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Spectral- and frequency-encoded fluorescence
imaging
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A method for obtaining fluorescence images with a high number of resolvable points by using spectral and
frequency encoding is presented. Broadband excitation light is encoded with a wavelength-dependent fre-
quency modulation and dispersed onto the sample with a grating to simultaneously illuminate an entire
image line. The Fourier transform of the frequency-encoded fluorescence emission provides one line of the
image. Mechanical scanning along a direction orthogonal to the wavelength-encoded axis allows creation of
the two-dimensional fluorescent image. This method is applicable for developing submillimeter diameter en-
doscopes. The principles of the technique are validated by imaging indocyanine green fluorescence in micro-
fluidic channels. © 2005 Optical Society of America

OCIS codes: 170.2150, 170.6280, 110.2970, 120.3890.
In vivo fluorescence macroscopic imaging is increas-
ingly being used for clinical disease diagnosis and
small animal research. Extending fluorescence imag-
ing to enable a wide range of basic and clinical appli-
cations requires the development of flexible, minia-
turized endoscopes 1 mm or less in diameter. Two
groups have recently reported such devices. Laemmel
et al.1 used probes varying in diameter from
600 �m to 1.8 mm to obtain images of vessels in the
mouse cremaster muscle and to visualize labeled cir-
culating cells. Images of cells labeled with FITC fluo-
rescein (excitation 488 nm) were acquired at 12 Hz
with a maximal field of view of 400 �m�280 �m
through probes with �10,000 optical fibers.1 Funov-
ics et al.2 developed an 800 �m diameter endoscope
with 10,000 optical fibers for use with Cy5.5, excited
at 673 nm.2 The imaging tip, which has a 56° field of
view in water, also allows for white-light reflectance
imaging with a resolution of 7 line pairs/mm, as de-
termined with a U.S. Air Force 1951 resolution tar-
get. Images were presented from mouse vasculature
and of protease activity in an ovarian tumor with
rates ranging from 3 to 10 Hz.3 Tumors expressing
green fluorescent protein were also observed.3

In this Letter we present the principles of an alter-
native approach, spectral- and frequency-encoded
(SFE) fluorescence imaging, which can potentially be
performed in a submillimeter diameter endoscope
with a high number of resolvable points. Spectral en-
coding has been previously demonstrated for reflec-
tance imaging.4,5 In this technique, broadband light
from an optical fiber is dispersed by a grating and fo-
cused onto a line on the sample, eliminating the need
to scan the image in this dimension. Reflected light
returns through the lens, grating, and optical fiber,

and the spectrally encoded image is then decoded via
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heterodyne Fourier transform spectroscopy4 or with
another grating in conjunction with a CCD detector.5

The transverse dimension can then be scanned by, for
example, rotating the fiber and distal optics, which is
straightforward to implement in small-diameter
probes.6 With this technique, the number of resolv-
able points �n� along one spectrally encoded line is
determined by the spectral bandwidth ����, center
wavelength ��0�, beam diameter �d�, and grating:

n �
��dG

�0 cos��i�
, �1�

where G and �i are the grating groove density and
the incidence angle, respectively.5

Spectrally encoded fluorescence is based on the
same principle, only now the fluorescence emission
has been Stokes shifted and the spatial locations are
no longer uniquely related to the detected wave-
lengths. As a result, spectroscopic methods are no
longer effective for decoding the image. In order to re-
capture the spatial information, SFE imaging utilizes
a wavelength-dependent frequency modulation of the
excitation light before it is dispersed onto the sample
via the grating. The fluorescence emission at each lo-
cation is therefore modulated in concert with the fre-
quency of the excitation light, producing an addi-
tional level of encoding. To this end (Fig. 1),
broadband excitation light from a Ti:Al2O3 laser
(Femtolasers Produktions, GmbH, Femtosource Inte-
gral OCT, center wavelength 800 nm, 150 nm FWHM
bandwidth) was passed through an 800 nm short-
pass filter (SPF) and directed through a single-mode
optical fiber (SMF) into a scanning Michelson inter-
ferometer. The scanning interferometer introduced

the wavelength-dependent frequency modulation,
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whose intensity was

