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ABSTRACT

A novel system to image and reconstruct a 3-dimensional map of the refractive index based on the diffraction of light
through a transparent sample is presented. This method is tested and validated on computer-generated data sets. The
proposed system is an advanced variation of an imaging technique used in engineering for the study of aerodynamics.
This method, which is termed Reference Image Topography, is used to reconstruct the water/air interface of the free
surface in fluid dynamics studies. This surface profile is reconstructed by comparing an image of a random pattern
viewed through the transparent free surface against a reference image, to determine the change in the refractive index
caused by changes in the height. The proposed system is highly sensitive and capable of imaging intricate features in the
transparent sample that are of low contrast when imaged with other imaging methods. For each projection, the change in
direction of the light passing through the sample when placed in between the light source and the imaging system, can be
related to the line integral for the change in refractive index across the sample. Utilizing multiple projections, a 3-
dimensional map of the refractive index of the sample is reconstructed with computed tomography.
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1. INTRODUCTION

The ability to capture quantitative 3-dimensional (3D) information of living biological samples is important for medical
research11. With embryology, this is as important as current mutational and genomic approaches to understanding
developmental processes. While there are confocal microscopic methods that can yield 3D images21, for small embryo-
sized samples, tomographic imaging methods are ideal as they offer non-intrusive measurements. While tomographic
methods such as optical projection tomography31 have been shown to yield favorable results in the visible light range of
the spectrum, X-ray based tomography for developmental biology has been constrained by low X-ray absorption of
tissue.

X-ray imaging is gaining interest amongst scientists as the primary means of imaging and investigating biological
tissues11' [4], [5] Biological tissues have non-uniform refractive-index distributions and thicknesses that affect the
wavefronts of passing X-rays. Phase contrast imaging61 exploits these differences in the refractive indices between soft
tissues. This provides images where different tissues are clearly distinguishable due to the differing phase changes
caused by the tissue as the X-rays pass through a sample. However, most quantitative phase contrast imaging is done
either by using interference of the object with a reference beam71 or phase shifting interferometry81. Additionally, due to
the low levels of exposure (dose) that is often required when imaging live biological samples, obtaining quantitative
phase information with phase contrast imaging is difficult.
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Deflectometry is a method whereby phase information such as the thickness, position or the refractive index of a phase
object could be determined by the way light interacts with the phase object, which is the fundamental concept behind
methods such as Background Oriented Schlieren (BOS)91, Reference Image Topography (RIT)°1' [11], and X-ray phase
imaging21' [13] Massig41 showed how the distortion of a periodic fringe pattern could be utilized to visualize a phase
object. Perciante and Ferrari151 extended this work for use with a two-dimensional (2D) reference pattern. The object is
placed in between a 2D reference pattern and a digital camera and the ray deflections caused by the object are
determined by comparing to an image of the reference pattern without the object in between. In aerodynamics, a similar
concept was utilized to visualize the waves formed on the water surface as water passes a circular cylinder°1' [16], [17]

This method, termed Reference Image Topography°1' [11], [16-18] utilizes the distortion of a reference pattern caused by the
water waves, to determine the change in refractive index and in turn reconstruct the surface profile of the water/air
interface. Recently, a similar analogy was extended to X-rays21' [19] where the thickness of polymethylacrylate spheres
was reconstructed based on the distortion of a single attenuation grid21 and the distortion of a random reference
pattern91. Berujon et al31 showed that a similar method could advance two-dimensional phase sensing techniques. They
showed how quantitative phase information of an X-ray beam could be determined using an image of a speckle pattern
caused by a biological filtering membrane and an image of the speckle pattern with a phase object in the beam path.

Atcheson et al91 presented a Background Oriented Schlieren (BOS) based method to obtain volumetric, time-resolved
refractive index measurements in a gas flame. The method uses 16 cameras to image a reference pattern that is being
distorted by refractive index variations in the air. These variations are the result of temperature variations in the air
brought about by the heat of the flame. Optical flow algorithms were used to quantitatively determine the distortion
caused by the changes in the refractive index to the background reference. This distortion was shown to be proportional
to the line integral of the refractive index gradient along the sample in the projection direction. A 3D map for the
refractive index gradient was determined using computed tomography (CT). CT is a technique used to reconstruct an
object in 3D space using 2D projections. With standard CT, the pixel intensities on the digital image are assumed to be
proportional to the integrated object intensity in the projection direction. The structure of the object is reconstructed from
projection images taken at different angles using back projection or algebraic reconstruction techniques201. Subsequently,
Poisson integration is used to determine the refractive index map of the flame. Tomographic phase microscopy211 utilizes
an interferometric approach to obtain quanitative 3D maps for the refractive index inside living cells using visible light.
While this method offers high spatial resolution (up to 05 microns in the transverse direction), the optical setup for
tomographic phase microscopy is complex and cumbersome to setup.

