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Evaluation of blood oxygen saturation in vivo
from diffuse reflectance spectra

Alexander A. Stratonnikov Abstract. A simple method to evaluate the hemoglobin oxygen satu-
Victor B. Loschenov ration and relative hemoglobin concentration in a tissue from diffuse
General Physics Institute reflectance spectra in the visible wavelength range is put forward in
Iégse\r/alili(l)(s)sescttrreo;::opy Lab this paper. It was assumed that while oxygenated and deoxygenated
Moscow 117942, Russia hemoglobin contributions to light attenuation are strongly variable

functions of wavelength, all other contributions to the attenuation in-
cluding scattering are smooth wavelength functions and can be ap-
proximated by Taylor series expansion. Based on this assumption, a
simple, robust algorithm suitable for real time monitoring of the he-
moglobin oxygen saturation in the tissue has been derived. This algo-
rithm can be used with different fiber probe configurations for deliv-
ering and collecting light passed through the tissue. An experimental
technique using this algorithm has been developed for in vivo moni-
toring during artery occlusion and in vitro monitoring of blood
samples. The experimental results obtained are presented in the pa-
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1 Introduction tion absorption and reduced scattering coefficients are
coupled to each other, some assumption should be done about
behavior of the reduced scattering coefficient or this value
requires independent measurements. Using this information
and applying some model for diffuse reflection dependence
upon tissue optical properties, the absorption coefficient can
be extracted from simple steady-state diffuse reflectance
measurement$.On evaluating the total tissue absorption co-
efficient at several wavelengths, the concentrations of indi-
. . vidual absorbers may be obtained as it is done in the usual
central problem with the evaluation of blood oxygen satura- gnectroscopy problem of multicomponent systems. If the ab-
tion for the tlssuen vivo |slto take into account the influence sorption spectra of all the species contributing to the tissue
of the scattering, other tissue absorbers and heterogeneougpsorption are known, it is done by solving normal equations
hemoglobin distribution. with the least square method. The sophisticated chemometrics
To quantify the relative oxyhemoglobin and deoxyhemo- methods(partial least square, principle component analysis
globin concentrations as well as other tissue absorbers in theor singular value decomposititiy can be also applied if in-
tissue using optical spectroscopy, the following two steps are formation about absorbing species is not complete.
usually performed. First, the total absorption,) and re- An original self-consistent approach for evaluation of the
duced scatteringu) tissue coefficients are extracted from blood oxygen saturation and the relative hemoglobin concen-
the experimental measurements at several wavelengths. For a@ration from diffuse reflectance spectrum obtained with fiber
uniform semi-infinite medium it can be done by time resolved probe geometry without spatial resolution is described in this
methods in frequency and time dom&iit2%242%r spatially work. The method is applied in the visible wavelength range,
resolved method¥:?®?6=% The number of wavelengths where the spectral difference between oxygenated and deoxy-
whereby the total absorption coefficient is evaluated should be genated hemoglobin is rather high. The advantage of the pro-
at least equal to the number of the tissue absorbers contribut{Posed approach is its simplicity and applicability to different
ing to absorption in the spectral range under analysis. If the fiber probe geometries used to deliver and collect light passed
measurement method gives no way of obtaining absorption through the tissue. The relation between a diffuse reflectance
and reduced scattering coefficients independently, for ex- Signal and tissue optical properties in terms of photon path

ample, in steady-state measurements without spatial resolu-'engt,h distributipn function is detailed ip the next sectipn. The
existing theoretical approaches extracting the absorption coef-

There are many approaches to evaluate the blood oxygen
saturationin vivo from tissue diffuse reflectance spectrd
Hemoglobin contained in erythrocytes is the main tissue ab-
sorber in the visible and very near infrared range. As a hemo-
globin absorption spectrum is different for oxygenated and
deoxygenated form&23 (by this reason the blood in an artery
and a vein varies in colprthis fact can be used for quantifi-
cation of the blood oxygen saturation in the tisgugivo. The
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distribution with some probability functioR. The intensity of

a light signal in the receiving fiber or in the integrating sphere

is determined by absorbing and scattering properties of the
tissue as well as by measurement configuration and may be
expressed through the path length probability function by the
following relation:

l delivery fiber

integrating sphere
'>< / |/|o=f0 P(us,9,1)-exp(— ual)dl, ()

, . VN
:fh:: enetration I u whereu, is the scattering tissue coefficient, is the absorp-
LR ST tion coefficient,g is the scattering anisotropy factdrjs the

TISSUE photon path length through the tissue on the trajectory be-

. ) o tween the delivering and receiving fibeisee Figure 2 and
Fig. 1 Integrating sphere geometry for collecting diffuse reflected pho- the dimensionless valuB(us,g,!)dl is the probability that

tons. The sampling depth for this configuration is determined mainly

by the light penetration depth 3. the photon path length will be in the interv@l, | +dl] be-

tween the delivering and receiving fibers in the absence of

absorption(path length distribution functionThe path length
ficient are briefly reviewed and discussed therein. Taylor ex- distribution functionP depends on the scattering tissue prop-
pansion method is presented in Sec. 3. In linear approxima- erties(us andg) as well as on the geometry of the measure-
tion it results in an effective algorithm for blood oxygen ments(fiber probe spatial configurationThe dimension oP
saturation calculation. An experimental setup for diffuse re- function is the inverse dimension of the length. The integral of
flectance and diffuse transmittance measurements is describedhe distribution function over all photon path lengthermal-
in Sec. 4. Finally, the experimental results obtained on human ization of the path length distribution functipdetermines the
skin during artery occlusion and blood samples during photo- attenuation of photon flux between the delivery and receiving
chemical deoxygenation are presented and discussed infibers due to the scattering alone. It should be also noted here

