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In this report we introduce the fundamental architectures and the potential applications of optical 
, 

processing techniques in medical imaging. Three basic optical processing architectures were inves- 
tigated for digital and analog radiography. The processors consist of a module that converts either 
the analog or the digital radiograph into a coherent light distribution; a coherent optical processing 
architecture that performs various mathematical operations; a programmable digital-optical inter- 
face and other accessories. Optical frequency filters were implemented for mammographic and 
other clinical feature enhancement. In medical image processing, digital computers offer the ad- 
vantages of programmability and flexibility. In contrast, optical processors perform parallel image 
processing with high speed. Optical processors also offer analog nature, compact size, and cost 
effectiveness. With technical advances of digital-optical interface devices, the medical image pro- 
cessor, in the foreseeable future, may be a hybrid device, namely. a programmable optical archi- 
tecture. O 1999 American Associa~ion of Physiciurs in Medicrite. [S0094-2405(99)01804-01 
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I. INTRODUCTION 

A. Cllnlcal need for optlcal processing 

Digital image processing and computer-aided diagnosis 
(CAD) have been widely investigated for improving the sen- 
sitivity and specificity of radiography for clinical 

However, some radiographs, such as digital 
mamrnographic images, contain large amounts of informa- 
tion. A state-of-the art film digitizer creates 4 KX5 KX 12 bit 
(40 megabytes) digital images. The full field digital mam- 
mography systems being developed by both industrial and 
academic groups acquire digital mammograms in 
3 KX4Kx12bits (24 megabytes) or 4KX6KX12bits (48 
megabytes) f ~ r m a t . ~ - ~  Commonly, digital colnputer manipu- 
late image data in series, thus it is time consuming to apply 
rigorous computer image processing or con~puter-aided diag- 
nosis (CAD) programs to these datasets, even in today's fast 
computers. Without dramatically increasing the speed, and 
reducing the cost, the current digital processing techniques 
can only be applied to selected cases at academic institu- 
tions. In order to allow both academic institutions and com- 
munity hospitals to take the advantages of the image process- 
ing, and to apply CAD widely to screening mammograms, 
parallel image processing techniques, such as optical pro- 
cessing techniques, have to be investigated. 

B. Advantages of optical processing 

Optical processor offers distinct advantages over current 
digital electronic techniques. and it will impact radiological 
diagnosis significantly in the following aspects: 

1. Speed 

The power of optical processing lies in the ability to ma- 
nipulate image data rapidly via parallel processing."sing an 
optical technique, every pixel of a two-dimensional image 
can be both relayed and processed at the same time. The 
speed of the optical technique is at least a few hundreds 
times faster than that of electronic digital computers. This 
feature allows the application of rigorous image processing 
and computer-aided diagnosis to all screening procedures in 
radiology such as screening mammograms. 

2, Compact size and low cost 

The optical processors is, generally, assembled with inex- 
pensive, commercially available optical components, such as 
lenses and mirrors. The optical processor can be assembled 
into a compact device, like a camcorder. Once assembled, 
little or no maintenance is needed. These low7 cost devices 
may significantly improve radiographic image quality and 
can be economically incorporated into existing and future 
(analog and digital) radiographic systems. These features 
would allow the application of rigorous image processing 
and computer-aided diagnosis, for instance, to all screening 
mainmograrns at both academic and community hospitals. 

3. Analog processing 

The analog'nature of optical processors avoids some of 
: the disadvantages of electronic processors. Electronic digiti- 

zation of an analog image into a discrete pixel array degrades 
resolution and contrast. Further, digital detectors (and films) 
have a limited dynamic range, introducing noise into the im- 

648 Mad. Phys. 26 (4), April 1999 009&2405/99~6(4~/648/Y$15.00 (B 1999 Am. Assoc. Phys. Med. 648 



649 Liu et a/.: Optical processing architecture 

age. Some optical technique processes the original image 
prior to digitization, rejecting spiky noise, greatly reducing 
the noise generated by scattered radiation, smoothing back- 
ground noise, and enhancing the contrast of the region of 
interest. This creates a "cleaner" image and more fully uti- 
lizes the dynamic range and contrast resolution of digital 
detectors. These improvements in image acquisition and pro- 
cessing are expected to improve the accuracy of radiological 
diagnosis. 

