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Spectrally resolved fluorescence diffuse tomography of biological

tissues

M.S. Kleshnin, I.V. Turchin

Abstract. Spectrally resolved fluorescence diffuse tomog-
raphy (SFDT) is demonstrated to be an effective approach to
the reconstruction of the fluorescent agent distribution in
biological tissues. Analysis of the measured optical power
spectrum enables more accurate fluorophore localisation in
solving the inverse tomography problem, because the
dispersion of the optical parameters of the imaging subject
leads to characteristic changes in the shape of its fluorescence
spectrum. The SFDT system built by us includes a common
optical fibre output of light sources and a single fibre input of
the detector in an on-axis configuration, and an electro-
mechanical scanner. The system enables studies of laboratory
animals having tumours labelled with various fluorescent
agents (fluorescent proteins, quantum dots and others). The
first in vivo experiments have demonstrated the feasibility of
tumour detection and localisation in laboratory animals by
SFDT.

Keywords: fluorescence diffuse tomography, fluorescent proteins,
dispersion of the optical parameters of biological tissues, fluorop-
hore distribution reconstruction.

1. Introduction

One promising area of research in modern experimental
oncology is the development of optical techniques for
noninvasive imaging of the growth, regression and meta-
stasis of malignancies in response to antitumour therapy.
Recent years have seen widespread interest in fluorescence
techniques for visualising the internal structure of biological
tissue, due to the advent of high-power compact laser
sources operating at various wavelengths, high-sensitivity
optical detectors and novel bright contrast agents such as
fluorescent proteins. Fluorescent-protein genes can be
transfected into human tumour cells, which are then
implanted into an experimental animal. The ability to
fluoresce in a transfected cell persists throughout its life and
after cell division, which offers new opportunities in solving
a variety of problems: from investigation of structural and
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functional disorders underlying various diseases to the
development of new effective drug testing methods.

Fluorescence techniques for visualising the inner struc-
ture of biological tissue include surface imaging, projection
tomographic imaging and fluorescence diffuse tomography
(FDT). Surface imaging [1] makes it possible to rapidly
(1-5 s) estimate the cross-sectional size of surface tumours
by exposing the imaging subject to a broad homogenised
light beam. The accuracy of such estimates is higher when
the tumour is closer to the surface: the image of a deep-
seated tumour is considerably blurred because of the strong
light scattering in biological tissues. Projection imaging [2]
offers the possibility of recovering a two-dimensional (2D)
image (projection) of tissue at a given arrangement of
narrow-beam sources and detectors using transillumination.
As distinct from that of surface imaging, the resolving
power of projection imaging is less dependent on tumour
depth, but this approach is more difficult to implement, and
the data acquisition time may reach several minutes. FDT
[3] enables 3D imaging of fluorescing tumours using a set of
different projections of the tissue. FDT provides the most
accurate information about the tumour size and location in
a laboratory animal, but the reconstruction of the fluor-
escent agent distribution in biological tissue requires an
algorithm that takes into account the specifics of the system,
the design and operating principle of the experimental setup,
the type of the fluorophore, etc.

The internal structure of tissue can be reconstructed
using data collected in a series of measurements at different
positions of the light source and detector relative to the
imaging subject [4, 5]. As a rule, use is made of intensity
data obtained at each position of the detector. In the optical
range, biological tissues are strong scatterers [6], which leads
to significant broadening of the beam (in contrast to X-ray
tomography, where photons have straight paths). This adds
a great deal of complexity to the fluorophore distribution
reconstruction, so the search for and development of various
approaches to gaining additional information about the
location of fluorescent regions is an important issue. There
are time-domain [7, 8] (output pulse duration and shape
measurements) and frequency-domain [9] (determination of
the phase of intensity-modulated radiation) FDT
approaches, capable of providing additional information.
However, the implementation of the time-domain approach
requires sophisticated, expensive light sources and detectors,
such as picosecond lasers and high-speed CCD cameras. The
depth of fluorescent inclusions can also be inferred from the
spectrum of the fluorescence signal using spectrally resolved
FDT (SFDT) [10].
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The main parameters describing the propagation of
optical radiation in biological tissue are the transport
scattering coefficient, uy, and absorption coefficient, u,.
In contrast to the transport scattering coefficient, the
absorption coefficient has strong dispersion in the range
500—-700 nm, which leads to changes in the spectrum of the
light propagating through the tissue. The associated dis-
tortion of the spectral shape can be used to assess the depth
of the fluorescent region in the imaging subject (SFDT
method).

