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Rationale and Objectives! The authors evaluated the in- 
fluence of perceptual and Cognitive skills in mamanogra- 

: phy detection and interpretation by testing three groups 
representing different ievets of manamography expertise 
m terms of experience, training; and talent with a mam- 

i:mography screening-diagnostic task. 

Materials and Methods; One hundred fifty maznmograms, 
: :composed of unilateral cranial-caudal and mediolateral ob- 
lique views, were displayed in pairs on a digital worksta- 
tion to 19 radiology residents, three experienced mammog- 
raphers, and nine manlmography technologists; One-third 
of the mammograms showed malignant lesions; two-thirds 
were malignancy-free. Observers interacted with the dis- 
play to indicate whether each image Contained no maiig- 

i nant lesions or suspicious lesions indicating malignancy. 
i Decision time was measured as the lesions were localized, 
:Classified, and rated for decision confidence. 

:Results. Compared with performance of experts, alterna- 
::five free response operating characteristicperformance for 

: 'residents was significantly:lower and equivalent to that of 
technologists. Analysis of overall performance showed 
:ithat, as level of expertise decreased, false-positive results 
exerted a greater effect on overall decision accuracy over 
the time course of image perception. This defines the de- 
cision speed-accuracy relationship that characterizes 
:mammography expertise. 

Conclusion. Differences in resident performance resulted 
::primarily from tack of perceptuaMearning experience dur- 
ling mammography training, which limited object recogni- 
::: tion skills and made it difficult to determine differences 

=i=" 

i between malignant lesions, benign lesionS, and normal 
image perturbations, A proposed solution is systematic 

:: mentor-guided training that links image perception to 
feedback about the reasons underlying decision making. 

i: Key Words. Breast radiography; education; radiology 
and radiologists. 

One of the outstanding characteristics of an expert in 
radiology is the speed and accuracy with which he or 
she decides whether an abnormality is present on a medi- 
cal image (1-3). Acquiring expertise in radiology re- 
quires specialized training, experience, and some degree 
of talent. How much and what kind of training and experi- 
ence has been the subject of an organized body of re- 
search that has emerged from the field of artificial intelli- 
gence (4,5). In this study, we evaluated the influence of 
perceptual and cognitive skills in mammography detec- 
tion and interpretation by comparing the performance 
of experienced radiologists (mammographers), radiology 
residents, and mammography technologists. The study 
focused on the performance of the radiology residents, 
who were receiving training and mentor-guided experi- 
ences during mammography rotations that presumably 
provided a basis for mammography expertise. 

It is difficult to find a yardstick to quantify the experi- 
ence required to achieve expertise.in mammography, but 
one could consider a reading on each case that results in a 
diagnostic report as a learning-experience trial. This mea- 
sure of experience ignores immediate feedback, which is 
important for perceptual learning but is typically absent in 
clinical practice, in the context of medicine, training con- 
sists of mentored experience in which the resident reads 
medical images and then reviews them with the mentor. 
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This training is designed to build feedback into the mentor- 

guided reading experience, but feedback is neither immedi- 

ate nor systematic once the resident enters practice. If, for 
the moment, each read-and-reported case is considered an 
experience trial, regardless of whether it has been accompa- 
nied by feedback, expertise in mammography translates 

roughly into an average case reading experience equivalent 
of about 10,000 cases over a period of 3 years (6). This 

amount of experience compares favorably with estimates 
of the number of games a chess player plays to reach grand 

master status' (7). The average radiology resident' s case 
reading experience in a mammography rotation over 4 

years is about 650 cases, of which only a dozen or fewer 
may be actual cancers. This means that extensive reading 
experience after residency is required to reach proficiency 
as a mammographer. Thus, the amount of experience that 

a radiology resident receives in training is literally a drop 
in the bucket. 

Visual search is important for detecting lesions in mam- 

mograms, but in experts this search skill seems to be spe- 
cifically tuned for detecting breast lesions embedded in 
mammograms and does not transfer to similar search tasks 
in which hidden words and figures are embedded in pic- 

torial scenes (8). It may not even effectively transfer to 
reading radiographs of areas outside of the breast. Effi- 
cient search skills make expert mammographers fast, accu- 

rate recognizers, classifiers, and decision makers. Eye-posi- 

tion studies have shown that experts are faster at detecting 
lesions in chest or breast x-ray images than are less ex- 
pert observers and that visual-gaze duration (or dwell), 
which is assumed to reflect visual information process- 
tng, is related to decision outcome (6,9). In general, ob- 
servers dwell longest on the areas in which they report 
abnormalities, whether their results are true-positive or 

false-positive. Areas considered negative receive the short- 
est dwell times. False-negative decisions are the excep- 

tion. In many instances, observers dwell almost as long 
on areas containing abnormalities that they report as nega- 
tive as they do on similar areas that they report as posi- 
tive, suggesting that they consider these areas to be trouble- 

some even though they reported them as negative. 

