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Abstract. A method is presented to select the optimal wavelengths for
multispectral optical topography, which not only gives good separa-
tion between chromophores, absorption, and scattering, but also
minimizes the differences between interrogated volumes. This method
uses the sum of squared differences to compare photon measurement
density functions, which were generated for wavelengths in the near-
infrared �NIR� range for a suitable model of tissue optical properties. It
is found that including this condition significantly influences the range
of optimal wavelengths. However, for the adult human head, the dif-
ferences between interrogated volumes at NIR wavelengths are very
small and image reconstruction is only slightly improved when mea-
surements with overlapping sensitivities are used. © 2010 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.3484747�
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Introduction

iffuse optical imaging is a noninvasive technique used to
btain the spatial distribution of optical properties and chro-
ophore concentrations of tissue from measurements of near-

nfrared �NIR� light, which propagates through the tissue. The
echnique can be used to monitor cerebral oxygenation and
emodynamics, to provide information about cerebral patho-
ogical conditions, to measure functional brain activation dur-
ng a physical or mental task, and for breast cancer
etection.1–6 Two different approaches are considered in NIR
maging: optical topography and optical tomography. Optical
opography is used to describe systems that obtain diffuse
eflectance measurements from an array of source-detector
airs placed on the surface of the tissue, whereas optical to-
ography involves reconstructing a 3-D volume using mul-

iple measurement of transmitted light across the whole tissue
olume.7

A few NIR spectroscopy studies have been published that
xplore the selection of an optimal wavelength pair that mini-
izes cross-talk, where a change in oxy-hemoglobin concen-

ration �HbO2� may replicate a change in deoxy-hemoglobin
oncentration �HHb� and vice versa, and minimizes the influ-
nce of noise on calculated chromophore concentration
hanges.8–13 These studies revealed that, for measurements
erformed at two different NIR wavelengths, one of the wave-
engths should be in the range 650–750 nm and the other

820 nm.

ddress all correspondence to: Teresa Correia, University College London, De-
artment of Medical Physics and Bioengineering, Gower Street, London, WC1E
BT, United Kingdom. Tel: 44-20-7679-0264; Fax: 44-20-7679-0255. E-mail:
correia@medphys.ucl.ac.uk
ournal of Biomedical Optics 056002-
Image reconstruction using continuous wave �CW� mea-
surements at a single wavelength is an inverse problem with
nonunique solutions, where multiple sets of optical properties
can yield similar data.14 As a consequence, cross-talk between
the images of absorption and scattering occurs. Increasing the
number of measurement wavelengths only increases the num-
ber of unknowns because absorption and scattering need to be
reconstructed for each wavelength. However, the multispec-
tral method proposed by Corlu et al.15,16 directly reconstructs
the chromophore concentrations and scattering factors that are
wavelength independent, meaning that the number of un-
knowns remains constant when the number of measurement
wavelengths increases, representing a clear advantage over
the conventional method.

Corlu et al.15,16 introduced an approach for selecting the
optimal wavelengths for optical tomography based on their
multispectral method. This approach sought to maximize
separation between absorption and scattering separation while
also optimizing separation between the concentrations of
main breast tissue chromophores �HbO2, HHb, water, and
lipid�. However, this overlooks the possibility that the vol-
umes over which measurements are sensitive to changes in
absorption and scattering may be different at the selected
wavelengths. This issue is of importance in order to accu-
rately locate optical property changes occurring within the
object of study, because different wavelengths may have dif-
ferent sensitivities to the same changes in the medium, and
the same measured change could be associated with changes
in different regions within the reconstructed volume. In this
study, the optimal wavelength set is estimated by incorporat-
ing a third condition, which takes into account the interro-
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ated volume. The spatial similarities between sensitivity pro-
les for different wavelengths are analyzed and quantified.

Theory
.1 Reconstruction Method
he conventional image reconstruction method involves find-

ng the optical properties of the medium from a set of mea-
urements made at the surface. The optical properties are then
ombined to calculate the chromophore concentrations at
avelength � using the following equation:

�a��� = �i�i���ci, �1�

here �i is the extinction coefficient and ci is the concentra-
ion of the i’th chromophore. The reduced scattering coeffi-
ient �s� is approximately given by Mie scattering theory as

�s���� = a�−b, �2�

here a is the scatter amplitude and b the scatter power. In
his work, the latter is considered to be constant for simplicity.

The multispectral method involves reconstructing chro-
ophore concentrations and scatter parameters using all mea-

urements at all wavelengths simultaneously.16 The problem is
onlinear but can be linearized and reduced to the so-called
ifference method, based on the assumption that the true chro-
ophore concentrations are close to an initial guess. For CW
easurements, only intensity A is measured, hence changes in

he measured data �A at n measurement wavelengths are re-
ated to changes in the chromophore concentrations �ci and

catter amplitude �a through matrix J̃,

�
�A�1

�A�2

. . .

�A�n

� =�
J̃�c1,�1� J̃�c2,�1� . . . J̃�ci,�1� J̃�a,�1�

J̃�c1,�2� J̃�c2,�2� . . . J̃�ci,�2� J̃�a,�2�
] ] ] ] ]

J̃�c1,�n� J̃�c2,�n� . . . J̃�ci,�n� J̃�a,�n�
�

��
�c1

�c2

. . .

