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Full-field optical coherence microscopy (FF-OCM) and optically sectioned fluorescence microscopy are two ima-
ging techniques that are implemented here in a novel dual modality instrument. The two imaging modalities use a
broad field illumination to acquire the entire field of view without raster scanning. Optical sectioning is achieved in
both imaging modalities owing to the coherence gating property of light for FF-OCM, and a structured illumination
setup for fluorescence microscopy. Complementary image data are provided by the dual modality instrument in the
context of biological tissue screening. FF-OCM imaging modality shows the tissue microarchitecture, while fluor-
escence microscopy highlights specific tissue features with cellular-level resolution by using targeting contrast
agents. Complementary tissue morphology and biochemical features could potentially improve the understanding

of cellular functions and disease diagnosis.
OCIS codes: 170.4500, 170.2520, 170.2945, 180.3170.

Optical coherence tomography (OCT) is a scanning ima-
ging technique based on the detection of interference
between light backscattered by a sample and reference
light. It is used in biomedical applications to image the
architecture of biological specimen with micrometer-
scale resolution [1]. The scanning setup of OCT can be
implemented so that cross-sectional or en face images
are collected. In the latter case, the technique is specifi-
cally referred to as optical coherence microscopy (OCM)
[2]. Fluorescence microscopy is another imaging techni-
que that provides spatially resolved information on the
biochemical properties of tissues using endogenous [3]
or exogenous fluorophores [4]. OCT and OCM have been
combined with fluorescence microscopy to yield comple-
mentary morphological and functional information [5,6].
However, the scanning nature of standard OCT and OCM
systems does not allow a full integration with conven-
tional wide-field fluorescence microscopy. In this Letter,
we report on a hybrid OCM and fluorescence imaging
system using an alternative approach to standard OCM,
that is, full-field (FF)-OCM [7]. In FF-OCM, the entire field
of view is illuminated and an en face image is recon-
structed without any scanning. The principle of whole
field imaging is common to both FF-OCM and fluores-
cence imaging techniques so that it is relevant to
combine both into a single instrument.

The layout of the dual modality imaging system is
shown in Fig. 1. The FF-OCM imaging modality is based
on the system reported in [8]. A halogen lamp is used as
the low-coherence light source. It is set up in a Kohler
illumination arrangement to achieve uniform illumina-
tion of the sample. The source filament is imaged onto
an aperture stop by a collector lens. Lens L3 (f =
150 mm) relays this image onto the back focal plane
of 20 x /0.5 NA water-immersion microscope objectives
MO (Olympus). A 50/50 beam splitter separates the light
beam into a reference arm and a sample arm of a Linnik
interferometer with identical microscope objectives in
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each arm. A reference mirror (2% reflectivity) and a sam-
ple are placed in the focal planes of the microscope ob-
jectives. The length of the reference arm is adjusted by a
motorized translation stage to set the FF-OCM imaging
plane within the sample. The microscope objective in
the sample arm is mounted on another motorized trans-
lation stage and is moved appropriately to focus on the
imaging plane. The reflected reference light and the
backscattered light from the sample combine at the out-
put of the interferometer. Infrared light (4 > 650 nm) is
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Fig. 1. Layout of the dual modality imaging system: BS, beam
splitter; MO, microscope objective; PZT, piezoelectric transdu-
cer; L1/L3, singlet lenses; L2, pair of achromatic doublets; L4/L5,
achromatic doublets.
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transmitted by a dichroic beam splitter and focused by
achromatic doublet lens 14 (f = 300 mm) onto a two-
dimensional (2D) detector CCD1 (Dalsa, Dalstar 1M15,
1024 x 1024 pixels, 15 fps). An interferogram is formed
on the detector plane, which consists of the combined
image of the in-focus sample plane and reference mirror.
The reference mirror is moved axially by a piezoelectric
transducer (PZT). Multiple phase-shifted interferograms
are acquired for various positions of the reference mir-
ror. A mathematical combination of the acquired interfer-
ograms allows reconstruction of an en face image of the
sample at the focusing depth. An algorithm based on the
acquisition of two phase-shifted interferometric images
was used to reconstruct the image results showed in this
report [8].

