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Abstract
The problem solving strategies used by 10 radiologists and 10 radiology residents during the
interpretation of difficult mammograms were examined under two experimental conditions. In the

authentic condition, standard unmarked mammograms were used. Mammographic findings were

highlighted on a second set of the same cases for the augmented condition. Verbal protocols
revealed that mammography interpretation predominantly used data-driven or mixed-strategies but

depended on case typicality and clinical experience. Radiologists scanned the cases significantly
faster than residents but no group differences were found in the number of findings, observations,
and diagnoses. The groups (1) used the same types of operators, control processes, and diagnostic

plans, (2) committed the same number of errors, and (3) both committed case-dependent errors.
Overall, the results indicated that mammogram interpretation is a well-constrained visual cognitive

task. The results were applied to the design of a computer-based tutor for mammogram
interpretation. Future empirical directions include building a more comprehensive model of the
perceptual and cognitive processes underlying mammogram interpretation. The results of this study
contribute to the fields of educational psychology and applied cognitive science.
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Problem Solving in Radiology:

Accounting for the Evidence and Implications for Instruction
Introduction

Breast cancer is the leading form of cancer diagnosed in North American women

(excluding non-melanoma skin cancer), accounting for about 30% of all new cases (Gaudette,
Silberberger, Altmayer & Gao, 1996). After the age 30, incidence rates begin to rise, and the
highest rates are among women aged 60 and over. Incidence rates have increased slowly and
steadily since 1969, rising most rapidly among women aged 50 and over. Mammographic
screening has become an accepted means of substantially reducing breast cancer mortality.

However, 11% to 25% of cancers are overlooked by radiologists on initial screening
mammograms (Goergen, Evans, Cohen & MacMillan, 1997). The high incidence rates together
with the rate of misdiagnoses make this an alarming problem which is associated with societal,

ethical, and additional medical concerns. Given the scope and seriousness of the problem, it is
evident that any promising means for alleviating it should be investigated. Aside from the health
and medical sciences, other disciplines such as cognitive science can contribute to an understanding
of this domain. The cognitive components involved in proficient mammogram interpretation can be
modeled and the results can subsequently be used to improve future radiological training.

The present study investigated the problem solving strategies used by staff radiologists and
radiology residents during the process of diagnosing difficult breast diseases depicted on
mammograms. The results of this study address existing problems associated with radiology
residency training and are used as the basis for the design of the Rad Tutor, a computer-based
learning environment to train radiology professionals in the interpretation of mammograms.
Cognitive science is an interdisciplinary field that is used to build an understanding of "thinking."

A basic assumption is that the mind is a computational system that constructs, manipulates, and

represents symbols (Newell & Simon, 1972; Simon, 1979). Contributing disciplines such as
cognitive psychology provide cognitive science with different ways of investigating the nature of
"thinking," including numerous epistemological frameworks, research methodologies, and
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analytical approaches (Chi, Glaser, & Farr, 1988; Ericsson, 1996; Ericsson & Simon, 1993;

Ericsson & Smith, 1991; Feltovich, Ford, & Hoffman, 1997; Posner, 1989; Sternberg & Smith,
1988). Further, information processing theories, research on expert-novice differences, and the
widespread use of cognitive task analysis have contributed to our understanding of learning and

instruction in various educational (e.g., Anderson, Corbett, Koedinger, & Pelletier, 1995) and
professional domains (e.g., Lajoie & Lesgold, 1992). As such, cognitive science offers a
foundation for the study of mammogram interpretation and the results of this cognitive study can
be applied to the improvement of medical training. This study investigates the underlying nature of

radiological expertise in both staff radiologists (M.D.s with extensive post-residency training) and
radiology residents (M.D.s completing their residency training) by focusing on their problem
solving strategies. The results provide a better understanding and a performance model of
mammogram interpretation which will lead to identifying better training methods.

