
A detection pro?le shown in FIG. 6 is obtained according 

to this single-photon measurement. As in the graph of FIG. 
5, time t is plotted along the abscissa, and the light intensity 
f(t) is plotted along the ordinate in FIG. 6. When an optical 
pulse having a pro?le X is incident on a living tissue, and a 
plurality of photons having different delay times from the 
optical pulse incident timing are respectively measured, a 
detection pro?le Y is obtained. The delay times from the 
incident timings of individual photons to their detection 
timings are accumulated, and the sum is divided by the total 
number N of photons, thereby calculating the average opti 
cal pathlength. 

[3] PROCESS FOR ACQUIRING LIGHT ABSORP 
TION INFORMATION FROM AVERAGE OPTICAL 
PATHLENGTH DIFFERENCE 

Light absorption information in the scattering medium is 
obtained from the resultant average optical pathlength as 
follows. That is, equation (5) is transformed into equation 
(8) below: 

In this case, when an approximation is performed such 
that <t(a)><t(a(,)>=<t(aO)>2, equation (8) can be rewritten as 
equation (9) as follows: 

for P(aO)=<t(ao)>2—<t2(aO)>, wherein this P(a0) is nega 
tive. 
When optical pulses having two different wavelengths M 

and 7L2 and equal scattering coe?icients in the scattering 
medium, i.e., equal values f0(t), are incident on the living 
tissue, equation (10) can be derived from equation (9). In 
this case, the variable a at the wavelength M, the constant 
aO at the wavelength M, the variable a at the wavelength k2, 
and the constant aO at the wavelength K2 are de?ned as am, 
a011, an, and am respectively. 
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In equations (10), a0M and a0” depend on scattering. If 
a0M=am2:a0, then Aam=am—a0 and Aak2=a0, thereby 
obtaining equation (11) as follows: 

(11) 

Since eVC=2_1 is established, aMIEMCV and am=euCV 
where em is the absorption coe?icient at the wavelength M, 
and e’),2 is the absorption coe?icient at the wavelength K2. 
When the exponential base is returned from Q to 10, equation 
(11) can be rewritten as equation (12), provided that P(ao) 
with the exponential base of 10 is represented as P'(ao): 

This equation (12) represents that the difference between 
the average optical pathlengths or the mean ?ight times of 
the optical pulses having two different wavelengths is 
inversely proportional to the absorbance in the scattering 
medium. Therefore, the light absorption information in the 
scattering medium can be obtained by calculating the aver 
age optical pathlength difference or the mean ?ight time 
difference. 

[4] PROCESS FOR DERIVING RATIO OF ABSORP 
TIVE CONSTITUENT CONCENTRATIONS IN 
SCATTERING MEDIUM 

A concentration ratio of the absorptive constituents in the 
scattering medium, i.e., the S02 value in the blood of the 
living tissue, is obtained from the average optical pathlength 
difference calculated as described above. For this purpose, a 
concentration ratio of oxyhemoglobin (HbO2) to deoxygen 
ated hemoglobin (Hb) must be obtained. Two average opti 
cal pathlength differences represented by equation (12) must 
be calculated, and measurements of the average optical 
pathlengths at least three wavelengths (M, k2, and 76) must 
be performed. The absorption coefficients of I-IbO2 and Hb 
at the respective wavelengths are summarized in Table 1 
below. 

TABLE 1 

Wavelength HbO2 Hb 

M Er-raozm 5mm 
M EHbOZJQ Enau 
l3 Enbozu Emma 

Assume that the HbO2 and Hb concentrations in the living 
tissue, and the mean ?ight times during which the optical 
pulses at the wavelengths 7d, A12, and 13 pass through the 
living tissue, are de?ned as V Hboz, V Hb, <t>m, <t>u, and 
<t>x3, respectively. Light absorption is also present due to 
background factors except for hemoglobin in the living 
tissue. Assume light absorption values caused by these 
background factors at the wavelengths M, 12, and M are 
de?ned as OLM, oz”, and on“, respectively. At this time, light 
absorption am, am, and am upon incidence of the pulse light 
components having the wavelengths M, X2, and 76 are 
de?ned by equations (13) below: 

“A1 = (EHbDZJJ ' VHbOZ + Brian ' VH1: + (110C (13) 

"A3 = (811110213 ' VHblIZ + 8mm: ' VHb + 0119C 

Equation (12) can be rewritten as equation (14) below. In 
this case, assume the background absorption values in the 
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living tissue at the wavelengths M, 2.2, and 76 are equal to 
each other (otM=ot,,2=0t,,3). 

