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ABSTRACT 

The design of a digital image subtractor for improved real-time fluoroscopic 

imaging is presented. The image subtractor uses time interval differencing. Its 

advantages over conventional methods are discussed. These advantages include the 

use of this system in the application to infant and elderly patients. 
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CHAPTER I 

MASK-MODE IMAGE SUBTRACTION 

Conventional fluoroscopic systems consist of four basic building blocks: 

1) X-ray source. 

2) Imaging table. 

3) T.V. Monitor. 

4) Control electronics. 

An improved system adds to these elements a digital computer dedicated to 

imaging processing. This computer performs the following tasks: 

1) Enhancement of the image by image processing algorithms. 

2) Subtraction of the image from an image mask. 

3) Post processing of the final image. 

A block diagram of the system is shown in Figure 1. 

This project dealt primarily with the image subtraction portion of the 

improved fluoroscopic imaging system. Two major techniques were studied. They 

are.'̂ ^ 

1) Digital mask-mode subtraction, and 

2) Time interval differencing. 

Conventional Digital Mask-Mode Subtraction 

Conventional digital mask-mode subtraction is shown in Figure 2. Use of the 

system is explained as follows: 
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Figure 1. Improved Fluoroscopic System. 
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Figure 2. Digital Mask-Mode Subtraction. 



To detect an abnonnality in the blood stream, such as an aneurysm in an 

aorta, an image of the suspect area is first taken with a conventional x-ray machine. 

This image is digitized and stored in a fast memory. This stored image is called the 

"mask" image. 

A contrast material, in this case iodine, is then injected into the blood 

stream. The iodine eventually passes through the aorta. A second image is then 

taken. This image is sensitive to the contrast material. Subtraction of the fu-st mask 

image from the second image will highlight only the contrast material. In this 

example, any abnormality in the vein can be detected immediately. Figure 3 shows 

an example of this process on a carotid. 

Digital image processing with mask-mode fluoroscopy techniques have made 

possible a new class of images with high contrast sensitivity and moderate spatial 

resolution in computer tomography. Similar techniques may be applied to 

fluoroscopy and radiography, with similar gains in contrast sensitivity but with as yet 

untested clinical importance. 

A major concern in mask-mode fluoroscopy is the use of invasive (direct 

injection into the organ under study) versus non-invasive (intravenous injection) 

techniques. Non-invasive techniques permit visualization of the area in question 

with one injection. However, the problem then exists of providing sufficient contrast 

for standard film techniques. 

One solution to this problem involves the use of x-ray beam filtration assisted 

by digital image processing. This is described below. It involves image subtraction 

at rates of up to 60 images/second. 
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Figure 3. Right Common Carotid, (a) Intravenous Arteriograms Obtained 
with Computerized Fluoroscopy, (b) The Intemal Carotid Artery is Occluded at its 
Origin.^ 



Image Integration for Mask-Mode 

The apparatus for this method included a GE Maxiray 100 x-ray tube, 

typically operated at 100 kVp and 5-8 mA for non-contrast material studies and at 

60 kVp, 150-300 mA, for contrast materials. At 100 kVp, 2.5 mm Al filtration was 

used. Contrast studies were usually performed using a 60 kVp beam filtered by a 

cerous chloride water solution containing 100 mg/cm of cerium so that the x-ray 

spectrum peaked at 40 keV, just above the K-edge of iodine at 33 keV. 

X-rays were detected by a Philips 15-23-cm (6-9-in.) cesium iodide image 

intensifier/lead oxide vidicon system. Video information was collected at standard 

rates, amplified logarithmically, and digitized to 8 bits. After digitization, data were 

directed to one of three 256 x 256 x 13-bit memories for temporal integration of up 

to 32 video fields. Each memory was connected to identical hard-wired algorithms 

which permitted real-time conversion of data into linear combinations of images 

taken at different times, energies, angles, etc. After the data had been processed, 

they were reconverted to the analog format and displayed on a video monitor. 

The mask-mode procedure used in this system is shown in Figure 4. Prior to 

injection of the contrast material, a mask image is digitally integrated in the 

memory. For studies involving dogs, 32 TV fields are integrated (1/60 sec. per 

field) to span one heart cycle. After injection, individual TV fields are integrated to 

N fields, normalized, and subtracted from the mask image, providing contrast-

enhanced difference images at a rate of 60/N images per second. Increasing N 

improves the signal-to-noise ratio. However, N must be kept small enough not to 
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degrade perception of the cardiac motion. Values of N from 1 to 4 give good 

images with useful dynamic information. 

Four important features of this technique are listed below: 

1. For patient thicknesses of up to 25 cm, a samarium-filtered 60-65-kVp 

beam decreases the absorbed dose for a corresponding ratio of iodine contrast to 

quantum noise in the output beam by approximately twofold, as compared to 2 mm 

Al filtration. Before this was discovered, much of the work was performed with a 

cerium-filtered 60-kVp beam, which affords similar dose reduction but increased 

tube loading compared to samarium filtration. 

2. Logarithmic processing ensures that attenuation changes of a fixed 

percentage will be of equal magnitude in the subtraction image, independent of the 

image brighmess present in the unsubtracted fluoroscopic image. This feature gives 

sufficient digital grey-scale resolution of dark as well as bright portions of the image. 

3. An integrated mask is preferred over one of shorter duration for several 

reasons. It reduces the overall noise component of the subtraction images. 

