Processing of medical images using real-time optical Fourier processing
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Optical image processing technigues are inherently fast in view of parallel processing. A self-
adaptive optical Fourier processing system using photoinduced dichroism in a bacteriorhodopsin
film was experimentally demonstrated for medical image processing. Application of this powerful
analog all-optical interactive technique for cancer diagnostics is illustrated with two mammograms
and a Pap smear. Microcalcification clusters buried in surrounding tissue showed up clearly in the
processed image. By playing with one knob, which rotates the analyzer in the optical system, either
the microcalcification clusters or the surrounding dense tissue can be selectively displayed. Bacte-
riorthodopsin films are stable up to 140°C and environmentally friendly. As no interference is
mvolved in the experiments, vibration isolation and even a coherent light source are not required. It
may be possible to develop a low-cost rugged battery operated portable signal-enhancing magnifier,
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I. INTRODUCTION

The incidence of breast cancer and its devastating effects in
the United States is well documented and the incidence rates
are still high.? Early detection of cancer is extremely impor-
tant for successful treatment. Computer aided diagnosis and
digital image processing techniques have been widely inves-
tigated to improve the sensitivity of radiography and to im-
prove objectivity of clinical cancer diagnosis.> ® However,
digital radiographs contain large amounts of information in
digital format. The best digitizers available digitize a radio-
graph to a 4 kX6 k— 14 bit format.”? They may not be able
to preserve the contrast of the original analog image due to
the errors in sampling.”® Also digital computers manipulate
data in series. Even though excellent algorithms can be de-
signed to process the data, they are still time consurming and
expensive. Hence these techniques are limited to elite aca-
demic and research institutions. Parallel and analog optical
image processing techniques are well suited to improve the
speed and reduce the cost. Optical pracessing techniques are
widely recognized for their inherent advantages for real time
image processing.!!

In any given image all points (or pixels) in the two-
dimensional plane of the image can be processed at the same
time. Due to this inherent advantage of parallel processing,
optical techniques {e.g., optical Fourier transform using a
simple lens) are inherently fast. Optical image processors can
be assembled with low-cost components like lenses, polariz-
ers, mirrors and commercially available charge-coupled de-
vice (CCD)} camcorders. Once assembled these devices re-
guire no or low maintenance. However conventional optical
Fourier filtering techniques suffer from one serious disadvan-
tage. A convex (positive) lens is used to obtain the Fourier
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transform of the object at the focus (Fourier plane). Low
frequencies (spatial) occur at the center with high intensity
and high (spatial) frequencies are at the edges with low in-
tensity. Conventional filtering techniques use masking. A
small opague mask placed at the center blocks low frequen-
cies. High frequencies occurring at the edges (low intensity)
go through. This is usually done for achieving edge enhance-
ment. Similarly one can block high frequencies at the edges
corresponding to low intensity by placing a mask at the
edges. A band of frequencies somewhere in the middle can
be blocked by placing masks at appropriate places (bandpass
filtering). When the same object is resized or a different ob-
ject is used or a lens of different focal length is used, the
mask has to be realigned for the same image processing
function {say edge enhancement} because the entire scenario
at the focal plane changes. .

A. Digital image processing

A common approach for medical image processing is to
convolute the two-dimensional (2D) image with a filter
function.!®213 The spatial image to be processed is con-
veried into a spatial frequency spectrum. This is done using a
fast Fourier transform algorithm in digital computers.'? This
operation involves n log,(#n) floating point operations to con-
vert the r pixel digital image to its Fourier transform. This
Fourier transform is then multiplied with a filter function
{(generated on a computer) designed to achieve the desired
enhancement. This operation requires » floating-point multi-
plications. The filtered spectrum is converted back to a 2D
image by taking the inverse fast Fourier transform. The sche-
matic of the process is depicted in Fig. 1.

© 2001 Am. Assoc. Phys, Med. 22
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FI16. 1. Schematic of digital image processing. FFT, fast Fourier transform;
and IFT, inverse Fourier transform.

B. Hybrid digital-optical processing

More recently, optical techniques are being applied for
image processing. Liu et al.'* proposed a hybrid architecture
for medical image processing. A positive lens is used to ob-
tain optical Fourier transform of the object image at the first
Fourier plane. The frequency spectrum obtained is written
onto the write side of a spatial light modulator (SLM) placed
at the focal plane of the lens. The optical pattern of desired
bandpass filter generated by a computer is projected onto the
other side of the SLM. The corresponding optical spectrum
processed by the SL.M is inverse Fourier transformed to ob-
tain the final image, which can be stored or displayed on a
CCD.