Radiological diagnosis is complex, involving several years of acquiring formalized medical
knowledge as well as many years of clinical experience. The ability to diagnose accurately
necessitates the integration of several bodies of knowledge with separate organizing principles,

including physiology, anatomy, pathophysiology, and projective geometry of radiography.
Various theoretical frameworks postulate that the attainment of accurate visual diagnostic reasoning

abilities involves the interaction between cognitive and perceptual factors. In order to adequately
understand the diagnostic process, a more detailed investigation is required.
Numerous researchers, employing disparate theoretical and empirical paradigms, have
investigated radiological expertise. Three basic "paradigms" that have been investigated widely
include search studies, signal-detection studies, and cognitive research. Relatively few cognitive

studies (Faremo, 1997; Lesgold, Feltovich, Glaser, & Wang, 1981; Lesgold, Rubinson,
Feltovich, Glaser, Klopfer, & Wang, 1988; Rogers, 1992) have investigated the underlying
cognitive and perceptual factors. These studies have focused mainly on the interpretation of chest

x-rays. As a result, a fundamental understanding of the constitution and acquisition of expertise in
other radiological sub-specialties, such as mammography interpretation, has yet to be achieved.
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This will require the use of appropriate cognitive science methodologies such as protocol analysis

and the study of the problem solving strategies of radiology professionals with varying levels of
experti se.

Objectives of the Study
The present study investigated the problem solving strategies used by staff radiologists and
radiology residents during the process of diagnosing difficult breast disease cases depicted on
mammograms. The specific research objectives addressed in this study included:
(1) To construct a model of problem solving in mammogram interpretation;

(2) To determine whether staff radiologists and radiology residents use different problem solving
strategies, operators, and control processes during mammogram interpretation;
(3) To determine the effects of the authentic and augmented experimental conditions for experts'

and novices' on several aspects of the groups' performance; and,
(4) To determine the effects of the authentic and augmented experimental conditions on the

frequency and types of errors committed by both groups. The results of this study provided an
initial characterization of the cognitive processes underlying mammogram interpretation, and

served as the empirical basis for the design of the RadTutor, a computerized tutor designed to
train radiology residents to interpret mammograms (Azevedo & Lajoie, 1998).

Theoretical Framework
This study is based on the information processing (IP) theory typically used in expertise

studies (Anderson, 1993; Newell & Simon, 1972; Posner, 1989). The basic assumption behind
this framework is that the mind is a computational system that constructs, manipulates, and
represents symbols. In general, participants with varying levels of expertise are asked to verbalize
their "thinking processes" as they attempt to carry-out a specific task (e.g., diagnose a breast
disease case). The verbal protocols are then segmented and analyzed to extract the underlying

cognitive components of expertise, such as the types of knowledge (e.g., declarative), problem

solving operators (e.g., hypothesis generation), control processes (e.g., diagnostic planning),
problem solving strategies (e.g., data-driven), and other performance measures (e.g., error types)
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used during task performance. The assumption underlying this approach is that the novice-expert
progression in any domain is characterized by both quantitative and qualitative changes in problem
solving strategies and knowledge representation and use. These differences can therefore be used

to provide an understanding of the novice-expert differences in a domain (e.g., Lajoie & Lesgold,
1992) and also therefore have numerous pedagogical implications (e.g., Anderson, Corbett,
Koedinger, & Pelletier, 1995). In accordance with the IP framework, this study investigated the
underlying nature of radiological expertise in both staff radiologists (M.D.s with extensive postresidency training) and radiology residents (M.D.s completing their residency training) by focusing
on their problem solving strategies and several other performance measures.

Method
Participants.

A total of 20 participants, 10 staff radiologists and 10 radiology residents from several
large metropolitan university teaching hospitals participated in this study. The 10 radiologists had
MD degrees and Board Certification in radiology and were affiliated with one of the teaching

hospitals. They had an average of 20 years of post-residency training, an average of 14 years of
mammography training, and estimated to have analyzed an average of 30,000 mammograms over
the course of their medical training. The 10 residents had MD degrees and were on rotation at one

of the teaching hospitals. This group comprised 3 fourth-year, and 7 fifth-year residents. All of the
residents had completed 1 mammography rotation. They reported to have an average of 6 months
of mammography training.
Breast Disease Cases.

Ten breast disease cases were used in this study. Cases were selected by the consulting
radiologist from her teaching files. Each case was comprised of a brief clinical history and at least 4
mammograms (including the craniocaudal and mediolateral views of the left and right breasts). The

cases included 3 benign and 7 malignant diseases, and these diagnoses have been confirmed by
pathology reports. The cases included ones that are typically encountered in mammography
textbooks and clinical research articles, atypical ones infrequently encountered in daily practice,
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and ones with typical mammographic manifestations encountered in daily practice. These cases
included mammographic features that ranged from fairly obvious to detect to cases that require the

use of a magnifying glass to detect subtle mammographic features.
Coding Scheme.

