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ABSTRACT 

This dissertation addresses two problems dealing with detection 

sensitivity in radiology. First, is a 100-mm format adequate for dis

playing enhanced radiographic images in a photoelectronic imaging system 

and can the same format be used for permanent storage of these images? 

Second, what are the effects of training on the radiologist's 

sensitivity? 

Controlled 14-in. x 17-in. x-ray images were reduced to 100 mm 

to investigate which factors caused the decrement noted in the radiology 

literature. The 14-in. x 17-in. images used were generated from a 3M 

phantom. Three levels of kilovolt potential (80 kVp, 110 kVp, and 

140 kVp) and two types of film (RPR and Cronex) were used to make the 

images. Twenty-four images, six for each of four quadrants, contained 

a simulated lung nodule and six contained no nodule. The 100-mm images 

were precisely controlled, miniaturized images of the above films. The 

task of the 16 non-radiologists was to decide if a simulated nodule was 

present or not. A signal detection experimental paradigm with a 10-

point certainty scale was used for analysis. Correction for location 

was also implemented. 

For the first problem, results showed that kilovolt potential 

and film type interacted with the reduction procedure to change the 

direction of sensitivity (both in the positive and the negative direc

tions) in the reduced format stimulus set, thereby indicating that the 

100-mm format was not the main reason for reduced sensitivity noted in 
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the literature. Our conclusion was that the 100-mm format would be 

suitable for image enhancement displays and for permanent hard copy in 

a photoelectronic radiologic imaging system. 

The second problem explores the effects of training on detection 

sensitivity. The responses of the untrained observers to the 14-in. * 

17-in. images were compared to previously gathered data of the staff and 

residents of the Arizona Health Sciences Center Radiology Department. 

Results indicated that the residents, even before formal training, were 

much better than the untrained observers, but well below the staff, in 

detection sensitivity. Within 6 months to a year later, they were 

equivalent to the staff. The main conclusion was that sensitivity does 

increase with training fairly rapidly and that the findings would be 

useful in designing further studies to investigate means to speed up or 

enhance the procedures used to train new radiologists. 



CHAPTER 1 

BACKGROUND 

This dissertation is a description of part of a series of psy

chophysical studies that have been conducted during the past six years 

at the Arizona Health Sciences Center (AHSC) Radiology Department and 

at the Optical Sciences Center. This work has been carried out in a 

laboratory setting, but it has involved applied goals and has produced 

results of immediate value to radiologists. It has supplied practical 

answers to questions about display size, contrast ranges, control hard

ware, resolution capabilities, and other technical variables that affect 

video radiography's system characteristics. 

The field of diagnostic radiology is dependent on the ability 

of the radiologist to see images on x-ray films and to diagnose abnor

malities correctly. There are, however, several limitations to x-ray 

films. First, many of the techniques used to create high-contrast x-ray 

images involve surgical techniques to detect heart and arterial prob

lems. Consequently there is a danger to the patient's physical well 

being. Second, the silver in the film has become increasingly expensive. 

Third, x-ray films must be stored for many years and a great deal of 

space in a working laboratory must be set aside for storage purposes. 

For these reasons the Department of Radiology of The University 

of Arizona Health Sciences Center is developing a system for 
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photoelectric video radiology. The goal is to replace all present 

radiographic film procedures with a safer, cheaper, and more reliable 

system of diagnosis. 

One of the projects involving this system deals with intra

venous angiography. Instead of using a catheter to deliver the con

trast medium, a venous injection is made. In the simplest case two 

different x-ray images are taken, one before injection and one after

ward. The pictures are subtracted in the computer and the resulting 

image is displayed on a TV screen. Since the two images differ 

only in the contrast medium, the subtracted picture consists of the 

contrast medium shaped by the arteries or organs it was passing 

through at the time of the second exposure. This picture is then 

enhanced by means of computer manipulation techniques. Figures la 

through le show the effectiveness of this procedure in imaging the 

carotid arteries in a dog. Similar results have recently been 

achieved in humans (Figures 2a through 2e). 

This new method has many advantages over the standard invasive 

angiographic procedures. First, it is not a surgical technique and can 

be performed, therefore, on an out-patient basis. Second, the rela

tively small amount of contrast medium which is at the site of interest 

at any one time substantially decreases the chance of an allergic 

reaction to the medium. Third, numerous studies can be done without 

harming the patient's arteries or veins. Fourth, it takes only 30 to 

45 minutes per study. In addition to eliminating many of the problems 

associated with the invasive technique, the photoelectric system 

maintains the resolution and diagnostic accuracy of the old technique 



(a) 

(b) 

Figure 1. Intravenous Contrast Injection of Renografin 76 in Canine 
with Artificially Created Left Carotid Stenosis. 

(a) Dog's neck before IV injection, (b) Dog's neck after 
IV injection. 



(C) 

(d) 

Figure 1. (Continued) Intravenous Contrast Injection of Renografin 7b 
in Canine with Artificially Created Left Carotid Stenosis. 

(c) Subtraction image. (d) Contrast enhanced image. 
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(e) 

Figure 1. (Continued) Intravenous Contrast Injection of Renografin 76 
in Canine with Artificially Created Left Carotid Stenosis. 

(e) Intra-arterial injection with film subtraction on same 
dog for comparison with Figure Id. All radiographs were 
obtained with the Thomson CSF fourth-generation trimode 
90-in. x-ray image intensifier. 



(a) 

(b) 

Figure 2. Intravenous Arteriogram of Patient One Week after Post-
carotid Endarterectomy. 

(a) Patient's neck before injection. (b) Patient's neck 
after IV injection of 60 cc Renografin 76, 1 cc/kg. 



(<0 

(d) 

Figure 2. (Continued) Intravenous Arteriogram of Patient One Week after 
Post-carotid Endarterectomy. 

(c) Subtraction image, (d) Contrast enhanced image. Note 
suture line (black) arrow from surgery. 
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(e) 

Figure 2. (Continued) Intravenous Arteriogram of Patient One Week 
after Post-carotid Endarterectomy. 

(e) Log subtracted image with contrast enhancement to better 
demonstrate intracranial blood vessels. All radiographs 
were obtained with the Thomson CSF fourth-generation tri-
mode 90-in. x-ray image intensifier. 



and in some recent cases has been found to be even more accurate than 

the old technique. This procedure has proved to be so effective that 

the Department of Radiology and the Optical Sciences Center have 

recently received a series of grants to do the preliminary work for 

converting all of radiology to this video technique. 



CHAPTER 2. 

GOALS OF THE DISSERTATION 

The investigator's goal in this dissertation was to supply 

practical answers to questions about display size and the effects 

of training and experience on detection accuracy. 

Display Size 

The first part of the project is an extension of the work 

described by Seeley et al., 1978. There the main finding was that 

x-ray images viewed on video displays give a detection accuracy 

comparable to that of standard film. This finding resulted in the 

rapid development of prototype video systems, but questions then 

arose about the size of the image. 

First, since the law demands in some states that a permanent 

copy of each x ray be kept for up to 10 years, a means to do this had 

to be found. It would not be advantageous, because of time and cost 

considerations, to use the standard 14 x 17 x-ray format, so a reduced 

format was needed. Reduced format research had been conducted by 

others, using 35-mm and 70-mm film (Bookstein and Voegeli, 1971; 

Lehr et al., 1976). Although error rates were sufficiently low, the 

reduced format required specialized optical viewing boxes that are 

costly and cumbersome. 

A 100-mm film format has been used successfully in other areas 

of radiology, without specialized optical viewing boxes, and has, also, 
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the advantage of being easily transportable (Groilman et al., 1973; 

Groilman, Gray, and Moler, 1975; Wixon et al., 1977). If it were shown 

that chest images could be viewed in that format, with little or no 

decrease in detection accuracy, then permanent copy, 100-mm format im

ages could be incorporated into the system. This would be true even if 

a decrement in detection accuracy were to occur when the reduced format 

is compared with the original image, because the images to be saved 

would be only the very best of a series and would contain indicators 

pointing to the areas of interest. Such modifications would compensate 

for reasonable losses of information due to size reduction. 

Interest in a reduced format also came from the video 

engineers associated with the development group. It has been noted 

(Seeley et al., 1974) that when an image is displayed on a 16 in. 

diagonal screen, the standard 512 TV raster lines can be distracting 

to the observer. This occurs when the observer instinctively moves 

his head closer to the screen to get a better view. The image breaks 

up and he sees only the raster lines. This proved to be very un

popular with the participating radiologists and in one case was 

blamed for an intensely painful headache. Consequently, a 1024 TV 

line format was adopted as a minimum standard for the developing 

video display systems, but this increased the cost of those systems. 

If a smaller TV screen could be used, then this distraction would be 

eliminated, with a consequent reduction in costs. 

