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Interpretation of principal components of the
reflectance spectra obtained from multispectral images
of exposed pig brain
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Abstract. The spatial variation in reflectance such as the blood-vessel
pattern can be observed in the image of cerebral cortex. This spatial
variation is mainly caused by the difference in concentrations of oxy-
and deoxyhemoglobin in the tissue. We analyze the reflectance spec-
tra obtained from multispectral images of pig cortex by principal com-
ponent analysis to extract information that relates to physiological
parameters such as the concentrations of oxy- and deoxyhemoglobin
and physical parameters such as mean optical path length. The light
propagation in a model of exposed pig cortex is predicted by Monte
Carlo simulation to estimate the interpretation of physiological and
physical meanings of the principal components. The spatial variance
of reflectance spectra of the pig cortex can be approximately de-
scribed by the first principal component. The first principal compo-
nent reflects the spectrum of hemoglobin in the cortical tissue multi-
plied by the mean optical path length. These results imply that the
wavelength dependence of mean optical path length can be experi-
mentally estimated from the first principal component of the reflec-
tance spectra obtained from multispectral image of cortical tissue.
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1 Introduction
The activation of the cerebral cortex induces a localized
change in the volume and oxygenation of blood. The image o
the activated area of the exposed cortex can be obtained b
detecting the temporal change in the intensity of light at ap
propriate wavelengths absorbed by the cortical tissue durin
the activation task. The analysis of the exposed cortical imag
of a rat illuminated by narrow-band incident light at a 600- to
610-nm wavelength to locate the activated area was pe
formed by Hodge et al.1 Cannestra et al. used the optical im-
aging system with a narrow-band filter at a 605- to 610-nm
wavelength during surgery to measure the functionally active
regions in the human cortex.2 The temporal change in reflec-
tance of the exposed cortex in the visible to near-IR wave
length range primarily depends on the change in concentra
tions of oxyhemoglobin as well as deoxyhemoglobin in
superficial cerebral regions.3–5 Differential imaging with light
at a narrow-band wavelength can detect the temporal chang
in functional activity of the brain related to a change in the
concentrations of oxy- and deoxyhemoglobin. In the differen-
tial imaging of exposed cortex, a baseline image obtained
during a rest period is subtracted from the images obtained a
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a task period. However, it is impossible to make the distin
tion between the oxy- and deoxyhemoglobin from the mon
chromatic images. Multiwavelength measurement of
change in reflectance of cortical tissue enables determin
the change in the oxyhemoglobin concentration independe
of the deoxyhemoglobin concentration.

Recently, multispectral imaging systems have been de
oped and applied to color image analysis in various fie
such as art and natural scenes.6–8 The analysis of the multi-
spectral image becomes more complicated when the num
of wavelengths increases. In image data processing field, m
tivariate analyses, such as principal component analysis9 and
independent component analysis, are widely used to ef
tively reduce the amount of information. Tsumura et al. an
lyzed a skin color image by independent component anal
to separate the spatial distribution of melanin and hemoglo
in skin.10 Multispectral imaging has also been applied to t
exposed cortical tissue to measure the temporal chang
oxy- and deoxyhemoglobin caused by the brain activati
The temporal change in oxy- and deoxyhemoglobin was c
culated from the differential images at two wavelengths11

Dunn et al. simultaneously measured the cerebral blood c
tent, oxygen saturation, and cerebral blood flow of expo
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Yokoyama et al.
cortex by combining multiwavelength imaging and laser
speckle contrast imaging.12

The temporal change in reflectance spectra of cortical tis
sue depends not only on the change in concentrations of oxy
and deoxyhemoglobin but also on the mean optical path
length that detected light travels in the cortical tissue. The
mean optical path length is determined by the wavelength
dependent absorption and scattering coefficients. Mayhew
et al. suggested that a linear spectrographic analysis metho
which ignored the wavelength dependence of mean optica
path length, produced unreliable results in multispectral imag
analysis.11 However, it is difficult to experimentally obtain the
wavelength dependence of the mean optical path length. Th
spatial variation in reflectance such as the blood-vessel patte
can be observed in the cortical image. This spatial variation i
mainly caused by the difference in concentration of oxy- and
deoxyhemoglobin in the cortical tissue. The spatial variation
of reflectance as well as the temporal change may depend o
the wavelength-dependent mean optical path length.

