Journal of

B1omed1cal Optlcs

SPIEDigitalLibrary.org/jbo

Structured illumination microscopy using
random intensity incoherent reflectance

Zachary R. Hoffman
Charles A. DiMarzio



Journal of Biomedical Optics 18(6), 061216 (June 2013)

Structured illumination microscopy using random
intensity incoherent reflectance

Zachary R. Hoffman®® and Charles A. DiMarzio™*

*Northeastern University, Department of Electrical and Computer Engineering, Boston, Massachusetts 02115
bRaytheon BBN Technologies, 10 Moulton Street, Cambridge, Massachusetts 02138
“Northeastern University, Department of Mechanical and Industrial Engineering, Boston, Massachusetts 02115

Abstract. Depth information is resolved from thick specimens using a modification of structured illumination.
By projecting a random projection pattern with varied spatial frequencies that is rotated while capturing images,
sectioning can be performed using an incoherent light source in reflectance only. This provides a low-cost solution
to obtaining information similar to that produced in confocal microscopy and other methods of structured illumi-
nation, without the requirement of complex or elaborate equipment, coherent light sources, or fluorescence. The
broad line width of the light emitting diode minimizes artifacts associated with speckle from the laser while also
increasing the safety of the instrument. Single diffusers and cascaded diffusers are compared to provide the most
efficient method for sectioning at depth. By using reflectance only, in vivo images are produced on a human subject,
generating high-contrast images and providing depth information about subsurface objects. © 2012 Society of Photo-Optical
Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.18.6.061216]
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1 Introduction

Wide-field microscopy provides images with short acquisition
time and a wide field of view. However, its inability to resolve
depth information limits it to only surface measurements or thin
samples. In order to provide both lateral and axial information,
many techniques in microscopy have been explored. In particu-
lar, confocal microscopy' has gained popularity for its ability to
section individual planes by passing light through a pinhole and
eliminating light. In particular, confocal reflectance microscopy
(CRM) has been used for imaging skin.” However, CRM
requires the ability to scan individual points on an object leading
to expensive and elaborate point scanning equipment. There has
been some success recently by using a dual-wedge scanner’ or a
two-dimensional (2-D) microelectromechanical scanner* to effi-
ciently traverse a full 2-D plane. With respect to live imaging,
confocal reflectance theta-line scanning has been successful in
producing in vivo images without the use of fluorescence.’ More
recently, a technique called structured illumination has been stu-
died. This technique uses a known pattern, typically at a con-
stant spatial frequency, which is projected onto a sample.
Reflected light from areas conjugate to the pattern, which is
modulated at that spatial frequency and can be separated
from the out-of-focus regions.® This technique requires that
the spatial frequency of the pattern is known a priori, such
that an exact 1/3 phase shift can be applied to resolve the entire
image. An extension of this idea, dynamic speckle illumination
(DSI)”8 uses a randomly distributed speckle pattern that is dec-
orrelated from image to image by either translation or randomi-
zation. Similar techniques have been proposed leveraging
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pseudo-random patterns,” but these are confocal techniques
that depend on the pattern being in the illumination path and the
detection path. DSI has been successful, but the number of
images needed to produce sectioning increases with depth, redu-
cing the quality of sectioning when imaging deeper into the
specimen. Also, areas where speckles are correlated can result
in streaking within the image, resulting in undesired artifacts
within the final image. This technique has been applied using
a coherent light source in conjunction with fluorescence to pro-
vide depth information about various specimens.

We present here a complementary technique that is similar
to that of DSI; by using a random intensity pattern translated
in a pseudo-random manner, giving the ability to section an
image using an light emitting diode (LED) in reflectance only.
We call this technique random intensity illumination (RII).
Furthermore, to extend the depth capabilities of RII a new tech-
nique was developed to leverage multiple diffusers to create an
additional spatial spectrum and light intensities to provided
three-dimensional sectioning. We named this new technique
cascaded random intensity illumination (CRII), which creates
variations by cascading multiple diffusers'” and then imaging
them onto the specimen. Similar to Wilson et al.’s application
of an incoherent light source to confocal microscopy, the use
of an LED over a laser is desirable for the reduced cost and
increased line width."!