Again, for the reasons stated above, a small decrease in 

detection capability would not prevent use of the smaller format. The 
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smaller screens could also show various computer manipulations of the 

larger images (viz., subtractions, edge enhancements, and magnifica

tions) and these could then be displayed on the 1024 or 2048 TV line 

viewing screens. Because there would always be a high resolution 

comparison, a slight loss in resolution or detection capability 

should not affect the final diagnosis. 

In the studies mentioned above, a decrement in accuracy or diag

nostic usefulness was noted in the smaller formats. The inference was 

that the reduced formats caused the observed decrement, but the films 

were taken or, in the case of miniaturization, selected, for their in

trinsic diagnostic interest and no controls were employed for differ

ences in film type or technique (viz., kilovolt potential (kVp) and 

length of exposure). For this reason the results were questionable. 

They could have contained interaction effects from the films and/or from 

a miniaturization process. 

The best way to verify this hypothesis was to create a 

standardized set of 14 in. x 17 in. x-ray images and miniaturize them 

to the 100-mm format. The common terms for these film sizes are 

14 in. x 17 in. and 100-mm and will be used throughout the dissertation 

for clarity. These sets of stimuli could then be compared and the 

effects of the different controlled variables on detection accuracy 

investigated. Thus the 100-mm stimuli employed in this study are a 

miniaturized version of just such a 14 in. * 17 in. set. The nodules 

to be detected are 10 mm in diameter in the 14 in. * 17 in. set, and 

2 mm in the 100-mm reduced set. It is well established in the 

psychological literature (Le Grand, 1967, 1968; Corso, 1967; Cornsweet, 



1970; Rose, 1975; Haber and Hershenson, 1973) that a 2-mm object is 

well above the detection threshold of the human eye, when viewed at 

an average reading distance of 18 inches and at standard levels of 

brightness and contrast. If the nodule, when reduced to 2 mm, is not 

seen, then some factor other than reduced size must be the cause. 

To find this cause, film types and kVp levels were controlled, 

for each of the 14 in. x 17 in. films, to maintain a uniform density 

output. When the 100-mm films were developed, similar controls for 

density output were maintained. Comparison of the accuracy data from 

these two sets of stimuli was expected to show just what variables 

accounted for the observed decrease in accuracy. The expectation for 

the present study was that the 100-mm format was not the cause of the 

previously noted decreases in accuracy. 

Medical Training and Experience 

Because the miniaturization study required the presentation 

of bo.th the 14 in. * 17 in. stimuli and a duplicate set in 100-mm 

format, it was also possible to examine the effects of training and 

experience on accuracy. The radiology staff did not differ in 

accuracy over time, but the residents showed a marked increase during 

the first year. 

Non-medical personnel were the observers for this study. This 

permitted comparison of detection accuracy between trained and un

trained observers on the 14 in. * 17 in. images and proved useful in a 

subsequent investigation of the effectiveness of resident training 

procedures. 



CHAPTER 3 

EXPERIMENTAL DESIGN 

A series of psychophysical studies conducted over the past 

six years has established a base of information concerning radiologists' 

detection capabilities under different viewing situations. While 

each of these studies was designed to answer specific questions about 

the increased effectiveness of different film types, video displays, 

training procedures, and other variables (Gray, Seeley, Capp, 1974; 

Capp, et al., 1974; Seeley et al., 1978), the results were intended 

to form part of an interlocking data base. This would permit 

comparisons between the results from any new study and findings from 

earlier experimental situations, thereby increasing the number and 

quality of the conclusions that could be drawn from any one study. 

These sequential comparisons are possible because the same 

sets of stimuli and the same experimental procedures have been used 

in each of the studies. The 30 stimuli are 14 in. x 17 in. x-ray 

images that simulate the front of the chest. The set includes 24 

images that contain a 1-cm nodule in one of four quadrants and six 

images that contain no nodule. Appendix A is a detailed description 

of the stimuli and Figure 3 is an example of the simulated x-ray 

image. 

The task of the observers was to state whether a simulated 

cancerous nodule was or was not present when the film was made, what 

their decision certainty was, and, if present, in which of four 

14 
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Figure 3. Radiograph of 3M Phantom and the Sponges Soaked in Renografin 



quadrants the nodule occurred. This signal detection paradigm 

differs from the traditional one described by Swets and others (Green 

and Swets, 1966; Swets, 1973; Goodenough, 1972; Goodenough, Rossman, 

and Lusted, 1972, 1973; Goodenough, Metz, and Lusted, 1973). The 

location response has proved to be a necessary and useful addition 

that permits a more accurate calculation of sensitivity. It has 

been shown (Starr et al., 1975; Seeley et al., 1978; Swets, 1977, 1979 

Swets et al., 1978) that if location is not taken into account, the 

calculated accuracy or sensitivity will be much higher than the 

actual accuracy or sensitivity. 

In a signal detection experiment' the certainty-scale responses 

to the stimuli generate the ROC curves of the data and it is necessary 

to verify that the responses on the hit rate axis represent the true 

accuracy of the group (see Appendix B). Subjects were asked, there

fore, to indicate which Cartesian quadrant they thought the simulated 

nodule was in whenever they decided a signal was present. This 

procedure permits an accurate tally of real sensitivity in the experi

mental conditions being investigated. The graphs and analyses in 

Chapter 5 indicate just how crucial is this response to a correct 

interpretation of the data. More detailed treatments of signal detec

tion theory and ROC analysis can be found in Appendix B. 

As stated above, the present investigation was designed to 

obtain two different types of information: (1) the effects of 100-mm 

format size on accuracy rates, and (2) the effects of learning, train

ing, and experience on accuracy rates. The two sets of stimuli 

(14 in. x 17 in. and 100-mm) were presented in the counterbalanced 
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order and the results were analyzed in two ways. First, the responses 

to the stimuli were analyzed for significant differences between the 

two stimulus sets. Second, responses to the 14 in. x 17 in. images 

were compared only with those given by the residents and the staff 

at the AHSC Department of Radiology during other studies. 

The independent variables were stimulus miniaturization and 

training/experience. The dependent variables were the certainty 

responses and the number of accurate identifications. The methods 

of analysis were a completely counterbalanced factorial design 

ANOVA for the first experimental question and a between-groups ANOVA 

for the second. 

Several additional variables were examined and/or controlled 

in this study. These were observer's gender, order of presentation, 

and random sequence. Order of presentation means whether subjects 

were shown the 100 mm or the 14 in. * 17 in. films first, and random 

sequence means whether they received a particular random sequence in 

the first presentation set or in the second. There were two levels for 

each of these variables. Thus, the variables in the study were format 

size, quadrant, kVp, and film type. Order of presentation, random se

quence, and gender were looked at separately. The factorial design is 

2x5x3x2. The training-variable comparisons do not represent a 

full factorial design; gender, order of presentation, random sequence, 

and format size were not investigated for the staff and residents. 



CHAPTER 4 

METHODS AND PROCEDURES 

Sixteen subjects (twelve males and four females) were run once 

on each set of stimuli. The four females were included to permit 

analysis of possible sex differences. Eight subjects (six males and 

two females) were randomly assigned to observe the 14 in. * 17 in. 

stimulus-set first and the other eight observed the 100-mm stimulus-set 

first. Stimulus presentation order was also counterbalanced. Within 

each group of eight observers, half (three males and one female) were 

assigned randomly to one of two stimulus sequences for the first 

presentation and the alternate sequence for the second. ' For the other 

four observers this presentation sequence was reversed. Each sequence 

of 30 images was individually randomized according to one of two 

sequences. 

The 16 subjects were volunteers from the Optical Sciences 

Center (OSC), University of Arizona. These people were graduate 

students and professionals. Near and far visual acuity were checked 

and proved normal (with corrective glasses in some cases) for each 

subject. In order to simulate an actual work environment, viewing 

distance was not controlled. Responses were prescribed on the basis 

of the signal detection paradigm discussed in Chapter 3 and Appendix B. 

A standard set of light boxes back illuminated the stimuli and 

all other lights were turned off. The stimuli were thirty 

18 
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14 in. x 17 in. images and an optically miniaturized duplicate set 

obtained from AGFA-GEVAERT. The characteristics of these images are 

discussed in Chapter 3 and Appendix B. The reduction factor was 

exactly 5. 

Instructions were read to subjects at the beginning of 

each session. Subjects were provided with an answer sheet that 

displayed a 10-point certainty scale and had appropriate blanks for 

response certainty and quadrant location. Examples of the 14 in. x 

17 in. and 100-mm stimulus instructions, and the answer sheet, appear 

in Appendix C. No time limit was imposed; OSC observer sessions 

ranged from 42 to 105 minutes and times for the staff and residents 

ranged from 30 to 60 minutes. 



