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The design and implementation of a multispectral, frequency-domain near infrared tomography
system is outlined, which operates in a MRI magnet for utilization of MR-guided image
reconstruction of tissue optical properties. Using long silica optical fiber bundles, measurements of
light transmission through up to 12 cm of female breast tissue can be acquired simultaneously with
MRI scans. The NIR system utilizes six optical wavelengths from 660 to 850 nm using intensity
modulated diode lasers nominally working at 100 MHz. Photomultiplier tube detector gain levels
are electronically controlled on a time scale of 200 ms, thereby allowing rapid switching of the
source to locations around the tissue. There are no moving parts in the detection channels and for
each source position, 15 PMTs operating in parallel allow sensitivity down to 0.5 p¥\dcthe

tissue surface. Images of breast tissue optical absorption and reduced scattering coefficients are
obtained using a Newton-type reconstruction algorithm to solve for an optimal solution using the
measurement data. In medical imaging, it is beneficial to compare the same tissue volume as seen
by a variety of modalities, and perhaps more importantly, there is the hypothesis that one imaging
system which has high spatial resolution can be used to enhance the reconstruction of another
system which has good contrast resolution. In this study we explore the synergistic benefits of a
combined NIR-MRI data set, specifically the ways in which MRe., high spatial resolution
enhances NIRi.e., high contrast resolutigrimage reconstruction. The design, calibration, and
performance of the imaging system are described in the context of preliminary phantom tests and
initial in vivo patient imaging. Co-registered MRI validates and improves optical property
estimation in 2D tomographic image reconstructions when specialized algorithms are uzea4 ©
American Institute of Physic$DOI: 10.1063/1.1819634

I. INTRODUCTION dalities including x-ray tomosynthesi& ultrasound(Us),**
and magnetic resonance imagitdRI),**"**to study human