Sec. 5. that integral (2) represents Laplace transform of the path
length distribution functiorP(l).
2 Diffuse Reflectance and Photon Path Length As mentioned above, the path length distribution function

is strongly dependent on the spatial configuration of the fiber

Distribution Function ) ; ) :
. ) probe as its geometry defines the trajectories of photons,
To evaluate the spectral dependencies of absorption and scaty hich passed through the tissue and reached the detector. Two

te_ring coeffici_ents it is convenie_nt to considgrthe light attenu- limiting cases of geometrical configurations for the semi-
ation A(\) defined by the following expression: infinite medium are usually discussed. The first is the integrat-
ing sphere arrangement when all light reemitted from the tis-
(1) sue is collected as shown in Figure 1. Practically it may be
realized only with the use of an integrating sphere for collect-
ing all the diffuse reflected light. However, the use of the
integrating sphere is very inconvenient fior vivo measure-
ments. A sampling depth for this configuration is determined
mainly by the light penetration depth In the second limiting
case the delivery and receiving fibéws a light emitter and a
detectoy are placed apart at the distandewhich is much
greater than the fiber diametésize of the emitter and the
detectoy as shown in Figure 2. In this case the photon trajec-
tories through the tissue form a banana shaped region with the
ends at the positions of the delivery and receiving fibers. The

A(N)= —In(l— ,
lo
wherely andl are the total photon flows coming out from the
delivery fiber and entering into the receiving fiber correspond-
ingly. In the case of integrating sphere configuration the value
| is the integrated photon flow measured by the splisee
Figures 1 and 2 Sometimes the dependendg is called the
absorption without correction for the scattering.
Due to the strong tissue scattering the photon path lengths
through the tissue contributing the measured signal have a

DELIVERING RECEIVING sampling depth for this configuration is proportionak{@d/4
FIBER d FIBER in the weak absorption limitd<6) and d&/2 in the strong

\ 4

absorption limit( d >¢§).3334Thus, in this case increasing the
fiber separation makes it possible to increase the sampling

! depth. This configuration is applied to cerebral blood oxygen
SCANNING / BANANA SHAPED turati ts in th infrared tral
DEPTH Z REGION OF saturation measurements in the near infrared spectral range.
== CONTRIBUTING Of course, there may be intermediate cases such as closely
L2 PHOTON TRAJECTORIES spaced delivery and receiving fibers which are greater in di-

Fig. 2 Probe arrangement with distantly placed fibers for the measure- ameter than the distance between the fibers. Approximate ana-

ment of tissue diffuse reflectance spectra in vivo. The sampling depth lytical SO|UFIOnS I:elatmg tissue optical propemes and diffuse
is determined by the light penetration depth & and fiber separation reflected signal intensity have been obtained only for these

distance d. limiting cases of the integrating sphere and the spatially
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placed fibers. For intermediate cases one may use a collection Measuring the reemitted signal at different distandée-

efficiency factor scaling the measured signal to these analyti-

cal expressions.
In the case of a transparent medium for a configuration

tween delivery and receiving fibers and fitting this depen-
dence by relatiorf5) (or more sophisticated one taking accu-
rately into account the influence of the boundar), it is

when delivering and receiving fibers are placed on opposite possible to get the values q@f, and nf. In Ref. 19 this

sides of a sample with thickness all the photons have the
same path length, and the path length distribution function
is reduced to Dirac delta functio(1)= 6(I —L). On substi-
tuting this function in Eq.(2) it is reduced to the Beer—
Lambert law relating signal attenuation in the nonscattering
absorbing medium with the absorption coefficignt and the
path lengthL

A=—In(fmé(l—L)'exp(—,ual)dl —ual. (3
0

technique was applied to the evaluation of the blood oxygen

saturation in the near-infrard@NIR) spectral range by fitting

the obtained wavelength dependence of tissue absorption co-
efficient with the spectra of oxygenated and deoxygenated

hemoglobin as well as background absorption.