CHAPTER 5 

RESULTS AND DISCUSSION 

Format Size--Results 

Figure 4a is the traditional receiver operating characteristic 

(ROC) comparison, without location adjustment, for the overall 

responses made to the two different film sizes in the study. This 

figure indicates that there is no significant difference in the 

certainty-response functions of the two film sizes (Table la; FSIZE, 

F = 1.74, P = 0.2068). If the certainty responses alone had been 

examined as a dependent measure, the conclusion would have been that 

the format sizes were equivalent, but Figure 4b, which depicts location 

relative operation characteristic (LORC) curves, shows that the 

14 in. x 17 in. film size produced a significantly higher accuracy 

ratio than the 100-mm film (Table lc: FSIZE, F = 6.02, P = 0.0268). 

Some "hits" were "false alarms" (i.e., nodules detected in the wrong 

quadrant). Format sizes, thus, produced a significant difference in 

responses to the two displays of information. This shows that location 

information must be included as part of the response data. Without 

it, completely erroneous conclusions are possible. (Note: The LROC 

curve continues at the same height once maximum HR is reached. Thus 

only half of the graph is used throughout the dissertation to enable 

all the information to be displayed for each figure on a single page. 

Also, since d' and 3 are no longer relevant in the LROC analysis 

20 
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Figure 4. ROC Curves for 14 In. * 17 In. Film and 100-mm Film Sizes. 

(a) Traditional ROC comparison. (b) Location adjusted ROC. 
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Table 1. Factorial Analysis of Certainty and Accuracy 

a. Certainty for True Positives 
Sum 

Source Error terra of squares DF Mean square F Prob. 

MEAN SUBJECTS 11178.2552 1 11178.25521 435. 62 0.0000 
FSIZE FS 7.9219 1 7.92188 1. 74 0\2068 
SUBJECTS — 384.9115 15 25.66076 -- — 

TYPE ST 97.7552 1 97.75521 19. 04 0.0006 
KVP SK 33.8776 2 16.93880 4. 20 0.0246 
QUAD SQ 468.4844 3 156.16146 25. 37 0.0000 
FS 

SQ 
68.2448 15 4.54965 -- — 

FT FST 24.7969 1 24.79687 6. 14 0.0256 
ST — 76.9948 15 5.13299 -- — 

FK FSK 1.5703 2 0.78516 0. 23 0.7991 
SK — 120.9557 30 4.03186 -- — 

TK STK 36.3307 2 18.16536 2. 18 0.1308 
FQ FSQ 17.6510 3 5.88368 1. 40 0.2560 
SQ 

FSQ 
277.0156 45 6.15590 -- — 

TQ STQ 113.1302 3 37.71007 17. 35 0.0000 
KQ SKQ 167.1016 6 27.85026 7. 12 0.0000 
FST — 60.6198 15 4.04132 — — 

FSK — 104.2630 30 3.47543 -- — 

FTK FSTK 9.6172 2 4.80859 2. 50 0.0991 
STK - - 250.1693 30 8.33898 -- --

FSQ — 189.5156 45 4.21146 -- — 

FTQ FSTQ 34.2135 3 11.40451 1. 90 0.1431 
STQ — 97.7865 45 2.17303 -- — 

FKQ FSKQ 72.5130 6 12.08550 2. 57 0.0240 

SKQ — 351.8984 90 3.90998 -- --

TKQ STKQ 302.0651 6 50.34418 12. 17 0.0000 
FSTK — 57.7161 30 1.92387 -- — 

FSTQ — 270.0365 45 6.00081 -- — 

FSKQ — 422.8203 90 4.69800 -- — 

FTKQ FSTKQ 19.3411 6 3.22352 0. 92 0.4862 
STKQ — 372.2682 90 4.13631 — — 

FSTKQ 316.1589 90 3.51288 "" " 

b. Certainty for True Negatives 

Sum 
Source Erro r term of squares DF Mean square F PTOb. 

MEAN SUBJECTS 5514.79688 1 5514.79688 422. .15 0.0000 
FSIZE FS 0.63021 1 0.63021 0, .10 0.7509 
SUBJECTS — 195.95313 15 13.06354 — 

TYPE ST 1.50521 1 1.50521 0. .48 0.4969 
KVP SK 22.21875 2 11.10938 3. .15 0.0573 
FS — 90.45313 15 6.03021 --

FT FST 0.25521 1 0.25521 0. .08 0.7773 
ST — 46.57812 15 3.10521 — 

FK FSK 4.44792 2 2.22396 0 .78 0.4662 
SK — 105.78125 30 3.52604 --

TK- STK 4.82292 2 2.41146 0. .80 0.4603 
FST — 46.16146 15 3.07743 — 

FSK — 85.21875 30 2.84062 --

FTK FSTK 3.13542 2 1.56771 0. .35 0.7072 
STK — 90.84375 30 3.02812 - - — 

FSTK — 134.19792 30 4.47326 — - -



Table 1. (Continued) Factorial Analysis of Certainty and Accuracy 

c. Accuracy for True Positives 

Sum 
Source Error term of squares DF Mean square F Prob. 

MEAN SUBJECTS 108.751302 1 108.751302 181 .70 0.0000 
FSIZE FS 0.949219 1 0.949219 6 .02 0.0268 
SUBJECTS — 8.977855 15 0.598524 — 

TYPE ST 8.542969 1 8.542969 58 .62 0.0000 
KVP SK 1.010417 n 0.505208 3 .84 0.0328 
QUAD SQ 29.858073 3 9.952691 67 .22 0.0000 
FS — 2.363281 15 0.157552 
FT FST 1.417969 1 1.417969 11 .23 0.0044 
ST — 2.186198 15 0.145747 — 

FK FSK 1.343750 2 0.671875 7 .96 0.0017 
SK — 3.947917 30 0.131597 — 

TK STK 1.906250 2 0.953125 4 .93 0.0141 
FQ FSQ 0.826823 3 0.276508 1 .83 0.1553 
SQ — 6.662760 45 0.148061 
TQ STQ 2.608073 3 0.869358 7 .96 0.0002 
KQ SKQ 6.520833 6 1.086806 7 .23 0.0000 
FST — 1.894531 15 0.126302 
FSK — 2.531250 30 0.084375 — 

FTK FSTK 0.031250 2 0.015625 0 .15 0.S601 
STK — 5.802083 30 0.193403 — 

FSQ — 6.777344 45 0.150608 — 

FTQ FSTQ 1.816406 3 0.605469 4 .71 0.0061 
STQ — 4.912760 45 0.109172 — 

FKQ FSKQ 3.145833 6 0.524306 4 .17 0.0010 
SKQ — 13.520833 90 0.150231 — 

TKQ STKQ 13.895833 6 2.315972 14 .48 0.0000 
FSTK — 3.093750 30 0.103125 
FSTQ — 5.787760 45 0.128617 - -

FSKQ - - 11.312500 90 0.125694 - - — 

FTKQ FSTKQ 1.062500 6 0.177083 1, .43 0.2120 
STKQ — 14.395833 90 0.159954 
FSTKQ - - 11.145833 90 0.123843 - - - -

d. Accuracy for True Negatives 

Sum 
Source Error term of squares DF Mean square F Prob. 

MEAN SUBJECTS 88.02083 1 0.88021E+02 120.26 0.0000 
FSIZE FS 0.00000 1 0.00000E+00 0. 00 1.0000 
SUBJECTS - - 10.97917 15 0.73194E+00 — — 

TYPE ST 0.08333 1 0.83333E-01 0. 65 0.4320 
KVP SK 0.63542 2 0.31771E+00 1. 96 0.1586 
FS - - 4.66667 15 0.31111E+00 - -

FT FST 0.02083 1 0.20833E-01 0. 19 0.6692 
ST - - 1.91667 15 0.12778E+00 — 

FK FSK 0.40625 2 0.20312E+00 1. 38 0.2680 
SK — 4.86458 30 0.16215E+00 
TK STK 0.51042 2 0.25521E+00 1. 28 0.2933 
FST — 1.64583 15 0.10972E+00 
FSK - - 4.42708 30 0.14757E+00 _ _ 
FTK FSTK 0.07292 2 0.36458E-01 0. 19 0.8281 
STK — 5.98958 30 0.19965E+00 _ 
FSTK — 5.76042 30 0.19201E+00 - - — 



because the curve crosses the chance line, all statistical calculations 

are based on accuracy or certainty data.) 

Figures 5a and 5b show that there was a significant difference 

in quadrant 2 responses, in the 100-mm format, and that quadrants 1 and 

3 are more alike and lower in 100-mm format than in the 14 in. x 17 in. 

format (Table la; QUAD, F = 25.37, P < 0.0001). Figures 5c and 5d graph

ically demonstrate what occurred. The LROC data give the same result 

(Table lb; QUAD, F = 67.22, P < 0.0001) as was found with the ROC data, 

but in Figure 5d we see that the hit rates (HR) for quadrants 1, 3, and 

4 decreased by as much as 0.13 while quadrant 2's HR increased slightly. 

The LROC data give additional information to the experimenter and permit 

a more accurate interpretation of the results. 

