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Abstract. A near-infrared (NIR) imaging system is evaluated as a di-
agnostic clinical tool to image total hemoglobin concentration and
oxygen saturation within tissue. Calibration of this type of system re-
quires measurement of the response at each detector and source lo-
cation from a homogeneous tissue-simulating phantom. The effect of
using calibration phantoms of varying composition, size, and optical
properties is examined to determine how it affects the overall image
accuracy. All of the calibration phantoms investigated result in accu-
rate reconstruction of absorbing heterogeneities due to increased
blood concentration with less than 4% standard deviation. Images
from a patient with a biopsy-confirmed ductal carcinoma are also
evaluated and found to be insensitive to the choice of calibration
object, with only 1% variation between images generated with differ-
ent calibration objects. The tumor total hemoglobin contrast is ap-
proximately 240% higher than the average total hemoglobin concen-
tration in contralateral breast. Soft calibration phantoms, which mimic
the elastic properties of human breast tissue, are also considered and
found to diminish positioning errors in the fibers relative to the actual
breast exam, thereby reducing the artifacts in the periphery of the
reconstructed image. © 2003 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1559692]

Keywords: near-infrared; tomography; breast cancer; tissue phantom; photon mi-
gration.
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1 Introduction
Near-infrared tomographic imaging is being investigated
clinically as a possible noninvasive method for imaging
hemoglobin.1 It can provide noninvasive characterization of
tumors in vivo,2–4 and as this modality progresses toward
clinical implementation, issues related to system design,5,6

calibration,7–9 accuracy, and precision,10 need to be addressed.
In particular, as parallel acquisition from multiple detectors
becomes a useful technique, it will be imperative to have a
method to normalize all source and detector strengths. This
needed to remove systematic offsets that occur because mu
tiple fiber optics and detectors are used to record the measur
data.7,11 While parallel data acquisition has been shown to
work in practice,7 issues related to proper calibration have not
been systematically evaluated. The quantitative effect of dif
ferent calibration objects is examined here for its influence on
resulting images. We investigate an approach to system cal
bration that utilizes breast-tissue mimicking phantoms to pro
vide an accurate daily accounting of the system offsets a
multiple channels in parallel.

In the tomographic imaging method used here, theoretica
predictions of light diffusion in tissue are computed to match
the measured transmission values at multiple projection loca
tions through the breast. High-frequency~100 MHz! intensity
waves propagate through the tissue, allowing the detection o
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both an amplitude and phase shift relative to the wavefr
launched from the source. Using a nonlinear least-squ
minimization between the predicted and measured transm
sion data, simultaneous images of absorption and scatte
coefficients can be recovered through an iterative solution
regularized matrix equation following the Newton-Raphs
method.12–14The tissue can be characterized by deriving co
centration images of oxyhemoglobin, deoxyhemoglobin, a
water from the absorption and scattering coefficient ima
reconstructed at multiple wavelengths.15 In our studies, a mul-
tiparameter concentration fit at each point in the image
been used to deconvolve the total absorption coefficient s
trum into these constituents.15 Since the optical fluence is non
linear with respect to the interaction coefficients~i.e., optical
properties!, significant calibration issues can arise when us
a model-based image reconstruction approach. The nonli
dependence of the measurements on the optical propertie
be reduced by using the logarithm of the amplitude. In ad
tion, many system calibrations that can be ignored in qual
tive imaging require more attention to achieve quantitat
imaging of total hemoglobin concentrations on an absol
scale.

We have adopted a homogeneous phantom calibration
cedure to provide a measure of system response at all sou
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Quantitative Analysis of Near-Infrared Tomography . . .
Fig. 1 Schematic diagram of (a) the system and (b) the source detector
fiber optic interface.
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detector measurement projections, and demonstrated that t
calibration homogeneous phantom can be used to improve th
reconstruction quality and give the good match of the absolut
value.7 Attempts to reconstruct images without any calibration
have ended in complete failure of the imaging algorithm, re-
sulting in images that are all noise from systematic errors
Thus in the experience of the current system developmen
calibration of the data is an essential step in the data proces
ing, prior to reconstruction. However, it is not clear if the use
of a calibration phantom depends on having a good match t
the optical properties and size of the tissue to be imaged. I
particular, large differences between the calibration object an
the tissue being imaged may result in errors that cannot b
eliminated. A range of homogenous phantoms with differen
characteristics~e.g., size and optical properties! was used to
determine the stability of this calibration approach for quan-
titatively accurate imaging of tissue. In addition, the issue of
having intimate coupling from an optical fiber contacting a
hard tissue phantom has always been problematic, so in th
study we also examine the potential of using softer phantoms
which have similar stiffness, or elastic properties, to breas
tissue, as a means to better measure the source-detector c
pling. The consistency of the calibration for the system is
evaluated through phantoms with different concentration
blood heterogeneities, as well as with a clinical image of a
diseased breast.