�ci

�a
� , �3�

here the elements of the matrix J̃ are given by

J̃�ci,�� =
�A���

�ci
=

�A���
��a���

��a���
�ci

=
�A���
��a���

�i���

= J���a��i��� , �4�

nd

J̃�a,�� =
�A���

�a
=

�A���
�����

�����
�a

=
�A���
�����

�����
��s����

��s����
�a

= J�����− 3����2���−b� . �5�

here � is the diffusion coefficient. The Jacobian matrix J�

epresents the sensitivity of a measurement to changes in the
ournal of Biomedical Optics 056002-
optical properties within the medium. The Jacobian can be
calculated by solving the diffusion equation using the finite
element method, for both the forward and adjoint solutions.17

In the Rytov approximation, changes in the log intensity are
used instead.17,18

Chromophore concentrations and scatter parameters can be
obtained by solving an ill-posed inverse problem at all wave-
lengths. In the work presented here, this is aided using the
zero-order Tikhonov regularization,

��c1, ¯ ,�ci,�a�T = �J̃TJ̃ + 	I�−1J̃T��A�1
, . . . ,�A�n

�T,

�6�

where 	=diag�JTJ+
�1/2 is the NOSER-type regularization
parameter,19,20 with 
=��max

−1 , where � is a scaling factor and
�max is the maximum singular value of JTJ. The constant 

ensures that the regularization parameter is never too small
and is approximately equal to the noise present in the data.

2.2 Identification of the Optimal Wavelengths
in Optical Topography

2.2.1 Unique and simultaneous reconstruction
The nonuniqueness problem associated with using CW mea-
surements results in cross-talk between absorption and scat-
tering. Minimizing the nonuniqueness of the multispectral
method by selecting the optimal wavelengths represents one
of the conditions introduced by Corlu et al.16 Rewriting the
nonuniqueness conditions introduced by Arridge and
Lionheart14 in terms of the wavelength-independent variables
in the multispectral method, it follows that the inverse prob-
lem has a nonunique solution when the residual norm16 R:

R = �1 − E�ETE�−1ET1� �7�

is zero. Thus, a maximization of R is required. E is a
wavelength-dependent matrix of the form

E��� =�
�1��1�

�1
b

�2��1�
�1

b ¯

�i��1�
�1

b

] ] ] ]

�1��n�
�n

b

�2��n�
�n

b ¯

�i��n�
�n

b
� . �8�

The ability to separate chromophore concentrations can be
evaluated from the matrix form of Eq. �1�,16

�
��a�1

��a�2

. . .

��a�n

� = ��1��1� �2��1� ¯ �i��1�
] ] ] ]

�1��n� �2��n� ¯ �i��n�
��

�c1

�c2

. . .

�ci

� ,

�9�

using the condition number k of the extinction coefficient
matrix �i���, which is the ratio of the largest to the smallest
singular value of the matrix. A small k��i���� indicates a
smooth singular value decay resulting in a reduced sensitivity
of the system to errors in the measurements, and therefore,
chromophores contribute evenly to absorption. In order to dis-
tinguish between chromophore concentrations, the wave-
September/October 2010 � Vol. 15�5�2
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ength sets chosen should minimize the condition number
��i����, which defines the second condition introduced by
orlu et al.16 This condition number also describes the linear

ndependence of the system of equations. When k��i���� is
mall, the matrix has full rank and, therefore, the wavelength
et provides distinct and independent information.

.2.2 Interrogated volume

n optical topography brain activation studies using multiple
avelengths, it is invariably assumed that measurements at

ach wavelength contain information from the same cerebral
egion. If not, data at some wavelength could be measuring a
egion where the activation occurs, whereas the data at others
ould be more sensitive to surrounding areas and the study
ay return erroneous results. Each row of the Jacobian matrix
represents the measurement sensitivity of a source-detector

air to a perturbation in the optical properties of the object of
tudy, which is known as the photon measurement density
unction �PMDF�.21 In terms of image reconstruction, if the
orward model is calculated for the same optical properties
ut the measurement wavelengths have different sensitivities
o changes in absorption and scattering, then for a perturba-
ion in the optical properties of the tissue, the reconstructed
erturbation will occur in different spatial locations. In prac-
ice, the optical properties of tissues beneath the probe are
nknown, and in order to reconstruct changes in tissue prop-
rties as accurately as possible, it is necessary to acquire data
t wavelengths where the sensitivities at each wavelength co-
ncide.

In this work, a method is proposed to find which combi-
ations of wavelengths have overlapping sensitivities, which
s an indicator of the similarity between interrogated volumes,
y comparing PMDFs for a certain source-detector pair using
ifferent measurement wavelengths. The influence of using
ifferent NIR measurements is analyzed in terms of image
econstruction and volume sensitivities. This is less relevant
hen considering transmission measurements �e.g., across a
ead of breast� because there is an intrinsically greater over-
ap of the PMDFs.

Methods
he software package TOAST �time-resolved optical absorp-

ion and scattering tomography�22 was used to model the
ropagation of light in tissue at wavelengths from
50 to 990 nm spaced in 10-nm intervals. To generate PM-
Fs for each wavelength, one needs to insert the correspond-

ng optical properties of the medium in the forward problem.
nitially, the medium is considered to be homogeneous with
ptical properties of gray matter. Subsequently, a three-layer
odel is used to generate PMDFs, which consists of two ex-

racerebral layers with skin and skull optical properties and an
ntracerebral layer with gray-matter optical properties. A
ingle source-detector pair 40 mm apart was used in the for-
ard model because simulations have indicated that this is

ufficient to measure hemodynamic changes in adult gray
atter.23
ournal of Biomedical Optics 056002-
3.1 Adult Head Model

3.1.1 Homogeneous model
The first model consisted of a uniform slab with dimensions
85�85�30 mm with intracerebral tissue optical properties
derived from a combination of chromophores present in brain
tissue: hemoglobin, water, lipid, and cytochromes.