Moreover, it effectively removes the common-mode elements of the pre- and post-

injection video images, thus allowing iodine increments to be displayed by the full 

dynamic range of the system. In heart studies, motion blurring ensures that the 

integrated mask contains few high spatial-frequency (HSF) components and does 

not produce periodic HSF artifacts in the live subtraction display. It should be 

noted, however, that within the limitations of the system, all spatial frequencies of 

iodinated structures are seen. 
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4. Peripheral intravenous injection of contrast material is a non-invasive 

method which, in the case of cardiac imaging, permits visualization of all heart 

chambers with one injection. Some of the results of this technique are shown in the 

x-rays of Figure 5, with accompanying descriptions. 

Problems with Existing Techniques 

There are some problems with the mask-mode technique. These problems 

are: 

(1) patient motion during the process, and 

(2) slight movement between the mask image and post-injection image. 

Patient movement is the primary limitation. Mask-mode procedures require 

the patient to stop breathing during passage of the contrast bolus through the heart. 

In many instances, e.g., pediatric and critically iQ patients, this necessitates general 

anesthesia, which may be unsafe for the patient. 

The result of either of these two problems is the subtracting of mismatched 

frames from one another, creating artifacts. These artifacts appear as false 

modulation of the image, masking the tme area of interest. 

To overcome this limitation, a technique caU Time Interval Differencing 

(T.I.D.) has been developed. The theory and implementation of a TID image 

processor is explained in subsequent chapters. 
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Figure 5. Digital Subtraction Angiograms, (a) Preinjection mask (b) and 
post injection image showing (c) the caiotid arteries of a 35-lb dog as well as (d) the 
jugular veins."* 



CHAPTER II 

TIME INTERVAL DIFFERENCE IMAGING 

Contrast Medium T.I.D. 

A variation of the mask-mode technique which is relatively insensitive to 

respiratory motion is time interval difference imaging. In T.I.D. mode, a new 

subtraction mask is generated at each time interval cycle. Initially, data are 

integrated by one memory during N consecutive video fields starting at time T(j). 

The digital integration consists of summing consecutive images. A similarly 

integrated image initiated at a later time T(i) is stored in a second memory and 

subtracted from the previous image. The difference is displayed while a third 

memory integrates a new image for later subtraction. By cycling the memories in 

this way, each image serves as a mask for the following image and a continuous 

sequence of images is displayed at a rate of 60/(j-i) images per second. With a short 

enough interval, respiration has little effect on the observed display. See Figure 6. 

For short, contiguous intervals, the display becomes an approximation of the 

first time derivative of the logarithmic x-ray transmission. Since the time derivative 

of the projected iodine concentration is a quantity fundamentally different from the 

concentration itself, the display requû es modified inteipretive skills. The display 

seems particularly useful for visualizing areas of turbulence, high blood flow, and 

heart chamber boundaries. 

At the other extreme, the T.I.D mode can be implemented with arbitrarily 

long integration times and time interval separations. In this case, it no longer 

11 
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represents an instantaneous time derivative display. An example of such use would 

include generation of EKG-triggered difference between systolic and diastolic 

images. 

Figure 7 shows two T.I.D. images taken after injection of 10 ml of 

Renografin-60 into the foreleg of a 15-kg dog (right posterior oblique or RPO 

projection, 60 kVp, cerium-filtered beam). Images were integrated over contiguous 

1/15 -sec. intervals and subtracted continuously as described above. Conceivably, 

dyskinesis in the borders of the cardiac chambers would show up as a black area in 

an otherwise white region or vice versa, depending on the heart phase. 

One can conclude that in cases where mask-mode fluoroscopy can be 

employed, the information obtainable thereby is easier to interpret than provided by 

T.I.D. However, T.I.D. mode offers a display with comparable information density 

which my have great potential for evaluating cardiac function in patients incapable 

of holding their breath. 

T.I.D. with No Contrast Medium 

It was decided to design a system which applies the theory of time interval 

differencing with no contrast medium. The motive behind such a design is to be 

able to show images in which respiratory motions create no motion artifacts. Since 

respiratory motion is difficult to suspend, especially in elderly and infant patients, 

this project has challenging but potentially useful applications. 
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Figure 7. A. Heart of a 15-kg Dog. A T.I.D. image shows iodine flowing 
from the left atrium into the left ventricle near end-diastole. B. Opacified blood 
fiUs the left atrium while the left ventricle is pumping blood into the enlarging aorta 
just prior to end-systole. A white display implied increased opacification 
(expansion) over a period of 1/15 sec, while a black display implies a decrease in 
opacification (contraction). Gray indicates no change.'* 
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T.I.D. images with no contrast material can display blood flow and solid 

tissue thickness variations which can be described by: 

if^L) (x,y,t +At) - (^L) (x,y,t) = 

f(x,y,t +At) - f(x,y,t) f(x,y,t)/t, 

where f(x,y,t +At) = temporal variation of {ML) (x,y,t +At) about its time average 

value (/<L) (x,y,t). 

By the above definition, the time average of f(x,y,t +At) over any integral 

number of heart cycles is zero. The difference between T.I.D. with contrast material 

and T.I.D. with no contrast material can be represented by the following formulas: 

T.T.D. with contrast material for cardiac imaging: 

(/̂ .L) (x,y,t) = (/̂ L) (x,y) + f(x,y,t). 

