
September 10, 2008 / Vol. 6, No. 9 / CHINESE OPTICS LETTERS 665

Spatial Fourier-decomposition optical fluorescence

tomography-theoretical investigation
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A new three-dimensional (3D) optical fluorescent tomographic imaging scheme is proposed with structured
illumination and spatial Fourier-domain decomposition methods for the first time. In this spatial Fourier-
decomposition optical fluorescence tomography (SF-OFT), the intensity of focused excitation light from an
objective lens is modulated to be a cosine function along the optical axis of the system. For a given position
in a two-dimensional (2D) raster scanning process, the spatial frequency of the cosine function along the
optical axis sweeps in a proper range while a series of fluorescence intensity are detected accordingly. By
making an inverse discrete cosine transformation of these recorded intensity profiles, the distribution of
fluorescent markers along the optical axis of a focused laser beam is obtained. A 3D optical fluorescent
tomography can be achieved with this proposed SF-OFT technique with a simple 2D raster scanning
process.
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Despite its limitation in spatial resolution, light mi-
croscopy is one of the most powerful tools used in bio-
science especially for studying the structure and the
function of a live cell. Lately, various laser-based opti-
cal microscopic imaging techniques have been developed
and used widely in many applications. Among them,
optical fluorescence-based functional microscopy such
as fluorescence lifetime imaging microscopy (FLIM) or
fluorescent resonant energy transfer (FRET) microscopy
has attracted much attention due to its capability for
monitoring individual molecules, observing protein-
protein interactions, and imaging ion concentration or
pH value in a live cell[1]. In most optical microscope
systems, three-dimensional (3D) sectioning and display
is one of the most difficult and time-consuming obstacle
to be overcome for real-time observation of molecular
interactions in a live cell, drug delivery procedure in
pharmaceutical research, and many other biomedical ap-
plications. Optical coherence tomography (OCT) has
shown great achievement in 3D optical imaging.

Great achievement has been made lately in 3D biomed-
ical imaging by OCT, which uses a coherence gating
scheme to identity the axial position of a light scatter-
ing object along the propagation direction of a focused
laser light[2,3]. Since the lens of high numerical aperture
is not needed for coherence gating, OCT can see much
deeper into the sample than 3D confocal microscopy,
and it has been widely employed in dermatology and
ophthalmic examination. Since standard OCT can only
retrieve the physical structure of a specimen (for exam-
ple, index or layer distribution) and is lack of identifying
specific chemicals, proteins, or lipids, there are great
needs and efforts for the development of 3D fluorescence
microscopy. Even though the fluorescence microscopy
is a well developed and widely used optical method in
biology with the help of fluorescent labeling technol-

ogy, a practical real-time fluorescence tomography is not
available yet, and lots of approaches with various new
ideas have been suggested for this purpose. Fluorescence
diffuse optical tomography (FDOT) and fluoresce co-
herence tomography (FCT) are two major techniques of
this kind[4−7]. FDOT reconstructs the structure of a
specimen from the diffused fluorescence based on an op-
timization strategy[4−6]. In FCT, the depth information
of a sample is retrieved by detecting the self-interference
of fluorescence light from a fluorescence maker with an
imaging spectrometer composed of two opposing low-NA
objective lenses[7,8].

However, due to high incoherency, low intensity of the
emitted fluorescent light, and diffusion, the performance
of these two techniques are still not very satisfying in
terms of resolution and signal-to-noise ratio compared
with standard OCT or conventional fluorescence mi-
croscopy. When compared with excitation light, emitted
fluorescence is normally much weaker in FCT. And due
to the high incoherency of emitted light, it is difficult
to be collimated or coupled into a fiber for detection.
These are major difficulties to use the coherence gate
technique for fluorescent light. To circumvent these
problems, we propose spatial Fourier-decomposition op-
tical fluorescence tomography (SF-OFT) based on struc-
tured illumination and spatial Fourier decomposition
method, which can make real-time fluorescence tomo-
graphic imaging possible. Instead of using interference
between reference and reflected lights for obtaining the
depth information of a fluorescence maker, the spatial
distribution of fluorescent markers along the axial direc-
tion of a focused laser beam is obtained by using spatial
Fourier decomposition method. As no interference signal
is used, the SF-OFT system is very simple and suitable
for practical application.

The principle of SF-OFT is schematically shown in
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Fig. 1. Formation of the structured focus.

