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Intraoperative Application of Optical Spectroscopy
In the Presence of Blood

Wei-Chiang Lin, Steven A. Toms, E. Duco Jansen, and Anita Mahadevan-Jansen

Abstract—A simple but effective method of spectral processing from pure tissue fluorophores due to the interplay of tissue op-
was developed to minimize or remove the effects of the presencetics, It has been hypothesized that removing the effect of tissue
of superficial blood on tissue optical spectra and, hence, enhance o hiicq| properties could facilitate tissue diagnosis using fluores-

the performance of optical-spectroscopic-baseéh vivo tissue di- t | 3181, In oth d intrinsi
agnosis and surgical guidance. This spectral-processing algorithm C€NCe spectroscopy alone [3]-{8]. In other words, an intrinsic

was developed using the principles of absorption-induced light at- fluorescence spectrum (without distortions induced by absorp-
tenuation wherein the ratio of fluorescence intensity( F') and the tion and scattering) should be more useful than a raw tissue flu-
hth power of diffuse reflectance intensity(Rd) at a given emis- orescence spectrum in optical diagnosis. Based on this idea, a
sion wavelengtha,,, is immune to spectral distortions induced by -\ 4riety of models have been developed for retrieving an intrinsic

the presence of blood on the tissue surface. Here, the expondnt fl t f d fl t
is determined by the absorption coefficients of whole blood at the UOrESCEnce SPECHitim Iom a measured TiUoresScence Speciiim

excitation and emission wavelengths. The theoretical basis of this [3]-[8]. Despite the differences in their theoretical bases, all
spectral processing was verified using simulations and was exper- these models utilize diffuse reflectance spectroscopy to recover
imentally validated. Furthermore, the optical spectra of brain tis-  the intrinsic fluorescence spectra from the measured fluores-
sues collectedn vivo was processed using this algorithm to eval- ¢apce spectra assuming a homogenous, one-dimensional, highly
uate its impact on brain tissue differentiation using combined flu- tteri di Th dels. h ’ th ' lied
orescence and diffuse reflectance spectroscopy. Based on the simSC& er!ng me !um. ese. moade S{ .owever, canlno- € applie
ulation, as well as experimental results, it was observed that using O media with h|gh_6}b50rp“0n goefﬁments or consisting of mul-
F/Rd" can effectively reduce or remove spectral distortions in- tiple layers. In addition, the optical characteristics of tissue—re-
duced by_superficial blood contamination on _tissue optic_al spectra. moved during the recovery of intrinsic fluorescence—may pos-
Thus, optical spectroscopy can also be used intraoperatively for ap- sess yseful diagnostic information. For example, it is known
plications such as surgical gu'dan(_:e of t_umor resection. that blood absorption signatures are more pronounced in tumor
tro'sr‘g(?;y E‘SLTeSS—CSﬁg:yST)eeTt?gé%%'S& grl)ftfi%safdi;i;e;st;n%iy ShF;eni;) tissues due to high blood content [9]-[11]. More importantly,
globin, spectral attenuation, surgical guidance. t_he advz_antage_s of using intrinsic tissue fluorescencanfaivo
tissue diagnosis have yet to be thoroughly evaluated.
Optical spectroscopy has been recently developed as a feed-
. INTRODUCTION back tool for intraoperative guidance of surgeries [12]-[16]. For

ISSUE diagnosis using optical spectroscopy, also knov@ample, we are currently investigating the use of combined flu-