Diffuse optical tomographyDOT) with near infrared tissues and small animals. In this report, we present a com-
(NIR) light can be used to produce spatially resolved imagesined NIR-MRI system for imaging female breast tissue, and
of tissue optical properties. These optical property maps casxplore the benefits of the combined data set in a planar
be acquired at different wavelengths and combined to reveabmographic geometry where the breast is imaged pendent in
hemoglobin concentration, oxygen saturation, water and fai standard MR breast coil.
content, as well as a description of scattering structtires. In recent years, several important technological factors
These latter parameters are important indicators of metaboligave contributed to the advancement of NIR spectral imag-
activity, functional processes, or presence and staging of disng applied to breast cancer characterization, including an
ease. NIR diffuse tomography generally suffers from comdincreased understanding of light and tissue interaction, and
paratively low spatial resolution due to the multiple scatter-new software-based developments in image-reconstruction
ing events that occur along each photon gathHowever, algorithms for DOT NIR radiation(700—900 nris nonion-
the promise of this imaging modality lies in the fact that it izing, light delivery and detection instrumentation is rela-
affords new physical bases for contrast in tissue. For extively inexpensive, and uncomfortable tissue compression is
ample, hemoglobin-based contrast in tumors relative to norot required(as in mammographic level compressiobe-
mal tissue is exceptionally higlie, between 100%-300p%  tection systems with high signal-to-noise ratios can routinely
However, improving the limitations associated with its low measure NIR light transmission through 10 cm of breast tis-
spatial resolution is fundamental to implementing this tech-sue. This distance may increase to 12 cm for breasts with
nology clinically. A priori knowledge of tissue structure can fatty composition(i.e., lower radiographic density and NIR
be used to constrain/guide the iterative NIR image reconattenuatioin Photon propagation within the breast is well
struction process, and improve the spatial resolution andescribed by diffusion theory since the probability of photon
guantitative accuracy of recovered physiological parameterscattering is much greater than absorption. Light transmis-
Consequently, NIR techniques have been combined with sewsion measurements can be combined with diffusion theory to
eral high spatial-resolution, structure-bearing imaging mo-{rovide robust image reconstruction of tissue optical coeffi-
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cients. We use a Newton-type algorithm to solve for the opimore likely will depend on the application of all three tech-
timal solution that provides a minimum error between theniques, while also being strongly influenced by the signal to
measured data and predicted response from a model of thmwise ratio of the measurements, the optical contrast avail-
frequency-domain diffusion equatidh.In theory, the ap- able, and the number of projections used. Some investigators
proach allows separation of the absorption and reduced scétave successfully combined different approaches with multi-
tering coefficientgu, and ,ug) Frequency-domain measure- stage image reconstruction algorithﬁ%.1 However, there is
ments of optical flux provide both amplitude and time-basedstill no clear consensus on how best to utilize the structural
(i.e., phase shiftinformation—a unique data set to solve the information to enhance or improve the recovery of functional
estimation problem associated with recovering both coeffiNIR information.
cients simultaneously. This work describes the first system to combine multi-
A variety of imaging methods have achieved high-spectral frequency-domain NIR in a planar tomographic ge-
spatial-resolution imaging with acceptable to excellent sofometry with MRI for imaging breast tissue. NIR tomography
tissue contrast, including x-ray computed tomograp®y),  has shown the ability to localize changes in functional tissue
US, and MRI. These techniques primarily provide images ofarametersn vivo, and MRI has the advantage of offering a
tissue structure and have a limited ability to monitor param-articularly rich amount of anatomical information, specifi-
eters related to tissue function other than through the introcally about the layered adipose and glandular tissue structure
duction of exogeneous contrast agents. Alternatively, nuclea®f the breast. This system is designed to combine the benefits
medicine approaches are routinely used to image tissue fungf both modalities into the construction of a single quantita-
tions, such as metabolic fluorodeoxyglucose uptdkend tive image. In particular, since NIR tomography has signifi-
many commercial systems exist to co-register these imagent difficulty with the recovery of properties in layered
with the structural data derived from CT, US, and MRI. Thestructures, the initial information from MRI can significantly
combination of high resolution structural imaging with lower improve the estimation of breast properties, including in lo-
resolution functional information is a major emphasis in con-calized regions such as tumors.
temporary medical imaging, and customized hybrid imaging ~ The design and operation of the NIR-MRI system ele-
systems are being developed to avoid the complications agdents are described in Sec. II. The NIR component is similar
sociated with tissue movement between imaging examd® an imaging system described previodSlyhich is cur-
which compromises the accuracy of postprocedure cotently being evaluated clinically, yet has the unique design
registration. feature of having no moving parts in the detection channels,
The application of NIR tomography to provide spatially- allowing significant reduction in the NIR data acquisition
resolved functional information, such as hemoglobin levelstime. In Sec. lll we outline the theoretical basis, and the
oxygen saturation, water, lipid and scatterer content Wi”_practlcal application and utlllzanpn of image reconstruction
likely be important, yet customized imaging systems whichin NIR tomography. After applying several approaches to
couple to MRI, US or CT need to be developed to evaluatéPtimizing this hybrid reconstruction, an a]gonthm is exam-
and exploit this potential. The pioneering work of Ntziach- ined tha’F takes advantage of the composite data s_et. In Sec.
ristos et al*® was the first to demonstrate feasibility of the IV We discuss system performance and present images of
hybrid NIR-MR approach for clinical breast imaging. Their phantom and breast optical properties which are both high

approach consisted of a co-planar array of optical sourcdfselution and quantitatively accurate.
sensors detecting time-resolved illuminations when applied

to the surface of the breast. Data was presented as maps IbfSYSTEM DESIGN

localized optical response at each detector site but was oth-

erwise not processed into depth-resolved images of opticzﬂ,]e NIR-MRI systemiA) light delivery, (B) detector array,

property distributions. Zhet al'* have demonstrated clini- O fiberoptic patient interface. an@®) computer control and
cal application of a combined NIR-US system. With a hand—( )i phic patient ! , ane) Py

. . electronics. ElemenfC) extends from(A) and (B) into a
held probe, they simultaneously measure reflection of ultra ©) (A) ®)

4 and modulated NIR itati t the b i MRI scanner for clinical studies, as shown schematically in
sound and modulate excrations at the pbreas |ssug-g_ 1. Photographs of the rack-mounted system and patient

surface, and construct co-registered images of structure anferface are presented in Fig. 2. Secti@ briefly describes

optical absorption and hemoglob'ln conqentratpn. phantom fabrication, and its importance in imaging system
One of the most challenging issues in hybrid system deaevelopment and validation

velopment is the incorporation of anatomical information as
prior constraints into NIR image reconstruction. This has .
been explored theoretically in several successful rep6rié. A Light delivery

