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Abstract. Tissue water content and molecular microenvironment can provide important intrinsic contrast for cancer
imaging. In this work, we examine the relationship between water optical spectroscopic features related to binding
state and magnetic resonance imaging (MRI)-measured water diffusion dynamics. Broadband diffuse optical
spectroscopic imaging (DOSI) and MR images were obtained from eight patients with locally-advanced infiltrating
ductal carcinomas (tumor size ¼ 5.5� 3.2 cm). A DOSI-derived bound water index (BWI) was compared to the
apparent diffusion coefficient (ADC) of diffusion weighted (DW) MRI. BWI and ADC were positively correlated
(R ¼ 0.90, p-value ¼ 0.003) and BWI and ADC both decreased as the bulk water content increased
(R ¼ −0.81 and −0.89, respectively). BWI correlated inversely with tumor size (R ¼ −0.85, p-value ¼ 0.008).
Our results suggest underlying sensitivity differences between BWI and ADC to water in different tissue compart-
ments (e.g., extracellular vs cellular). These data highlight the potential complementary role of DOSI and DW-MRI
in providing detailed information on the molecular disposition of water in breast tumors. Because DOSI is a portable
technology that can be used at the bedside, BWI may provide a low-cost measure of tissue water properties related
to breast cancer biology. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.7.071304]

Keywords: bound water; diffuse optical spectroscopic imaging; diffusion weighted magnetic resonance images; breast cancer; extracel-
lular matrix.
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1 Introduction
Tissue water provides intrinsic contrast for magnetic resonance
imaging (MRI), mammography, and diffuse optical imaging1–3

and bulk water content increases significantly in cancerous
tissues due to increased cellularity and edema.4–7 Detailed infor-
mation regarding water mobility and environment can be used to
gain further insight into molecular mechanisms of cancer and
cancer therapies. The water apparent diffusion coefficient
(ADC), obtained using diffusion weighted MRI (DW-MRI),
measures the restricted motion of water molecules due to cell
membranes and other barriers that inhibit random diffusion
of free, unhindered water. An inverse correlation between
ADC and cellularity of cancer tissues has been shown,8–10

and several groups have measured lower ADC values in cancer
versus normal or benign tissues.11,12

In our previous work, we introduced a bound water index
(BWI) calculated from broadband diffuse optical spectroscopy
(DOS) data that measures the impact of water association with
macromolecules on the ∼975 nm near-infrared (NIR) water
absorption peak.6 When water is bound to macromolecules,
such as proteins, the water absorption peak at 975 nm undergoes
both broadening and red shifting.13–17 These spectral changes
appear as a consequence of variations in the relative contribu-
tions of harmonic overtones from fundamental O–H vibrations

at 3.05 and 2.87 μm.17 BWI has been validated in previous stu-
dies using DW-MRI, where we observed an inverse correlation
between BWI and ADC in homogeneous tissue phantoms.6 In
patient studies, we found significantly greater free water content
(i.e., lower BWI) in breast cancer compared to normal tissues,
and the amount of free water positively correlated with tumor
histopathologic grade.

The use of disk operating systems (DOS)/imaging for breast
cancer detection and therapy monitoring has been extensively
described using tomography methods18–23 and handheld
probes.3,6,24–27 In this work, we employed a handheld diffuse opti-
cal spectroscopic imaging (DOSI) probe to create broadband (650
to 1010 nm) spectroscopicmaps of tissue absorption and scattering
with high spectral resolution (<1 nm). In addition to BWI, DOSI
spectral content was used to calculate the tissue concentration of
hemoglobin (oxy-, deoxy-, and total), lipid and water. We mea-
sured eight infiltrating ductal carcinoma (IDC) patients with
DW-MRI and DOSI in order to investigate the relationship
between ADC and BWI in breast cancer. Both indices provide
information regarding water environment and disposition that
can potentially be useful in breast cancer diagnosis, treatment,
and predicting clinical outcome.