as optical biopsy, has been extensively studied for mafjescence and diffuse reflectance spectroscoppfarobrain
organ sites over the past decade [1], [2]. The attraction of ti{4nor demarcation and preliminary results have been promising
modality arises primarily from the fact that optical spectroscogy6]- However, a major challenge arises from implementing op-
is capable of nonintrusively investigating the physiological arffal spectroscopy for surgical guidance: the inevitable pres-
morphological characteristics of tissue in real or near real-tinfce of residual blood at the surface of the site under investi-
To date, the validity and effectiveness of tissue diagnosis usi8gtion (i-e., superficial blood contamination) that degrades the
optical spectroscopy have been demonstrated in many tis§gguracy of tissue discrimination using optical spectroscopy.
organsin vivo [1], [2]. Fluorescence spectroscopy alone hdt has been previously observed [16] that the inefficiency of
often been utilized for tissue discrimination in these studies Bdorescence spectroscopy in separating normal brain tissues
it provides adequate signal strength and contains a wealth offgpm brain tumorsn vivois primarily attributed to the inherent
agnostic information [1]. Interpretation of tissue fluorescenddoody nature of the operating field. To successfully use optical
spectra, however, is rather difficult; fluorescence spectra mé&&ectroscopy for intraoperative guidance of brain tumor resec-

sured from bulk tissues can be significantly different from thodion, the effect of this superficial blood contamination has to be
minimized or eliminated. Thus, a series of theoretical and ex-

. . . perimental studies were performed to investigate the effect of
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This theoretical model was established to analyze the atter ~ 1000

uation effect of blood contamination on tissue fluorescence —e—Hb
and diffuse reflectance spectra, which uncovered a combine —&— oxyHb
spectrum independent from superficial blood contamination 100 L =-=+=-Diluted Blood Solution

The theory was then validated using Monte Carlo simulation:
and an experimental study. To further validate the utility of
this rather simple model and its effect on tissue discrimination
the model was applied tim vivo tissue spectra obtained from
two brain tumor patients (a subset of an ongoing clinical brair g
tumor study). Discrimination algorithms were developed using
the raw spectral data, as well as those processed with the ne 1
model separately, and their performances were compared.

=
o

mensionless)

[I. THEORY o . . , ‘ |
Between 300 and 600 nm, the primary effect of superficial 300 400 500 600 700 800
blood contamination on tissue optical spectra is absorption, i.e Wavelength (nm)

additional attenuation is introduced to both the excitation and

the emission light. Assuming that the layer of blood at the tissf@. 1. Exponentsh() for hemoglobin, oxyhemoglobin, and diluted
surface is physically thin (i.e., less than 1061) and homoge- télxtl(i)t(it?:rllutlon between 300- and 800-nm emission calculated using 337-nm
nous, the percentage of light transmitted through this blood layer '

A [%)] can be described using Beer’s lawdis= exp[— o () X .

d] x 100%, whereyi, () [cm] is the wavelength-dependentvhere the exponerit — (k+1)/2. Note that the new comblr_le_d
absorption coefficient of blood ant{cm] is the thickness of the SPECtrumF'/Rd" is not affected by the degree of superficial
blood layer. In this paper, the exponen{\) x4 in Beer's lawis blood contamination. _ _

denoted as the attenuation coefficienThe fluorescence signal  Sinceé hemoglobin is the primary chromophore in blood

F.(A») measured from a blood contaminated tissue sampiB, the spectral region of interest (i.e., 300-600 nm) and

therefore, can be written as the partial pressure of oxygen in air is about 150 mmHg,
the absorption coefficients of bloo¢, biea(A)) present
F.(0m) =F,(An) X exp[—pa(As) X d] at the tissue surface should be very similar to that of a so-
lution of oxyhemoglobin (oxyHb) with a concentration of
X expl=pta(Am) x d] 150 g/L(ptq oxymb(A)) [17]. Based on this assumptiork
= (Am) X exp[=(k +1) X pra(Am) x d] and h were found to be 2.38 and 1.69, respectively, when,
=F,(Am) X exp(—ay) (1) for example,A, = 337 nM (g, 0xynn» = 549 cnrt) and
A = 460 NM(f1q 0xymn = 231 cnmt) [17]. In other words,
where o the theory predicts that, e.g., takin@/Rdl'69 at 337-nm
Am emission wavelength; excitation, 460-nm emission should eliminate (or minimize)
Az excitation wavelength; the effect of superficial blood contamination. The exponents
Fo(Am) fluorescence intensity aX,, from tissue without () can be calculated for other emission wavelengths using
blood contamination; the same method (see Fig. 1).
k = fta(Az)/1a(Am)
oy fluorescence attenuation coefficient. . M ATERIALS AND METHODS
The same principle can also be applied to the contaminated dif- o ) )
fuse reflectance signdtd, (A, ). That is To test the validity of the theory described above, a series of
simulations and experimental studies were conducted. In addi-
Rd.(\n) =Rd,(A\m) X exp[—pta(Am) X d] tion, the theory was applied to two sets of optical spectra ob-
% expl—fta(Am) X d] talneq chmcal!y from braln Fumor patlgntp vivo to prove its
effectiveness in improving tissue discrimination.
:Rdo()‘m) X exp[—2 X Na()‘nl) X d]
=Rd,(An) X exp(—apra) (2) A. Monte Carlo Simulation