In this paper, we acquired the multispectral images of ex
posed pig cortex with a multispectral imaging system. The
reflectance spectra of multispectral image of the pig cortex
were analyzed by principal component analysis to extract in
formation that relates to physiological parameters such as th
concentrations of oxy- and deoxyhemoglobin and physical pa
rameters such as the mean optical path length. The ligh
propagation in a model of exposed pig cortex was predicte
by Monte Carlo simulation to estimate the interpretation of
physiological and physical meaning of the principal compo-
nents of reflectance spectra of the pig cortex.

2 Background Theory
2.1 Multispectral Reflectance of Tissue
The intensity of reflected light at wavelengthsl in directionu
from exposed cortexY(u,l) can be expressed by the dichro-
matic reflection model:13

Y~u,l!5Ys~u,l!1Yd~u,l!

5as~u!E~l!1ad~u!Rd~l!E~l!, ~1!

whereYs(u,l) andYd(u,l) are the specular and diffuse re-
flections, respectively;as(u) and ad(u) are the scaling fac-
tors; Rd(l) is the spectral reflectance for diffuse reflection;
and E(l) is the intensity of incident light. The diffusely re-
flected light is strongly scattered in the biological tissue. The
propagation direction of multiply scattered light tends to be
independent of that of the incident light. Assuming that the
angular distribution of the intensity of the diffusely reflected
light is isotropic, that the specular reflection is ignored, and
that the light is diffusely reflected equally in all directions, the
spectral reflectance of the exposed cortex is proportional t
the reflectance of diffuse reflectionRd(l), which can be
given by

Rd~l!5exp@2ma^ l ~l!&2G~l!#, ~2!

wherema is the absorption coefficient of the cortical tissue,
^ l (l)& is the mean optical path length of the detected light
traveling in the cortex, andG(l) is the loss due to scattering.
Because the absorption of the cortical tissue is caused by se
011005Journal of Biomedical Optics
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eral chromophores in the tissue, the absorption coefficient
be expressed simply as the linear sum of the contribution
each chromophore.

Rd~l!5expH 2(
i

@cie i~l!#^ l ~l!&2G~l!J , ~3!

whereci is the concentration, ande i is the molar extinction
coefficient of the chromophores. In this paper, we assume
the absorption in the cortical tissue is caused by oxyhemo
bin, deoxyhemoglobin, and other chromophores.

2 ln@Rd~l!#5coxyeoxy~l!^ l ~l!&1cdeoxyedeoxy~l!^ l ~l!&

1ma cortex̂ l ~l!&1G~l!, ~4!

wherecoxy andcdeoxy are the concentrations of oxy- and d
oxyhemoglobin;eoxy andedeoxy are the molar extinction coef
ficients of oxy- and deoxyhemoglobin, respectively; a
ma cortex is the absorption coefficient of the cortical tissu
without hemoglobin. It is not possible to obtain the absolu
concentrations of oxy- and deoxyhemoglobin from Eq.~4!
because the loss by scatteringG(l) cannot be measured from
the multispectral image.

In differential imaging, the multispectral images are an
lyzed by pixel-by-pixel subtraction of a rest state and ac
vated state. The temporal change in reflectance at a pixel
be given by

DRd~l!5 ln@Rd rest~l!/Rd act~l!#

5Dcoxyeoxy~l!^ l ~l!&1Dcdeoxyedeoxy~l!^ l ~l!&,

~5!

whereRd rest(l) andRd act(l) are the reflectance of a cortica
image obtained during a rest state and during an activa
state, respectively. The absolute change in concentration
oxy- and deoxyhemoglobin can be calculated from the cha
in reflectance at several wavelengths by solving a simu
neous equation derived from Eq.~5! if we obtain the mean
optical path lengtĥ l (l)&. The mean optical path length can
not be directly measured from the multispectral images. T
assumption that path length is wavelength independent
sometimes been adopted to calculate the change in conce
tions of oxy- and deoxyhemoglobin, although the mean o
cal path lengtĥ l (l)& depends on the wavelength in realit
This assumption may produce unreliable results in multisp
tral image analysis.