2 Materials and Methods
2.1 Imaging System
A clinical prototype imaging system has been developed in
our laboratory and is under evaluation in both tissue phantom
and patient trials.6,8,15,16Figure 1 shows a schematic diagram
of the system along with a photograph of the source detecto
e
e

,
-

s
,

u-

r

fiber optic interface with a tissue-simulating phantom plac
in the array. The breast or phantom to be imaged is circ
uniformly by an interface of 16 silica glass fibers of 1 m
diam each, and 16 detector fiber bundles of 6 mm diam ea
The source fibers are paired with each detector and are tr
lated radially toward the breast. The diameter of the circu
interface of source and detector fiber optics can be chan
from 66 to 200 mm by control of stepper motor stages
tached to each source and detector fiber pair. Near-infra
light from six laser diodes is used serially to illuminate th
region of interest with average power less than 30 mW ea
having wavelengths of 661, 761, 785, 808, 826, and 849
The driving current subsystem involves both dc and rf co
ponents, with the rf modulated by a function generator w
the frequency of 100 MHz. The source wavelength is int
changed using a high-power rf switch for the driving curre
The diffusely transmitted light is detected by 16 fiber bund
and delivered to each of 16 photomultiplier tubes that sam
the signal in parallel. The electrical outputs from the pho
multipliers are heterodyned down to 500 Hz, amplified fi
tered, and sampled by a 64-channel 200-kHz A/D board in
computer. A single measurement at all detectors for o
source location requires approximately 0.5 s. The comp
measurement for all six wavelengths at all source-dete
pairs occurs in approximately 5 min. A complete discussion
the hardware system and its performance is described
prior report.8

2.2 Image Reconstruction
The image reconstruction algorithm uses 256 measurem
of phase shift and amplitude, together with a finite elem
solution of the diffusion equation to optimize the match b
tween measured and calculated data. A schematic diagra
the algorithm for processing the data and reconstructing
image is shown in Fig. 2. The inverse solution is computed
a regular grid structure of 221 nodes, where the values
absorption and reduced scattering coefficient are evaluate12

To reduce the effect of nonuniformity in the fiber optics a
detectors, a homogeneous phantom is measured. The
dataset for the reconstruction of a target heterogeneous o
is calibrated as:

wcalibrated~hetero!
i 5wmeasured~hetero!

i 2@wmeasured~homo!
i

2wcalculated~homo!
i #2w̄offset~net! , ~1!

wherewmeasured
i is the recorded signal-measured amplitude a

phase at eachi of the 256 measurements from the calibrati
phantom~homo! and the target heterogeneous object~hetero!;
wcalculated

i is the corresponding calculation for the homog

neous ~homo! case, while w̄offset~net)5w̄offset~hetero)

2w̄offset~homo) is the correction of the initial phase difference
between the homogenous calibration phantom measurem
and target heterogeneous object measurement resulting
long-term system drift. The offsets for both the homogene
phantom and the target heterogeneous object measurem
are estimated as:
Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2 309
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Fig. 2 Reconstruction algorithm diagram.
l
n

s

-
e

k

-
s
-

l
n
-

oge-
the
one
ent

ed
ed at
em-
ccu-
dy
ni-

-
of
of

ns
od
-ml

to
.
the
ef-
t
s
e
htly
w̄offset~homo!5
( i 51

N @wmeasured~homo!
i 2wcalculated~homo!

i #

N
, ~2!

w̄offset~hetero!5
( i 51

N @wmeasured~hetero!
i 2wcalculated~hetero!

i #

N
,

~3!

