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MARS - Missouri Automated Radioloay System,
Computer Graphics in an Automated Department*
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Department of Radiology, Un1vers1ty of M1ssour1, Columbia

MARS is a radiologic information management system, automating information access and flow in
three distinct areas: 1) manacement 2) medical and 3) radioaraphic image systems. The system's qoal is to
improve diagnostic patient care through fast information access and flow.

Management information storage, retrieval and display includes patient and fiscal control data.
Patient flow is assisted by computer scheduling and expeditina to optimize the use of radioaraphic facili-
ties. Fiscal control includes storage and retrieval of patient billina, department accounts, and arant
management information.

The results from two years of clinical use of the medical information automation program are pre-
sented along with a discussion of system modification made when transferrina this system to a DEC PDP-15
department computer from the IBM 360-50 central processor.

The image information system includes production, storace, transmission, retrieval, display,
information extraction and evaluation modules. Status of current research is reported for the radioaraphic
evaluation module and for information extraction and automated diaanosis of rheumatic and congenital heart
disease.

Introduction

One beains increasingly to hear the phrase "out of control"” in reference to rising health care
costs. Whether or not the health care system is out of control, cost projections are beginning to approach
10% of the aross national product. A very small percent of health care costs represent the application of
technology in medicine; computer automation techniques offer the promise to both increase the quality of
health care and reduce costs. Our effort has been to apply these techniques to an entire department of
Radiology and thus to test the cost effectiveness of automated health care in the clinical context. I am
reporting today on modules of our system that involve the use of computer graphics.

I should like first to make a philosophical point. The concept of a total hospital information
system is logically prior to that of any particular department. We begin by postulatinag that such a system
will include a central file with selective access. By constructing a system that meets the needs of our
department we will (1) have quaranteed the peripheral specification necessary to any system; 2) demon-
strated a model for information processing applicable to other departments with similar information require-
ments; and 3) be ready to aid in the intearation of intra-department information systems when they are
ready.

This paper is concerned 1) with the medical information system being transferred to a small
stand-alone computer; 2) with the system test of a 35 mm radiographic imaaina system; 3) computer assisted
diagnosis and 4) direct computer diaanosis from chest radioaraphs.

Medical Information Processing

A USPHS survey** comparinag the years 1964 and 1970 indicates that demand for radiological care is
increasing much more rapidly than the supply of trained medical personnel. It is estimated that the aver-
age radiologist is experiencing a 20% increased demand on his time every year. The traditional radiology
report is generated by a dictation and correction process relyina on a typina pool and manual information
processing. With increase of patient traffic there is often direct conflict between information flow and
patient flow. Figure 1 depicts such a radioloay department, over crowded and badly in need of automated
information flow techniques.

In our department we have had an on-line clinical radiologic reporting system for over two years.
Over 100,000 reports have been generated via this system. Fiaures 2, 3, and 4 show statistics acquired in
clinical usage. It is seen that under the computer system over 75% of the reports reach the referring phy-
sician in about six hours whereas in the previous system the majority of reports were received the follow-
ing day.

* Research supported in part by: USPHS-HS00646; GM17729 and CA06263

** Preliminary estimates of the USPHS 1970 X-Ray Exposure Study. Charts for oral presentation at the
session sponsored by the American College of Radioloay at the Roentgen Ray Society Meeting, Boston,
September 29, 1971
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Figure 1. A RADIOLOGY DEPARTMENT IN NEED OF AUTOMATED TECHNIQUES. As health care fa-
cilities become over-crowded we may face a breakdown in the quality of health
care if not of the entire system. Computer mediated information management
can aid greatly in expediting information and patient flow in crowded facilities.

AVERAGE NUMBER OF MARS AND DICTATED REPORTS PER WEEK,
PLUS PER CENT DOWN TIME BY MONTH.
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Figure 2. PHYSICIAN USE OF THE AUTOMATED REPORTING SYSTEM. Dictating system was
used for backup. Central computer down time during clinical hours has
averaged 10%. Use of dedicated computer for the MARS system will allow
exporting system to other users and is expected to greatly improve reliability.
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Figure 3.

Figure 4.

