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Abstract: In the recent years, there has been an increase in appthisatio
of non-contact diffusion optical tomography. Especiallyem the objective
is the recovery of fluorescence targets. The non-contaciisitign systems
with the use of a CCD-camera produce much denser sampledagudata
sets than fibre-based systems. When model-based recoiwstrowthods
are used, that rely on the inversion of a derivative oper#terlarge number
of measurements poses a challenge since the explicit fationl and
storage of the Jacobian matrix could be in general not feasiltnis prob-
lem is aggravated further in applications, where measunésreg multiple
wavelengths are used. We present a matrix-free model-lbasedstruction
method, that addresses the problems of large data sets dndesethe
computational cost and memory requirements for the reogct&in. The
idea behind the matrix-free method is that information atibe Jacobian
matrix could be available through matrix times vector priduso that
the creation and storage of big matrices can be avoided. ¥fedtghe
method for multiple wavelength fluorescence tomography witnulated
and experimental data from phantom experiments, and welfsubstantial
benefits in computational times and memory requirements.

© 2009 Optical Society of America
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1. Introduction

In the last few years fluorescence imaging has become an fampdool with many biological
and medical applications. Tomographic approaches have Utéized to image novel fluores-
cent agents with functional and molecular specificity tiglogeveral millimeters to centimeters
of tissue in vivo [1].

Recently developed systems [2, 3] employ non contact detesthemes in order to re-
trieve the fluorescence measurements. In these systengetdwation of transilluminated light
is performed by an optical system that projects the surfatteeomedium onto a CCD camera
producing a large amount of measurement from the pixelseo©@D sensor. Provided that the
signal-to-noise ratio is good enough, a larger dataset oande an improved solution to the
inverse problem of finding the fluorescent agent inside aes@agy medium. Firstly, the spatial
resolution of the reconstruction can be increased usinggaiamount of feasible measure-
ments extracted from a large field-of-view [4]. Secondlg, bigher information content reduces
the illposedness of the problem [5]. Moreover, the use ofspkfilters in front of the camera
provide multispectral datasets. In the case of multispébioluminescence tomography it has
been reported that increasing the number of spectral bamdiers improved accuracy of the
reconstruction results [6, 7, 17]. The use of multispeatabnstructions has also the poten-
tial to increase the fluorescent agent contrast by unmixiegfliuorochrome signal from the
autofluorescence signal [8]. All of the above aspects doutieito very large datasets. In or-
der to solve the inverse tomographic problem the requirésnamthe computational hardware
become immense. In the most common reconstruction schdraes/stem Jacobian is built
and stored in the computer memory. The size of the Jacobiarxnd@pends on the number
of measurements acquired and the resolution of the geomségy for the numerical solution.
Practically this imposes a limit for the maximum size of thedbian depending on the amount
of computer memory that is available. The problem of largesksts has been investigated
for the diffuse optical tomography case using an approaskdan the analytical solution to
the diffusion equation by Wang et. al. [9]. They report on dbdity to reconstruct absorption
heterogeneities using a number of source-detector paireiarder of 18.

The approach presented in this report is based on a forronlafithe diffusion approxima-
tion for the fluorescence case and uses a matrix free forronlaience, the explicit calculation
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and storage of the Jacobian is avoided by replacing it by tovéimes matrix operator and a
vector times adjoint matrix operator. The method is denratest! for the reconstruction of flu-
orescence targets embedded inside scattering mediumasisintations and experimental data
acquired using a multispectral scheme. We show that theadeathbeneficial for reconstruc-
tions of fluorescence targets using large datasets andphewltavelengths, since it decreases
the computational cost and memory requirements in congaris the traditional Jacobian
methods. Also, the matrix free formulation has the propeftequiring equal computer power
independent on the number of detectors used, thus makidegat for imaging detectors.

This paper is organized as follows. In section 2 we desclibgtoblem using a set of two
paired diffusion equations for the excitation and the flsoemce wavelength, and construct
the derivative operators. Section 3 defines the recongiruas an optimization problem and
section 4 gives an insight to the scalings that were intreduo improve the convergence of the
problem. Section 5 presents the matrix-free approach aald déth the implementation issues.
We use multiple wavelengths to recover two fluorochromes different spectral response
using numerical simulations in subsection 7.1 and phantqgeremental data in 7.2.