The higher the dispersion and the longer the path in the
dispersing medium, the stronger is the distortion of the
measured spectrum and, hence, the higher can be the
accuracy in fluorophore distribution reconstruction. How-
ever, in the range of their highest optical dispersion
(500—-600 nm), biological tissues exhibit strong light absorp-
tion, which considerably hinders detection of the
transmitted light. Because of this, the optimal spectral range
for SFDT imaging of biological objects 1 -2 cm in thickness
(small laboratory animals) is 600—700 nm, where the
dispersion of the absorption coefficient is sufficiently
high, whereas the attenuation of light in such media is
not very strong. In addition, recent years have seen the
advent of red fluorescent proteins that offer high fluor-
escence brightness in this spectral range (Fig. 1) [11].
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Figure 1. Normalised ( /) absorption and (2) fluorescence spectra of the
TurboFP635 protein.

The SFDT approach was first implemented for a
homogeneous, strongly scattering medium with known
optical parameters, containing fluorescent inclusions [12].
Numerical simulation and experimental studies with bio-
logical phantoms have demonstrated the feasibility of using
SFDT in the spectral range of high optical dispersion, but
no in vivo studies of biological objects have been performed
to date.

We have designed an experimental setup for SFDT
imaging of fluorescently labelled tumours in laboratory
animals. In includes a common fibre output of light sources
and a single fibre input of the detector in an on-axis
configuration, and an electromechanical scanning system.
As a probe radiation source, we use a laser which excites a
fluorescent agent. The transmitted optical power spectrum is
monitored with a high-sensitivity cooled spectrometer. The
absorption spectrum of biological tissue is obtained by
scanning the white light source over the surface of the
imaging subject. This SFDT system was used to perform the

first in vivo experiments aimed at localising a fluorescing
tumour in a laboratory animal. The results demonstrate that
the proposed SFDT method is a viable approach to in vivo
tumour detection and localisation in laboratory animals.

2. Model of light propagation in biological
tissues

To describe light propagation in biological objects whose
size exceeds the photon mean free path by several orders of
magnitude, we use the diffusion approximation of the
radiative transfer equation for a homogeneous, strongly
scattering medium. In this approximation, the spectral
intensity of light propagating in a medium from a point
source is given by [12, 13]
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where P, is the incident spectral power; r, is the radius
vector of the light source; r is the radius vector of an
arbitrary point in the medium; and A is the radiation
wavelength. The spectral power of the detected fluorescence
is then
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Here, y takes into account the active area of the detector
and the quantum yield and absorption cross section of the
fluorophore; r, is the radius vector of the excitation source;
rq 1s the radius vector of the detector; 4, is the excitation
wavelength; K(r) is the fluorophore concentration distribu-
tion; F(A) is the normalised spectral fluorescence intensity;
and V is the volume of the imaging subject. It is seen from
the relations above that, knowing the detected power, one
can numerically solve the integral equation (2) for the
unknown kernel. The inhomogeneity of biological tissues
hinders fluorophore distribution reconstruction, but the
problem can be simplified in a number of cases.

In the case of a plane-parallel object homogeneous in the
sensitivity region of the detector and an on-axis arrange-
ment of the source and detector (Fig. 2), relation (1) for the
spectral intensity takes the form
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were x,y, and z are the coordinates of a point in the
sensitivity region of the detector and Q is the cross-sectional
area of the sensitivity region in a plane parallel to the
boundaries of the object.