Structural information can be used to guide functional image  The system deploys six laser diodes: 661 @0 mW),
reconstruction through knowledge of tissue composition and@52 nm(50 mW), 785 nm(50 mW), 805 nm(50 mW), 829
location by: (i) alteration of the objective functions used in nm (50 mW), and 849 nm(50 mW). Each wavelength is
image reconstructiot,?3(ii) reduction of the number of un- amplitude modulated at 100 MHz by mixing a dc current
known parameters by treating regions of the same tissue tymource(LDX-3220, ILX Lightwave, Bozeman, MJand an
as single zone¥*or (iii ) introduction of special regulariza- ac current from a frequency generafti#R-2023A, IFR Sys-
tion schemes that can stabilize the inverse problem and entems, Wilmington, MA, through a bias #5545, Picosec-
phasize image contrast$?>?°Optimizing spatial resolution ond Pulse Labs, Boulder, GOEach diode is held in a laser

This section describes the four elements that comprise
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6 LDs on translation stage (16 bifurcated optical fibers (13 m)

ACHLON MEE) FIG. 1. (Color onling Schematic de-

sign of a dual modality NIR-MRI sys-
tem (left). Frequency-domain NIR to-
mography is performed inside the
MRI unit (upper righy. Six laser di-
odes (660-850 nm are amplitude
modulated, and sixteen projections
yield 240 measurements of amplitude
and phase of transmitted light. The fi-
beroptic array is positioned inside the
open breast coil, to allow positioning
along the length of the pendant breast
(bottom righy.

,,C (100.0005 MHz)

|:| Instrament Control

Lock-in detection

gt

tube(Thorlabs, Newton, NJ and mounted on a linear trans- photomultiplier tubegPMT R6357, Hamamatsu, Japaop-
lation stage(MA2515P5-S2.5 Velmex, Bloomfield, NY erating in parallel. The gain of the PMTs is varied to account
This stage directs a specified wavelength into one of sixteefor the large variation in light level between detectors
bifurcated optical fiber bundles which were custom designedlepending on their distance from the source. The gains are
for this application(Ceramoptec, East Longmeadow, MA set with PMT modulegHC120, Hamamatguby applying
The 248-piece bundlg®.37 N.A., 0.68 packing fractiorare ~ computer generated voltages between 0.4 and 1.2 V to their
pure silica corg210um), silicone clad(230um) fibers suit-  control lines, which sets the anode to cathode voltage be-
able for transmission wavelengths from 400 nm to 2400 nmtween approximately 350 V to 1000 V, respectively. Using
The source light is delivered through the central seven fiberthe higher gain settings, a PMT can reliably measure optical
in each bundle, and the remaining fibers surrounding thessignals in the pW range. The optimal gain levels are deter-
are delivered to the detectors. The common end, whicnined prior to each imaging series. Each PMT is fixed to a
makes contact with the tissue, has a diameter of 4 mm. Eagbarticular fiber, so it is necessary to switch gains electroni-
fiber bundle is 13 m in length and extends from the instru<ally during the course of data collection. A 100 Mesistor
ment cart, located outside of the MR suite, into the bore ofyas used in the dynode chain of each PMT to achieve fast
the scanne(1.5T whole body imager, GE Medical Systems, settling times after gain adjustme(00 ms for large gain
Milwaukee, W) to the patient interface. The efficiency of the changes Electrical heterodyning through rf mixegslinicir-
optical switching is approximately 50%, yielding an averagecuits, Brooklyn, NYj is used to down convert the 100 MHz
source power of 15 mW at the tissue surface. PMT signal to a lower frequenags00 kH2. This offset fre-

_ ) quency is achieved with a second frequency-synthesizer
B. Light detection which is synchronized to the one driving the laser current,

For each source excitation, light transmission is recorde@nd is set to 100.0005 MHz. The resulting offset frequency is
from 15 surface locations. This signal is measured by 15iltered and amplified by a 16 channel circuit designed for