A 488 nm solid-state laser source (Coherent, 488-200
CRDM) is used in the fluorescence imaging modality.
The laser beam is coupled into the system by a dichroic
beam splitter that reflects visible light (1 < 700 nm) and
transmits infrared light (A > 700 nm). A spinning ground
glass plate (rotating diffuser) is placed in the path of the
laser beam to suppress the effect of speckle. Lens L1
(f = 100 mm) is used to expand the size of the illumina-
tion field on the sample. The optical subsystem consist-
ing of lenses L1, L2, and L3 images the surface of the
ground glass plate onto the back focal plane of micro-
scope objectives MO, so that it is not visible in the result-
ing image. Prior to imaging, the sample is stained
with a targeting fluorophore. Visible fluorescent light
(4 < 650 nm) emitted by the sample is reflected by the
dichroic beam splitter and focused onto 2D detector
CCD2 (Photometrics, CoolSnap HQ, 1392 x 1040 pixels,
10 fps) by achromatic doublet lens L5 (f = 300 mm).
A notch filter (Semrock, NF-488) is used to suppress
the excitation light. A 20 line pairs/mm grid is placed
in the laser beam path after L1 and is imaged by L2 on
the field stop plane that is conjugate of the sample plane.
L2 consists of a pair of achromatic doublets (f = 60 mm
for each) achieving 1:1 imaging. The grid is mounted on
a PZT that controls its transverse positioning. Images of
the sample are acquired for three positions of the grid.
These positions are shifted by one third of the grid period
with respect to each other. The collected images I, I,
and I3 are processed to get rid of the grid pattern and
compute the optically sectioned image of the sample [9]:

L= Ui -1 + (L -1+ (o - Iy (1)

This is the so-called structured illumination micro-
scopy (SIM) technique. The conventional wide-field
fluorescence image is obtained from the algebraic sum-
mation of the three raw acquired images.

The images obtained from the FF-OCM imaging mod-
ality and the optically sectioned fluorescence imaging
modality can be displayed separately or overlaid to show
different information. The detectors used in the two ima-
ging modalities have different formats in terms of pixel
number and pixel size. To overlay the fluorescence
and FF-OCM images, it was necessary to crop and then
interpolate the initial FF-OCM image so that it shows the
same field of view and has the same number of data
points as the fluorescence image.

The coherence function associated with the halogen
lamp source was determined experimentally. Its FWHM
gives the axial resolution of the FF-OCM imaging modal-
ity and was measured to be 1.5 ym in air (1.1 ym in tissue
assuming a refractive index of 1.4). The theoretical lat-
eral resolution is 0.9 ym at 800 nm center wavelength. A
typical number of 10 FF-OCM images are acquired and
averaged to increase the dynamic range. The detection
sensitivity was measured to be 89 dB. The fluorescence
point spread function was measured by imaging fluores-
cent beads. With 0.5 ym diameter beads, a lateral resolu-
tion of 0.7 yum was determined, which is comparable to
the theoretical value of 0.6 ym at a wavelength of 520 nm.
Z-stack images of 1 ym diameter beads were acquired.
The axial resolution was measured to be 6.0 ym. A 4.5 yum
theoretical axial resolution was computed based on the
axial response function derived in [9]. The discrepancy
between measured and theoretical values is attributed
to the presence of optical aberration in the imaging sys-
tem, including the aberration associated with the imaging
of the grid into the sample. Simultaneous acquisition of a
fluorescence image and an FF-OCM image takes 2.7 s.