Both BWI and ADC values decreased significantly as the
bulkwater content increased and both showed potential as a prog-
nostic index based on correlations with tumor size. Unlike
our previously-reported homogeneous phantom studies, patient
measurements of BWI and ADC were positively correlatedAddress all correspondence to: So Hyun Chung, University of Pennsylvania,

Department of Physics and Astronomy, 209 South 33rd Street, Philadelphia,
Pennsylvania 19104-6396. Tel: +215-898-6833; Fax: +215-573-6391; E-mail:
sophiechung12@gmail.com. 0091-3286/2012/$25.00 © 2012 SPIE
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(R ¼ 0.90,p-value ¼ 0.003), potentially highlighting the impor-
tance of microscopic-scale barriers to diffusion encountered in
vivo. Based on the results of this study and related literature,
we hypothesize that BWI is weighted toward water averaged
over a large volume with significant contributions from
“unbound” water in the extracellular matrix, while ADC primar-
ily reflects the impact ofwell-defined barriers to diffusion in small
volumes such as cells and heterogeneous extracellular compart-
ments. Overall, this work demonstrates the complementary role
of DOSI and DW-MRI in providing detailed information on the
molecular disposition of water in breast cancer, and suggests that
these measurements can be useful in understanding mechanisms
of cancer appearance and therapy response.

2 Methods

2.1 Subjects

This clinical study was reviewed and approved by the Institu-
tional Review Board of University of California, Irvine, and
informed consent was obtained from all human subjects.
Eight IDC patients were measured with both DOSI and DW-
MRI prior to the initiation of any form of therapy. The maximum
tumor dimension of the patients was 5.5� 3.2 cm and the age
distribution was 44.0� 12.3 with a range of 28 to 65.

2.2 Broadband DOSI Measurements

Details of theDOSI systemhave been previously reported.6,25,28–30

Briefly, DOSI combines broadband frequency domain photon
migration (FDPM) using six diode lasers with broadband steady
state (SS) spectroscopy in the wavelength range of 650 to
1010 nm. The frequency-dependent (50 to 400 MHz) amplitude
and phase of diffusely reflected, temporally-modulated photon
density waves are measured and compared to photon diffusion
models for each diode laser. Model fits yield absorption, μa,
and reduced scattering,μ 0

s’, coefficients for large subsurface tissue
volumes, typically ∼10 cm3 for our breast probe with a 2.9 cm
source-detector separation. Broadband scattering and absorption

spectra are calculated by combining FDPM source data with SS
diffuse reflectance and imposing a Mie scattering constraint on
the wavelength-dependence of scattering. Extinction coefficient
spectra of major NIR absorbing components of tissue (oxy-
hemoglobin, deoxy-hemoglobin, water, and lipid) are fit to the
tissue absorption spectrum in order to calculate concentration.

The BWI is determined from the residual between the
normalized tissue water spectrum and a pure water spectrum
as described in Chung et al.6 Figure 1 (reprinted from
Ref. 6), demonstrates how the BWI was calculated using the
tissue spectra. Briefly, the tissue water spectrum was obtained
by subtracting contributions of the other major physiological
components (oxy- and deoxy-hemoglobin, and lipid) from a
tissue absorption spectrum. Then the residual between the
water-only tissue absorption spectrum and a pure water spec-
trum was calculated by subtracting the pure water spectrum
from the normalized tissue water spectrum in the water peak
range. The residual is represented as an index, BWI, by aver-
aging the difference between 935 and 998 nm as shown below:

BWI ¼
P

i

�
�
�
�
μa;tissue waterðλiÞ

ctH2O
− μa;pure waterðλiÞ

�
�
�
�

N
× 1000; (1)

where λi is ith wavelength (935 nm ≤ λi ≤ 998 nm), ctH2O is
the fraction of measured tissue water divided by pure water con-
centration (55.6 M) (24), and N is the number of wavelength
points in the sum (6). In our previous study with 18 subjects,
the BWI of the malignant and normal breast tissues was in
the range of 1.96�0.3 and 2.77� 0.4, respectively.

