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Abstract. In near-infrared spectroscopy �NIRS�, concentration
changes in oxy- and deoxyhemoglobin are calculated using an attenu-
ation change of the measurement light and by solving a linear equa-
tion based on the modified Lambert-Beer law. While solving this
equation, we need to know the wavelength-dependent mean optical
path lengths of the measurement lights. However, it is very difficult to
know these values by a continuous-wave-type �CW-type� system. We
propose a new method of estimating wavelength-dependent optical
path length ratios of the measurement lights based on the data ob-
tained by a triple wavelength CW-type NIRS instrument. The pro-
posed method does not give a path length itself, but it gives a path
length ratio. Thus, it is possible to obtain the accurate hemoglobin
concentration changes without cross talk, although the method can-
not contribute to the quantification of the absolute magnitude of he-
moglobin changes. The method is based on the principle that two
possible estimations of hemoglobin concentration changes calculated
using a triple-wavelength measurement system should be identical.
The method was applied to the experimental data of human subjects’
foreheads. The estimated path length ratios were very similar to litera-
ture values obtained by using picosecond laser pulses and a streak
camera detector �M. Essenpreis et al., Appl. Opt. 32�4�, 418–425
�1993��.
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Introduction

uring functional brain activation, near-infrared spectroscopy
NIRS� is an effective tool for noninvasive investigation of
erebral oxygenation and hemodynamics.1–3 It has several ad-
antages over other functional measurement methods such as
unctional magnetic resonance imaging �fMRI�, positron
mission tomography �PET�, and electroencephalogram
EEG�. These advantages include good temporal resolution,
easurement of both oxy- and deoxyhemoglobin �HbO and
bR�, high portability, low restraints of subjects, and cost-

ffective equipment.4 Several types of NIRS equipment are
ow available, such as time-resolved spectroscopy �TRS�,
hase-resolved spectroscopy �PRS�, and continuous-wave-
ype �CW-type� instruments.

TRS-type and PRS-type instruments have some advan-
ages over a CW-type instrument. For example, they can ob-
ain mean optical path length of the measurement light, which
an be used to realize a cross-talk-free hemoglobin concentra-

ddress all correspondence to: Shinji Umeyama, Neuroscience Research Insti-
ute, National Institute of Advanced Industrial Science and Technology, Center
, Umezono 1-1-1, Tsukuba, Ibaraki 305-8568, Japan. Tel: 81 29-861-5837;
ax: 81 29-861-5841; E-mail: s.umeyama@aist.go.jp
ournal of Biomedical Optics 054038-
tion change estimation. However, since these instruments use
a complex mechanism, they are usually more expensive than a
CW-type instrument. On the other hand, the CW-type instru-
ment is now very popular and widely used due to several
practical reasons such as implementation cost. Thus, if we can
estimate the mean optical path length ratio by using only CW-
type measurement data, this contributes a realization of more
accurate and reliable measurement of the CW-type instrument
and should be very useful to many CW-type instrument users.

In a CW-type NIRS system, a simple calculation based on
measuring the attenuation change of light as it propagates
through a subject’s head provides information about the con-
centration change of HbO and HbR in the brain. This calcu-
lation requires multiple measurement lights of different wave-
lengths, and the dual-or triple-wavelength measurement is
widely used. The relationship between attenuation and con-
centration change is expressed using a linear equation based
on the modified Lambert-Beer law. The coefficients in this
equation include molar absorption coefficients of HbO and
HbR and mean optical path lengths of the measurement light.
All of these coefficients depend on the wavelength of the
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easurement light. The molar absorption coefficients of HbO
nd HbR have been reported earlier.5 On the other hand, the
ean optical path lengths are difficult to determine using a
W-type instrument.

If the mean optical path length is not known, we cannot
uantify hemoglobin concentration changes, and comparisons
f NIRS measurements of different subjects and/or regions
ithin a subject are impossible since the mean optical path

ength depends on subjects and a measured region within a
ubject. The mean optical path length depends also on the
avelength of the measurement light. Thus, if we do not
now path lengths of used wavelengths, and substitute, for
xample, a wavelength-independent constant for these values,
t inevitably introduces a source of error while calculating
oncentration changes. These errors are referred to as cross
alk, because a change in one of the chromophores may mimic
change in the other chromophore.6,7

Since it is difficult to determine the mean optical path
engths using a CW-type instrument, they were usually mea-
ured by a TRS or PRS instrument beforehand,8 or literature
alues9–11 were substituted for these values.12 In the former
ase, an additional TRS or PRS instrument is necessary, and
hese are usually more expensive than a CW-type instrument.
n the latter case, the substituted values may be different from
he true value since the path length depends on a subject and
measured region. Thus, if we have a method to estimate the
ath length only by a CW-type instrument, it could be useful
o obtain the more accurate hemoglobin changes.