FIG. 2. (Color online Photograph of
the rack mounted, portable system
(left). System components are marked,
including (A) frequency generators,
(B) optical switching stage(C) PMT
detection plate, andD) optical fibers
and patient interface. The fiber-patient
interface (at righty can accommodate
breasts 6-12 cm in diameter. A close
up of the tissue coupling system shows
that the fibers are spring-loaded and
make light contact with the full cir-
cumference of a pendant breast.
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this application(Audon Electronics, Nottingham, UKthen  E. Phantom design

read by the computer. Lock-in detection is executed in soft-  Tigsye-simulating phantoms with known property distri-

ware to extract amplitude and phase data for each of thgytions, geometries, and imaging orientations are commonly

detectors in parallel. used to validate imaging systems. We have developed a
recipe for producing gelatin materials with desired optical
properties, and a shelf life of several monthsA heated

C. Fiberoptic patient interface mixture of water, gelatiiG2625, Sigma Ing, India ink (for

absorption, and titanium dioxide powddfor scattey (TiOo,

(MRI Devices, Waukesha, WIthat offers high-resolution S'g_m.a.‘ Inc) is pogred into a mold of a desweq shapg, and
},§O|Idlfled by cooling to room temperature. Variation in the

imaging. The coil also provides an open architecture, whic ‘ rati des MR trast. and iab| |
allows for the integration of the NIR-breast interface shownV&I€r concentration provides contrast, and variable ge
stiffness. The phantom imaged hegi®ec. IV B) combines

in Fig. 1. A circular ring machined from polyvinyl chloride i . 4 L .
(PVC) positions the common ends of the sixteen ﬁbersthree gels with different optical properties in an irregular
Structure.

around the full circumference of the pendant breast. Pho
phor bronze compression springs=0.09 Ibs/in., Ace Wire
Spring and Form, McKees Rocks, PAyuide each fiber !ll. DATA PROCESSING AND IMAGE
through holes in the ring, into light contact with the tissue RECONSTRUCTION

surface. The ring separates into equal halves so that it can Quantitative NIR imaging with model-based methods re-

easily be moved from one breast to the other. The angulaguires(A) important instrument calibration procedures, and

separation between each fiber is 21°, except between fibe(g) a reconstruction algorithm that incorporates an accurate
adjacent to the line of ring devision, where the separation isnodel of light propagation in tissue.

33°. The ring can be positioned vertically, such that the plane

of measurements intersects the region of interest in tissue. System calibration

This design allows each fiber to move independently, there-

fore their radial positions may vary by several millimeters. In

order to avoid serious artifacts in reconstructed images, theociated with our NIR ir%%aging. approach have been dis-
position of each fiber must be accurately known during dat&USSed in detail elsewhefe.Two important procedures are
acquisition. Annular fiducial marke@®IM 3005, 1ZI Medi- ~ Priefly noted here(1) detector calibration, ant) homoge-

cal Products, Baltimore, Mpare fixed to each fiber and can N€OUS phantom calibration. First, the amplitude and phase
be located with submillimeter accuracy in the MRI. response of each detection channel must be characterized in

order to remove systematic noise in the data acquisition

hardware. Each detector is exposed to the same optical sig-

nal, and the differences in log amplitude and phase are used
D. Computer system as correction factors. The log amplitude response of the PMT

A PC running Labview softwaréNational Instruments, is plotted against the log of the input power for each gain