DOSI measurements were performed by scanning a hand-
held probe on lesion containing and contralateral normal breasts
in a grid pattern with 1 cm increments. The range of the scan
covered the entire lesion, including surrounding tissue, deter-
mined by palpation, ultrasound, mammography or MRI. Details
of DOSI patient line- and grid-scanning measurements have been
described.6,25,30 Grid images of oxy- and deoxy-hemoglobin,
water, and BWI were generated by interpolating the scanned

Fig. 1 (a) In vivo tissue absorption spectrum (solid line) from normal breast tissue. (b) Tissue water spectrum after subtracting other tissue components’
spectra (solid line). (c) Normalized tissue water spectrum at 935 to 998 nm (solid line). The pure water spectrum at 36°C is shown in each panel (a, b,
and c, dashed lines) for comparison. [a reprint with permission from IOP publishing, Phys. Med. Biol. 53 (2008) 6713–6727, doi:10.1088/0031-9155/
53/23/005].
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points.31 In order to compare patient data, an average of BWI
values smaller than the threshold determined by the full-
width-half-maximum (FWHM) of all the BWI points in an
image was calculated and used as a tumor BWI. The BWI
point values larger than the threshold in the same image (on
the same breast) were used to calculate an average of normal
tissue BWI.

DOSI was performed with patients in a supine position.
Patients lying in the supine position were able to hold their
arms up so that tissue near the chest wall was accessible and
the entire lesion could be mapped.

2.3 MR Measurements for the ADC Acquisition

All MR images were acquired with a 3.0 T (127 MHz) Philips
Achieva scanner using a bilateral 4-channel SENSE (SENSitivity
Encoding) breast coil (Philips Medical Systems, Best, The
Netherlands). The diffusion-weighted and dynamic-contrast-
enhanced images (DCE-MRI) were acquired from a single
imaging session in which the DW-MRI is performed prior to
the DCE-MRI. The DW-MRI protocol was based on a single-
shot spin-echo sequence with echo-planar-imaging acquisition
mode using repetition time ðTRÞ∕echo timeðTEÞ ¼ 3588∕76
ms, fieldof viewðFOVÞ¼200×200mm, acquisition-matrix ¼
128 × 128, pixel size: 1.56 × 1.56 mm, slice thickness: 5 mm,
and number of signals averaged ¼ 6. Thirteen sagittal slices of
DW image were acquired unilaterally with three b factors
(b ¼ 333, 667, and 1000 s∕mm2) in each of the three orthogonal
directions for a generation of a rotationally invariant ADC-map.
The acquisition time for DW images was approximately 3.5 min.
The DCE-MRI protocol was based on a three-dimensional
(3-D) gradient echo sequence using TR∕TE ¼ 6.2∕1.3 ms,

flip-angle ¼ 12- deg, SENSE-factor ¼ 2, and an isotropical
voxel size (1 mm3). The DCE-MRI was acquired in 160 bilateral
axial slices using FOV ¼ 32-36 cm and a total of seven dynamic
frames with Δt ¼ 98 s. The contrast agent (Ominiscan®,
1 cc∕10 lbs) was injected manually at the start of the third
frame and then followed by a 10-cc saline flush. In Fig. 2(a),
the blue color indicates low enhancement, the yellow color indi-
cates moderate enhancement, and the red color indicates high
enhancement in a DCE-MR image. A high-order shimming
and a fat suppression based on Philips’ SPAIR (Spectral Attenu-
ated Inversion Recovery) technique were utilized in both
DW-MRI and DCE-MRI. All MR-images were transferred in
DICOM(Digital Imaging andCommunications inMedicine) for-
mat and post-processed and analyzed off-line using a personal
computer.

The lesion was segmented by manually drawing the region
of interest (ROI) on the enhancement images [red contour on
Fig. 2(a)] generated by subtracting the baseline (mean of the
first 2 dynamic frames) from the 4th dynamic frame of the DCE-
MRI data. The locations of ROI-voxels were then co-registered
onto the sagittal slices of DW images [Fig. 2(b)]. Both the ROI-
drawing and co-registration were performed using a program
developed using Matlab (The Math Works, Inc., USA). The
ADC value was generated for each pixel of the co-registered
ROI in sagittal orientation.

