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We present a quantitative comparison of lipid and water signals obtained from broadband
Diffuse Optical Spectroscopy (DOS) and Magnetic Resonance Imaging (MRI). DOS and MRI
measurements were performed on an identical set of emulsion phantoms that were composed
of different water/soybean oil fractions. Absolute concentrations of water and lipid ranging from
35-94% and 63-6%, respectively were calculated from quantitative broadband near-infrared
(NIR) absorption spectra (650-1000 nm). MR images of fat and water were separated using
the three-point Dixon technique. DOS and MRI measured water and lipid were highly correlat-
ed (R2 = 0.98 and R2 = 0.99, respectively) suggesting that these techniques are complemen-
tary over a broad range of physiologically relevant water and lipid values. In addition, compar-
ison of DOS derived concentrations to the MRI “gold standard” technique validates our quanti-
tation approach and permits estimation of DOS accuracy and sensitivity in vivo.

Key words: Optical, Spectroscopy, NRI, MRI.
Introduction

The development of non-invasive diagnostic techniques to image and character-
ize physiological properties of tissues is an area of intense research and clinical
interest. Magnetic resonance imaging (MRI) and near-infrared diffuse optical
spectroscopy (DOS) are non-invasive techniques that provide complementary
structural and functional physiological information. DOS can be used to meas-
ure chromophore concentrations such as oxy- and dexoy-hemoglobin (Hb0, and
Hb-R, respectively), water and fat within a local volume of tissue, whereas MRI
provides high-resolution structural and contrast-enhanced images. Co-registra-
tion of these two methods has the potential to enhance our understanding of the
complex biological processes associated with tumor transformation and growth.
Ultimately, the combination of the two measurement techniques can be applied
to monitoring tumor changes in response to therapy, resulting in an improved
method to test cancer treatment efficacy (1, 2).

The integration of DOS with MRI has particular promise in breast cancer charac-
terization and detection. MRI can provide excellent anatomical resolution and is
used widely in breast cancer research with exogenous probes to enhance tumor/nor-
mal tissue contrast (2-7). Compared to MRI, DOS is still in an early developmen-
tal stage and its utility is currently being evaluated as a breast cancer diagnostic or
monitoring tool (8-13). The attributes of DOS that would strengthen current MRI
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systems are that DOS provides an absolute measure of HbO, and HB-R and also
provides a higher contrast between normal breast tissue and tumor tissue than MRI.
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Few DOS studies have directly measured or accounted for
water and lipid in breast, the principal endogenous contrast
elements in MR images. This is particularly important
because the accuracies of HbO, and HB-R quantitation in
breast tissue are strongly dependent on assumptions regard-
ing H,O and lipid. Some researchers have fixed H,O and
lipid to population averaged values (9) however recent stud-
ies underscore the importance of direct H,O/lipid quantita-
tion since these parameters can vary substantially in both
normal breast and tumors (8, 12, 13). For example, in a pre-
vious study we utilized a broadband DOS instrument to
monitor breast tumors as patients underwent neoadjuvant
chemotherapy treatment (1). We observed a 4.4-fold
decrease in the water/lipid ratio over 3 chemotherapy cycles
(68 days) and a 34% reduction in water content within only
five days of the first treatment. McBride ef al. used a 16
source, 16 detector Diffuse Optical Tomography instrument
to collect and reconstruct optical images of breast tumors in
vivo (9). This study compared a variety of computational
techniques used to compensate for water and lipid content in
optical hemoglobin images of the breast. They concluded
that prior knowledge of these parameters would significant-
ly improve the accuracy of HbO, and Hb-R image recon-
struction. Piferri et al. recently introduced a four wavelength
optical mammography scanner that utilized lasers at wave-
lengths at 912 nm and 975 nm, giving the instrument sensi-
tivity to water and lipid content within the breast (11).

There have only been a few reports of the combination of
DOS and MRI in breast cancer studies (14-19).
Ntziachristos et al. developed a diffuse optical imaging
instrument for co-registration with MRI (14, 15). Their opti-
cal system acquires time-resolved data at up to three wave-
lengths in the near infrared region, and they have reported
the first clinical application of MR-guided DOS to breast
measurements (16). Another combined system has been
used by our group to co-register DOS measurements with
MR images in a rat tumor model (17-19). In these studies we
reported a qualitative correlation between DOS measure-
ments of H,O, hemoglobin, and optical contrast agents and
MRI measurements of tumor viability, edema, and necrosis.