Excitation of the object may cause not only target
fluorescence but also fluorescence in the surrounding bio-
logical tissues (autofluorescence in fluorescence imaging of
biological objects), which will contribute to the distortion of
the detected optical power spectrum. Therefore, in the
model above, the spectral fluorescence power corrected
for autofluorescence is given by
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Figure 2. Geometry of light propagation in biological tissue.
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Here, N(x,y,z) is the number density of autofluorescent
inclusions; A(4) is the normalised spectral autofluorescence
intensity; and d is the thickness of the object.

Note that the planar model we use substantially sim-
plifies the boundary conditions for the integral equation (4),
which can be derived using virtual mirror image sources [14].

3. Experimental setup for SFDT

The SFDT system is shown schematically in Fig. 3a. It
includes a laser source, white light source, photodetector
and electromechanical scanner. The common fibre output
of the light sources and the single fibre input of the detector
are arranged in an on-axis configuration. The radiation
from the laser source (SDL-593-200T, Shanghai Dream
Lasers Technology Co., Ltd., P.R. China) passes through
the output fibre coupler and impinges on the imaging
subject, causing fluorescence of fluorophore-labelled
regions. The fluorescence is collected by the fibre input
of the detector (QE65000 spectrometer, Ocean Optics Inc.,
USA). The electromechanical scanning system enables
synchronous translation of the fibre output of the light
sources and the fibre input of the detector in the plane of
the imaging subject with an arbitrary step between
neighbouring fluorescence measurement points. The
absorption spectrum of the biological tissue is obtained
by scanning the white light source (PX-2 xenon lamp,
Ocean Optics Inc., USA) over the surface of the imaging
subject. The experimental animal is fixed between two glass
plates. The fixing post is situated between the source and
detector.

To gain additional information that would allow the
autofluorescence of the biological tissue to be taken into
account, the object is scanned in two different positions
(Figs. 3b, 3c), one arbitrary and the other obtained by
rotating the object around the vertical axis through 180°.
The fluorescent region is closer to the source in one of the
scans and to the detector in the other.

The SFDT system was used to perform the first in vivo
experiments aimed at localising a fluorescing tumour in a
laboratory animal (nude mouse, Fig. 3f). The marker used
was the TurboFP635 fluorescent protein (Fig. 1) [15].
Scanning results are represented as a 2D image at a
particular wavelength. The image corresponds to the
main projection (the source and detector on the same
axis) of the imaging subject (Figs. 3d, 3e). Other projections
can be obtained by scanning the object at different displace-
ments of the source from the detector axis.

4. Fluorophore distribution reconstruction by
SFDT

To obtain the absorption spectrum at each point of the scan
area, we use relation (3) for spectral intensity in the form
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where P(Z) is the spectral power of the incident white light.
Relation (5) for a given A value can be interpreted as an
algebraic equation in two unknowns (u¢ and y,), which has
an infinite set of solutions. Since Eqn (5) is valid for any
thickness of the imaging subject, a partial solution for a
given thickness is sufficient to reconstruct the fluorophore
distribution. Therefore, the wavelength dependence of the
transport scattering coefficient can be represented analyti-
cally, and the absorption spectrum can be determined from
relation (5) using experimental data (Fig. 4).

To reconstruct the fluorophore distribution in the
imaging subject by SFDT, one must solve the integral
equation (4). To this end, the volume of the object is
divided into elements (Fig. 2) and integration is replaced by
summation. If the cross-sectional size of the sensitivity
region, Q, does not exceed that of the volume elements,
the integral equation (4) reduces to the system of linear
equations
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where 7 is the total number of volume elements; M is the
number of wavelengths used; P;(4,,) and P;(Am) are the
spectral emission powers detected at point (x;,y;) and
wavelength 4,, for two positions of the object [the tumour
closer to the source (Fig. 3b) or to the detector (Fig. 3¢)];
and fj(zx, 4,) are the coefficients of the system of
equations:
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Figure 3. (a) Schematic of the experimental setup; (b, ¢) imaging subject with the tumour located closer to the light source and detector, respectively;
(d, e) spectral fluorescence intensity maps of the scan area for the above tumour positions, respectively; (f) imaging subject and scan area.
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Figure 4. (/) Analytical fit for the transport scattering coefficient i 4(2)
[12] and (2) spectral dependence of the absorption coefficient, u,(4), at
one point in the scan area (x = 6 mm, y = 6 mm).
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These matrix elements determine not only the contri-
bution of the emission from each volume element to the
overall detected signal but also the changes in the shape of
the fluorescence spectrum due to the dispersion of the
absorption coefficient of the medium (Fig. 5). The spectral
distortion of the fluorophore emission ensures that the
above system of linear equations is nondegenerate and
that the tomography problem can be solved.
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Figure 5. Normalised fluorescence spectra of TurboFP635 in a volume
element at a depth z=10.5 (7), 2.5 (2), 5.5(3) and 8.5 mm (4) for a
given point in the scan area (x = 6 mm, y = 16 mm).