In the following consideration we will be restricted to the
case when we measure the reemitted signal without spatial
resolution. In this case it is not possible to get the values of
absorption and scattering coefficients independently. Never-
theless, assuming the wavelength dependence of scattering
and knowing the absorption spectra of the species present in

In the presence of the scattering the relation between thethe tissue, it is possible to evaluate concentrations of the tis-
measured signal attenuation and the absorption coefficient issue absorbers. However, the use of E.for this purpose is

complicated. Accurate approaches for obtaining the absorp-

restricted only to the diffuse approximation region and the

tion and scattering tissue coefficients are based on the timespatially separated fiber probe configuratidigure 2. For
resolved measurements. The time resolved reemittance signagxample, when we use a probe arrangement with closely

represents in fact the path length distribution function with

spaced fibers the signal dependence is rather described by that

change of product speed of light in the tissue and time on path obtained for integrating sphere configuration.

lengthl multiplied by the absorption termaxp(-u,l). An ana-
lytical approximation for the path length distribution function
(with zero boundary conditionfor the fiber configuration
shown in Figure 2 has been obtained from the diffusion
theory*

d?+ 73
4Dl

P(l)-exp( — ual)=2zo(47D) 334 572
><exp(— -exp(— ugl)-ds,
4

wherezg= 1/l ,pi=pus(1—g),D=1/3u,, dis distance be-
tween the source and the detectds,is the cross-sectional
area of the receiving fiber. Fitting the experimental time re-
solved reemitted signal with functiof#) (or more sophisti-
cated one taking into account different boundary

conditiong®>3) one can get the values @f, and u..?* But

this method requires a complicated technique for its realiza-

tion and makes application in clinical conditions difficult.

For the integrating sphere configuration there are two
simple relations between the measured reflected signal and the
tissue properties. One is based on Kubelka—Munk theory for
light transport in tissué,and another has been obtained by
fitting Monte Carlo results with the analytical expression.
According to the Kubelka—Munk theory the diffuse reflec-
tance coefficienRy is described as follows:

Ry=Il/lg=exp(—A)=1— g( \/1+2§—1), (6)
whereK and S are absorption and scattering Kubelka—Munk
coefficients, respectively. The Kubelka—Munk absorption co-
efficient K can be related to the tissue absorption coefficient
Ma- In Ref. 9 this approach was used to evaluate the blood
oxygen saturation by modeling tissue absorption as a sum of
oxygenated and deoxygenated hemoglobin and approximating
the Kubelka—Munk scattering coefficient by a smooth wave-
length function. Actually, this approach is very close to ours
given bellow. The difference is that we are not restricted to the

The steady-state experimental methods are easier to applyParticular fiber probe geometry and derive the results starting
in practice. In diffuse approximation the formula relating the from the exact relatiof2) for the diffuse reflectanceor trans-

intensity of the steady-state measured signal with tissue opti-

mittance signal expanding it in Taylor series and omitting

cal properties and the fiber separation distance can be ob-Nigher ordergsee below.

tained directly from Eq(2). Substituting relatior(4) for the
path length distribution function into Eq2) and calculating
the resulting integral we obtain the following relation for the
steady-state case in the diffusion approximation:

/lo= fo(I)'exp(—Mal)dl
0

! (1+ 1) ! p(—d/é)-d (5)
= — | — — .—.eX — . S,
27, o d} @2

8=1N3pa(pat 1) ~1N3uapy.

Another relation for the integrating sphere configuration
was obtained by Jacquigsnd tested using Monte Carlo tech-
nique. According to it the expression for diffuse reflectance
coefficient can be written as

Ry~exp —7.8 uy- 96), (7)

whered is the light penetration depth defined in E§). This
relation was used in Ref. 31 to evaluate bilirubin content in
skin. Relation(7) clearly demonstrates that the mean photon
path length through the tissue in the integrating sphere con-
figuration can be approximated by 8.&Relations(6) and(7)

are valid only for the integrating sphere configuratiom.,
when all the light diffusely reflected from the tissue is col-
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lected. Fiber probes collect actually only a part of the re- The expansion coefficie®t’ (before a linear terinhas the
flected signal. This should be taken into account by a collec- sense of the average photon path length through the tissue
tion efficiency factot* when applying these relations to data (L). It easily can be observed by calculating the derivative of

interpretation. It should be noted also that when relati&irs A over u, from Eq. (2)

(7) are applied to evaluate the concentrations of absorbing

species in the tissue one must know the wavelength depen- dA 31 P(ps,g.1)-exp(— udl)dl
dence of the scattering coefficient. This information may be ~ (L)= p =— 0
obtained from experimental data or modeled. For example, it Mal,=u0  JoP(us,9,1)-exp(— pual)dl

was shown in Refs. 14 and 36 that for the visible and NIR (10

range the wavelength dependence of the scattering coefficient is clear from this relation that th@.) is the averaged pho-

can be approximated by, ~1/\%%" although the Rayleigh  ton path length through the tissue for the distribution function

contribution, which is proportional td/\*, may also be sub- P(us,9,1)exp(—ual). The angle brackets denote further the

stantial for short wavelengths. averaging with the distribution function given above. It
A very important question, which we have not touched so should be noted that with the use @f) from Eq. (10) rela-

far, concerns the heterogeneous distribution of the tissue ab-tjon (8) in the linear approximation is similar to the modified
sorbers. Hemoglobin is located in vessels, which form a com- Beer—Lambert law

plex tangled network inside the tissue, while melanin is con-
centrated in a thin superficial epidermis layer. These A=Ap+{L) ua, (11
nonuniformities result to distortion of diffuse reflectance spec-
tra as compared to that predicted from the models previously
described. The heterogeneous distribution of melanin in the
tissue and its influence on the diffuse reflectance spectra wer
considered in Ref. 31.