In both technigues, all digital and hybrid digital-optical,
when the object is resized or changed, the situation at the
Fourier plane changes entirely. So the computer has to locate
the spatial frequency band to be filtered which changes with
each object. Appropriate software has to be used for this
function. This may involve complex algorithms and com-
puter time.

In this paper we propose an analog all-optical self-
adaptive real-time spatial filtering technique using bacterior-
hodopsin film and analyzer combination as the main process-
ing module.

ll. OPTICAL FOURIER PROCESSING

Optical Fourier processing using bacteriorhodopsin. Bac-
teriorhodopsin (bR} and photopolymers containing bR have
shown great promise as candidate materials for applications
in photonic technology.'™'® Recently, we'” '® demonstrated
experimentally a self-adaptive optical Fourier-processing
system, using photoinduced dichroic characteristics of a bR
film with applications in noise reduction, edge enhancement,
and bandpass filtering.

A schematic of the experimental technique is illustrated in
Fig. 2 using 570 nm coherent light. We use lenses to obtain
Fourier transform and inverse Fourier transforms. Optical fil-
tering is also a simple analog process preformed by the bR--
analyzer combination. The property of polarization rotation
depending on the image bearing beam intensity is used to
encode the frequencies of the Fourier spectrum with a range
of polarization information. The analyzer selectively blocks
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Fic. 2. Schematic of experimental arrangement for all-optical Fourier pro-
cessing. P, polarizer; OFT, optical Fourier transform; L, lens; bR, hacteri-
orhodopsin film; A, amalyzer; and IFT, inverse Fourier transform. bR-
analyzer combination acts as self-adaptive spatial filter.
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intensity with constant actinic beam intensity of 10 mW/em?. The solid
curve is intended solely as a visual aid. ‘

the angle of rotation of probe beam polarization passing
through the bR film iluminated by the actinic light was ex-
ploited for optical Fourier processing.

Figure 6 shows the experimental setup used for optical
Fourier processing using photoinduced dichroism in the bR
film. Lens L1 forms the Fourier transform of the object in-
formation (O} at the bR film; and lens L2 forms the inverse
Fourier transform at the CCD plane to yield the processed
image. The actinic beam illuminates the bR film uniformly.
The wild type bR film used in the experiment is purchased
from Wacker Chemical Inc. (USA). It has a thickness of 35
pm, and is sandwiched between glass plates. Initially with
no actinic beam present, the polarizer (P) and the analyzer
(A) are crossed with respect to each other, so that no light
from the probe beam reaches the CCD. The self-adaptive
image processing is explained as follows: In the experiment
a vertically polarized laser beam illuminates the object
{mammogram) uniformly. The light transmitted by the object
has only one polarization (vertical). The positive lens forms
the Fourier transform of the ohject on the bR plane. It has an
intensity distribution with high intensities for low (spatial)
frequency components near the center and low intensities for
high frequency compenents on the edge. It may be observed
from Fig. 5 that (low intensity) high frequency components
at the bR plane experience higher degrees of polarization

or Li bR
FIG. 6.. Schematic experimental arrangémem for optical Fourier processing.

(, object; P, polarizer; 11, Fourier lens; PR, polarization rotator; L2, inverse
Fourier lens; A, analyzer; and bR, bacteriorhodopsin.
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rotation than (high intensity) zero and low frequency com-
ponents near the center {of the focal plane). The input object
information has a single linear polarization (vertical). After
its passage through the bR (under actinic light illumination)
it has acquired a range of polarizations of different orienta-
tions. A band of spatial frequencies corresponding to a nar-
row region of intensity in the Fourier plane acguire a specific
polarization. Thus there is a correspondence between spatial
frequency—intensity—polarization rotation. In other words
each spatial frequency band is encoded with g unique polar-
ization. The Fourier processing is accomplished through the
analyzer, which blocks specific polarization components in
turn blocking the corresponding spatial frequencies. When
the analyzer is at right angles to the input beam polarization,
zero and low frequency components, which experience al-
most no polarization rotation because of their high intensi-
ties, are blocked by the analyzer. However, the high fre-
guency components that correspond to the edges of the
object experience polarization: rotation, and are thus trans-
mitted through the analyzer to appear at the CCD camera to
yield edge enhancement. Rotation of the analyzer serves as a
variable spatial filter for Fourier processing,