T.I.D. with no contrast material for cardiac imaging: 

(//L) (x,y,t +t^t) - ifJ.L) (x,y,t) 

+ f(x,y,t +M) - f(x,y,t)o(f(x,y,t)/t. 

The main difference in these formulas is theAt factor. 

For a small enoughAt, the display image illustrates the time derivative of the 

function representing deviations from the time-averaged value of the product of the 

attenuation coefficient times the thickness. Such an image shows only the changes 

which have occurred over time^t. Without using contrast material, canine heart 

images were obtained using this approach. Figures 8a-8d compare mask-mode 

fluoroscopy images of an infarcted dog heart with images obtained with T.I.D. 

mode. 
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Figures 8a-8d. Mask-Mode and T.I.D. Fluoroscopy of Infracted Dog Heart. 



CHAPTER m 

DESIGN OF A T.I.D. PROCESSOR 

The design of the T.I.D. image processor consists of two major sections: 

1) Design of a digital image subtracter using time interval differencing 

theory, complete with system specifications and timing. 

2) Design of a fast, digital filter for video information from an x-ray source. 

Svstem Specifications 

General Characteristics 

PROCESS: 

MEMORY: 

CLOCK: 

DATA INPUT: 

DATA INPUT FILTER: 

DATA PROCESSOR: 

DATA OUTPUT: 

Real-time image subtraction by the use of time 

interval differencing with no contrast medium. 

Four banks, each with 128K bytes of CMOS 

static RAM. 

20 MHz, single phase square wave. 

Fluoroscopy device video output. 

16 point digital filter. 

Real time. 

Display of 512 x 512 pixels at 10 gray levels. 

Data Processor Characteristics 

PROCESS: 

DATA FLOW: 

Define, summarize and subtract motion. 

2 interleaved channels. 

17 
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ADDERS: 

MEMORY: 

TOTAL CAPACITY: 

IC USED: 

SUPPORT CIRCUIT: 

GATE ARRAY: 

TOTAL MEMORY CHIPS: 

MEMORY IC FEATURES: 

DATA INPUT PORT: 

DATA OUTPUT: 

4 high-speed, 8-bit adders. 

.5 M byte of CMOS static RAM. 

Hitachi HM 6167 (modified). 

180 pin pin-grid packaged CMOS Gate array. 

4 high-speed 8-bit adders. 

1, 17-bit address counter. 

Four 8-bit transparent latches. 

256. 

16384 X 1-bit high-speed CMOS static RAM. 70 

nS access time. 

8-bits, from filter. 

10 gray levels. 0 = black. 

Video Processor Characteristics 

512 PIXELS/LINE: 

512 LINES/FRAME: 

32 FRAMES/SECOND: 

DATA INPUT: 

DATA OUTPUT: 

lOOnS/pbtel. 

60 uS/line, 8.8 uS HSYSNC. 

31.25 mS/frame, 530 uS VSYNC. 

10 gray level equivalent from the data processor. 

Analog video, horizontal sync, vertical sync, to 

be used by a T.V. monitor. 
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Explanation of the Image Subtracter 

The block diagram of the T.I.D. image subtracter is shown in Figures 9 and 

10. Each block of RAM in Figure 9 contains 128K bytes of memory. This is 

sufficient for 512 pixels by 256 lines, which is one field of a T.V. frame. The data 

are processed on an interieaved, field-by-field basis at 60 Hz, and then recombined 

at the TV output to provide a full picture. 

In the first stage of the T.I.D. processor, incoming data from the fu-st field 

are loaded through MUX-A into RAM-A, which is placed in an input mode. MUX-

A then switches to provide input from ADDER-B. On the second field of data, 

RAM-A is switched to output mode, supplying the previously stored field to the fu-st 

adder. As these two fields are added, they are written into RAM-B. On the third 

data field, RAM-B is switched to input mode, and its data (the sum of fields 1 and 2) 

are added to the third incoming field, and the sum written back to RAM-A. In this 

manner, the fields are continually added (integrated). 

The following pipeline flowchart lists the mode (Input or Output) of each 

RAM as the fields change. 

RAM-A RAM-B 
field # I I/O I A-input | A-output | I/O | B-input | B-output 

1 
2 
3 
4 
5 
etc. 

I 
O 
I 

o 
I 

field #1 

ADDER-B 

ADDER-B 

1+2 

1+2+3+4 

O 
I 
0 
I 
o 

ADDER A 

ADDER-A 

X 1 

1+2+3 1 

1+2+3+4+5 1 
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After N fields, MUX-A again switches to receive data from the input field, 

thereby starting the integration process over. In Figure 9, the mux on the input to 

RAM-B is only necessary if the integration is required over an odd number of fields. 

If an even number is sufficient, it can be removed. 

To prevent overflow, the processor is limited to 16 integration fields. 

Together with 10-level gray data (4 bits required), the integration sum will not 

exceed 8 bits. 

Figure 10 shows the second half of the processor, which consists of two more 

memories, two multiplexers and a subtracter. After N fields of integration, the data 

ADDER-A output is written into RAM-C. The multiplexers are arranged so that 

the image in RAM-D is subtracted from data in RAM-C, that is, D contains the 

"mask" image. After another integration of N fields, the new image sum is written to 

RAM-D, the multiplexers are switched, and RAM-C becomes the mask. In this 

manner, the mask tracks the integration and is constantly updated. 

