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Abstract: ~ We describe a remote focal scanning technique for optical
projection tomography (OPT) implemented with an electrically tunable lens
(ETL) that removes the need to scan the specimen or objective lens. Using
a 4x objective lens the average spatial resolution is improved-d$%

and the light collection efficiency by a factor 6f6.76, thereby enabling
increased acquisition speed and reduced light dose. This convenient imple-
mentation is particularly appropriate for lower magnifications and larger
sample diameters where axial objective scanning would encounter problems
with speed and stability.

© 2014 Optical Society of America
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1. Introduction

Biological and biomedical research is becoming ever more reliant on imaging capabilities,
which have progressed from facilitating studies of mono-layers of cells on glasssttu
measurements of three-dimensional (3-D) biological systems, for which there is an increas-
ing demand to map structural and functional information. For samples such as small animals,
embryos and engineered tissue in the mesoscegic-(10 mm) regime, a variety of imaging
techniques have been developed including optical projection tomography (OPT) [1], scanning
laser optical tomography (SLOT) [2] and light sheet microscopy (e.g. selective plane illumina-
tion microscopy (SPIM) [3], ultramicroscopy [4] and oblique plane microscopy [5]).

OPT, also known as optical computed tomography (optical CT) [6], enables imaging of
mesoscopic samples with isotropic resolution, providing 3-D mapping of absorption and/or
fluorescence parameters in optically transparent specimens, which is valuable for the research
of whole specimen and individual organ morphology. It has been employed to image a wide
variety of fixed whole organisms or isolated tissues which have been rendered transparent by
chemical clearing, e.g. mouse embryos [1, 7], adult mouse brain [8], chick limb [9] and human
embryonic brain [10, 11]. It has important applications for morphology and histopathology-
based research as a convenient non-invasive 3-D imaging technique, especially in the growing
field of mouse models of disease. For example OPT has been employed in numerous studies as a
tool to localise and measure the beta cell mass in whole murine pancreata [12—14]. Such pheno-
typic measurements are perquisites for interpretation of biomedical results in diabetes research.
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OPT has also been extended into the field of live imaging on intrinsically more transparent
samples, e.g. C. elegans [15], D. melanogaster [16] and D. rerio [17, 18]. Practical realisations
of OPT are diverse and can be adapted to a wide range of sample sizes, from individual cells to
whole organisms.

In contrast to optical sectioning techniques that aim to minimise the depth of field (DOF)
within a sample to achieve axial resolution, OPT provides high resolution 3-D reconstructions
of the in focus sample and so requires the entire sample to be within the DOF of the imaging sys-
tem. The individual images acquired as raw data do not, therefore, provide depth information.
Rather, OPT relies on the acquisition of multiple images of the sample from different projection
angles that are combined using mathematical algorithms (e.g. filtered back-projection (FBP))
to computationally reconstruct stacks of cross-sectional images.

Confining the volume to be imaged within the DOF of the imaging system provides an ap-
proximation to parallel beam projection within the constraints of diffraction. This results in a
trade-off between sample size and the spatial resolution achievable in OPT because the resolu-
tion improves proportionally with the numerical aperture (NA) - in the diffraction limited case
- while the DOF scales inversely with the square of the NA. In many standard OPT systems
this trade-off is mitigated by arranging for the DOF to extend through half of the sample, i.e. by
locating the focal plane a quarter of the way into the sample rather than at the axis of rotation.
Thus the front half of the sample is in focus (imaged under the parallel beam approximation)
and so the entire sample is adequately imaged during the course of a full rotation.

For larger specimens, this approach can be extended by introducing an angular multiplexing
technique [19] that employs multiple imaging systems of higher NA in parallel, focussed at
different planes within the sample. Although this multiplexed approach to OPT improves the
achievable resolution and light collection efficiency, it entails the additional cost and complexity
of multiple imaging systems and image registration. A conceptually simpler approach to realise
higher resolution OPT for a given sample volume is to increase the NA of the objective lens
while maintaining an effective DOF that extends throughout the sample by axially scanning
the objective lens, and therefore the focal plane, during the OPT acquisition. This pseudo-
projection approach can provide a significant resolution improvement for OPT using only a
single imaging channel and has been implemented for microscopic samyiasdreds of
um) [20, 21]. Itis less attractive in the mesoscopic regime, however, due to the increased focal
scanning distances requiredrim) and the concomitant issues of scanning speed and stability.
These challenges can be addressed, however, by utilising an electronically tunable lens (ETL)
to scan the focal plane. This can be conveniently implemented via remote focusing using an
optical relay system and an ETL, as indicated in Fig. 1. Remote focusing has previously been
demonstrated for focal plane scanning in SPIM [22], confocal microscopy [23] and oblique
back-illumination microscopy [24].