Brain absorption spectrum. Total absorption coefficient for
brain tissue is calculated from Eq. �1� as

�a,brain��� = �HbO2
�HbT�SO2 + �HHb�HbT��1 − SO2�

+ �a,H2OW + �a,LipidL

+ �
aa3,b,c

	�oxCyt x�oxCyt x�Ox

+ �rCyt x�rCyt x��1 − Ox�
 + B , �10�

where �HbT� is the total hemoglobin concentration �in micro-
molar �µM��, SO2 is the oxygen saturation, W is the fraction
of water content, �a,H2O is the absorption coefficient of 100%
water �mm−1�, L is the fraction of lipid content, �a,Lipid is the
absorption coefficient of 100% fat �mm−1�, �HHb is the spe-
cific absorption coefficient of HHb ��M−1 mm−1�, �HbO2

is
the specific absorption coefficient of HbO2 ��M−1 mm−1�,
�rCyt x is the specific absorption coefficient of reduced cyto-
chrome x ��M−1 mm−1�, �oxCyt x is the specific absorption
coefficient of oxidised cytochrome x ��M−1 mm−1�, and Ox
is the fraction of oxidized Cyt x. The parameter B is the
background absorption, which was set to B=0.012 mm−1 so
that the total absorption matches the value �a�800 nm�
=0.036 mm−1 used by Okada and Delpy.31 The extinction co-
efficients used in this work were obtained from the
literature.26,32–34 The estimated concentrations in the gray mat-
ter for each chromophore are summarized in Table 1.

Brain scattering spectrum. Matcher et al.35 measured �s� of
the forehead of different human adults over the wavelength
range of 760–900 nm. They fitted the experimental spectra to
Eq. �2� and obtained a=32.08 �mm−1 nm−1� and b
=0.53 �mm−1�. Meanwhile, van der Zee27 measured �s� for
gray matter in vitro and found �s��800 nm�=2.2 mm−1,
which can be used as a reference number and included in the
exponential relation found by Matcher et al.,35 which then
becomes

�s�,brain��� =
2.2�a�−b�
�a800−b�

. �11�

3.1.2 Three-layer model
Figure 1 shows the second adult head model, which is a slab
with the same dimensions as the homogeneous model, con-
sisting of three layers that imitate the scalp, skull, and intrac-
erebral tissue. Scalp is represented by a 4-mm thickness layer,
and the skull is 7 mm thick. Absorption and scattering spectra
of skull are described in Firbank et al.36

Skin absorption spectrum. Three main chromophores were
considered for scalp: hemoglobin, water, and melanin. Their
September/October 2010 � Vol. 15�5�3
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stimated concentrations in skin are summarized in Table 1.
he melanin absorption coefficient can be approximated by

he expression30

�a,melanin = �6.6 � 1010��−3.33, �12�

n mm−1, where � is the wavelength represented in units of
anometers. Considering the contributions from all skin chro-
ophores, the total absorption coefficient of the skin layer can

e represented as

able 1 Chromophore concentrations used to calculate the absorp-
ion coefficients for the skin and gray matter.

ayer Parameter

ray matter Water content �%�24 80

Lipid content �%�25 11.6

�HbT� ��M�26 80

SO2 �%�26 70

�oxCyt aa3� ��M�27 6.4

�rCyt aa3� ��M�27 1.6

Oaa3 �%�27 80

�oxCyt b� ��M�27 2.37

�rCyt b� ��M�27 0.89

Oc �%�27 50

�oxCyt c� ��M�27 1.36

�rCyt c� ��M�27 0.68

Ob
27 40

kin Water content �%�28 60

�HbT� ��M�29 65

SO2 �%�28 71

Melanin content �%�30 13

Fig. 1 Three-layer adult he
ournal of Biomedical Optics 056002-
�a,skin��� = HbO2
�HbT�SO2 + HHb�HbT��1 − SO2�

+ �a,H2OW + �a,melaninM , �13�

where M is the fraction of melanin content. It was not neces-
sary to consider a background absorption for the skin layer,
because the absorption coefficient values already show a good
agreement with the values presented by Simpson et al.37

Skin scattering spectrum. The wavelength dependence of the
reduced scattering coefficient of skin has been modeled by
Bashkatov et al.38 as a combination of Mie and Rayleigh scat-
tering given by

�s,skin� = 7.37�−0.22 + 1.1 � 1011�−4, �14�

in mm−1, where � is the wavelength in nm. The first term
corresponds to Mie scattering due to large collagen fibers and
the second to Rayleigh scattering mainly due to small col-
lagen fibrils.

3.2 Similarity Measures
The sum of squared differences �SSD� can be used to measure
the similarity between two sensitivity profiles. For PMDFs X
and Y with voxels i, the SSD is defined as

SSD =
1

N�
i

N

�X�i� − Y�i��2 ∀ i � X � Y , �15�

where N is the number of voxels. The SSD will be zero when
the distributions are identical.

3.3 Optimal Wavelengths
Sensitivity profile maps �PMDFs� were obtained for the wave-
length range of 650–990 nm in steps of 10 nm, making a
total of 35 wavelengths. Initially, the PMDFs were combined
in sets of three wavelengths �C3

35�, making a total of 6545
wavelength sets. Thereafter, wavelength sets of four wave-
lengths were investigated, which results in 52,360 sets. For a
medium with i absorption chromophores, at least n= i+1
wavelengths are required when the scattering parameter a is
allowed to vary.16 Therefore, in order to find the solution for
both absorption and scattering coefficients for a medium with
two chromophores, it is necessary to employ at least three
wavelengths. It is common for optical topography systems to
acquire data at just two wavelengths. Therefore, all possible

del and probe placement.
ad mo
September/October 2010 � Vol. 15�5�4
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avelength pairs are compared �total of 595�, to provide an
nsight into what can be achieved using only two measure-

ent wavelengths.
The aim of this study is to determine which wavelength set

ives the best combination of: �i� good separation between
bsorption and scattering, �ii� good separation between
HbO2� and �HHb�, and �iii� excellent overlap between sen-
itivity profiles. Quantitatively, we aim to find the wavelength
ets that maximize the residual norm R �Eq. �7��, minimize
he condition number k of the matrix �i��� �Eq. �9��, and

inimize the SSD �Eq. �15��. The matrix E in Eq. �8� for
hree wavelengths is reduced to