which is applied for evaluating the changesiin and calcu-
lating the relative concentrations of oxygenated and deoxy-
genated cerebral hemoglobin from the NIR spectral range.
®The difference here is that in our approach we congjtégras

a Taylor coefficient which is not dependent pry, and the
following correction is not intended to model the dependence
of (L) from u, as it is done in the modified Beer—Lambert

3 Tayor Series Expansion Model law but to take into account the nefquadrati¢ term in Tay-
Our approach given below is based on the assumption thatlor series expansio¢8). The unknown contribution of scatter-
attenuationA is a smooth(analytica) function of u, and the ing A in the modified Beer—Lambert law is compensated by
changes ofu, over the spectral range under analysis are not analyzing the changes in attenuatidA over time relative to
high. We start from the exact relation férbased on Eq(2) an arbitrary initial moment so that one could get the corre-
and approximate the attenuation by Taylor series expansion atsponding changes in time of the absorption coeffici®at, .
some valueu,= Mg as follows: In our approach we analyze the spectral dependence of com-
plete attenuatiorA (to within a constant wavelength teym
A=—In(1/14) and the absolute blood oxygen saturation may by extracted

from a single spectral curve.

- 0 , N 02 It can also be shown that the second derivative of attenu-
Alpa) +A' (Ra=pa) + 57 (ka= Ha)“+ .. 8 ation overu, can be expressed as

"

The value ofu will be determined in a self-consistent way to A'=—((LH—(L)?)=—=((L—(L))?). (12)
minimize difference between experimental and modeled data.
Intuition suggests that this value lies in the middle of
variance interval in the spectral range under analysis. For the
following analysis(linear approximationwe save only two
terms(constant and lineain expansion8). It should be em-
phasized that Taylor coefficients are functions of wavelength
through the dependence f(\) but do not depend op, . It

is also possible to allow for the quadratic term in E@) ((L2)—(L)2)- Apa<(L). (13
resulting in a more complicated model with the greater num- . R . )
ber of fitted parameters. Such a model may occur to be useful!Ntuition suggests that the applicability of the liner approxi-
for analysis of data acquired with a high signal to noise ratio Mation is restricted by the region, where the changes of ab-
or for high changes in the absorption coefficient through the SOTPtion coe;ﬁme_n'rA,ua are small as compared to the aver-
analyzed spectral range. For the data obtained in our experi-29€d valuéu,. Itis also clear that this criterion is dependent
mental setup, the linear approximation gives the required ac-©n .the path. length distribution functhn, the narrower d|§tr|-
curacy. The applicability of linear approximatigemallness bution function the more favorable this criterion. In the lim-

of the quadratic term in Eq(8)] can be expressed in the iting case of a super narrow path length distribution function
following form: which may be approximated by Dirak delta functi®{l)

=4(I—-L) the conditions of the criteriorf1l3) will be ad-
LAY Apa<A, (9) equate ev_erywhere as its left side equals Fo zero. If we ta_ke a
more realistic case of the path length distribution function
whereAu, is the variance of the tissue absorption coefficient with narrow but finite dispersioAL approximated by Gauss-
in the spectral range under investigation. ian distri-

Thus, it can be said that application of Taylor series expansion
means the approximation of the path length distribution func-
tion by its moments. The first moment is a mean value and the
second moment is a dispersion of a random variable. The
condition for applicability of the linear approximatiof®)
with allowance for Eq(12) takes the form
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bution P(l)=exp{—[(I—(L))/2AL]2/AL(27)Y2 so that 1a(N) = (N +{Crap: 81p(N) + Cripo, bo,(M) - In(10),
(AL/L))<1, the criterion(13) is reduced to the following (15)

relation: bos s —_— :
where u,(\) is the contribution of background to the tissue

absorption coefficienfmelanin, etg, € andc are the extinc-
tion coefficients and concentrations, respectively, of deoxy-
genatedHb) and oxygenatedHbO,) hemoglobin. The back-
ground contribution should be a smooth function of
The dimensionless termiu,(L) has the sense of attenuation wavelength. It is also possible to take into account other tissue
changes in the spectral range under analysis. This value typi-absorbers in Eq(15) in the way similar to hemoglobin. For
cally is less or of the order of unity. For example, the estima- example, for analysis in the NIR wavelength rarigetween
tion of attenuation changes in human skinvivo in the vis- 700 and 1100 ninit is necessary to add in E¢L5) the ex-
ible range for our fiber probe geometfyee Figure %gives tinction coefficients of fat and wat&r®” or the bilirubin ex-
the value ofAu,(L) in the range between 0.4 and 1. Analyz- tinction for analysis of bilirubin content in skift.For further
ing relation (148 one can conclude that for narrow path analysis we will be restricted only to hemoglobin content cal-
length distribution functiong(AL/{L))<1) the applicability culation. It is acceptable for the wavelength range between
of the linear approximation is rather favorable and may ex- 510 and 590 nm which is used for analysis. Taking into ac-
tend even beyond the small variances in the absorption coef-count relations(8) and (15) and approximating the back-
ficient. In the opposite case of a broad path length distribution ground absorption and scattering contribution by a smooth
function the condition13) will not be so favorable. For ex-  (polynomia) function of wavelength we arrive at the follow-
a general path length distribution function in the fofl)
= a?l -exp(—al), which has a rather broad maximuom- |o)

