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Summary: This study focuses on the visual problem-solving process of clinical pathologists. Its aim is to find expertise-related
differences in the temporal arrangement of this process, with a special focus on the orientation phase. A theoretical model of
the visual diagnostic process of medical specialists is extended with general problem-solving theory. Participants were 13 experts,
12 intermediates, and 13 novices, who all diagnosed seven microscopic images. Their microscope movements and thinking aloud
were recorded. To study temporal arrangement of the process, we applied a time-grid to the data. The results reflected several
aspects of general problem-solving theory. Experts and intermediates showed a more extensive orientation phase and more refined
schemata than novices. Intermediates also showed a control phase at the end of the diagnostic process. Novices showed a uniform
process. These phases were reflected in microscope navigation and thinking aloud, which justifies the extension of the theoretical
model.Copyright © 2016 John Wiley & Sons, Ltd.

INTRODUCTION

Visual problem solving is an important component of the
work of professionals such as air traffic controllers (Van
Meeuwen et al., 2014) or medical specialists, for instance
radiologists or pathologists (Reingold & Sheridan, 2011).
All these professionals solve problems through the interpreta-
tion of complex, information-dense visualisations: They
interpret visual information and process this information
cognitively. Newcomers in these professions are often trained
on the job by their expert colleagues, lacking a clear curricu-
lum or didactic plan. As a first step towards such a didactic
plan, insight into the developmental stages that novices and
intermediates go through to become experts, ought to be
obtained. This insight could improve feedback during training
situations, and thus the training itself (Shute & Towle, 2003).
The aim of this study therefore is to gain insight into the
developmental stages of visual problem-solving expertise in
a complex, knowledge-intensive and highly visual domain:
clinical pathology—a domain in which medical specialists
diagnose tissue samples microscopically.

Literature does not provide a clear view on the develop-
ment of visual problem-solving expertise. The closest it gets
may be the ‘visual search and detection model’ by Nodine
and Kundel (1987). This model describes the diagnostic pro-
cess of expert radiologists and divides it into two phases based
on two different modes of viewing. The first phase is
characterised by holistic viewing. In this phase, a global
impression of the image is obtained by means of pattern
recognition and quickly compared with mental images of
normal anatomy, which allows the diagnostician to determine
perturbations of the normal situation. These abnormalities are
then focally examined in the second phase. As a possible

additional step, the diagnostician might apply a ‘stereotyped
scanning pattern’ to see if there is any new, contrasting infor-
mation in the image (Nodine & Kundel, 1987, p. 1246).
There are several reasons that this model does not suffice

to describe visual problem solving. First of all, it only
describes visual processes: It is purely based on eye tracking
data, ignoring the cognitive processing of visual information.
Second, the model has been based on a specific domain
(radiology) and on a specific task in this domain, namely,
the detection of abnormalities (nodules) in static X-ray
images. These are—for experts—highly automatised detec-
tion tasks, predominantly relying on visual perception. This
corresponds with the very brief first phase of holistic view-
ing, which lasts ‘a few hundred milliseconds’ (Nodine &
Kundel, 1987, p. 1246), or 2 seconds at most (Mello-Thoms
et al., 2005). Such a task is essentially a ‘visual-search prob-
lem’ (Nodine & Mello-Thoms, 2010, p. 142), rather than
visual problem solving.
The problems central in visual problem solving, such as

those that clinical pathologists solve, are different in more
than one aspect. First of all, the microscopic images in
clinical pathology are interactive in the sense that they
typically need manipulation to be optimally informative
(through zooming and panning). The information necessary
for a diagnosis thus needs to be searched for manually. This
puts the diagnostic process in clinical pathology on a differ-
ent timescale than the very brief visual-search tasks on which
the model by Nodine and Kundel (1987) is based. Besides,
diagnostic tasks in clinical pathology (as in radiology) are
often not simple detection tasks: Patterns and single features
need to be interpreted in combination with background infor-
mation of the patient to come to a diagnosis. Such an inter-
pretation task is likely to demand more cognitive processing
than a feature detection task, which is indeed highly visual.
We argue that the diagnostic task in clinical pathology
should thus be seen as a case of visual problem solving,
rather than a visual-search problem. Consequently, we thus
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need to expand the visual model of the diagnostic process
with a theory on problem solving.
To include general problem-solving processes, we draw