Austin, TX) is used to control all light delivery and detection setting. A log—log regression is performed and the coeffi-
equipment. The laser current source and frequency generatoients are used to calibrate detected PMT amplitude in terms
parameters are set by a general purpose interfacédfiB,  of optical power. The phase does not fluctuate significantly
NI). The linear translation stage is addressed through theith changing light level for a single gain settiiige., mini-
serial port. An analog output boa¢Nl) is used for PMT gain mal phase-amplitude cross-talibut is altered dramatically
control. A multipurpose data acquisitiqipAQ) board ac- with changing gain. Relative phase differences between de-
quires the 16 analog input channels and the single referendectors are stored for calibration. These calibration curves are
channel. This board also provides six digital output lines tovery similar to those created by McBride al?’ This char-
the high power radio-frequency switch for the laser sourcesacterization needs to be performed only once as long as the
For each source position, 15 signals from the detector systesystem is not modified.
are amplified by a gain of 1000 and low pass filtered to  The second important practical procedure is the correc-
prevent aliasing prior to the DAQ board using a 16 channetion for inter fiber variations and coupling issues, which is
amplifier and filter network mounted in a BNC coupled box accomplished through a homogeneous phantom calibration
(Audon Electronics, Nottingham, UKData are acquired for proces<>3 This accounts for offsets due to optical fiber
500 ms, and phase and amplitude of each signal are calcdifferences in transmission and alignment, as well as any
lated and written to file. Including the time required to deter-errors in discretization or data-model mismatch. A homoge-
mine optimal gain values, measurement with 6 wavelengthaeous phantom is generally measured each day, and after
takes approximately 4 min. The MR exam is controlled sepasystem changes. The differences between data measured
rately, operated in parallel, and a full volume breast MRI isfrom the phantom, and data calculated from the model are
of similar duration. AFORTRAN, or MATLAB based recon- stored and subtracted from measurements of the heteroge-
struction program reads and processes the NIRataMR  neous phantom or tissue under investigation. A homogeneous
images are processed off-line with an addition toniAELAB fitting algorithm is used to determine the, and ,u’s values
software package, and incorporated into a modified iterativsupplied to the model calculation. This algorithm can also be
optical property reconstructiofsee Sec. Il used to calculate the initial optical properties specified in

The MR exam is performed using a breast array coil

Calibration issues and other practical considerations as-
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iterative reconstruction of heterogeneous media. When deal 1wl
in_g with tissues_ having arbitrary shape, the eﬁectivgnesg of . % Log amplitude
this fitting algorithm and homogeneous phantom calibration 12 o7
hinges on the accurate specification of source and detectc  _ 4 S
locations. The ability to extract accurate fiber positions from §
MRI scans preserves the integrity of this method for nonuni- g 81~ ::.. MR system
form boundary data. ® 6 - o Clinical system
E ‘4 ;.g .
4
B. FEM analysis . .
. , . 2 ook et —
Data acquired from the detection system is processed b ‘:_@ '. ‘ ‘
a FEM based reconstruction algorithm to generate tomogra 0 v W ‘W : ,Q’ ,
phic images of absorption and reduced scattering coefficient: 1E-07 1E06 0.00001 00001 0001 001 01 1
simultaneously. The algorithm exploits the frequency- mean Amplitude [Volts]
domain diffusion equation approximation to light behavior in ()
a highly scattering mediurt, 1
iw hase
-V 'D(I')VCD(I’,w)+(Ma(r)+€)<b(r,w)25(l‘,w), . 5 P
M) .
[
@ 10 *
A N
where S(r,w) is an isotropic light source at position S T ¢ MRI system
®(r,w) is photon density at, ¢ is the speed of light in % 61— o 2@ # Clinical system
tissue,w is the frequency of light modulationy, is the ab- 2 M
sorption coefficient, ancD:1/[3(,ua+,u’S)] is the diffusion g ‘T TS
e . N | e s o
coefficient. The reduce@ranspor} scattering coefficient is 2 s
given by u.=ug1-g), whereg is the mean cosine of the o d * o - |
single ;catter fgnptionﬁthe anisotropy factor and u is the 1E07 1E06 000001 00001 0001 001 04 1
scattering coefficient. mean Amplitude [Volts]

For a givenu, and,u’S distribution, the diffusion equation
is used to predict the optical flux at the detector sites for each
source excitation. In the inverse probl€image reconstruc- FIG. 3. (Color onling Repeatability assessment f@) log amplitude and
tion), the goal is the estimation of optical properties at eacHb) phase of NIR component of combined NIR-MRI system and stand-alone
FEM node, based on measurements of opical flux at thé!S oSy selen ataout. T pefomarce o e oyters
detector sites on the tissue surface. This is achieved numeri-1g5 v,
cally by minimizing the difference between the calculated
data ¢, and measured databM, for all source/detector
combinationgNM). Typically,