2.2 Principal Component Analysis
Principal component analysis has been used to describe o
nal sets of data with a smaller number of uncorrelated co
ponents. Principal component analysis is an effective met
to extract valuable information from a large amount of da
and has been used for remote sensing, color analysis an
forth.14,15 In principal component analysis, the reflectan
spectra are represented as a point in multidimensional ve
space. A multispectral image is described as anm3n data
matrix of n observations onm variables.

R5@r1 r2 ¯ rn#, ~6!
-2 January/February 2005 d Vol. 10(1)
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Interpretation of principal components . . .
wherer i is a spectral data in which number of wavelength is
m for a pixel andn corresponds with number of pixel of the
CCD camera. The first principal component gives the linea
combination of the variables that gives the maximum varia-
tion. A second principal component gives the linear combina
tion of variables that is orthogonal to the first principal com-
ponent that gives the maximum variation. The goal of the
principal component analysis is to find the eigenvectors of the
covariance matrix.9 These eigenvectors correspond to the di-
rection of the principal components of the original spectra.
The variance-covariance matrixV is calculated as follows:

Vjk5@r j2 r̄ #T@r k2 r̄ #, ~7!

where r̄ is the average spectrum of the image. SinceV is
symmetric matrix, a positive real numbera and a nonzero
vectoru can be found such that

Vu5au, ~8!

wherea is an eigenvalue, andu is an eigenvector ofV. The
characteristics equationuV2aIu50 is solved to find a nonzero
u. A diagonalized routine is performed to determine eigenval-
ues and eigenvectors of the matrixV. If the matrix U
5@u1 u2 ¯ un# contains the eigenvectors of a matrixV, then
U is orthogonal andU can be decomposed as

V5UDUT, ~9!

where D is a diagonal matrix of the eigenvalues. Singular
value decomposition is used for this diagonalization becaus
of its numerical stability. These eigenvectors correspond to
the directions of the principal components of the original
spectra. Their statistical significance is given by their corre-
sponding eigenvalues. The eigenvectoru1 corresponding to
the maximum eigenvaluea1 indicates the direction of the first
principal component. The principal components are essen
tially statistical value and have no physiological and physica
meaning in themselves. However, the principal component
for multispectral images of the cortical tissue are likely to
relate to the spectra of oxy- and deoxyhemoglobin becaus
the spatial variance in the reflectance spectra of the cortica
tissue is mainly caused by the absorption of oxy- and deoxy
hemoglobin.

3 Methods
3.1 Acquisition of Multispectral Image
The multispectral images of pig cortex were acquired with a
multispectral imaging system. The system was installed in a
stereomicroscope, as shown in Fig. 1. A surgically removed
pig brain was placed under the microscope and was illumi
nated by a halogen lamp. The dimension of the pig brain in
the median plane was about 80 mm. The surface of the corte
was kept wet with physiological saline solution. Reflected
light from the cortical tissue was projected onto a cooled 16
bit CCD camera with 5123512 pixels through a filter wheel.
The region of interest was around parietal region but we
avoided the longitudinal fissure. The size of the field of view
was about 2.332.3 mm. The cortical surface in the field of
view was almost flat. Five narrow-band filters with the central
wavelengths from 450 to 650 nm at an interval of 50 nm were
011005Journal of Biomedical Optics
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installed in the filter wheel to acquire five spectral images
the cortical tissue. The filter wheel was controlled with a co
puter. The images of a diffuse-reflectance standard at e
wavelength were also obtained to compensate the spectru
the halogen lamp. The bandwidth of all the filters was 10 n
A reflectance spectrum of cortical tissue at each pixel w
extracted from the multispectral images. A set of reflecta
spectra obtained from a multispectral image was analyzed
principal component analysis. The first and second princ
components of six sets of multispectral images obtained fr
three brain samples were calculated.