The necessary next step to these studies is a more quanti-
tative correlation of DOS and MRI signals derived from
identical tissue structures. There are two components of
tissue that produce a signal measurable by both modalities:
water and lipids. MRI has multiple techniques of chemi-
cal shift imaging, which is able to separate water and fat
images by utilizing the different resonant frequencies of
the protons in the hydrogen of water and fat molecules
(20-23). DOS also has the ability to measure water and
lipids in vivo through its sensitivity to the near-infrared
vibrational overtones of the water O-H bond (978 nm) and
lipid C-H bonds (930 nm) (24, 25).

Merritt et al.

In this paper we present results from an investigation of the
correlation between MRI and DOS data obtained from water
and soybean oil emulsion phantoms. DOS measured water and
lipid concentrations are compared with calibrated MRI water
and fat images providing a quantitative comparison of meas-
urements by each technique. Our results show excellent
agreement between the developing DOS technology and the
established technology of MRI for both water and lipid meas-
urements. This work provides validation of the accuracy and
sensitivity of DOS measurements in vivo through a quantitative
comparison with the medical imaging “gold standard” of MRI.

Materials and Methods
Diffuse Optical Spectroscopy

Instrumentation: We used a combined frequency-domain
(FD) and steady-state (SS) system that has previously been
described in detail (26). At the core of the frequency-domain
instrument is a network analyzer (HP 8753D), that is used to
modulate the intensity of diode lasers, and to measure the
phase and amplitude of the diffusely reflected optical signal
detected by an avalanche photodiode (Hamamatsu APD
C556P-56045-03). Six diode lasers at wavelengths of 661,
681,783, 806, 823 and 850 nm are intensity modulated from
50 to 500 Mhz sweeping a total of 294 frequencies. The SS
instrument is composed of a tungsten-halogen light source
(Ocean Optics LS-1) and a spectrometer (Oriel MS127i,
InstraSpec IV CCD). As explained in the next section, the
combination of FD and SS data allows for the determination
of broadband absorption and scattering spectra of the tissue
(typically 650-1000 nm).

The FD and SS light were delivered to the sample through
optical fibers that were secured in a Delrin probe. Two
detection fibers for the FD and SS measurement were each
fixed in the probe at a distance of 6 mm from their corre-
sponding source fiber.

For the FD measurements, amplitude and phase were cali-
brated using a liquid phantom consisting of two parts
Lyposyn 10% IV (LOT 05-372-DE) with one part water.
The optical properties of the calibration phantom were deter-
mined prior to the sample measurements through a set of
multi-frequency, multi-distance, infinite geometry measure-
ments (27). For the SS measurements, an integrating sphere
was used to calibrate the spectral instrument response.

DOS Analysis: The method used to determine the optical
properties is explained in detail by Bevilaqua ef al. (26). The
computations are based on the analytical diffusion solution of
the reflectance R(u,(A).u"(A), f) given by Kienle and
Patterson, where w,(A) is the absorption coefficient, ug"(A)
the reduced scattering coefficient, and f the modulation fre-
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quency (28). The same analytical solution is valid for steady-
state (f=0) and frequency-domain data (26). First, u,(A) and
u,"(A) are obtained at the laser diode wavelengths from the fit
of the diffusion solution to the calibrated phase and amplitude
of the light that is measured at the tissue surface. Assuming
u,” to have the form, u,"(A) = A-AB, the broadband scattering
spectrum can be obtained by fitting the u"(A) values at the
laser diode wavelengths to the above equation (29-31). The
u,(A) and uy"(\) values at the laser wavelengths obtained
from FD measurements are also used to calibrate the broad-
band reflectance spectrum obtained from SS measurements,
again using diffusion theory. Note that this calibration step
corresponds only to the determination of a single scaling fac-
tor that allows for the determination of the absolute
reflectance spectrum R(A) expressed in [w/m?2]. The last step
is to determine the broadband absorption spectra u,(A) from
the broadband absolute reflectance spectra R(A) and the
broadband u"(\) spectrum, using the diffusion equation solu-
tion a third time. Finally, chromophore concentrations are
determined by a linear least-squares fit of the absorption
spectra of the chromophores to the measured absorption spec-
trum over the 650-1000 nm wavelength range. When used to
measure tissue in vivo the parameters that are extracted from
the chromophore fit include HbO,, Hb-R, H,O and lipid con-
tent. In this study, the parameters extracted from the set of
phantoms include H,O and lipids.

MRI Instrument and Methodology: The MRI system is a
homebuilt 4T scanner with a Philips Medical, Inc. EDGE
console. The bore diameter is 90 cm, and a birdcage-type
transmit-receive RF coil is utilized for the studies. The
three-point Dixon (3PD) technique is applied for determina-
tion of water and fat concentrations (21, 22). In convention-
al quantitative MR images of these phantoms, the signal
within a voxel is the vector sum of the fat and water signals
of the protons within that voxel. The 3PD technique sepa-
rates the MR signal into the individual contributions of fat
and water in each voxel of tissue, therefore, the fat and water
fractions can be calculated. Fat and water protons resonate
at slightly different frequencies and fall alternatively in and
out of phase with each other at a certain magnetic field by
selecting appropriate pulse sequence parameters (20).