A two-layer Monte Carlo fluorescence simulation model was
built in accordance to the principles described by Welch and
van Gemert [18] to validate the theory derived in Section II. A

rief description of this Monte Carlo model is provided here.

he incident, or in this case excitation photons, are launched
into a tissue phantom in a direction normal to the surface, and
then propagated based on the optical properties of the tissue
phantom. After propagating a single step, a portion of the excita-
tion photon energW\ F is deposited into the local tissue, which

where Rd,(\,,) is the diffuse reflectance aX,,, from tissue
without blood contamination andg is the diffuse reflectance
attenuation coefficient.

The exponential terms in (1) and (2) can be eliminated
taking the ratio off,.(\,,) and thehth power of Rd.()\,,). As
a result

Fc()\m) _ Fo()\m)
Rd.(Am)"  Rd,(\p)*+1D)/2

®3)



998 IEEE JOURNAL ON SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 7, NO. 6, NOVEMBER/DECEMBER 2001

TABLE |
ESSENTIAL PARAMETERS OF THETISSUE PHANTOMS USED IN THE MONTE CARLO SIMULATIONS

Layer Optical Properties Fglgé:is:;g;e Thickness

1a(337 nm) (337 nm)’ Ha(460 nm) u’ (460 nm) ot dfem

[em’] [em™] fem] [en’] Q fem]

545 x B 231 xB
> > 1.4 0 0.01
N ommomeww % oBmossow 0o M
2 472 76.7 2 67.2 1.4 0.01 5