CUMULATIVE PERCENTAGE OF MARS AND DICTATED REPORTS VS. HOURS
DELAY BETWEEN PATIENT ARRIVAL AND REPORT TRANSMISS ION.
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Critical concepts of the system include maximum use of clerical personnel; dispersion of informa-
tion access and entry points (reception, diagnosis, files, ward); computer mediated transmission of reports;
computer retrieval of reports and computer mediated assembly and checking of the report at interactive
CRTs.

Principal objections to the system stem from physician reluctance to enter data via a key board
and in some cases to the terse non-verbose nature of the report. It is our experience that these objec-
tions are minimal if the system saves the radiologist time, gets the report to the referring physician
quicker and the computer operates consistently and reliably. Correlation of computer down time and use of
dictated reports is indicated in Figure 2.

Transfer to Department Stand-alone Computer

One of the advantages of automated systems is the availability of a continuous record of system
performance. Our use of a central hospital computer has been plagued with an average 10% downtime. Prob-
lems have arisen with both hardware and systems software. Our current philosophy is based on the concept
that the person responsible for health care must also be directly responsible for the means by which it is
delivered. Further, the use of our software and graphics will now be exportable to other users. Indepen-
dence of a large central CPU allows use of any of the MARS modules with a minimal hardware configuration
keyed to the user's environment and needs. For these reasons we have implemented the transfer of the cur-
rent MARS system to a PDP-15 department computer. The MARS system was transferred from FORTRAN coding to
interpreter language (MUMPS) in less than six months (with considerable additions), with the aid of the
MUMPS operating system. The new system is currently in the final debugging stage. Extensive use of sta-
tistics on frequency of usage from clinical operation was made in assembling the terminology tables of the
new system.

The MUMPS system developed at Massachusetts General Hospital and documented and augmented by
Digital Equipment Corporation is an interpretive language system with extensive string manipulation and
file structure ability. We have observed approximately a 3:1 efficiency factor in programmer output com-
pared to FORTRAN coding. The system allows protected time shared use of core; our current hardware allows
up to 16 simultaneous users (28K-18 bit core, two 8 port, 2400 baud terminal scanners, 20 million words of
disk storage). .

We are combining many of the management information systems with the current clinical reporting
system. Currently available with the report generation program are teaching file programs, coded report
Tookup programs, mnemonic "canned" reports with allowance for mnemonic use of individualized pet phrases,
day sheet enquiry, patient scheduling, terminology table updating, and a referring physician patient sum-
mary. These options are displayed in menu form to the user who signs in with the MARS program, if he
replies with a ? to the options interrogation. The system allows simultaneous developmental programming
from remote CRTs; as modules are completed they are integrated under the MARS program. This is implemented
easily with the call, overlay and protective features of MUMPS. Each terminal user has a slice of slightly
over 1000 words of core. The resident system utilizes approximately 12K of core depending on the number of
device handlers.

A typical example, Figure 5, will serve to indicate how the file structure and coding of the MARS
system serve to offer the radiologist aid in quickly constructing a report. Combination of command and
phrase codes allow most reports to be constructed and displayed from a single line entry. Maximal use is
made of the physician's active memory and "menus” are displayed for passive memory selection only when he
uses a four Tetter (or greater) mnemonic for which a terminology table search indicates there is more than
one use of the term. In this case all phrases using the term are displayed for choite with the 1, 2, or 3
letter code designators which could have called the term or phrase to aid the active memory of the user for
future use. Any report can be retrieved, in particular, by using the patient's name or ID number, or in
general, by a Boolean combination of the key words of which the report is constructed. Hence one can

