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Abstract

Optical sectioning techniques offer the ability to acquire three-dimensional information from
various organ tissues by discriminating between the desired in-focus and out-of-focus
(background) signals. Alternative techniques to confocal, such as active structured illumination,
exist for fast optically sectioned images, but they require individual axial planes to be imaged
consecutively. In this article, an imaging technique (THIN), by utilizing active Talbot illumination
in 3D and multiplexed holographic Bragg filters for depth discrimination, is demonstrated for
imaging in vivo 3D biopsy without mechanical or optical axial scanning.
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Wide-field fluorescence microscopy is a commonly used imaging technique by researchers
and clinicians. A standard wide-field microscope has no optical sectioning capabilities and
this limits its use in imaging thick biological samples. Although standard wide-field
fluorescence microscopy with deconvolution techniques can improve image quality [1], it
does not provide true optical sectioning, due to the missing cone in the system’s transfer
function. The most commonly used optical sectioning imaging method with good
background rejection in biomedicine is based on the confocal approach [2-4]. However, the
price to pay for improved image quality in 3D confocal microscopy is a point-by-point scan
time that is proportional to the number of desired voxels, (i.e. the 3D space—bandwidth
product) and high photobleaching. There exists a wealth of alternatives to confocal
microscopy, most of which involve some form of active illumination to improve contrast
and thus effectively reduce scanning time and improve image quality. Some recent examples
are structured illumination microscopy (SIM) [5, 6], optical holographic microscopy (OHM)
[7-12], digital scanned light-sheet microscopy (DSLM), its close relative selective plane
illumination microscopy (SPIM) [13, 14], and HiLo imaging [15-17]. SIM overcomes the
missing-cone problem, and speeds up the 3D image formation process through the use of
wide-field excitation by structured illumination and the use of computational reconstruction
algorithms where the illumination structure is exploited to improve the condition of the
inverse problem. Although it is faster than confocal microscopy, SIM still requires the
excitation plane to be scanned to construct a 3D image. OHM replaces scanning with
deconvolving the image with the coherent Fresnel propagation kernel at multiple depths
along the sample. Unfortunately, coherent propagation does not yield true 3D images except
in the limit of a sparsely populated volume and thus it is not applicable for thick-tissue
imaging [18]. To have any hope of recovering 3D structure information from denser samples
such as tissue, the emission must be incoherent; indeed, fluorescence imaging is the most
commonly used modality in 3D microscopy. Optical scanning holography [10] decoheres
the image formation process for that reason, but it is still a technique based on point-by-
point scanning and low numerical aperture (NA). More recently, methods based on a
wavelength-encoding strategy and specially designed thin blazed gratings have been used
for fast 3D imaging [19, 20]. However, both approaches still require mechanical scanning
along at least one axis.
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A radically different approach to 3D imaging with high speed and high contrast has been
based on the related DSLM and SPIM approaches. In both cases excitation/illumination and
detection are done crosswise so that the camera is positioned to capture the image of the
entire illuminated plane at once. DSLM improves over SPIM by scanning a pencil-like beam
faster than the camera frame rate to effectively provide a plane of illumination. Both
techniques enable optical sectioning and the sample is exposed to less radiation, so they are
suited to imaging live biological processes over a prolonged period. However, because the
illuminated volume is larger than a focused spot, the background is necessarily also stronger
than in the confocal case. A contrast-improvement mechanism is, therefore, needed and may
be sought among two recently proposed approaches: Three-phase [15] and HiLo [17]
illumination. Both techniques essentially amount to different strategies of spatial phase
locking onto a sinusoidal actively illuminated pattern projected on the sample, but are
geared toward imaging a single plane. A combination of modulated DSLM with HiLo
reconstruction that we call “3D HiLo” can be used to remove background scattering and
yield improved contrast through an entire volume albeit still at the cost of scanning [21].

In this paper, we demonstrate, to the best of our knowledge, the first experimental
realization of a high-resolution, nonscanning, wide-field optically sectioned microscope for
3D imaging of tissue where contrast and speed are achieved from a combination of an active
3D sinusoidal illumination based on the Talbot effect and multiplexed holographic Bragg
imaging filters (MHBFs) for space-variant image formation in fluorescence imaging. The
Talbot holographic illumination nonscanning (THIN) system does not require any scanning
for in vivo 3D biopsy of tissues, and allows the experimenter to define the condition of the
inverse problem for computational reconstruction. The parallelism allowing the complete
elimination of scanning is provided by the MHBFs, while the active Talbot sinusoidal
illumination provides depth contrast and suppression of scattered light. It is important to
emphasize that, as in Refs. [22-24], the use of a hologram is limited to a fixed, prerecorded
element placed in the optical train that needs to be fabricated only once for each system.
This is an important difference compared to the aforementioned holographic alternatives
[11,12]. Since THIN does not require the formation of a hologram during imaging, it is
compatible with fluorescence-based methods of imaging.