2 Methods and Setup

The projection pattern in the illumination path modulates the
in-focus plane of the specimen and allows for sectioning
using reflectance only and thus providing depth discrimination
with endogenous index-of-refraction contrast, similar to CRM.
Furthermore, we have used an LED of wavelength 635 nm as

0091-3286/2012/$25.00 © 2012 SPIE

June 2013 « Vol. 18(6)


http://dx.doi.org/10.1117/1.JBO.18.6.061216
http://dx.doi.org/10.1117/1.JBO.18.6.061216
http://dx.doi.org/10.1117/1.JBO.18.6.061216
http://dx.doi.org/10.1117/1.JBO.18.6.061216
http://dx.doi.org/10.1117/1.JBO.18.6.061216
http://dx.doi.org/10.1117/1.JBO.18.6.061216

Hoffman and DiMarzio: Structured illumination microscopy using random intensity ...

Rotating
Ground Glass Objective

4 il )
LED

Specimen

ccb

Fig. 1 Optical layout.

an incoherent light source, with a 40 X /0.66 NA Leica Achro
objective, and a Thorlabs 1544M charge coupled device (CCD).
Light from the LED is focused onto a piece of ground glass
(Fig. 1), which is projected onto the specimen.

There are several advantages to this approach; due to the fact
that this system is using reflectance only, it provides strong con-
trast and depth discrimination without the use of potentially
toxic reagents required for fluorescence. That fact also makes
this a good candidate for imaging human skin in vivo as an alter-
native to biopsy. The ability to use an LED light source further
reduces the cost, complexity, and speckles associated with
lasers. Also, since the processing does not require the modula-
tion pattern to be at a discrete frequency, the exact layout of the
pattern is completely arbitrary, leading to a lower cost for devel-
oping the instrument. Many aspects of the system explored here,
reflect similar developments in research of CRM which has
proven to be an extremely useful tool in dermatology.

The core of the setup uses a wide-field microscope at a total
magnification of 30x, with the addition of a modulation pattern;
here we’ve used ground glass, between the light source and the
objective, in the image plane conjugate to the object. In order
to provide sectioning capabilities, there is a need to translate
the modulation pattern such that all areas of the specimen are
uniformly illuminated. Attached directly to the ground glass
is a motor controller which can be used to rotate the orientation
of the pattern. Ideally, we would be able to randomize the pattern
from image to image to decorrelate each consecutive frame.
While rotating the projection pattern is not actually random,
it provides a simple method to sampling the specimen while
exposed to various light intensities. Care has been taken to
ensure that the fundamentals of this method are not dependent

on rotation, thus this could be extended to any type of scheme
for translating the pattern.

Two types of projection patterns have been explored in an
attempt to maximize sectioning efficiency and removing poten-
tial artifacts. RII uses a diffuse piece of ground glass to create
random intensities in the light that is projected onto the speci-
men [Fig. 2(a)]. CRII attempts to increase the energy with
respect to the low frequency components by cascading multiple
diffusers together. The tradeoff here is related to the depth of
sectioning and the resolution of sectioning. Using a high spatial
frequency projection pattern allows for high resolution section-
ing but poor sectioning depth, while low spatial frequency gives
good depth, but poor resolution. Because we are imaging using
an LED in reflectance, the ability to section deep into the skin is
considerably more difficult than using a laser with fluorescence.
CRII was developed in an attempt to rectify some of the lost
depth due to the high frequencies of RII. By placing a second
diffuser in specific locations directly in front of the ground glass,
an additional low frequency intensity component has been
added [Fig. 2(b)]. The two patterns are perfectly coupled and
can be considered as a new single projection pattern with respect
to any translation and location within the system. In this experi-
ment, we have formed a line pattern, which is not random, but
the processing does not rely directly on this being known a
priori and any arbitrary location for the second diffuser could
be used.

A model describing the system and the projection of the
pattern onto the image is described by:

170 = [[[ PSFatpa=.2)

x 7;(p, z)1(p, z)dp*dz, (1)

where [, is the pattern irradiance, 7; is the reflectance of the
object, and PSF,,, is the point spread function of the detection
path. The goal is to maximize the change in /4, to ensure there is
a strong fluctuation of the intensity as the pattern is translated.
This equation was derived by slightly modifying the function
provided by Ventalon et al.” for the case of reflectance.