The remaining analyses describe accurate location data only,' 

except when other results were pertinent to the conclusions of the 

study or were interesting in their own right. One such analysis can 

be seen in Tables la and lb and further illuminates the importance of 

the location data: whenever the main effects and many of the inter

actions for the certainty response data proved to be nonsignificant, 

the accuracy data showed statistically significant differences. Again, 

if the traditional signal detection model had been followed, the con

clusions drawn would have been incorrect. 

Next, the percentage accuracies for kVp and for film type 

were analyzed to see what their individual contributions might be. 

Consistent with Figures 6a and 6b, a significant difference was found 

between the two format sizes with respect to accuracy at each of three 

kVp levels. While the 110 and 140 kVp films were virtually identical 
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Figure 5. ROC Curves for Four Quadrants. 

Traditional ROC curves for the four quadrants viewed in the (a) 14 in. x 
17 in. format and (b) 100-mm format. Location adjusted ROC curves for 
the (c) 14 in. * 17 in. format and (d) 100-mm format. 
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Figure 6. LROC Comparisons of kVp Levels, 

(a) 14 in. x 17 in. film size. (b) 100-mm film size. 
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across film types, the 80 kVp film showed a significant decrease. 

This, coupled with the results in Figures 7a and 7b, indicates that 

the two film types (RPR and Cronex) included in the original stimulus 

set, the RPR film showed a great decrease in accuracy, when converted 

optically into the 100-mm format. Cronex films produced little change, 

indicating that there was a significant interaction of kVp and film 

type (Table lc; TK, F = 4.93, P = 0.0141). 

To verify that kVp and film type were the main variables that 

contributed to the differences between the film sizes, further 

analyses were performed: the effects on certainty and accuracy of 

(1) gender (12 males and 4 females), (2) the order in which the film 

sizes were presented (100-mm first or 14 in. x 17 in. first), and 

(3) randomized stimulus sequences. These analyses are described in 

Tables 2a and 2b. 

The two random sequences provided no significant differences 

in either certainty or accuracy (Table 2a; SEQUENCE, F = 0.51, P = 

0.4763: Table 2b; SEQUENCE, F = 0.86, P = 0.3548). Gender and order 

of presentation were significant only in the certainty analyses (Table 

2a; GENDER, F = 4.63, P = 0.0319). Gender differences occurred because 

the four females were less certain about their responses, but indicated 

that they saw the nodule more often than did the males. Thus, their 

selection criteria was more lax. This is shown in Figure 8, which 

accumulates the certainty responses across the ten point scale. 

Figures 9a and 9b clarify the cause of the order of presentation 

effect. When the 14 in. x 17 in. films were presented first, there 
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Figure 7. LROC Comparison between Film Types, 

(a) 14 in. x 17 in. film size. (b) 100-ram film size. 
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Table 2. Analysis of (a) Certainty and (b) Accuracy for Effects of 

Gender, Order of Presentation, and Random Sequence. 

a. Certainty 

Sum Tail 
Source of squares DF Mean square F probability 

MEAN 11588.10035 1 11588.10035 1481.10 0.0000 
GENDER 36.22535 1 36.22535 4.63 0.0319 
ORDER 66.91701 1 66.91701 8.55 0.0036 
SEQUENCE 3.97535 1 3.97535 0.51 0.4763 
GO 71.88368 1 71.88368 9.19 0.0026 
GS 73.79201 1 73.79201 9.43 0.0023 
OS 8..12813 1 8.12813 1.04 0.3086 
GOS 10.15312 1 10.15312 1.30 0.2552 
ERROR 3692.91667 472 7.82398 — — 

CERT 0.42535 1 0.42535 0.10 0.7501 
CG 25.50035 1 25.50035 6.09 0.0139 
CO 3.00313 1 3.00313 0.72 0.3974 
CS 12.66701 1 12.66701 3.03 0.0826 
CGO 5.25313 1 5.25313 1.25 0.2632 
CGS 1.05035 1 1.05035 0.25 0.6167 
COS 0.12535 1 0.12535 0.03 0.8627 
CGOS 4.91701 1 4.91701 1.17 0.2790 
ERROR 1975.91667 472 4.18626 "" "" 

b. Accuracy 

Sum Tail 
Source of squares DF Mean square F probability 

MEAN 127.09201 1 127.09201 373.40 0.0000 
GENDER 0.76701 1 0.76701 2.25 0.1340 
ORDER 0.47535 1 0.47535 1.40 0.2379 
SEQUENCE 0.29201 1 0.29201 0.86 0.3548 
GO 0.58368 1 0.58368 1.71 0.1910 
GS 0.18368 1 0.18368 0.54 0.4629 
OS 0.00313 1 0.00313 0.01 0.9237 
GOS 0.37812 1 0.37812 1.11 0.2924 
ERROR 160.65000 472 0.34036 — — 

ACCU 0.83368 1 0.83368 5.66 0.0178 
AG 0.10035 1 0.10035 0.68 0.4098 
AO 0.04201 1 0.04201 0.28 0.5937 
AS 0.02812 1 0.02812 0.19 0.6625 
AGO 1.55868 1 1.55868 10.57 0.0012 
AGS 0.07813 1 0.07183 0.53 0.4670 
AOS 0.00868 1 0.00868 0.06 0.8084 
AGOS 0.05868 1 0.05868 0.40 0.5284 
ERROR 69.58333 472 0.14742 - _ 
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Figure 9. Comparison of Certainty Selections across All Observers De

pendent on Presentation Order. 

(a) 14 in. x 17. in. format size presented first, (b) 100-mm 
format size presented first. 
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was a strong effect on certainty, when the observers were subsequently-

shown the 100-mm films, but this effect did not occur when the 100-mm 

films were presented first. The effect was based on the virtual 

elimination of the "just guessing" categories for both "yes" and "no" 

responses and on the - increased use of categories 6 and 7 ("more than 

just guessing" and "relatively certain"), when observers wished to 

indicate that a nodule was not present. While both the gender and the 

presentation-order effects were very strong in the certainty 

analyses, neither showed significant differences, in the accuracy 

analyses. This indicates that the kVp and film type effects, noted 

above, were the major contributors to the differences between film-

size formats. 

This conclusion was further corroborated when an analysis of 

the direction-of-accuracy-change was performed. Figures 7a and 7b 

indicate that there was very little effect on accuracy, when the 

Cronex films were reduced, but that there was a definite decrement 

when the RPR films were reduced. Table 3 shows that the situation is 

not simple. The way observers responded to the Cronex films did 

change in the 100-mm format. Eight of the 12 films increased 

accuracy of response, and four decreased it, but because the decrease 

in accuracy was approximately twice as large as the increase, the two 

changes neutralized each other. There was a similar effect with the 

RPR film, but in the opposite direction. Three of the RPR's produced 

increases in accuracy and nine decreased it. In addition, reversals 

of a similar type occurred with the three kVp's. This indicates that 



Table 3. Tabulation of Those Films Which Decreased in Accuracy When 

Miniaturized (Mostly RPR) and Those That Either Increased 

or Remained the Same (Mostly Cronex). 

100 mm < 14x17 100 mm i 14x17 

Accuracy Accuracy 

No. Film type 14x17 100 mm No. Film type 14x17 100 mm 

2 RPR 100 56 27 Cronex 100 100 
24 Cronex 93 75 29 Cronex 68 81 
9 RPR 93 50 22 Cronex 68 68 
14 RPR 56 12 19 Cronex 50 87 
12 Cronex 37 25 18 Cronex 50 62 
30 RPR 37 18 17 Cronex 31 37 
7 RPR 31 12 28 Cronex 25 43 
15 RPR 31 0 13 RPR 6 37 
23 Cronex 31 0 3 RPR 0 12 
8 RPR 25 6 5 RPR 0 12 
4 RPR 18 12 25 Cronex 0 6 
10 RPR 18 0 
20 Cronex 12 0 
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the photographic miniaturization had effects on density differences, 

or on contrast between the nodules and the surrounds. On the other 

hand, analyses of density differences between the object and the 

surround, contrast differences, and the ranges of density have not 

proved to be productive, so far, in explaining the anomaly. Further 

studies of these parameters are now being conducted. 

Format Size--Discussion 

The results of this study point to factors other than format 

size as the major contributors to the obtained decreases in accuracy. 

Because (1) accuracy both increased and decreased, (2) the direction 

of the accuracy depended mostly on film type, and (3) accuracy 

increased for approximately half of the films (which was completely 

unexpected), it can be argued that results found in the radiology 

literature are attributable to lack of adequate control procedures 

in the selection of films to be miniaturized, not to the format size. 

It is likely that the kVp levels or the film types employed in those 

studies caused the described effects. Format size effects, if present, 

probably will be very small, thus indicating that the 100-mm format 

can be used effectively and safely, at least in situations similar 

to those of the present studies. 