C. Modem optical processing techniques 

Since VanderLugt first demonstrated the concept of opti- 
cal matched filtering in 1964: optical processing has been 
investigated for image analyses such as pattern recognition, 
edge and contrast enhancement, feature extraction, object 
replication, noise suppression, and optical subtraction and 

Several practical filtering techniques have been 
developed: (1) the VanderLugt filter and processor;'0 (2) the 
joint transform correlator;" and (3) the wavelet 
The development of programmable spatial light modulators, 
and other optoelectronic devices has merged the flexibility of 
digital electronics with the speed and analog nature of 
0 ~ 1 1 ~ s . ' ~  

The theory and key components of optical processing 
have been applied successfully in many military and industry 
applications. These modem optical techniques, however, 
have not been utilized widely for medical imaging. The 
medical images, such as mammographic images, are differ- 
ent from industrial targets in their complexity, information 
composition, and in noise sources. For instance, some of the 
industrial optical correlators are designed to process binary- 
phase targets (images with only two gray  scale^).'^.'^ In con- 
trast, it is essential in medical imaging, such as in breast 
imaging, to maintain a large dynanuc range (12 bits or 
larger). Therefore, the optical proccssing architectures for 
medical images have to be customarily developed to meet 
specific clinical requirements. 

11. THEORY: OPTICAL PROCESSING USING 
FOURIER LENSES 

Optical processing arcllitecture uses a set of lenses, mir- 
rors, polarizers, and other components to perform math- 
ematical operations requlred by medical image processing 
and CAD. For instance. the complicated two-dimensional 
Fourier Transform can be performed simply by a positive 
lens.8 The positive lens is a transparent optical component 
consisting of one or more pieces of optical glass ior other 
appropriate optical material) with surfaces so curved that 
they serve to converge the transmitted rays from an object. 
However, a slmple spherical-curved positive lens may intro- 
duce transformation errors while the input field is wide due 
to the aberrations of the lens. In practice, the lenses used for 
optical Fourier transform are specially designed and rnanu- 
factured with either nonspherical curvature or with multiple 
pieces of glass to correct an abenation.I6 Using these lenses, 
usually called a Fourier lens, the exact Fourier transform can 
be conducted for both wide and narrow input fields. 

Boam Expander and Colliiatnr 

FIG. 1 .  An optical processing architecture for an analog radiograph. 

Ill. METHOD: OPTICAL PROCESSOR 
ARCHITECTURES FOR MEDICAL IMAGES 

A. Optical processlng for analog radiograph 

A prototype optical processor was assembled on an opti- 
cal table for analog radiograph (Fig. I). The architecture is 
called the "4f' system since the distance from the input 
radiograph to the output image is equal to four times the 
focal length of the Fourier lenses. There are two Fourier 
lenses in this system. A HeNe laser, a laser beam collimator/ 
expander, and a polarizing beamsplitter, provide a high qual- 
ity laser beam for generating the coherent optical image of 
the radiograph. A state-of-the-art CCD camera is mounted on 
the optical table to acquire the optically processed final ra- 
diograph. 

The following describes how the system works. 

(1) During experiments. The analog radiograph (film) is 
placed at the input image plane (refer to Fig. I). The 
homogeneous laser beam illuminates the film and gener- 
ates a coherent optical radiograph immediately behind 
the film. 

(2) The first Fourier Lens (FT-1) transforms the coherent 
optical radiograph into a frequency spectrum. The exact 
spectrum is located at the focal plane (frequency do- 
main) of the Fourier lenses, where the optical spectrum 
is multiplied with an optical filter. In experiments, opti- 
cal filters such as simple bandpass filters, and more com- 
plicated wavelet filters, were used. 