The fact that cumulative dwell time predicts misses is 
important in the context of the present study, because it 
reflects the recognition and decision making that lead up to 

a diagnostic outcome in much the same way that decision 
time reflects the gathering of information that leads up to a 

localization decision. However, visuospatial localization of 
regions of interest obtained with eye-position recording 
cannot be derived from decision-time data. The analysis of 

visual dwell and its relation to information processing lead- 

ing to a decision outcome suggests that chronometric analy- 

sis of the relationship between decision times and decision 
outcomes may compliment visual dwell data. Experimental 
psychology has studied reaction time, which is closely re- 

lated to decision time in the present study, because it "can 
help one trace the time course of information processing in 
the human nervous system" (10). 

If the goal of mentor-guided experience during resident 
training is to provide the basis for expertise in mammogra- 

phy, then an important question is: What kind of skills are 
acquired? Previous research has helped to identify three 
general areas in which experts skills operate: (a) visual 
search, (b) pattern and object recognition, and (c) decision 
making. Because a key characteristic of mammography ex- 
pertise is the speed-accuracy relationship in decision out- 

come, the present study focused on how decision making 
changes as a function of training and experience by com- 

paring groups of observers with different dimensions of 

speed and accuracy. This comparison entails measuring 
decision times of observers during mammographic inter- 
pretation on a digital workstation and analyzing their deci- 
sions by comparing them against a truth table. 

Three questions were explored. First, how does perfor- 
mance change as a function of mentor-guided reading ex- 
perience? Second, how does decision outcome relate to de- 
cision time for each decision event during image percep- 

tion? Finally, what is the likelihood of true versus false 

decision outcomes over the time course of image percep- 
tion and decision making? This last question was initially 
addressed by Christensen et al (11), who were interested in 
the relationship between what they called "search time" and 
"perception" in the interpretation of subtle abnormalities 
and nonpulmonary lesions in chest radiographs. Search time 

was defined as how long it took to identify an abnormali- 
ty. Given the possibility of multiple abnormalities per im- 

age, there could be multiple decisions per image. Each 
decision was timed and counted as a decision event. Maxi- 
mum search time per image was 4 minutes, but most deci- 
sions took 1.84-2.68 minutes on average. To compensate 
for the efficiency associated with faster search times, the ac- 

tual search time was adjusted by covarying it with the num- 
ber of decision events within the maximum allotted search 

time per image. So experienced readers (faculty radiolo- 
gists) made statistically significantly more decisions in less 

time than inexperienced readers (radiology residents). By 

mapping the search times of decision events against a truth 
table, they were able to plot the time co.urse of true- and 
false-positive decision outcomes. The analysis of time- 
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perception data revealed that true-positive results outpaced 

false-positive results throughout the time course of viewing 

for experienced readers, whereas false-positive results over- 

took true-positive results during the time course of viewing 

for inexperienced readers. 

/ I A T E R I A L S  A N D  M E T H O D 5  

The mammography test set consisted of craniocaudal 

(CC) and mediolateral oblique (MLO) paired views from 

78 unilateral mammogram cases, for a total of 156 im- 

ages. The images were digitized (Lumiscan model 100 
digitizer; Lumysis, Sunnyvale, Calif) by using a 100-~tm 

spot size. The mammograms were of a single breast and 

were selected by two mammographers (S.G.O., D.C.S.) 
from a database of mammography cases taken from the 

archive of the Hospital of the University of Pennsylvania. 

These mammographers were later used in the study, but 

over 2 years had elapsed prior to their testing, and each 

mammographer contributed only about half of the mam- 
mograms to the test set. The mammograms were assembled 

from cases classified by mammography assessment as 

normal for at least 2 years, cases classified by mammog- 

raphy assessment as benign and proved by biopsy results 

to be benign, and cases classified by mammography as- 

sessment as malignant and proved by biopsy results to be 

malignant. The test set contained 25 cases with 15 in- 

stances of malignant masses and 14 instances of malig- 

nant calcifications shown on both views, one instance of 
an architectural distortion underlying a malignancy on 

both views of one breast, and one instance of a single 

malignant calcification present on only one view. It also 

contained 24 cases with 12 instances of benign masses 

and 12 instances of benign calcifications shown on both 

views and 26 cases considered to be normal. In addition, 

three practice cases were included: two showing lesions 

on both views and one lesion-free normal case. For all 

cases, the two mammographers (S.G.O., D.C.S.) selected 
mammograms containing subtle benign and malignant le- 