Here we report a remote focal scanning (RFS) OPT system using an ETL that permits the NA
to be increased compared to the standard OPT configuration and therefore provides improved
light collection efficiency and resolution providing that the image transmitted by the higher NA
objective lens can be adequately sampled by the detector, i.e. the detector pixels are less than
half the width of the magnified point spread function (PSF). This convenientimplementation is
particularly appropriate for larger samples imaged at lower magnifications where axial objective
scanning would encounter problems with speed and stability.

2. Imaging system

For the RFS-OPT experimental configuration depicted in Fig. 1, the sample was mounted under
a rotation stage (UE34CC, Newport Corp) and suspended in a refractive-index-matched envi-
ronment. Wide-field excitation was provided by a spectrally filtered ultrafast fibre-laser-pumped
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super-continuum source (WL-SC-400-6, Fianium Ltd) incorporating a rotating diffuser to re-
move speckle in the recorded images. Sample fluorescence was relayed onto a CCD camera
(Clara, Andor Technology plc, 1041392, 6.45um pixel size, cooled to -20C) using a 4«
imaging system (O: 4 Nikon Plan Fluorite Imaging Objective, TL: 200 mm focal length tube
lens) and a relay system with remote focusing (R1: 100 mm achromatic doublet lens, R2: 100
mm achromatic doublet lens; OL:-100 mm focal length offset lens for ETL) via appropriate
emission filters. The ETL (EL-10-30-VIS-LD, Optotune) was placed between two relay lenses
in a conjugate plane of the back focal plane of the objective lens. Because the ETL is a liquid
lens that is required to be mounted horizontally, two turning prism mirrors were included to
steer the light through the ETL in a horizontal orientation (not shown in Fig. 1). The precise
alignment of the ETL relay ensures that the magnification of the imaging system is independen-
t of the ETL's focal length and therefore remains constant [22]. An appropriate aperture (AP)
positioned directly behind the objective was used to adjust the effective collection NA of the
system. The field of view of the system was 1:62.24 mnf.

axisof 1, olAP n RL o grL R2 EF
Rotation ! !
D HO

Diffuser ‘,/ |' Focal plane X
# scan range
Excitation’ § ¢ Y

Fig. 1. Schematic of RFS-OPT setup. O x dbjective lens, AP — aperture, TL — 200 mm
focal length tube lens, R1 — 100 mm focal length relay lens, OL — -100 mm focal length
offset lens, ETL — electrically tunable lens, R2 — 100 mm focal length relay lens, EF —
emission filterp — sample diameter.
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3. Materialsand methods

OPT is based on the wide-field acquisition of a series of 2-D absorption/fluorescence images
at different projection angles. In the standard OPT, since the trade-off between sample size and
achievable spatial resolution is mitigated by locating the focal plane a quarter of the way into
the sample and arranging for the DOF to extend through half of the sample, images acquired
of opposing views of the specimen are actually focused on different regions. Consequently, an
image from one direction is not an exact mirror image of a view from the opposing direction
and thus does not contain the same information. Therefore, it is necessary to acquire angular
projections over a full rotation, i.e. 360to achieve a high-quality reconstruction. This is not

the case for RFS-OPT since the focal plane can be scanned through the full axial extent of
the specimen and therefore only requires°li&@ation to enable a complete reconstruction, as

is the case for X-ray CT, representing a 50% reduction in the total acquisition time and light
exposure of the sample if all other acquisition parameters are kept the same.

A cylindrical phantom of 0.8 mm diameter comprising a low concentration suspension of flu-
orescent beads in 1% agarose, with an average bead diametepof Arid excitation/emission
maxima of 540/560 nm respectively (F8820, Life Technologies Ltd), was used as model sam-
ple. This was suspended in a water-filled cuvette and imaged usingly28 nm excitation and
5624+-20 nm emission filters. For comparison, images for the bead phantom were acquired by
the CCD at equal angular intervals ¢f4s the sample rotated 18for the RFS-OPT and over
360 for the standard OPT, with 3 s camera integration time for both systems. Image data was
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acquired with an NA of 0.05 for the standard OPT system (i.e. fixed focal plane), producing a
DOF of 0.34 mm, and with an NA of 0.13, i.e. the full NA of the objective, for RFS-OPT with

the focal plane scanned over 1 mm at 10 Hz. For the standard OPT system, the focal plane was
located 0.25 mm from the axis of rotation. The subsequent reconstruction was performed using
a FBP algorithm.