The multiplexers and subtracter in Figure 10 are shown only for logical 

clarity. In actual operation, the subtracter would be replaced with an adder, and a 

sign bit would be included on each input of the adder. It would then only be 

necessary to switch the sign bits to reverse the subtraction. 

Fast Digital Filter for X-Rav Video Information 

The digital filter described in this section is a fmite-impulse response 

architecture used for image enhancement. (See Figure 11.) The filter is 
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programmable in the sense that the multiplication terms are all stored in ROM, and 

thus this one architecture can accommodate a variety of filter responses simply by 

changing the ROM. With the substitution of high-speed RAM for the ROM, the 

filter coefficients could be loaded from external storage. This would allow the 

operator to choose among different filters, each optimized for a given task, such as 

blurring, gradient enhancement or lens correction. 

The filter works by fu-st shifting in 8 bits of parallel video data converted by 

the A/D front end. Each bit is shifted in parallel by eight, 16-bit shift registers, 

which behave as 16-sample delay lines. At each shift position, the data becomes the 

8-bit address for one of sixteen different ROMS. (See Figure 12.) Each ROM is 

programmed with filter coefficients corresponding to its location in the 16-sample 

delay. The output of each ROM is the product of the coefficient and the input data. 

This technique results in a very fast multiplication without the cost of extremely fast 

digital multipliers. 

Figure 11 also shows how the filter is "pipelined." After each conversion of 

the AJD, the data is shifted into the shift registers and the ROM multiplication 

occurs. The output of this multiplication is passed and latched into the first "add-8" 

level of adders. On each subsequent shift of the data, the addition is passed down 

one level to another adder, while new data is multiplied and sent down from an 

upper level. In this manner, the processing steps overlap, or "pipeline," saving 

hardware costs and processing time. This is further shown in Figure 13. 
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Digital Filter Characteristics 

The digital filter discussed previously has the following characteristics: 

1. Low-Pass Filtering of Incoming Video Signal: The TV video signal is first 

filtered by a low-pass video filter. This is used to satisfy the Nyquist sampling 

theorem, which states that the frequency spectrum of the incoming signal 

must have no components higher than one half of the sampling rate. Since 

the digital filter is operating at 100 nS/sample (10 MHz) the filter must have 

a cutoff frequency of less than 5 MHz. 

2. Analog-To-Digital Conversion of TV Video: The converter must be 

synchronized to the TV video input to take data samples only during the 

video portion of the signal and not during the retrace and blanking periods. 

3. Digital Filtering Using a 16-Point Filter: The theory of digital image 

processing is discussed in Appendix C. A 16-point filter lends itself well for 

implementation using standard 8-bit and 16-bit components. 

4. Fully Filtered Outputs Available every 100 nS: The filter has a pipeline 

architecture which means that once incoming data has filled the intemal 

registers, a filter output value is available every clock cycle. 

5. Overflow Detection and Correction: Overflow detection and correction is 

necessary to prevent processing artifacts from corrupting the data in the filter 

pipeline. 

The flowcharts in Figure 14 demonstrate the overall data flow through the filter and 

a detailed explanation of steps within the filter itself. 
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Performance Definitions 

To perform at the levels already discussed, the components of the entire 

digital filter would need to adhere to the following performance definitions: 

* ANALOG-TO-DIGITAL CONVERTER 

- 75 nS sample time. 

- 25 nS hold time. 

- Input voltage range: 0 to 1 volt. 

- Output: 8-bit full range. 

- 25 nS hold time on output. 

* SHIFT REGISTERS 

- 25 nS maximum propagation delay. 

•ROMS 

- Size: 256 x 16 bits, 16 total. 

- Access Time: 25 nS maximum from valid address. 

* LATCHES 

- Size: 16-bit wide. 

- Type: Transparent with positive gate control. 

* ADDERS 

- Size: 16-bit input, 16-bit output plus carry. 

- Speed: (Note: Speed is measured for the latch-adder combination.) 50 nS 
from latch open to result stable. 

- Any overflow, as indicated by a carry-out bit being set, will be passed down 
and latched at each step so that it will flow with the data and remain 
detected. (See Figure 15.) 
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Any overflow at any step will cause the output for that sample to set to 
maximum level, that is, "FF"-hexadecimal. 

Semicustom or Custom Circuit 

In order to ensure proper timing and operation, it will be necessary to 

produce this design as a semicustom circuit, (i.e., gate array or standard cell), or as 

an entirely custom integrated circuit. A decision also available to the circuit 

designer is whether or not to place the A/D converter on the device or leave it as a 

separate part. At this time, there does not appear to be any advantage to 

incorporating it in the filter chip, and some definite advantages not to incorporating 

it. First, the design of a high-speed A/D is not trivial and the risk would be much 

less if it was placed in a separate part. Second, the filter chip without the A/D 

would have many more applications than this single design. It could even be made 

expandable in increments of 16 for design of 32 point (or higher) digital filters. 