3.2 Cortical Model for Image Synthesis
A cortical model was used to estimate physiological a
physical interpretations of principal components for mul
spectral images of the exposed pig cortex. Since the surfac
the exposed pig cortex in the field of view of the CCD came
was almost flat, the geometry of cortical tissue was simplifi
to a rectangular solid. The dimension of the model is
31035 mm. The model consists of 20032003100 cubic el-
ements and each element is specified by its scattering
absorption coefficients to represent the vessel structure
tissue area, as shown in Fig. 2. The model contains six ty
of blood vessels with a square cross section and tissue re
containing unobserved capillary bed. The hemoglobin conc
tration and oxygen saturation of each part of the model
shown in Table 1. The scattering and absorption coefficie
of cortical tissue, and the molar extinction coefficients of ox
and deoxyhemoglobin are shown in Figs. 3~a! and 3~b!, re-
spectively. The scattering and absorption coefficients of
cortical tissue were chosen from the reported data of
brain.16 We used the same five wavelengths in the simulat
as those used in the experiment and the spectra shown in
3 were obtained from the data at the five wavelengths
spline interpolation. The scattering coefficient is assumed
be uniform in the model and the anisotropy parameter of
model is 0.9. The absorption coefficient of each elem
ma(x,y,z) is calculated from the absorption coefficient of co
tical tissuema cortex, hemoglobin concentrationcHb(x,y,z),
oxygen saturationSO2(x,y,z), and extinction coefficients of
oxyhemoglobineoxy and deoxyhemoglobinedeoxy as follows:

Fig. 1 Multispectral imaging system installed in a stereomicroscope.
-3 January/February 2005 d Vol. 10(1)
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Fig. 2 Cortical tissue model for interpretation of principal component
of reflectance spectra obtained from multispectral images of pig cor-
tex. The model consists of six types of vessel and cortical tissue region
containing unobserved capillary bed.
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1edeoxycHb~x,y,z!@12SO2~x,y,z!#.

~10!

The hemoglobin concentrations of tissue and blood vessel a
93 mM and 1.86 mM, respectively. The oxygen saturation in
the model ranges from 40 to 100%, as shown in Table 1. Th
light propagation in the model was predicted by Monte Carlo
simulation based upon variance reduction algorithm.17,18 Pho-
tons, which had unit weight were uniformly injected into
whole area of the top surface of the model to mimic paralle
light. The trajectories of photons were determined by scatter
ing coefficient and random numbers. When the photon wa
scattered out from the cortical surface, the photon was pro
jected onto a CCD camera with 1283128 pixels. The size of
the field of view was about 6.436.4 mm. The size of the pixel
of the CCD camera in Monte Carlo simulation was larger than
that in the experimental system to keep the computation tim
of the simulation within a reasonable limit. The ultimate
weight of the detected photon was calculated from the absorp
tion coefficient of each element and path lengthl (l) in which

Table 1 Hemoglobin concentration and oxygenation saturation of
cortical model.

Tissue Types
Hemoglobin Concentration

(mM)
Oxygen Saturation

(%)

Arteriole 1 1.86 100

Arteriole 2 1.86 80

Venule 1 1.86 65

Venule 2 1.86 55

Venule 3 1.86 60

Venule 4 1.86 40

Cortical tissue 0.093 80
011005Journal of Biomedical Optics
e
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the photon traveled. The internal reflection in the mod
caused by refractive index mismatch was considered, whe
the specular reflection of incident light was ignored. The
fractive index of the model was 1.4. The ultimate weight
detected photons was accumulated with respect to each p
of the CCD to obtain the reflectance image. Since the C
camera with 1283128 pixels was modeled in the simulatio
the 16,384 different reflectance spectra were obtained f
the multispectral image of the cortical model. The reflectan
spectra were analyzed by principal component analysis
well as the experimental data to obtain the first and sec
principal components.