* . . .
) us’ is the reduced scattering coefficient
n is the index of reflection

$ B is the blood content {%] increasing from 0 to 90% at a interval of 10%

results in the emission of a fluorescence photon in a randdtood contaminationF'/Rd" was calculated at several emis-
direction. The initial energy of the fluorescence photon is dsion wavelengths and compared within and between samples.
termined by the product ak £ and the quantum yiel® of the Chicken breast muscle tissue was used in this study as it
tissue fluorophore. The newly-generated fluorescence photonlisplays fluorescence between 400 and 600 nm and its structure
then propagated in the tissue phantom using the same rulessaslatively homogenous over a large area. Human blood drawn
those for the excitation photons. At the end of each simulatidinom a volunteer was diluted using phosphate buffered saline
the model produces a distribution of reflected excitation photo(BBS) and applied to the tissue surface to emulate superficial
Rd and remitted fluorescence photafisas a function of radial blood contamination in the operating field. A fiberoptic based
positionr [cm] and escape angte (degree). The same modelspectrometer was used to acquire fluorescence and diffuse
was also used to simulate diffuse reflectance by assigning tleflectance spectra from the tissue samples. The spectroscopic
guantum yield of tissue fluorophore to zero. To reduce the comystem contains two excitation light sources: a nitrogen laser
plexity of the simulation model, only one excitation and emig337-nm, 20-ns laser pulse-width, 0/pulse at tissue surface,
sion wavelength were considered in a single run of the simul20-Hz repetition rate) for fluorescence measurements and a
tion; the excitation wavelength was maintained at 337 nm abdoadband halogen light (2 mW at tissue surface) for diffuse
the emission wavelength at 460 nm in all simulations. reflectance measurements. The excitation light was delivered to
The tissue geometry utilized in the simulations was assumi investigated site using a fiberoptic probe. The remitted light,
to be homogenous, semi-infinite media consisting of two opfifluorescence and diffuse reflectance) was collected by the
cally distinct layers; a 10@m-thick absorbing medium at thesame probe, transmitted to a spectrograph, and then dispersed
top, simulating surface blood, and a 5-cm-thick layer belownto a CCD camera. To achieve adequate spectral signal to
simulating the biological tissue (i.e., white matter, in this case)oise ratio, an integration time of 2 s was used for each spectral
The optical properties of each layer are listed in Table I. Noteeasurement. Three spectra, background, fluorescence, and
that the reduced scattering coefficient of the top absorbing laydffuse reflectance, were sequentially acquired from the tissue
was assigned to zero, as the anistropy factor of blood is vesgmple during each investigation. The absorption spectrum of
close to one [19]. Optical properties of brain white matter wetbe diluted blood solution was measured at the end of the study
measured using a spectrophotometer with an integrating sphesang a spectrophotometeand the absorption coefficients
module and the inverse adding—doubling model [20]. To emlz diluted_blood(A) Were then used to calculate the values of the
late the collection geometry of the fiberoptic probe used in trexponent:(\) of dilute blood!
experimental study described in Section 111-B, a collimated ex- Prior to the application of diluted blood, blood-contamina-
citation beam with a uniform beam profile and a beam diantion-free fluorescence and diffuse reflectance spediid))
eter of 300m was used in each simulation. In addition, thand 2d, (1), were measured from the tissue sample. A drop of
values ofF,s0 and Rdyeo measured from each tissue phantordiluted blood was then applied to the surface of the sample,
were calculated by integrating the remitted fluorescence phamd another set of fluorescence and diffuse reflectance spectra,
tons F'(r, #) and reflectedrd(r, 8) excitation photons, respec- F..(A) and Rd.()), were recorded. Each sample was used only
tively, fromr = 150 to 450:m andé = 0° to 3C°. Overall, ten once, as the diluted blood solution penetrated into the tissue
simulations with varying degrees of blood contamination weand could not be completely removed. The optical probe was
performed (Table I). The number of photons used in each sifightly placed in contact with the tissue surface during spectral
ulation was equal to or greater than 500000 to ensure a gaadjuisition to avoid excessive compression of the tissue.

statistical accuracy of the simulation results. Prior to theF'/Rd" calculation, all acquired optical spectra
were preprocessed to account for background signal and
B. Experimental Study spectral variations introduced by the spectrometer [16]. The

To experimentally validate the theorv proposed in this pa grttenuation coefficients at various emission wavelengths
P y y prop Paper, Am), Which reflect the degree of blood contamination,

. (84
fluorescence and diffuse reflectance spectra were measuré
from chicken breast samplés vitro with varying degrees of  1Lambda 900, Perkin Elmer.
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were calculated usingF,(\,.,)/F,(\,) and (2). Finally, 10
(F./Rdl') / (F,/Rdl') at various emission wavelengths were
calculated for each sample using the values(df) previously
determined from the diluted blood measurements.

C. Clinical Data Analysis

In order to understand the influence of the new model ¢
in vivo brain tissue discriminationt’/Rd" (\) were calculated
using thein vivo spectra acquired from brain tumor patients an § :
utilized to deyglop discrimipa_\tion algorith.ms. Thg protocol use € e FF @ 460 nm
for the acquisition o_f t_he clinical spectra is descrlbeq elsewhe 494 ;—><—(|-5 /Rd J(F /Rd ) @ 460 nm
[16]. Two sets of clinical data from two human patients wer : e e o e

malized Intensity
o

o
o
a

used for this evaluation: one with a strong degree of superfic U (FJRA®)(F /Rd ") @ 460 nm

blood contamination and the other with a weak degree of sup 0.0001 Lot lu et e b it
ficial blood contamination. The calibrated fluorescence spect 0 1 2 3 4 5 6 7 8
and their corresponding diffuse reflectance spectra from the Attenuation Coefficient ¢ (460 nm)

two clinical data sets were combined to calculﬁt;éRdh()\)

between 400 and 600 nm for the investigated brain tissue siteig. 2. Normalized? [m], F/ Rd [x] andF/ Rd*-°° [] at 460-nm emission