The THIN principle is based on acquiring pair-wise multidepth resolved images, one with
Talbot-effect grid-pattern illumination, and the other with standard uniform illumination. A
schematic diagram of the THIN microscope is shown in Fig. 1 for epifluorescence imaging.
A grid of period d placed in the illumination path and illuminated using a coherent or
partially coherent light source at central wavelength A will form multiple images spaced by
regular intervals at 2nd2/A along the optical axis z according to the Talbot effect [25]. The
geometry is configured such that several of these Talbot planes occur inside the specimen
(of refractive index n) and also serve as the input focal planes for the subsequent multiplex
holographic Bragg filter (MHBF) [22,23].

The MHBF is formed by multiple exposures of a thick holographic material, each time
exposing the material to the interference pattern of a spherical and a plane wave (hologram
multiplexing). The angle of incidence of the plane wave increases in each exposure to
change the corresponding multiplexed hologram’s spatial carrier. The origin of the spherical
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waves also moves along the optical axis correspondingly at each exposure to match the
distances of the Talbot planes to the system’s entrance pupil. The MHBF so recorded
behaves as a spatial-spectral filter. In this work, the spatial depth filtering property is used to
simultaneously image two or more Talbot-defined depths onto different nonoverlapping
lateral locations at the collective lens’ image plane (i.e. CCD location) while the spectral
filter determines the field of view for each imaged depth [22]. Specific layer separation and
arbitrary arrangement of the projection angle are designed during the MHBF recording
process. It is worth emphasizing that this Talbot-inspired illumination can be thought of as
nonuniform illumination in both the transverse and axial directions leading to optically
sectioned imaging at multiple depths without the need for axial scanning. In that sense, it is
a 3D generalization of the HiLo principle. More information about the design of MHBFs
and algorithm of Talbot-inspired illumination to simultaneously remove out-of-focus light in
multiple depths and the MHBF design principle as well as recording process can be found in
the Supplemental Materials section.

The ability of a THIN microscope to resolve volumetric samples was verified by imaging
fluorescence labeled beads (25 pm diameter, Polysciences) suspended in a 1-mm thick slab
of agarose (Invitrogen). The beads were excited using a blue tunable laser source (Innova
304C, Coherent Inc.) at A = 488 nm. A dichroic mirror (Q505lp, Chroma Technology Corp.)
was utilized, and an emission filter (MF530/43, Thorlabs Inc.) rejected stray excitation light
during imaging. Figure 2 provides comparisons of standard 3D wide-field and optical
sectioning images captured using THIN. Two depth-resolved images with out-of-focus light
at both planes are simultaneously captured from the CCD with uniform illumination and are
shown in Fig. 2a; the depth separation between two planes is 45 pm, and can be controlled
by tuning the separation distance during exposures (as shown in supplementary material)
[23], or adjusting emission wavelength [24]. The THIN system had an effective
magnification of 5.6 using an Olympus objective lens (ULWDMSPlan50X, NAOQ.55). The
MHBF consisted of two multiplexed gratings with diffraction efficiencies of ~35% and 40%
capable of simultaneously imaging planes with 45 um depth separation. The imaging lens
was a Mitutoyo objective (MPlanAPO20X, NA0.42), and the camera was Hamamatsu
ORCAA4.0 sCMOS. Figure 2c shows the resultant THIN images, processed by using the
uniform illuminated images (Fig. 2a) and Talbot-inspired structured illuminated images with
170 lines-per-millimeter (Ipm) (Fig. 2b). The HiLo principle for THIN was used to remove
the out-of-focus background noise from the desired in-focus signal. As a comparison, the
same region of the sample was imaged using a Zeiss confocal scanning microscope
(LSM510, Carl Zeiss Germany) with a Zeiss 10x NA 0.3 objective (EC Plan-Neofluar10X).
The captured images, corresponding to the same axial planes, from conventional laser
scanning confocal microscopy are shown in Fig. 2d. Figure 2e compares local contrast and
out-of-focus background rejection, by plotting an intensity profile along a line, between the
different techniques. The system’s depth resolution is quantified experimentally by plotting
the grid contrast along the axial direction. For a projected grid of spatial frequency 120 Ipm,
the depth resolution of the system is 25 um. (More information about THIN methodology,
resolution in both lateral and axial directions, contrast plots of the imaging grid as function
of axial direction and quantitative comparison of imaging performance of THIN microscopy
with different imaging modalities for fluorescence beads can be found in the Supplemental
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Materials section.) It is worth mentioning that with grids of higher frequencies the system
can simultaneously provide finer optical sectioning [26] at multiple depths without scanning.