NM

and (iii) reducing the number of unknown parameters by
segmenting tissue types visible in the MRI. Defining the im-
=3 (q)ic_q)iM)z ) aging vqlume,(i), is relgtively straight foryvgrd and can be
= accomplished by creating a structured finite element mesh
from the MRI. This mesh will often contain regional differ-
ig m@nimized in a least squares sense by setting the first dgsyces depending on tissue types present, and an irregular
rivative equal to zero, and using a Newton-Raphson apguter boundary due to impressions caused by fiber-tissue
proach to find the set of optical property values which ap-ontact. In simulation studies, not presented here, it has been
proximate the point of stationarity. We use a Levenbergoung that image reconstruction accuracy is easily degraded
Marquardt algorithm, and repeatedly solve the equation i the mesh(2D or 3D) does not represent the true outer
a=(J"J+ )b, (3) tissue boundary. Stefii) can be accomplished by changing
N in Eqg. (3) to MA, whereA is a regularization matrix, or
filter matrix. Regularization can be thought of as a smooth-
ing operator, where one can apply selective smoothing by
r]i’nking together the property updates for all nodes associated
with the same region or tissue type. Modifications to the
' Jacobian matrix size in a parameter reduction technique are
used to implement stegi ).%

whereb=(®¢-d")T is our data vector, and is the solution
update vector=|dD;; du,j), defining the difference between
the true and estimated optical properties at each reco
structed node Here,\ is a regularization factor to stabilize
matrix inversion and is the Jacobian matrix for our model
which is calculated using the Adjoint methdd.

Improving NIR reconstructions by incorporating MRI
data hag been explored in previous work® and by other
authors.>** Techniques used to produce the images Showf\ oe oo\ ANCE AND EXPERIMENTAL RESULTS
in Sec. IV include:(i) accurately defining the imaging vol-
ume, (ii) tailoring a regularization scheme which optimizes In this section wgA) compare measurements from this
the reconstructed contrast of a suspicious area in the imagsystem to those from a similar NIR tomography instrument
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TABLE I. Optical properties at 785 nm for 15 tissue simulating phantoms, TABLE Il. Approximate optical properties of gelatin phantom.
and % differences from values determined using another NIR tomography

system. Outer layer Inner layer Inclusion
pa(mn?) pl(mn?) pa(mm?) 0.0044 0.0062 0.02
(NIR-MRI) % difference  (NIR-MRI) % difference pe(mn?) 0.51 0.68 0.9

Mean 0.0055 -6.2 1.34 9.1

Max 0.0102 —23.4 1.91 29.6

the two systems, consistent throughout the range of phantom
properties. The absorption and scattering coefficients
show correlation coefficients dR?=0.984 andR?=0.980,

described previous®y for a number of tissue simulating €SPectively.
phantoms. NIR-MRI phantom studies are describedBp
andin vivoimages are shown i¢C). For all results presented B. Phantom imaging
here, we used a single laser diqd®5 nm) for convenience, Due to the limited spatial resolution of DOT, layered
and 2D modeling and image reconstruction. System perfolgegia, small objects, and low contrast heterogeneity pose
mance and image quality at the other five wavelengths argqy chajlenges in image reconstruction. The capability of the
comparable, and 3D imaging is readily achievable. presented system to address these challenges was investi-
gated by imaging a phantom comprised of three gels with
different optical properties. The phantom is cylindrical and
Measurement repeatability in terms of phase and log amthe boundary between the outer layer and inner layer is ir-
plitude error was assessed by serially imaging a phantorregular. A two centimeter spherical inclusion is embedded
with optical properties similar to those of average breast tiswithin the inner layer. The optical coefficients of each gel are
sue (u,=0.004, u,=1.35. The average rms error at each known(Table I), as each material was created using a prac-
detector site was determined to be 0.26% in ac intensity anticed recipe to give desired values. Furthermore, the true
1.04° in phase. These values compare with those obtainedilue of each layer was validated by creating a separate ho-
from the system described by McBridd al. (0.32% in ac  mogenous phantom for each lay@t the same time as cre-
intensity and 0.48° in pha};é7 rms error for each of the 240 ating layered phantojrand measuring bulk properties with a
source-detector combinations for both systems is plotted velkomogeneous fitting algorithm. To increase MRI contrast be-
sus the PMT signal in Fig. 3. For both phase and amplitudetween layers, Omniscan™§adodiamidg was added to the
error sharply increases when incident light falls below ap-nner layer(0.005 g/mj.
proximately 0.5 pW. These points are excluded in the calcu- A photograph of the phantom, alongside another spheri-
lation of average rms error. As an additional comparison, wesal inclusion is shown in Fig.(4). Figure 4b) shows a T1-
used both devices to measure a collection of homogeneouwgeighted, gradient echo MRR5 ms TR, 3 ms TE, 45° flip
phantoms (N=15 of varying diameters(73-91 mm  angle crosssection of the phantom in the plane of the optical
and optical properties (u,=0.0023-0.0102 m, ,ué fibers. This was used to create a 2D structured finite element
=0.33-1.91 mm'). After processing the measurements with mesh and to locate the positions of the 16 filj&ig. 4(c)].
the calibration procedure described in Sec. Ill, we used thé&iber fiducials were not used in this experiment, but the 16
homogeneous fitting algorithm to determine a singleand  impressions caused by each optical fiber are clearly visible
M/s for each material. Table | shows the optical coefficientsaround the perimeter of the gel. Each of the three regions are
obtained with the NIR-MRI system, along with a measure ofalso visible, corresponding to each of the three types of op-
their discrepancy with those obtained with our stand-aloneically variant gel. 3D meshing and imaging is also possible,
DOT instrumentation. We observed good agreement betweagiven that a stack of MR slices represent the full volume