We present a novel diffraction-based imaging method where quantitative 3D phase information can be readily obtained
using a simple setup and allows for volumetric imaging of biological samples. The proposed method uses light
efficiently as it does not use diffraction gratings21, analyzer ciystals221 or complicated optical configurations211. This
method combines an advanced variation of the Reference Image Topography method presented by Fouras et al°1 with
CT and is capable of measurements over a wide range of wavelengths in the electromagnetic spectrum. The method
presented here is mainly intended for imaging with X-rays or visible light.

2. A METHOD FOR REFRACTIVE INDEX MEASUREMENTS

The proposed system, which we term Reference Image Topography Computed Tomography (RIT-CT), works by
imaging a random high-frequency interference pattern with a digital camera through a biological sample. The
interference pattern is imaged with the digital camera and then imaged again after introducing the complex sample. The
two images are analyzed using Particle Image Velocimetry (PIV) software to determine the degree by which the
underlying pattern is distorted. With PIV, the two images are subdivided into regular regions called interrogation
windows separated by a set sampling distance. This sampling distance could be altered for oversampled measurements.
For each interrogation window, a digital cross-correlation is computed between the two sub-images in the interrogation
region. The maximum of the resulting cross-correlation is representative of the underlying displacement. In this case, this
displacement is the distortion caused by optical properties of the object in the light path. The high-frequency interference
pattern is optimal for the cross-correlation analysis and hence optimal for an accurate measurement of the image
distortion231.
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Figure 1. Graphical representation of the post-processing steps in the Reference Image Topography Computed Tomography
(RIT-CT) method. A digital image is captured of the reference interference pattern without the biological sample in the optical
path. The biological sample is then lowered into the bath of the immersion medium and rotated using the rotation stage.
Digital images of the now distorted interference pattern are captured. For a single projection in the data sequence, Particle
Image Velocimetry (NV) is used to evaluate the distortion caused by the sample to the interference pattern. The displacement
map is used in conjunction with an estimate for the sample depth, to estimate for a 2D map of the averaged refractive index
over the respective sample depth. Utilizing these 2D maps of the refractive index for each projection in the dataset, a
Simultaneous Algebraic Reconstruction Technique (SART) is used to reconstruct a 3D map of the refractive index.

Figure 1 shows a graphical flowchart of the processes involved to obtain quantitative refractive index measurements.
This displacement field obtained from the cross-correlation analysis is analyzed using an advanced variation of the
Reference Image Topography method introduced by Fouras et a1101' [hh] This modified version performs a ray trace to
estimate the refractive index gradients in the proj ection image using the displacement measurements from cross-
correlation analysis. A Fourier integration as discussed in Morgan et a1121 is used to integrate the refractive index
gradients to obtain a map for the integral of the refractive index over the sample thickness. The sample is rotated using a
rotation stage and multiple projections are captured. For each projection, the aforementioned processes are repeated to
obtain multiple projections of refractive index integrals integrated over the sample thickness. Using CT, the map for the
refractive index is recovered from the multiple projections.