Iex��ex,i,t� =
1

2
Iex��ex,i��1 + cos� 4�

�ex,i
vt�� , �2�

where Iex��ex,i� is the spectral intensity corresponding
to the ith wavelength ��ex,i� of the excitation light and
v is the velocity of the interferometer scanning mir-
ror. As long as the interferometer scans a large
enough distance to provide sufficient spectral resolu-
tion, the number of resolvable points in SFE fluores-
cence imaging is also governed by Eq. (1).

A compact grating–lens pair was used to illuminate
the sample, simulating a �1 mm diameter miniature
endoscope. The lens �f=12.5 mm� focused each of the
uniquely modulated excitation wavelengths onto a
different location of the sample after they had been
dispersed by the holographic transmission grating
(G, 1200 lines/mm, Fig. 2, left). The fluorescence
emission at each location was consequently modu-
lated at the frequency fex,i=2v /�ex,i (Fig. 2, right; Iem
is the entire fluorescence emission spectrum). Light
from a helium–neon laser was also directed through
the interferometer and deflected through a 633 nm

Fig. 1. SFE fluorescence imaging experimental setup:
SPF, short-pass filter; SMF, single-mode fiber; M, mirror;
BPF, bandpass filter; Di, avalanche photodiode; G, trans-
mission grating; LPF, long-pass filter; CL, cylindrical lens.

Fig. 2. SFE fluorescence imaging concept: Iex, illumination
spectrum; f, modulation frequency of the light; v, mirror ve-
locity; Iem, fluorescence emission spectrum.
bandpass filter (BPF, Fig. 1) for detection by an ava-
lanche photodiode (DR, Hamamatsu C5460) to obtain
a reference signal for correction of scanning mirror
nonlinearities.

Emitted light was transmitted back through the
same lens and grating. The fluorescence, which was
diffracted at a different angle than the reflected light,
was then deflected by a mirror (Fig. 1) through an
830 nm long-pass filter (LPF) and focused onto a sec-
ond avalanche photodiode �DF, � by a combination of
spherical and cylindrical lenses (CL). In this particu-
lar configuration the grating was mounted to a galva-
nometer and rotated to provide the slow-axis scan-
ning. Reconstruction of the image was accomplished
by taking the Fourier transform of the modulated
fluorescence for each galvanometer scan angle after
using the reference signal to correct the interfero-
gram.

Indocyanine green (ICG) is a near-infrared fluoro-
phore (excitation 650–850 nm, emission
805–950 nm) that has been approved by the Federal
Drug Administration for several clinical indications7

and has been modified for targeted antibody
labeling.8,9 Figure 3a shows a fluorescence image
of microfluidic channels10 filled with ICG
(2 mg ICG/ml dimethyl sulfoxide, DMSO) obtained
by using the SFE technique. Note the presence of an
air bubble in the middle of the rightmost vertical
channel in the fluorescence image. A corresponding
epiilluminated reflectance micrograph is shown in
Fig. 3b, clearly demarcating the smallest, 35 �m
wide channels. The SFE image was collected at 2 Hz
with a 1.4 mm�1.4 mm field of view. The center
wavelength and the spectral range (full width at 15%
maximum) of illumination after low-pass filtering
were 780 and 50 nm, respectively. The Michelson in-
terferometer scanning mirror was translated
±0.25 mm around the zero-path-length difference po-
sition to provide a spectral resolution of �0.6 nm,
corresponding to a theoretical 83 resolvable points, or
16.9 �m spatial resolution across the 1.4 mm field of
view.11 The probe input beam was 1.1 mm in diam-
eter and was incident on the grating at 22°, also re-
sulting in a spectral resolution of 0.6 nm and 83 re-
solvable points. Since the usable excitation
bandwidth of ICG is 125 nm in DMSO, this probe
configuration could theoretically enable �200 resolv-
able points per frequency-encoded line, providing

Fig. 3. Images of microfluidic channels: a, ICG fluores-
cence in channels imaged with SFE and b, white-light mi-

croscope image of similar channels. Scale bar, 500 �m.