E��� =�
�HbO2

��1�

�1
b

�Hbb��1�
�1

b

�HbO2
��2�

�2
b

�Hbb��2�
�2

b

�HbO2
��3�

�3
b

�Hbb��3�
�3

b

� , �16�

here the scatter power b is considered to be 0.53.35

.4 PMDF Comparison
he PMDFs for wavelengths from 650 to 990 nm are com-
ared by quantifying the differences in their sensitivity in
erms of penetration depth, volume, and full width at half

aximum �FWHM�, in order to determine if these differences
re significant. Absolute sensitivity values are used �because
he absorption PMDF has negative sensitivity�, and the
hreshold is set to 0.01. An analysis is performed of how these
ifferences affect the measurements and image reconstruc-
ions.

.4.1 Volume
he volume �V� is the number of voxels �N� with sensitivity
bove the threshold times the voxel volume. The relative vol-
me compares the PMDF volume at 650 nm �V650� with all
he other PMDF volumes �V��,

relative volume =
V�

V650
=

N�

N650
, �17�

here N650 is the number of voxels above the threshold in the
MDF at 650 nm and N� is the number of voxels above the

hreshold for the remaining wavelengths.

.4.2 FWHM
he FWHM was calculated for the PMDF cross section at
alf-way between the source and detector for the depth direc-
ion. The PMDF profiles include the point of maximum sen-
itivity. The FWHM provides a measure of the spread of the
MDFs.

.4.3 Penetration depth
he penetration depth �PD� is defined as the maximum dis-

ance into the medium at which perturbations in the optical
roperties can still be measured. The central region of the
MDF penetrates deeper into the tissue, which corresponds to

he PMDF profile �z direction� that passes through the mid-
ournal of Biomedical Optics 056002-
point between the source and detector. Hence, the distance at
which the sensitivity drops below the threshold for these pro-
files is considered to be the PD.

3.5 Image Reconstruction
Simulations were performed to compare the cross-talk effects
in images reconstructed from measurements at wavelengths
selected using our method against those from measurements
at wavelengths selected using Corlu et al.’s method.16 The
simulated medium consisted of a slab with 59,202 nodes, re-
sulting in 38,572 elements, and dimensions 85�85
�30 mm. An array with eight detectors and eight sources
�described previously by Correia et al.39� is centrally placed at
z=0 mm. However, here only source-detector separations
from 14 to 41 mm were considered. TOAST was used to gen-
erate CW model data at each wavelength, to which 5% ran-
dom Gaussian noise was added. The background had brain
optical properties, which were described in Section 3.1.1.
Hence, the deoxy-hemoglobin concentration �HHb� is
24 �M, the oxy-hemoglobin concentration �HbO2� is
56 �M, and the scattering amplitude a is 32 mm−1 nm−1.
Three perturbations with dimensions 10.6�10.6�10.6 mm
were placed within the medium, as shown in Fig. 2. The cen-
ter of each perturbation was at 11.7 mm below the imaging
surface. A single parameter was changed for each perturba-
tion, which consisted of either an increase in �HHb� of 1 �M,
in �HbO2� of 4 �M, or in a of 1 mm−1 nm−1. These pertur-
bations are sufficiently small to ensure that the concentrations
and scattering amplitude can be retrieved by linear reconstruc-
tion, and are roughly consistent with the magnitude of cere-
bral hemodynamic changes. Images were reconstructed using
the multispectral method on a 24�24�9 regular pixel basis.

4 Results
4.1 Optimal Wavelengths
For simplicity, the absorption and diffusion sensitivity profiles
are dealt with separately. The first results are shown in Fig. 3
for the homogeneous model, considering absorption sensitiv-
ity profiles only and three wavelength sets. Note that the SSD

Fig. 2 Cross section xy at z=11.7 mm of the medium used in the
simulation.
September/October 2010 � Vol. 15�5�5
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alues in Fig. 3 represent the average for each wavelength set.
ecause of the large number of points, further analysis of the
avelength sets was limited to those for which R�0.2, k
100, and �because the SSD for two similar PMDFs is
0.001� SSD�0.002 �dark circles in Fig. 3�. Each criterion

as a different order of magnitude; hence, the results con-
ained in this new range were normalized. The distance be-
ween the criteria values of a certain set of wavelengths in this
ange and the point �SSD,k ,R�= �0,0 ,1� was also calcu-
ated, which is the point with the smallest SSD, smallest con-
ition number criteria, and highest residual. The wavelength
istribution of the ten sets of three wavelengths with the
hortest distance are displayed in the histogram in Fig. 4.
istograms are obtained by counting the number of times a

ertain wavelength occurs, which is done separately for the
hree wavelengths, and normalized to the most frequently oc-
urring wavelength. For comparison, Fig. 5 shows the histo-
ram for the ten wavelength sets within the limit R�0.2 and

ig. 3 Plot of the sum of squared differences SSD �in millimeters�,
ondition number k and residual norm R, where each point represents
set of three wavelengths.

ig. 4 Histogram of the optimal wavelength distributions that satisfy
he three wavelength selection conditions, for the homogeneous
odel, three wavelengths, and two chromophores �HbO and HHb�.
2

ournal of Biomedical Optics 056002-
k�100, whose distance is closest to the point �k ,R�= �0,1�.
The means and standard deviations � of each wavelength dis-
tribution were calculated in order to find the optimal wave-
lengths and measure their spread. A 5-nm uncertainty error is
combined with � ��total=�2+52�, due to the bin size. Using
the three-wavelength selection criteria, the wavelengths are
680�5, 726�7, and 835�17 nm. When only the high re-
sidual and low condition number criteria are used the optimal
wavelengths are 650�5, 724�7, and 915�17 nm. The re-
sults suggest that when the new PMDF overlap condition is
included the smallest wavelength becomes larger, and the
largest wavelength becomes smaller.