A coding scheme was constructed based on the content analysis of breast disease and
mammography, theoretical and methodological articles in cognitive science and the results of

previous studies in various relevant areas such as medical cognition (Hassebrock & Prietula, 1992;

Patel, Arocha, & Kaufmann, 1994; Patel & Groen, 1986), discourse processing (Bracewell &
Breuleux, 1993; Breuleux, 1991; Frederiksen, 1975), and syntactical analysis (Winograd, 1983).
Fifty of the 200 protocols collected were used to refine an initial coding scheme into a more
comprehensive one consisting of three major categories. The major categories included knowledge

states, problem solving operators, and control processes (Anderson, 1993; Newell & Simon,
1972). Knowledge states in this domain were coded as radiological observations', radiological

findings2, and diagnoses. Problem solving operators were clustered around 11 classes (e.g.,
hypothesis generation) and comprised a total of 30 operators. Control processes were comprised of
diagnostic planning, goal verbalizations, and meta-reasoning.
Inter-rater reliability was established by recruiting a graduate student with experience in the

area of breast disease and mammography and training her to use the coding scheme. She was
instructed to independently code 40 randomly selected protocols thus yielding a reliability

coefficient of .91.
Research Design.

A mixed factorial design was employed. Two levels of radiological expertise (radiologists
and residents) constituted the between-subjects factor. The experimental conditions (authentic and
augmented) constituted the within-subjects factor.

' units of information that are recognized as potentially relevant in the problem solving context, but do not
constitute clinically useful facts
2 composed of critical cues with particular clinical significance
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Procedure.
Participants were tested individually. The experimenter provided the participant with a 1-

page handout of instructions for the diagnostic task. For each case, the experimental procedure
involved having the participant: (1) read the clinical history, (2) display the mammogram set on a

view-box, (3) point to the mammographic findings and/or observations, (4) provide a diagnosis
(or a set of differential diagnoses), and (5) discuss subsequent investigations (if necessary). The
participant was instructed to "think out loud" (Ericsson & Simon, 1993) throughout the entire
diagnostic process. The experimental procedure was repeated for each subject until he/she
diagnosed all ten cases under the two experimental conditions (five authentic and five augmented).
No time constraints were imposed.

Results
The results discussed in this section are all based on analyses of 50 randomly selected
verbal protocols.
Problem Solving Model of Mammogram Interpretation.

A problem solving model of mammogram interpretation was constructed from the verbal
protocol analyses. Decomposition of the complex task of mammogram interpretation resulted in a

model consisting of seven steps, including: (a) reading a clinical history, (b) placing a set of
mammograms on a viewbox and identifying individual mammograms in the set, (c) visually

inspecting each of the mammograms either with or without the use of a magnifying glass, (d)
identifying mammographic findings and observations, (e) characterizing mammographic findings

and observations, (f) providing a definitive diagnosis or a set of differential diagnoses, and (g)
specifying subsequent examinations (if required).

The model allows for a "linear approach" (e.g., from reading the clinical history to
specifying subsequent examinations) and/or an "iterative approach" in which the results of a step

may feed back to previous steps in the model. The linear approach is analogous to the use of a
data-driven problem solving strategy whereby a subject reads the clinical history, scans the set of
mammograms, provides a diagnosis, and specifies a subsequent examination. The iterative

9

Problem Solving in Radiology

9

approach is analogous to the use of a mixed-problem solving strategy (i.e., includes both datadriven and goal-driven problem solving strategies). For example, following the initial scanning and
characterization of the mammographic findings the participant may postulate a set of differential

diagnoses which will lead him/her to inspect particular area(s) of a mammograms, and
subsequently provide a definitive diagnosis.

Frequency of Operators Used by Participants
The frequency of operator use by participants across levels of expertise and experimental

conditions is provided in Table 1. The number of operators used was calculated by selecting 40
protocols at random from a pool of 160 protocols (200 minus 40 used for developing the coding
scheme). The coding scheme was then applied to the selected protocols, and a breakdown of the
use of operators is presented in Table 1.
Table 1.