In this paper, we assume a triple-wavelength ��1 ,�2 ,�3�
easurement system and propose a new method for estimat-

ng the wavelength dependence of the mean optical path
ength. Here, we assume that only HbO and HbR contribute
oward measured attenuation changes and that their concen-
rations change homogeneously in the tissue volume sampled
y the detector. We also assume that optical path length does
ot change during a measurement.

Since two measurement lights with different wavelengths
re sufficient to estimate two chromophores �HbO and HbR�,
wo estimations of hemoglobin concentration changes can be
btained if we use a triple-wavelength measurement system—
ne calculated from data obtained using measurement lights

1 and �2 and the other from lights �2 and �3. Theoretically,
hese estimations should be identical; however, they are gen-
rally not identical if we assume l��1�= l��2�= l��3� in the
alculation, where l��1�, l��2�, and l��3� are the mean optical
ath lengths of three wavelengths. The proposed method es-
imates optical path length ratios, l��2� / l��1� and l��3� / l��1�,
y minimizing squared differences of these two estimations. It
annot provide the absolute value of a mean optical path
ength; therefore, the absolute values of hemoglobin concen-
ration changes are not obtained, and the method does not lead
o the comparisons of NIRS measurements of different sub-
ects and/or regions within a subject. However, accurate he-

oglobin concentration changes free from cross talk with an
rbitrary scaling can be obtained by the method.

There have been several studies on the wavelength-
ependent optical path length estimation. Kahl et al. reported
n estimation algorithm based on the assumption that the
ulselike heartbeat response in observed absorbance changes
re induced by volume changes in the arterial blood, which is
ournal of Biomedical Optics 054038-
saturated with oxygen.13 Sakaguchi et al. estimated the wave-
length dependence of mean optical path length at the exposed
cortex of animals based on the same principle14 as ours. How-
ever, their method did not take into account the measurement
noise. Our simulation shown in this paper indicates that mea-
surement noise significantly influences the estimation accu-
racy. We propose in this paper a new estimation method that
provides an accurate estimation even with a relatively high
noise level. The proposed method works without knowing a
noise level. We think that this an important aspect of practical
estimation, because sometimes the signal-to-noise ratio �SNR�
of NIRS measurements of the human head is very low.

2 Theory
When a uniformly turbid medium is irradiated with near-
infrared light, a temporal absorbance change �A resulting
from a small homogeneous change in the absorption coeffi-
cient ��a can be represented by using the modified Lambert-
Beer law:

�A�i,�� = l�����a�i,�� + n�i,�� , �1�

where i is the sampling index, l��� is the mean optical path
length at wavelength �, and n�i ,�� is a measurement noise.
The absorption coefficient change ��a is given as

��a�i,�� = �HbO����HbO�i� + �HbR����HbR�i� , �2�

where �HbO and �HbR are oxy- and deoxyhemoglobin con-
centration changes, and �HbO and �HbR are their molar absorp-
tion coefficients, respectively.

The triple-wavelength measurement employs three light
sources. If we use a vector representation of temporal attenu-
ation changes, hemoglobin concentration changes, and mea-
surement noises as

ai = ��A�i,�1�,�A�i,�2�,�A�i,�3��T, �3�

xi = ��HbO�i�,�HbR�i��T, �4�

ni = �n�i,�1�,n�i,�2�,n�i,�3��T. �5�

Equations �1� and �2� are summarized as follows:

ai = LExi + ni, �6�

where

L = diag�l��1�,l��2�,l��3�� , �7�

E = ��HbO��1� �HbR��1�
�HbO��2� �HbR��2�
�HbO��3� �HbR��3�

� . �8�

We deduce the following equation by subtracting the average
of each variable:

ãi = LEx̃i + ñi, �9�

where
September/October 2009 � Vol. 14�5�2
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ãi = ai − ā , �10�

x̃i = xi − x̄ , �11�

ñi = ni − n̄ . �12�

Here, we calculate two estimations of temporal concentra-
ion changes. The first is calculated using the temporal absor-
ance change observed using wavelengths �1 and �2, and the
econd is calculated using wavelengths �2 and �3. These es-
imations should coincide with each other except for the
oise, if we can correctly predict the unknown path length
atrix L. If we write

��HbO��1� �HbR��1�
�HbO��2� �HbR��2� �−1

= 	u11 u12

u21 u22

 , �13�

��HbO��2� �HbR��2�
�HbO��3� �HbR��3� �−1

= 	v11 v12

v21 v22

 , �14�

wo estimations are given as follows:

yi = UL̂−1ãi, �15�

zi = VL̂−1ãi, �16�

here

U = 	u11 u12 0

u21 u22 0

 , �17�

V = 	0 v11 v12

0 v21 v22

 , �18�

nd L̂ is a predicted matrix of L,

L̂ = diag�l̂��1�, l̂��2�, l̂��3�� . �19�

e assume that �L̂�=1, since we cannot estimate their abso-
ute values. Thus, hemoglobin concentration change has an
mbiguity in its scaling in our method.

If we can correctly predict the path length matrix L, two
stimations should be identical. Thus, we can give the follow-

ng criterion J�L̂�.

J�L̂� =
1

N�
i=1

N

�yi − zi�2. �20�

y minimizing this criterion, an estimation of L̂ is given. If
here is no measurement noise �ñi=0�, the obtained estima-
ion is coincident with the true value except for its scaling.
owever, if there exists a noise, it has a kind of bias, and it is
ot coincident with the true value. In the following, we ex-
lain this and give an improved algorithm to solve this prob-
em.

Using Eq. �9�, y and z are represented as follows:
i i

ournal of Biomedical Optics 054038-
yi = U1x̃i + U2ñi, �21�

zi = V1x̃i + V2ñi, �22�

where

U1 = UL̂−1LE, U2 = UL̂−1, �23�

V1 = VL̂−1LE, V2 = VL̂−1. �24�

Thus, the criterion J�L̂� is transformed as follows:

J�L̂� =
1

N�
i=1

N

��U1 − V1�x̃i + �U2 − V2�ñi�2, �25�

=tr�U1 − V1��xx�U1 − V1�T� + 2tr�U1 − V1��xn�U2 − V2�T�

+ tr�U2 − V2��nn�U2 − V2�T� , �26�

where �xx and �nn are covariance matrices of x̃ and ñ, re-
spectively, and �xn is their cross-covariance matrix. We as-
sume that x̃ and ñ are independent and also assume that
�nn=�n

2I. Then,

J�L̂� = tr�U1 − V1��xx�U1 − V1�T� + �n
2�U2 − V2�2. �27�

If L̂=L /d, where d= �L�, we have U1=V1=dI, and the first

term of Eq. �27� becomes zero. Thus, the criterion J�L̂�
achieves its minimum value when L̂=L /d if no noise exists
��n=0�. However, since the second term of Eq. �27� works as

a bias of the criterion if noise does exist, L̂ that minimizes

J�L̂� is different from L /d. To avoid this difficulty, we pro-

pose the following criterion J��L̂�:

J��L̂� =
J�L̂�

�U2 − V2�2 . �28�

Since J��L̂� is represented as follows from Eq. �27�, the mini-

mum of J��L̂� is achieved when L̂=L /d even if the magnitude
�n of the noise is not zero:

J��L̂� =
tr�U1 − V1��xx�U1 − V1�T�

�U2 − V2�2 + �n
2. �29�

The estimation process is a nonlinear optimization problem,
and a MATLAB routine “iminsearch” was used to solve this
problem. An initial value of the minimization process was set

to be L̂=0.5773I ��L̂�=1� in the following experiments. The
convergence of the minimization was fast. For example, the
computation time of an experiment in Sec. 3.2 was about 1 s
by a PC �Core2 Duo 2.4 GHz�.