I
parameter. The averaged photon path length for this distribu-
tion function calculated from Eq(10) is expressed aéL) =Co+C1-A+Cp- No+(L)
very simple criterion for applicability of the linear approxima-
tion with this path length distribution function: (16)

(Aua-<L>>-(<ATL>) <1. (149

AmodelN) = In

ample, just to evaluate the most unfavorable case we can takdng simple equation for attenuation:
parable with the averaged path lengghl = o~ wherea is a
_ + 0 . . . .
2/(a+ ny). We can easily obtain fronil3) the following '{CHb'SHb()\)+CHboz'8Hboz()\)}'|n(10),

wherecg, c1, andc, are coefficients taking into account the
T(Apa-(L))<1. (14b contributions of background absorption and the scattering as

well as the constant value gf%(L). The c, coefficient also
Analyzing this relation one can conclude that the linear ap- takes into account the uncertain constant additive entering
proximation should work fairly well even for cases with the into the experimental attenuation curigee Eq.(20) argu-
broad path length distribution function if the changes in at- mentation to thi The values of these coefficients as well as
tenuation are less or the order of unity. The analytical form of the values ofL)cy, and(L)Cnyo, are obtained by minimiz-
the criterion for applicability of the linear approximation can ing the difference between fitted and experimental spectra
also be calculated for the case of distantly separated fiberswith the least square method:
when the diffusion theory is valid. Substituting the path length

distribution function obtained from the diffusion approxima- \i=Amax
_tion for the distantly sepqrated fibe[rEq. 4] when calculat- X2= 2 [Amode()\i)_Aexp()\i)]z: min, (17
ing the averaged values in relati¢h3) we obtain A =Nmin
where\; are theN wavelength values at which the attenuation
Ap 5 is measured in the range betweeg;, and\ .. The optimal
Oa<4. 1+ a)_ (140 wavelength range between,, andX\ ., used for analysis is
Ma chosen from the following considerations. The spectra of Hb

and HbO, should differ substantially in this spectral range,

We observe that for this particular case the applicability of the whereas the contribution of other tissue absorbers and the
linear approximation is also valid for high absorption coeffi- scattering are described by smooth functions of wavelength.
cient variances{A,aLa~,LLg) through the spectral range under Thus, the wider spectral range used for analysis the greater
investigation whens > d (weak absorption limjt Thus, the difference attained between Hb ahithO, spectral curves re-
linear approximation is valid for small variances of the ab- sulting in error decreasing. However, the wavelength depen-
sorption coefficient and may extend even over this range for dent contributions of scattering and other tissue absorbers are
narrow path length distribution functions. more substantial in the wider spectral range resulting in error

We assume further that the main chromophore in the tissueincreasing. The applicability of linear approximati¢kgs.
contributing to the strongly wavelength variable absorption is (148—(140)] is also less favorable in the wide spectral range.
hemoglobin in oxygenated and deoxygenated form, while the We found out that the spectral range between 510 nm and 590
contribution of other absorbers can be approximated by a nm is the “golden mean” for most cases of blood oxygenation
smooth wavelength function. Thus, the tissue absorption co- calculations. The parameter, in Eqg. (16) can be omitted
efficient is modeled as from the fitting in such a narrow spectral range.
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The blood oxygen saturation degr8€, and relative he- FIBERS

moglobin concentration HbT are calculated from the above
determined coefficients as follows:

LIGHT SOURCE

SPECTROMETER
(L)Chbo, CHbo,

- <L>CHb02+<L>CHb_ CHb02+ CHb’ FIBER
HOLDER
a8 —
HbT=(L)- (Cpp+ CHbo,)- TISSUE

COMPUTER

SO,

The relative hemoglobin concentration values depend on mea_Fig. 3 Experimental setup for measurements of diffuse reflectance
surement geometrithrough the(L) valug and so only the spectra in vivo.
relative changes taken during the measurements at the same
geometry are meaningful. It should also be mentioned that for
in vivo measurements the movement of the objebange of
the distance between the fiber probe and the tissue for non-
contact measurementsmay result in the small random puter. A special program operating in the MS Windows envi-
changes i{L) and, consequently, the errors in relative hemo- ronment allows one to acquire and display the spectra and
globin concentration monitoring, while the oxygen saturation calculate the oxygen hemoglobin saturation and the relative
value is less receptive to these changes. hemoglobin concentration in real time using the above de-

The accuracy of the model may be estimated by the differ- scribed algorithm. For calculation we exploited only a part of
ence between fitted and experimental attenuation spectra dethe spectral range between 510 and 590 nm acquired by the
termined by the following relation: spectrometer.