The ADC value for each pixel was obtained also using a
program developed in-house using Matlab, which performed
a least-squares fit to the DW-MRI data according to the follow-
ing equation:

ADC ¼ −ðln S − ln S0Þ
b

; (2)

Fig. 2 (a) Transverse dynamic-contrast MR image. The region of interest (red contour) used for ADC calculation and the locations used for lateral
scanning of DOSI are shown with white boxes. (b) Sagittal diffusion-weighted-image is shown with the bars indicating where the DOSI probe was
positioned axially. (c) Coronal maximum intensity projection image is shown with a yellow box approximating a boundary of the area measured by
DOSI. (d) A DOSI acquired BWI image. Darker area with values less than FWHM of the entire points is shown to indicate a tumor area.
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where S is the signal intensity measured on the non-zero b factor
images (b ¼ 333, 667, and 1000 s∕mm2) and S0 is that of b ¼ 0
(no diffusion weighting).

The enhancement images were reformatted to generate a
maximum intensity projection image (MIP) in coronal orienta-
tion that most closely resembles the two-dimensional presenta-
tion of DOSI measurements. [Fig. 2(c)]. All MR images were
acquired with the patients in a prone position.

3 Results
Figure 2(a)–2(c) demonstrates DOSI measurement geometry on
MR images of a patient. According to the dynamic contrast
enhanced images, the tumor size of this patient was 4.9 ×
5 × 5.5 cm and was surrounded by very dense breast tissue
according to mammography. The Cartesian coordinates of the
BWI image on Fig. 2(d) were indicated by the numbers and
bars on Fig. 2(a)–2(c). The numbers in the white boxes in
Fig. 2(a) show where DOSI probe was positioned laterally,
which is the x-axis on the DOSI image shown in Fig. 2(d).
The numbers and bars on the diffusion-weighted image
[Fig. 2(b)] indicate the axial axis of the DOSI probe positions
[the y-axis on Fig. 2(d)]. The tumor area appears brighter in this
diffusion-weighted image, which produces lower ADC values
than normal fibroglandular tissues according to the equation
for ADC calculation (Eq. 2). The yellow box on the MIP
image [Fig. 2(c)] approximates the boundary of the points mea-
sured by DOSI. Although, Fig. 2(a)–2(c) demonstrates where
the DOSI probe was located, the actual tissue volume measured
by DOSI is not exactly shown on those MR images because the
measurement geometries differed between DW-MRI and DOSI.

ADC values are calculated based on diffusion that occurs
within a single 1.56 × 1.56 × 5 mm voxel. ADC values repre-
sent an average of many voxels in a given ROI. Most of our
tumor data have ADC values below 1.6 × 10−3 mm2∕s, a thresh-
old that differentiated “cancer” from “normal” with 95% sensi-
tivity,12 while lower than 95% has been used for cancer detection
in other studies.8,11,32,33

Figure 2(d) shows a BWI image of the same patient shown in
Fig. 2(a)–2(c), measured 8 days after theMRI measurement. The
lesion appears as a darker areawith lowerBWIvalues thannormal
tissues as reported in Chung et al.6. In this case, BWI ¼ 2.44�
0.11 for the darker tumor area and 2.75� 0.12 for normal tissues.
The smallerBWIvalues communicate that the highwater concen-
tration in cancer tissues contains increased amount of free water
rather than bound water.

A relationship between BWI and ADC values measured on
the same patients within 6.6� 8.1 days is shown in Fig. 3. A
positive correlation between the two parameters is observed
with R ¼ 0.9 and p-value ¼ 0.003. The standard errors of
BWI are determined from values below the threshold deter-
mined by the full-width-at-half-maximum (FWHM) of all
BWI values in an image, and from all pixels in an ROI for ADC.

The relationship between DOSI-measured bulk water
concentration and BWI and ADC is shown in Fig. 4. Both water
parameters significantly decreased with increasing bulk water
concentration (R ¼ −0.81, p-value ¼ 0.016 for BWI and
R ¼ −0.89, p-value ¼ 0.003 for ADC).