The optimal four wavelengths that satisfy the three criteria
are 680�5, 715�14, 733�7, and 828�9 nm. Adding a
fourth wavelength broadened the central wavelength range
and shifted the highest wavelength to a smaller value. The
wavelength set obtained without including the third condition
is 650�5, 715�7, 727�7, and 919�13 nm. The differ-
ences between these results and those presented by Corlu et
al.16 are inevitably due to differences in the wavelength range
and spacing, chromophore extinction coefficients, and criteria
limits imposed.

The SSD for diffusion PMDFs is always slightly smaller
than for absorption PMDFs. This is probably because scatter-
ing does not have a strong wavelength dependence. Thus, the
optimal wavelength sets found using the absorption SSDs also
return small diffusion SSDs.

The histograms for the three-layer adult head model for
three and four wavelengths are shown in Figs. 6 and 7, re-
spectively. For the three wavelength distributions, the optimal
wavelength values are 680�5, 725�10, and 876�12 nm,
and for four wavelengths these values are 685�7, 719�9,
731�8, and 873�9 nm. The main difference between the
optimal wavelengths found for the homogeneous model and
the three-layer model occurs for the largest wavelength, which
becomes larger for the latter. The other wavelengths are ap-
proximately the same and, similar to the homogeneous case,
adding a fourth wavelength resulted in the merger of the two

Fig. 5 Histogram of the optimal wavelength distributions that satisfy
the high residual and low condition number criteria, for the homoge-
neous model, three wavelengths, and two chromophores �HbO2 and
HHb�.
September/October 2010 � Vol. 15�5�6
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entral wavelengths �i.e., the mean value is approximately the
ame but the range is larger�. Also for this model, the diffu-
ion SSDs are smaller than the corresponding values for ab-
orption; hence, the previous results also apply for diffusion-
ensitivity profiles.

The wavelength distributions obtained using our method
ere similar when the scattering power b was varied from 0

o 2.8, whereas for the two-criteria method similar wavelength
istributions were obtained for a range of b from 0 to 1.2.

.1.1 Two wavelengths
t is common to assume that scattering is homogeneous and
onstant over time. This assumption is convenient when data
re acquired at only two wavelengths, enabling solutions to be
btained if only two chromophores are considered. The fol-
owing analysis is aimed at identifying the two optimal wave-

ig. 6 Histogram of the optimal wavelength distributions that satisfy
he three wavelength selection conditions, for the three-layer model,
hree wavelengths and two chromophores �HbO2 and HHb�.

ig. 7 Histogram of the optimal wavelength distributions that satisfy
he three-wavelength selection conditions, for the three model, four
avelengths, and two chromophores �HbO and HHb�.
2

ournal of Biomedical Optics 056002-
lengths that give good separation between chromophores and
good spatial overlap between sensitivity profiles.

The solution is nonunique when only two wavelengths are
used. Although the SSD and the condition numbers k can
be very small, the residual norm R is never larger than
1�10−7, which confirms that one cannot separate absorption
from scattering using only two measurement wavelengths.

Chromophore concentrations can be distinguished if the
condition number k is small. The wavelengths whose distance
is shortest to the point with the smallest condition number
cluster at 710�16 and 973�9 nm. On the other hand, the
wavelengths with shortest distance to the point �SSD,k�
= �0,0� cluster at 694�7 and 883�23 nm. The inclusion of
the PMDF overlap condition has a clear effect on the largest
wavelength.

For the three-layer model, the wavelength pair with the
shortest distance to the point �SSD,k�= �0,0� is 704�7 and
887�12 nm, which is very similar to the optimal wavelength
set found for the homogeneous case.

The influence of �a on the absorption and diffusion PM-
DFs is identical; high absorption coefficients lead to narrower
PMDFs. A similar tendency is observed when �s� has a high
value for the absorption PMDFs, although the diffusion PM-
DFs become broader. Nevertheless, the SSD for both absorp-
tion and diffusion PMDFs is similar. The wavelength sets ob-
tained using the diffusion PMDFs are identical to those found
using the absorption PMDFs. The largest SSD occurs for
wavelengths paired with 970 nm, which corresponds to the
absorption peak of water. As mentioned previously, the sum
of squared differences SSD for diffusion is slightly smaller
than for absorption.

4.2 PMDF Comparison

4.2.1 Volume
The relative volume was calculated for the absorption PMDFs
�PMDF�a

� and diffusion PMDFs �PMDF��, for both head
models. Figure 8 shows the relative volumes for the different
wavelengths and the value of N650 for each case. The volume
of the PMDF�a

is larger than that of the PMDF�. For the
homogeneous model, the PMDF�a

volume resembles an in-
verted �a spectrum of brain tissue, because for large �a the
PMDF volume becomes smaller and for small �a the volume
becomes larger. For the PMDF�, the volume decreases as ex-
pected, given that the volume decreases with decreasing �s�.
However, the volume for PMDF� does not vary as much as
for PMDF�a

. The relative volumes for the layered model are
similar to those obtained for the homogeneous case.