Figure 2 shows the typical RIT-CT experimental setup for use with X-rays. The random pattern is illuminated with X-
rays (red) and passes through the sample to interact with the scintillator to produce visible light (yellow). A microscope
objective lens is used to magnify and focus the visible light onto the sensor in the digital camera. The sample would be
mounted inside a glass capillary that is fixed to the rotation stage as shown in the inset A of figure 2. Biological samples
are not typically transparent, with the exclusion of very young embryos where tissue pigmentation is yet to develop.
While sample transparency does not affect imaging with X-rays, with visible light, the biological samples would need to
be dehydrated and optically cleared using clearing agents such as Benzyl Alcohol Benzyl Benzoate or glycerol. In this
case, the sample would be mounted inside a glass cylinder as shown in the inset (A) of figure 2 and immersed in the
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clearing agent. As the method relies on optical distortion due to refractive index mismatch, care has to be taken in
deciding the material of the glass capillary and clearing agent/immersion medium to reduce unwanted noise to the
refractive index measurements.
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Figure 2. Graphical representation of the experimental configuration utilized in this implementation of the proposed
diffraction-based tomography method, which we term Reference Image Topography Computed Tomography (RIT-CT). The
light source (red) is used to back illuminate a random interference pattern, pass through the sample and interact with the
scintillator to produce visible light (yellow). A microscope objective is used to magnify and focus the visible light to the
digital camera. The digital camera is used to capture a single image of the illuminated random pattern and this is utilized as the
reference image for the subsequent post-processing steps of RIT-CT (see figure 1). The sample, which is inside a glass
capillary and attached to the rotation stage (as shown in the inset A), is lowered into the glass civette with the immersion
medium. Images of the distorted reference pattern are captured for each projection in the acquisition while the rotation stage is
rotated.
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3. VALIDATION

The proposed RIT-CT method is validated using computer-generated images obtained from ray-tracing. First, the RIT-
CT method is used to reconstruct the structure of a complex object that is completely transparent. The spatial resolution
of the method is then evaluated using sine curve pairs and finally the method is applied to obtain 3D refractive index
measurements of a phantom.

3.1 Image generation

Synthetic images are generated using Blender, a free open source 3D content creation suite with a host of ray-tracing
engines. Ray-tracing is a technique by which realistic images can be created by tracing the path of light through a 3D
scene that consists of 3D objects. Blender is set up similarly to the graphical representation shown in figure 2. A camera
is focused on a plane that has a random computer generated speckle pattern and illuminated uniformly using white light.
Using Blender's 3D meshing tools, the object can be meshed and optical parameters such as the refractive index can be
modified. Using custom python scripts, the object is rotated and images are rendered at each projection angle. Unless
specified, each projection image is 1024 x 1024 pixels in resolution and the model camera has a pixel size of 06
microns.
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Figure 3. Rendering (a) of the glass sample inside a glass tube as generated from ray-tracing and modeling software Blender.
(b) Single projection image as rendered from Blender with the transparent glass sample in front of the random speckle pattern.
(c) Resulting displacement map from cross-correlation analysis on the reference image and the projection image shown in (b).
(d) 2D contour map of the refractive index integral for the single projection image shown in (b). (e) Final 3D sample after
algebraic CT reconstruction utilizing 512 projections.

3.2 Reconstructing object structure

A glass object with a complicated structure (Le. a hollow body with four leg-like protrusions and half a head) is modeled
using Blender. Figure 3(a) shows a rendering of this sample against colored backdrops to help visualize the transparent
sample. The glass object is placed in between the reference pattern and the camera, and rotated to capture 512
projections. Figure 3(b) shows a single projection image as rendered from Blender with the glass object placed in front of
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the reference pattern. Each projection image is 1920 x 1080 pixels in resolution. For each projection, cross-correlation
analysis is conducted using in-house software241. This software uses an implementation of sub-pixel interpolation that
has been rigorously evaluated251 to show a practical limit to the error to be approximately 0.05 pixels. The cross-
correlation analysis is conducted with an iterative scheme from 128 x 128 pixels to 8 x 8 pixels interrogation regions
with a sampling distance of 8 pixels; resulting in a 2D map of 240 x 135 measurements. Figure 3(c) shows the vector
map with vectors showing displacement as measured from the cross-correlation analysis. As evident on the vector map,
there are some erroneous measurements. This is due to a too large an underlying shift between the reference and
projection images for the cross-correlation in the cross-correlation analysis to yield an accurate measurement. The
displacement vector field is then analyzed and integrated to determine a 2D map of the refractive index line integrals
such as the map shown on figure 3(d). Using 512 projections with 1024 iterations, the glass object is reconstructed using
an in-house CT SART routine written using the NVIDIA GPU CUDA architecture. Figure 3(e) shows the 3D
reconstructed glass object. The reconstructed glass object closely matches the input object modeled in Blender. However,
as evident by the minor reconstruction errors on the tube walls, the erroneous displacement measurements have affected
the accuracy of reconstruction. No smoothing routines were implemented at any step in the analysis.