For in vivo measurements we used a fiber configuration

Error shown in Figure 2. The distanakbetween delivery and re-

XN ceiving fibers with core diameters of 2Qan and NA 0.22
= TN e -100%, was set to 2 mm. During the measurements the fibers were
N > (L) {Cu (M) + Crno, €rno (M)} - In(10) fixed at a distance less than half a millimeter from the tissue.
Mmhmin (19 This configuration allowed only diffuse reflected photons to

enter into the receiving fiber. There was no contact between
where they? is defined by Ed17) and N is the number of fibers and tissue to avoid the influence of fiber pressure on
points in the spectrum range betwekeg;, and X . When blood circulation.
the error value is over 50% th80O, and HbT calculation To demonstrate that Taylor expansion algorithm is appli-
results should be considered as invalid. It may take place cable to different geometries of the measurement resulting in
when the blood content is very low in the tissue so that its different path length distribution function®(l), of photons
contribution to the absorption is compared to that of noise. It through a sample, we present here the results of measuring the
may also take place in the presence of other tissue absorberfiemoglobin oxygen saturation in blood samples during pho-
which are not taken into account by EG.5) and when the  tochemical deoxygenation. The fiber configuration used for
influence of the scattering cannot be approximated by a the blood samples has quite a different geometry and corre-
smooth wavelength function in the spectral range under con- spondingly another path length distribution function from that
sideration. The discrepancy between the experiment and theof the tissue. To prepare a blood sample some fresh blood
model may result also from inapplicability of linear approxi- with added heparin to avoid clotting was incubated with sul-
mation(13) due to high variations ofi, in the analyzed spec-  phonated aluminum phthalocyanine as photosensitizer in con-

tral range. The allowance for quadratic term in E8). may ~ centrations of 1-2QuM for 30 min. To saturate the blood
improve the match between experimental and fitted data in with oxygen an oxygen flow passed through the blood during
this case. incubation to attain the initial hemoglobin oxygen saturation

level in the range of 80%—85%. A blood drop was placed

between two glasses. The glass thickness was 1.2 mm. The
4 Experimental Technique thickness of the blood layer was controlled with the use of a
For the measurements of diffuse reflectance spectra of tissuespecial film and was in the range d=125+5 um. The
in vivo and blood samples we applied a fiberoptic spectrom- diameter of a sample was 1.5 cm. The delivering and receiv-
eter LESA-5(Biospec, Russja An experimental setup used ing fibers were placed at the opposite sides of a blood sample
for in vivo measurements is shown in Figure 3. Light from a with the receiving fiber positioned at a small angle to the
stabilized light sourcehalogen lamp was delivered to the  normal ¢~10° to exclude collimated transmitted photons.
tissue by means of a quartz fiber. After passing through the Thus, in this case we actually measured the spectral diffuse
tissue the light was collected by a receiving fiber. The output transmittance of the sample. Further, these samples were irra-
end of the receiving fiber was the input slit of the spectrom- diated with laser light at fluence rates 10—1200V/cn? at
eter. We applied the spectrometer with a fixed grating and a 670 nm incident close to normal to the glass surface. The laser
charge coupled devic&CCD)-type detector. The total spec- irradiation was absorbed by photosensitizer present in blood
trum range(between 400 and 1000 nnecan be acquired for  and induced photochemical oxygen consumption resulting in
0.1 s. The spectrometer was controlled by a personal com-slow decrease of the hemoglobin oxygen saturation.
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35+ Attenuation Spectra of Finger during Occlusion

=== Experiment
——Model

450 500 550 700 750 800

600 650
Wavelength (nm)

Fig. 4 Attenuation spectra of a finger during occlusion at different times (thick gray) and fitted spectra, A4, (thin black) in the range between 510
and 590 nm. The corresponding blood oxygen saturation SO, calculated from the model is shown in the figure.

The experimentally measured spectral dependence of thefinger phalanx. We also did the artery occlusion by placing a
light attenuation is evaluated with the use of the following pneumatic pressure cuff around an upper arm and applying
relation: pressure up to 200 mmHglata are not showrbut found no

substantial difference in deoxygenation dynamics in these two
I'rer— | dark methods. Figure 4 demonstrates the attenuation spectra
T=1ur |’ (20) Acx\) taken from the finger of the auth¢A.A.S.) at differ-
ent times after starting the occlusion. The spectra are shifted
along they axis on arbitrary values for observation conve-
nience, the amount of the shift is not important for calcula-
tions. We notice that the spectral line shapes strongly correlate
with the blood oxygen saturation. In the range between 510
and 590 nm the modeled spectra calculated using(E®).
with coefficient ¢, responsible for quadratic contribution
fixed to zero are shown in Figure 4 by black thin lines and the
corresponding blood oxygen saturation values calculated from
the model are given. The closeness of the experimental
Aexd(\) and fittedAnqqe(N) spectral curves also suggests the
applicability of our model in this case. For this measurement
configuration the use of the spectral wavelength range be-
tween 510 and 590 nm is most suitable as the spectral features
of hemoglobin are most pronounced for this range as can be

Aexp(x):m(

wherel . is the measured reflectance signal from the refer-
ence sampléBaSQ,), which has the uniform diffuse reflec-
tance near unity in the spectral range under consideration
(400-1000 nny | 44 is the signal in the absence of any light
(dark current of CCDandl is the diffuse reflectance signal
from the tissue or diffuse transmittance in the case of the
blood sample. Equatiof20) accounts for the spectral nonuni-
formity of the light source, the fiber transmission and the
detector sensitivity. It should be noted ti#at (\) as given by

Eq. (20) is defined to within some constant value as compared
to that of defined by Eq(1): Agx(N)=A(N)+const. This
constant would be equal to zero if we can substitute the signal
coming out from the delivering fiber in Eq20) instead of