Current custom capabilities would allow design of the filter chip in almost 

any technology and be able to meet the speed requirements. Current semi-custom 

capabilities would allow design of this part in CMOS, ECL or Schottky-TTL 

technologies. The advantage of semi-custom in this case is that the up front cost is 

much less than a custom component and the probable quantity requirements for this 

device would not support a full custom development cost. A second advantage of 

the semi-custom approach is that the turn around time for parts is much shorter 

than with custom. 
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Figure 15. Adder Overflow Detection. 
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Component Defmitions 

A search of currently avaUable parts indicates that the system could probably 

be built for prototype analysis using existing parts. 

* ANALOG-TO-DIGITAL CONVERTER 

- An 8-bit A/D converter with an effective 125 MHz bandwidth is available 
from TekTronix Inc. 

Speed: 250 Megasamples/second 

Technology: ECL 

Cost: $850 (quantity 1) 

* SHIFT REGISTERS 

- Texas Instruments SN74S164 4-bit shift registers. 

- Stack parts end-to-end, eight deep to form 16x8 organization. 

- Propagation Delay: 27 nS Maximum. 

* LATCHES 

- Texas Instmments SN74ALS574 

- Propagation Delay: 12 nS maximum from clock to output. 

*ROMS 

- Fujitsu Bipolar PROMS, Part Number MB7124H. 

Organization: 512 word by 8-bit. 

Only one half of PROM is used. Two paralleled for 16-bit width. 

35 nS access time. Requires hand-sorting for 25 nS parts. 
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* ADDERS 

- No adders yet identified which meet the speed requirements without 

changing to ECL technology. 

- With some parts sorting, the adders could be made from: 

SN74S283 - Single 4-Bit ftill adders. 

SN74S182 - Look ahead carry generators. 

Cost Summary 

* ANALOG-TO-DIGITAL CONVERTER 

- $50 TO $75 in moderate quantities. 

* HLTER CHIP (SEMI-CUSTOM APPROACH) 

- Nonrecurring Engineering Cost: $15,000 - $30,000. 

- Cost per part: $25 - $40 in moderate quantities. 

Filter Design Summary 

This design makes use of pipelining, data streaming and parallel processing 

to meet the time requirement of the design. 

A survey of current available components indicates that the design can be 

met but will probably require a single chip design for the filter section to eliminate 

block-to-block buffering delays. 

The ROM data can be calculated after the selection of the filter coefficients. 

If high-speed RAM is substituted for the ROM, the filter can be made 

programmable. 



34 

The filter pipeline requires 1.6 uS to load all skteen shift registers for the 

first time. After that initial period, each data set propagates through the filter 

pipeline every 250 nS. 

Clock signal routing will be a very critical part of the device layout due to 

heavy loading of the clock signals. 

The clock/control unit design will need to ensure synchronization with the 

video signal to guarantee signal blanking during sync and retrace times. 

This filter chip can be packaged in a 28 pin dual-inline package which would 

be very cost effective. An expandable version, allowing cascading of filter sections, 

could be packaged in a 40 pin DIP. 

T.I.D. Design versus Commercial Devices 

The state of the art of electronic image processing is far from static. The 

T.I.D. design must compete with designs already available. The following tables. 

Tables lA through ID, compare the T.I.D. design with some commercial image 

processing subsystems and boards. Notice that in many cases, the T.LD. is superior. 

This is a natural fallout of the fact that it was designed for a specific purpose, rather 

than for general applications. 
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Table 1 A. T.I.D. vs. Data Translation Video Systems. 

DATA TRANSLATION 

IMA6E PROCESSING 
BOARD 

DT2803 
LOM COST 
FRAME GRABBER 

0T2851 • 0T2858 
HIGH RESOLUTION 
FRAME GRABBER S 
AUXILIARY FRAME 
PROCESSOR 

DT2603 
LOM COST 
FRAME GRABBER 

0T2651 • 0T2658 
HIGH RESOLUTION 
FRAME GRABBER S 
AUXILIARY FRA)C 
PROCESSOR 

REAL TIME IMAGE 
SUBTRACTOR BY 
USAGE OF T.I.D. 
W/NO CONTRAST MED. 

COMPUTER 

IBM PC 
PC XT 
PC AT 

IBM PC AT 

MlcroVAX II 

MicroVAX II 

IBM PC AT. 
HicroVAX II 

RESOLUTION 

256 X 256 

512 X 512 

256 X 256 

256 X 256 

512 X 512 

GRAY 
LEvas 

SA 

256 

64 

256 

10 
TO 
64 

1 «/ DT2859 8 CHAWCL VIDEO MULTIPLEXER (1395) 

RS-170. KTSC 
RS-330. CCIR 
PAL COMPATIBLE 

YI :s 

VCR 
COMPATIBLE 

Y£ 

^ 

3 

SLOK-SCAN 
COMPATIBLE 

YES 

YES 

NUMBER OF 
VIDEO INPUTS 

8 1 

8 1 

4 

4 

8 1 
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Table IB. (Continuation of Table 1 A.) T.I.D. vs. Data Translation Video Systems. 

DATA TRANSLATION 

IMAGE PROCESSING 
BOARD 

DT2803 
LOW COST 
FRAME GRABBER 

0T2851 •0T2858 
HIGH RESOLUTION 
FRA)C GRABBERS 
AUXILIARY FRA)C 
PROCESSOR 

DT2603 
LOM COST 
FRA)€ GRABBER 

0T2651 • DT2658 
HIGH RESOLUTION 
FRAie GRABBER fi 
AUXILIARY FRA)C 
PROCESSOR 

REAL TIME IMAGE 
SUBTRACTOR BY 
USAGE OF T.I.D. 
W/NO CONTRAST MED. 