wherewcalculated~homo)
i andwcalculated~hetero)

i are calculated based
on the homogeneous fitting algorithm. To determine the initia
optical property estimate for the heterogeneous tissue or pha
tom, the measurements are averaged for each of the 1
sources, and a homogeneous fitting algorithm7,9 is used to
determine a ‘‘homogeneous’’ estimate of the properties that i
consistent with a diffusion equation solution that matches the
averaged data. In this manner, the initial estimate is deter
mined solely from the target heterogeneous object measur
ments. While this ‘‘homogeneous’’ set of values is only ap-
proximate, it provides an excellent initial guess for the
reconstruction algorithm, because it assumes that the bac
ground value is close to the true value, allowing perturbations
within the field to be reconstructed. In practice, the recon-
struction algorithm can still recover images of objects that are
much larger than point perturbations; however, having an ac
curate initial guess of the spatially averaged optical propertie
has been found to be very important for recovering an accu
rate final image.

Furthermore, by using the known specific absorption of
oxyhemoglobin, deoxyhemoglobin and water, images of tota
hemoglobin can be reconstructed by fitting data of absorptio
images that are acquired at multiwavelengths on a pixel-by
pixel basis.7
310 Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2
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2.3 Phantoms Used in Experiments
Photographs of one heterogeneous phantom and six hom
neous calibration phantoms are shown in Fig. 3. Most of
breast cancers imaged in the current clinic trial have had
tumor in the imaging plane, and the absorption coeffici
contrast relative to the normal tissue is high~a factor of 2 to 3
increase!, so in our phantom studies, a single inclusion is us
as the heterogeneous phantom. Earlier studies have look
quantifying highly heterogeneous tissue phantoms and d
onstrated that heterogeneity can decrease the ability to a
rately quantify smaller objects. However, in this current stu
we focus on larger tumors that are typical of the size at cli
cal presentation~typically 1.5 cm diam average!.

As shown in Figs. 3~a! and 3~b!, the heterogeneous phan
tom consisted of 84-mm-diam material with a single hole
20 mm diam drilled near the edge, parallel to the depth axis
the cylinder. This hole was filled with different concentratio
of blood to provide a target with variable contrast. The blo
used in the experiment is human blood and was kept in a 7
tube with liquid additive@volume: 0.07 ml of 15% solution
~buffered!; weight: 10.5 mg EDTA~k3!#. The total hemoglo-
bin content in these samples of blood was 140 g/l~measured
spectrophotometrically in a clinical cooximeter system!. The
blood was then aliquoted into a water-interlipid solution
make specific concentrations of blood solution as needed

The phantom’s optical properties were measured before
hole was drilled and were found to yield an absorption co
ficient ma50.0064 mm21 and reduced scattering coefficien
ms851.0 mm21 at a light wavelength of 785 nm. The hole wa
filled with an intralipid and ink solution that matched th
background reduced scattering coefficient and had a slig
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Quantitative Analysis of Near-Infrared Tomography . . .
Fig. 3 Photographs and sketch of the target heterogeneous and cali-
bration phantoms. (a) Target heterogeneous phantom. (b) Sketch of the
heterogeneous phantom. Diameter and height are 84 and 55 mm,
respectively. Diameter of the hole is 20 mm. (c) Calibration homoge-
neous phantoms. P1 through P3: solid phantoms with the same height
of 55 mm but different diameters of 73, 84, and 92 mm, respectively.
P4 and P5: soft solid phantoms with the same diameter of 82 mm, but
different heights of 80 and 52 mm, respectively. P6: Liquid phantom,
i.e., a plastic storage bag with 86 mm diam in which 2% intralipid
was filled.
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higher absorption~0.00643 mm21! before adding different
concentrations of blood. Measurements from the six homog
enous phantoms were used to calibrate data recorded from t
target heterogeneous phantom. Figure 3~c! shows the photo-
graph of these six homogenous phantoms. The first three ca
bration phantoms were constructed from the same resin com
position, and each had the same height of 55 mm bu
diameters of 73, 84, and 92 mm, respectively. The averag
optical property coefficients of these three phantoms wer
ma50.005 mm21 and ms851.0 mm21 for P1, ma

50.005 mm21 and ms851.3 mm21 for P2, and ma

50.004 mm21 and ms851.1 mm21 for P3. Two other phan-
toms, P4 and P5, were constructed of a soft RTV-based ma
terial, and each had the same diameter~82 mm!, but heights
of 80 and 52 mm, respectively. The optical properties of the
P4 and P5 phantoms were bothma50.004 mm21 and ms8
51.6 mm21. The final phantom, P6, was a liquid composed
of 2% intralipid solution in a plastic storage bag, which was
compressed in the fiber array to an 86 mm diam and ha
optical properties ofma50.003 mm21 andms851.6 mm21.