I ef. It should be noted thdt,s is measured with a fiber probe

placed at the distance of about 1-2 cm from the reference . . .
sample surface as thg, signal should approximate the wave- seen from Figure 4. Anyway, the disadvantage of this spectral

length dependence of photon flux coming out of the deliver- 419 is the small Iight. penetratiqn depth: The sampling depth
ing fiber and wavelength dependent contribution of the scat- Of Our measurements is the fraction of millimeter correspond-
tering should be minimized. The reference signial ing to the S|_gnal originated from sk!n capillary loop8By
measured as described above differs frignfisee Eq(1)] by qlose ana}ysm of spectra shown in Figure 4 one can also no-
some wavelength independent constant factor resulting in ap-tice the difference in the NIR spectral ranghe appearance
pearance of constant additive in the experimental attenuation© @ Small peak at 755 nm for deoxygenated tijsesulting
curve. However, the exact value of the constanfig\) is frpm different blood oxygen saturation. However, the spectral
not important for our algorithm as only its wavelength depen- differences here are not so pronounced, and the error in evalu-

dence matters. This additive constant is compensated by fitteg@tion of the blood oxygen saturation in this spectral range
¢, coefficient in Eq.(16). from the above described model will be much greater. We

tried to interpret the data by Taylor expansion method using

. . the spectral range between 650 and 800 nm. As mentioned
5 Results and Discussion above, the deoxygenated hemoglobin has pronounced spectral
To demonstrate the applicability of the above described algo- feature(peak at 755 nm but spectral dependence of the oxy-
rithm we present here the results of deoxygenation observedgenated hemoglobin is rather smooth resulting in possible
during the artery occlusion. The occlusion was done by tightly cross talking between smooth background contribution, influ-
wrapping a rubber tape around the base of a finger, while theence of the scatteringsee Eq.(16)] and the contribution of
measurements were done on the outer surface of an uppethe oxygenated hemoglobin. In this spectral range water con-

I - Idark
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Time Dependence of Oxygenation and Hemoglobine

during Finger Occlusion
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Fig. 5 Time dependence of blood oxygen saturation (SO,) and total relative hemoglobin concentration (HbT) calculated from the model during
finger occlusion. The occlusion was started at =0 s and released at =700 s.

tribution should also be taken into account. It should be noted that its variances in the absorptiéu,/u2) in the spectral
that the modeled attenuation curves fit fairly well into the range from 510 to 590 nm are 0.4 and 0.9 for deoxygenated
experimental curves for the NIR range, but the blood oxygen and oxygenated hemoglobin, correspondingly. Assuming fur-
saturation evaluated from this fitting was higher than ex- ther that averaged light penetration deghn this spectral
pected. For example, before starting the occluS@h values range is about 1 mm, and substituting it in criteriddc), we
calculated from NIR range alonéom 650 to 800 nmwere  optain that the linear approximation is valid fap,/u2<6

as high as 85%-100%. The reason for this disagreement isinat is also fulfilled in our case.

that the smooth contribution of the oxygenated hemoglobinin  rigre 5 demonstrates the monitoring of typical time be-

NIR may be partly compensated by a linear function of the payior for the blood oxygen saturation and the relative hemo-
wavelength responsible for scattering and background absorp-

: he ab ioned Kindh k ; globin concentration during the artery occlusion calculated
tion (the above mentl_one cross ta_ _)ng’ € expansion ol fom our model. The finger occlusion was startet=a s and
the spectral range to include both visible and NIR in relation

. . . released at=700 s. Under normal conditioribefore starting
(17) also lresg_llt_i)d '? t?]n ||ncrease of th_e etr_ror. Ith's bfﬁause_ of occlusion the irregular oscillations ir8G, in the range of
poor appiicabriity of the finear approximation when e varl- - g4e, 7004 are observedime interval between-600 and 0
ances of the absorption coefficient are rather gregs. (13 s). These oscillations are not random errors but real facts
and (14)] and insufficient approximation of the background méinl due to the spatial micro nonuniformity &, in the
absorption and the scattering contribution by the linear func- '~ y P . y
tion of the wavelength. One can also notice in Figure 4 the skin layer and hand movements during the measurements. The
i 1 i @0 —_
slight tendency to deviation between the experimental attenu-value of the blood oxygen saturation in skin a:)t res0%
70% at the normal ambient temperatuf20—22°G agrees

ation and the modeled curves near the interval boundary at’ - . 40
590 nm. If we increase the wavelength range even just to 600 fairly well with that reported by other®-4°|t should be noted