When the same object is resized or a different object is
used (or the Fourier lens is changed), there is no need for any
realignment of the system. Let us say we are interested in
looking at microcalcifications in thé mammogram (edge en-
hancement), The system is set for this application by cross-
ing the analyzer and polarizer to block low spatial frequen-
cies corresponding to dense tissue. When the object is
resized or a différént mammogram is used, or a lens of dif-
ferent focal length'is used the scénario at the Fourier plane
entirely changes. But the system self-adapts to the new situ-
ation and will stll be able to perform the functions of edge
enhancement and display micfdcalciﬁcatinns_. This is the
unique advantage of the technique. In all other image pro-
cessing techniques the filters have to be changed for the same
application (edge enhancement and display microcalcifica-
tions) whenever the object is resized or changed.

Experiments are conducted on mammograms and pap
smears. We used two mammograms-—one is a real clinical
mammogram and- the other is a photographed slide of a
scanned picture from a printed paper. In the second case
there is a lot of detail lost due to printing, scanning, and
photographing the scanned picture {0 make a slide.

A. With a clinical mammogram

Qur results on the clinical mammogram are illustrated in
Fig. 7. The experimental arrangement used is the same as
shown in Fig. 6. Figure 7(a} shows the unprocessed region of
interest (ROT) of the mammogram. The arrows point out the
site of probable microcalcification clusters. Initially the po-
larizer and analyzer are crossed and no light reaches the
CCD. Figure 7(b) shows the image of the object when the
actinic beam is turned on. The processed image clearly
shows the microcalcifications not visible in the original
mammogram. In this case the (high intensity) low spatial
frequency components of the Fourier transform are filtered
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out. The (low intensity) high frequency components undergo
polarization rotation and are selectively enhanced. This oc-
curs when the analyzer is set near the crossed position rela-
tive to the polarizer. We see by slightly rotating the analyzer
by a few degrees that it is possible to selectively enhance the
intensity of the low frequency components. The high fre-
quency components are filtered out for this orientation. This
is shown in the Fig. 7(c). Here we see the surrounding dense
tissue, which corresponds to the low frequency components
in the optical Fourier transform. These pictures illustrate that

Medical Physics, Vol. 28, No. 1, January 2001
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F1G. 7. (a) Region of interest of an unprocessed mammogram. {h) Microcal-
cifications are shown in the boxes (polarizer, analyzer crossed). (c) Sur-
rounding dense tissue {analyzer rotated by ~1°).

by slighily rotating the analyzer we can selectively enhance
different frequencies in the Fourier transform.

B. With scanned piciure of a mammogram

We used a slide made out of a scanned picture of a printed
mammogram taken from DeVore e al’s article.® Figure
8(a) shows a picture of unprocessed image. The ROI is the
box, which was originally there in the picture from which we
scanmed our object. Figure 8{b) shows the microcalcifica-
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Fic. 8. (a) Unprocessed picture of a mammogram. (b} Microcalcifications,
The edges of the box from the original picture can be seen as they corre-
spond to similar frequencies in Fourer spectrum.

tions identified. The edges of the box are also visible as they
correspond to similar frequencies in the Fourier spectrum.

C. With Pap smears

Our technique is also applicable for studying Pap smears.
Figure 9(a) shows a section of a Pap smear. Here we are
using a reversed image of a Pap smear. The bright spots
represent the nuclei. Both normal and abnormal nuclei are
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Fic. 9. (a) Unprocessed image of a Pap smear slide. (b) Abnormal cells.
Normat cells are filtered out.

visible in this picture. In Fig. 9(b), the normal nuclei are
filtered out retaining only the abnormal nuclei (large cluster).
This is achieved by selectively filtering out high frequency
components in the Fourier transform (by rotating the ana-
lyzer).

IV. CONCLUSION

We demonstrated a self-adaptive real-time image process-
ing technique for processing medical images. The experi-
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mental setup is flexible and can be adapted to handle digital
images as well. Asno interference is involved, vibration iso-
lation and a coherent source are not required. The technique
is versatile and can be used for identifying bacteria in cell
cultures. It is possible to build a field deployable, efficient,
and environmenially friendly optical Fourier image proces-
sor that works in real time. With the increasing availability
of low-cost optics a handy cam size product can be built.
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