Empirical discrimination algorithms were developed based @3_7-r)m excitation_) for _different degrees of _superficial blqod contamination.
Ao . Solid lines: Curve-fitted lines of andF’/ Rd, which reveal their trends. Dashed

F/Rd" with respect taRd and F’ with respect taRd. The op- jie: Theoretical prediction oF / Rd™*.

timal performances of the discrimination algorithms were com-

pared to evaluate the capability of the/ Rd" model in sepa- . . "
rating the different tissue types regardless of the degree of gg_nted in each plott’./ %, [FC/RdC] / [F"/Rdo] calculated

e L With A = hdgiute_biooa and [F./Rd%| / [F,/Rd!] calculated
perficial blood contamination. with & = hoxym,. The distribution of the data points along

the oy axis is fairly even, which indicates that different de-
IV. REsuLTs grees of superficial blood contamination were achieved in the
The exponents()) of diluted blood, oxyhemoglobin, and €xperimental study. OveralE/Rdh showed little or no atten-
hemoglobin fditute_bloods Poxymn, and hm,) between 300 uation due to superficial blood contamination at all emission
and 800 nm are shown in Fig. 1. Clearly, the line shape wRvelengths, when; was less than 2. Bothgiute_blooa @and
Rdilute_blood IS almost identical tohoxym, between 300 and foxymn, Yielded F/Rdh values that were insensitive to super-
600 nm, although small differences in their amplitudes can Iieial blood contamination withv; < 2 (i.e., fluorescence at-
seen at 415 and 500 nm. Nevertheless, the similarity betwdenuation< 86%). This, again, confirms the validity of the as-
Rditute_wlooa aNdhy w1, SUPPOTtS a critical hypothesis proposegumption regarding the absorption characteristics of blood used
in the theoretical development: the absorption characteristioghe theory derivation. When; exceeded 2, the effect of su-
of blood contamination between 300 and 600 nm can be sol@lgrficial blood contamination oF/Rdh becomes significant;
characterized by oxyhemoglobin absorption. the deviation between experimental data and theoretical predic-
The results of the simulation study, shown in Fig. 2, provigon significantly increases as; increases.
that F/Rdh is not subject to spectral attenuation due to the The advantage of combining the tissue optical spectra
presence of superficial blood contamination. The simulatégsed on the simplé«”/Rd" model forin vivo brain tissue
curve of F,./F,, at 460-nm emission in Fig. 2 indicates that thelifferentiation is demonstrated in Figs. 4 and 5. These fig-
collected fluorescence emission decreases exponentially asutes represent the optimal discrimination outcomes of the
degree of superficial blood contamination (as indicatedpy discrimination algorithms based dri versusRd and F/Rdh
increases, which concurs with the prediction of (1). The ratiersusRd. In the case where the degree of superficial blood
of F(460 nm and Rd(460 nm also shows an exponentialcontamination was insignificant, it was found that fluorescence
decay as a function ofry; although the decrease rate ofilone could best separate brain tumor tissues from normal brain
L'(460 nm/Rd(460 nm is lower than that ofF'(460 nnj tissues [see Fig. 4(a)] with no misclassification at 460—nm
alone. This suggests that the direct ratio of fluorescence agmission. The empirical discrimination algorithm based on
diffuse reflectance can reduce, but not completely remove, tF¢Rd" (h = 1.01), as shown in Fig. 4(b), could best classify
effect of superficial blood contamination. Furthermore, thell the samples distinctly at'(440 nm), Rd(440 nm), and
simulation shows that the degree of blood contamination h&e/(625 nm with better separation distances. In the case where
no effect on#'(460 nm)/Rd(460 nm*-¢?, which is evidenced superficial blood contamination was more pronounced, the
by the flat line of (460 nm)/Rd(460 nm*-° over the entire fluorescence signal alone could no longer provide a clear sepa-
range ofa ; examined in the simulation study. This unequivoration between normal brain and tumor tissues [see Fig. 5(a)].
cally supports the theory derived in this paper. Using F'(460 nm in conjunction withRd(625 nm), the 2-D
Fig. 3(a)—(c) are the plots dF/Rd" with respect tor; at  discrimination algorithm shown in Fig. 5(a) still misclassified
460-, 500-, and 540-nm emission, respectively, obtained frowRe brain tissue sample. However, the empirical discrimination
chicken breast tissues. Three sets of experimental data are ptgerithm based oF’/Rd" (h = 1.01) at (440 nnj and
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Fig. 3. NormalizedF[m], F/Rd" with b = hgsiuted_viooa [X] aNdF/Rd" with h = h.,m, [O] at: (@) 460-, (b) 500-, and (c) 540-nm emission (337-nm
excitation) obtained from chicken breast tissue. Solid line: Curve-fitted line for normaiiz&hshed line: Theoretical prediction B Rd" .