sions. Many of the normal mammograms contained am- 

biguous image perturbations and thus were considered 

"difficult normals" by the two mammographers. 
The test set was displayed on a single 19-inch, gray- 

scale monitor (GMA 201, Tektronix, Beaverton, Ore) inter- 

faced to a Sun Sparc 10 computer (Sun Microsystems, 

Sunnyvale, Calif). At the time of testing, the brightness 

of the monitor was 127 cd/m 2. This brightness level is 

low for current state-of-the-art mammography displays 

and may have led to higher than normal error rates, at 

least for the inexperienced viewers. Each display con- 

sisted of two views of a single breast displayed in the 

center of the monitor at 2,048 x 2,048-pixel resolution. 

The gray scale was adjusted for each image by the ex- 

perimenters (C.F.N., H.L.K.) to a setting that covered 

the gray-scale range of the breast-only portion of the 

image. The CC view was shown on the left half of the 

display screen and the MLO on the right half of the dis- 

play screen. This is not a typical format for reading mam- 

mograms, but we were interested in determining how 

well observers with different levels of expertise could 

locate lesions in two views. 

Three groups of observers representing different levels 
of mammography training and reading experience partici- 

pated: staff mammographers with more than 5 years' ex- 
perience as dedicated breast imagers (n = 3); 2nd-, 3rd-, 

and 4th-year radiology residents undergoing a mammogra- 

phy rotation (n = 19); and radiology technologists with 

1-9 years' experience in mammographic imaging, but no 

reading experience (n = 9). 
The procedure for testing observers was similar to the 

interruption technique used by Berbanm et al (12) to obtain 

response times during visual search. However, the observ- 

ers viewed the images on a workstation. Lesion identifi=. 

cation and decision confidence was entered by "clicking" 

with a mouse-driven pointer on a menu called up at the 

time that a lesion was localized. The time from the onset 

of the display until a decision was made, referred to as 

decision time, was automatically recorded. The observers 
were told that they were being tested on their ability to 

screen for malignancy in a two-view mammographic dis- 

play of a single breast. If a malignancy was detected, they 
were to move the cursor to the lesion location and click on 

it. This action recorded the lesion location and called up a 

special menu from which they could classify the lesion as 

a mass, calcification, or architectural distortion and could 

rate their level of suspicion of malignancy as definitely 

malignant, highly suspicious for malignancy, moderately 
suspicious for malignancy, or low suspicion of malig- 

nancy. If the observer decided that the two views dis- 

played were free of malignancy, he or she clicked "Re- 

turn to Routine Screening" on the general menu. If the 
observer detected a benign lesion, he or she was instructed 

to treat the mammogram as lesion-free and click "Return 

to Routine Screening." In addition to these instructions, 

observers were told to localize malignant lesions on both 

views, if possible, and to point to the center of masses or 

a group of calcifications. After three practice trials with 

the experimenter, to familiarize themselves with the 
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Figure 1. Diagram shows the relationship 
between image-display presentation and de- 
cision events signalled by the observer's 
clicking the location of a breast lesion on an 
image with the mouse. Decision time was 
measured from the onset of the image dis- 
play to the onset of a decision event. Perfor- 
mance was measured for the task of read- 
ing a pair of breast images consisting of CC 
and mediolateral oblique MLO views. There- 
fore, more than one decision event was typi- 
cally t imed during each image-display pre- 
sentation. Offset of the display occurred 
when the observer clicked on "Next Image." 
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workstation cursor operations, observers were left to view 

the 75-case test set on their own. Viewing time per case 

was unlimited. Decision times were recorded each time 

a lesion was localized by cursor control, but the observ- 

ers were not told that their responses were being timed. 

Because multiple responses were made per two-view im- 
age pair, each localization event signaled the occurrence 

and time of a decision, indicating the presence of a true 

or false malignant lesion. Figure 1 shows how these events 

were translated into decision-time measures. For our analy- 

sis of decision times, we used the method of survival analy- 

sis to generate the cumulative time course of decision out- 

comes during the time course of viewing. Survival analysis 

has the advantage of adjusting individual decision times for 
decision outcomes per case by the total decision-making 

time required for a case. Thus, our analysis of decision 

'times focused on the cumulative number of decision events 

per group over the time course of viewing. This is similar to 

the Christensen et al (11) analysis, which focused on the cu- 

mulative number of decision events per group over the time 

course of viewing 100 chest radiographs. 