EC/S UP LB L LNG/FCM=5.5 MSS "WITH SHAGGY BORDERS" /NCLC/ICA

EXAMINATION: CHEST, PA AND LATERAL

SITE: UPPER LOBE OF THE LEFT LUNG

FINDING: 5.5 CM. MASS WITH SHAGGY BORDERS
NO EVIDENCE OF CALCIFICATION

IMPRESSION: CARCINOMA

Figure 5. EXAMPLE OF CODING USED TO CONSTRUCT REPORT. Most reports are constructed
and transmitted by typing a single line. The slash is used to force a
new line in the output. If a physician does not remember a mnemonic code
he types the first four letters {or more) of any word in the desired
phrase. If the tables contain more than one such phrase all possibilities
are displayed for the user choice of the correct phrase. The bottom five
lines result from entry of the top line.
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search for any Boolean combination of diagnosis, site or examinations and the search is specified using the
mnemonic codes. Retrieval is fast because the code for the text is stored and not the text. Free text is
allowed in constructing a report, but it is stripped when the report is permanently stored so that all such
reports contain only vocabulary from the basic tables. These tables are extensive, but need to be stored
only once. Reports are held in a work file in full format during the period in which they are actively used
in the department and automatically converted to coded form after a fixed time interval from their inception.
The MUMPS language allows fast recovery using only the pointers to the information. The MARS system is con-
structed so that neither the tables nor the reports need to be searched but the report and the terminoloay
contained are assembled as the Boolean search is satisfied.

Patient scheduling presently utilizes only a simple computer mediated appointment book. Patient
expediting, which involves computer checking of proper sequencing of examinations, the ability to block
schedule for particular facilities and to integrate emergency needs is currently in the planning stage.
Planning is based on an extensive Industrial Engineering analysis of our department and its relation to to-
tal hospital patient flow. Using the basic structure of the MARS system it will be a straightforward
exercise to expand patient scheduling algorithms as soon as the integrated goals and terminal locations for
patient flow are evident.

Fiscal management programs are not yet intearated under the MARS program but are being developed
and tested as submodules. They rely more heavily on menu selection and the ability of the user to call for
a menu with a question mark whenever his active memory fails. The basic charges accrued to each patient are
of course kept with the stored report. The use of a common data base for all programs allows testing of de-

velopmental programs (which do not modify the data base) on-line with clinical operation.

INFORMATION MANAGEMENT IN DIAGNOSTIC RADIOLOGY

Control factors :

Quantification of Diagnostic Content

A basic flow diagram for our depart-
ment is indicated in Figure 6. Among the
parallel paths indicated is automated diagno-
sis by computer. In order to effect machine
diagnosis and especially to effect digital

IMAGE PLAN OF EXAMINATION, PATIENT INFORMATION transmission of images it was necessary to
INFORMATION SCHEDULING :Eﬂﬁ:ESQREQT B create an evaluation tool so as to allow con-
GENERATION T— trol of image quality (diagnostic content)
Physical OPERATIONAL HEALTH without the continuous intervention and atten-
environment gog??é:&é?hsnrs tion of our research physicians. To accom-
Patient . Staff plish this a special test Tibrary of 5,000
fHow ' ”°“\\ TRAINING REQUIRE - cases was selected using the case retrieval
¥ TMAGE AL capabjlities of the MARS system. This library
contains 20% of normals and representations of
' all radiographic abnormalities; also included
FILM NEW TECHNIQUES are nuclear medicine scans and thermograms.
radiographic, | o imoge formation Radiographs are graded for degree of difficul-
e ty of perception and degree of difficulty of
diagnosis. Each film is examined by a team of
ten physicians working independently. It
FILM STORAGE,]  PREPROCESSING would be impossible to accomplish such an ef-
RETRIEVAL, fort in the busy clinical context if the in-
REPRODUCTION| STORAGE, RETRIEVAL formation storage and retrieval were not
k| Wimage automated. The terminology tables of MARS
i transmissione- were used and the data base modified to allow
o o v - this project a special subset of storage for
}:':ﬁg,uu,fﬁ"f{}o"‘w‘ lam‘{,:b sptcﬁf’c':ﬁm compilation of separate statistics and rec-
optical systems, new technology and requirements ords.
. We are currently using the Tibrary
I o to evaluate a 35 mm radiographic storage and
BV T DECISION SYSTEMS imaging system by direct comparison of djag-
""" v nosis with the original and with the projected
ordinary hanced hi . 35 mm image. The entire library is therefore
e mepegnent now available in 35 mm format. Performance
' w:i'::;" 2::::::;; :.?;:::; and grading statistics for the 35 mm library
dhgvﬁs . ) will soon be available. Initial results are
’ * promising and if the statistics continue to
LNEFL?C'E‘:;ION ::gT:EETSR'?éJ:LAgs'gksnﬁg)L%c%ngpgjl;:—/ indicate the effectiveness of the new system
we will initiate clinical use for further
evaluation.
It is certain that without the or-
ganization and communication offered by com-
Figure 6. SCHEMATIC REPRESENTATION OF INFORMATION FLOW IN  Puter graphics such a study would be impossi-

RADIOLOGY. Fiscal management information has
been omitted for simplification. The MARS sys-
tem goal is to automate information flow and
retrieval for the entire department in modular
form.
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difficulty coping with the problem of deciphering physician handwriting.