In order to minimize the number of frames needed, the pat-
tern must be perfectly decorrelated from frame to frame. As a
first attempt to pseudo-randomly translate the illumination
pattern, the diffuser is simply rotated slightly off axis, simulta-
neously moving all of the parts of the pattern on the specimen;
this ensures that no point is in the same location from frame to

Fig. 2 Illumination pattern imaged onto a mirror of (a) Rll—a single diffuse pattern (ground glass) and (b) CRIl—a cascaded diffuse pattern (layered
ground glass). The white lines represent areas sampled in the X and Y direction for quantitative analysis used in Tables 1 and 2.
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frame. Using this type of translation, the illumination pattern is
still radially correlated which may result in streaking artifacts in
the processed image. These artifacts are a pitfall of RII which we
attempt to address with CRII later in this paper. N images are
taken (on average, N ~40) and RMS difference is computed

using:
N
L= (L= 1) )

where ¢ is the interval between images, during which the illu-
mination pattern has been rotated by some number of degrees.
Those areas where the contrast is changing (due to the varied
intensity of the pattern) will result in large values of I,.
Those areas not in focus will have a blurred illumination pattern
leading to a low value in /,. Rather than using consecutive
images (t = 1), intensity decorrelation can be maximized by
selecting a rotation ¢, where spots on the illuminantion pattern
have low correlation from frame to frame, which can be approxi-
mately computed as a function of the diffuser rotation speed and
the acquisition speed of the camera. The correlation function is:

Is(ﬁ)ls(ﬁ + AIB) - Is(ﬁ)z )
L(p? - 1,(p)

Here, the correlation is computed between two frames where
the projected pattern has been adjusted by a value Ap. The back-
ground rejection can be maximized in /, by selecting a value for
t that yields the highest average decorrelation from frame to
frame. It will be shown later that because CRII has a periodic
pattern, the optimal value for selecting ¢ will be a phase shift of
1/2 a cycle, with respect to the lowest frequency of the pattern.
If two frames were perfectly decorrelated, the contrast between
frames when computing the RMS difference would be maxi-
mized and a minimum number of images would be required.
In practice, there is a tradeoff when setting the rotation speed,
where large translations increase intensity decorrelation, but can
cause loss in image quality as a result of decreased pattern con-
trast due to motion blurring. If we had a method of perfectly
randomizing the pattern from frame to frame, the above could
be ignored. However, because the pattern is being rotated,
these methods increase the efficiency of processing the RMS
difference.

Ci= 3

3 Instrument Properties

An optimization was performed and it was found that selecting a
value of ¢t > 5 samples returned much better results than t = 1
samples. A 5-sample interval corresponds to a rotation of the

pattern by about 14-deg. rather then using the 2.8-deg. from
the use of consecutive frames. When computing the RMS
difference between two frames, a value of t = 5 results in the
pattern being offset by about 50 pixels.

As depth is increased, it is found that contrast is lost in the
case of a single diffuse pattern (RII). Thus, it is required to take
additional images to compensate for the loss in signal strength.
In an attempt to maintain sectioning at larger depths without
increasing the number of images, we will now consider CRII,
with its additional energy in the low frequency bands.

Figure 3(a) and 3(b) compares the two dimensional Fourier
transform of the single and cascaded illumination patterns, com-
puted from Fig. 2(a) and 2(b), respectively. In Fig. 3(a) it is
apparent that the distribution is nominally uniform across a
wide range of frequencies and in Fig. 3(b) the pattern with multi-
ple diffusers has additional power along the axis of modulation.

When the illumination pattern is projected onto a specimen,
it is found that the highest frequencies have the strongest con-
trast at the surface of the object and decay as a function of depth.
This loss of contrast at depth is the reason why additional
images are needed in order to section into a thick specimen.
CRII attempts to overcome this issue by leveraging a lower
spatial frequency which does not attenuate as quickly at depth.
There is however, the trade-off of using a larger spatial fre-
quency, which manifests itself as a loss in axial resolution. In
order to quantify the resolutions of the two techniques, the
patterns were projected onto a mirror, 1D slices were taken
from each pattern at various depths, and then the slices were
compared against each other.