2. Formulation of the problem

In multispectral fluorescence reconstruction the fluoroote concentration distributions of
multiple fluorochromes with distinct quantum yield spedra reconstructed simultaneously
from measurements at multiple wavelengths. In analogydatisorption coefficient [10], we

define a wavelength-dependéiutorescence yield coefficienfrina domainQ:

hrA)=S mMe(r), reQ @)

whereni(A) = &y (A) is the product of the quantum yiejd A ) and the extinction coefficierst
for fluorochrome at wavelength, andc;(r) is the concentration distribution of fluorochrome
i

The forward model for the continuous-wave fluorescence gyaphy problem is given by
the coupled diffusion equations at the excitation and eomnssavelengthd\e andAs, respec-
tively:

(=0D(r, Ae) T+ Ha(r, Ae)) U (r) = q(r) (2)
(=0D(r, An) O+ pa(r, A)) U (1) = U@ (N)h(r, Ay), (3)
with Robin boundary condition at both wavelengths, [11],
(e/1)
v +azoE N lo geoo @

whereD and p, are the wavelength-dependent diffusion and absorptiofficieats, g is a
boundary source at the excitation wavelendtis a boundary term incorporating the refractive
index mismatch at the surface of the mediunis the outward surface normal & andu (®
andU (") are the photon density fields at the excitation and emissarelength, respectively.
The contribution oh to the absorption ak. is here considered negligible.

The exitance at boundagQ for both wavelengths is given by the boundary operator

v§) =-S5 - Jue)  geon ®

The exitance distribution on the surface is sampled with raayaof detectors (e.g. a CCD
camera), providing a discrete set of measuren@ﬁandg&” at both wavelengths, such that

" = [y = [yl Em(€)ag ®)
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wherewy is the sensitivity profile of detectaton the boundary.

Assuming that the optical parameteéd$r,A) and p(r,A) are known, the reconstruction
problem consists in finding the fluorochrome concentratm(rs. First consider the problem
of reconstructind. Eq. (2-6) define the forward problem which maps distributior,A¢) to

fluorescence dal@gf):
g’ =F(h) @)

To solve Eq. (2) and (3), we use a finite element model. Pagasi®} u, andh are expressed
as finite-dimensional vectom®, s, h € RP whose elements are the coefficients of a basis
expansion

P P P
D(r) ~ y Dibx(r), Z b (1) Z by (r (8)

with basis function® = {by(r),k=1...P}. The fieldsU are expanded in the basis of a finite
element methods (FEM) :
N
~ /Z Upvi(r) )
=1

hence the diffusion equation can be written as a linear syste

K(D,1)U=Q (10)

whereK € RN*N js a system matrix assembled from element contributiortscéggend on the
parameter distributions, andlis the vector of basis coefficients representing the photoisitly
distribution in basis expansioW = {v,(r),{ = 1...N}. The forward model in the discrete
setting consists of solving

KU = Q, (11)

Ky U = hou®, (12)
with Ky, = K[D(Af), Ua(A1)], Ky, = K[D(Ae), Ha(Ae)] and © representing element multipli-
cation. Together with the boundary operator, the forwardl@ehaan now be expressed in the
linear form . A

ad) = Fo(h) = ADh = . [K;flhK;elQ} (13)

whereAM is the discrete matrix representation of the forward oper&ince the problem is
linear, the Jacobian of the forward operator is the same inixn@presentation. Examination
of the expression in Eq. (13) indicates that the Jacobiarbeatonstructed using the adjoint

formulation
g

(sd).k — U

)+
YUY (14)

(
s,
where(sd) denotes a row index constructed from an ordering of sourdexia and measure-
ment indexd, and
KUY = Qs (15)
f
KUt = Q, (16)

are the solutions of the direct and adjoint problems.
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3. Inverse problem

In general we pose the inverse problem as an optimisatidrigaro
. . 1
= argmin| () = 5 g F (9] + () a7)

with regularisation ternt¥ and hyperparameter. SinceF (x) = Ax is linear, an iterative solu-
tion to Eq. (17) is obtained for example by the damped Gausstdh scheme :

(ATA+aw'(x¥))x* = AT(gheas— Ax) — aw'(x™)
T« = arg n;ind)(x“‘) +1x%)
xkHD = x4 x® (18)

wherert denotes the step length. If the regularisation is quadi#ix) = %|\Lx| |2, we have the

direct reconstruction formula
(ATA+aLTL)% = ATgih-a (19)

wherel is for example the Cholesky factorisation of a quadratichdarRandom field. In the
results presented in this paper, we consider only the sstyseo-order Tikhonovegularisation
L=