3 Method
3.1 Simulation of Path Length Estimation
We give here a simple simulation of the proposed path length
estimation method on artificial data to show the effectiveness
September/October 2009 � Vol. 14�5�3
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f the algorithm. The artificial data used in the simulation was
repared as follows. Real observed data of oxy- and deoxy-
emoglobin concentration changes, which were calculated
rom the NIRS measurement data of 3600 samples of an adult
orehead by using an ordinary estimation algorithm of modi-
ed Lambert-Beer law, were used for the hemoglobin concen-

ration change xi. Then, xi was transformed into the temporal
bsorbance change ai as follows:

ai = LExi + ni, �30�

here E is given by assuming the wavelengths of three light
ources are 776, 809, and 850 nm ��1, �2, �3, in this order�,
nd L is assumed to be diag�1.0, 0.9, 0.8�.

Noises were assumed to be mutually independent Gaussian
oises with a zero mean. The noise variance �n

2 was defined as
ollows to give several SNR levels:

SNR = 10 log10
mean variance of LEx

�n
2 . �31�

The optical path length estimations were performed by two
ethods: the simple method using the criterion J of Eq. �20�,

nd the proposed method using the criterion J� of Eq. �28�.
or each SNR level, 50 different noise sequences were gen-
rated, and path length estimations were performed on these
ata. The average and the standard deviation of estimated op-

ical path length ratios, l��̂2� / l��̂1� and l��̂3� / l��̂1�, were cal-
ulated.

.2 Path Length Estimation by Experimental NIRS
Data

o prove the validity of our theoretical considerations, we
ested the proposed path length estimation method by apply-
ng it to real data of NIRS measurements. We used a near-
nfrared oximeter �NIRO-200, Hamamatsu Photonics� and its
tandard probes. The probes are attached on the right and left
ides of a subject’s forehead �see Fig. 1�. Each probe has two
etectors of different source–detector distances �36 and
2 mm� to realize a spatially resolved spectroscopy �SRS�.
he subject sat still on a chair, and temporal absorbance
hanges were recorded for 10 min. Two healthy volunteers
articipated in the experiment. This study was approved by
he Institutional Review Board of AIST, and the participants
ave a written informed consent. The measurement sampling
requency was set at 6 Hz for 3600 samples. Three light
ources with wavelengths of 776, 809, and 850 nm ��1, �2,

3, in this order� were used. Very low frequency components
f �0.005 Hz� of the observed data were removed by fast
ourier transform �FFT� to eliminate the drift. Data recorded

ig. 1 Standard probes of a near-infrared oximeter, NIRO-200, at-
ached on the left and right sides of a subject’s forehead.
ournal of Biomedical Optics 054038-
in the initial and final two minutes of the analysis were not
used in calculation to avoid side-effects of low-frequency
elimination. As a result, only 2160 samples were used in the
estimation.

We applied two pathlength estimation methods—the pro-
posed method based on criterion J� and the simple method
based on criterion J—to the obtained NIRS data.

4 Results and Discussion
The simulation results are shown in Fig. 2. This figure shows
that the simple method can give correct path length estima-
tions only with a very high SNR. On the other hand, on av-
erage, the proposed method gives very accurate estimations
even with a low SNR. The figure also indicates, however, that
standard deviations of the estimated value distribution of the
proposed method are not small with a low SNR. Thus, the
estimated values widely vary around the average value when
SNR is very low. Thus, in this case, the proposed method may
fail to give accurate path length estimation, although it still
gives better results than the simple method. To overcome this
problem, we may need more data samples.

The estimated mean optical path length ratios calculated
using the experimental data of NIRS measurement at the right
and left side of the human subject’s forehead are shown in
Table 1. Since the probe used in the experiment has two de-
tectors with their respective separation distances being 36 and
42 nm from the source, the estimated ratios for both detectors
are shown in the table. Table 1 shows that the estimated ratios,
l��2� / l��1� and l��3� / l��1�, of the proposed method were ap-
proximately 0.94 and 0.83.