on the early work on problem solving of Newell and Simon
(1972). They identified two phases in problem solving: (i)
the construction of a problem representation and (ii) the
search for a solution within that problem representation.
When confronted with a problem, the solver constructs a
problem representation through the activation of schemata
in long-term memory (Chi & Glaser, 1985). As the solver’s
internal representation of the task, it includes a problem
statement, the solver’s relevant knowledge, and the possible
strategies to solve the problem (Newell & Simon, 1972). The
problem representation thus plays an important role in prob-
lem solving, as it determines the playing field for the solution
process. And what is more important, the appropriateness
and quality of this playing field are directly influenced by
the availability of specific and appropriate schemata. Clinical
pathologists, as all other problem solvers, thus need adequate
knowledge structures to correctly interpret microscopic
images.
Boshuizen and Schmidt (1992) have studied the differ-

ences in the knowledge structures between medical special-
ists with different levels of expertise. Novices typically
possess detailed, extensive knowledge networks, consisting
mainly of biomedical concepts. The knowledge networks
of more experienced diagnosticians include knowledge
encapsulations: subsumptions of ‘lower level, detailed prop-
ositions under higher level, sometimes clinical propositions’
(Boshuizen & Schmidt, p. 168). For expert problem solvers,
the cognitive structure takes on a script or schema type of
knowledge organisation. These schemata include compo-
nents such as enabling conditions, the pathophysiological
process, and the symptoms resulting from that process
(Boshuizen & Schmidt, 2008). When confronted with a diag-
nostic task, high-expertise diagnosticians are thus likely to
activate more advanced schemata, which are directly indica-
tive for the diagnosis, whereas low-expertise diagnosticians
come up with detailed knowledge concepts. Typically,
experts take a larger proportion of their time-on-task to
construct such a thorough representation (Chi, Glaser, &
Rees, 1981; Crowley, Naus, Stewart, & Friedman, 2003;
Van Gog, Paas, & Van Merriënboer, 2005).
A study in the visual medical domain that applies the prin-

ciple of schemata is the study on radiologists by Lesgold
et al. (1988). Its focus is on how radiologists with different
levels of expertise activate, test, and consequently refute or
refine their schemata when diagnosing X-ray images. The
results show that experts activate more appropriate schemata
than intermediates and do so earlier in the diagnostic
process. After instantiation, experts apply better methods to
test their schemata and show more flexibility towards them
than novices. Whereas novices may be tempted to interpret
abnormalities in accordance with their activated schemata,
experts know when new information requires adjustment of
the schemata. Also, experts are opportunistic: Valuable
information that suddenly pops up is valued and can lead
to tuning or rejection of a schema. This study thus shows that
a more cognitive approach to the visual diagnostic process
renders valuable insights.

The theory of general problem solving thus discerns
different phases in the problem-solving process and associ-
ates the construction of an orientation phase with expertise.
To test the applicability of this theory to visual problem
solving in clinical pathology, we thus need to be able to
determine the presence and nature of the orientation phase.
Put differently, we need to be able to differentiate between
several parts of the process. The application of a time-grid
offers the opportunity to do so. Instead of considering the
diagnostic process as a whole, an analysis with a time-grid
divides the process into a fixed number of segments, equal
in length. By comparing these segments, we are able to
examine the temporal arrangement of the diagnostic process:
We can determine the presence and nature of an orientation
phase, and any other kind of phasing occurring in the
diagnostic processes of our participants. To cover the full
diagnostic process, both visual and cognitive aspects need
to be included: Microscope movements will be registered
to study visual processes, while concurrent think aloud data
will be collected on the cognitive processes.

The following research questions are formulated for this
study:

1. Which expertise-related differences can be found in the
temporal arrangement of the diagnostic process of clinical
pathologists, as expressed in microscope navigation and
clinical reasoning?

2. How is an orientation phase reflected in the temporal
arrangement of microscope navigation and clinical rea-
soning, and which expertise-related differences can be
identified therein?

3. How do the results of this study inform a new, more
encompassing model of the visual problem-solving pro-
cess of medical specialists?