Std. Dev. 0.0024 8.7 0.41 7.9

A. System performance

F

(a) 0 ®

FIG. 4. (Color onling (a) The gelatin phantom(b) T1-weighted MRI image of the structure of the phantom cross section. The inner(layerregion
contains gadodiamide for MR contrg€.005 g/m). The inner inclusions a 2 cmdiameter sphergc) Finite element mesh derived from the three-layered
structure image irtb). The circles on the outer boundary indicate the fiber locations. Axes are in millimeters.
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7 FIG. 5. (Color online Images in(a)
10 show absorption coefficierteft) and

reduced scattering coefficieritight)

reconstructions without MRI guid-

ance. In(b), reconstructions improve

when the interior structural informa-

tion of the MR is incorporated. Com-

paring these two images, the latter has
‘ ‘ m L

a reduction in artifacts in the reduced

scattering coefficient image, and both
the spatial resolution and contrast have
improved. The recovered values com-
pare favorably with the approximate

true values shown in Table 1.

9 i 0008 0012 0016 078 08 082 084
( x10

structure of the phantom. The system design allows for NIR=0.0024, I'm@.L/S)ZO.lq relative to the first [rmsu,)
data acquisition in multiple planes if desired. =0.0034, rms;L’S):O.25_|.

Using log amplitude and phase data, images of optical
properties were reconstructed with two different algorithms.C. In vivo imaging
The first algorithm solves E@3) without a priori guidance,
except for the use of the mesh and source locations from Fig. ~ The Institutional Review BoardRB) at the Dartmouth
4(c). The corresponding reconstructed images are presentdditchcock Medical Center approved this clinical examina-
in Fig. 5a). The second algorithm uses the layered structurdion protocol, and written informed consent was obtained
from the MRI to constrain Eq3). The regularization param- from all volunteering women. Figureg& and &b) show a
eter associated with each reconstructed node is adjustédnotograph of a subject lying on the examination platform,
based upon its location and area of influence. Lower valuegdnd an anatomical axial MR image through the breast. NIR
are used for small regions close to the center of the recorineasurement@ wavelengths in this casend a full volume
structed volume, whereas peripheral regiomehich are  MRI (50 coronal slices, 25 ms TR, 6 ms TE, 45° flip angle,
prone to large artifacjshave larger regularization. A regular- 2 mm slice thicknegsvere obtained in less than 10 min. Fig.
ization matrix(A), or filter matrix, based upon the priori ~ 7(8) shows an anatomically coronal MRI with 16 fiducial-
structural information from the MRI was also used to furthermarked fibers(appearing as bright white spots outside the
improve the algorithm. The optimal values forandA were  breast. The radiographic density of this participant is hetero-
determined in simulation studies of this geometry, usinggeneously dens¢iD), and a large interior region of glandu-
similar contrast and noise levels. These can also be chosé@r tissue is easily defined in the FEM mesh shown in Fig.
automatically once an empirical knowledge of their effect is7(b).
established. The images reconstructed from this mod|f|ed As with the phantom study, we present imagegand
constrained algorithm are shown in Fighb ,us at 785 nm reconstructed with two different algorithms.