Analysis of cursor events for localizing, classifying, and 

rating lesions was accomplished by comparing the observ- 

ers' decisions against a truth table. The truth table waft gen- 

erated from a combination of mammographic assessment by 

two of the authors (S.G.O., D.C.S.) and biopsy information 

on each case. Because all pairs of positive images contained 

at least two lesions, alternative free response operating char- 

acteristic (AFROC) analysis was carried out, treating the 

pair of positive images as the unit of analysis. This was con- 

sistent with the instructions for the task and provided evi- 

dence on how well observers with different levels of mam- 

mography expertise coordinated lesion localization in a sec- 

ond view, given lesion detection in the first view. 

For the AFROC analysis, 30 pairs of malignant lesions 

were identified as appearing on 25 image pairs. These 60 

lesions were counted in the malignant-positive category. 

The 24 image pairs containing benign lesions plus the le- 

sion-free images (total of 50 image pairs) made up the non- 

malignant category. In the AFROC analysis, we counted all 
correctly localized lesions within _+0.41 cm of the true lo- 

cation on the malignant two-view image pairs (2 standard 

deviations of mean accuracy of 0.28 cm for mammogra- 

phers) and counted only the highest-rated false-positive 

results for the 50 nonmalignant image pairs (equivalent 

to counting false-positive images; see [13]). It should be 

noted that this performance criterion ignores classifica- 

tion information that we thought unreasonably stretched 
the assumptions underlying the two-alternative force choice 

experimental framework. Basically, the AFROC was de- 

signed to measure detection performance. However, be- 
cause of the importance of the classification decision in 

mammography, we will provide a separate analysis of the 

classification data to show how this performance crite- 

rion is influenced by the level of expertise. 

Overall Performance 

Overall detection and localization of breast lesions 
was assessed as a function of level of expertise. We com- 

pared A1, the area under the AFROC curve, for mam- 

mographers, residents, and radiology technologists. The 

AFROC plots the fraction of actual target locations re- 

ported (true-positive decisions) against the fraction of 

images with any false-positive decisions. In our case, we 
plotted only the highest-rated false-positive decisions on 

normal or benign images. Figure 2 shows AFROC curves 
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Figure 2. AFROC curves show mean decision accuracy for ex- 
perienced mammographers (n = 3), radiology residents (n = 19), 
and mammographic technologists (n = 9). For this analysis, it 
was assumed that there were 60 malignant lesions on 25 image 
pairs (CC and MLO views) and 50 malignancy-free images. False- 
positive results were counted only for malignancy-free images. 
A computer program called ROCFIT was used to produce an 
ROC curve after averaging over the confidence intervals for 
each group of observers. (ROCFIT is part of a set of curve-fit- 
ting and estimation programs called ROCKIT, which is avai lable 
at http://www-radiology.uchicago.edu/sections by clicking on 
"Kurt Rossman Laboratory" and then on "ROC Analysis.") 
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Figure 3. A regression analysis of overall performance measured 
as A1 as a function of log 1° number of cases read over a 3-year 
period by three experienced mammographers and 19 radiology 
residents undergoing clinical mammography rotation. When case 
readings are zero, the regression line intercepts the y axis at A1 = 
0.393, which is close to chance performance. With mentor-guided 
case reading training and experience, A1 performance increases: 
The numbers and letters within the figure indicate the level of train- 
ing of the observers: 1 = 1st- and 2nd-year residents, 3 = 3rd- and 
4th-year residents, f = fellows, and m = mammographers. 

for the three groups. The average area per observer de- 
rived from analysis of variance of A1 values was 0.840 
(standard deviation, 0.039) for mammographers, 0.653 

(0.058) for residents, and 0.592 (0.062) for technologists. 
All of these values are above chance performance, which 

for the AFROC is 0.000. Analysis of variance of A1 val- 
ues indicated, not surprisingly, that the overall perfor- 
mance accuracy of mammographers was statistically sig- 
nificantly better than that of either residents or technolo- 
gists, who did not differ from one another (P < .01, Scheffe 

test). By contrasting performance for these groups, which 
represented different levels of training and experience, we 

hoped to gain insights into the nature of mammography ex- 
pertise. 

Relation of Case Reading Experience to 
Development of Mammography Expertise 

To provide a clearer picture of how the three groups 
differ in their experience at reading mammograms, we 
obtained data on the number of mammographic reports 

generated by the residents and mammographers. The 19 
radiology residents who were part of the study repre- 

sented mainly 3rd-year (n = 7) and.4th-year (n = 8) resi- 
dents, plus four fellows who had mammography reading 
experience varying from 10 to 2,465 cases over a 3-year 
interval. Over the same period, the three mammographers 

read 9,459 to 12,145 cases. The relationship between A1 
and log number of  cases read is shown in Figure 3 for all 
observers. Figure 3 shows a significant linear-regression 
fit of the data (R 2 = .667) with a positive slope, suggest- 
ing that reading skill, as reflected by A1 performance, 
increases directly with log case reading experience (F 