($1111.13 — gHbJnWHblC 

In this case, if <t>;(2<t>;u'=A<t>>~29hl and <t>k3—t>M= 
A<t>nw equations (15) can be derived as follows: 

(8111:0122 — EHbo2,M)VHb02 +(ErrbJt2 _ El-lb,2.1)VHb : (15) 

Equations (15) are solved as simultaneous equations using 
V Hboz and VH1, as unknown values to obtain the following 
equations (16): 

—(gm1,iz- gnb.>.1)( guboms — gHb02,M)i'C 

The ratio of the oxyhemoglobin concentration VHbm to 
the deoxyhemoglobin VH1, can be obtained from equations 
(16) as follows: 

(18) 

The degree (SO2 value) of saturation of oxygen is calcu 
latcd as follows: 

A ratio of VHbO2 to VHb is obtained from equation (18), 
and a substitution of this concentration ratio in equation (19) 
can yield the degree of saturation of oxygen. 
The preferred embodiments of the present invention using 

the above principle of measurement will be described below. 
FIG. 7 is a block diagram showing the schematic arrange 

ment of a light intensity sampling apparatus according to the 
?rst embodiment of the present invention. This light inten 
sity sampling apparatus measures hemoglobin concentra 
tions in the living tissue. This apparatus will be described 
with reference to the timing chart in FIG. 8. 
An optical pulse source 21 emits an optical pulse having 

a predetermined wavelength M at a predetermined time 
interval (see FIG. 8(a)). The emitted optical pulse is incident 
on a living tissue 23 through an optical ?ber 22 or directly. 
The optical pulse spreading as a function of time due to light 
scattering in the living tissue 23 is input to an optical 
sampling unit 25 directly or through an optical ?ber 24. The 
optical pulse source 21 outputs a trigger signal to a delay 
unit 26 at an optical pulse emission timing. The delay unit 
26 delays the input trigger signal by a predetermined period 
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of time and outputs the delayed trigger signal to the optical 
sampling unit 25. This delay time is appropriately changed 
in each optical pulse. That is, the delay time changes in an 
order of t1, t2, t3, t4, . . . with reference to the optical pulse 
emission timings (see FIG. 8(b). 
The optical sampling unit 25 receives each delayed trigger 

signal from the delay unit 26. At the respective sampling 
timings when the corresponding delayed trigger signals are 
input, the optical sampling unit 25 detects intensities f1, f2, 
f3, f4, . . . of the optical pulses emitted from the optical pulse 
source 21 and passing through the living tissue 23 (see FIG. 
8(0)). The delay unit 26 outputs the delay time of each 
delayed trigger signal to a ?rst accumulator 27. The ?rst 
accumulator 27 calculates a product t~f of the detected light 
intensity f supplied from the optical sampling unit 25 and the 
delay time t supplied from the delay unit 26 at each sampling 
timing. Such products t-f are accumulated (t1-f1+t2-f2+t3-f3+ 
t4—f4, . . . ), and the sum is output to an average optical 
pathlength calculating unit 29 (see FIG. 8(d)). A second 
accumulator 28 receives the intensities f of the optical 
pulses, detected through the living tissue 23, from the optical 
sampling unit 25. The received intensities f are accumulated 
at the respective sampling timings (f1+f2+f3+f4, . . . ), and the 
sum is output to the average optical pathlength calculating 
unit 29. (see FIG. 8(2)). 
The average optical pathlength calculating unit 29 calcu 

lates an average optical pathlength based on equation (6) 
using the sum of the products t~f input from the ?rst 
accumulator 27 and the sum of the light intensities f input 
from the second accumulator 28. This average optical path 
length is obtained from an optical pulse spreaded and 
detected as a function of time upon incidence of the optical 
pulse having the predetermined wavelength M on the living 
tissue 23. The average optical pathlength calculating unit 29 
outputs a control signal to the optical pulse source 21 to 
change the wavelength of an optical pulse emitted from the 
optical pulse source 21. By this wavelength control, the 
above calculation processes are also performed for the 
wavelengths K2 and 13 of the optical pulses, and the average 
optical pathlength calculating unit 29 also calculates average 
optical pathlengths for these wavelengths K2 and 23. 
An SO2 value calculating unit 30 receives the average 

optical pathlength calculation results for the wavelengths 
M, 22, and 23 and calculates a ratio of the oxyhemoglobin 
concentration V Hboz to the deoxyhemoglobin concentration 
VH1, in the blood of the living tissue on the basis of equation 
(18). The resultant concentration ratio is substituted into 
equation (19) to calculate an SO2 value in the blood. This 
SO2 value is displayed on a display unit 31. 