REAL-TIME 
FRAME GRAB 

Y! 

\ 

:s 

/ 

IN-OUTPUT 
LUT'S 

Yl 

\ 

:s 

/ 

MEMORY-MAPPED 
FRA)C-STORE 
MEMORY 

i buffer 
256x256x8 
(64 Kbytes) 

2 buffers. 512x512x8 
each (512 Kbytes).and 
1 buffer. 512x512x16 
(512 Kbytes) 

1 buffer 
256x256x8 
(64 Kbytes) 

2 buffers. 512x512x8 
each (512 Kbytes). and 
1 buffer. 512x512x16 

(512 Kbytes) 

4 buffers 
512x512x8 

REAL-TIJC 
PROCESSING 
H 

YES 

YES 

YES 

HARDWARE NxN 
CONYXUTIONS 
H 

YES 

YES 

YES 

HARONARE 
HISTOGRAMS 
»x 

YES 

YES 

YES 
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Table IC . (Continuation of Table IB.) T.I.D. vs . Data Translation Video Systems. 

DATA TRANSLATION "Aa FRAME PROCESSOR BOARDS OPERATE IN JCAR-REAL-TIJC WITH IG-AIT INTERHAL ACCURACY; 
ALL 512x512 FRA)€ GRABBER BOARDS PROCESS IN REAL-TIME WITH 4-611/8-611 INTER. ACCUR. 

IMAGE PROCESSING 
BOARD 

DT2803 
LOW COST 
FRAME GRABBER 

DT2851 • 0T2858 
HIGH RESOLUTION 
FRAME GRABBER fi 
AUXILIARY FRA)C 
PROCESSOR 

DT2603 
LOW COST 
FRA)C GRABBER 

012651 • 0T2658 
HIGH RESaUTION 
FRAME GRABBER fi 
AUXILIARY FRAME 
PROCESSOR 

REAL TIME IMAGE 
SUBTRACTOR BY 
USAGE OF T.I.D. 
H/NO CONTRAST MED. 

HARDWARE ZOOM. 
PAN SCflOa H 

YES 

YES 

YES 

SOFTWARE SUPPORT 

VIDEOLAB 
PC SE)PER 

OT-IRIS 
IRISutor 
PCSE)PER 
OT/Iiage-Pro 

OT-IRIS 

N/A 

PRICE 

$1495 

DT2851 
$2995 

0T2858 
$1695 

$1895 

0T2651 
$2995 

0T2656 
$1895 

$1695 
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K-EDGE IMAGING^ 

In K-edge imaging, two or three x-ray beams of different mean energies are 

used to produce images in which iodine may be isolated because of its K-edge 

absorption discontinuity, with bones and tissue images cancelled. For static iodine 

imaging, particularly where large amounts of bone are present, we use three spectra, 

(3,4). For heart work, ribs are adequately cancelled using a two spectmm technique 

which may be easily implemented without need for kVp switching. By rapidly 

switching iodine and cerium filters 60 times per second, and using four field 

integrations of the images associated with each filter, we have imaged a dog at 7.5 

images per second with an intravenous technique. 

Figure 16 shows the right and left sides of the heart imaged in this way. In 

the fluoroscopic case where long temporal integrations (1/2 second in the 

radiographic case) are not permitted, the heavy filtration used in this method leads 

to quantum limited images, even at the power limit of the x-ray tube. Although K-

edge fluoroscopy combines the advantages of mask-mode fluoroscopy (direct 

visualization of iodine concentration) and T.I.D. fluoroscopy (immunity to motion 

artifacts) the technique is presently limited to application in thin patients. 
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A DIGITAL VIDEO IMAGE PROCESSOR FOR 

REAL-TIME X-RAY SUBTRACTION IMAGING' 

A digital video processor (VIP) has been constmcted and is presently being 

tested and used in a variety of preclinical medical imaging situations. Details of its 

design are discussed. The VIP can digitize, store and process images from a 

conventional radiographic TV fluoroscopy system. From these images, a variety of 

subtraction images can be formed and displayed in real-time at video rates. These 

subtraction images include: K-edge images (see Appendix A), time-dependent 

subtraction images, tomographic and K-edge tomographic images. Digital 

processing can provide fast, point-by-point data manipulation and the ability to 

generate quantitative dynamic information directly related to organic functions. 

Emphasis has been placed on K-edge subtraction fluoroscopy, but 

investigations have been made on time-dependent subtraction imaging, electronic 

tomography, and K-edge tomography also. Until the last two years, experiments 

have been made mainly on analog techniques. Electronic storage tubes provided 

both the image storage and image manipulation. Finding such an analog technique 

cumbersome, nonreproducible, and possessing limited versatility, a fast digital 

image processor was designed which could provide data accumulation, storage, and 

processing in real-time. 

A standard image intensified x-ray fluoroscopy system has been modified to 

provide from 2 to 500 mA at each of three rapidly switchable k Vp settings typically 
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set to 45, 50, or 55 kVp (for K-edge imaging), or higher kVp's for time-dependent 

dynamic iodine and tissue variation imaging. For K-edge imaging, where tissue and 

bone-free iodine distributions are displayed, the x-ray beam is altemately filtered by 

each of three filters: a solution containing 225 mg/cm^ iodine (45 kVp), one 

containing 380 mg/cm^ of cerium (50 kVp), or a thin brass plate containing 700 

mg/cm^ of brass (55 kVp). This heavy filtering produces quasi-monoenergetic 

(approximately 8 keV FWHM) beams of effective energies of 30,40 or 45 keV. The 

filter materials are arranged on a variable speed rotating wheel. Photodetectors 

monitor the position of the wheel and generate read/write logic and appropriate 

kVp switching. 