These results have shown that the 100-mm format can be used 

for permanent storage of patient's films and for video displays of the 

type described above. Further, we know that accuracy differences 

related to format size are attributable mainly to the effects of 

either the optics in the miniaturization process or to the development 
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process interacting with film types and/or kVp levels used. It is 

reasonable, therefore, to assume that format size is not a major 

contributor to the decrease in observer accuracy of response. 

These findings indicate the importance of controlling as 

many variables in a stimulus set as possible. Without such control, 

incorrect conclusions about the effect of a particular variable can 

prevent implementation of an effective method such as miniaturization, 

thus losing its cost savings, ease of storage, and other benefits. 

The next st,age of investigation will be the development of 

computer controlled images that will be written onto 100-mm film by 

microdensitometric method. A comparative study of 100-mm video display 

formats versus films will then be conducted to delineate further the 

effect of the 100-mm format on perception. There is every reason to 

expect that there will be no effect, but the study must be carried 

out in order to answer questions about format size that may arise in 

the future. 

Training and Experience—Results 

Response data from the 14 in. * 17 in. images obtained from the 

OSC volunteers and discussed above, were combined with data from 

separate studies based on responses from the staff and residents of the 

AHSC Department of Radiology, to examine the effects of training and 

experience upon response accuracy. Because the data from the staff and 

residents were obtained in separate studies, these experiments will be 

described first. This will provide a useful background for explaining 

the combined investigation. Table 4 shows the results of an analysis 
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Table 4. Mixed Model ANOVA Comparing the Response Accuracy of the 

Staff's First and Second Readings of the 14 In. * 17 In. 

Film Images. 

Source 

MEAN 
G 
ERROR 

Sum of 
squares 

173.57143 
0.15238 
5.67619 

Degrees of 
freedom 

1 
1 

1 2  

Mean square 

173.57143 
0.15238 
0.47302 

366.95 
0.32 

Tail 
probability 

0.0000 
0.5808 

FTYP 
FG 
ERROR 

0.08571 
0.00000 
1.98095 

1 
1 

12 

0.08571 
0.00000 
0.16508 

0.52 
0 . 0 0  

0.4850 
1.0000 

KVP 
KG 
ERROR 

0.70000 
0.06190 
2.83810 

2 
2 

24 

0.35000 
0.03095 
0.11825 

2.96 
0 . 2 6  

0.0710 
0.7719 

FK 
FKG 
ERROR 

0.27143 
0.18571 
3.27619 

2 
2 

24 

0.13571 
0.09286 
0.13651 

0.99 
0 . 6 8  

0.3848 
0.5160 

QUAD 
QG 
ERROR 

20.09524 
1.13333 
6.03810 

4 
4 
48 

5.02381 
0.28333 
0.12579 

39.94 
2.25 

0 .0000  
0.0772 

FQ 
FQG 
ERROR 

3.43810 
0.09524 
5.73333 

4 
4 
48 

0.85952 
0.02381 
0.11944 

7.20 
0 . 2 0  

0 . 0 0 0 1  
0.9375 

KQ 
KQG 
ERROR 

6.27619 
1.15238 
12.30476 

8 
8 

96 

0.78452 
0.14405 
0.12817 

6 . 1 2  
1 . 1 2  

0.0000 
0.3544 

FKQ 
FKQG 
ERROR 

12.13333 
0.36190 
12.43810 

8 
8 

96 

1.51667 
0.04524 
0.12956 

11.71 
0.35 

0.0000 
0.9441 



of variance of the staff data. None of the main or interaction effects 

were significant. Since the staff had seen the films in one form or 

another three times, other than the first and last viewings that are to 

be compared here, the Table 4 results indicated that the stimuli had not 

been "learned" by the observers and that the results obtained in the 

video studies (the other three viewings) were not confounded with multi

ple presentations of the stimuli. Table 4 also indicates that the stim

uli can be shown to the same observers in many different experimental 

situations without fear of confounding based on familiarity. 

That general conclusion permitted initiation of a long-term 

study to examine the learning curve of resident trainees in the AHSC 

Department of Radiology with respect to detection of large nodules 

in the chest. There was no intent to study the more complex recog

nition and diagnosis sequences of learning at this time, because: 

(1) there exists no good understanding of just what happens in 

detection learning and (2) the set of stimuli to be used was not 

designed for that purpose and a stimulus set for performing those 

types of study has not been developed. Results from the first year 

of the investigation have now clarified many matters related to the 

effects of training on detection accuracy and a set of nonartificial 

stimulus-images is now being developed. 

Table 5 shows an analysis of variance of the two sets of 

responses made by the residents in the first year. The two presen

tations of the stimuli were at least six months apart. There is a 

significant difference in accuracy rates for the two trials (Table 5; 

G, F = 5.29, P = 0.0323). At about six months the residents had 



Table 5. Mixed Model ANOVA Comparing the Response Accuracy of the 

Residents' First Two Readings of the 14 In. * 17 In. Film 

Images. 

Sum of Degrees of Tail 
Source squares freedom ' Mean square F probability 

MEAN 241.21364 1 241.21364 773.57 0.0000 
G 1.65000 1 1.65000 5.29 0.0323 
ERROR 6.23636 20 0.31182 - -

FTYP 0.03788 1 0.03788 0.19 0.6664 
FG 0.43788 1 0.43788 2.21 0.1525 
ERROR 3.95758 20 0.19788 - -

KVP 3.46364 2 1.73182 9.50 0.0004 
KG 0.44545 2 0.22273 1.22 0.3054 
ERROR 7.29091 40 0.18227 - - - -

FK 0.07576 2 0.03788 0.24 0.7840 
FKG 0.40303 2 0.20152 1.30 0.2831 
ERROR 6.18788 40 0.15470 - - — 

QUAD 17.61212 4 4.40303 18.24 0.0000 
QG 0.47879 4 0.11970 0.50 0.7387 
ERROR 19.30909 80 0.24136 - - - -

FQ 6.93939 4 1.73485 12.57 0.0000 
FQG 0.08485 4 0.02121 0.15 0.9608 
ERROR 11.04242 80 0.13803 - -

KQ 8.82424 8 1.10303 8. 75 0.0000 

KQG 0.81212 8 0.10152 0.81 0.5986 
ERROR 20.16364 160 0.12602 - - — 

FKQ 22.33333 8 2.79167 23.18 0.0000 
FKQG 0.73333 8 0.09167 0.76 0.6374 
ERROR 19.26667 160 0.12042 - -
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increased their average accuracy from a low of 53% to a high of 65%. 

This high of 65% is exactly the accuracy level attained by the staff 

on their first exposure to these films. 

The responses of the residents to the three kVp stimulus 

levels were also significantly different, indicating that the 

noted accuracy differences might be the result of increased sensi

tivity at lower energy levels. That this is the case will be 

demonstrated below, where the staff and residents responses are 

compared with those of medically untrained observers at OSC. A 

comparison of the two runs by staff and residents showed that there 

was no significant difference in the overall group effect, but that 

the trial-group interaction was almost significant (Table 6; G, 

F = 1.94, P = 0.1823: TG, F = 4.18, P = 0.0578). 

Figures 10a and 10b show the overall LROC curves for staff 

and residents. Their first and second runs were compared with the 

single run for observers from OSC. As indicated above, the residents 

increased in sensitivity, as shown by the areas under the curves in 

Table 7a. The area under the curve is used as a metric of comparison, 

because the standard metrics, such as d', da, and Az, cannot be 

calculated from the LROC curves. Appendix C contains additional 

details on this point. The staff function produced a 0.077 decrease 

in area, while the resident function yielded a 0.142 increase, a 

definite indication of the effect of experience and training. The 

medically untrained observers were also significantly lower in 

accuracy than were the residents, even in the set of responses given 

by the latter within their first week at AHSC (t = 2.523, df = 808). 
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Table 6. Mixed Model ANOVA Comparing the All Staff and Resident Response 

Accuracy Data. 

Source 
Sum of 
squares 

Degrees of 
freedom Mean square F 

Tail 
probability 

MEAN 12.92676 1 12.92676 923. 94 0.0000 
G 0.02719 1 0.02719 1. .94 0.1823 
ERROR 0.22385 16 0.01399 - - - -

TRIA 0.00672 1 0.00672 0. ,76 0.3975 
TG 0.03714 1 0.03714 4. ,18 0.0578 
ERROR 0.14227 16 0.00889 - -
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Figure 10. LROC Graphs for Comparison of the (a) First and (b) Second 

Viewings of the 14 In. x 17 In. Films by the Staff and 

Residents to the One Viewing by the OSC Observers. 
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Table 7. Area under the Curve for (a) All Readings of the 14 In. * 

17 In. Films by the Staff, Residents, and OSC Observers; 

(b) Each of the Quadrants. 

a. All Readings 

Staff 1 Staff 2 Res 1 Res 2 OSC 

0.622 0.545 0.475 0.617 0.387 

b. Each of the Quadrants 

Quadrant Staff 1 Staff 2 Res 1 Res 2 OSC 

1 0.698 0.611 0.568 0.659 0.579 
2 0.682 0.542 0.333 0.490 0.202 
3 0.941 0.764 0.724 0.885 0.608 
4 0.169 0.263 0.277 0.434 0.156 



Figures 11a through lie and Table 7b further delineate where 

these overall changes occurred. While all quadrants show either an 

increase or decrease for the staff and residents, when compared with 

the OSC data, quadrants two and four show the greatest effects. 