Qualitatively, the algorithm that uses MRI information to The first result, obtained by solving E@), withouta priori
guide the iterative process performs much better. The opticaguidance, is shown in Fig.(@). As expected, we see higher
property images in Fig.(®) are blurry and “edge artifacts” absorption and scatter in the glandular regjoantra) rela-
are clearly visible, especially forl. The absorbing sphere tive to the adipose tissugeriphera). However, the region of
near the center of the phantom is recovered with poor spatiahcrease does not span the full area expected, and heteroge-
resolution, and its contrast is underestimated. The propertgeity is visible (especially around the perimeter of the im-
maps in Fig. ) have improved resolution. Spatial resolu- age. The second algorithm assumes homogeneous optical
tion and contrast of the spherical inclusion are better. As aoropertles for each tissue type, and utilizes parameter
guantitative measure of the accuracy of image reconstrugeduction?® which Ieads to a “fitting” for four values:
tion, we compute the rms error between the target image anda agiposé=0-003, ,us adiposé=0-93, Ma glandula—=0-006,
the reconstructions, node by node. This measure indicates, glandular= 1-12[Fig. 7(d)]. This algorithm is robust to noise
dramatic improvement for the second methfungx,)  and converges after a few iterations. The result is quantita-

FIG. 6. (Color onling Photograph in
(a) shows a female volunteer prepared
for the simultaneous MRI-NIR exam.
In an anatomically axial T1-weighted
MRI slice from the right breast(b),
fiducial markers(outside the breagt
indicate the location of the fiber plane.
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FIG. 7. (Color onling In (a), an anatomically coronal T1-weighted MRI displays adip@sgen and glandulainnen tissue types. A two layer structured
FEM mesh and source locations, created fr@m is shown in(b). Absorption and reduced scattering coefficiémim™) reconstructions iric) are obtained
without utilizing the internal structure @b). In (d), MRI data guides a two-region parameter fitting algorithm. Relativexoresolution has improved and
contrast has increased—showing higher absorption and scatter in glandular relative to adipose tissue.

tively logical, and similar values are recovered using spamagnetic fields is facilitated with long optical fibers and an
tially varying regularization(as described in the phantom easy-to-use positioning system/patient interface.

reconstruction The deployment of dual modality NIR imaging systems
in clinical applications has been limited to date, mainly be-
V. DISCUSSION cause of the complexity of the image reconstruction problem.

Here, a representative phantom andvivo study using one

This article describes a noviel vivo breast imaging sys- wavelength(785 nm are presented. We have shown that
tem that synergistically combines NIR tomography with co-registered MRI validates and improves optical property
MRI. Tissue structures visible with high resolution in MRI estimation in 2D tomographic image reconstructions when
can be applieda priori to optical property reconstructions specialized algorithms are used. Future work will involve 3D
from frequency-domain NIR measurements. Thus, the reconmodeling and reconstruction, which could further improve
struction process can be optimized to produce high resoluhoth qualitative and quantitative aspects of the recovered co-
tion, quantitatively accurate maps of absorption and reducedfficient values.
scattering coefficients, and ultimately physiologically rel-  preliminary results are encouraging, and have allowed us
evant parameters. Various physiological tissue types exhibio optimize reconstruction techniques, and automate con-
significant contrast in the NIR, primarily though, the com- straint selection. We have performed several phantom stud-
bined system could be very effective at locating and diagnosies, and demonstrated the feasibility of imaging volunteers
ing breast tumors. with healthy breasts. Through the study of more healthy sub-

The NIR component provides multispectrd@ wave-  jects, with different radiographic densities, we aim to com-
lengthg frequency-domainlog amplitude and phagelata  pare functional parameters of adipose versus glandular tis-
from 16 fiber-tissue contact positions around the breast’s cirsue. To test the system’s ability at diagnosing tumors, cancer
cumference. Data acquisition is fully automated, and a compatients will be recruited, and the simultaneous exam will
plete set of measuremen@40 source-detector pajror one  |ikely involve MR contrast enhancement.
wavelength requires approximately 40 s. Light detection is
highly sensitive (subpicowatt limij with low noise (rms ACKNOWLEDGMENTS
<0.26%,<1.04° in phasg All optical elements and controls The authors would like to express sincere gratitude to
are mounted in a portable cart, and operation inside stron@ordon Ehret and Richard Johnson for their fine fabrication
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