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ABSTRACT

A currently available 2-D high-resolution, optical
molecular imaging system was modified by the addition
of a structured illumination source, Optigrid™, to
investigate the feasibility of providing depth resolution
along the optical axis. The modification of the system
involved the insertion of the Optigrid™ and a lens in
the path between the light source and the image plane,
as well as control and signal processing software. The
primary challenge of the design, which was to project
the Optigrid™ onto the imaging surface at an angle,
was resolved applying the Scheimpflug principle. The
illumination system implements modulation of the light
source and provides a framework for capturing depth
resolved mages.

The system is capable of in-focus projection of the
Optigrid™ at different spatial frequencies, and supports
the use of different lenses. A calibration process was
developed for the system to achieve consistent phase
shifts of the Optigrid™. Post-processing extracted
depth information using depth modulation analysis
using a phantom block with fluorescent sheets at
different depths.
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1.INTRODUCTION

This paper is based upon the integration of a molecular
imaging system and a commercially available
structured illumination system manufactured by
Qioptig-LINOS [1]. The goal of the implementation is
to develop a system that will perform depth sectioned
fluorescence imaging in a turbid medium minimizing
excitation radiation. Figure 1 shows a CAD model of
the design.

Conceptually, the excitation radiation is
transmitted through a two-dimensional spatial
modulation grid located at the object plane, which can
be configured to produce several phases.

The spatially modulated excitation radiation
reaches the platen surface and propagates beyond into
the imaging space. The characteristics of the spatial

profile through the image space depend on the image
forming properties of the lens system as well as the
optical properties of the medium in the image space.

A fluorophore-labeled subject positioned on the
platen can be considered to be a turbid medium that
provides a spatially distributed fluorescence signal
modulated in proportion to the spatially modulated
excitation radiation [2].
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Figure 1. CAD model of the conceptual design.

The image space of the excitation lens system
corresponds to the object space of the fluorescence
detection system. The fluorescence signal is then
captured by a CCD camera.

1.1 Scheimpflug condition.

Due to the physical constraints imposed by the existing
piece of equipment the integration of the optical rail
required custom mounting to allow for angle
adjustability.
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Figure 2. Schematic representation of the proposed
prototype

The optical subsystem had to be designed
according to the Scheimpflug condition, in which the



planes involving the image, the lens, and the object are
expected to intersect along a single line: the
Scheimpflug Line. Accordingly, when the object plane
is not parallel to the image plane, it will be in focus
only along the line that intersects the plane of focus.
Therefore, a planar object that is not parallel to the
image plane can be completely in focus. Figure 3 shows
a schematic diagram of this condition.
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Figure 3. Diagram showing the Scheimpflug
condition.

1.2 Structured illumination.

Structured illumination is based on the projection of a
spatial frequency fringe pattern onto the object being
investigated.

The idea then is to encode the periodic pattern of
illumination with a fluorescent excitation wavelength to
provide depth-resolved discrimination of fluorescent
structures within the turbid medium.

The process of encoding and reconstructing
provides spatially resolved optical properties
corresponding to the excitation and emission
wavelengths.

An optically sectioned image is collected of those
regions where the projection of the grid lies within the
focal region of the capturing camera. A 3D image of the
macroscopic structure is obtained when the process is
repeated at three different spatial positions,
corresponding to three relative spatial phases ! = 0°,
120°, and 240° of the grid [3-4].

The resulting images are combined using Equation
1.
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When a point in an object is captured with three
different phases the intensity can be modeled as
sinusoidal. As the intensity source moves away from
the platen, the amplitude of the sinusoidal decreases.
Therefore, depth can be calculated based on the
amplitude of the best sinusoidal fit of the three points.
An example is shown in Figure 4.
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Figure 4. High amplitude phase-shifted data points
fitted to a sinusoidal waveform.

2. EXPERIMENTAL METH ODS

The optical design software OSLO was used to design
and analyze the performance of the optical setup.
Results of this simulation were used to implement the
actual setup.

The performance of the system was characterized
through calibration experimentation. The system
requires precise phase shifting of the projected grid.
During the modification of the housing and the
insertion of the optical rail fixture, experiments were
conducted to prove that accurate and repeatable
calibration of the Optigrid™ could be achieved.

To evaluate calibration, several processing steps
were taken based on spatial frequency analysis of the
captured images of the grid. A single line profile and
the average of six line-profile spectra were computed
via the FFT were used to evaluate phase drifts.

A proof of concept based on depth discrimination
was accomplished using a phantom block. The block
consisted of ten sheets of polycarbonate bolted together,
each of which was 2 mm thick. Fluorescent sheets
(Lime Green, #96) were inserted at depths of 2 mm, 10
mm, and 18 mm. A schematic diagram of the phantom
is shown in Figure 5.
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Figure 5. Phantom block used for depth
discrimination.