Coronal images of the water/fat emulsion phantoms were
obtained utilizing fast spin-echo sequence with TR =
5000ms, TE = 15ms, field of view (FOV) = 15cm, 128 x 128
matrix, and a slice thickness of 3 mm. Nine test tubes that
spanned the range from 3-94% water and 65-6% lipid by
volume were placed in a holder. This holder was placed in
the RF coil with two additional test tubes containing pure
water and pure soybean oil.

The images were analyzed with custom-developed MAT-
LAB-based tools that apply the 3PD technique to fat/water
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phase shifts of -, 0, and m radians. As a result we are able to
accurately separate the MR images into fat and water compo-
nents. A circular ROI covering 70% of the cross-section was
placed on each phantom. The fat and water contents were
determined by comparing the mean ROI intensity of each
phantom with the mean intensity measured from pure water
and pure soybean oil phantoms. The error bars presented are
given by the standard deviation of the individual pixel inten-
sities that were enclosed within the ROI of interest.

Emulsion Phantom Study: An emulsion phantom set was
made to simulate tissues composed of different water/lipid
ratios. The composition of the phantoms included water,
soybean oil and Triton x-100. The water and soybean oil
provide the same absorption characteristics as water and
lipids in breast tissue. Triton x-100 is an emulsifying agent
that was added to each phantom in the amount of 4 percent
of the volume of the oil. The NIR absorption spectrum of
Triton x-100 has features that are similar to soybean oil.
Because the Triton x-100 accounted for only 0.4-2.2% of the
emulsion volumes, we excluded its contribution from the
chromophore fit (see DOS Analysis section).

The phantoms were made by combining the soybean oil with
Triton x-100 and heating to 60°C until the Triton x-100 had
dissolved in the oil (~10 min). The water was placed in a
household blender and the soybean oil mixture was added and
blended on the highest speed for 1 minute. The emulsion was
then poured into a separate container and placed in a vacuum
chamber that was connected to an in-house vacuum system.
Each phantom was left under vacuum for one hour in order to
remove air bubbles from the mixture. A set of twelve 0.5 L
phantoms were prepared and measured by DOS with water
(lipid) composition ranging from 35 to 94 (65 to 6) percent by
volume (Table I). A small amount (~10 ml) was removed
from nine of these emulsions for MRI measurements.

Table I
Composition of emulsion phantoms.

Phantom # H20 Soybean oil Triton x-100
[% volume] [% volume] [% volume]
1 69.4 29.5 1.1
2 60.0 38.5 1.5
3 48.9 49.1 2
4 41.2 57.1 1.7
5 84.9 144 0.7
6 73.5 25.3 1.2
7 63.9 34.8 1.3
8 34.6 63.2 2.2
9 94.1 5.5 04
10 88.7 10.7 0.6
11 78.6 20.5 0.9
12 53.9 44.1 1.9

DOS measurements were performed by placing the optical
probe at the surface of the emulsion phantom. Three succes-
sive measurements were obtained from each phantom with
stirring between measurements to ensure homogeneity and
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adequate volume sampling. The DOS values presented are an
average of the three measurements and the error bars repre-
sent the standard deviation of the multiple measurements.

Results and Discussion

Figure 1 shows a typical u, spectrum obtained from phantom
#4, using the combined frequency-domain and steady-state
measurements explained in the DOS Analysis section. The
peak absorption features of soybean oil at 930 nm and H,0
at 978 nm are in excellent agreement with previously report-
ed results (8, 12, 26). The fit of the chromophore spectra
(H,O0, lipid and a constant background absorption) to the w,
spectrum allows for the determination of water and lipid
content. The background absorption is less than 8% of the
absorption value at 930nm (lipid peak) for all phantom
measurements. The background absorption serves to correct
for a systematic offset in the absorption value due to both
transport model and calibration inaccuracy. Previous studies
in tissue phantoms have shown that, in the case of a broad-
band absorption spectrum, adding this degree of freedom in
the fit can significantly improve its accuracy (32).
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Figure 1: Measured absorption spectrum for phantom 4.

Figure 2 shows the fat and water MR images of the emulsion
phantoms. The left most images is the combined water and
lipid signals, the middle image is the water only signal and
the right image is the lipid only signal.

Figure 2: In-phase MR image showing both lipid and water (left), water
image (middle) and fat image (right). The pure water sample is in the lower
left-hand corner and pure soybean oil is in the upper right hand corner. The
phantoms from Table I shown in the images are phantoms # 9,5,6,1,7, 2,
3,4, and 8 in order of decreasing water.