4, Resultsand discussions

160 1 T T 7 T r 1

140 + O Standard OPT (data)
3 RFS-OPT (fit)
120 + - = = Standard OPT (fit) -

100 | .
80
60

Intensity (a.u.)

40
20

Position (um)

Fig. 2. Reconstructed X-Y and X-Z image slices of a bead acquired with RFS-OPT (a,
b) and standard OPT (c, d). (e) Line plots and Gaussian fits through the Y axis of the
reconstructed bead in (a,c) for the standard OPT (red line) and RFS-OPT (blue line) systems
showing relative intensity data. Scale bar: 1.

The reconstruction process produces a stack of cross-sectional images of the sample from the
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projection data. Figure 2(a-d) shows the reconstructed images of a bead located 0.33 mm from
the rotation axis. Since the beads are smaller than the optical resolution, these reconstructed
images indicate the resolution of the respective OPT systems. The resolution improvement of
RFS-OPT system is confirmed by the line-sections through the bead centre, shown in Fig. 2(e),
with accompanying Gaussian fits providing full width half maxima (FWHM) ofdn3and 7.4

um for RFS-OPT and standard OPT systems respectively. Fig. 2 also highlights the significant
(~8x increase) improvement in signal-to-background ratio that results from both@hx
increase in light collection efficiency of RFS-OPT (given by the ratio of the square of the NAs)
and from the improved resolution.

(b) Standard OPT x 8

| —e—RFS-OPT
- - Standard OPTx8

150 -

100 -

Intensity (a.u.)

e P

160 180

0 RS 1 ! 1
20 40 60 80 100 120 140

Position (um)

Fig. 3. Reconstructed maximum intensity projection images and videdlig J of dense

bead phantom acquired with (a) RFS and (b) standard OPT plotted for comparison with ab-
solute intensity scales; (c) Intensity line profiles from figures (a, b) as dash lines indicated.
It is noted that the standard OPT intensity data has been multiplied by 8 for clarity. Scale

bar: 50um.

Figure 3(a) and 3(b)Media 1) show maximum intensity projections (MIPs) of a volume
containing a higher concentration of beads that were reconstructed from data acquired using
the RFS-OPT and standard OPT systems. The line-sections in Fig. 3(c) show how RFS-OPT
can better resolve closely spaced beads. It is noted that the standard OPT intensity data has been
multiplied by 8 for clarity. The images of a number of beads at different distances from the axis
of rotation were analysed and their measured average FWHM in the RFS-OPT and standard
OPT systems were 4£0.6 um and 7.8-1.1 um respectively, showing &46% improvement
for RFS-OPT. The theoretical diffraction limited resolutions at best focus, given by the FWHM
of the convolution of the PSF with a 1{Im diameter object, were 2m and 6.0um for
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NA values of 0.13 and 0.05 respectively. The resolution for the RFS-OPT system did not reach
the diffraction limit in this case because the combination of magnificati@r) and CCD pixel

size (6.5um) did not sample the PSF sufficiently for the increased NA. Nevertheless, we have

demonstrated here a significant improvement in image resolution and signal-to-background
ratio that can be further improved using higher resolution imaging detectors.

(b) Standard OPT x 4

Fig. 4. A section of reconstructed maximum intensity projection images of clusters of cells
that exhibit mCherry labelling in the nucleus acquired with (a) RFS-OPT and (b) standard
OPT plotted with absolute intensity scales for comparison; Zoom in MIPs of regions of
interest of (c) RFS-OPT and (d) Standard OPT (rectangular boxes in (a,b)). It is noted that
the standard OPT intensity data has been multiplied by 4 for clarity. Scale bar: (a, b) 200
um; (c,d) 20um.

