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ABSTRACT

strated localization of ﬂuorescence targets buried in homogeneous tissue-like media from frequency domain ﬂuorescence
measurements acquired with an area illumination and area
detection system. [4]. While sufﬁcient for simple phantom
experiments, a single expanded laser excitation source based
measurement can not successfully reconstruct multiple ﬂuorescence targets buried in large heterogenous volumes. We
proposed and demonstrated the use of multiple spatially patterned excitation sources for tomography in resolving multiple ﬂuorescence targets distributed in clinically relevant volumes [5]. In this contribution, we present the ﬁrst practical
demonstration of spatially patterned excitation based ﬂuorescence tomography by locating the inguinal lymph node in a
Yorkshire swine’s groin, which was marked by a lymph endothelium speciﬁc ﬂuorescence contrast agent synthesized in
our laboratory.

This contribution describes a system and method for tomographically imaging lymph nodes marked with a lymph endothelium targeting ﬂuorescence reporter. A novel scanning
NIR laser line source was employed to acquire multiple sets
of boundary ﬂuorescence measurements in the groin region
of a Yorkshire swine. The source light shaped into a linear proﬁle was modulated at 100MHz and a gain modulated
homodyne ICCD detection system was used to collect area
measurements of ﬂuorescence amplitude and phase on the illumination plane. Multiple measurement data sets generated
by scanning the excitation sources were processed simultaneously to generate the interior ﬂuorescence distribution in
tissue by implementing a parallelized dual adaptive ﬁnite element based ﬂuorescence tomography algorithm. Three dimensional localization of the approximately 2.5cm deep inguinal lymph node in the swine groin following injection of
100μL of a lymph targeting Hyaluronan-Indocyanine Green
conjugate dye is demonstrated.

2. MATERIALS AND METHODS

1. INTRODUCTION

2.1. Imaging subject

The lymph system is thought to be responsible for the metastatic
spread of cancer. Hence, the development of a molecular
imaging ability for locating lymph nodes in 3-D can be a
potent tool for diagnostics, image guided surgery, and monitoring response to cancer therapy. Optical agents, including ﬂuorescent indocyanine green [1], quantum dots [2], and
other organic dyes [3] have been shown to image lymph nodes
in animals using planar imaging. While planar imaging is
sufﬁcient for qualitative studies, the development of a tomographic modality for locating molecular probe distribution in
three dimensions is needed for quantitatively tracking probe
transport through lymphatic system and for enabling accurate
image guided lymph node resection procedures. As NIR light
can not penetrate though the thickness of human or swine
bodies, only reﬂectance ﬂuorescence measurements can be
acquired for locating lymph nodes.This further exacerbates
the ill-posedness of the inverse problem involved in ﬂuorescence optical tomography. In prior work, we have demon1 Part of this work has been funded through NIH grant no. R01 CA112679.
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Yorkshire swine were chosen as imaging subjects because
the swine dermis and lymphatic network is considered to be
similar to human. The animal was anesthetized, intubated,
and maintained with isoﬂurane to prevent movement. A two
month old 60lb female swine was injected with 100μL of
Hyaluronan-ICG (indocyanine green) conjugate near the mammary chains. The ﬂuorescence activity of the injected agent
was equivalent to 32μM ICG solution. The dye injection
was performed while imaging with a dynamic ﬂuorescence
imaging system which showed drainage of the injected contrast agent into the lymph nodes in swine groin. Hyaluronan
binds with the LYVE-1 receptor which is expressed only in
lymphatic channels. After the excess agent was ﬂushed away
by the lymphatic pulsing, the vessels and the nodes were observed to be stained with the ﬂuorescence agents and an almost steady state ﬂuorescence signal was observed. Datasets
for tomographic imaging were acquired 4 hours after the injection. The animal was euthanized after data acquisition and
the lymph nodes were resected by a surgeon.
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Fig. 1. Imaging system setup: NIR laser was mounted on
a stepper motor to scan the line source across swine groin.
Frequency domain data is acquired by using two oscillators
in a homodyne mode. More details about the instrumentation
are provided in Ref. [4]

and subscripts x and m denote the excitation and the emission
light ﬁelds, respectively. u, v are the complex-valued photon
ﬂuence ﬁelds at excitation and emission wavelengths, respectively; Dx,m are the photon diffusion coefﬁcients; μax,mi is
the absorption coefﬁcient due to endogenous chromophores;
μax,mf is the absorption coefﬁcient due to exogenous ﬂuorophore; μsx,m is the reduced scattering coefﬁcient; ω is
the modulation frequency; φ is the quantum efﬁciency of the
ﬂuorophore, and ﬁnally, τ is the ﬂuorophore lifetime associated with ﬁrst order ﬂuorescence decay kinetics. These equations are solved with Robin-type boundary conditions on the
boundary ∂Ω of the domain Ω:
2Dx