3.1. Multiple monochromatic reconstruction

The standard way of recovering the fluorochrome conceatraiis to takex to be the distribu-
tions ofh(A) at the individual fluorescence measurement wavelemgtbsing

.1
A(A) = argminZ|lgneadAr) — A N[+ a(h(A,) (20)
¢

followed by solving

Ni(A1) N2(A1) -+ (A1) Cik hi (A1)
nle—h(n) = '71(:/\2) nz(:Az) nn(:)\z) Cz:,k _ hk(:/\z) 1)
Ni(An)  N2(An) -+ Nn(An) Cnk hi(An)

for each basis coefficieft where it is assumed that the number of wavelengths is griete
or equal to the number of recovered fluorochromes.

3.2. Multispectral reconstruction

In the multispectral problem, instead of reconstructingve want to reconstruct the distribu-
tionsx = {c1,Cy,...,cn} of multiple fluorochromes, simultaneously from data

g = {g<fl>7g<fz>’n_7g<fm>} (22)

at multiple wavelengtha;. From Eq. (1) we have by chain rule

0F (C A) 0C| k
(¢.A) — 1\ ; —_ A
A { dc i ohe(A) } ATmA) (23)
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The complete Jacobian of the problem can then be assemioledtiiocks for the different
wavelengths and chromophores:

A©  — diag[Am(’\l)),A(h(AZ))» B .A<h(7\m))} ®[n]
APADI R (A)  ACAD) g, (Ay) AR o (Ag)
A(h()\z))nl()\z) A(h()\z))nz()\z) ... A(h(/\z))nn(/\z)
APy (Ag) - APy (Ag) - AR o (A

where® denotes the tensor product.

4. Data scalings

Due to uncertainties in laser power, detector gain, ancesge cannot expect the forward
model to be compatible with the measured data. To avoid preddue to the model mismatch,
we employ data normalization by making use of the availakéitation data, and thus we do
not require absolute measurements. The optimization @nolilg. (17) is transformed into the
rescaled problem

1 o
2:argn)1(m§||g<f>—F(x)||2+orlP(x) (25)
We used two different normalization strategies:

« The Normalized Born approach [12], which is extensivelgdim fluorescence tomogra-
phy.
0 =) _ o0 - Onea
Omeas— §' /= Omeas F(X) = F(x) = © F(X) (26)
Yproj

Wheregé%- denotes the calculated data in the excitation wavelength.

* To get a good balance between the individual fluorescenegtish bands, each spectral
band is scaled with its meap).

0 &) gr(1f1)reas F(X) — If(x) _ gg‘r?()eas F(x) 27)
gmeas g - g(f) ’ - g(e)g(f)
proj

5. Implementation of the matrix-free method

When faced with solving the linear problem Eg. (25), the exptiomputation and storage of

the matricesATA and Ang,)easis costly and often intractable for large scale problemdgs Th
is mainly due to the large size of the Jacobian matiXAs an example, a problem with 30
sources and 475 detectors solved on a geometry with 7812etswould need about 890MB
of storage for each wavelength. The problem is more inteffsnwnultiple wavelengths are
used, when more samples from the CCD image are required ghadsolution mesh is used
to represent the domain in the solver. When using a Krylovesdior the linear problem we

require to construct the set of basis vectors

{z,Hz,...H!Z} (28)

wherez = ATgQ;)easandH = ATA+aLTL. In our approach therefore, we represent the forward
and adjoint multiplication by the Jacobian implicitly, ngia function that returns the result of
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the operation. To be specific, we use the Matlab 'gmres’ fondb solve Eqg. (25), and pass it a
function that calculates the forward and adjoint solutifmrsaany intermediate vector generated
in the solution iteration. The method is summarised in Aldpon 1.

Algorithm 1 Schematic of Reconstruction Method

For each sourcs, calculate forward excitation fielclstée>
Calculatez = Angq)easusing adjoint solver
Inside GMRES solver :
Vo = 2.
for all Krylov basis vectorsj,j=1...do
for all wavelengthsv=1...do
Update fluorphore concentratiti™ = 5 ni(At,)Vj-_1;
Calculate forward projection= Ah(f)
1 Solve for every sources : K UM — k) o U

f
2 Calculate : rin = ///[Uém]

Adjoint Calculationx = AT . fn
1 Solve for every sources  : K,.V = réf”)
2f=f+Voul
end for
end for