3 Results
Figure 4 shows the absorption and reduced scattering coeffi
cient images of the target phantom with a fixed blood concen
tration object, reconstructed from data calibrated against eac
of the six homogeneous phantoms described in the previou
e
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-
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h
s

section. The blood concentration used for all images in F
4~a! was 0.6% in the heterogeneity region, and 1% for all t
images in Fig. 4~b!. In these experiments, there was no s
nificant contrast in the scattering coefficient, and the ima
of this optical property are relatively homogeneous in Fig.
The increase in absorption is readily observed in both blo
concentrations examined here, with fewer artifacts appea
around the heterogeneity and in the periphery of the circu
field compared with the expected uniform background arou
the heterogeneity region. There is some indication that
peripheral artifacts decrease when the soft calibration ph
toms are used~i.e., P4 and P5!, as compared to the hard cal
bration phantoms~i.e., P1 to P3!. Images reconstructed with
the liquid phantom, P6, contain the most artifact.

Figure 5 shows a plot of the estimated absorption coe
cient versus blood concentration with each line of data co
sponding to a different homogeneous calibration phanto
The blood concentration was changed from 0 to 1% as sho
on the horizontal axis. The linesLP1 throughLP6 are the linear
regression fits to the values of maximum absorption coe
cient within the blood region. Equations in the lower rig
side of the figure show the slopes of the fitted lines. T
average slope for the lines was calculated along with its s
dard deviation. In these cases the standard deviation was
of the average value. The variation in the absolute rec
structed absorption coefficient for the same blood concen
tion is within the range of 1.4 to 3.1%. When ignoring th
cases reconstructed from data calibrated using the liq
phantom~P6! and the solid hard phantom with a diameter
73 mm ~P1!, the variation in the slope and the absolute a
sorption coefficient is reduced to within 0.6 to 1.2%.

The long-term stability of the system offset factors w
investigated by measuring the two hard homogenous cali
tion phantoms, P2 and P3, on multiple days. These differ
calibration datasets were used to reconstruct the absorp
coefficient images shown in Fig. 4 again. It was found that

Fig. 4 Absorption and scattering images of the target phantom with
blood concentrations of 0.6% and 1%, reconstructed by using differ-
ent calibration phantoms P1;P6. Wavelength of the light source is
785 nm.
Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2 311
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Fig. 5 Absorption coefficient versus blood concentration and calibra-
tion phantom. Lines LP1 through LP6 are fits of the reconstructed maxi-
mum absorption coefficient of the blood region that is reconstructed
by using different calibration phantoms.
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variation in the absolute maximum absorption coefficient was
less than 1%, and there was no change in the slope of absor
tion coefficient versus blood concentration presented in Fig. 5

The variation of the reconstructed reduced scattering coe
ficient of all cases of different blood concentrations and by al
P1 through P6 calibration phantoms is estimated to be abou
4%. When the data from the calibrations by P1 and P6 is
eliminated, the variation of the reconstructed reduced scatte
ing coefficient is reduced to 3%.

To evaluate the accuracy of the absolute value of absorp
tion coefficient versus blood concentration, a homogeneou
liquid phantom was constructed using an 87-mm-diam plasti
cup filled with 400-ml water solution of 1% intralipid. Figure
6 shows the absorption coefficient versus light wavelength
was
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the
the

se-
uc-

n of

the

us-
6,

r of

ith
ral

ruc-
on-

left

312 Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2
-

t

-

-

and blood concentration change from 0 to 1%. The differ
marks in the plot correspond to the homogenous fits of
sorption coefficient with six different wavelengths, and lin
W1 through W6 are the fitted lines of measured absorpt
coefficients with wavelengths at 661, 761, 808, 826, and 8
nm, respectively. Equations on the right side of the figu
show the slopes of these five fitted lines.