F(625 nm, as shown in Fig. 5(b), could correctly classifytwo sets ofin vivo brain tissue spectra with different degrees of
all the samples despite the presence of superficial blosdperficial blood contamination. The discrimination algorithm
contamination. utilizing F//Rd" as one of the differential criteria resulted in
a better brain tissue differentiation than the one based on raw
spectral data.
Two important assumptions were made in the derivation of
Superficial blood contamination of tissue, which is inevitablthe theoretical basis, thE/Rdh model, of this paper. First,
in a surgical procedure such as tumor resection, hampers thethe-theory postulates that the blood layer on the tissue surface
curacy of optical spectroscopy for intraoperative surgical guigs physically thin; hence, light attenuation through this blood
ance. To overcome this obstacle, a method of spectral processaygr can be described by Beer’s Law. This assumption is valid
was developed using the principle of absorption-induced ligithen optical spectra are acquired using a contact fiberoptic
attenuation, which generates a new combined specﬁwﬁdh, probe, as described earlier. However, the validity of this as-
free of the attenuation effect of superficial blood contamingumption, and hence thlé/Rdh model, in a spectral imaging
tion. The theoretical basis of the spectral processing algorithmodality (i.e., noncontact) has yet to be determined. Second,
was verified using Monte Carlo simulations as well as iriran the theory postulates that the exponehts) of the blood
vitro experimental study. Furthermore, the theory was appliedleyyer can be directly calculated from the absorption spectrum

V. DISCUSSION
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Fig. 4. Empirical discrimination algorithms fam vivo brain tissue data set with a low degree of superficial blood contamination based &1{4@&0) nn) and
Rd(625 nm) and (b)F/Rd*°* at 440 nm and?d(625 nm). Dashed line: Cutoff for brain tissue separation.

2510° 20 -~
® Normal Brain Tissues @ Normal Brain Tissues
O  Primary Tumors O Primary Tumors
X Infiltrating Tumor Margins ° X Infiltrating Tumor Margins
210* | hd .
1 UL .
L]
- El x :
Z 1510 |- < !
= £ '
g o 10 1
P = 1
g * s X :
= S <
e 110 . E !
] w 1
] )
: :
X ] 5r 1
5000 | ! = !
; ;
m] Or X 1
x : o
) ! I | . ) 0 | I : H ) ]
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Rd(625 nm) [a.u.] Rd(625 nm) [a.u.]
(@ (b)

Fig. 5. Empirical discrimination algorithms fam vivo brain tissue data set with a high degree of superficial blood contamination based B\468) nm and
Rd(625 nm) and (b)F/Rd"°* at 440 nm and?d 625 nm). Dashed line: cutoff for brain tissue separation.