The least-squares fit based on absorption factors in
cortical tissue to the first and second principal component
the reflectance spectra was performed to discuss the ph
ological and physical interpretation of the principal comp
nents. We assumed that the spectrum of thej’th principal
componentPj (l) is expressed by the linear function of th
spectrum of an absorption factor:

Pj~l!5kFi~l!1d~l!, ~11!

where Fi(l) is the spectrum of an absorption factori, and
d~l! is residual component. The absorption spectra of oxy
moglobin, deoxyhemoglobin, cortical tissue, 80% oxygena
hemoglobin, and 80% oxygenated hemoglobin multiplied
mean optical path length were chosen as the absorption
tors. The coefficientk was calculated by the least-squares fi
ting method. The sum of squares of the residual compon
at the five wavelengths for the five absorption factors w

Fig. 3 Wavelength-dependent optical properties of the cortical model:
(a) scattering and absorption coefficients of cortical tissue and (b) mo-
lar extinction coefficients of oxy- and deoxyhemoglobin. The curves
were obtained from the data at the five wavelengths by spline inter-
polation.
-4 January/February 2005 d Vol. 10(1)



Interpretation of principal components . . .
Fig. 4 Image of pig cortex at a 550-nm wavelength acquired with the
multispectral imaging system. The bar indicates 500 mm.
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calculated to evaluate the similarities of wavelength depen
dence of the principal components to those of the absorptio
factors.

4 Results
An image of a surgically removed pig brain obtained with a
550-nm filter is shown in Fig. 4. Although the cortical tissue
has no blood circulation, a blood-vessel pattern, which is
caused by the difference in hemoglobin concentrations, can b
clearly observed in the image. Figure 5 shows typical 24 re
flectance spectra at cortical tissue and at various blood vesse
obtained from the multispectral images at five wavelengths
The reflectance data at five wavelengths detected with eac
pixel of the CCD camera were connected by spline interpola
tion to obtain the spectrum. The reflectance spectra of the pi
cortex vary from position to position. The first and second
principal components obtained from the reflectance spectra o
the pig cortex detected with all the pixel of the CCD camera
are shown in Fig. 6. The result is average of six sets of mul
tispectral images and the bars in the figure represent standa
deviation. The standard deviation of the first principal com-
ponent is much smaller than that of the second principal com
ponent. This indicates that the first principal component of the
reflectance spectra is less influenced by individual specificity
of the cortical tissue and noise. The percentages of varianc
011005Journal of Biomedical Optics
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accounted for by the first and second principal compone
were 87.364.9 and 4.1265.0%, respectively. The variance i
the reflectance spectra of the pig cortex is mainly conc
trated in the first principal component.

The propagation of light at five wavelengths in the cortic
model shown in Fig. 2 was predicted by Monte Carlo sim
lation to calculate the reflectance spectra and mean op
path length of light detected with each pixel of the CCD. T
million photons were injected to calculate the results as e
wavelength. Since the results calculated with ten million ph
tons were almost the same as those with eight million p
tons, the statistical error of Monte Carlo simulation in t
results can be negligible. The wavelength-dependent m
optical path length for the cortical model is shown in Fig.
The mean optical path length steeply increases when wa
length is longer than 600 nm. The mean optical path lengt
650 nm wavelength is about five times longer than that at 5
nm. Typical reflectance spectra of the cortical model
shown in Fig. 8. Two valleys of spectra at 450 and 550 n
which relate to the absorption peaks of cortical tissue a
hemoglobin, can be observed in all the spectra. This tende
of the spectral peaks of the cortical model is similar to that
the experimentally measured reflectance spectra of pig co
shown in Fig. 5. The first and second principal compone

Fig. 6 First and second principal components of reflectance spectra
obtained from six sets of multispectral images of pig cortex. The
curves were obtained from the weight calculated from multispectral
images at the five wavelengths by spline interpolation.