4.2.2 FWHM
Figure 9 shows the difference between the depth FWHMs and
that corresponding to the wavelength 650 nm, FWHM650. In
general, the difference is �0.6 mm, which indicates that the
spread of regions of higher sensitivity does not vary much
with wavelength. The FWHM differences are smaller for
PMDF�, in particular for the homogeneous model, which
shows a relatively flat spectrum for wavelengths of �970 nm.
September/October 2010 � Vol. 15�5�7
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.2.3 PD
D is larger for the PMDF�a

, as shown in Fig. 10. The graphs
how the differences with respect to the PMDF PD at
50 nm, PD650. For the homogeneous model, the maximum
epth is 15.6 mm and occurs for a wavelength of 720 nm.
he lowest PD is 13.2 mm and occurs for a wavelength of
70 nm. This means that the maximum PD difference is
.4 mm. For the layered model, the maximum penetration
epth is 14.4 mm for a wavelength of 720 nm. For a wave-
ength of 970 nm, the PD attains a minimum value of

Fig. 8 Relative volume of �a� the PMDF�a
a

ig. 9 FWHM for the depth direction of the �a, c� PMDF�a
and �b, d�

odel.
ournal of Biomedical Optics 056002-
12.0 mm. The largest difference between PD is 2.4 mm. As a
consequence of the voxel size, which only allows discrete
spatial steps, the relative PD spectra exhibit a steplike
behavior.

The PMDF� exhibits a small variation in the PD for the
different wavelengths �Fig. 10�. For the homogeneous model,
the combination of low �a and high �s� for wavelengths from
670 to 840 nm results in a broader PMDF� with higher PD.
The maximum PD is 12.6 mm, and the largest difference be-
tween PD is 0.6 mm. The �s� for skull decays faster than for

PMDF� for the homogeneous head model.

� profiles for the homogeneous �a, b� head model and �c, d� layered
nd �b�
PMDF
September/October 2010 � Vol. 15�5�8
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rain tissue, and at wavelengths of �750 nm their �s� values
iverge significantly. When the external layers have lower �s�
nd �a than the inner layer, the sensitivity profiles shift to-
ard the surface. The high absorption of the brain tissue at
70 nm reduces the interrogation depth to 9 mm, compared
o the maximum at 11.4 mm.

.3 Image Reconstruction
mages were reconstructed from simulated measurements at
avelengths selected using our new proposed method, and

rom measurements at wavelengths selected using the method
f Corlu et al.16 Figure 11 shows the xy cross-sectional im-
ges at z=11.7 mm �Fig. 11�a�� and z=8.4 mm �Fig. 11�b��,
sing measurement wavelengths at 680, 720, and 830 nm,
imultaneously. Figure 12 shows the xy cross-sectional im-
ges at z=11.7 mm �Fig. 12�a�� and z=8.4 mm �Fig. 12�b��,
sing measurement wavelengths at 650, 720, and 910 nm,
imultaneously. Note that the color scales are not the same to
nhance the differences between the images. For both sets of
avelengths, the images exhibited cross-talk between chro-
ophores and also scattering. Cross-talk is particularly sig-

ificant between oxy- and deoxy-hemoglobin concentrations
n the deoxy-hemoglobin reconstruction and more evident in
he images reconstructed using the wavelengths selected by
ur method. However, the deoxy-hemoglobin perturbation ap-
ears closer to the real position in the images reconstructed
rom wavelengths selected by our method than in the images
btained from wavelengths selected using the two-condition

Fig. 10 Penetration depth of the �a, c� PMDF�a
and �b, d� PMDF� p
ournal of Biomedical Optics 056002-
criteria. The �HbO2� is underestimated in all the cases. The
�HHb� is overestimated at z=8.4 mm and underestimated at
z=11.7 mm. For comparison, images were reconstructed
from simulated measurements at two wavelengths that are
commonly used, 780 and 850 nm, and a third wavelength
located between these two at 820 nm. Figure 13�a� shows the
xy cross-sectional images for this wavelengths set at z
=11.7 mm and Fig. 13�b� the reconstructed images at z
=8.4 mm. Cross-talk is clearly visible in the oxy-hemoglobin
concentration and scattering amplitude images. The calculated
concentration and scattering amplitude values are underesti-
mated, except for �HHb� calculated at z=8.4 mm. However,
the �HHb� does not appear in the images in the correct posi-
tion.

The same simulation study was performed using four
wavelengths, and the corresponding xy cross-sectional images
at z=11.7 mm and z=8.4 mm obtained using the wave-
lengths found using our method are shown in Figs. 14�a� and
14�b�, respectively. Because of the limited sensitivity of the
measurement to scattering to regions deeper than 12 mm be-
low the surface, the reconstructions were found to have less
cross-talk at z=8.4 mm than at the true target depth z
=11.7 mm. Figure 15 shows the xy cross-sectional images at
z=11.7 mm �Fig. 15�a�� and z=8.4 mm �Fig. 15�b��, using
the wavelengths selected by the two-criteria method. Recon-
structions at z=8.4 mm for both sets of wavelengths were
similar and showed very small cross-talk. Nevertheless, the
scattering amplitude and deoxy-hemoglobin concentration

for the homogeneous �a, b� head model and �c, d� layered model.
rofiles
September/October 2010 � Vol. 15�5�9
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alculated at z=8.4 mm were overestimated. The slightly bet-
er reconstructions at z=11.7 mm obtained using our wave-
ength set could be due to the higher sensitivity of these wave-
engths to the depth at which the targets are located.
urthermore, even though the sensitivity to scattering is quite

imited in deeper regions, the PD of the PMDF� has its maxi-
um at these wavelengths. For comparison, images were re-

onstructed using the wavelengths 750, 780, 820, and
50 nm. Figure 16�a� shows the xy cross-sectional images at
=11.7 mm, and Fig. 16�b� shows the images at z=8.4 mm,

ig. 11 Reconstructed images at �a–c� z=11.7 mm and �d–f� z
8.4 mm of �a, d� oxy-hemoglobin, �b, e� deoxy-hemoglobin, and �c,

� scattering amplitude from measurements at wavelengths 680, 720,
nd 830 nm, for the homogeneous model.

ig. 12 Reconstructed images at �a–c� z=11.7 mm and �d–f� z
8.4 mm of �a, d� oxy-hemoglobin, �b, e� deoxy-hemoglobin, and �c,

� scattering amplitude from measurements at wavelengths 650, 720,
nd 910 nm, for the homogeneous model.
ournal of Biomedical Optics 056002-1
obtained using the latter measurement set. Cross-talk is vis-
ible in the images; the calculated chromophore concentrations
and scattering amplitude are underestimated; and the deoxy-
hemoglobin perturbation appears misplaced in the image.