Frequency of Operator Use by Level of Expertise and Experimental Condition.
Staff Radiologists

Operators
Data Acquisition
Data Identification
Data Assessment
Data Examination
Data Exploration
Data Comparison
Data Classification
Data Explanation
Hypothesis Generation
Hypothesis Evaluation
Summarization

Authentic
Condition
N (%)
20 (20)
2 (2)
3 (3)
21 (21)
17 (17)
1 (1)
11 (11)
2 (2)
19 (19)
4 (4)
1 (1)

Augmented
Condition
N (%)
20 (18)
3 (3)
5 (5)
24 (22)
23 (21)
5 (5)
5 (5)
2 (2)
15 (14)
1 (1)
6 (6)

Radiology Residents
Authentic
Condition
N (%)
20 (17)
3 (2)
1 (1)
24 (20)
35 (29)
12 (10)
5 (4)
1 (1)
16 (13)
0 (0)
4 (3)

Augmented
Condition
N (%)
20 (14)
5 (4)
3 (2)
30 (21)
34 (24)
8 (6)
14 (10)
2 (1)
19 (13)
3 (2)
3 (2)

Overall, residents used more operators than the staff. Both groups used more operators
when solving cases presented in the augmented condition. An analysis of the overall frequency of
operator use revealed a predominant use of the following operators (listed in order of descending
frequency): (1) data examination, (2) data acquisition, (3) data exploration, and (4) hypothesis
generation. These four operators account for 76% (88 out of 101 operators and 82 out of 109
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operators) of all operators used by the staff in solving cases under both experimental conditions,
79% (107 out of 121 operators) of all operators used by residents solving cases presented under
the authentic condition, and 72% (117 out of 143 operators) of all operators used by residents
solving cases presented under the augmented condition.

Frequency of Use of Control Processes
The frequencies of control processes is illustrated in Table 2. The frequencies of operator

use were calculated from the same selected protocols. Overall, the table shows that staff used
slightly more control processes than the residents (47 as compared to 41). However, staff used
more control processes when solving cases under the augmented condition than they did under the

authentic condition (28 as compared to 19). In contrast, residents used more control processes
when solving the cases presented under the authentic Condition (23 as compared to 18). Diagnostic

planning was the most often used control process regardless of experimental condition, followed
by goals. The staff used two-thirds of the goal operators when solving cases under the augmented
condition (10 as compared to 5). None of the residents in the sample used goals. The other two
control processes used by participants included self-evaluation of diagnostic strategy and
experiential memory.

Number of Radiological Findings, Observations, and Diagnoses
The means and standard deviations for the performance measures including the number of
radiological findings, observations, and diagnoses are presented in Table 3. The non-statistical
comparisons of the means suggests there are no differences between the mean number of
radiological findings, observations and diagnoses between the groups across the two experimental
conditions. On average, participants identified at least one radiological finding, three radiological

observations, and one diagnosis per case. The results do not support the hypothesis that
highlighting mammographic cues would facilitate the residents ability to identify findings and

observations.
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Table 2.

Frequency of Control Processes Used by Level of Expertise and Experimental
Condition.
Staff Radiologists

Radiology Residents

Authentic Augmented Authentic Augmented
Condition Condition Condition Condition

Control Processes

Diagnostic Plans
Goals
Self-Evaluation of Diagnostic Strategy
Experiential Memory
Table 3.

11

N (%)

N (%)

N (%)

N (%)

14 (74)
5 (26)
0 (0)
0 (0)

16 (57)
10 (36)
1 (3.5)
1 (3.5)

22 (96)
0 (0)

18 (100)
0 (0)
0 (0)
0 (0)

1 (4)

0 (0)

Means and Standard Deviations for the Performance Measures by Level of
Expertise Across Experimental Conditions per Case
Staff Radiologists

Dependent Measures

Radiological Findings
Radiological Observations
Diagnoses
Scanning Time (sec)
Reading Time (sec)

Radiology Residents

Authentic
Condition

Augmented
Condition

Authentic
Condition

Augmented
Condition

1.1 (0.2)
2.9 (1.3)
1.3 (0.3)
46.1 (17.6)
176.7 (50.4)

1.1 (0.3)
3.2 (1.0)
1.3 (0.2)
47.2 (22.2)
174.8 (45.5)

1.1 (0.2)
3.4 (1.3)
1.2 (0.3)
62.8 (19.6)
199.6 (39.9)

1.2 (0.1)
3.1 (1.0)
1.3 (0.2)
65.6 (19.6)
197.4 (33.5)