3. RESULTS AND DISCUSSION

The actual implementation of the designed system can
be seen in Figure 6. Integration of the optical rail into
the existing system required custom mounting fixtures
that allowed for angle adjustability of the rail.



Figure 6. Optical rail supprting the lens and
Optigrid™

Rotary stage micrometers were installed for both
the Optigrid™ and lens fixtures to allow for more
flexibility in the design.

The system was characterized at a projection angle
of 30 degrees using a Computar C mount lens. The
zoom of the system was set to 40 pixels/mm. The range
of the system was characterized in terms of spatial
frequency, and it was determined that spatial
frequencies ranging from 0.8 line pairs/mm to 1.4 line
pairs/mm can be achieved with the above mentioned
lens. A blue excitation filter and a green emission filter
were used during phantom captures in order to promote
fluorescence in the Lime Green sheets.

In order to achieve precise 120 degree phase shifts,
a system specific calibration routine for the Optigrid™
was developed. Phase shifting is achieved with a
piezoelectric motor control. Several modifications from
the typical calibration routine had to be made because
the Optigrid™ was being used outside of its typical
application in microscopy. For example, since
projecting the grid at an angle produces keystoning, the
images needed to be cropped and rotated before being
processed.

Images of a non-glossy white target were captured
during the calibration process. Images were captured
over the range of voltages (30-100 V) supported by the
Optigrid™ motor control. A line profile FFT was
calculated along the center of the image. The location
of the spatial frequency of the grid was detected via the
FFT, and the phase was calculated using Equation 2.
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Where Im and Re stand for the imaginary and real
parts of the resulting transform. A visual representation
of the output of calibration as a function of grid voltage
can be seen in Figure 7. Precise 120° phase shifted
voltages were selected using this graph and used during
image capture. Here, 15 image captures were taken at
30V, 60V, and 90V. Note that at 30V the lack of
automation between the motor control software and the
image capture software makes calibration difficult.
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Figure 7. Phase vs. grid voltage.

An example of calibration images combined using
Equation 1 is shown in Figure 8, where the presence of
the grid lines in the top panel is an indication of
incorrect phase shift.

Figure 8. (é) Combined image using incorrectly

dTM

shifted Optigrid . (b) Combined image with correct

phase shift.

By estimating the depth of modulation at each
pixel of the image and monitoring its value at each
phase shift, information about the depth of the pixel can
be assessed. The magnitude of the depth of modulation
over those three phases will model that of a sine curve.
See Figure 4 for an example.

As a proof of concept, phase shifted images were
captured of the phantom block at different spatial
frequencies. Two experiments were run to illustrate the
system capability to resolve depth. These are shown in
Figures 9 and 10. For corresponding dimensions please
refer to Figure 6, where the rightmost fluorescent sheet
is closer to the platen. Note that at higher spatial
frequency (Figure 10), the deepest fluorescent sheet is
less visible.

The greater the depth of the pixel, the lower the
change in amplitude over the three phases will be. The
deeper fluorescent sheet shows less variation across the
line profile compared to the more superficial sheet.



Figure 9. Top row: Raw reflectance image of
phantom block at 0.8 line pairs/mm. Bottom row:
Combined reflectance image.

Figure 10. Top row:Raw reflectance image of
phantom block at 1.4 line pairs/mm. Bottom row:
Combined reflectance image.

Fitting a sine wave to the data is often difficult. An
alternative method was used to measure variation in
depth of modulation. The mean squared error was
calculated with respect to the mean of the three phase
shifted points. The equation for mean squared error can
be seen in Equation 3, where m(l,j) is the mean of /1,
and /; at the location (i,)).
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Figure 11 shows a surface map of the mean
squared error at each pixel in a phase shifted image set.
It can be seen clearly that the error increases greatly as
one approaches the imaging surface. Although the
calculated data are noisy, there are clear edges where
the sheets change depth.
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Figure 11. Surface map of MSE of phase shifted
image of the phantom block.

4. CONCLUSIONS

This project resulted in a successful modification to the
existing imaging platform to enable depth resolved
fluorescence imaging. The system is capable of in focus
projection of the Optigrid™ at different spatial
frequencies, and supports the use of different lenses. A
calibration process has been developed for the system
to achieve consistent phase shifts of the Optigrid™.
Post processing has extracted depth information using
depth of modulation analysis using a phantom block
with fluorescent sheets at different depths.

Future work requires evaluation of the system
using turbid media, as well the development of
algorithms to extract optical properties (absorption and
scattering characteristics) from target specimens.

There is a trade-off between maximum
magnification and maximum angle. As the
magnification is increased, the projection angle with
respect to the platen is decreased. For the presented
prototype, it was deemed more important to have a
greater range of magnification. For future testing, it
may be beneficial to investigate using a shorter rail with
a smaller magnification range.

Automation of the Optigrid™ warm up and
calibration routines will vastly improve the system
performance by reducing both sources of error and
operating time.
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