These quadrants were the darker two of the four and were intended to 

be the most useful in determining an increase in sensitivity due to 

training or experience. The relevant graphs show an overall trend of 

increasing accuracy as the observer received more training. These 

differences are significant (Tables 8a and 8b). There was also a 

nonsignificant decrement on the part of the staff. 

Tables 8 and 9 also show a significant effect for kVp (Table 8 

KVP, F = 7.83, P = 0.0009: Tabie 9, KVP, F = 14.03, P < 0.0001). As 

indicated above, it is the difference in sensitivity related to 

energy level that appears to make the difference in the accuracy 

level that was found between the different readings of the films. 

Figures 12a through 12e demonstrate what occurred. Figures 12a and 

12b show that the staff became less sensitive to the 110 kVp, while 

12c and 12d show that the residents became more sensitive to all kVp 

levels, but especially to 110, which increased until it became 

equivalent to the 140 kVp. Figure 12e further verifies this by 

depicting the same pattern for the OSC volunteers as is found in 

Figure 12c, although at lower accuracy levels. This indicates that 

there is a basic sensitivity level that was raised by medical 

education, and then was further increased in the intermediate range 

of perceptual sensitivity by training and practice during the first 

year of residency. 
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Figure 11. LROC Graphs for the Quadrant Sensitivity of the Staff, 

Residents, and OSC Observers. 

(a) Staff first viewing. (b) Staff second viewing. 
(c) Residents first viewing. (d) Residents second viewing 
(e) OSC first viewing. • = 1, A = 2, + = 3, •= 4. 
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Table 8. ANOVA of Response Accuracy of All Three Observer Groups 

the First Time the 14 In. x 17 In. Films Were Viewed. 

Source 

MEAN 
G , 
ERROR 

Sum of 
squares 

286.14875 
5.88768 
8.87800 

Degrees of 
freedom 

1 
2 

31 

Mean square 

286.14875 
2.94384 
0.28639 

999.17 
1 0 . 2 8  

Tail 
probability 

0.0000 
0.0004 

FTYP 
FG 
ERROR 

0.84535 
0.12729 
5.17173 

1 
2 

31 

0.84535 
0.06365 
0.16683 

5.07 
0.38 

0.0316 
0 .6860  

KVP 
KG 
ERROR 

2.40884 
0.17002 
9.53782 

2 
4 
62 

1.20442 
0.04250 
0.15384 

7.83 
0 . 2 8  

0.0009 
0.8922 

FK 
FKG 
ERROR 

0.16772 
0.65631 
7.50644 

2 
4 

62 

0.08386 
0.16408 
0.12107 

0.69 
1.36 

0.5041 
0.2598 

QUAD 
QG 
ERROR 

37.88904 
5.81046 
26.79150 

4 
8 

124 

9.47226 
0.72631 
0.21606 

43.84 
3.36 

0.0000 
0.0016 

FQ 
FQG 
ERROR 

6.35520 
1.30433 
17.47018 

4 
8 

124 

1.58880 
0.16304 
0.14089 

1 1 . 2 8  
1 . 1 6  

0.0000 
0.3305 

KQ 
KQG 
ERROR 

9.87215 
6.67670 
35.96840 

8 
16 
248 

1.23402 
0.41729 
0.14503 

8.51 
2 . 8 8  

0.0000 
0 . 0 0 0 2  

FKQ 
FKQG 
ERROR 

20.72818 
2.67972 
33.86342 

8 
16 

248 

2.59102 
0.16748 
0.15655 

18.98 
1.23 

0.0000 
0.2478 
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Table 9. Comparison of the Response Accuracies for the Second Viewing 

of the Staff and Residents and the First for the OSC 

Observers. 

Source 

MEAN 
G 
ERROR 

Sum of 
squares 

307.61190 
8.17354 
14.56372 

Degrees of 
freedom 

1 
2 

31 

Mean square 

307.61190 
4.08677 
0.46980 

654.78 
8.70 

Tail 
probability 

0.0000 
0.0010 

FTYP 
FG 
ERROR 

0.16084 
0.75305 
5.39597 

1 
2 

31 

0.16084 
0.37653 
0.17406 

0.92 
2 . 1 6  

0.3439 
0.1320 

KVP 
KG 
ERROR 

4.00473 
0.66617 
8.84951 

2 
4 

62 

2.00237 
0.16654 
0.14273 

14.03 
1.17 

0.0000 
0.3342 

FK 
FKG 
ERROR 

0.15874 
0.63502 
8.71596 

2 
4 
62 

0.07937 
0.15875 
0.14058 

0.56 
1.13 

0.5715 
0.3510 

QUAD 
QG 
ERROR 

28.30946 
4.55853 
25.88068 

4 
8 

124 

7.07736 
0.56982 
0.20872 

33.91 
2.73 

0.0000 
0.0083 

FQ 
FQG 
ERROR 

5.34664 
0.60962 
15.61391 

4 
8 

124 

1.33666 
0.07620 
0.12592 

1 0 . 6 2  
0 . 6 1  

0.0000 
0.7721 

KQ 
KQG 
ERROR 

8.75260 
3.84314 
36.70000 

8 
16 
248 

1.09408 
0.24020 
0.14798 

7.39 
1 . 6 2  

0.0000 
0.0633 

FKQ 
FKQG 
ERROR 

24.57117 
3.53905 
33.20801 

8 
16 
248 

3.07140 
0.22119 
0.13390 

22.94 
1.65 

0.0000 
0.0567 
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100 
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(a) (b) 

Figure 12. LROC Graphs for the Three kVp Levels in the Stimulus Set 

for the Staff, Residents, and the OSC Observers. 

(a) Staff first viewing, (b) staff second viewing, (c) residents first 
viewing, (d) residents second viewing, (e) OSC first viewing. 
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Figures 13a through 13e show why film type proved to be 

nonsignificant for the second viewing (Table 8b; FTYPE, F = 0.92, 

P = 0.3439). While each film type produced a consistently different 

accuracy rate, these differences were only large enough to reach 

significance when the residents' sensitivity was lower, during their 

first response set (Table 8; FTYPE, F = 5.07, P = 0.0316). Once 

their sensitivity increased, no significant differences attributable 

to film type were noted. Also there was no group-film type inter

action, which indicates that all three groups were responding in the 

same way to the different film types. 

Again we see, as we did in the kVp graphs, that the response 

patterns for the Staff groups 1 and 2, Resident group 1, and the 

OSC group were very similar for each film type. The responses of the 

residents the second time they were shown the stimuli indicate an 

equivalence of certainty/accuracy for both types of film. This 

further verifies the increase in sensitivity noted in the accuracy 

analysis. 

Training and Experience—Discussion 

The results of this study are both inportant and intriguing. 

The training of radiologists is costly in time and money and there is 

no guarantee that a resident will ever reach a criterion level of 

effective diagnostic accuracy. If ways could be found to hasten 

training, or even improve the methods of training to insure a 

minimum competence, this would be beneficial to patients as well as to 

the training staff. Patients would benefit through lower costs and 
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Figure 13. LROC Graphs of the Two Film Types in the Stimulus Set for 

the Staff,.Residents, and OSC Observers. 

(a) Staff first viewing, (b) staff second viewing, (c) residents first 
viewing, (d) residents second viewing, (e) OSC first viewing. 
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and more consistent diagnoses. Staff could devote more time to their 

professional requirements. 

The combined data of the staff, residents, and the medically 

untrained observers at OSC indicate the existence of a continuum of 

detection-sensitivity based on training and experience: the less 

the training, the lower the sensitivity. There also appears to be an 

upper limit, as demonstrated by the staff data. 

Because accuracy differs across detection tasks, there is a 

window of most effective kVp levels and film combinations that 

optimizes sensitivity. The most useful combination is 140 kVp and 

Cronex film, for the type of detection task employed in the present 

research. 

Maximum detection sensitivity was reached by the residents 

by the end of the first six months of the first year's training. 

Before training began, the residents fell about halfway between the 

untrained observers and the well-experienced staff members. This 

indicates that education and experience had effects at all levels of 

sensitivity. Experience and practice definitely increased sensitivity 

to the stimuli presented in this study. 

Until now it was not known how soon the resident trainees came 

to equal the staff in detection capability. The obtained learning 

curve has definite implications for development of training strategies. 