Computer Assisted Diagnosis

Figure 7 §s an expression of Bayes' theorem applied to probabilistic determination of diagnosis
based on frequency of symptom and disease. While a physician certainly normally does not perform such a
mathematical exercise, nevertheless his diagnosis often reflects a probabilistic orientation. Our effort
has been to use the computer directed terminal to allow the physician to code an initial decision tree.
Such a decision tree, provided it starts with the right questions, can be constructed so as to use informa-
tion describing the abnormality to eliminate a large percentage of the possible diagnoses and display a
subset for serious consideration. In use, this decision tree brings the physician to a list of possible
diagnoses that must be considered given his reply to questions generated by his path through the decision
tree. The analyzed physician-experience with a large number of cases can be reduced to a kind of public
model of the disease. Bayesian mathematics can then be used to analyze the possibilities provided at the
termination of the decision tree and return the diagnosis with the higher probabilities. The computer as-
sisted diagnosis programs available at the MARS terminal allow a resident to examine at each step of the
decision tree the current probability for each relevant diagnosis. Hence the student of Radiology has an
efficient means of examining the weight of each of the parameters of his decision. Assuming that both the
decision tree and the probabilistic model of the radiographic specialty in question are produced by a per-
son with outstanding expertise in his specialty the program represents the codification of his expertise.
The decision tree represents the correct approach to the problem, the public model a - kind of state of the
art of probabilistic coding of the significance of each radiographic parameter. The program is useful not
only in training but especially for clinical reference in the more rare specialties of radiology, such as
bone tumors, where the average radiologist may not accumulate sufficient experience to have the realistic
"feel" for correct probabilities which he exercises in his normal practice.

BAYES' THEOREM

P(D;)- P (S=s/D;)

P( Di/S=S) = n
L [P0 - Pis=s/Dy)
j=1

The probability that a patient with symptoms s
has a disease D; is directly proportional to the
relative incidence of D; and to the frequency
with which these symptoms occur in disease D;.

Figure 7. COMPUTER ASSISTED DIAGNOSIS. By proper use of computer mediated decision
trees and Bayesian analysis MARS terminals provide training in estimation
of diagnostic probabilities, a means of codification of radiologic exper-
tise and assistance for rare cases where experience is insufficient to
properly estimate disease probabilities.
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Direct Machine Diagnosis

The use of digital scanners and display allows the numerical representation of each picture point
and the direct investigation in core of radiographs with the purpose of developing algorithms that locate
portions of the anatomy, make significant measurements and then classify the measurements as normal or ab-
normal. A large part of the radiologist's time is consumed by normal and "uninteresting" picture classifi-
cation. We are attempting to develop automatic screening programs to relieve the burden of such cases.

Our principal success to date has been with brain scans, rheumatic heart disease, and congenital heart di-
sease. None of the programs are clinically in practice but the three indicated are far beyond the basic
research stage. They involve the use of large core machines and average about two minutes of 360-50 time
per diagnosis. Results are presented in Figure 8 for a study of rheumatic heart disease comparing a team
of radiologists with direct machine diagnosis.

The computer algorithm first "finds" the heart and outlines the area of consideration. Figures 9
and 10 show a case of congenital heart disease, an atrial septal defect, displayed on our Dicomed display
terminal and the results of the computer search for the heart outline. After the heart is found, poly-
nomials are fitted to portions of the left and right boundaries and a set of measurements taken. Measure-
ment discrimination algorithms are then used to classify the set of measurements as abnormal or normal.
Abnormal measurements are further classified corresponding to a differential diagnosis. The results in
columns A, B, and C of Figure 8 represent different measurement classification algorithms. Training re-
sults represent success rate when the computer is allowed to adjust its own weighting functions based on
the discriminating power of the measurements. Testing results are obtained with the weighting functions
held constant on radiographs that the algorithm (in the fixed state) has not previously seen. The physi-
cian statistics represent diagnosis by a group of physicians using both the PA and lateral views. Only the
PA view was used by the computer. .