Samples of excised mouse tissues were topically
stained with Acridine Orange (AO) and set between a
glass slide and a coverslip. (The chromatic dispersion in-
troduced by the coverslip was compensated by placing
another coverslip in the reference arm.) AO is a nucleic
acid stain with dual peak emission wavelengths around
520 nm and 650 nm when bound to DNA and RNA, re-
spectively. Imaging results obtained with tongue and co-
lon are shown in Figs. 2 and 3, respectively. Figures 2(a)
and 2(b) show the conventional and the optically sec-
tioned fluorescence images, respectively. Most out-of-
focus light is rejected in the optically sectioned image.
The general structure of the tongue sample is revealed by
the FF-OCM image shown in Fig. 2(c). The optically
sectioned fluorescence image and the FF-OCM image
are colored in shades of green and red, respectively,
and overlaid to form Fig. 2(d) for direct comparison.

Fig. 2
(b) optically sectioned fluorescence image, and (¢) FF-OCM im-
age of mouse colon stained with AO. (d) Superposition of (b)
and (c) in pseudocolors.



Fig. 3. (Color online) Combined optically sectioned fluores-
cence image and FF-OCM image in pseudocolors of mouse co-
lon stained with AO. Sample shown at depths of (a) 20 and
(b) 40 um below the surface.

The fluorescent nucleic structures delineate the edge of
the papillae within the tongue microarchitecture. The
imaging depth was about 20 ym below the tissue surface.
Figure 3 shows the pseudocolored overlay of the opti-
cally sectioned fluorescence image and the FF-OCM
image of the colon sample at different imaging depths.
Figures 3(a) and 3(b) correspond to sample planes that
are located about 20 and 40 ym below the surface,
respectively. The fluorescence information reveals indi-
vidual cell nuclei, while the FF-OCM data show a fibrous
pattern that could be connective tissue. The two imaging
planes contain different structures that are oriented per-
pendicularly with respect to each other.

The fluorescence and FF-OCM images show different
morphological information. The fluorescence informa-
tion could also be associated with biochemical processes
at the cellular level. An integrated imaging system cap-
able of optically sectioned fluorescence imaging and
FF-OCM imaging could potentially be valuable in biome-
dical applications by providing complementary informa-
tion during biological tissue screening. This has the
potential for better understanding cellular functions and
improving the ability to detect pathologies by monitoring
morphological and biochemical changes in tissues. The
reported imaging system could be used in conjunction
with a biopsy procedure. Excised tissue samples could
be explored with minimal preparation as opposed to
standard histopathology process.

The combined fluorescence and FF-OCM imaging sys-
tem is novel in that the entire field of view is imaged with-
out raster scanning. Moreover, the fluorescence imaging
modality of the reported combined system achieves op-
tical sectioning by using a SIM technique. The system is
flexible in that other target-specific fluorophores can be
used, provided that they emit in the range of wavelengths
below 650 nm and the appropriate excitation light source
is used. Microscope objectives with higher NA can also
be used to improve the lateral resolution in both modal-
ities and the axial resolution of the fluorescence SIM
technique. Simultaneous acquisition enables capturing
an image of the same tissue location regardless of sample
motion. However, this motion needs to be negligible dur-
ing the acquisition time to avoid image blurring. Overlay-
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ing the images obtained from each imaging modality
highlights their differences.

The imaging depth is limited by tissue scattering and
absorption. The fluorescence modality dictates the max-
imum imaging depth while being able to coregister a
fluorescence image and an FF-OCM image at the same
plane location in a specimen. This is because visible light
is more scattered than infrared light in biological tissues
[10] and intensity-based detection techniques are less
sensitive than interferometric detection techniques [11].

A novel dual modality imaging system has been de-
monstrated. It is capable of providing simultaneously
high resolution FF-OCM images and fluorescence images
showing microscopic features of biological tissues. Opti-
cal sectioning is achieved in FF-OCM modality owing to
the coherence gating property of the light source. In the
fluorescence images, it is achieved by using a structured
illumination technique. The architecture of the system
allows one to obtain full-field images without raster
scanning. The two imaging modalities allow one to differ-
entiate structural features in biological samples. The
combination of the data types obtained from each ima-
ging modality provides complementary information and
could be useful for pathological diagnosis and studying
cellular function based on tissue morphology and bio-
chemical properties.
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