Scanning Time for Data Acquisition

Scanning time was defined as the amount of time it took a participant to read the clinical

history, remove the set of mammograms from the envelope, place them on the viewbox, inspect
them with either the naked eye and/or the magnifying glass, and produce his or her first utterance

(see Table 3). This operational definition is "loose" in comparison to those specified in eye
movement studies, which provide precise operational definitions and use sophisticated equipment
required to record scanning time. A repeated measures ANOVA was performed to calculate the
level of statistical significance based on level of expertise and by experimental condition on the

mean scanning time. Results indicated a significant main effect for expertise, F (1,18) = 4.89 p <

.05, although there was no significant main effect for experimental condition (F = 0.63, p > .05)
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and no interaction (F = .05, p > .05). As expected, the staff radiologists were significantly faster
than residents in scanning the mammograms. The means for scanning time indicate that, on

average, the residents took longer (approx. 65 sec) than staff (approx. 47 sec) to scan each breast
disease case.
Reading Time for Diagnosis
Reading time was defined as the total amount of time it took a participant to solve a breast
disease case, from the initial reading of the clinical history until the last utterance made by the

participant while solving the case (see Table 3). A repeated measures ANOVA was performed to
calculate the level of statistical significance based on level of expertise and by experimental

condition on the mean reading time. Results did not indicate a significant main effect for expertise

(F [1,18] = 1.57, p > .05) or condition (F = 0.11, p > .05), and there was no interaction (F =
.0009, p > .05). Overall, the results do not support the hypothesis that staff radiologists would
read the cases faster than the radiology residents.
Overall Diagnostic Accuracy

The total number and percentages for overall diagnostic accuracy provided by both groups
across experimental conditions was calculated. Overall diagnostic accuracy includes the

combination of diagnoses and radiological recommendations. For example, a diagnosis of a
carcinoma followed-up by an excisional biopsy would constitute an accurate overall diagnosis. In
contrast, a diagnosis of a benign lesion followed-up by a biopsy would constitute an inaccurate
overall diagnosis. Twenty-five percent of the participants (including three staff and two residents)
correctly diagnosed and provided the correct subsequent recommendations for the ten breast
disease cases.
Again there were minimal differences in the frequencies for overall diagnostic accuracy

across groups and experimental conditions. The staff radiologists provided: (1) fewer correct
overall diagnoses (41% as compared to 43%), (2) more indeterminate overall diagnoses (6% as
compared to 3%), and (3) less inaccurate overall diagnoses (4% as compared to 5%). The small
number of correct, indeterminate, and wrong cases was not sufficient to conduct log-linear
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analyses across level of expertise and by experimental condition. Therefore, a 2 X 2 Chi-Square
analjisis was performed on the number of correct and wrong overall accuracy ratings across levels
of expertise and experimental conditions (by collapsing indeterminate and wrong errors together).
The analysis revealed a non-significant difference in the distribution of the number of cases across

levels of expertise and correctness of overall diagnostic accuracy (x2 [1, N = 200] = .57, p > .05).
Frequency of Errors
An analysis of the 200 protocols revealed that 34 (17%) errors were committed by staff and
residents across the two experimental conditions (see Table 4). The staff made a slightly larger

number of errors than residents in the overall diagnostic accuracy (19 as compared to 15), and the
residents received slightly more incorrect ratings than the staff (9 as compared to 8). The staff
received almost twice the number of indeterminate ratings than the residents (11 as compared to 6).
Table 4.

Frequency of Overall Accuracy Errors Committed by Level of Expertise and
Experimental Condition.

Staff Radiologists

Type of Errors
Wrong Error
Indeterminate Error

Radiology Residents

Authentic
Condition

Augmented
Condition

Authentic
Condition

Augmented
Condition

4
6

4

7

5

4

2
2

Of the 34 errors, 17 were coded as wrong and 17 as indeterminate. The staff gave eight of
the 17 wrong answers while the residents gave nine. The staff committed an equal number of
errors regardless of experimental condition, while residents committed seven errors in the authentic
condition and two in the augmented condition.
Of the 17 indeterminate answers, the staff committed eleven and the residents committed
six. The staff committed six errors in the augmented condition and five under the augmented

condition. The residents, however, committed four errors in the authentic condition and two in the
augmented condition.
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The staff committed nearly the same number of wrong and indeterminate errors regardless

of experimental condition. However, the results suggest that the residents benefited from the
highlighting since they committed less errors (both incorrect and indeterminate) when the cases
were presented under the augmented condition. For example, they received seven incorrect ratings
under the authentic condition (as compared to 2 under the augmented condition), and 4
indeterminate ratings under the authentic condition (as compared to 2 under the augmented

condition). These results suggest that the residents were less likely to commit errors when
mammographic findings were highlighted. A detailed analysis of the types of errors committed by
participants is presented below.
Analysis of Errors Based on Overall Diagnostic Performance.