Fig. 1, where light incidents into an objective lens com-
posed of two parts. One is a circular laser beam whose
diameter is much smaller than that of the objective lens
coming into the center of the objective lens, and the other
is a donut shape annular laser beam. Both of them are
polarized in the same direction (x-direction in this ex-
ample). When the diameter of the circular beam is small
enough compared with that of an objective lens, it can be
regarded as a plan wave near the geometrical focal point
of the lens with a wave number of kz = k0 = 2π

λ
, and the

electric field distribution along the optical axis z can be
approximated as

Ex1 = E1 cos(wt + k0z). (1)

The annular incident beam will be focused into a shape
of empty cone with a cone-angle of θ = tan−1(0.5D/f),
where D is the central diameter of the annular incident
beam, f is the focal length of the objective lens. Due to
the symmetry of the incident beam, the field distribution
of the focused annular beam around the geometrical fo-
cal point can be approximately written in the following
form along the optical axis:

Ex2 = E2 cos(wt + k0 cos θz). (2)

The overall electric field of the two incident beams along
the optical axis near the geometrical focal point of the
lens can be written as

Ex = E1 cos(wt + k0z) + E2 cos(wt + k0 cos θz). (3)

By adjusting the diameter of the central circular beam,
we can have E2 = E1 = E0, then we have

Ex = E0[cos(wt + k0z) + cos(wt + k0 cos θz)]

= 2E0 cos[wt + k0z(1 + cos θ)] cos[k0z(1 − cos θ)]. (4)

From this, the intensity of light along the optical axis
near the focal point can be obtained as

Ix = |Ex|
2

= 4E2
0 cos2[k0z(1 − cos θ)]. (5)

As illustrated in Fig. 1, the structure of light intensity
around the geometric focal point along the optical-axis
becomes sinusoidal whose period is determined by the
conic angle θ of the focused conical beam. In SF-OFM,
this periodic structured laser beam is used for exciting
fluorescence markers near the focal point of an objec-
tive lens in a sample, and the fluorescent light emit-
ted by these markers is collected by another lens. We
can control the period or the spatial frequency of the si-
nusoidal excitation laser beam intensity near the focal

point by changing the diameter D of the incident an-
nular beam. A series of emitted fluorescence lights are
collected for many excitation laser beams with different
spatial frequencies. The structure of spatial distribution
of fluorescence markers in a sample along the optical axis
can be obtained, that is, by using a Fourier decompo-
sition method by using fluorescent light intensities col-
lected for a series of different spatial frequencies.

In the above discussions, only rough analysis is used
to explain the main principle of SF-OFM. For the pre-
cise analysis of the intensity distribution of the excitation
laser beam near the focal point of an objective lens, we
have adapted accurate vector formula shown in Ref. [9].
Intensity distributions near the focal point of the objec-
tive lens are calculated with the vector diffraction for-
mula as shown in Figs. 2(a)—(d) for four different conic
angles of θ = 7◦, 11◦, 15◦, and 20◦ respectively. In these
calculations, the numerical aperture of the central cir-
cular incident beam is assumed to be 0.15. For each
conic angle θ, the width (the difference between inner
and the outer diameter of the annular beam) of the an-
nular beam decreases by 1/ sin(2θ) to keep the energy of
the two different beams to be equal. It should be noted
that the complex intensity distribution of incident light in
front of the objective lens shown in Fig. 1 could be easily
realized by using a programmable spatial light modulator
placed just before the objective lens[10]. Figure 2 clearly
shows that light intensity near the focal point is periodic
along the optical axis and its spatial frequency increases
with θ. On the other hand, the width of the central lobe
decreases with θ.

In fluorescence microscopy, the emitted fluorescence
light from a fluorophore at a given spatial position z is
considered to be proportional to the intensity of exciting
field |Ex|

2 and the density of fluorophore α(z)[11]. Then,
the overall power of generated fluorescence light along
the optical axis can be written as

Idet =

∫
α(z) |Ex|

2
dz

= 4E2
0

∫
α(z) cos2[k0z(1 − cos θ)]dz

= 2E2
0

∫
α(z)dz + 2E2

0

∫
α(z) cos[k0z(1 − cos θ)]dz.(6)

Let k0(1 − cos θ) = kθ, Eq. (6) can be written as

Idet(kθ) = 2E2
0

∫
α(z)dz + 2E2

0

∫
α(z) cos[kθz]dz. (7)

The second term in Eq. (7) is essentially the cosine

Fig. 2. Structured focus with different modulation frequen-
cies. (a) θ = 7◦; (b) θ = 11◦; (c) θ = 15◦; (d) θ = 20◦.
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Fig. 3. Simulated setup.

transform of spatial fluorophore density function α(z). In
experiment, the overall power of generated fluorescence
light along the optical axis Idet(kθ) can be collected by
using a second objective lens shown in Fig. 3. A series
of Idet can be collected by changing θ in Fig. 1 and by
making a discrete inverse cosine transform we can obtain
the spatial distribution of the fluorophore α(z). Note
that the first term in Eq. (7) is just a constant offset
and does not change with θ. Since its cosine transform
contributes only at the origin, the contribution by this
term can be numerically subtracted without making no
influence on the reconstruction of spatial fluorophore
density function α(z). Furthermore, the value of this
term is two times of the fluorescence power generated
by the central beam alone, therefore it can be directly
measured and subtracted in practical experiments.