6. Materials and methods

We considered a test case where the concentrations of twodlu@mes are to be recovered
from measurements at two different wavelengths. We prassatts from simulated measure-
ments with random Gaussian noise and experimental phanteasurements, showing that
the matrix free algorithm is capable of dealing with largéadsets reducing the memory and
computational costs in respect to the traditional approach

6.1. Simulation procedure

For the simulation we reproduced the experimental phanttpsof section 7.2 and we as-
sumed a diffusive slab of dimensionsx8x20 mn? containing a rod with concentration
1.7 uM simulating the spectral characteristics of Rhodamine 1€f) @nd a rod simulating
Rhodamine 6G (right) with fluorochrome concentratiof @M, as shown in Fig. 1(a). In total
30 source positions were used (marked as dots in the bacle digilre), and measurements
were calculated from 475 positions, placed inside the neg¢aarea in the front of the figure.
Homogenous optical properties were assumed for each wegtblggiven in Table 1.

Table 1. Bulk optical properties at the excitation wavelength and emissioelevayths.

532nm 580nm 620nm
mm1
Ua 0.054 0.052 0.040
T4 0.96 0.88 0.82
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----- Rhodamine 101

" Rhodamine 6G
/

' Excitation @ 532nm

\

0.004

0.002

fluorescence yield / arb.u.

0.000

532 580 620
wavelength / nm

(@ (b)

Fig. 1. (a) A representation of the experimental setup. The dots in theob#ee figure de-
note source positions and the rectangle in the front the image acquired 6 camera.
The rod on the left contains the Rhodamine 101 while the one on the rightihaéaRine
6G with spectral responses given in the graph on the right. (b) Estimagattgn yield
spectra for Rhodamine 101 and Rhodamine 6G.

Using the finite element method on a mesh with 6480 voxel eisne solve Eq. (11) we
calculated the excitation fields for the wavelength of m82nd the two fluorescence data set
y(®89 andy(629 for the two wavelengths 580nm and 620nm, respectively. &hisunted to
14250 measurements for each wavelength.

Gaussian random noise of 3% was then introduced to the nezasuts, of both fluorescence
and excitation, and the optimisation problem Eq. (19) wésgesbto recover the concentrations
of the two different fluorochromes.

6.2. Experimental setup

Experimental data was acquired using a phantom setup. Tikestattering media was made
from a mixture of water, gelatin, titanium dioxid€iQ©,) and bovine blood to mimic biological
tissue. It was gently stirred to become homogenous andéfierecasted into a slab of size
76x69x20 mnE. Inside the slab, two cylindrically shaped fluorescentetsgvith a diameter of
2.5 mmwere placed, one containing &QuM concentration of Rhodamine 6G and the other a
1.7 uM concentration of Rhodamine 101. An estimate of the quantieid yas evaluated by
measuring the fluorescence induced spectra in a pure fluometsolution. The obtained spec-
tra was normalised with its sum and tabulated quantum yadtbf to give the estimated quan-
tum vyield spectra. For the two fluorochromes involved, thecta are presented in Fig. 1(b).
The extinction coefficient for Rhodamine 6G and RhodaminkdtGhe excitation wavelength
were 23nnT1/mM and énnt!/mM respectively [13]. Non-contact measurements were per-
formed with a CCD-camera (C4742-80-12AG, Hamamatsu) arubgactive lens (Nikon /1.8,
focal length 50mm). In front of the lens was a liquid crysiahable bandpass filter (LCTF
VIS 20-35, Varispec) mounted to allow detecting only the ifiszence ak; = 580 nm and
As = 620nm, respectively, together with a cut-off filter for blockingetexcitation light. A con-
tinuous wave (CW) laser (VA-I-N-532, Viasho Laser) emittiaig\e = 532nmand generating
approximately 1GmW of optical power to the target was used as excitation sodifve source
was translated along one of the surfaces in a grid patterhdyde of stepper motors. A total
of 30 source positions were used together with 1665 detestmpled across the whole field
of view of the CCD-camera, as presented in Fig. 1(a).

The absorption and reduced scattering coefficients werairaat from white-light (Oriel
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Fig. 2. Simulated data reconstruction (using 473 detectors per source) Horizontal and
Vertical slice along the middle of the slab for the recovered concentraiiging simulated
data with added 3% noise at the B80and 62Gm wavelengths for Rhodamine 101 (a)
and Rhodamine 6G (b). The computational time for the traditional methexiicit Jaco-
bian was 15minutes 58sec while for the reconstruction using the matexifeghod was
2minutes 44sec.