2762 OPTICS LETTERS / Vol. 30, No. 20 / October 15, 2005
resolution greater than 7 �m. However, the limited
bandwidth of the current source reduced this number
to 84, resulting in a resolution of 16.7 �m.

Lateral resolution measurements along the spec-
trally encoded line were estimated by measuring the
edge response function of 15 lines in the image along
the wavelength-encoded axis at vertical edges in the
microfluidic channels. Our measurements demon-
strated a spatial resolution of 15.9±4.9 �m
(mean±standard deviation), corresponding to a total
of approximately 88 resolvable points across the field
of view, which was in agreement with the theoretical
calculation. Resolution along the transverse axis was
theoretically limited to 10.8 �m by the imaging op-
tics; however, the actual resolution was set at 14 �m
by the scanning rate to roughly match the lateral
resolution.

The total number of resolvable points obtained by
our SFE fluorescence imaging apparatus, which ap-
proximated the dimensions of a 1 mm endoscope, is
n2=7,744. This value is comparable with state-of-the-
art fiber-bundle-based technologies of similar diam-
eter and can be easily improved by increasing the ex-
citation bandwidth or utilizing a higher-density
grating while simultaneously increasing the scan-
ning range of the interferometer.

For a given beam diameter, the number of resolv-
able points attained by SFE is affected by the excita-
tion spectra of the fluorophores. Table 1 depicts the
predicted number of resolvable points for several
common fluorescent labels, assuming beam diam-
eters of 1.0 and 0.5 mm and a grating groove density
of 1500 lines/mm. For each case, the theoretical
number of resolvable points either equals or exceeds
that of fiber bundles with comparable diameters. In
order to attain this performance, the source must be
capable of illuminating the entire excitation spec-
trum, which is now possible with photonic crystal fi-
ber technology and supercontinuum generation.12

Since SFE may be conducted with a single optical
fiber, images obtained by this technique do not con-
tain pixelation artifacts that are commonly observed
in fiber bundles.1 Furthermore, the flexibility of the
SFE miniature probe will be greatly increased, as the
bend radius for a single fiber is significantly less than
that of imaging bundles. These advantages of SFE

Table 1. Theoretical Number of SFE Resolvable
Points for Typical Fluorophoresa

Fluorophore
Excitation

Bandwidth (nm)

Points for
Beam Diameter

1.0 mm 0.5 mm

GFP 145 (375–520) 266,000 66,000
FITC 90 (430–520) 92,000 23,000
Cy5.5 110 (570–680) 89,000 22,000
ICG (plasma) 184 (670–854) 195,000 49,000

aNumber of points for beam diameter rounded to nearest fourth
digit. SFE parameters; 1500 lines/nm grating, incident illumination
at Littrow’s angle. The excitation bandwidth is defined as the full
width at 10% maximum.
could be of significant benefit for applications where
image quality and maneuverability are of concern.

In order to minimize size in the development of fu-
ture SFE endoscopes, it may be advantageous to col-
lect the fluorescent emission through the probe grat-
ing. Stokes-shifted fluorescent light, however, will
not couple back to the core of a single-mode illumina-
tion fiber. An attractive solution to this challenge
may be the use of a dual-clad fiber13 such that exci-
tation light is transmitted through the central core
and the fluorescence is gathered through the inner
cladding. Using ray-tracing models, we have investi-
gated this approach and have found that it may work
without significantly increasing the probe diameter
or compromising resolution.

In conclusion, we have demonstrated a novel tech-
nique, spectral- and frequency-encoded fluorescence
imaging, with a clinically approved near-infrared
fluorochrome. Further development of this technol-
ogy may enable fluorescent imaging through flexible
miniature endoscopes.
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