The x-ray detector is a standard cesium iodine image intensifier and 

Plumbicon TV system. The only modification made to the TV system is to provide 

external synchronization signals which are generated digitally and are derived from 

a 10 MHz master clock which also provides system timing and data transfer clocking 

through the VIP. Display monitors are similarly synchronized. The Plumbicon is 

operated in its linear response region. It may be operated in either continuous- or 

single-scan mode. In continuous-scan mode, time integration of up to 32 TV fields 

is performed digitally. In single-scan mode the x-ray exposure is integrated on the 

Plumbicon target while the camera is blanked. Continuous scan with digital time 

integration provides a better signal-to-noise ratio when the light intensity to the TV 

camera is high enough. Single-scan operation with integration on the Plumbicon 
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target provides a superior signal-to-noise ratio when the image intensifier output is 

low. 

Video is sent to the preprocessor where it is prepared for digitization. A 

black level keyed clamp sets the black level to zero volts. Each field of video is then 

sent simultaneously to an amplifier which can be digitally set to one of 256 gains and 

to a peak sample-and-hold circuit which detects the peak video signal from each 

video field and holds this value until the end of the following field. During vertical 

retrace the stored peak video from the preceding field sets the digital gain for the 

following field. In this way, the peak video presented to the logarithmic amplifier 

can be set to a nominal voltage (e.g., 600 mV) over a wide range of peak input video 

levels. This insures the use of the same portion of the dynamic range of the 

logarithmic amplifier for a wide range of input video levels. The full dynamic range 

of the logarithmic amplifier is 80 db. The noise inherent in the TV system limits the 

effective dynamic range to approximately 40 db per TV field when scanned in a 

conventional fashion. The bandwidth of the entire analog preprocessor is 5 MHz. 

-. After logarithmic preprocessing, the video is then appropriately amplified 

and clamped to match the 49 db dynamic range of the 8 bit analog-to-digital 

converter (ADC). The ADC is capable of (maximum) 10 MHz sampling and 

conversion rate. In practice, either a 5 MHz or 10 MHz conversion rate is used, 

compatible with our present 256 x 256 resolution or 512 x 256 resolution. 

Digitized video is integrated to a maximum of 32 TV fields and stored in one 

of three memories. The memories are EEM 3000N Microram assemblies composed 
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of IK Semi 1218 RAM chips. Each memory is arranged into eight boards, each 

board containing 8K-13 bit words. Each memory can accommodate a 256 x 256 

pkel X 13 bit word image and can be expanded to 512x512x13 bits. In order to 

accommodate a maximum 10 MHz data rate, multiplexing circuitry is used to access 

each of the 8 boards once every 800 nS. The memory is operated in a 

read/modify/write cycle to permit addition of new data to that already stored in the 

memory. 

Contained within the read/modify/write circuitry is a "memory invert" 

module which may be used to compensate for the spatial nonunifomiity in the 

response of the detector system. This module can form the 2's complement negative 

of the data in memory and restore it into memory. By imaging a uniform 

radiographic phantom, a negative pre imaging mask representative of the 

nonuniformities of the image intensifier-TV system response across the imaging 

plane is stored in each memory. Nonunifonnities in the spatial response of the 

imaging system can then be subtracted by combining new data with the negative 

unifonn phantom mask previously in memory. 

After images are stored in the three memories, a number of real-time 

operations can be performed on the images using hard-wired arithmetic functions 

contained in the data processing and display section. The ten most significant active 

bits of the thirteen bit words stored in memory are selected for processing. These 

ten bit words from the three stored memories are then processed point-by-point 
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using 2's complement arithmetic. Live images can also be digitized and combined 

with stored images and displayed continuously in real-time. 

Nine constants (digital pede^al adjustments) can be added separately to 

each image. Each image is then weighted by a multiplicative constant which can be 

varied from +1.1111 1111 to-1.111 111 (binary) continuously at either 1 Hz or 10 

Hz using up/down counters. Arbitrary multiplicative constants can also be loaded 

at will using hexadecimal thumbwheel switches mounted on the control panel. The 

multipliers are TRW MPY12AJ 12 bit x 12 bit parallel multipliers with 3-state 

outputs which provide a 24 bit product in 175 nS. Two multipliers are multiplexed, 

each providing a product every 200 nS in order to generate a product every 100 nS. 

After being weighted, the three images are then added together to form a 

generalized subtraction image I, which can be represented by: 

I = A.(L+K), 

i=l 

where the I. is the image stored in the i"' memory. K. is the additive constant for the 

i**' image and A. is the weighting coefficient of the i'*" image. All processing occurs in 

real-time with word intervals of 100 or 200 nS, and transmit time of individual words 

to the processor of 1 microsecond. 