[1,22] = 44.15; P <. 0001). The regression line intercepts 
the y axis at A1 = 0.293, which implies close to chance 
performance with zero reading experience. A log scale 
was used to represent the effects of case reading experi- 

ence because several investigators have suggested the rela- 
tionship between practice and learning is best expressed by 

a power function (14). The range of case reading experi- 
ence in Figure 3 was from 1.0 log case reading to 4.1 log 
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case readings, or from about 10 to 12,000 cases. Two resi- 

dents at the beginning of mammography training with little 

case reading experience performed at an A1 of about 0.500. 
The fact that their performance is above chance at the be- 
ginning of the mammography rotation can be attributed to 
their talent and their subspecialty training in other areas of 

radiology. The training levels of the observers are indicated 
by the numbers or letters associated with the data points. 

Overall performance increases in an orderly progression 
with training level. 

Identification of Lesions in Two Views 
Our hypothesis was that one aspect of performance that 

might differentiate levels of expertise was how successful 
observers were at identifying pairs of lesions in a two-view 
(CC and MLO) display. This hypothesis was based on the 
assumption that when mammography experts detect a lesion 

in one view they look for confirmation in a different view. 
Mammographers talk about using projective geometry prin- 

ciples to predict from a detected lesion to a likely "plane of 
interest" in which to search for the corresponding "depth" 
lesion projection. If a detected lesion can be paired in a sec- 
ond view, this provides confirmation that it is a real target. 
To follow up on this, we analyzed malignant lesions (true- 
positive decisions) and benign lesions (false-positive deci- 
sions) that appeared on CC and MLO views per case by re- 
ferring to the truth table. The identification of paired local- 

izations on lesion-free areas of images (false-positive deci- 

sions) was more speculative, because these were imaginary. 
To account for paired localizations on lesion-free areas of 
images (false-positive decisions), we identified sequential 

decis ions--  from CC to MLO view or vice versa-- that  
were classified as being malignant and of the same type 
(eg, mass, calcifications, or architectural distortion). Consis- 
tent with the pattern of results in the AFROC analysis, the 
identification of paired lesions was related to level of exper- 

tise. Proportionally more paired lesions were reported and 
correctly classified by the mammographers than by the resi- 
dents or technologists. The proportion of correctly paired- 
lesions was 0.82, 0.56, and 0.50 for mammographers, resi- 
dents, and technologists, respectively. Proportionally fewer 

lesions were seen and reported correctly in only one view 
by all groups, and the corresponding proportion s were 
much lower--0.14, 0.14, and 0.12, for mammographers, 
residents, and technologists, respectively. 

Decision Time and Decision Outcome 
The regression plot in Figure 3 shows the relationship 

between performance and case reading experience. We 

hypothesized that the decision speed-accuracy relation- 
ship, which is a hallmark of expertise, should accompany 

this improvement in performance, so we looked at deci- 
sion times as a function of decision outcome, again tak- 
ing into account that observers were interpreting an im- 
age pair containing CC and MLO views and thus possibly 
making two or more decisions per case. To identify the 
sequencing of decisions per case, the paired decisions 

were broken down into those occurring in the CC view 
on the left side of the display and the MLO view on the 

fight side of the display. For these paired decisions, deci- 
sion times to the first decision were inversely related to 
level of expertise, with mammographers significantly 
faster than residents (P <. 01, Scheffe test) and residents 

significantly faster than the technologists (P < .0001, 
Scheffe test). For mammographers compared with resi- 
dents, 32% more of their initial responses were true-posi- 
five, and these initial responses were reported faster than 

those of residents. Mean decision time for the first cor- 

rect decision per pair was 15.66 seconds versus 21.56 
seconds (t [376] = 3.91; P <.001). Technologists detected 
fewer true-positive results and took even longer to decide 
(28.08 seconds). Decision time was also inversely related 
to level of expertise in a similar pattern for classification 
of localized lesions. Mammographers correctly classified 
38% more lesions and did so faster than residents (P < 
.05) and technologists (P < .001). Mean decision time for 

mammographers was 16.51 seconds for classifying masses 

and 19.77 seconds for classifying calcifications. Both of 
these findings support the decision speed-accuracy rela- 
tionship associated with expertise. 