3.3 Determining the resolution of the RIT-CT method

The resolution of the proposed RIT-CT method is tested using a test to determine the niodulation transfer function
(MTF) by applying RIT-CT to computer-generated images. The MTF is a widely used scientific method of determining
the performance of an imaging system. The MTF measures how faithfully the system is able to resolve spatial features in
a measurement. Only the resolution of the cross-correlation analysis and refractive index integral estimation processes in
the RIT-CT method is tested as the resolution of CT is very well documented. 12 objects with sinusoidal surfaces were
modeled using Blender where the frequency of the sine wave ranges from ito 23 Hz in increments of 2 Hz. 12 images of
256 x 256 pixels resolution are rendered using Blender for the 12 objects with wavy surfaces of increasing frequencies.
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Figure 4. Plot of the relative MTF associated with estimating the refractive index as a function of feature size. This MTF data
is obtained for a single 2D projection and does not include the CT step.

For each frequency, the cross-correlation analysis is conducted between the reference and obj ect images with an iterative
scheme from 128 x 128 pixels to 8 x 8 pixels interrogation windows with a sampling distance of 2 pixels. Subsequently,
the refractive index integral is determined from the resulting displacement map. As the samjple thickness is known, the
true solution to the sinusoidal refractive index map is readily known for a given frequency. The RMS error between the
estimated refractive index integral and the true integral is calculated for each frequency. The MTF is defined as MTF
1.0 - RIVIS as the RIVIS error is representative of the accuracy in estimating the refractive index. 50% modulation is
achieved at a spatial frequency of i7 Hz which has a feature size of i6 pixels. This is agreeable with the Nyquist
sampling theorem as the interrogation window utilized is 8 x 8 pixels and the smallest object resolvable is two times the
measurement window.
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3.4 Application to synthetic phantom

To test the CT method of fflT-CT in reconstructing the 3D refractive index from 2D projections, the RIT-CT method is
applied to a synthetic phantom generated in Blender. This phantom consists two worm-like structures inside a thick
hollow sphere. For complexity for the reconstruction, the hollow sphere has a portion cut out exposing the interior
structures to the outside. All the components of the phantom are completely transparent. Figure 5(a) shows a rendering of
the phantom colored by the refractive index. The smaller of the interior components of the phantom has a refractive
index of 099 while the other component inside the phantom and the hollow sphere have a refractive index of LOl. 128
projection images of the phantom, each 1024 x 1024 pixels in resolution, are generated using Blender. Cross-correlation
analysis is conducted with an iterative scheme from 128 x 128 pixels down to 8 x 8 pixels interrogation windows with a
sampling distance of 8 pixels, resulting in a 2D map with 128 x 128 measurements.

(a)

n=1,O1
.--- /

n=1 n=O.99

Figure 5. Synthetic phantom created using Blender to test the refractive index measurement of RIT-CT. This phantom consists
of two worm-like structures that have different refractive indices, encased in a hollow thick walled sphere. The hollow sphere
has a portion sliced out to provide an interesting test for RIT-CT. (a) Rendering of the phantom with colored contours showing
the refractive index of its specific parts. (b) Slices showing the 3D reconstructed refractive index field from RIT. For clarity,
only every 5 slices in the vertical direction is shown.

The refractive index integrals are detennined for these 128 x 128 points for each projection angle and the 3D refractive
index map is reconstructed utilizing all 128 projections with a SART routine. Figure 5(b) shows the volumetric slices of
the reconstructed 3D refractive index field with color contours depicting the refractive index. Only every 5 projections in
the stacking direction are shown for the purpose of clarity. As evident by the reconstruction, there are reconstruction
artifacts present in the final reconstruction. This could be reduced using smoothing filters, larger number of projections
and larger number of iterations. However, the refractive indices of the components in the phantom are closely matched.
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4, CONCLUSION

A novel diffraction-based method capable of 3D refractive index measurements is presented. This method, called
Reference Image Topography - Computed Tomography (mT-CT) uses Particle Image Velocimetry, a modified variation
of Reference Image Topography101' [11] and CT for imaging samples that are transparent to the imaging spectrum to
obtain 3D quantitative information. A series of tests utilizing in silico models is used to test the RIT-CT method. This
method uses a simple setup and is capable of efficient utilization of light due to the absence of diffraction gratings,
attenuation grids or analyzer crystals in the optical configuration. Hence, the RIT-CT method can be applied for the
volumetric imaging of dynamic biological samples.
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