If this speed of learning is maintained when actual patient 

x-ray images are presented in subsequent studies, then it might 

be possible to decrease the years of residency to three instead of 

four. Or it might be possible to develop training methods that would 
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enhance the learning process even more. One avenue of exploration of 

this possibility involves different training schedules for each 

resident. Because residents are sent to different divisions of 

radiology for training at different times during their first year, it 

might be possible to find out when they reach maximum sensitivity and 

correlate this information with the sequence and type of training. 

This might yield clues concerning the type of experience most beneficial 

to an increase in detection accuracy. 



APPENDIX A 

STIMULUS DEVELOPMENT 

The stimuli of these studies were thirty 14 in. x 17 in. 

x-ray images of a 3M phantom. This phantom is a set of human chest 

bones encased in plexiglass, and has the same x-ray scatter character

istics as human tissue. Sponges that had been soaked in renografin 

were inserted into the chest cavity. Renografin is an iodine concen

trate used for imaging internal organs, because it is opaque to x rays. 

The sponges were inserted to simulate the scatter that occurs when 

x rays pass through lungs. 

A 1-cm wide, 2.54-cm thick simulated nodule was used as the 

signal. A "nodule," here, refers to the fleshy growth noted in chest 

studies of patients who have cancer. All results obtained in the pres

ent studies apply, therefore, only to that size nodule. The nodule 

was placed in different quadrants and the x-ray images were formed. 

The time of exposure was kept constant. Only the film type and the 

kilovolt potential (kVp) level were variated. The grey levels were 

equated across film types and between kVp levels by using an aluminum 

step wedge as part of the system. By measuring the resultant step 

wedge image on the radiograph, only those which had readings of 

approximately 1.5 on the densitometer were selected for the data 

set. This eliminated errors due to machine or human mistakes and re

sulted in a controlled set of stimuli for the variables of interest. 
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Ninety films (six sets of 15) were finally accepted as 

potentially useful for the series of studies to be conducted. A 

panel consisting of the head of the Department of Radiology and its 

division heads eliminated any films that did not resemble a standard 

chest film. Next, a study using the remaining 45 images (three sets 

of 15) was conducted. Eleven radiologists participated. The results 

showed that two film types (30 film images) were virtually identical, 

while the third film type produced a degraded image when standard 

imaging techniques were used (Gray et al., 1974). Those degraded im

ages were eliminated from the stimulus set and the resulting 30 images 

are now used in all studies of the present kind. The images were 

designed to be threshold cases to ensure that system degradation or 

enhancement of transmitted information could be measured easily by a 

decrease or increase in accuracy. 

The 100-mm stimuli were made by the miniaturization system of 

AGFA-GEVAERT and the film was Delcopex RP1R 50x10xll0 cm, a standard 

copying film. Consistency was maintained by performing all duplication 

in one batch and the manufacturers guaranteed the miniaturized set to 

be the most stable duplication and miniaturization possible, given their 

methods and films. 



APPENDIX B 

SIGNAL DETECTION THEORY 

Perception has been an important area of investigation since the 

earliest beginnings of psychology. But the methods by which it has been 

investigated have changed over the last century. Today, the most useful 

experimental method is based on signal detection theory (SDT). This 

theory does not use the concept of threshold in its formulations, al

though the determination of threshold was the core of the psychophysical 

measurement techniques used from the very beginning of psychology as a 

science. We explore below how psychological thinking changed to allow 

the theory of signal detection to be conceived and then to be so readily 

accepted. 

Three men have been the greatest contributors to the founding 

of psychology as a separate science. They are Gustav Theodor Fechner, 

Herman Von Helmholtz, and Wilhelm Wundt. Fechner demonstrated in 1860 

that psychology could employ the scientific method of measurement. 

Helmholtz conducted research and accumulated facts on vision and audi

tion. And Wundt promoted psychology as an independent science, founding 

its first formal laboratory in 1879 in which he explored its range of 

investigation, developed its philosophy, and communicated methods and 

findings by publishing many books. 
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Using the methods defined by Fechner to investigate the areas 

cataloged by Helmholtz in a laboratory setting as championed by Wundt, 

early psychologists found that they could plot the proportion of posi

tive responses against a physical measure of stimulus strength or dif

ference, to get a psychometric function. From that function a single 

number was extracted to represent discrimination. Expressed in units 

of the physical measure, this number was taken as the stimulus threshold. 

However, it proved to be unstable between and within observers. 

To solve this problem, Louis Leon Thurstone used a paired 

comparison procedure to obtain his data. He stressed the variability 

of the sensory effect of the repetitions and ignored the concept of 

threshold, thereby nearly eliminating judgmental bias. Up until 

Thurstone's time, classical psychophysics had the observer report sen

sations and base those reports on the stimulus. In this context, the 

presentation of the null stimulus was a "catch trial" used to maintain 

the observer's alertness. These null stimuli were presented infre

quently, and the false positive responses were not counted. Thurstone 

believed that the false positives were natural and expected, and that 

they must be eliminated, preferably on as many trials as the probability 

of a correct positive response. 

H. Richard Blackwell took the next steps in the evolution of 

psychophysics toward the development and easy acceptance of SDT. He 

used a forced choice procedure, which was also a means of stabilizing 

the observer's bias. He worked at a time when the null stimulus was 

being redefined. Instead of being a blank presentation, it was 
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considered to be an actual stimulus because it could produce sensori

neural activity that could seem like the stimulus to the observer. 

Signal was also redefined to mean signal imbedded in noise. With this 

information available, Blackwell assumed the existence of a criterion 

level that the observer used to decide if the stimulus presented was a 

signal or not. His assumption was that stimuli below the criterion were 

not distinguishable, as if there was a physiological threshold. Since 

he acknowledged that biasing factors might favor positive responses, 

a correction for guessing was developed. It was the proportion of 

correct positive responses minus the proportion of false positive re

sponses divided by 1 minus the false positive responses. This measure 

assumed that there was a fixed criterion level, which meant a statisti

cal independence of false positive and true positive responses. This 

was proved to be incorrect by investigators who had their subjects use 

different criteria for the same set of stimuli. They found that the 

resultant curves were curvilinear instead of the expected linear rela

tionship when false positives were plotted against true positives. 

W. P. Tanner, Jr. and J. A. Swets (1953; 1954a,b) who studied 

sensory psychology at the University of Michigan with Blackwell, were 

two of those investigators. They subsequently took all the modifications 

on traditional theory mentioned above, melded them with statistical 

decision theory, which was being used by fellow graduate students W. W. 

Peterson and T. G. Birdsall to develop the ROC analysis. The outcome 

was signal detection theory, which is now used in many diverse areas of 

investigation. The following is a description of that theory. 
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The basic principles of signal detection theory (SDT) were 

developed for the simple "yes"-"no" type of experiment. In these 

experiments the observer was shown a large number of stimuli, with 

half containing "signal-plus-noise" and half containing "noise" alone. 

He was asked to respond simply "yes" or "no" concerning the presence 

of the signal. From this procedure it was.easy to determine the number 

of hit responses (H) and the number of false alarms (FA), that yielded 

associated conditional probabilities P(Y/s) and P(N/n). This type of 

evaluation did not, however, take into account the response biases 

of the observer. The psychophysicist had no way of determining, with

out exhaustive training of the observers, just where the observers 

had set their individual criterion levels to decide what amount of 

stimulation would be required before they would indicate the presence 

of a signal. Consequently, the experiment was repeated with the same 

set of stimuli and the same observers but with instructions to use 

laxer, or stricter, criteria than in previous tests. Performed in this 

manner, it was possible to obtain the probabilities of a H and a FA 

at various criterion levels. The values could then be plotted to 

produce ROC curves (described below). A large number of responses 

were needed in this type of experiment, in order to assure that the 

criterion level of the observer was stabilized and to assure that 

the results were stable or reliable. 

The next step in the development of SDT techniques involved 

the use of a rating scale (Egen and Clark, 1968). In this procedure 

the observer is shown one set of stimuli and asked to indicate his 
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confidence that the signal is present or absent on a numerical scale. 

This type of experiment now produces the same type of information as 

in the previously described "yes"-"no" experiment. The results 

are in the form of a set of conditional probabilities, as mentioned 

above, but now there are responses for each confidence level on the 

rating scale. This procedure considerably reduces the number of 

observations necessary for each observer, but when averaged over many 

observers, it produces the same type of data as described above, yet 

reduces the time and effort involved in collecting the data. This 

is a useful methodology when real-world observers cannot spend weeks 

to obtain one data point in the (ROC) curves (Green and Swets, 1966). 

The following brief overview of SDT, using rating scales, indicates 

how the method is handled. For more detailed descriptions, see the 

reference section of this paper. 