of oxyhemoglobin. This assumption is found to be valid onlgegree of superficial blood contamination. However, the ex-
between 300 and 600 (see Fig. 1). The significant differencesrimental results do not fully support this statemd?}tﬂdh
betweeMigitute_blood aNdhoxym, Deyond 600 nm indicate thatsignificantly deviates from theoretical predictions whanp
P diluted_blood (A) Were over-estimated in this wavelengttexceeds 2. This deviation may be attributed to the poor signal
region. There is an increase in the amount of light scatteritg noise ratio off; at high oy, which may be improved by
in the diluted blood solution between 600 and 800 nm whichsing a longer integration time and/or a higher excitation
leads to an additional loss of transmitted light energy. Theower. Nevertheless, thE/Rdh model remains effective for
transmission loss caused by scattering is treated as a loss caused< 2, which corresponds to a fluorescence attenuation
by absorption whem, dgilted_nlood( A ) @re calculated basedof approximately 86%. Based on observations made during
on transmission of the sample and Beer’s Law. This limitatioglinical spectroscopic studies in the brain, fluorescence signal
however, should not prevent the applicability of tEE!Rdh attenuation encounteréa vivois typically less than 70%. This
model in mostin vivo optical diagnostic applications that aremplies that theF/Rd" model is definitely useful in a clinical
based on autofluorescence spectroscopy, as tissue fluorescsitoation (e.g., brain tumor resection).
is primarily observed between 400 and 600 nm. The advantage of usin@“/Rd" for in vivo tissue differ-
Both the theory and the Monte Carlo simulation modeadntiation is clearly demonstrated in Figs. 4 and 5. Note that
(Fig. 2) suggest thaF/Rdh should be independent of theRd (625 nm), used in both discrimination algorithms, is
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blood contamination since blood absorption is rather insignif-
icant beyond 620 nm. While the best empirical discrimination

algorithm based on raw spectral data (i2.(460 nnj and/or

Rd (625 nm failed to completely separate normal brain [
tissues from tumor-bearing brain tissues in the case where
the superficial blood contamination effect is pronounced, the[s]

optimal discrimination algorithm based dfy Rd" (h = 1.01)

at 440 nm andRd (625 nm) yields a perfect separation. This

clearly demonstrates the advantage of usﬁijg%dh for in vivo

brain tissue discrimination and the importance of removing the
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171-186, 1998.

B. Pogue and G. Burke, “Fiber-optic bundle design for quantitative fluo-
rescence measurement from tissugypl. Opt, vol. 37, pp. 7429-7436,
1998.

attenuation effect of superficial blood contamination in order [g; . zhang, M. Muller, J. Wu, and M. Feld, “Turbidity-free fluorescence

to achieve accuratm vivo tissue differentiation using optical

spectroscopy.

It should be emphasized that the theoretical basis of the spe

tral processing algorithm proposed in this paper, R)/d%dh

model, is a simple but distinct model that is meant to only ac{10
count for the attenuation effect of a superficial blood layer typ-
ically present on the tissue surface in an operating field. Th@i1]
development of this algorithm was driven by the fact that the
superficial blood layer seen particularly during surgical proce-
dures is variable and is not intrinsic to the tissue. Hence, minf2]
imizing its influence on the tissue optical spectra is critical for
the successful application of optical spectroscopy for intraoper-
ative use and surgical guidance (as indicated in Fig. 5). Despit@3]
the fact that it does not remove the interplay of tissue optics

in the fluorescence spectra [3]-[8], th}é/Rdh model signifi-
cantly the performance of optical spectroscopyifiorivo brain

tissue differentiation, as illustrated in Figs. 4 and 5. This spec-
tral processing algorithm will be applied to the entire clinical

data acciuired from brain tumor patieitsvivo and the impact
of '/ Rd

ture.

VI. CONCLUSION

The theory presented in this paper shows that combinefg)
optical spectroscopy./Rd" reduces the effect of superficial
blood contamination present at the tissue surface, and hen
removes one of the major obstacles toward the application
of optical spectroscopy for intraoperative use and surgical
guidance. This theory has been validated in a simulation as
well as experimentally. It should be noted that the exponents
h(A) between 300 and 600 nm can be predetermined using the
absorption spectrum of oxyhemoglaobin. Hence, the combined
optical spectrumf,/Rd", instead of the fluorescence spec-

trum £, should be used in the developmentimfvivo tissue
discrimination algorithms for detection of disease.
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