The frequency and types of errors by level of expertise and experimental condition are
presented in Table 5. An in-depth analysis of the 34 errors committed by participants revealed five
types of the errors including: (1) a perceptual detection error (failure to detect a mammographic
finding); (2) a finding mischaracterization error (incorrect characterization of a mammographic

finding); (3) a no diagnosis error (detection, correct identification, and characterization of a

mammographic finding but a failure to make a diagnosis); (4) a wrong diagnosis error ( detection,
correct identification, and characterization of a mammographic finding but proposing a wrong
diagnosis); and, (5) a wrong recommendation error (correct detection and characterization of a

mammographic finding, and proposing a diagnosis at some level of abstraction, but proposing an
inappropriate subsequent investigation). Overall and in descending order of frequency, the results
indicate errors consisted of wrong recommendations (38%), perceptual detection (26%), finding

characterization (24%), no diagnosis (6%), and wrong diagnosis (6%). The analyses revealed that
regardless of level of expertise and experimental condition, the commission of errors was caserelated. Furthermore, the results suggest that the nature of the mammographic features are critical

in determining the types of errors committed by radiology professionals.
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Frequency and Types of Errors by Level of Expertise and Experimental Condition.
Staff Radiologists

Control Processes
Perceptual Detection Error
Finding Characterization Error
No Diagnosis
Wrong Diagnosis
Wrong Recommendation

Authentic
Condition
N (%)
3 (30)
1 (10)
2 (20)
1 (10)
3 (30)

Augmented
Condition
N (%)
1 (11)
1 (11)
0 (0)
1 (11)
6 (67)

Radiology Residents
Authentic
Condition
N (%)
5 (45)
4 (36)
0 (0)
0 (0)
2 (18)

Augmented
Condition
N (%)
0 (0)
2 (50)
0 (0)
0 (0)
2 (50)

Summary
A problem solving model of mammogram interpretation has been presented. Non-statistical

comparisons of means revealed no group differences in the number of radiological findings,
observations, and number of diagnoses across experimental conditions. Repeated measures
ANOVAs revealed that staff radiologists scanned the cases significantly faster than residents with
no significant main effect for condition and no interaction, and no differences between groups in

reading time across experimental conditions. Analyses revealed that both groups regardless of
experimental condition (1) used the same types of operators, control processes, diagnostic plans
and goals, (2) committed the same number of errors, and (3) committed case-dependent errors. An
additional analysis failed to reveal a significant correlation between the number of total

mammograms diagnosed in the past and the number of correctly diagnosed cases in this study.
Analyses revealed that mammography interpretation was characterized by a predominant use of
data-driven or mixed strategies depending on case typicality and clinical experience.

The Cognitive Basis for the Design of the Rad Tutor
The results of the empirical work have led to the conceptual framework for the development of
the Rad Tutor. The rationale behind the Rad Tutor design is based on the assumption that a learner's

cognitive processes can be modeled, traced, and corrected in the context of problem-solving
(Lajoie, 1993; in press; Lillehaug & Lajoie, 1998). The Rad Tutor incorporates the results of this
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study including the model of problem solving in mammogram interpretation, the problem solving

strategies used by staff radiologists and radiology residents, and the typical case-related errors.
Furthermore, the framework is also based on a critical assessment of the nature of radiology
residency training programs, a review and critique of existing computer-based radiology training

environments, an analysis of authentic radiology resident teaching rounds, and instructional
principles for the design of the prototype (for an extensive review refer to Azevedo et al., 1997;

Azevedo & Lajoie, 1998). However, this section will focus on how the results of this study have
been utilized to design the Rad Tutor (see Figure 1).
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Implications for the Design of the Rad Tutor
The content analyses of the areas of breast disease and mammography have been used to

construct the domain knowledge module of the prototype as a series of production rules. The
cognitive task analyses based on extensive interviews with the domain expert (during case
construction) were used to develop the overall instructional sequencing for each case and to build

the system's expert module.
The seven-step problem solving model characterizing mammogram interpretation served as
the overall instructional sequencing for the system. In addition, the system is capable of
determining if the user is employing a data-driven and/or a mixed problem solving strategy. The
system monitors the evolution of the user's problem solving behavior (during the resolution of a
case) and predicts if he/she is engaged in one or the other problem solving strategies. This aspect
of the prototype is extremely critical in identifying errors and providing the appropriate level of

scaffolding.