2.2. Imaging system
A modiﬁed homodyne gain modulated image intensiﬁer based
CCD camera setup was used to acquire frequency domain ﬂuorescence measurements [4]. The major components of the
system are illustrated in Fig. 1. A 785 nm laser diode was
mounted on a stepper motor to enable scanning across the tissue surface. The laser light was shaped into an approximately
4mm wide line by using a cylindrical lens. Images were acquired by an intensiﬁed CCD camera. For each laser line
position on the tissue surface, frequency domain data in the
form of amplitude and phase distribution on the tissue surface
was acquired for excitation (785nm) and emission (830nm)
wavelengths by using suitable optical ﬁlters [4]. Fig. 2 depicts sample excitation and emission images acquired by the
system.
2.3. Tomography algorithm
Fluorescence optical tomography is typically performed in a
model-based framework, wherein a photon transport model
is used to generate predicted boundary ﬂuorescence measurements for a given ﬂuorescence absorption map in the tissue
interior. The map of the absorption owing to ﬂuorophore
is then iteratively updated until the predicted boundary ﬂuorescence measurements converge to the actual experimentally observed ﬂuorescence measurements. For time dependent photon propagation in large tissue volumes, the following set of coupled photon diffusion equations adequately describes frequency domain measurements:
−∇ · [Dx (r)∇u(r)] + kx u(r) = 0,
−∇ · [Dm (r)∇v(r)] + km v(r) = βxm u(r).

(1)
(2)
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∂u
+ γu + S(r) = 0,
∂n

2Dm

∂v
+ γv = 0,
∂n

(3)

where n denotes the outward normal to the surface and γ is a
constant depending on the optical reﬂective index mismatch at
the boundary. The complex-valued function S(r) is the excitation boundary source. The goal of ﬂuorescence tomography
is to reconstruct the spatial map of coefﬁcients μaxf (r) and/or
τ (r) from measurements of the complex emission ﬂuence v
on the boundary. In this work we will focus on the recovery of
only μaxf (r). For notational brevity, we set μaxf = q in the
following paragraphs. Other optical properties were assumed
to be same as that for a 1% Liposyn solution [4].
We previously proposed a novel ﬂuorescence tomography algorithm utilizing adaptive ﬁnite element methods [6]
and multiple spatially patterned excitation sources [5]. In the
following, we brieﬂy describe the formulation of the scheme
and its application to lymph node image reconstructions from
multiple laser line based illumination sources. M different
line sources (S i (r), i = 1, 2, . . . , M ) are employed to excite
the embedded ﬂuorophore in the phantom. Fluorescence measurements are taken on the illumination plane. The ﬂuorescence image reconstruction problem is posed as a constrained
optimization problem wherein an L2 norm based error functional of the distance between boundary ﬂuorescence measurements z = {z i , i = 1, 2, . . . , M } and the diffusion model
predictions v = {v i , i = 1, 2, . . . , M } is minimized by variation of the parameter q, with the additional constraint that the
coupled diffusion model corresponding to each illumination
source (Ai (q, [ui , v i ]) = 0) is satisﬁed. In a function space
setting this minimization problem reads as:
min J(q, v)

q,u,v

subject to
Ai (q; [ui , v i ])([ζ i , ξ i ]) = 0,

i = 1, 2, . . . , M.

(4)

Fig. 2. Sample images acquired with the spatially patterned excitation based ﬂuorescence imaging system: (a) Steady state
excitation image (in arbitrary units), (b) Emission amplitude (a.u.), (c) Emission phase (radians). The amplitude and phase
contrast created by the ﬂuorescent lymph node is visible in the emission images.

where Lxx (xk ) is the Gauss-Newton approximation to the
Hessian matrix of second derivatives of L at point xk , and y
denotes the possible test functions. The Gauss-Newton equations are discretized by the ﬁnite element method. State and
em
adjoint variables ui , v i , λex
i , and λi for each excitation source
are discretized and solved for on individual meshes with continuous ﬁnite elements, while the unknown parameter map q
is discretized on a separate mesh with discontinuous ﬁnite elements. Hence for M sources, M + 1 ﬁnite element meshes
are employed. These meshes are adaptively reﬁned and fast
Gauss-Newton updates to the unknown parameter map are
calculated by carrying out the forward and adjoint computations corresponding to different sources in parallel. The mesh
adaptation criteria and the parallelized Gauss-Newton update
strategy is detailed in Ref. [5]. The computations were implemented with the help of open source deal.II ﬁnite element
library [7].