According to this embodiment, the pulse light emitted 
from the optical pulse source 21 and scattering in the living 
tissue 23 is detected at one location of the living tissue 23. 
Unlike the conventional measuring apparatus available from 
Somanetics, incident pulse light need not to be detected at 
the plurality of positions of the scattering medium. For this 
reason, once the pulse light incident position and the inci 
dent pulse light detection position are set, the respective 
pulse light components can always be detected under the 
same conditions. The measurement is free from in?uences of 
a contact state of a photodetecting unit with a skin and a 
motion of the living tissue. Therefore, the concentration 
measurements can always be accurately performed. 
Even if background factors such as H20 and proteins 

except for hemoglobin are present, the measurement is free 
from the in?uences of light absorption caused by these 
factors. A ratio of HbO2 to Hb in the living tissue can be 
obtained without receiving these in?uences. For this reason, 



5,582,169 
11 

according to this embodiment, the concentrations of absorp 
tive constituents in a wide range can be measured without 
in?uencing the types of scattering means. 

Pulse light incident on the living tissue 23 can be set 
independently of light scattering in the scattering medium. 
Unlike the prior art disclosed in 1.7.5. Pat. No. 4,972,331, the 
apparatus need not to be reset depending on the types of 
scattering media as measurement targets or the incident 
pulse light conditions need not to be changed. For this 
reason, the concentration measurement of the absorptive 
constituent in the living tissue can be facilitated, and a 
problem posed by inappropriate setup of the apparatus to 
lead to an inaccurate concentration measure can be pre 
vented. . 

A concentration measurement of absorptive constituents 
in a scattering medium according to the second embodiment 
of the present invention will be described below. FIG. 9 is 
a block diagram showing the schematic arrangement of a 
light intensity sampling unit according to the second 
embodiment, and this unit will be described with reference 
to FIG. 10. 
An optical pulse source 41 emits an optical pulse having 

a predetermined wavelength X1 at a predetermined time 
interval (see FIG. 10(a)). The emitted light pulse is incident 
on a living tissue 43 through an optical ?ber 42 or directly. 
The light pulse propagating through the living tissue 43 is 
input to a photomultiplier tube (PMT) 45 through an optical 
?ber 44 or directly. When the optical pulse emitted from the 
optical pulse source 41 is input to this PMT 45, no more than 
one photon must be detected per optical pulse single photon 
event. This one photon is converted into an electrical pulse 
signal _by the PMT 45. 

This electrical pulse signal is input to a constant fraction 
discriminator (CFD) 46 and the timing signal is picked off. 
The photons detected by the PMT 45 have different delay 
times from the optical pulse emission timings for the respec 
tive optical pulses. The CFD 46 outputs pulse signal (see 
FIG. 10(b)) delayed from the optical pulse emission timing 
by times T1, T2, T3, T4, . . . Note that a waveform indicated 
by a dotted line in FIG. 10(1)) represents the pro?le of 
detection optical pulses obtained upon detection of a large 
number of photons. This pro?le represents spreading of the 
input optical pulse as a function of time. 
The output pulse from the CFD 46 is supplied to a time 

to amplitude converter (TAC) 47. A timing signal is supplied 
to the TAC 47 when the optical pulse is emitted from the 
optical pulse source 41. The TAC 47 converts time diifer 
ences between the timings of optical pulses incident on the 
living tissue 43 and the detection timings of the optical 
pulses in the PMT 45 on the basis of the pulse signals from 
the CFD 46 and the timing signals from the optical pulse 
source 41. That is, the TAC 47 outputs a pulse signal having 
an amplitude corresponding to each time di?ference (see 
FIG. 10(0)). 
A sample & hold (S & H) circuit 48 receives an output 

pulse from the TAC 47 to detect and hold the peak value of 
this signal. An analog-to-digital converter (ADC) 49 con 
verts this peak value into a digital signal. This value corre 
sponds to each of the amplitudes T1 to T4 (see FIG. 10(0)) 
of the electrical pulse signals. An accumulator 50 accumu 
lates these digital values (T1+T2+T3+T4, . . . ) to obtain the 
sum of the amplitude values of the respective electrical pulse 
signals (see FIG. 10(d)). The accumulator 50 counts the 
number of electrical pulse signals output from the TAC 47 
in addition to the above accumulation (see FIG. 10(e). These 
accumulation values are output to an average optical path 
length calculating unit 51. 
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The average optical pathlength calculating unit 51 divides 