Problem solving operators were used by both radiologists and residents primarily in the
design of the different levels of instructional scaffolding and the interface. For example, data
acquisition, examination, and exploration meant that the interface should be built to display the case
history (data acquisition) and set of mammograms (data acquisition), and to allow the user to
manipulate the images for better feature characterization and comparison (data exploration). The

system also provides extensive inStructional scaffolding during the hypothesis generation phase to

ensure that the user has proposed the appropriate level of hypothesis (e.g., malignant versus
infiltrating ductal carcinoma).

The verbal protocol analyses indicated that diagnostic planning (i.e., propose further
medical examinations) was the most frequent control process used by the subjects. As such the
interface was built so as to allow the user to list more than one medical examination. This aspect of
the prototype is associated with an extensive discussion of the benefits associated with each
subsequent examination.
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The five types of errors revealed in the error analyses are presently being formalized as

production rules and integrated in the expert module. Furthermore, each error type is also
associated with a specific instructional scaffolding strategy. For example, a finding
mischaracterization error is associated with an instructional strategy that focuses the user's attention

on the part of a mammographic finding which was mischaracterized (e.g., the border of a mass).
The process of identifying error commission is facilitated by the fact that the analyses indicated
errors to be case-dependent. For example, cases with atypical mammographic manifestations are
highly likely to produce a finding mischaracterization error.

The Rad Tutor was designed based on the analyses presented in this paper as well as on a

critical assessment of radiology residency training programs, a review of existing computer-based
radiology training environments, analyses of authentic radiology resident teaching rounds, and
instructional principles derived from the cognitive psychology and instructional psychology
literature. Furthermore, this theoretically-driven and empirically-derived approach can serve as a
generic framework from which to build computer-based learning environments in other educational

and professional domains.

Scientific and Educational Importance of the Study
Cognitive research in the area of diagnostic radiology is still in its infancy compared to the

corpus of research in other visual (e.g., chess) and medical (e.g., cardiology) domains. As a
result, this study is of scientific importance because it provides: (1) an initial characterization of the
diagnostic processes involved in mammogram interpretation between radiology professionals with

different levels of expertise, (2) a specification of the data-driven (i.e., bottom-up) and mixed (i.e.,
combination of both bottom-up and top-down) strategies involved in visual diagnostic reasoning,
(3) an understanding of how certain factors (e.g., case typicality, case presentation) influence the

diagnostic behavior (e.g., problem solving strategies, types of errors committed), (4) an
understanding of several performance measures, (5) information about the role of perceptual and
problem solving processes during mammogram interpretation, (6) rich empirical data that has the
potential to improve training methods, and (7) the empirical basis for the design of the Rad Tutor.
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In conclusion, it is proposed that further research and development endeavors in
educational (e.g., math) and professional domains (e.g., auditing) have the potential to benefit
from a convergence of theoretical perspectives (e.g., IP, situated cognition) and methodological

approaches (e.g., verbal protocol and discourse analyses). Such an approach should be pursued in
the area of mammogram interpretation whereby the goal would be to build a comprehensive model
of the perceptual and cognitive processes underlying mammogram interpretation. Au such, several
researchers are presently conducting research in the area of expert-novice differences in

mammography by using: (1) reaction times to assess detection abilities, (2) sorting tasks to assess
underlying knowledge structures, (3) longitudinal studies to assess the quantitative and qualitative

changes of emerging knowledge structures and problem solving strategies during the course of an
individual's entire medical career, and (4) conversational and gestural analyses of teaching rounds

focusing on how staff radiologists frame tutoring sessions, ask questions, aid students during
problem solving, and react to student errors (verbally and non-verbally). In sum, this study and
present research efforts are aimed at furthering our understanding of the interaction between
perceptual and cognitive factors underlying mammogram interpretation and improving future
radiological training.
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