We first assume two overlapping probability density distri

butions with one representing the normalized probability density 

distribution of noise alone, F(X/n), and the other the normalized 

probability density distribution of the signal-plus-noise, F(X/s), 

where X is the random variable and X1 the outcome (Figure 14). Each 

outcome of X becomes the input to the detecting system to which the 

human observer must respond "s" if the signal plus noise is present 

or "n" if the noise alone is present. The observer does this by-

selecting some X , a criterion level of the random variable X. For 

X greater than Xc, he responds signal ("s") and for X less than Xc, he 

responds noise ("n"). 
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Figure 14. Overlapping Noise Alone and Signal Plus 
Noise Probability Density Distributions. 

H = hit, CR = correct rejection, 
ICR = incorrect rejection, FA = false 
alarm. 

This divides the two probability density distributions into 

four areas. The area under the curve F(X/n) to the left of the X£ 

represents the probability of true negative responses. The area 

under the curve F(X/n) to the right of the Xc represents the proba

bility of the false positive response, which is merely the area 

under the normalized probability density distribution for noise alone, 

to the right of X . The area to the right of the X£ is the probability 

of hit responses; that to the left of Xc under the signal plus noise 

distribution represents the incorrect rejection responses. 

Because these values are interrelated, it is necessary to 

specify only the value of the hits and the false alarms in order to 

describe uniquely the conditional probabilities of the response 

situation. Consequently, the conditional probability information 
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describing the response process can be represented as a single point 

on a two-dimensional graph. As the observer varies his criterion 

level Xc, a series of points will be generated that will produce the 

receiver operating characteristic (ROC) curve (Figure 15). 

When an observer uses a certainty scale to respond to each 

stimulus he is effectively stating his criterion level for that time 

and for that stimulus. If, for example, a 6-point scale is used 

(0 through 5) with 3, 4, and 5 standing for different levels of 

positiveness that the signal is present, and 0, 1, and 2 the same 

level of positiveness that the signal is not present, then if the 

observer selects a 5 as his degree of certainty, this means the con

ditional probability of a hit is relatively high compared to the 

conditional probability of a false alarm response. As his degree of 

certainty changes, the criterion level changes and the conditional 

probabilities are related to the area under the appropriate curves 

to the right of the new criterion level. For each criterion level, 

a point for the two-dimensional ROC graph is produced, the coordinates 

for that point being the area under the appropriate curves to the 

right of the criterion level. 

It is now apparent that the further the probability density 

curves for signal plus noise and the noise alone are separated, 

the easier the detection task becomes. Consequently, the ROC curves 

will move away from the positive diagonal toward the upper left corner 

of the graph. If the two probability density distributions overlap 

completely, the corresponding ROC curve will be coincident with the 

positive diagonal, indicating that regardless of what criterion level 
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the observer selects, he will be just guessing as to the presence 

of the signal in the stimulus, i.e., the probability of a hit will 

be the same as that for a FA. 

As described up to this point, the ROC curve should never 

drop below the positive diagonal or chance line. If this does 

occur it would mean that the presence of a signal reduces the 

probability that an individual is detecting the presence of a signal. 

But this also assumes that the observer is correct on all levels, 

when he says yes and a signal is present. This is a safe assumption 

when the stimulus is a sound or a light. But as more and more 

complex stimuli are used, it becomes easier to respond to noise 

instead of the actual signal, especially when the noise is similar 

to the signal. It has been shown that this is the case when radio

graphic images of many different types are used (Seeley, 1976; Seeley 

et al., 1978; Starr et al., 1975; Goodenough, Rossman, and Lusted, 1974; 

Metz, Starr, and Lusted, 1976; Swets, 1977, 1979). 

When accurate locations and/or classifications are included 

as criteria of correctness, then the ROC curve can drop below the 

diagonal (Figure 16). What this means is that as we try to apply this 

technique to real-world situations, where accuracy of the yes-no 

response is only one level of correctness, the traditional conceptual

izations of SDT do not always apply, and the chance line no longer 

can be looked at as the limiting level of accuracy. 

Through some of the traditional concepts are no longer used, 

the relative differences in curves still represent the sensitivity of 

the observers to the stimuli. Swets et al. (1978) and Swets (1979) 
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have recently described how they used the SDT paradigm to compare 

different imaging systems in Nuclear Medicine. Swets and his 

associates describe the location ROC (LROC) in detail and since d', 

da, and other metrics of sensitivity are not calculatable from the 

LROC, the area under the curve, which is distribution free, is used 

for a comparative metric. Thus, the method has been expanded 

and is even more useful than before, because it can now be used to 

measure sensitivity in circumstances that better approximate the real 

world. 



APPENDIX C 

INSTRUCTIONS 

14 In. x 17 in. Format 

In this experiment you will be looking at thirty 14 in. x 17 in. 

x rays of a 3M phantom. Some of the x rays contain a 1-cm simulated 

nodule in one of the four quadrants indicated by the taped areas on 

this x ray (point to the examples and explain). Your task in this 

portion of the experiment will be to indicate which x rays you 

believe contain the nodule and which ones do not. You may use these 

references throughout the experiment. If you believe a nodule is 

present, then I also want you to indicate which quadrant it is in 

(point to the appropriate place on the answer sheet). Put a 0, if 

you think no nodule is present. 

When you respond, I want you to use the certainty scale located 

on the left-hand side of the answer sheet (point to and explain 

scale; i.e., 5 yes's and 5 no's, etc.). 

Please put your name and the date at the top of the answer 

sheet (wait for this to be performed). 

Now just some pointers before we begin: 

1) There will never be a nodule underneath the taped areas, 

nor within 1-cm of the tape. 

2) There will never be any behind the heart, nor in the 

diaphragm. 
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3) None on the edges of the image (i.e., the outside of the 

bones). 

4) You cannot lift up (angle) nor use a high intensity-

backlight on any x-ray during this experiment. 

5) Due to different techniques used in making the x-rays, 

the nodule may seem as small as 5 mm or as large as 10 mm. 

6) The test is designed so that some of the nodules are 

hard or impossible to see, so do not assume that you have found all 

the images without a nodule just because you have found many in which 

you thought no nodule was present. 

7) Please record your responses on the answer sheet in the 

sequence presented (1 - 30). 

Here are the x rays, please start. Take as much time as you 

need. I'll be here throughout the experiment in case you have any 

questions. 

100-mm Format 

In this experiment you will be looking at thirty 100-mm 

x rays of a 3M phantom. Some of the x-rays contain a 2-mm 

simulated nodule in one of the four quadrants indicated by the taped 

areas on this x ray (point to the examples and explain). Your task in 

this portion of the experiment will be to indicate which x rays you 

believe contain the nodule and which ones do not. You may use 

these references throughout the experiment. If you believe a nodule 

is present, then I also want you to indicate which quadrant it is in 

(point to the appropriate place on the answer sheet). Put a 0, if you 

think no nodule is present. 
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When you respond I want you to use the certainty scale located 

on the left-hand side of the answer sheet (point to and explain 

scale; i.e., 5 yes's and 5 no's, etc.). 

Please put your name and the date at the top of the answer 

sheet (wait for this to be performed). 

Now just some pointers before we begin: 

1) There will never be a nodule underneath the taped areas, 

nor within 2 mm of the tape. 

2) There will never be any behind the heart, nor in the 

diaphragm. 

3) None of the edges of the image (i.e., the outside edge of 

the bones). 

4) You cannot lift up (angle) nor use a high intensity back

light on any x ray during this experiment. 

5) Due to different techniques used in making the x rays, 

the nodule may seem as small as 1 mm or as large as 2 mm. 

6) The test is designed so that some of the nodules are 

hard or impossible to see, so do not assume that you have found all 

the images without a nodule just because you have found many in which 

you thought no nodule was present. 

7) Please record your responses on the answer sheet in the 

sequence presented (1 - 30). 

Here are the x rays, please start. Take as much time as you 

need. I'll be here throughout the experiment in case you have any 

questions. 
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OBSERVER NAME 

DATE 

DEGREE OF CERTAINTY CERTAINTY QUADRANT 

9 -- I am absolutely certain that * 
the simulated abnormality ijs 2 
not present. 2 

8 -- I am more than "fairly certain" 4 
that the simulated abnormality ^ 
is not present. 

0 -- I am absolutely certain that 

FL = 

7 — I am fairly certain that the 7 

simulated abnormality i£ not 
present. 8 

9 
6 -- I am more than "just guessing" 

that the simulated abnormality 10 
is not present. ^ 

I am just guessing that the 12 
simulated abnormality Is not 
present. 

13 

14_ 

15 
4 — I am just guessing that the 

simulated abnormality is 
present. 16 

3 -- I am more than "just guessing" 
that the simulated abnonnality 18 
is present. 

2 -- I am fairly certain that the 20 
simulated abnormality is^ 2\ 
present. 

22_ 
1 -- I am more than "fairly certain" 23 

that the simulated abnormality 
is present. 24 

25 

the simulated abnormality is 26 
present. 

27 

TP = 28 
FN = 

29 

TN = 30 
FP = _ 

30 6 ' ' 
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