Essenpreis et al.9 gave mean optical path lengths for wave-
lengths ranging from 740 to 840 nm by using picosecond la-
ser pulses and a streak camera detector. The source–detector
separation was 40 mm. Table 2 summarizes the mean optical
path lengths of seven subjects for the three wavelengths �776,
809, and 850 nm� based on Fig. 4�a� of the Essenpreis report.
Since the mean optical path length at wavelength 850 nm was

5 10 15 20 25 30 35 40 45
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Fig. 2 Simulation results of mean optical path length ratio estimation.
The true ratios, l��2� / l��1� and l��3� / l��1�, were assumed as 0.9 and
0.8. On average, the solid and dashed lines show path length ratios
estimated by the proposed method �J�� and the simple method �J�,
respectively. Error bars represent the standard deviation of the
estimations.
September/October 2009 � Vol. 14�5�4



n
e
u
T
r
m
t
t
s
w

a

Umeyama and Yamada: New method of estimating wavelength-dependent optical path length ratios…

J

ot mentioned in this report, this value was determined by
xtrapolating the other data. Path length ratios were calculated
sing these path lengths and are given in the right columns of
able 2. They are very similar to the estimated path length
atios in Table 1. Path length ratios estimated by the simple
ethod are also given in the right columns of Table 1. All

hese values are greater than the path length ratios obtained by
he proposed method. The differences between the corre-
ponding values were approximately 0.3. This result agrees
ell with the simulation results �Fig. 2�.

Figure 3 shows time course examples of calculated oxy-
nd deoxyhemoglobin concentration changes. These time

Table 1 Estimated mean optical path length rat

Source–detec

Propos

l��2�/ l��1

Subject 1 Left forehead 0.93

Right forehead 0.97

Subject 2 Left forehead 0.91

Right forehead 0.89

Source–detec

Propos

l��2�/ l��1

Subject 1 Left forehead 0.94

Right forehead 0.99

Subject 2 Left forehead 0.91

Right forehead 0.97

Table 2 Measured mean optical path lengths an
Essenpreis et al. �Ref. 9�. The mean optical path le
mark was determined by extrapolating the other

Subject

Mean optical path lengt

l�776� l�809� l

1 237 232

2 244 238

3 252 246

4 254 247

5 262 251

6 264 260

7 298 282
ournal of Biomedical Optics 054038-
courses form a part of the concentration changes at the left
forehead of subject 1. Figures 3�a� and 3�b� show the oxy- and
deoxyhemoglobin concentration changes calculated using the
equal path length assumption �l��1�= l��2�= l��3��. The dark
solid lines indicate concentration changes calculated using �1

and �2 measurement, while the gray solid lines are those ob-
tained using �2 and �3. These time courses do not completely
agree with each other, particularly in the deoxyhemoglobin
change. Figures 3�c� and 3�d� show oxy- and deoxyhemoglo-
bin concentration changes calculated by using path length ra-
tios estimated by the proposed method. The dark and gray

e left and right forehead of a human subject.

ance 36 mm

thod �J�� Simple method �J�

l��3�/ l��1� l��2�/ l��1� l��3�/ l��1�

0.82 1.20 1.14

0.85 1.27 1.20

0.78 1.34 1.23

0.78 1.23 1.13

ance 42 mm

thod �J�� Simple method �J�

l��3�/ l��1� l��2�/ l��1� l��3�/ l��1�

0.84 1.25 1.19

0.86 1.34 1.26

0.79 1.15 1.04

0.86 1.15 1.06

ratios. These values were based on the report of
t wavelength 850 nm indicated by an asterisk � *�
ecause it is not mentioned in the report.

Path length ratio

l�809�/ l�776� l�850�/ l�776�

0.98 0.89

0.97 0.89

0.97 0.89

0.97 0.87

0.96 0.88

0.99 0.90

0.95 0.86
ios at th

tor dist

ed me

�

tor dist

ed me

�

d their
ngth a
data b

h

�850�*

210

216

224

222

231

237

258
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olid lines also indicate time courses by �1 and �2, and �2 and

3, respectively. These figures show that these two estima-
ions agree very well with each other.

Conclusion
e propose a new method of estimating wavelength-

ependent mean optical path length ratios of measurement
ights. The method is based on the principle that two possible
stimations of hemoglobin concentration changes calculated
sing triple-wavelength measurement system data should be
dentical. The proposed method was applied to the experimen-
al data of human subjects’ foreheads, and the estimated path
ength ratios were very similar to the literature values. The
roposed method simply provides the ratio of path lengths
nd not their absolute values. The absolute value of the optical
ath length is required to compare observed responses at dif-
erent positions.8 Our method is not applicable to this prob-
em. However, the proposed method estimates accurate hemo-
lobin concentration changes that are free from cross talk.
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