A number of display options are available. Before being displayed, any 

rectangular portion of the subtraction image may be chosen and the rest blanked. 
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There is also a windowing and variable contrast control. Minimum and maximum 

threshold levels of the window can be chosen using hexadecimal thumbwheel 

switches on the control panel. Pkels of the image which possess digital video levels 

greater than the maximum level of the window control are displayed as that 

maximum level. Similarly, pkels with levels less than the minimum level of the 

window control are displayed as the minimum level. All intennediate video levels 

are unaffected. A variable contrast control can then be set to fill the full grey scale 

range of the 10 bit digital-to-analog converter (DAC). Before this analog 

conversion, however, images are transfonned into offset binary. The processed 

image is then displayed on a standard TV monitor. 

Other display options also exist. By tuming a binary coded decimal 

thumbwheel on the control panel, any one of three weighted images or any linear 

combination of images 1, 2, and 3 may be individually displayed. Any one image can 

have its addressing offset in either the horizontal or vertical direction (or both) from 

any other image, producing an edge-enhanced subtraction image. Any portion of 

any image can be expanded to fill the entire video field. 

Standard subtraction angiograms can be created in real-time using the VIP. 

Before intravenous contrast agent injection, 32 successive video fields are integrated 

and stored in the VIP. After the contrast agent is injected, a continuous sequence of 

N video field integrations can be stored, subtracted from the mask and the 

difference image presented immediately. N can vary between 1 and 32. 
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DIGITAL IMAGE PROCESSING'̂  

Introduction 

The use of digital techniques for image processing is approximately 30 years 

old. It has evolved from an extremely expensive, laboratory-only curiosity to a 

useful tool applied to common problems. 

The advantages of digital image processing or conventional analog signal 

processing are many: 

1. Once sampled, an image may be manipulated with a wide variety of 

algorithms. These algorithms need not be applied in real-time, and 

thus may be quite complex. 

2. The image can be manipulated with an arbitrary level of degradation, 

ie., noise cam be fixed at a desired level. If so desired, the noise 

introduced by manipulation can be far below the intrinsic noise of the 

image source. 

3. Tme, two-dimensional filtering can be carried out on images obtained 

from analog, serially-accessed imagers. This is not tme of analog-only 

techniques, which can only process the data in a single dimension. 

4. Images can be manipulated and stored for later use. No noise is 

introduced by the storage process. 

5. Image compression techniques permit the transfer of high-bandwidth 

images over low-bandwidth data channels with no information loss. 
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There are, of course, down sides to digital image processing as well. In 

particular, 

1. Expense: Although digital processing is continually declining in cost, it 

is still more expensive than the equivalent analog process for many 

simple functions. 

2. Very high sampling rates: The normally high bandwidths of images 

requires a sampler running at the Nyquist rate (2x the maximum image 

frequency). Such devices are expensive and require carefully shielding 

to prevent clock noise from coupling back into the image's analog input 

signal. 

3. Very large memory requirements. Even a modest image requires 64K 

bytes of memory, and anywhere from 2 to 32 times that amount if color 

and higher resolutions are involved. Since an image processor normally 

contains multiple buffers for manipulating the image, the memory 

requirements soon grow rather large. 

4. Computationally-intensive processing: A simple digital filter may 

require a million or more multiplications per image. Extremely fast 

processing elements, or highly parallel architectures, are therefore 

required to perform image operations in real-time. Likewise, very fast 

memory bandwidths are required. 
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Filtering 

Perhaps the most common use of digital image processing is for image 
a 

enhancement through filtering. Filters generally fall into two categories, (1) fmite-

impulse-response (FIR) and (2) infmite-impulse-response (IIR). The difference 

between these two types of filters lies in their feedback architecture. The stmcture 

of a FIR filter, also call a transversal or nonrecursive filter, is shown in Figure 17. 

Its equation, in linear form, is 

N 

n=l 

This filter is built from a finite number of nonzero coefficients, Ĥ  and operates on a 

stream of data, X ^. Its output is only a function of the input and the filter 

coefficients. 

An nR filter, otherwise known as a recursive filter, has a generalized 

equation 

N 

Y = G^Y . + H X .. 
n k n-k o n-k 

n=l 
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Figure 17. Nonrecursive Filter. 
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The recursive fUter's output is a function of the input and the previous output 

values. A filter of this form can be rewritten in transversal filter form, requiring an 

infinite number of nonzero filter coefficients. Setting Ĝ  equal to zero reduces the 

recursive filter to a nonrecursive form. The recursive filter is, therefore, a 

generalized, higher-order nonrecursive filter. 

Neither filter is difficult to build in terms of the architecture or hardware 

required. Indeed, an IIR filter is sometimes simpler, since only two multipliers may 

be needed instead of the N-multipliers needed for a RR filter. The common digital 

signal processing (DSP) integrated circuits available today are available in both 

forms. 

One advantage of using a digital filter is that the coefficients of the fUter can 

be changed quite easily, often by simply reloading the memory holding the 

coefficients. This allows one filter to take on a variety of tasks. For example, the 

recursive filter equation 

Y„= 1/2Y„.,+ X„ 

describes a simple averaging filter. This filter is a type of low-pass filter which 

attenuates high frequencies. Using different coefficients within the same filter 

architecture can produce a differencing filter, described by 

Y„ = K(x„-x„.,). 

This filter performs just the opposite of the averaging filter, that is, it accentuates 

high frequencies. Such a filter is useftil in medical imaging, where the boundary 

between different tissues, such as tumors, must be seen. 
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