3.1 Clinical Image Studies
A 73-year-old female subject with a suspicious 3.5-cm l
breast abnormality initially detected by mammography w
imaged using our NIR imaging system. The mass locat
was determined by prior ultrasound examination immediat
prior to the NIR imaging exam.15 The source and detecto
fiber array was aligned approximately in the plane of the m
in a craniocaudal view of the breast~here called plane 1!. The
array was also placed in two other planes above and below
mass. Plane 0 was 13 mm toward the chest wall from
mass and plane 2 was 9 mm toward the nipple from the
normality plane location. As a control image, the contralate
breast was also imaged in one plane at the approximate l
tion of plane 1. Measurements in each plane were recorde
five wavelengths~661, 761, 785, 808, and 826 nm! and the
images were reconstructed for absorption and reduced sca
ing coefficients.

We have shown detailed results of images from this
tient, in three planes, with good correlation to the spatial
cation as determined by mammography and ultrasound
ages in a previous work.15 Images of the total hemoglobin
concentration in plane 1 of the left breast were reconstruc
using the same patient data as in this previous work, but
reconstructing with different calibration phantoms~P1
through P6!. These six images are shown in Fig. 7~a!, where
the location of the abnormality is readily observed slightly le
of the middle in each image. The imaged plane diameter
104 mm in this case. For comparison to a normal breast,
7~b! shows the image of total hemoglobin concentration of
contralateral breast in approximately the same plane from
chest wall. The abnormality in the left breast was sub
quently removed and pathology confirmed the lesion as a d
tal carcinoma. The average total hemoglobin concentratio
the contralateral breast images was 17 to 19mM, and the
maximum total hemoglobin concentration in the center of
mass of the left breast was 47 to 49mM. The variation in this
maximum total hemoglobin concentration, induced when
ing different calibration phantoms including P1 through P
was about 2% and the variation when using the best fou
these calibration phantoms~i.e., P2 through P5! was only 1%.

Figure 7~c! shows the reduced scattering images w
785-nm light from both the symptomatic and contralate
breasts@corresponding to images in 7~a! and 7~b!#. Calibra-
tion phantoms P1 through P6 were used for the reconst
tion. The average reduced scattering coefficient of the c
tralateral breast images was 0.98 mm21, and the maximum
scattering coefficient in the center of the mass of the
breast was 1.7 to 1.8 mm21. The variation in this maximum
scattering coefficient when using different phantoms~P1
through P6! to calibrate was about 3%.
Fig. 6 Homogeneous fitted absorption coefficient versus blood con-
centration and light wavelength measured in a homogeneous liquid
phantom. Lines SL1 through SL6 are the fits to the homogeneous ab-
sorption coefficient.
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Quantitative Analysis of Near-Infrared Tomography . . .
Fig. 7 Images of the total hemoglobin concentration of a patient
breast obtained by using P1 through P6 homogenous calibration
phantoms. (a) Left breast with a highly suspicious 3.5-cm mass ini-
tially detected by mammography. The imaged plane diameter is 104
mm. (b) Contralateral breast. The imaged plane diameter is 106 mm.
(c) Scattering images with 785-nm light of both side of breast, recon-
structed by using calibration phantoms P1 through P6.
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4 Discussion
Evaluation of the performance of calibration phantoms is
challenging in this type of nonlinear image reconstruction
process, because it is not clear that the results obtained wi
any phantom is representative of all imaging situations. It is
also not clear that imaging results obtained with phantoms ca
be directly applied toin vivodata where the background tissue
is more heterogeneous and the fiber-tissue contact may cau
different types of systematic artifacts to appear. In this study
a series of phantoms with different levels of contrast were
used to examine imaging sensitivity to the reference phantom
A single localized region was used in the tissue-simulating
test object because this situation mimics conditions we hav
experienced clinically where focal regions of high contrast are
observed, due to increased total hemoglobin concentratio
within tumors. To address the tissue-contact issue, a set o
hard and soft tissue-simulating phantoms was considered. Th
soft phantoms could be used to minimize artifacts in the im-
age that are related to positioning errors in the fibers, becaus
the fiber contact better matches the fiber-tissue interface whe
a breast is being examined.
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From the slope of absorption coefficient versus blood c
centration at each wavelength, the specific molar absorp
can be estimated. Here we assume the oxygen saturatio
our case was 100%. Figure 8 shows the specific absorp
estimated from Fig. 6, and these results are compared with
data from Wray et al.18 There is between 2 to 24% differenc
between these two datasets. Since the current system u
tomographic approach to the quantitation of total hemoglo
rather than the standard spectrophotometric approach, we
ticipate that the difference comes from minor model-data m
match errors in the system. Further calibration is ongoing
determine if this difference can be minimized. However, t
current working solution is to use molar absorption coe
cients that have been measured on the imaging system, s
they would help to eliminate systematic errors wh
calculating concentrations from images obtained
patients on this system.