The system of Eqns (6) is underdetermined because the
spectral distortion due to the autofluorescence of the tissue
is a priori unknown. Since the A(1) spectrum in general
cannot be measured, the original system reduces to a
parametric one:

PI;()m) - G(A‘IH)PI?()”WI) = ZK(xiayjazk)F(’lm)
k=1

physically possible solutions meet the constraint of a
nonnegative fluorophore concentration. It should also be
taken into account that the number of nonzero fluorophore
concentrations should be minimal because the fluorophore
can only be present in a small region (fluorescent proteins
are present only in the tumour region), and the rest of the
object does not emit. Thus, in the entire region of G(1)
values corresponding to nonnegative fluorophore concen-
trations, the solution to the problem corresponds to the
G(/) that minimises the number of nonzero K(x;,y;,zx)
values. Using the method proposed in this study for
fluorophore distribution reconstruction, we detected and
localised a fluorescing tumour in a laboratory animal.

Figure 6 presents a 3D image of a fluorescing tumour in
the form of virtual sections at different depths in the
imaging subject. As seen, the cross-sectional dimensions
of the fluorescent region correlate with the size of the
tumour, which was imaged in reflected light and was located
at depths from 1.5 to 4.5 mm (thickness of the object,
12 mm). The results were verified after removal of the
tumour (post mortem). A 3D image of the tumour
(11x25%12 mm, I-mm spatial resolution) was obtained
from the distortion of the measured fluorescence spectrum
using a single projection of the imaging subject. This
demonstrates the feasibility of using the proposed 3D
reconstruction algorithm in SFDT.

5. Conclusions

Information about the shape of the emission spectrum
allows one to more accurately determine the fluorophore
distribution in the imaging subject in solving the inverse
tomography problem, because the dispersion of the optical
properties of biological tissue leads to characteristic changes
in the shape of its fluorescence spectrum. The optimal
spectral range for SFDT imaging of biological objects
1-2cm in thickness is 600—700 nm, which offers a
sufficiently high dispersion of the absorption coefficient
in combination with a relatively weak integrated attenu-
ation of light. The proposed SFDT method takes advantage
of the dispersion of the absorption coefficient of biological
tissues.

The prototype SFDT system described here is intended
for imaging fluorescently labelled tumours in laboratory
animals. Owing to the use of a common fibre output of the
light sources and a single fibre input of the detector, in
conjunction with an electromechanical scanner, the system
has a relatively simple design and is inexpensive compared
to its analogues. It was used to perform the first in vivo
experiments aimed at localising a fluorescing tumour in a
laboratory animal.
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Figure 6. Reconstructed fluorophore distribution in an imaging subject (nude mouse with a TurboFP635-labelled tumour).

The proposed reconstruction algorithm enables 3D
imaging of a fluorescing tumour from the distortion of
the measured fluorescence spectrum using a single projection
of the imaging subject. The first experimental results
demonstrate that SFDT is a viable approach to tumour
detection and localisation in laboratory animals with
allowance for the autofluorescence of biological tissue.
Clearly, the reconstruction quality can be significantly
improved by using several SFDT projections.

Note that, in this study, light propagation in biological
tissue was described in the widely used diffusion approx-
imation of the radiative transfer equation for a
homogeneous medium. The use of more adequate mathe-
matical models will enable detection and localisation of
fluorescent regions with higher accuracy.
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