the sum of the amplitudes of the respective electrical pulse 
signals, i.e., the sum total of the photon detection delay 
times, by the total photon count to obtain a quotient, and 
outputs this quotient as an average optical pathlength to an 
SO2 calculating unit 52. The average optical pathlength 
calculating unit 51 outputs a control signal to the optical 
pulse source 41 to change the wavelength of each optical 
pulse emitted from the optical pulse source 41. The above 
calculation processes are also performed for the wavelengths 
12 and 13 of the optical pulses, and the average optical 
pathlength calculating unit 51 also calculates the average 
optical pathlengths for the wavelengths 12 and 13. The SO2 
calculating unit 52 receives the average optical pathlength 
calculation results of the wavelengths M, 12, and 713 and 
calculates a ratio of an oxyhemoglobin concentration V Hboz 
to a deoxyhemoglobin concentration V Hb in the blood of the 
living tissue, on the basis of equation (18). The resultant 
concentration ratio is substituted into equation (19) to obtain 
an SO2 value. The SO2 value is output to a display unit 53. 
The display unit 53 displays the input SO2 value. 
The same e?cect as in the ?rst embodiment can be obtained 

in the second embodiment. The degree of saturation of 
oxygen in the blood of the living tissue can be easily and 
accurately measured with a simple apparatus arrangement. 
The third embodiment will be described below in which 

a concentration measurement of absorptive constituents in a 
scattering medium is applied to a rat. FIG. 11 is a schematic 
block diagram of a concentration measuring apparatus 
according to the third embodiment. 
A mode-locked Ti:Sapphire laser 61 is a pico-second 

optical pulse source and is excited by an output from an Ar+ 
laser 62. In this embodiment, laser pulse light (pulse width: 
2 p3 or less) having a repetition frequency of 76 MHZ within 
the wavelength range of 730 to 860 nm is output from the 
mode-locked Ti:Sapphire laser 61. This pulse light is inci 
dent on a sample 64 through an optical ?ber 63. The pulse 
light diffusively re?ected by or passing through the sample 
64 is input to a streak camera 66 through an optical ?ber 65. 
At the same time, the pulse light output from the Ti:Sapphire 
laser 61 is input to the streak camera 66 through the optical 
?ber 67 without going through the sample 64. In this 
embodiment, the pulse light incident on the sample 64 is 
time—resolved measured by the streak camera 66. 
The sample 64 is a Wistar rat shown in FIG. 12. The pulse 

light incident optical ?ber 63 is inserted into the oral cavity 
of the rat 64. The pulse light detection optical ?ber 65 is 
located at the parietal portion of the rat 64. This rat 64 is 
anesthetized with nembutal, and a tracheal cannula is 
inserted into a trachea. An arti?cial respirator 71 is con 
nected to the tracheal cannula. A gas mixture of O2 and N2 
mixed by a gas mixture 72 and dampened by a humidi?er 73 
is supplied to this arti?cial respirator 71. In arti?cial respi 
ration, the oxygen concentration (FiO2) in the inhalation gas 
to the rat 64 is adjusted, so that the amount of oxygen 
supplied to the rat 64 is controlled. 

In this apparatus arrangement, pulse light incident from 
the Ti:Sapphire laser 61 on the rat 64 and pulse light detected 
by the streak camera 66 have pro?les as shown in the graph 
of FIG. 13. Time [ns] is plotted along the abscissa of this 
graph, and the detection light intensity [a.u.] is plotted along 
the ordinate thereof. A pro?le X is a pro?le of pulse light 
incident into the oral cavity of the rat 64, and a pro?le Y is 
a pro?le of detection light spreading in the head. A mean 
?ight time <t> between the timing of incidence of the pulse 
light on the rat 64 and the detection timing corresponds to a 
time <t> between zero time and the barycentral position of 
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the pro?le Y. An average optical pathlength C<t> obtained 
by multiplying a mean ?ight time <t> with a speed of light 
C is obtained on the basis of equation (6) described above. 
This average optical pathlength measurement was per 
formed while the wavelength of the pulse light incident on 
the rat 64 was changed within the range of 740 to 820 nm. 
The oxygen concentration FiO2 in the inhalation gas sup 
plied to the rat 64 was changed in orders of 100%, 20%, and 
15%. 
FIG. 14 is a graph showing the measurement results. The 