Here, the error functional J(q, v) incorporates a least square
error term over the measurement part Γ of the boundary ∂Ω
and a Tikhonov regularization term:
J(q, v) =

i=m

i=1


1
v i − σz i 2 + βr(q).
Γ
2

(5)

The parameter σ denotes the source-detector coupling coefﬁcient which was empirically determined to be 10−6 in order to put the measurements and simulations on the same
scale. As the image intensiﬁer gain and the laser diode power
was kept constant for all source positions, same σ was used
for all i line source positions. β is the Tikhonov regularization parameter. The constraint Ai (q; [ui , v i ])([ζ i , ξ i ]) = 0 is
the weak or variational form of the coupled photon diffusion
equations in frequency domain with partial current boundary
conditions for the ith excitation source, and with test functions [ζ, ξ] ∈ H 1 (Ω):

3. RESULTS

Ai (q; [ui , v i ])([ζ i , ξ i ]) =
γ i i
1
(u , ζ )∂Ω + (S i , ζ i )∂Ω
2
2
γ
+(Dm ∇v i , ∇ξ i )Ω +(km v i , ξ i )Ω + (v i , ξ i )∂Ω −(βxm ui , ξ i )Ω .
2

(Dx ∇ui , ∇ζ i )Ω + (kx ui , ζ i )Ω +

The solution of minimization problem (4) is determined as a
stationary point of the Lagrangian [6]
L(x) = J(q, v) +

i=m


em
Ai (q; [ui , v i ])([λex
i , λi ]).

(6)

i=1
em
are the Lagrange multipliers corresponding to
Here, λex
i , λi
the excitation and emission diffusion equation constraints for
the ith source, respectively, and we have introduced the abbreviation x = {u, v, λex , λem , q} for simplicity. A stationary point of L(x) is found using the Gauss-Newton method
em
wherein the update direction δxk = {δuk , δvk , δλex
k , δλk ,
δqk } is determined by solving the linear system

Lxx (xk )(δxk , y) = −Lx (xk )(y)

∀y,

(7)
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Measurements corresponding to 6 line sources positioned symmetrically about the suspected lymph node location (as ascertained from the 2-D images) were employed. A 12cm cubical
region around the suspected node location was used as the
measurement and image reconstruction volume. For carrying out the ﬁnite element computation, hexahedral grids were
used. Initial discretization level for all sources was kept at
1cm, while for the unknown image the initial mesh resolution
was 2cm. As the Gauss-Newton parameter update iterations
proceeded, the meshes for forward/adjoint computations were
reﬁned to better resolve the laser line source positions and accurately solve the photon diffusion equations, while the parameter mesh was reﬁned to better delineate the target and
coarsen the mesh in the regions away from the suspected target location. No further image update was obtained after 26
Gauss-Newton iterations during which 7 automatic mesh reﬁnements/dereﬁnements were triggered. Computation time
was approximately 25 minutes on a 16 node Beowulf cluster

(a)

(b)

(c)

Fig. 3. Model based tomographic reconstruction from experimental ﬂuorescence measurements on Swine lymph nodes: (a) Adaptively
reﬁned forward mesh depicting the ﬁrst source position, (b) Final adaptively reﬁned parameter reconstruction mesh, (c) Contour map and
cutplanes drawn though the parameter reconstruction mesh depicting the reconstructed lymph node location.
with 2.2 GHz AMD opteron processors and 8 GB memory
per node. 6 nodes were used for the computations reported in
this paper. Fig. 3a depicts the ﬁnal reﬁned mesh for the ﬁrst
excitation line source. Fig. 3b,c depict the ﬁnal parameter
mesh and a slice plane drawn through the reconstructed μaxf
map. The depth of the reconstructed target was 2.5cm which
agreed with the observation of the surgeon that the resected
lymph node in the imaged location was 2.5 − 3cm deep.
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