Comparing two images that are in and out of focus axial reso-
lution of the system can be calculated. Figure 4(a) shows the
pattern when the mirror is perfectly conjugate to the CCD (0 ym
depth), as well as at displacements of 0.5 um [(Fig. 4(b)] and
1.0 um [Fig. 4(c)]. It is shown that there is a significant loss in
modulated signal strength as the pattern goes out of focus. First
considering Fig. 4(a), it can be seen that both patterns contain a
strong high frequency component throughout the entire signal.
Looking at Fig. 4(b), it is apparent that the pattern is far enough
out of focus that the high frequency pattern is completely lost.
Here both signals have some low frequency components asso-
ciated with them, but the contrast is much stronger in the case
of the cascaded diffuser. This strong contrast accounts for the
efficiency of CRII at depth. Finally, in Fig. 4(c), both patterns
have been lost and we are left with only slight contrast changes
due to the distribution of light at the detector.

To further quantify the signal loss in the system, the power
spectral density can be taken at various depths as shown in
Fig. 5. The highest energy signal is when the mirror is perfectly

Fig. 3 Graphical representation of the 2D-FFT of the (a) single diffuse pattern and (b) the cascaded diffuse pattern.
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Fig. 4 1D slices of RIl and CRII projected onto a mirror of depths (a) at
focus, (b) 0.5 um from the plane of focus, and (c) 1.0 um from the plane
of focus.

conjugate to the CCD, i.e., 0 yum where there is energy across the
entire spectrum. As depth is increased to 0.5 um, there is a loss
in the high frequency information (about 0.2 cycles/pixel) of
nearly 10 dB, where the lower frequencies decrease with a 5 dB
loss (about 0.1 cycles/pixel). At 1.0 um, the entire spectrum
decays by about 15 dB and the signal is lost.

This implies that the sectioning process reduces signals

PSD of CRIl at three depths
20 T

=0um
==10.5um
10 1.0um
0 i

psdmy (dB)
N N
o o
i

-,
TN TN~~~ ~AMAN
PN S, e Y \’Y“ 7
-40 \ R E R AR i o AV A S
: "

Fhimg Oned oy oY

i 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Frequency (Cycles/Pixel)

Fig. 5 PSD of the CRII pattern projected against a mirror at depths of
0 pm, 0.5 um, and 1.0 gm.

In order to verify an increase in the contrast using this cas-
caded technique, the standard deviation of /; has been charac-
terized. This was done by projecting each illumination pattern
onto first, a mirrored target and second, onto a thick sample, and
for each integrating about 40 frames while the pattern was
rotated. The assumption is that, because the pattern from the
CRII will produce higher contrast than RII, the standard devia-
tion of I, will be greater. First, a single pixel is selected from
Fig. 2 at the center of each of the images (RII and CRII, respec-
tively). While the illumination pattern is translated, the standard
deviation is taken of that pixel over the 40 frames. Next, from a
single image we select 500 pixels in either the horizontal
(500 x 1) or 500 pixels in the vertical directions (1 X 500), indi-
cated by the white lines in Fig. 2. Then the average standard
deviation is taken over all 500 pixels to produce the results
in Tables 1 and 2.

These measurements were integrated over 40 frames using
the same pixels locations, gain settings, and background image
to ensure consistency across each method. The ground glass was
divided into two parts such that RII and CRII measurements
could be taken consecutively.

These results show that the CRII technique is in fact produ-
cing a higher contrast both at the surface and at depth compared

Table 1 STD of pixel values against a mirror.