To further illustrate the potential of this RFS-OPT system, clusters of HelLa cells express-
ing mCherry fluorescent proteins in the nucleus (on histone H2B in the chromatin) were im-
aged. These cells were embedded in 1% agarose and then drawn into translucent FEP tubing
(06406-60, Cole-Palmer). This tubing was suspended in a water-filled cuvette and imaged us-
ing a 56220 nm excitation and 64#437.5 nm emission filter. Image data was acquired with
the same acquisition parameters as before, but with a camera integration time of 2.5 s for both
systems. Figure 4(a) and 4(b) show regions of the MIPs of the 3-D reconstruction from the RFS-
OPT and standard OPT systems respectively, with 4(c) and 4(d) showing expanded regions of
interest where neighboring cells are resolved by RFS-OPT but not by the standard OPT sys-
tem. These figures illustrate the significant improvement in the signal level and contrast for the
RFS-OPT system.

The 3-D reconstructions were also characterized using the software package Volocity
(PerkinElmer Inc), using a 15% maximum intensity threshold and a built in function to identify
objects (i.e. nuclei). From the same 3-D volume, 307 objects with an average signal of 24.4
a.u. were extracted in RFS-OPT while only 285 objects with an average signal of 5.2 a.u. were
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Fig. 5. A snapshot of the 3-D reconstruction of a cell suspension that exhibits mCherry
expression in the nucleus. Nuclei in red were identified in both standard and RFS-OPT sys-
tems, while nuclei in green were only identified using the RFS-OPT acquisiledia 2.

Sale bar: 20Qum.

(a) RFS-OPT

(b) Standard OPT x 4

Fig. 6. A section of reconstructed maximum intensity projection images of a live fluorescent
Casper:Fli-GFP transgenic zebrafish (at 4 days post-fertilisation) acquired with (a) RFS-
OPT and (b) standard OPT plotted with absolute intensity scales for comparison. It is noted
that the standard OPT intensity data has been multiplied by 4 for clarity. Scale baro200
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extracted from the standard OPT acquisition, showing a 7% increase in the number of detected
nuclei and an improvement ef4.3x in signal efficiency. Figure S\edia 2 shows a snapshot

of the 3-D reconstruction from the RFS-OPT acquisition. Nuclei in red were identified in both
standard and RFS-OPT systems, while nuclei in green were only identified using the RFS-OPT
acquisition.

The bead and cell suspensionsimaged above are sparse samples and as a result the integration
time required was quite long (3 and 2.5 s respectively) since the signal summed along the optical
axis was relatively low. One of the main applications of OPT is for imaging mesoscopic samples
like small organisms, as described in the introduction. To demonstrate the benefits of RFS-OPT
over the standard approach a live fluorescent Casper:Fli-GFP transgenic zebrafish was imaged
at 4 days post-fertilisation by both systems at an integration time of 0.4 s, the significantly
reduced integration time being due to the increased labelling density compared to the sparse
bead samples. The fish embryo was anaesthetised and embedded in 1% low melt point agarose,
made from embryo media, containing 0.3 mM MS-222 (Sigma) as an anesthetic. Agarose was
added to increase the viscosity of the water and prevent movement of the anaesthetized embryo.
It was then drawn into translucent FEP tubing and then suspended in a water-filled cuvette
and imaged through a 4#20 nm excitation and 52017.5 nm emission filter. Figure 6(a)
and 6(b) show MIPs of the 3-D reconstruction from the RFS and the standard OPT systems
respectively. For comparison they are displayed on the same intensity scale, where the standard
OPT intensity data has been multiplied by 4 for clarity, illustrating the clear improvement in
the signal-to-background ratio. It is noted that the improved imaging efficiency could also be
used to reduce the total acquisition time by more than the factor of 2 provided by the reduced
angular scan range for the RFS-OPT system to achieve a similar signal level to that of the
standard approach with a proportional reduction in illumination dose.

5. Conclusion

In conclusion, we have demonstrated that a RFS-OPT system can be conveniently implemented
with an ETL, which is particularly appropriate for imaging larger samples at lower magnifica-
tion where axial objective scanning would encounter problems with speed and stability. Focal
scanning enables imaging at an increased NA and therefore provides improved image resolu-
tion and light collection efficiency for OPT. This RFS-OPT system can be easily adapted to
applications in the growing field whole organism/organ 3-D imaging, providing improved res-
olution and light collection efficiency. For example, it can be applied to image beta cell mass
in the murine pancreas where the typical sample size is 1 cm and therefore requires low mag-
nification and a long focal scanning range. Looking forward, it is possible to develop a low
cost implementation using, for example, LED sources or laser diodes for excitation to achieve
a high resolution 3-D mesoscopic imaging.
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