The results of Figure 11 were obtained by running the rheumatic heart program on a library of
over 300 congenital heart radiographs. The algorithms that locate the heart were not changed, the same set
of measurements and type of polynomial fits were used that successfully classified rheumatic heart cases.
The higher success rate with ages of 0-4 years excluded points out that we have not yet adequately solved
the scaling problems involved with the smaller radiographs. Results when all cases were excluded in which
the computer missed the correct outline of the heart indicate also that a more general heart edge algorithm
is necessary for congenital heart disease.

It must be emphasized that this study is not complete and the data is presented only to indicate
usefulness of the digital display in creating and testing such automated programs. It is hard to forecast
when such programs will be available for aid at the clinical level. We have taken an unlimited core, brute
force approach to the problem. We are currently researching the means to automatically quantify the amount
of pulmonary vascularity. It is impossible to specify at this point what is the minimum core size and
practical hardware for a mass screening machine. It does seem safe to say that full resolution capabilities
of our equipment will not be necessary.

RHEUMATIC HEART DATA

Testing Training

Number

in Class | Radiologist A B c A B C
Class 1 Normal 88 83% 89% 85% {88% | 9% 9% 94%
Class 2 MS 33 50 % 56 % 2% |21% | 82% 33%133%
Class 3MI, MS-MI 21 54 % 24 % 10% [10% | 72% 14% | 29%
Class 4 Bivalvular 87 29 % 83% 2% |72% | 82% 5%} 70%
Class 5 Aortic 50 76 % 59 % 6% | 48% | 718 % 62 % { 60 %

Total 279 281 cases 282 cases

Overall Percent
Correct Classification 62 % 3% 61% | 62% | 85% 69% | 68 %

Figure 8. PHYSICIAN DIAGNOSIS COMPARED TO MACHINE DIAGNOSIS OF RHEUMATIC HEART
DISEASE TEST LIBRARY. Computer training results refer to results on
radiographs used to train or determine coefficients in decision algo-
rithms. Testing results are for radiographs not seen by the algorithm.
A, B, and C refer to different statistical discriminant algorithms.
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Figure 9.

ATRIAL SEPTAL DEFECT DISPLAYED ON Figure 10. HEART OQUTLINE FOUND BY COMPUTER.
DICOMED DISPLAY. Congenital heart Same data as Figure 9 with out-
disease 1ibrary currently contains line of heart found by computer
over 300 cases. Patient is 20 superimposed on display. Meas-
year old male. urements are norma11zgd with
respect to thoracic width found
by computer and taken with re-
spect to midline of mediastinum
found by computer.
CONGENITAL HEART
EXCLUDE 0-4 YEARS ALL AGES
Total No. | No. of Hit | % of Hit Total No. | No. of Hit | % of Hit | Total No. | No. of Hit |% of Hit
NORMAL 61 55 90.16 97 75 77.32 90 70 77.717
ASD 61 43 70.49 70 38 54,28 68 40 58.82
vsSD 43 13 30.23 73 26 35.62 n 28 39.44
PDA 15 5 33.33 35 7 20.00 34 5 14.70
TETRAL 13 4 30.77 28 6 21.43 28 5 17.86
VENOUS 16 0 ] 19 1 5.26
TOTAL 209 120 322 153 291 148
AVERAGE
% OF HIT 57.41% 47.51% 50.86%
Figure 11. PRELIMINARY CONGENITAL HEART RESULTS WITH UNMODIFIED RHEUMATIC HEART

ALGORITHM.

Younger patients present scaling and normalization problems.
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Conclusion

It is safe to say that advances in medical radiant image management are now underway which during
the next decade, will revolutionize the practice of radiology. These involve extensive changes in the me-
thods of producing images, transmitting, storing and retrieving images, developing and evaluating images,
extracting intelligence from images, and recording and delivering image information. These technological
advances are coming on quietly, a 1ittle out of phase with each other, somewhat unsuspected by the medical
profession, but they will come into bloom with a startling impact. They will permit better, faster, and
more accessible medical diagnoses, and conceivably at less cost. Certainly their impact will be to change
the patterns of radiological health care; yet beyond this, they will have an impact on industrial produc-
tion and processing, in the sense of automated inspection and quality control. It appears that for the
foreseeable future imaging will continue to be heavily dependent upon film as the most effective storage
mechanism, although new laser technology could modify this as well. Much of this new technology is being
developed and tested at Missouri, where already we are looking forward to the planning and execution of a
new kind of health care facility which will optimize the application of these new technologies.