METHODS

Participants and design

The participants in this study (N=38, M=35.39 years,
SD=14.67; 24 women) were recruited on a voluntary basis
in two hospitals in the Netherlands. Based on their experi-
ence, they formed three expertise levels: experts were 13
clinical pathologists (M=51.77 years, SD=10.05; three
women) with an average experience of 21.38 years
(SD=10.03), including 5 years of training. Intermediates
were 12 residents (M=33.25 years, SD=6.28; eight women)
with an average of 3 years of training (SD=1.60). Novices
were 13 second-year medical students who had completed
two courses in the physiology and pathology of cells and
tissue, including the gastrointestinal tract (M=21.00 years,
SD=2.58, all female). All participants had normal or
corrected to normal eyesight. They received a small gift for
their participation (book voucher) after the experiment.

The experiment was set up as a between-subjects design,
with expertise level and segment as the independent vari-
ables. The dependent variables were drawn from microscope
movements and thinking aloud; they are specified in the Data
Reduction and Analysis section. The first case was the same
for all participants (allowing us to delete just one case if
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participants showed great effort to get used to the virtual
microscope—which was not the case), while the remaining
six were arranged according to a balanced Latin square.
The study was approved by the ethical committee of the
Open University, who did not deem it to require any kind
of formal medical-ethical approval because no patients were
involved. All participants gave written informed consent.

Materials and apparatus

Cases
The seven cases in the experiment all involved microscopic
images of the colon, which were obtained from the Atrium
Medical Centre in Heerlen, the Netherlands. A priori, these
cases were diagnosed by four clinical pathologists, and a
consensus diagnosis was reached for all cases. The cases
were divided over five diagnostic categories: adenocarci-
noma (cancer, two cases, one of them being the first case
for all participants), adenoma (pre-stage of cancer, two
cases), inflammation (one case), hyperplastic polyp (benign
polyp, one case), and normal tissue (one case).

To be able to record the participants’ zooming and
panning movements, the Aperio ImageScope digital micro-
scope (version 11.2.0.780) of Leica Biosystems (Wetzlar,
Germany) was used, in combination with a 22-in. digital
monitor (model P2210 by Dell, Round Rock, TX) with a
resolution of 1680× 1050 pixels. Using a digital micro-
scope that resembles navigating through a digital map,
one can zoom in and zoom out and pan in the horizontal
plane. All these movements were recorded by the digital
microscope for later analysis. The participants were not
acquainted with the virtual microscope prior to taking part
in the experiment: They either used light microscopes (ex-
perts and intermediates) or were generally unexperienced
with microscopy (novices).

Procedure

The experiment was carried out in individual sessions of
about 30minutes. First, participants completed the demo-
graphic questionnaire. Then, they were introduced to the
digital microscope and solved a practice case (not included
in the data collection) to become acquainted with the micro-
scope operation.

The setting simulated the normal working procedure. For
all cases, a written patient background was presented first,
including sex, age, kind of tissue, and comments or ques-
tions from the requesting physician. The latter comments
differed in how informative they were: They varied from a
likely diagnostic category, a description of the material, or
a specific question. Then, participants entered the digital
microscope and started the diagnostic process. During the
entire diagnostic process (i.e. from opening the image to
closing it), they thought aloud. As soon as they had come
to a diagnosis, the participants closed the slide and pushed
a button to proceed to selecting one out of five diagnostic
categories: normal, adenoma, adenocarcinoma, inflamma-
tion, or hyperplastic polyp. This procedure was repeated
for each case. The viewing duration per case (i.e. the time-
on-task) was on average little under 2minutes, with novices
(M=152 seconds, SD=18.91), taking more time than both

intermediates (M=110 seconds, SD=19.62) and experts
(M=86 seconds, SD=18.91).

Data reduction and analysis

The experiment resulted in a total of 261 records of micro-
scope navigation and 266 verbal protocols of the partici-
pants’ thinking aloud (seven cases times 38 participants;
the recordings of the microscope navigation of five trials
were lost owing to technical problems).

