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Abstract: We present a computational model describing the blurring of particles with respect
to focal distance in 3D optical imaging. The model can be used to improve reconstructions in
optical projection tomography.
OCIS codes: 100.6950, 170.6900.

1.

Introduction

Optical projection tomography (OPT) [1] is often referred as the optical equivalent of X-ray computed tomography. In
transmission OPT a set of projections are taken in series of angular steps from light transmitted through the sample. It
has been applied in developmental biology for studies of zebra fish embryo anatomy in 3D environment [2,3]. Recently
it has been shown to be a practical tool in hydrogel characterization as well [4, 5]. Different to X-ray imaging, OPT
has limited depth of field: only objects at or close to the focal plane are in focus. The further the object is from focal
plane, more blurry it is captured in the detector.
To address the limited depth of field, variety of techniques have been used [6–8]. One easily implemented is multifocal imaging [2]. In multifocal imaging multiple projections with different focal distances from each projection angle
are acquired and fusioned into single all-in-focus image. The study showed improvement in OPT projection quality,
but also noted no added benefit when using iterative reconstruction technique with multifocal imaging. All-in-focus
fusion methods have been studied in more depth as a computer vision problem [9, 10]. Multifocal imaging has strong
potential in cell imaging but it is unclear how to choose correct all-in-focus method for the application at hand.
In this work we present a computational model that can be used to numerically study the characteristics of different
all-in-focus methods and further their effects on the tomographic reconstructions from multifocal data.
2.
2.1.

Materials and methods
Forward model and all-in-focus fusion methods

Standard Radon transform in tomography under parallel beam geometry consists of ray-transform through applying
Beer-Lambert law to y-direction in the numerical phantom P ∈ [1, r]3 ⊂ R3 (phantom of resolution r in the compact
support subspace). This assumes everything within the sample to be equally focused as they are in X-ray imaging. In
simulations, point spread function and noise of the detector are applied to data afterwards.
We include a simple step to model a focusing lens that captures particles accurately in a specific distance — in the
focal plane of the lens — and the further the particle is from the focal plane, the more blurry it is captured. Our model
is based on convolution of the phantom and focusing kernel matrix F ∈ R2 in x and z coordinates in each rotational
position before ray-transform. Note here that convolution is orthogonal to ray-transform. Matrix F ∈ Rr×p describes
the focusing properties of the optical lens system and is of same the height as the phantom. Width of F depends on
parameters. It is possible to have also separate Fx and Fz in case the components are different.
In this comparison we used two all-in-focus fusion algorithms, namely extended depth of field (eDOF) from [2],
and maximum variance fusion method. Maximum variance fusion method computes the variance of each pixel in each
projection image in a given window. For fusion image the pixel value in the original images giving the maximum
variance is chosen.
In simulations we used a phantom with three inclusions (attenuation coefficient 1) in a medium (attenuation coefficient 0.1). For focusing kernel we used Bessel function of the first kind and of order 0. All of the computations were
performed in MATLAB.

2.2.

Experimental materials and methods

Stromal cells (PA6 cells) embedded on hydrogel biomaterial were imaged using in-house built OPT system [4]. The
samples were inserted inside fluorinated ethylene propylene (FEP) tubes with 3 mm outside diameter (Adtech Polymer
Engineering) and immersed in a transparent cuvette (Hellma Anaytics) filled with water for bright-field imaging.
In OPT the sample was illuminated using a white LED with a telecentric backlight illuminator (Edmund) for brightfield imaging. The light transmitted through the sample was detected by 5x infinity corrected objective (Thorlabs) with
a numerical aperture (NA) of 0.14, an iris diaphragm (Thorlabs) and a 200 mm tube lens (Mitutoyo). The projection
images were collected with a sCMOS camera (ORCA-Flash 4.0, Hamamatsu). Multifocal images were acquired by
translating the sample along the optical axis. For each angle of projection, a total of 23 images were recorded with
100 µm scanning distance through the sample. The images were acquired over 360 degrees with a rotational step size
of 0.9 degrees.
3.

Results and conclusions

The presented model is capable of simulating focusing in optical imaging systems with different properties that can
be given in the kernel F. The properties of the kernel depend on the application and can be e.g. Gaussian distributions
or Bessel functions. The latter was used in this study as it provides physically more relevant properties: the halo effect
around the cells. Example is shown in the figure 1.
Multifocal imaging provides more details from samples, figures 2a–2e depicts this. Cells in the sample are on
different distances from the detection objective and thus not always in focus due to the limited depth of field of the
objective lens. By scanning through the sample it is possible to capture accurately cells at different distances. Using an
all-in-focus fusion algorithm these details can be projected into one image. Once this is done for all projection angles,
tomographic reconstructions can be computed applying inverse Radon-transform and all the details should be visible
in the reconstructions as well. Two examples of all-in-focus fusions are shown in figures 2g and 2h.
However, all-in-focus fusion algorithms cannot be used just by plug-and-play approach. As the examples show,
output can be drastically different depending on the algorithm and parameters used, and these differences will be
further propagated to tomographic reconstructions as well. In this comparison the maximum variance fusion method
seems to provide more application suitable output.
The presented model shows potential as a theoretical analysis method for the multifocal instrumentation and can be
used to model the physical parameters of the focusing. Multifocal imaging has strong potential to capture more detail
from the sample and if correct computational methods are chosen, those details can be produced to reconstructions as
well. Analysis of computational methods, their limits and cross method dependencies are needed.
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Fig. 1: Focusing kernel with Bessel function: a) cross sections in x direction, b) 3D view of the profile, and c) view
from the top in xy coordinates. d) Projection image from a simulated phantom using Bessel kernel.
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Fig. 2: a–e) Raw data close-up example showing a cell cluster in focus (c) and its behavior out-of-focus. OPT images
of a cell sample from one angle: f) raw projection, g) close-up of eDOF fusion of 23 projection images, and h) close-up
maximum variance fusion image from 23 projection images. All close-ups are from the square box in f.
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