Technique 1x1 1 x 500 (Vertical)] 500 x 1 (Horizontal)
RII 4.5683 4.7543 5.3606
CRIl 21.3348 18.8863 23.9906

Table 2 STD of pixel values against a leaf at a depth of 6 um.

outside of 1.0 ym of focus by about 15 dB or that the axial Technique 1x1 1 x500 (Vertical] 500 x 1 (Horizontal)
resolution of this system is about 1.0 ym for any plane in

focus. The sectioning ability of this system is comparable to Ril 1.0943 1.0864 1.4557
confocal systemg attempting to achieve in vivo images using CRIl 20015 27975 35754
reflectance only.
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to a RII as expected. Because there is a 2 to 3X greater contrast at
depth, the system is able to section the image with out requiring
a large amount of additional images.

It is also found that the cascaded diffuser technique has the
added benefit of reducing the amount of streaking that is created
in the image. Since the spots are rotated on a fixed axis, areas
where the pattern has a slightly greater correlation create local
maxima in /, and areas with very little correlation create a local
minima in /,. The result of this effect is a pattern of parallel
lines, or streaks, as seen in Fig. 6(a). The addition of a new
low frequency pattern, “fills in” any local minimas found in
the high frequency pattern, resulting in the smoothing of
many of these artifacts [Fig. 6(b)]. Figure 6 shows a comparison

between the two techniques and the change in streaking. These
processed images were the results of projecting the illumination
pattern directly onto a mirror and then collecting 40 images each
at the same intensity and exposure.

4 Results

The use of an LED also provides images that do not contain the
speckle associated with the use of a laser. Using an Ocean Optics
USB2000 spectrometer, we measured the spectrum of the LED.
It peaked at 635 nm with a full width at half max of about 17 nm.
The use of an incoherent light source with a broader line width
kept the images speckle free. The reduction in artifacts such as

Fig. 6 Mirror target showing (a) streaking from single frequency illumination pattern (RIl) compared against the (b) reduction in streaking from the

cascaded illumination pattern (CRII).

Fig. 8 Image of a tissue paper at 10 um (a) wide-field and (b) CRII.
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Fig. 10 CRII in vivo image showing the stratum corneum.

laser speckling greatly smooths the image and returns a higher
quality image. Figure 7 compares (a) CRM to (b) CRII against a
leaf at a depth of 0.6 um, where Fig. 7(b) clearly shows the
reduced speckle.

Furthermore, to demonstrate sectioning, the processed images
can be compared to the original wide-field images. By taking
the mean of all the CRII raw images with different realizations
of the diffuse pattern, a synthetic wide-field image can be com-
puted [Fig. 8(a)].” Tissue paper was used as a target at a depth of
about 10 um. Because the fibers of paper are layered at various
depths, the rejection of out-of-focus light in both the foreground
and the background of the image can clearly be seen [Fig. 8(b)].

Finally, the system was configured for in vivo imaging and
the forearm of a human was imaged at two different depths. Fig-
ure 9 shows a synthetic wide-field image at the surface of the
skin, reconstructed from the the images used in CRII. The image
processed with CRII is shown in Fig. 10. It is clear that many
areas have been rejected due to being out of focus, thus the con-
trast of the object at focus is greatly increased.

Figure 11 shows the synthetic wide-field image constructed
where minimal structure is resolvable. After processing the
images with CRII, a considerable amount of detail is restored

Journal of Biomedical Optics
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Fig. 12 CRIl in vivo image showing the stratum granulosum.

as seen in Fig. 12. This detail strongly resembles the stratum
granulosum just below the surface of the skin.? This provides
a good basis for the system’s ability to resolve subsurface detail
in a living organism without the need for fluorescence.

5 Summary

CRII has the advantage of providing resolution in depth and also
greatly enhances the contrast of the image by removing the
“clutter” of out-of-focus light that otherwise degrades contrast.
There are a number of limitations that will still need to be
resolved for future experiments. Our current camera only has
an 8-bit depth and a maximum frame rate of 25 Hz, which
made live-imaging challenging. More appropriate equipment
and better processing techniques could lead to a real-time sys-
tem and greater depth resolution. Extending the structured illu-
mination method to an incoherent light source and reflectance
has also been a challenge. We’ve provided a good benchmark
for axial resolution and sectioning depth, but hope that further
research can optimize the process. Overall, early work with
CRII has shown great promise and would provide a safe, com-
pact system that, in some applications, would be competitive
CRM and could improve research in the biomedical industries.
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