The simulation results indicate that four measurement
wavelengths are required, in order to reconstruct images with
negligible cross-talk, from reflection measurements and using
linear multispectral reconstruction.

For the three-layer adult head model presented here, the
sensitivity to scattering perturbation occurring in the brain

Fig. 13 Reconstructed images at �a–c� z=11.7 mm and �d–f� z
=8.4 mm of �a, d� oxy-hemoglobin, �b, e� deoxy-hemoglobin, and �c,
f� scattering amplitude from measurements at wavelengths 780, 820,
and 850 nm, for the homogeneous model.

Fig. 14 Reconstructed images at �a–c� z=11.7 mm and �d–f� z
=8.4 mm of �a, d� oxy-hemoglobin, �b, e� deoxy-hemoglobin, and �c,
f� scattering amplitude from measurements at wavelengths 680 nm,
710, 730, and 830 nm, for the homogeneous model.
September/October 2010 � Vol. 15�5�0
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egion is very low; hence, it is not possible to separate the two
hromophores and scattering amplitude simultaneously.

Finally, simulations were performed using the same me-
ium as before, but without the scattering perturbation and for
wo wavelengths only. Figure 17 shows the reconstructions at
=11.7 mm and z=8.4 mm obtained from measurements at
avelengths found using our method �690 and 880 nm�. The

mages show a good separation between chromophores, but at
=8.4 mm, the calculated chromophore concentrations are
verestimated and, at z=11.7 mm, are slightly underesti-
ated. The images reconstructed from measurements at
avelengths found using the two criteria method �710 and

ig. 15 Reconstructed images at �a–c� z=11.7 mm and �d–f� z
8.4 mm of �a, d� oxy-hemoglobin, �b, e� deoxy-hemoglobin, and �c,

� scattering amplitude from measurements at wavelengths 650, 710,
30, and 910 nm, for the homogeneous model.

ig. 16 Reconstructed images at �a–c� z=11.7 mm and �d–f� z
8.4 mm of �a, d� oxy-hemoglobin, �b, e� deoxy-hemoglobin, and �c,

� scattering amplitude from measurements at wavelengths 750, 780,
20, and 850 nm, for the homogeneous model.
ournal of Biomedical Optics 056002-1
970 nm� exhibit a small amount of cross-talk �Fig. 18�. The
presence of cross-talk could be due to sensitivity differences
between the two wavelengths. At 970 nm, only the top of the
target is interrogated, whereas the light at 710 nm is likely to
travel through the whole target volume.

All the simulations were repeated for up to three times
larger concentration and scattering amplitude changes, and the
results showed a similar tendency.

In applications of optical topography, the true optical prop-
erties of the medium are usually unknown; hence, the sensi-
tivity matrix is usually calculated using an estimate of the
average optical properties, and subsequently used to recon-
struct images from measurements at different wavelengths.
Given that the optical properties of the medium are wave-
length dependent, the reconstructed images are affected by
using sensitivity matrices generated for optical properties dif-

Fig. 17 Reconstructed images at �a, b� z=11.7 mm and �c, d� z
=8.4 mm of �a, c� oxy-hemoglobin, and �b, d� deoxy-hemoglobin
from measurements at wavelengths 690 and 880 nm, for the homo-
geneous model.

Fig. 18 Reconstructed images at �a, b� z=11.7 mm and �c, d� z
=8.4 mm of �a, c� oxy-hemoglobin, and �b, d� deoxy-hemoglobin
from measurements at wavelengths 710 and 970 nm, for the homo-
geneous model.
September/October 2010 � Vol. 15�5�1



f
p
t
t

5
A
c
t
s
m
d
l
a
o
e
m
r
�
H
t
i
w
t

u
d
m
P
o

t
t
s
t
4
m
m
I
o
1
u
b
t
a
u
s
fi
a

t
s
l
s
t
c
e
l
i
d

Correia, Gibson, and Hebden: Identification of the optimal wavelengths for optical topography: a photon measurement…

J

erent from the true properties. If the estimate of the optical
roperties is significantly different from the true values, then
he absorption perturbation is likely to appear misplaced in
he image, particularly in the z direction.

Discussion
method of determining the optimum wavelengths for opti-

al topography is presented. This method is based on the mul-
ispectral method and is an extension of Corlu’s wavelength
election method,16 where a third criterion is introduced that
inimizes the differences between interrogated volumes at

ifferent wavelengths. Including the sensitivity profiles simi-
arity criterion in the selection of the optimal wavelengths has

clear effect on the resultant wavelength sets. The insertion
f two superficial layers in the adult head model had an influ-
nce on the results, in particular, for the largest wavelength
ean value, which shows that selection depends on the accu-

acy of the head model. It is possible to separate �HbO2� and
HHb� from measurements performed at two wavelengths.
owever, one cannot distinguish between absorption and scat-

ering. When the sensitivity profiles similarity condition is
ncluded in the wavelength selection method, the largest
avelength mean value changes in comparison to that ob-

ained using the condition k alone.
The main characteristics of the optically interrogated vol-

mes �volume, FWHM, and PD� were quantified, in order to
etermine how measurements at different NIR wavelengths
ay be combined to provide information about the volume.
articular attention is given to the wavelengths selected using
ur wavelength selection method and Corlu’s method.16

If we consider the thickness of the head superficial layers
o be �11 mm and the gray matter to be 4 mm, then in
heory for the homogeneous model, the lowest wavelength
elected using the two-criteria method penetrates 2.8 mm into
he gray matter, whereas the midrange wavelengths penetrate
.6 mm, which means that some light could reach the white
atter. Therefore, the information contained in the measure-
ents at these wavelengths could be significantly different.

ncluding our PMDF overlap condition in the selection of the
ptimal wavelengths reduces the difference in the PD from
.8 to 0.6 mm. The first and last wavelengths, with mean val-
es 680 and 830 nm, respectively, penetrate 4 mm into the
rain tissue. This value is closer to that obtained for the cen-
ral wavelengths, which is 4.6 mm. The volumes interrogated
re also larger and more similar for the wavelengths selected
sing our method. For the PMDF�, the changes in the PD are
maller and the maximum PD is only 12.6 mm, hence con-
ned to the gray matter. However, the differences between PD
re smaller when our method is used.