wavelength [nm] of the incident pulse light is plotted along 
the abscissa, and the average optical pathlength [cm] is 
plotted along the ordinate. This average optical pathlength is 
calculated on the basis of equation (6) using the value of the 
speed of light C and has a value of 0.022 cm/ps. In the graph, 
a mark 0 represents a measurement result when the FiO2 
concentration is 100%; A, 20%; and E], 15%. As shown in 
this graph, in the short wavelength range, the lower the FiO2 
concentration becomes, and the smaller the amount of 
oxygen supplied to the rat 64 becomes, the shorter the 
average optical pathlength becomes. A short average optical 
pathlength indicates a high light absorption in the head 
portion of the rat 64. This coincides with the Hb and HbO2 
light absorption pro?les shown in the graph of FIG. 1. That 
is, in the graph of FIG. 14, the incident pulse light is greatly 
absorbed by the deoxygenated hemoglobin Hb in the short 
wavelength range, thus exhibiting the Hb spectra as shown 
in FIG. 1. 
A substitution of the measurement result of this average 

optical pathlength into equation (18) yields the ratio of 
l-IbO2 concentration to the Hb concentration. The resultant 
concentration ratio is substituted into equation (19) to cal 
culate the degree (S02) of saturation of oxygen in the blood 
in the head portion of the rat. Table 2 shows the S02 value 
obtained from each measurement result represented by each 
black plot in the graph shown in FIG. 14. These plots 
represent the measurement results with respect to the inci 
dent pulse light components having the wavelengths of 740, 
755, and 800 nm. 

TABLE 2 

Average Optical PathLength 
FiO2 C<t> [nm] 30; 

Plot [%] 740 755 800 value 

0 100 9.1 8.7 8.8 75 
A 20 8.6 8.1 8.7 54 
El 15 8.5 8.0 9.1 39 

As can be understood from the above table, the calculated 
SO2 value re?ects the inhalation oxygen concentration 
(FiOZ). When the concentration FiO2 decreases, the S02 
value also decreases. 
The same eifect as in each previous embodiment can be 

obtained in the third embodiment. The degree of saturation 
of oxygen in the blood of the living tissue can be easily and 
accurately measured with a simple apparatus arrangement. 
What is claimed is: 
1. A method of measuring a concentration of an absorptive 

constituent in a scattering medium, comprising the steps of: 
(a) causing light having a wavelength to be incident on a 

scattering medium at a ?rst position, said scattering 
medium containing two types of absorptive constitu 
ents, A and B; 

(b) detecting light scattered by said scattering medium at 
a second position; 

(c) calculating at least one of an average optical path 
length and a mean ?ight time of the light in the 
scattering medium; 
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(d) changing the wavelength of the light and repeating 

step (a), step (b) and step (c) n+1 times; 
(e) obtaining a difference between values calculated in 

step (c), wherein said di?erence is at least one of an 
average optical pathlength difference and a mean ?ight 
time difference of light of diiferent wavelengths in the 
scattering medium; 

(f) obtaining a concentration ratio of respective absorptive 
constituents in said scattering medium in accordance 
with a relationship representing that one of the average 
optical pathlength di?°erence and the mean ?ight time 
difference is inversely proportional to a difference in 
absorbance of the absorptive constituents for light of 
different wavelengths; 

wherein the light incident on said scattering medium has 
three di?°erent wavelengths 7d, X2, and 23; and 

wherein a ratio VA : VB of a concentration VA to a 
concentration VB of said absorptive constituents A and 
B in said scattering medium is determined according to 
the following equation: 

where A<t>um is the mean ?ight time difference 
between the light incident on said scattering medium 
having wavelengths K2 and M; 

A<t>kw~1 is a mean ?ight time di?erence between the 
incident light having wavelengths A3 and M; 

6AM and elm are extinction coefficients of said absorptive 
constituents A and B with respect to the incident light 
having the wavelength 1.1; ' 

6M2 and eBm are extinction coe?icients of said absorptive 
constituents A and B with respect to the incident light 
having the wavelength k2; and 

e M3 and elm are extinction coe?icients of said absorptive 
constituents A and B with respect to the incident light 
having the wavelength 2.3. 

2. The method according to claim 1, wherein said step of 
calculating at least one of an average optical pathlength, 
comprises the steps of: 

causing pulsed light to be incident on said scattering 
medium, detecting each photon reaching the second 
position with different delay times upon incidence of 
each light pulse; 

dividing a sum of the delay times of the photons detected 
by a number of photons detected to obtain a quotient; 
and 

multiplying the quotient by the speed of light in the 
scattering medium. 