(3) The filtered optical spectrum is inversely Fourier trans- 
formed by the second Fourier Lens (IT-2) and the pro- 
cessed optical radiograph is then recorded by a CCD 
camera for display and image storage. 

B. Optical processlng for digital radlograph 

Digital radiography is currently an active area of investi- 
gation. Using sucli digital techniques, x-ray images are ac- 
quired by electronic detectors in a digital format. Figure 2 
shows an optical processing architecture for digitally ac- 
quired radiographic images. The technique combines the ad- 
vantages of digital computer (programmability) and optical 
processing (high-speedparallel image manipulation). The 
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FIG. 2. An optical processing architecture for a digitally acquired radio- 
graph. 

prototype consists four subsystems: (1) an input digital- 
optical interface device for converting digital images into a 
coherent light image (coherent optical radiograph); (2) an 
optical image prilcessor (designated as the "4f system" with 
two optical Fourier lenses); (3) an opticai Frequency filter; 
the filtering can be performed either by a pure optical filter or 
by a hgitally addressed, programmable spatial light modula- 
tor; (4) an output digital-optica1 interface device for convert- 
ing the processed coherent optical image into digital format. 

The following describes how the system operates (refer to 
Fig. 2). 

(1) The digitally acquired radiographic image is first trans- 
mitted to an eIectronlcally addressed spatial light modu- 
lator (SIaM-I in Fig. 2j through a PC1 bus. Controlled by 
a pair of pixellated electrodes, the polarization nature of 

X-ray 

Relay  L e o s  

B cam op litter 

Bcam 
sxpnndcr 
and 
collimator 

each "pixel" of the SI,M is proportional to the "gray 
scale" of the corresponding pixel of the digital image. 

(2) Simultaneou:,ly, an expanded, collimated and homoge- 
neous laser beam (630 nm) illuminates the SLM- 1. Each 
"pixel" of the SLM modulates the laser beam passing 
through it and, in association with the polarizer placed 
behind the SLM-1, the homogeneous laser beam is con- 
verted into a heterogeneous iight distribution (coherent 
optical radiograph). 

(3) The first Fourier Lens (FT-I) transforms the coherent 
optical radiograph into a frequency spectrum. The spec- 
[rum is then transmitting through a second electronically 
addressed Spatial Light Modulator (SLM-'21, which is 
placed at the focal plane (frequency domain) of the Fou- 
rier lenses. 

(4) Simultaneously, a digital image of an optical filter that 
was previously created using a digital computer is trans- 
mitted to the SLM-2, and it alters the polarization nature 
of tlie SLM-2. The light distribution right behind the 
SLM-2 is actually the multiplication of the optical filter 
and the spectrum. 

( 5 )  The resulting spectrum is inversely Fourier transformed 
by the second Fourier Lens (FT-2) and a CCD camera 
then records the reconstructed radiograph. 

C. An integrated architecture for image acquisition 
and optical processing 

Here we introduce 3 laboratory prototype for performing 
both x-ray image acquisition and optical processing with an 
integrated system. 

As shown in Fig. 3, the prototype consists of three sub- 
systems: (1) an x-ray image acquisition module that collects 
an x-ray mammogram and convens it into an incoherent light 
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FIG. 3, An integralcd o[)r~cal architecture for x-ray image acqusition and op!ic;~l processing 
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image using a scintillator; ( 2 )  a spatial light modulator 
(SLM) and associated laser that converts the incoherent light 
image to a cohcrent light image (coherent optical Inammo- 
gram); and (3) a coherent 4f optical processor. Using this 
optical system, the x-ray image acquisition and parallel op- 
tical image processing are performed as follows. 

(1) During x-ray exposure, the x-ray beam passes thrcugh a 
phantom, is attenuated, interacts with the scintillator, and 
generates an incoherent light scene (incoherent optical 
mammogram). A large aperture relay lens then relays the 
incoherent optical mammogram onto the phorosensitive 
surface (write side) of an optically addressed Spatial 
Light Modulator (SLM-1). 