Fig. 7 Wavelength-dependent mean optical path length of the de-
tected photons traveling in the cortical model predicted by Monte
Carlo simulation. The curve was obtained from the mean optical path
length predicted at the five wavelengths by spline interpolation.
Fig. 5 Typical reflectance spectra obtained from multispectral images
of exposed pig cortex. The curves were obtained from the measured
reflectance at the five wavelengths by spline interpolation.
-5 January/February 2005 d Vol. 10(1)
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Fig. 8 Typical reflectance spectra obtained from multispectral images
of the cortical model predicted by Monte Carlo simulation. The curves
were obtained from the reflectance predicted at the five wavelengths
by spline interpolation.
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calculated from the reflectance spectra obtained from the mu
tispectral image of the cortical model are shown in Fig. 9. The
percentages of variance accounted for by the first and secon
principal components were 96.7 and 1.7%, respectively. Th
variance in the reflectance spectra of the cortical model can b
almost described by the first principal component. The firs
principal component of the reflectance spectra of the cortica
model is highly similar to that of the pig cortex shown in Fig.
6, whereas the second principal component does not agre
with that of the experimental result. These results indicate tha
the first principal component of the pig cortex is reflected in
hemoglobin concentration and oxygen saturation because th
variation in reflectance spectra of the cortical model is cause
by the concentrations of oxy- and deoxyhemoglobin. The sec
ond principal component of the reflectance spectra of the pi
brain may not imply any parameters corresponding to the con
centrations of oxy- and deoxyhemoglobin. The large deviation
of the second principal component of the experimental dat
implies that the influence of noise in the reflectance spectra o
the second principal component is greater than that on the fir
principal component. The reflectance spectra of the cortica
model of which the hemoglobin concentration of blood ves-
sels was 0.19 mM but the vessel structure was the same w
011005Journal of Biomedical Optics
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also predicted by Monte Carlo simulation. Although the p
centage of variance accounted for by the first principal co
ponent was reduced to 87.1%, the wavelength dependenc
the first principal component of the reflectance spectra is
most the same as that shown in Fig. 8.

A linear least-squares fit to the first and second princi
components of the reflectance spectra of the cortical mo
based on absorption factors in the cortical tissue was
formed to determine interpretations of the principal comp
nents. The factors are spectra of oxyhemoglobin, deoxyhe
globin, cortical tissue of pig, 80% oxygenated hemoglob
and 80% oxygenated hemoglobin multiplied by the mean
tical path length shown in Fig. 7. The oxygen saturation of
hemoglobin for the least-squares fit is the same as that in
cortical model. The sum of squares of residuals of the le
squares fit based on each absorption factor are listed in T
2. The residual for the spectrum of 80% oxygenated hemo
bin multiplied by the mean optical path length is significan
smaller than that of other absorption factors. The dotted li
in Fig. 10 show the curves of least-squares fit to the fi
principal component of the reflectance spectra of the cort

Table 2 Sum of squares residuals of least-squares fit based on ab-
sorption factors.

Absorption Factors

Sum of Squares of Residuals

PC 1 PC 2

Oxyhemoglobin 0.074 0.930

Deoxyhemoglobin 0.135 0.884

Cortical tissue 0.122 0.935

80% oxygenated hemoglobin 0.085 0.918

80% oxygenated hemoglobin
3mean optical path length

0.006 0.997

Fig. 10 Linear least-squares fit to the first principal component of re-
flectance spectra obtained from multispectral images of the cortical
model based on absorption spectrum of 80% oxygenated hemoglobin
multiplied by mean optical path length and based on absorption spec-
trum of oxyhemoglobin. The first principal component of reflectance
spectra obtained from six sets of multispectral images of pig cortex is
also shown. The curves were obtained from the weight calculated at
the five wavelengths by spline interpolation.
Fig. 9 First and second principal components of reflectance spectra
obtained from multispectral images of the cortical model predicted by
Monte Carlo simulation. The curves were obtained from the weight
calculated from multispectral images at the five wavelengths by spline
interpolation.
-6 January/February 2005 d Vol. 10(1)



in
e

i-

-

i-

y
-

e
n
-
-

n
e
e

f
p
l
-

l

l

l

t
d

f

e

is a

th
ti-
ni-
that
re-
al
ine
the
of

ent
he
ue

f the
nt.
es-
ue
oid
s to
path
is.

ec-
m-
ra of
rst
al

ate
al

cal
ts

ed
the

in
pal
lti-

y,
i-
yo
s
ety
e-
ury
h-
,

hu,
’’

N.
-

sing

Interpretation of principal components . . .
model based on the spectrum of 80% oxygenated hemoglob
multiplied by the mean optical path length and based on th
spectrum of oxyhemoglobin. The first principal components
of both the cortical model~solid line! and the pig cortex~bro-
ken line! are also shown in the figure. The curve of the least-
squares fit based on the spectrum of the hemoglobin mult
plied by the mean optical path length well approximates the
first principal components of the reflectance spectra of both
the cortical model and the real pig cortex.