Additionally, the relationship between tumor size in
maximum dimension and BWI and ADC were examined in
Fig. 5. The tumor size is the maximum dimension of the
tumor measured by DCE-MRI. BWI and ADC showed compar-
able inverse correlation with size (R ¼ −0.85, p-value ¼ 0.008

for BWI and R ¼ −0.82, p-value ¼ 0.013 for ADC).

4 Discussion
Detailed tissue water property measurements were obtained in
breast cancer patients using both optical and MR imaging. The
BWI measures the association of water with macromolecules
and ADC reflects the mobility of water in a restricted micro-
environment. Although, the measurement geometry is different
in the two imaging technologies, the same in-vivo tumors were
measured without compression in order to compare physical and
biochemical properties of cancer tissues. Nevertheless, the
resolution and field of view are different for DOSI and MRI.

Fig. 3 Correlation between BWI and ADC from in-vivo breast cancer
measurements of 8 IDC patients (R ¼ 0.90, p-value ¼ 0.003). 95% con-
fidence interval is shown with green lines. A positive correlation is seen
in vivo, while negative correlation was previously described in homo-
geneous tissue phantoms (Ref. 6), suggesting that ADC and BWI are
sensitive to water in different tumor compartments.

Fig. 4 BWI (squares, solid line) and ADC (triangles, dashed line) vs.
Bulk Water Concentration. Both correlate inversely with the bulk
water concentration. (R ¼ −0.81 and p-value ¼ 0.016 for BWI, and
R ¼ −0.89 and p-value ¼ 0.003 for ADC). The bound water fraction
and the ADC both decrease as the total tumor water concentration
increases.
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In DOSI, light interrogation over a large (∼10 cm3) tissue
volume yields spatially-averaged optical and physiological
properties at each probe location. BWI therefore reflects tissue
water binding state for all components of cancer tissues:
intra- and extracellular spaces as well as vascular structures.
In contrast, ADC values are calculated based on diffusion
that occurs within a single MRI voxel. Thus, measurements
are more heavily weighted toward contributions from cellular
diffusion barriers in small volumes in well-defined tumor
regions. In contrast, DOSI measurements include contributions
from normal tissues and thus represent spatially-averaged
macroscopic properties.

These differences in field of view may help explain the posi-
tive correlation between BWI and ADC shown in Fig. 3. In our
previous work, Ref. 6, BWI was validated in gelatin phantoms
by various techniques, including diffusion-weighted MRI.
These studies revealed an inverse linear correlation due to the
constraining impact of macromolecular binding on water diffu-
sion. Interestingly, the positive relationship between BWI and
ADC observed in the current in vivo study was the opposite
of the correlation measured in homogeneous tissue phantoms.
In gelatin, there are no well-defined structural barriers to diffu-
sion comparable to cell membranes or equivalent micro-scale
domains. Thus, the positive correlation measured in Fig. 3 is
likely a direct result of the heterogeneous, complex, and com-
partmentalized structure of cancer tissues. It implies that while
diffusion becomes more limited due to the presence of small
volume barriers, more unbound water is apparent when
sampling large tumor volumes. Thus, while all bound water
would necessarily have low ADC values, other factors that
hinder water mobility likely make contributions to ADC.

The water concentration is known to be high in cancer tissues
measured by both MR and optical technologies.4,6,34–38 The
result in Fig. 4 and our previous publication indicate that the
high water concentration in cancer tissues contains increased
amount of free water rather than bound water. However,
interestingly, ADC values decreased (less mobility) as the
water concentration increased. This finding also supports that
the volumetric difference of tissues used for calculating each

water parameter might convey different information regarding
the tumor physiology.