Values for the slope of absorption coefficient versus blo
concentration at a wavelength of 785 nm were compared
tween datasets taken from the large homogeneous solu
~shown in Fig. 6! and the localized region~shown in Fig. 5! in
a heterogeneous phantom. The localized region yields a v
that is 15% lower than that measured in a large homogene
phantom. The reason for this difference is likely related to
size effect, whereby the reconstructed target region is
fully recovered to the true peak value due to a blurring of
peak over the region. Further study of this effect and ways
minimize underestimation of the absorption coefficient of
calized heterogeneities is ongoing.

A variation of 4% in the reconstructed scattering coef
cient of all cases of different blood concentrations and
all P1 through P6 calibration phantoms occurs as the re
of slight differences in the different homogenous fitting d
to the effect of the calibration phantom size and optic
properties.

Fig. 8 The molar absorption coefficients of oxyhemoglobin as mea-
sured by the imaging system are shown along with values from Wray
et al.20
Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2 313
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Jiang et al.
When using a soft tissue-simulating calibration phantom
the data suggests that there is a benefit in reducing the imag
artifacts in the periphery of the imaging field. This can be
seen in Fig.4, where high and low absorbing heterogeneitie
are located all around the periphery of the field, and near th
source and detector positions. Conversely, using liquid phan
toms~P6! appears to degrade the images, likely due to the fac
that the sides of the bag are not sufficiently rigid to accurately
mimic the shape of a breast in the array. Also, with the liquid
phantoms, the presence of the plastic containment walls
which are transparent, may lead to lateral light channeling
which could give erroneous data at the distant detectors.19 The
soft phantoms were made of an RTV glue, which sets in a
stiffness that is similar to breast tissue, and hence allows th
fibers in the circular array to conform it into a similar shape as
the breast being imaged.

In contrast, hard phantoms composed of inflexible resin
will exhibit more differences in fiber position relative to the
breast, because the rigidity of the resin stops the fibers as the
are translated radially into the circular contact shape. Thus
the hard phantoms will have interfiber distance discrepancie
that are not equal to those that occur when the breast tissue
in place. Boas et al.20 have shown that very small distance
errors on the order of 100mm can lead to large phase shift and
intensity errors. Hence, accurate repeatability of interfiber dis
tances is likely a crucial element in minimizing image arti-
facts and improving image accuracy. From these results, it ca
be concluded that soft homogenous calibration phantoms hav
the advantage of reducing artifacts in the images due to th
more uniform contact with the source and detector fiber
optics.

5 Conclusions
The current near-infrared tomography system is being exam
ined clinically to image total hemoglobin concentration and
oxygen saturation within breast tissue. Optical projection
measurements can be detected from tissue surfaces and co
bined with an appropriately designed diffusion model-based
image reconstruction algorithm to recover maps of the tissu
interior. To efficiently remove system offsets and obtain accu
rate initial estimates of the average optical properties of the
breast, a homogenous phantom is used as a calibration b
tween the data and the measurement system. By systema
cally examining the ability to quantify localized total hemo-
globin concentrations, the response to different types o
calibration phantoms has been evaluated. Using any of the s
calibration phantoms deployed here led to a 3% standard de
viation error in the slope of absorption coefficient versus tota
hemoglobin concentration. By carefully selecting soft homo-
geneous calibration phantoms, which are more uniformly in
contact with the source and detector fiber optics, these varia
tions can be reduced further to be about 1%. Tests of th
system, based on reconstructed patient images with differen
homogenous calibration phantoms, indicate that the variatio
in the maximum total hemoglobin concentration value is less
than 3% when using any of the six calibration phantoms. Us
ing the soft homogeneous calibration phantom, this variation
is further reduced to approximately 1% standard deviation
error.
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