5 Discussion
Principal component analysis can extract meaningful informa
tion from mutispectral images. The first principal component
for the cortical model agrees well with that for the real pig
cortex, whereas the second principal component for the cort
cal model is different from that for the real cortex. Although
the reflectance spectra of real pig cortex are influenced b
variety of factors, the concentrations of oxy- and deoxyhemo
globin was changed only in the cortical model. Modeling light
propagation in cortical tissue is not enough to describe th
phenomena corresponding to the second principal compone
for the real cortical tissue. However, the percentages of vari
ance accounted for by the first principal components for ex
perimental data is almost 90% and the individual difference in
the second principal component is much greater than that i
the first principal component. These results indicate that th
variance of the reflectance spectra of the pig cortex can b
approximately described by the first principal component.

The linear least-squares fit to the principal components o
the reflectance spectra of the cortical model based on absor
tion factors in the cortical tissue reveals that the first principa
component strongly correlates with the spectrum of hemoglo
bin in the cortical tissue multiplied by the mean optical path
length. Note that the first principal component of the reflec-
tance spectra of the pig cortex measured with the multispec
tral imaging system approximates the wavelength dependenc
of the hemoglobin absorption multiplied by the mean optical
path length. This implies that the wavelength dependence o
the mean optical path length can be estimated from the firs
principal component of the reflectance spectra of the cortica
tissue if the spectrum of hemoglobin in the cortical tissue can
be obtained. Although the spectrum of hemoglobin varies
with oxygen saturation, the difference is not significant in a
case where the oxygen saturation of the cortical tissue re
mains within normal limits. Note that it is impossible to cal-
culate the absolute optical path length from the first principa
components because principal components do not directly re
late to any physiological and physical parameters.

In the differential imaging measurement, the mean optica
path length is required to calculate the change in concentra
tions of oxy- and deoxyhemoglobin. The mean optical path
length strongly depends on wavelength, as shown in Fig. 7. I
is suggested that a linear spectrographic analysis metho
which ignores wavelength-dependent path length, produce
unreliable results.9 Although the path length scaling analysis
can improve the differential imaging measurement, it is diffi-
cult to experimentally obtain the wavelength dependence o
mean optical path length. The estimation of the wavelength
dependence of the mean optical path length in cortical tissu
from the first principal component can be helpful for the path
011005Journal of Biomedical Optics
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length scaling analysis even if the estimated path length
relative quantity.

In future work, we plan to apply the proposed path leng
estimation from the first principal component to the mul
spectral imaging of the exposed cortical tissue of small a
mals such as rats. Since the brain of the rat is smaller than
of the pig, we should examine the influence of specular
flection from the curved cortical surface on the first princip
component of multispectral image. We should also exam
the influence of diameter distribution of blood vessels on
first principal component. The mean optical path length
diffusely reflected light depends on the absorption coeffici
of the cortical tissue as well as the scattering coefficient. T
difference in mean optical path length in various part of tiss
caused by the absorption coefficient cannot be neglected i
differences in absorption coefficient of tissue are significa
The mean optical path length of light reflected at a large v
sel may be different from that reflected at the cortical tiss
containing an unobserved capillary bed. It is better to av
using the spectrum of reflectance at large blood vessel
estimate the wavelength dependence of the mean optical
length in the cortical tissue by principal component analys

6 Conclusions
In this paper, the reflectance spectra obtained from multisp
tral images of the pig cortex were analyzed by principal co
ponent analysis. The spatial variance of reflectance spect
the pig cortex can be approximately described by the fi
principal component. The light propagation in the cortic
model was predicted by Monte Carlo simulation to estim
the physiological and physical interpretation of the princip
components. The first principal component for the corti
model agrees well with that for the pig cortex and it reflec
the spectrum of hemoglobin in the cortical tissue multipli
by the mean optical path length. These results imply that
wavelength dependence of the mean optical path length
cortex can be experimentally estimated from the first princi
component of the reflectance spectra obtained from mu
spectral image of the exposed cortical tissue.
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