nm when fitting the modeled curve by E@.7), this deviation that the measurements done at lower ambient temperatures
would be greater. Thus, we think that with the use of the 9a@ve the values of the blood oxygen saturation in skin at rest
Taylor expansion method the spectral range from 510 up to @S low as 15%-30%data are not shownAs may be seen
590 nm is optimal for evaluating the blood oxygen saturation rom Figure 5, total hemoglobin deoxygenating in a superfi-
and the hemoglobin relative concentration. cial skin layer is attained 10 min after starting the occlusion.
We can easily evaluate from Figure 4 that the measured The closeness @0, value to zero at the end of the occlusion
attenuation changesu,(L) in the spectral range under analy- also demonstrates the accuracy of the model. After occlusion
sis are 0.4 and 1.0 for deoxygenated and oxygenated casef€lease we observe a sharp increase for both blood oxygen
correspondingly. Substituting these values into critefibfh) saturation and relative hemoglobin concentration due to the
obtained for broad path length distribution function we get intensive blood circulatiorireactive hyperemia which after
evidence that linear approximation is applied here though some time are restored to their previous values. The similar
with small reserve. If we expand the analyzed spectral rangeresults have been also observed by other researétérsor
even up to 650 nm, the attenuation changes would increase ugurther examples employing this algorithm for vivo mea-
to about 2.5(see Figure #resulting to poor applicability of ~ surements the reader is refereed to Ref. 41.
criterion (14b) in this case and giving unreasonable values for ~ The use of Taylor expansion algorithm for calculating oxy-
blood oxygen saturation as was mentioned above. Anothergenation in blood samples should be more favorable than for
estimation may be received if we assume that crite(ibtc) tissues because path length distribution function for blood
obtained with the use of diffusion theory for distantly sepa- sample geometry is rather narrow. Really, when passing
rated fibers is valid for our fiber probe configuration. Using through the sample, most photons change their initial direc-
the data of hemoglobin extinction spectra, one can make suretion just slightly (single scatteringas the thickness of the
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Blood Attenuation Spectra During PDT

Attenuation

“|Photosensitizer Concentration - 0.02mg/mi}
Laser lrradiance - 25mW/cm? (670 nm)
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Fig. 6 Attenuation spectra of a blood sample incubated with photosensitizer in concentration 0.02 mg/ml during photodynamic therapy with laser
power density of 25 mW/cm? at 670 nm. The time interval between spectra is 20 s. The transformation of hemoglobin from oxygenated to
deoxygenated form is clearly observed.

blood sample is much less than the reduced photon scatteringluence of laser irradiation [photodynamic therapy
length (inverse of reduced scattering coefficient means  (PDT)].**~**This model may be very useful for evaluation of
that for this configuration the photon path length distribution oxygen consumption rate during PDT. Oxygen is consumed in
function has a rather sharp peak at the path length value photochemical reactions during PDT and steady decrease in
little bit higher than the sample thicknedsAs the angley blood oxygen saturation should be observed. The attenuation
between receiving fiber and normal to the blood sample was gpectra taken from the blood sample during laser irradiation
rather small(about 10j, the broadnesa\L of path length 516 shown in Figure 6. The corresponding time behavior of

P ) S o
d'St”bUt'on_ function is _JUSt aboutd_(smcp) NO'O:’_’d as  the blood oxygen saturatiof8O,) and the relative hemoglo-
roughly estimated from single scattering assumption. Substi- bin concentratioriHbT) calculated with the use of the above

tuting this value ofAL into criterion(14g obtained for narrow . o
path length distribution functions and evaluating the attenua- described model are shown in Figure 7. A smooth decrease of

tion changes for blood samplex,(L)~2.5 we can easily the oxygen saturation 'Fo zero value and the constant relative
calculate that\u,(L) - (AL/(L))2~0.002<1. Thus, the cri- hemoglqbln f:oncentratlon are observed. As expected, the ran-
terion of applicability of linear approximation is fulfilled here dom noise is extremely low for these measurements. We
with great reserve, resulting in reasonable and reliable valuesShould be reminded that the fiber configurations for the tissue
of blood oxygen saturation obtained in this case. measurementg=igure 3 and the blood sample measurements
Additional reduction in noise is also achieved due to ab- (Figure 7 were quite differentin the second case the delivery
sence of subject movement during the measurements. Hereand receiving fibers were positioned at the opposite sides of a
we present the observation of oxygen saturation changes in ablood samplg Nevertheless, the proposed algorithm may be
blood sample incubated with a photosensitizer under the in- successfully applied to both cases giving accurate results.

Time Dependence of Oxygenation and Hemoglobine
during PDT of Blood Sample

90 -1
o 80 >
2 08 =
~ 701 “ 5
o I
9 60 4 —S02 =
< tos £
c P 6 E
§ % HbT 3
- —
g 40 Ph itizer C ion - 0.02mg/ml Loa 2
S 30 < Laser Power Density - 25mW/cm? (670 nm) ’ E
g0t 2
© i 402

10 +

0 + + + + + 0

0 200 400 600 800 1000 1200

Time (sec)

Fig. 7 Time dependence of blood oxygen saturation (SO,) and total relative hemoglobin concentration (HbT) in a blood sample during PDT. The
values are calculated from the spectra shown in Figure 6.
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6 Conclusion

A simple algorithm for evaluation of blood oxygen saturation

and relative hemoglobin concentration was obtained here by
the consistent approach of Taylor expansion of exact relation
for light attenuation. The advantage of this approach is that it
results in a simple, robust, not very sensitive to noise algo-
rithm for the blood oxygen saturation, which can be imple-

mented for calculations in real time. The algorithm may be

successfully applied to the visible wavelength range for dif-

ferent measurement configurations as confirmed by experi-
mental data presented in the paper. Work is in progress to
apply this algorithm investigating the influence of tempera-

tures and laser irradiation on blood oxygenation in human
skin** and adapt this approach to the near infrared range to
increase the sampling depth of the measurements.
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