Finally, to provide some perspective on how true-posi- 
tive results related to false-negative results, we looked at 
decision times when all lesions were completely missed on 

images containing malignant lesions. In this case, total im 4 
age duration was assigned as the decision time. This result 

might be considered a "clean" miss in that no lesion was 
reported, even though a lesion was present during the en- 
tire time that the image was examined. Of 579 total false'- 
negative decisions, 51% were clean misses. Mean decision 
times differed little for the clean-miss false-negative cat- 

egory, as they ranged from 38 to 46 seconds. However, 
standard deviations of the mean decision times ranged 

from 4.6 seconds for mammographers to 41.6 and 52.5 
seconds for residents and technologists, respectively. These 

values indicated that the latter two groups had considerable 

indecision about not making a positive report after examin- 
ing two views of an image containing a truly malignant le- 
sion. The range of mean decision times for clean misses 
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Figure 4. Decision time as a function of decision-confidence ratings for mammogra- 
phers, residents, and technologists. A confidence rating of 5 indicated the lesion was 
definitely malignant; 4, highly suspicious for malignancy; 3, moderately suspicious for 
malignancy; 2, low suspicion of malignancy; and 1, definitely malignant-free. 

was longer than that of any other decision outcome catego- 

ries and seems to complement the finding obtained from 
monitoring eye position of prolonged visual dwell for false- 
negative decisions. Observers spent a longer time deciding 
to gall a positive case negative. Overall, clean-miss false- 
negative decisions took significantly longer than true-nega- 

tive decisions (t [864] = 4.22; P <.001). Of course, we can- 

not confirm that the true lesions were actually scrutinized 
from the decision time data, but the long decision times and 
wide variances suggest much uncertainty surrounding deci- 
sion making. 

Relationship of Decision Time to Use of 
Confidence Ratings 

The similarity of the relationship of decision outcome to 
decision time for mammographers and residents suggests 

that they may be using similar underlying detection and de- 
cision strategies. One measure that reflects underlying deci- 

sion strategy is how observers used the confidence rat- 

ings in making decisions. It is reasonable to assume that 
the more sure observers are that they have detected a lesion, 
the faster they are at making a decision. Figure 4 shows the 

relationships between decision time and use of confidence 
ratings for the three levels of expertise. The general pattern 
for the mammographers and residents was that decision 
times were inversely related to the confidence rating. The 
longest decision times were for definitely lesion-free images 
(rating = 1), and the shortest decision times were for defi- 
nitely malignant image locations (rating = 5). This pattern 

suggests that both groups had a similar perceptual thresh- 
olding basis for the decision, which is an important factor 

in developing a decision-making strategy. The pattern for 
technologists showed virtually no relationship between de- 

cision time and use of confidence ratings. Only confi- 
dence 1 ratings were prolonged. No evidence showed that 
decision times were faster when technologists were more 

confident that a malignant lesion was present on an image. 

Time Course of Decision Outcomes 
So far, two interesting generalizations come out of the 

decision time analysis. First, the decision speed-accuracy 
relationship was found to be related to level of expertise. 
Figure 5 summarizes the decision speed-acc.uracy relation- 

ship expressed by d' (cumulative) as a function of viewing 
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time for mammographers, residents, and technologists. 

Cumulative values for true-positive and false-positive de- 

cisions to both normal and benign images on a per case 
basis (paired decisions) as a function of decision time 
were obtained from survival analysis. These values were 
then transformed using the formula d '  = z (true-positive 

decisions/30) - z (false-positive decisions)/50, where z can 
be interpreted as a deviate of the unit normal curve. This 

formula can be thought of as correcting the true-positive 
fraction by the false-positive fraction. Decision accuracy 

consists of detecting perturbations in images, testing them 
for signs of malignancy, and correctly classifying them as 
masses, architectural distortions, or calcifications. This 
complex decision requires discriminating malignant from 
benign lesions, and malignant from normal anatomic vari- 
ants in the breast image. Decision accuracy can be ex- 

pressed as A1, the area under the AFROC curve, or as d ' ,  

the index of detectability derived from the true-positive 
fraction and the false-positive fraction at a specific deci- 

sion threshold, as shown in Figure 5. Looking at perfor- 
mance in this way shows clear differences as a function 
of level of expertise. 

Second, decision times were longer for false than for 
true decision outcomes. To consider whether these false 
decisions tended to occur early or late in the time course 

of image perception, we looked at both paired and single 
decisions. A paireddecision is one in which the observer 

sequentially localized a suspected lesion (true or false) on 
both CC and MLO views. Figure 6 shows the mean num- 
ber of paired true-positive decisions and paired false-posi- 
tive decisions for normal regions of the images and benign 
lesions for mammographers, residents, and technologists 
as a function of viewing time per case. Figure 7 shows 
the same plot for single decisions, as contrasted with 

paired decisions. The most striking feature of Figure 6 
is the technologists' high rate of false-positive results for 
normal regions in relation to the rate of their true-positive 
results, for paired decisions. In Figure 7, it is the high rate 
of false-positive results for normal regions for all groups 
for single decisions. 