Merritt et al.

Figures 3 and 4 show how the DOS and MRI measured
water and lipid volume [%] compare with expected values.
In general, both figures demonstrate that there is a strong
correlation between actual and measured values. One
apparent difference between DOS and MRI is that the MRI
data appear to correlate better with the true phantom com-
position, particularly in the case of lipid measurements.
This is due to the fact that the MRI phantom measurements
are calibrated with pure water and soybean oil, which con-
strains the relative values to the expected line. DOS uses
spectra derived from pure water and soybean oil in the chro-
mophore fit, but does not use measurements from pure sam-
ples during data acquisition to calibrate the system. In order
for DOS to perform a calibration in the same manner as the
MRI, it would have to measure a turbid sample of pure
water and pure soybean oil and use these measurements to
normalize the recovered values. This could be done with
pure water by adding microspheres, but to our knowledge
there are no solids that can be suspended in soybean oil to
create a uniform, turbid sample.

In Figure 3, the water is consistently underestimated by DOS,
while the MRI measurements are distributed evenly. The line
of DOS measurements is tighter than the MRI measurements,
except for phantom #11, which stands out as an anomalous
point. Although there is a large error in the DOS water value
recovered for phantom 11, the lipid value is consistent with
the other phantom measurements. The anomalous water
value recovered for phantom #11 is likely due to air bubbles
in the phantom that were near the source or detector fibers.
During the process of perfecting the properties of the phan-
toms, we found that a visual increase in the number of air
bubbles in the phantoms correlated with increased errors in
the phase and amplitude fits of the light that had propagated
through the sample. Phantoms #11 was the only phantom
that showed any deviation in the phase and amplitude fits,
which is consistent with the error in the water measured.

1004

Measured water [%)]

T T T T T T T T T T T T T
0 10 20 30 4 5 6 7
True water volume [%]

Figure 3: Measured water vs. true water for DOS and MRI.
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Although this water value measured was not correct, the error
bars for the measurement are small, which is more a descrip-
tion of the precision of the DOS measurement rather than the
accuracy as compared to the true value. Phantom #11 was
measured five days later with more care taken to eliminate
possible air bubbles and the water value measured was 81
percent, which is very near the true water value.

In Figure 4 the lipid content is consistently overestimated by
DOS. If the point for phantom 11 is neglected and a linear
fit is performed for the two DOS plots, they provide trend-
lines that are very nearly parallel to the expected “true value”
line. The water trend-line passes within 2% of zero at the y-
intercept, but the trend-line for the recovered lipids crosses
the y-axis at 9% and remains shifted with a 9% constant off-
set from the expected lipid values. This offset of the fat from
the expected value is most likely due to errors in the estima-
tion of extinction coefficient of soybean oil that is imple-
mented in the chromophore fit. A contribution to the offset
is most likely also derived from the surfactant in the phan-
toms, which has an absorption profile similar to soybean oil
but is neglected in the chromophore fit because of the small
concentrations used. Although, these effects could account
for a small overestimation of lipid values, DOS lipid meas-
urements are clearly linear with a consistent offset over a
broad dynamic range. The correlation coefficients for the
DOS and MRI trend-lines (including phantom 11) are: DOS
water RZ = 0.96, DOS lipids R2 = 1.00, MRI water R2 = 0.99
and MRI lipids R2 = 1.00.
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Figure 4: Measured lipid vs. true soybean oil for DOS and MRI.

Lastly, Figures 5 and 6 provide a direct comparison between
DOS measurements and MRI for water and fat, respectively.
The correlations are excellent (R, = 0.98 and R%; 4 = 0.99)
suggesting that optical and MRI signals are derived from iden-
tical phantom components. In addition, by comparing DOS
results to the MRI “gold standard”, we further validate DOS as
a quantitative technique for lipid and water analysis in tissue.
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Figure 5: DOS water vs. MRI water.
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Figure 6: DOS lipid vs. MRI lipid.

Conclusions

To the best of our knowledge this is the first report of a quan-
titative comparison between MRI and DOS. In practical
terms, this work could lead to improvements in both MRI
and DOT image analysis.

For example, Pogue et al. (33) proposed to use a priori
information from MR images to constrain the image recon-
struction of DOT. Using this approach, the optical inverse
problem can be simplified by constraining boundaries on
optical images of water and lipid based on water and fat MR
images. The resulting image would be higher resolution
than DOT could offer independently and the functional
information would be absolute and provide higher contrast
than MRI. In addition, an absolute MRI measurement of
water and fat concentrations in vivo (34, 35) could be used
to constrain optical images of total hemoglobin and tissue
oxygen saturation for more accurate results in optical sys-
tems with low spectral content.
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