There are several important physiologic consequences of this
observation. Smaller ADC values have been reported in malig-
nant tumors compared to normal or benign tissues.8,11,12,39

Restricted diffusion of intracellular water within densely
packed, proliferating cancer cells is believed to cause the
reduced ADC.40 The protocol for ADC acquisition and interpre-
tation of the results are actively investigated and has a room for
improvement. Nevertheless, the protocol used for ADC mea-
surement in this study is generally considered as a standard
that most clinical researchers are utilizing to investigate the
application of ADC in differential diagnosis and early therapy
response monitoring.41–46 Many factors may contribute to the
measured ADC, including the size of cancer cells, the cell den-
sity (or, the relative composition of the cellular and interstitial
components), as well as the pseudo-diffusion caused by the
microvascular flow (called “intra-voxel incoherent motion
[IVIM]”). In this work, we applied three different b-values
with the highest b ¼ 1000 s∕mm2, so the effect of IVIM is
negligible. Thus, cancer tissues with smaller ADC values are
likely to have higher cellular density in the ROI.

In the extracellular matrix, hyaluronic acid (HA), a large
negatively charged polysaccharide, increases in malignant
tumors compared to normal tissues.6,47 Its polyanionic nature
traps water molecules in a mesh structure that exerts swelling
pressure.47 Although, no correlation has been observed between
HA content and bound water, HA has been correlated with total
volume of water in a study by Sulyok.48 Thus, it is possible that
structured water occupies the space in between HA molecules.
Structured water has limited mobility due to the presence of
macromolecules and appears in hydration layers outside
bound water.37 Thus, a larger amount of structured vs bound
water within the HA extracellular matrix may explain why
we observe reduced diffusion but less bound water in cancer
tissues. We note that the term “free water” refers to all unbound
water including structured water.

High intersitial fluid pressure in cancer tissues due to
increased vascular permeability and the absence of a functional
lymphatic system may contribute to the increased free water as
observed by BWI.49 Yankeelov et al. also observed a higher
volume transfer constant (Ktrans) due to higher perfusion perme-
ability in an area of rapid proliferation and increased cell den-
sity. Their result further supports the measured relationship
between ADC and BWI shown in Fig. 3.

In our previous studies, we measured inverse correlations
between tumor Nottingham-Bloom-Richardson (NBR) histo-
pathological scores and BWI, and a positive correlation with
bulk water content.6,25 In Figs. 3 and 4, ADC is shown to posi-
tively and inversely correlate significantly with BWI and bulk
water concentration, respectively. Histopathological scores
determine tumor grade, and both grade and size of tumor are
the most influential prognostic indices of patient survival.50

Although, the distribution of NBR scores was not sufficiently
broad in this study to examine ADC and BWI correlations,
Fig. 5 shows a significant inverse correlation between BWI
and maximum tumor dimension, an important index of patient
survival. Thus, our current findings, taken together with
previous DOSI and MRI studies, provide additional support
for BWI as a complementary tumor prognostic index.

In conclusion, the molecular properties of water determined
by BWI and ADC appear to reveal different and complementary

Fig. 5 Relationship between tumor size, BWI and ADC. The water
parameters have similar correlation with tumor size, one of the most
important prognostic indices of survival (R ¼ −0.85 and p-value ¼
0.008 for BWI, and R ¼ −0.82 and p-value ¼ 0.013 for ADC).
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aspects of tumor physiology. Although, BWI and ADC are
inversely correlated in homogeneous tissue phantoms, they
are positively correlated in vivo. This suggests that BWI is
more sensitive to free water in the extracellular matrix, while
ADC reflects contributions from increased tumor cellularity.
The relationship between ADC, BWI, and bulk water concen-
tration suggests that both parameters have potential for assessing
tumor grade and patient prognosis. This is further supported by
measurements linking BWI and ADC with tumor size.
Although, BWI and ADC reflect different properties, our results
indicate the importance of water as a critical tissue component
that can potentially provide unique insight into the molecular
patho-physiology of cancer. Their use as molecular imaging
endpoints in patients could further advance clinical cancer diag-
nosis and treatment. It was a limitation of this study that the
measured tumors were relatively large (>2 cm). In future stu-
dies, we will recruit more patients with small tumors to define
patient groups who may receive the most benefit from this
complementary information from the two modalities. Lastly,
because DOSI is a portable technology that can potentially
be used at the bedside, BWI may provide a low-cost measure
of tissue water properties.
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