These plots show that for mammographers the rate of 
true-positive decisions for normal regions is faster than 
the rate for false-positive decisions, but false-positive de- 
cisions for normal regions continue to plague performance 
throughout the time course of viewing. False-positive de- 

cisions for benign lesions drop out relatively early; thus, 

overall performance continuously improves with decision 
time until about 60 seconds. Perhaps our mammographers 
should have considered stopping at this point, because 
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Figure 5, Speed-accuracy relationship indicated by d' as a func- 
tion of decision time for mammographers, residents, and technolo- 
gists. Overall performance measured by d', which is the normal 
deviate (z) of true-positive results minus the false-positive results, 
increased for mammographers and to a lesser extent for residents. 
Overall performance decreased below chance (d' = 0) for tech- 
nologists, which means that false-positive results outnumbered 
true-positive results. 

false-positive decisions for normal regions increased faster 

than true-positive decisions. The rate of true-positive deci- 

sions is slower for residents because of continuous competi- 
tion from false-positive decisions for normal regions up to 
60 seconds. As with mammographers, the false-positive 
decisions for benign regions peak earlier. The technologists 
show a decrease in overall performance over time because 
they continued to make more false-positive decisions for 

normal regions than true-positive decisions. 

Understanding the Nature of Expertise 

The goal of the present study was to understand better 
the nature of expertise in mammography. Expertise in mam- 

mography, as we have defined it here, refers to diagnostic 
performance skills that enable the observer to localize a 

breast lesion and correctly decide that it is or is not ma- 
lignant on the basis of two views. Admittedly, our task was 

somewhat artificial in the sense that we mixed lesion detec- 
tion, which is the focus of mammography screening, with 

diagnostic interpretation, which is the focus of diagnostic 
follow-up. The next step is to break the task apart and do a 
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Figure 6. Cumulative mean numbers of paired decisions per case as a function of the decision time course of viewing for true-positive 
(TP) decision outcomes, false-positive decision outcomes on normal images (FPN), and false-positive decision outcomes on images 
containing benign lesions (FPB) for (a) mammographers, (b) residents, and (c) technologists. Paired decisions were measured. Of the 
malign cases, all but one contained lesions in both CC and MLO views. As this figure indicates, within 60 seconds, the mammographers 
had localized 23 (92%) of 25 paired true lesions. 
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• Figure 7. Cumulative mean number of single decisions as a func- 
tion of the decision time course of viewing for true-positive (TP) de- 
cision outcomes, false-positive decision outcomes on normal images 
(FPN), and false-positive decision outcomes on images containing 
benign lesions (FPB) for mammographers (M), residents (R), and 
technologists (T). 

two-part test, which will come closer to the American Col- 
lege of Radiology Breast Imaging Reporting and Data Sys- 

tem format. Moreover, even though the diagnostic skills 
that we have studied are an essential part of mammography 

diagnosis, the study is limited, as only CC and MLO views 
were shown with no- capability for prior studies, additional 
views, or magnification views. Additional special mammo- 
graphic images, such as spot compression or magnification 
views, and breast ultrasound imaging, both of which are im- 
portant parts of mammography expertise, were not em- 

ployed in the present study. On the basis of the information 
these modalities provide, the mammographer may decide 
that the finding is normal, benign, or probably benign but 
recommend short-term follow-up or a biopsy. 

Why Are Experts Faster and More Accurate? 
Our analysis has related A1 and d', measures of over- 

all performance, to decision time to shed li'ght on basic 
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perceptual and decision-making skills. Differences in speed 

and accuracy between mammographers and residents seem 

to be related to the experience required to gain expertise, 
as shown in Figure 3. This suggests that experts are per- 
ceptually more sensitive in recognizing lesions than are 
those with less expertise because the experts have read 

more mammogram cases, seen more lesions, and differ- 
entiated more lesions into malignant and benign catego- 

ries. In practical terms, this means that through massive 
amounts of experience experts became perceptually tuned 

to recognizing familiar common breast structures and de- 
tecting odd or novel variations in them. Three to 5 years of 
dedicated experience reading mammograms affects percep- 
tual learning by exposing mammographers to a wide set of 

breast image configurations that represent most varia- 
tions of normality and abnormality. We hypothesize that 
this concentrated case reading experience with mammo- 
graphic images has an effect on perceptual learning by pro- 
ducing enhanced recognition skills akin to those attributed 

to chess grand masters who, according to one estimate, are 
capable of recognizing on the order of 50,000 different 
chess configurations (7). It is unclear whether enhanced 
object-recognition skill is the result of the development 

of what the artificial intelligence community refers to as 
"chunking" or template-retrieval structures that aid short- 
term and long-term memory (14) or, as we have suggested, 
more critically tuned visual recognition as the result of 

learning and refining distinctive-feature information used 

to recognize deviations from prototypic normal breast 
structures (15,16). 