For the three-layer adult head model, the discrepancies be-
ween the interrogated volumes at different wavelengths are
maller. However, the volumes are more similar for the wave-
engths selected using our method than using the two-
election criteria. In terms of PD, for the PMDF�a

, the varia-
ions are smaller than for the homogeneous model. For the
entral wavelengths of the selected wavelength sets light pen-
trates 3.5 mm into the gray matter. For the lowest wave-
engths obtained with our method, light penetrates 2.9 mm
nto the brain. For the remaining wavelengths, a maximum
epth of 2.2 mm from the brain surface is probed. Although
ournal of Biomedical Optics 056002-1
the differences between PD for the different wavelengths are
identical for both selection methods, when using our method
it optimizes for the wavelength set with higher PD, simulta-
neously with the best separation between chromophores, ab-
sorption, and scattering. The PMDF spread �i.e., the FWHM
and volume� is also larger and more similar for our wave-
length set. For the PMDF�, the maximum PD is only
11.4 mm; hence, light hardly reaches the brain surface. The
differences PMDF� are much smaller than for the absorption
PMDFs.

From this analysis, it was shown that for the adult human
head it can be assumed that the volumes of interrogated tissue
at different NIR wavelengths are identical. Hence, measure-
ments performed at different NIR wavelengths provide infor-
mation from the same brain regions.

This method could be applied to other types of tissue. For
example, for measurements of muscle, breast, or neonate
brain. For muscle, the highest absorption occurs at 650 nm
and the lowest at �850 nm.40 For these wavelengths, the PD
is 15 and 21.6 mm, respectively. This results in a PD maxi-
mum difference of 6.6 mm. For studies of muscle exercise, of
the forearm for example, which has a diameter of �7 cm, a
difference of �7 mm is quite significant. The influence of the
skin and fat layer on the light propagation is likely to increase
the PD, and it should depend on the thickness of these layers.
For breast tissue, using the optical properties from Cubeddu et
al.,41 the largest differences in the absorption coefficient occur
at wavelengths 720 and 970 nm, with a PD of 22 and 16 mm,
respectively. Therefore, the maximum PD difference is 6 mm.
The main objective of breast diffuse optical imaging is tumor
detection. It is generally assumed that a tumor may be distin-
guished from surrounding healthy tissue on the basis of its
apparent blood volume and oxygenation. Overlapping sensi-
tivities are required to provide accurate measures of these
parameters and reduce the uncertainty in the measured spatial
location of the tumour.

Light propagation in the neonatal brain is different from
the adult brain tissue, because the surrounding layers are thin-
ner and the optical properties are different. The �s� is lower
for the neonatal brain tissue.27 Because of the high scattering
of the neonatal brain, the sensitive regions of the PMDF
should be confined to the gray matter. However, the cortical
thickness is only �2.5 mm, meaning that light is likely to
penetrate into deeper regions of the white matter.42

The PMDFs of other types of measurements, either fre-
quency or time domain, can also be analyzed using our
method. For example, the region of higher sensitivity of the
mean time or phase PMDF is located deeper in the tissue than
that of the CW PMDFs.43

It is clear that the adult head model had a large influence
on the results. A more complete model of the adult head
should include the cerebrospinal fluid �CSF� surrounding the
brain tissue. However, the diffusion equation-based model is
only valid for high scattering tissues and cannot be applied to
the low scattering CSF. Monte Carlo simulations of light
transport can be used, but they require long computational
times. An alternative method is the hybrid radiosity-diffusion
method, where the light propagation in high scattering media
is calculated using the diffusion equation and the low scatter-
ing region by radiosity theory.44,45
September/October 2010 � Vol. 15�5�2
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The inclusion of a CSF layer in our adult head model
ould not significantly affect our results because the high

ensitivity regions of the PMDF would still be confined to
uperficial regions of the brain and because this layer has very
ittle wavelength dependence. The PD of the light in models
ith and without CSF is almost the same, for source-detector

eparations of 30 and 40 mm.31

A further consideration is the error associated with the ex-
inction coefficient for the different chromophores. The spec-
ra found in the literature, for certain chromophores, show
ome variation. Based on Corlu’s method16 for wavelength
ptimization, Brendel and Nielsen46 added a criterion that
valuates the reconstruction errors due to uncertainty in the
xtinction coefficients. From simulations and breastlike phan-
om measurements, they found a set of optimum wavelengths
lmost independent on the uncertainties in the extinction co-
fficients spectra. Another potential source of error is the as-
umed values of the chromophore concentrations for each
ead layer. This influences the optical properties of the layers,
hich could possibly have an effect on the spatial sensitivity
rofiles.

Contrary to previous findings, our simulation results indi-
ate that four measurement wavelengths are required in order
o reconstruct images with low cross-talk from reflection mea-
urements and using linear multispectral reconstruction. Im-
ges reconstructed from simulated measurements at wave-
engths selected using our method exhibit a smaller cross-talk
han those reconstructed from measurements selected using
he two criteria. Therefore, the use of measurements with
verlapping sensitivities slightly improves the image recon-
truction.
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