(2) Simultaneously. an expanded and collimated laser beam 
(630 nm) illuminates the SLM-1 and rnulriplies with the 
incoherent optical mammogram. The incoherent optical 
mammograni, in association with the SL.M, modulates 
the hon~ogeneoiis laser beam and convcrts it into a co- 
herent optical mammograin. 

13) The first Fourier Lens (FT-I) transforms the coherent 
optical manlningram into a frequency spectrum. The 
spectrum is aritten onto the "write" side of a second 
Spatial Light Modulator (SLM-3,). which is placed at the 
focal plane (frequency domainj of the Fourkr lenses. 
Onto the other side of the SLM-2. an optical filter is 
projected. The optical pattern of the wavelet and other 
filters is created by a programmable optical filter genera- 
tor. 

(Ij The multiplication elf the optical tilter and the Fouriel. 
spectrum of the coherent optic:11 mamlnogram is ob- 
tained at SLM-2. The resulting optical spectrum is in- 
versely Fourier transformed by the second Fourier Lens 
(ET-2) and the resulta~tt nlammogrrunl is then rrcorded 
by a CCD camera for display and imagc storage. 

IV. EXPERIMENTS WITH CLINICAL MAMMOGRAMS 

The protolypc optical processors were assenihled on an 
optical table and initial experiments us re  ccnducted with 
clinical m;inlrnopr:lnls and other c l i~~ical  images. For mam- 
niogmphic irnnze processinp, a circula~.ly shaped wavelet fi i-  
tcr for txtractinp hrcast ~ilicrocalcilica:io~is was 
implemented."~" I h e  gray-scale pattern of the tilrer was 
lithographically coinpoced on an optical subhtrate. and then 
placed nt the spatial frequency domain (i.e.. at the bi~ck focal 
plane uf the first Fourier lens: refer to Fig. I 1 c?f (he 4f pro- 
cesbor. During experiments, x-ray mammogram\ mere input 
to the optical processor, and its Fourier spectrum ml;ltiplics 
with the circular wavelet tilter. Figure J!a) hhows a region ol' 
interest iROTi of a nlanlmogram prior ro optical processing. 
Figurr. 1 ( h )  shot45 the optically proce~sed i.nage. The t'earure 
of interest, a cluster of microcalcitications, was enhanced and 
exlracted from the background noise. Our preliminary iesulr~, 
demonstrate the f ca~b i l i ty  of using oprizal processor5 for 
feature extraction in radiographic image analysis. Many 
othcr image processing and image analysis algor~thms call bc 
i~riplernenred using the prototype optical processor as wcll. 

FIG. 4 .  (a) A portion of a mammogram prior to optical processing. (b) The 
opt~cally processed mammogram. 

V. DISCUSSION AND CONCLUSION 

In image processing. the eiectronic digital computer offers 
advantages of programmability and flexibility; the optical 
processor offers high speed, analog nature. compact size, and 
cost effectiveness. The investigators of this project envision 
that some of the future image processing and CAI) algo- 
rithrns will first be developed and tested using electronic 
digital computers and then implemented optically for clinical 
utilization. With technical advances of digital-optical inter- 
face devices, the future image processor coilid be a hybrid 
device, namely, a progranimable optical architecture. 

Many of the Image processing techniques have been ap- 
proveci effective in computer-aided diagnosis. The optical 
architectures for implementing each of these techniques 
would be different. However, they would contain the core 
modules being investigated in this preliminary investigation: 
coherent processor, incoherent-to-coherent converter, pro- 
grammable optical tilter. These are the "CPUs" of the opti- 
cal procecsor. In the forthcoming research, the optical prop- 
erties o i  each of these major components and their impact to 
the diagnostic quality of various clinical procedures will be 
experimentally investigated. The results of this and other on- 
going investigations will provide initial building blocks for 
inlrodr~cing modem optical processing technology to benefit 
medical diagnosis and Inany other clinical applications. 
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