Supporting the argument in favor of the tuning of visual 
recognition, Sowden et al (16) have shown that massed 
practice detecting calcifications in positive-contrast mam- 
mograms (bright targets on a dark background) positively 

transfers to a new task in which the calcifications are dis- 
played in negative-contrast mammograms (dark targets on 
a bright background). This suggests that perceptual learning 

improves perceptual sensitivity in the detection of low-con- 
trast targets. Massed practice was defined as a detection trial 
followed immediately by feedback about the correctness of 

an observer 's  response. This improvement in perceptual 
sensitivity occurred even though the amount of massed 
practice was limited to 720 trials, followed by the transfer 

test. The key to improvement may be the feedback. Gener- 
alizing the results of Sowden et al (16), one cannot help but 

wonder if the effects of reading experience would be facili- 
tated by computer-assisted visual feedback about decision 
outcomes delivered for some subset of test cases in which 
truth could be verified or, at least, agreement consensus 

reached. The purpose of systematic visual feedback is to 

make image perception and decision making an integral 

part of a perceptual-learning reading experience (6,17). 

Expertise: Chest Radiology Compared with Breast 
Radiology 

In interpreting performance differences, we have to be 
careful to separate studies of expertise in chest radiology 

from those in mammography, because chest radiology 
studies have emphasized the importance of input from pe- 

ripheral vision in detecting pulmonary lesions. Peripheral 
vision is important during the search for inconspicuous 
pulmonary lesions because a chest radiograph contains so 
many anatomic landmarks (eg, heart, ribs, lungs, dia- 
phragm). It has been suggested that these anatomic land- 
marks act as a map, helping peripheral guidance of search 

(18). Anatomic landmarks are few in the breast (eg, nipple 
and pectoralis muscle), and breast structures that might 
serve as landmarks (eg, blood vessels and ducts) are inter- 

woven into the breast image, creating texture differences 
that are probably too subtle to be selected by peripheral vi- 
sion during a search. As a consequence, rather than land- 
marks, we believe that perturbations in parenchymal struc- 
ture caused by compression of the breast during imaging 
and desmoplastic reaction from a growing tumor provide 
focal points of interest during a visual search. The superim- 

position of parenchymal structures tends to make them 
visually conspicuous. Because the superimposition of 

parenchymal structures has the potential to mimic breast 
lesions, they may be detected by peripheral vision during 
the initial global survey, scrutinized during subsequent 
focal scanning, and falsely reported as true lesions. In the 
detection of breast lesions, it is not only important for the 
observer to recognize familiar features in the image but 
also to recognize odd or novel features, examine these in '. 
detail (as reflected by fixations and decision time), and 

weigh their importance in making a decision (6,19). We 
assume that dwell time spent fixating the lesion, like time 
spent examining the image prior to making a decision, 
represents the information processing time required to 

make a decision. 

Decision Strategies 
Our study has shown that residents develop decision- 

making strategies that are similar to those of experts. 

From a practical standpoint, this suggests that resident 

training in mammography is effective in providing a gen- 
eral framework for learning radiology image-perception 
skills. However, residents are not as good as experts at 
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identifying true breast lesions. We hypothesize that this 
weakness is due primarily to the lack of fine-tuned visual 

recognition skills. Because feedback is recognized as a 
critical part of the reading experience, built into the clini- 
cal mammography rotation, it is tempting to speculate that 
providing computer-assisted feedback training might fa- 

cilitate visual recognition skills and bring resident over- 
all performance closer to that of their mentors. Despite 

their limited perceptual experience, many of the radiol- 
ogy residents will join clinical practices and read mam- 

mograms as practicing radiologists. Does this mean that 
the diagnostic performance of practicing radiologists will 

suffer as a result? Probably, because the overall average 
performance of residents in the present study had an av- 
erage receiver operating characteristic curve area of 0.743, 
which was 12% lower than the national average of 0.845 
for 108 U.S. radiologists, assuming approximately the 

same level of case difficulty for the two test sets (20). 
Finally, we have shown that decision accuracy is di- 

rectly related to amount of case reading experience. At 
the present time, many radiology departments keep track 
of the number of cases read by radiologists and residents, 
yet no recommendations have been proposed as standards. 

Our data support the need for minimum requirements 
in number of case readings, such as those proposed by 
the latest Food and Drug Administration regulations. As 
of April 28, 1999, this requirement was 240 case readings 
within the past 2 years of residency. In addition, we be- 

lieve that some less abrupt transition between residency 
and practice (for example, double-reading experience 
during the l st year of practice) would greatly improve 
performance standards (21). 
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