BIBLIOGRAPHY

Lodwick, G. S.; Keats, T. E. and Dorst, J. P.; "The Coding of Roentgen Images for Computer Analysis as
Applied to Lung Cancer." Radiology Vol. 81, No. 2, August 1963,

Wilson, W. J.; Templeton, A. W.; Turner, A. H. and Lodwick, G. S.; "The Computer Analysis and Diagnosis of
Gastric Ulcers.”" Presented at 13th Association of University Radiologist Meeting, Seattle,
Washington, May 14-14, 1965. Radiology, Vol. 85, No. 6, pp. 1064-1073, December, 1965.

Lodwick, G. S.; "Solitary Malignant Tumors of Bone - The Application of Prediction Variables in Diagnosis."
Seminars_in Roentgenology»Vol. 1, No. 3, July 1966.

Templeton, Arch W.; Lodwick, G. S.; Sides, S. D.; Lehr, J. L.; "RADIATE: A Project for the Synthesis,
Storage and Retrieval of Radiologic Consultations." Digest of the 7th International Conference
on Medical and Biological Engineering, 1967, Stockholm, Sweden.

Lodwick, G. S. and Reichertz, P.; "Computer Assisted Diagnosis of Tumors and Tumor-Like Lesions of Bone.
The Limited Bayes' Concept." Proceedings of Symposium Osseum, London, April 1968.

Templeton, Arch W.; Reichertz, Peter L.; Paquet, Eleonore; Lehr, James L.; Lodwick, Gwilym S.; and Scott,
Rancis I.; "RADIATE-UPDATED and Redesigned for Multiple Cathode-Ray Tube Terminals." Radiology
Vol. 92, No. 1, pp. 30-36, January 1969.

Reichertz, P. L.; Templieton, A. W.; Lehr, J. L.; Paquet, Eleonore; Birznieks, Faith B.; "Design and Imple-
mentation of ODARS, An Online Diagnosis and Reporting System." Presented by Dr. Peter Reichertz
at the 12th International Congress of Radiology, Tokyo, Japan, October, 1969.

Lehr, J. L.; Parkey, R. W.; Garrotto, L. J.; Harlow, C. A.; Lodwick, G. S.; "Computer Algorithms for the
Detection of Brain Scintigram Abnormalities." Radiology, Vol. 97, No. 2, pp. 269-276, November
1970.

Kruger, R. P.; Mahen, E. C.; Carison, A. J.; Dwyer, S. J.; Lodwick, G. S.; "Image Analysis of Radiographs."
1970 SWIEEECO Record of Technical Papers, April 1970, Dallas, Texas.

Lodwick, G. S.: The Bones and Joints, Yearbook Medical Publishers, Chicago, 1971.

Hall, D. L.; Lodwick, G. S.; Kruger, R. P.; Dwyer, S. J.; "Computer Aided Diagnosis Via Feature Extraction
and Classification of Radiographic Cardiac Size and Shape Descriptors." Proceedings 9th Annual
Symposium on Biomathematics and Computer Science in the Life Sciences, March 197T.

Lodwick, G. S., "Computer Simulation and Information Systems in Radiologic Departmental Operations." EDV
in Medizin und Biologie, April, 1971, Gustav Fischer Verlag Stuttgart.

Hall, E. L.; Kruger, R. P.; Dwyer, S. J.; Hall, D. L.; MclLaren, R. W.; Lodwick, G. S.; "A Survey of Pre-
processing and Feature Extraction Techniques for Radiographic Images." IEEE Transactions on
Computers, Vol. C-20, No. 9, September 1971.

Hall, D. L.; Lodwick, G. S.; Kruger, R. P.; Dwyer, S. J.; and Townes, J. R.; "Direct Computer Diagnosis of
Rheumatic Heart Disease." Radiology, Vol. 101, No. 3, December 1971.

Hall, D. L.; Lodwick, G. S.; Kruger, R. P.; Dwyer, S. J.; “Computer Diagnosis of Heart Disease." Radio-
logic Clinics of North America, Vol. IX, No. 3, December 1971.

119