Apex Fiber llluminator, Newport) transmission measureta@vith spectrally filtered detection
between 540hmto 720nmin steps of 20hm The spatially resolved transmission data was
used to retrieve an effective attenuation coefficient ahepectral band. Time-of-flight spec-
troscopy was used for assessing the reduced scatterirficzwf[14], whereby the absorption
coefficient can be computed. The optical properties of @seare presented in Table 1.

7. Results
7.1. Simulated data

The images of the recovered fluorochromes using the mag&hethod are displayed in Fig.
2 on a horizontal and vertical slice along the middle of tlabsWe can see that the location
and shape of the target rods were recovered successfully.

For comparison, we reconstructed the same simulated datg thse explicit Jacobian
method. The resulting images using the matrix-free methmeddentical to those with the ex-
plicit Jacobian. The computational time spend in our 1.8 @lazhine was about 16 minutes
for the traditional method and 2 minutes, 44sec for the xditde method.

7.2. Experimental data

The multispectral matrix free algorithm was used and theveied fluorochrome concentra-
tions are presented in Fig. 3 as horizontal and a verticeéslalong the middle of the slab.
We notice that the location, the shape and the separatigrebatthe two fluorochromes were
successfully recovered. The reconstruction took 4 min@2sec. We also tried the same re-
construction using the traditional explicit Jacobian noethnd the results again were identical
to those of Fig. 3. In this case the reconstruction time was Wvaminutes, 5sec.
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Fig. 3.Experimental data reconstruction using 473 detectors per soweHorizontal and
vertical slice along the middle of the slab for the recovered concentraiging for phan-
tom experimental measurements at thersB@nd 62@Gimwavelengths for Rhodamine 101
(a) and Rhodamine 6G (b). This reconstruction using the matrix-frebadeook 4min.
46sec while the computational time for the traditional method with the explicihiac
was 17minutes 4sec.

The same reconstruction was performed with the use of a deas®ling on the detectors
plane, that resulted to 1665 detectors per source used.ighé iacludes the resulting images
from this reconstruction.

There are artifacts appearing close to the detectors plang] cases of reconstruction
method, especially in the image of the Rhodamine 6G, whictspexulate originates from
a poor signal-to-noise ratio at the shorter wavelengths.

8. Discussion and conclusions

We have developed and tested a method for the reconstrwaftibrorochrome concentrations
inside diffusive mediums, taking in respect the latest tiguments in non contact tomography
that allows for a large amount of data to be collected. Th@@sed method relies on an itera-
tive GMRES solver which calls a functional procedure replgdarge matrices with operators
that calculate on the run multiplications of matrices widttors without the necessity for the
construction of the matrix. We have shown that the matr@efmethod reduces substantially
the computational costs and the memory requirements in adsgm to the traditional meth-
ods that construct an explicit Jacobian matrix. In Table 2sivew the timings and memory
requirements for the matrix-free method and the explicibléan for two different measure-
ment setups, one using 16850 detectors and one with 4%530 and for the two wavelengths
(580nmand 620nm). We should also note that with the matrix-free method thapatational
cost does not increase when we use more measurements, thelitkaditional methods.

In this paper we have used multispectral data. Increasimgtimber of spectral bands will
inherently create a large number of measurements. Therpieesmethod provides a convenient
tool for handling such datasets. We believe that this conlthace the fluorochrome contrast
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Fig. 4. Experimental data reconstruction using 1665 detectors per saae Horizontal
and Vertical slice along the middle of the slab for the recovered contiemsausing ex-
perimental measurements at the B80and 62Gim wavelengths for Rhodamine 101 (a)
and Rhodamine 6G (b). This reconstruction using the matrix-free meslodddmin 57sec
while the computational time for the traditional method with the explicit Jacobias w
52min 22sec

Table 2. Reconstruction times for explicit Jacobian method and the megexdking two

(580nm and 620nm) wavelengths and two different measuremengssetid5 measure-
ments per source and 1665 positions per source. For the memonytialfiocalculations, a
mesh of 6480 nodes were assumed.

Implementation ~ No. measurements Reconstruction time dsamgemory allocation

min sec MB
matrix-free 28,500 4min 46sec 350
99,900 4min 57sec 350
explicit Jacobian 28,500 17min 4sec 1500
99,900 52min 22sec 5200

for spectrally overlapping fluorphores. This is the focuswf future work.
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