The experiment with beads is a situation where the sample is sparse. In reality, practical
imaging often involves samples that are highly scattering. We used mice intestine to test the
performance of the THIN microscope under more difficult in vivo conditions.

To demonstrate the in vivo imaging capability of the microscope, we performed an
experiment to image the intestine of a live mouse on THIN microscope. We kept an
anesthetized mouse on a specially designed imaging chamber (as shown in the
Supplementary Material) [27] and mounted the mouse on THIN microscope, before
performing in vivo imaging experiment. Figure 3 shows the in vivo images of villi of mouse
intestine sample as taken with our THIN microscope. As in the case of the beads, two
planes, separated by 45 um, were imaged simultaneously onto different parts of the camera.
Figure 3a was taken with uniform illumination, i.e. without the Talbot grating. The MHBF
still succeeds at imaging the two planes, separated by 45 pm, to adjacent regions of the
camera. However, haze is significantly visible due to the thick nature of the sample and the
wide-field illumination. Figure 3b shows the effective removal of the haze when we utilized
the complete THIN principle, including Talbot-structured illumination and HiLo
postprocessing. The background has been suppressed significantly and low-contrast features
are now clearly visible. Figures 3c—e show the time-lapse resultant images at depths 1 and 2
of the dashed boxed highlighted in Fig. 3b, and time-lapse animation of imaging in vivo
mouse intestine can be found in the Supplemental Material. Changes on the villi structures
over a period of 900 s can be clearly observed. Figure 3f shows intensity cross sections
comparing the signal-to-background with uniform illumination and THIN illumination at
depths 1 and 2. (Additional information on the experimental procedure, comparison to
confocal scanning, and results of an in vitro mice intestine experiment can be found in the
Supplementary Material.)

In conclusion, we have developed, for the first time to our knowledge, a nonscanning, wide-
field optical sectioning microscope to simultaneously observe in vivo 3D images from
different planes within a volumetric tissue sample while effectively rejecting out-of-focus
background. The THIN system is simple, robust, and cost-effective; it also promises to
increase throughput significantly as it captures multiple planes simultaneously. This is
advantageous when imaging time-sensitive processes occurring in different planes. The
system can be extended to obtain more planes simultaneously with more MHBFs within a
volume hologram using PQ-PMMA or other recording materials [28-32]. Although the
grating is inserted manually with the current system, it is possible to use a spatial light
modulator to switch between structured and uniform illumination. It is also possible to
reconstruct the entire image with a faster computing device in a fully automated fashion
with more MHBFs, ultimately enabling real-time 3D video microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic drawing of the THIN microscope in epifluorescence format. In this diagram,
signal from the sample emanates from two axially separated planes (1 and 2). The axial
separation between the two planes is converted to a shift in the transverse direction by the
combination of volume hologram and imaging lens, and is recorded as two images side-by-
side on the detector. This transverse separation is accomplished using an MHBF (see text)
positioned at the Fourier plane. For each plane, the MHBF diffracts the fluorescence
emission at different angles based on the wavelength. Imaged planes are separated at some
lateral separation specified by the focal length of the collection lens. The system was
illuminated with a periodic grid pattern to induce the Talbot effect onto the object plane at
multiple depths (see text).
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Figure 2.
(@) Uniform illuminated, and (b) Structured illuminated images of 25-um fluorescence beads

for the two axial planes. (c) Imaging scheme of the THIN system. (d) THIN images at the
corresponding axial planes, obtained using pair-wise imaging algorithm that requires
respective column of (a) and (b). () Confocal (Zeiss LSM 510) scanning microscopic
images of the same observable axial planes. Scale bar indicates 20 um size. (f) Intensity
profile at the signal (focus beads) and background (defocus beads).
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Figure 3.

(@) In vivo uniformly illuminated images of fluorescently labeled mice intestine sample
obtained from two axially separated planes (1 and 2), respectively using the same imaging
system of Fig. 2. Mouse intestine was stained with Rhodamine 6G (Sigma, Saint Louis,
Missouri). (b) Corresponding THIN images using the proposed THIN algorithm. Scale bars
are 20 um in length. (c)-(e), Zoom-in to the dashed-box region of (b), respectively (showing
the features at plane 1 and 2 in time-lapse mode). (f) Intensity cross section along the red
lines shown in plane 1 and 2 of the uniformly illuminated and THIN-illuminated images (a)

and (b), respectively.
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