In order to verify the feasibility of our suggested SF-
OFM, a numerical simulation is done for a possible setup
shown in Fig. 3. Periodically structured light illumina-
tion near the focal point of a lens has been used to excite
fluorescence markers in a sample. Raster scanning is
assumed to be realized by moving a sample stage in the
x-y plane. Another objective lens is supposed to collect
fluorescence light from the sample in the forward direc-
tion, forming a confocal system with the illumination
objective lens. In the simulation, the numerical aperture
of the illumination objective lens is assumed to be 0.6
and the effective numerical aperture of the central thin
incident beam is 0.15. The numerical aperture of the
collecting objective lens is assumed to be 0.2. Note that
the numerical aperture of the collecting objective lens is
chosen to be much smaller than that of the illuminating
objective lens to suppress unwanted fluorescence lights
from off-axis positions. To have a series of kθ increas-
ing with a constant interval, θ in Fig. 1 is varied with
θn = a cos(0.0033n), where n = 211, 212, · · · , 300. In
other words, kθ is varied for 90 different kθ values with
a constant interval ∆kθ = 0.0033k0. At each position
during the raster scanning of the sample, an sample is
exposed with these 90 different periodic structured ex-
citation lights successively and the powers of emitted
fluorescence lights for each excitation light are collected
by the collecting objective lens. According to Eq. (7), the
spatial distribution function of the fluorophore α(z) can
be obtained by making a discrete cosine transform. Two-
dimensional (2D) image in the x-z coordinate space can
be obtained with our proposed SF-OFM scheme by do-
ing a single transverse scan along the x-axis as shown in
Fig. 3. Figure 4(a) shows the distribution of fluorophores
in a sample to be imaged by SF-OFM in the x-z plane:
α(x, z). When this is illuminated with a periodically
structured excitation laser beam with a given value of
kθ, we have one measured value of fluorescence power
denoted as Idet(x, kθ). Figure 4(b) displays simulated
data of detectable intensity Idet(x, kθ). By making a one-

Fig. 4. (a) Original density distribution of the fluophor; (b)
matrix of the detected fluorescence energy; (c) reconstructed
fluophor density distribution.

dimensional cosine discrete transform for the fluorescence
matrix of Idet(x, kθ) shown in Fig. 4(b), 2D function
of fluorophore α′(x, z) is reconstructed and is shown in
Fig. 4(c). Here, the zero-order continuous-wave (CW)
component related to the first term in Eq. (7) has been
filtered out for better image quality and contrast. Com-
pared with the original distribution of α(x, z) shown in
Fig. 4(a), the calculated fluorophore distribution func-
tion of α′(x, z) displayed in Fig. 4(c) is satisfying. Al-
though there is some degradation in the spatial resolu-
tion in some degree, most of the details of the original
fluorophore distribution are clearly reconstructed.

In conclusion, we have proposed and numerically
demonstrated the principle of SF-OFT. The intensity of
excitation light near the focal point of an objective lens
can be modulated into a grating-like structure along the
optical-axis by using a small circular beam at the cen-
ter of an objective lens combined with a concentric an-
nular beam in front of the objective lens. When this
kind of structured beam is used for exciting fluorophores
distributed with a function of α(z) in a sample, we can
measure fluorescence power Idet(kθ) collected by another
objective lens with a low numerical aperture in confocal
geometry with respect to the illumination objective lens.
This measured fluorescence power varies with the spa-
tial frequency of the structured excitation beam kθ. By
sweeping the spatial frequency at each transverse posi-
tion of the sample, the distribution of fluorophores den-
sity α′(z) can be reconstructed by making a inverse dis-
crete cosine transform. By numerical simulation, we have
demonstrated that the quality of the reconstructed im-
age by our proposed SF-OFT is very satisfying. Since
there is no interference used in this method and only the
fluorescence power is detected, the system based on this
method should be very simple and stable making this SF-
OFT more suitable for practical applications. In this let-
ter, the scanning of the spatial frequency of grating-like
excitation laser beam is realized by changing the diame-
ter of the annular beam. However, the spatial frequency
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can be scanned very fast by using a swept laser source
for the exciting beam, the spatial frequency can be real-
ized by changing k0 in Eq. (5). Furthermore, though the
main content of this letter is focused on the application
of the optical fluorescence tomography, we believe that
our structured excitation scheme combined with Fourier
decomposition method can be used for many other tomo-
graphic measurement applications.
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