3. The method of according to claim 1, wherein said 
scattering medium is a living tissue, said absorptive con 
stituents are deoxygenated hemoglobin Hb and oxyhemo 
globin HbO2 in blood in the living tissue, the light incident 
on said scattering medium has a wavelength range of from 
600 nm to 1.5 pm, and a degree of saturation of oxygen in 
the blood in the living tissue is obtained on the basis of the 
determined ratio of the absorptive constituent concentra 

60 tions. 
4. The method of measuring according to claim 1, wherein 

said step of detecting comprises the step of detecting each 
photon reaching said second position with diiferent delay 
times upon incidence of each light pulse, and said step of 

65 calculating comprises the step of: 
calculating the optical pathlength C<t> using a following 

formula: 
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where N is the number of measured photons, 

N 
c z T" 

C<t> = "T 

C is a speed of light in the scattering medium, 
T” is a delay time of the nm photon. 
5. A method of measuring a concentration of an absorptive 

constituent in a scattering medium according to claim 1, 
wherein said light incident on the scattering medium is in the 
form of light pulses, and wherein the average optical path 
length is calculated by the steps of: 

detecting a light intensity of each light pulse obtained in 
the detecting step with a predetermined delay time after 
each light pulse is incident on said scattering medium; 

calculating the optical pathlength C<t> using a following 
formula: 

C 2 info") 

where tn (=t1, t2, t3, . . . ) is a n”, delay time, f" is a light 
intensity corresponding to t,,, and C is a speed of light 
in the scattering medium. 

6. An apparatus for measuring a concentration of an 
absorptive constituent in a scattering medium, comprising: 

a light source for generating light pulses; 
wavelength control means for controlling a wavelength of 

each said light pulse; 
light guide means for causing the light from said light 

source to be incident on a scattering medium at a ?rst 
position, said scattering medium containing two types 
of absorptive constituents, A and B; 

photodetecting means for receiving, at a second position, 
light pulses scattered within said scattering medium, 
and time-resolved measuring each received light pulse; 

one of optical pathlength calculating means and ?ight 
time calculating means for calculating one of n+1 
average optical pathlengths and n+1 mean ?ight times 
of respective n+1 light pulses having n+1 wavelengths 
in accordance with time-resolved measurement results 
of said photodetecting means; 

concentration calculating means for obtaining one of an 
average optical pathlength difference and a mean ?ight 
time diiference between light pulses having two wave 
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lengths from one of the average optical pathlengths and 
the mean ?ight times calculated by one of said optical 
pathlength calculating means and said ?ight time cal 
culating means, and for obtaining a ratio of the absorp 
tive constituent concentrations in said scattering 
medium in accordance with a relationship representing 
that one of the average optical pathlength difference . 
and the mean ?ight time diiference is inversely pro 
portional to a di?ierence in absorbance of the absorptive 
constituent for light of two wavelengths; 

wherein said light source emits light pulses having three 
different wavelengths 7L1, X2, and k3; and 

wherein said concentration calculating means calculates a 
ratio V A : VB of a concentration V A to a concentration 
VB of said absorptive constituents A and B in said 
scattering medium according to the following formula: 

where A<t>mm is a mean ?ight time di?erence between 
incident light pulses having wavelengths K2 and X1; 

A<t>mM is a mean ?ight time dilference between inci 
dent light pulses having wavelengths 7t3 and M; 

elm are extinction coe?’icients of said absorptive con 
stituents A and B with respect to the incident light 
pulses having the wavelength M; 

6M2 and 6312 are extinction coe?icients of said absorptive 
constituents A and B with respect to the incident light 
pulses having the wavelength l2; and ' 

6M3 and 6813 are extinction coef?cients of said absorptive 
constituents A and B with respect to the incident light 
pulses having the wavelength )3. 

7. An apparatus according to claim 6, wherein said light 
source emits pulsed light having a wavelength between 600 
nm and 1.5 pm, said scattering medium is a living tissue, 
said absorptive constituents are deoxygenated hemoglobin 
Hb and oxyhemoglobin HbO2 in blood in the living tissue, 
and said apparatus further comprises SO2 value calculating 
means for obtaining a degree of saturation of oxygen in the 
blood of the living tissue on the basis of the ratio of said 
absorptive constituent concentrations output from said con 
centration calculating means. 
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