Microscope navigation
The data recorded by the digital microscope consisted of the
coordinates (in pixels) of the image sections that had been
viewed by each participant, at which magnification and for
how long. Accidental zooming actions (i.e. zooming actions
followed within 1 second by a movement in the opposite
direction) were deleted from the data.
Next, a time-grid was applied to these files. Each file was

divided into four segments of equal length, based on the
individual time-on-task (time from opening the case until
closing it). Subsequently, the microscope movements were
assigned to a segment. As an example, a fictitious case that
would have lasted 2minutes would have been divided into
four segments for 30 seconds. Those movements that ended
during the first 30 seconds were assigned to the first segment,
those that ended between 30 and 60 seconds to the second,
and so on. Seven measures were calculated per segment:
average magnification (a time-weighted average of magnifi-
cation), minimal magnification, maximal magnification,
number of panning movements, number of opposed zooming
movements (change in zooming direction after two consecu-
tive movements in the same direction), hits of relevant areas
(number of cases when the centre of the screen fell into a
diagnostically relevant area, designated as such by an expert
pathologist), and time spent in relevant areas.
The measures per segment were statistically analysed in

two steps. To account for possible correlations between mea-
sures, a multivariate analysis of variance (MANOVA) was
carried out first. In this MANOVA, expertise level and
segment were the independent variables, while all measures
described earlier were included as dependent variables.
Those measures with a p-value below .10 on the interaction
effect of expertise level and segment were subsequently
analysed separately in a generalised linear mixed model.
This latter model took the skew distribution of the data into
account, as well as the hierarchy in the data (a multilevel
model with measurements on the first level, and subjects
and cases on the second).

Clinical reasoning
Per-case thinking aloud data were collected, adding up to a
total of 266 verbal protocols. The audio recordings were
transcribed by a research assistant and checked for correct-
ness and completeness by the first author. A primarily
bottom-up approach was used to design a coding scheme.
In the first stage of this process, the first author read proto-
cols, drafted initial codes, and tested these on a small subset
of transcripts. This cycle was repeated a few times with a set
of codes as the outcome. Then, this set was compared and
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aligned with the coding scheme designed by Crowley et al.
(2003), forming a tentative coding scheme. Utterances were
based on content and differed in length: A finding could be
one word, while a reflection on one’s performance could be
a full sentence. This tentative scheme was tested and fine
tuned in a series of inter-rater reliability tests on a subset of
the protocols with the first and second authors. This resulted
in a coding scheme of 26 main categories, with a percent
agreement of 72.4% between the two raters (Krippendorff’s
α of 0.67). The first author then coded the remaining proto-
cols. The intra-rater reliability was 91% (Krippendorff’s α
of 0.89). See Table 1 for definitions and examples of the
codes.
The allocation to a segment of the diagnostic process

was based on the sequence of utterances. Per protocol,
each utterance was given a sequence number: The first
utterance was given number 1, the second number 2,
and so on. The total number of utterances was divided
by four, to determine four segments. Then, each utterance
was assigned to a segment based on its sequence number.
So if there were 20 coded utterances in one protocol,
utterances 1–5 were put in Segment 1, 5–10 in Segment
2, and so on.

To explore the relations between utterances, segments and
expertise level the verbal data were analysed by multiple
correspondence analysis (MCA). In MCA (Gifi, 1990), the
aim is to visualise the relationships between the several
categorical variables in a low-dimensional space (two or
three dimensions). The two dimensions represent the main
discriminators: They describe the central oppositions in the
data. People who fall in categories far away from the origin
have distinct scores on the other variable, whereas people
in categories that are positioned close to the origin resemble
the average pattern of scores on the other variable.

RESULTS

Microscope navigation

multivariate analysis of variance
Using Pillai’s trace, there was a significant effect of expertise
level (V=0.22, F(14, 1448) =12.50, p< .01, η2p = 0.11),

segment (V=0.58, F(21, 2175) = 24.97, p< .01, η2p = 0.19),
and the interaction expertise level * segment (V=0.14, F
(42, 4368) = 12.50, p< .01, η2p = 0.02) on the group of seven

Table 1. Categories of clinical reasoning, including definitions and examples

Main categories Definition Example

1. Patient background Patient background information So this is a 76-year old woman.
2. Quantity and nature of material Counting pieces or identifying colon I see multiple fragments of colon tissue.
3. Spatial orientation of tissue pieces Mental rotation of pieces to get an

overview of the material
This piece here is the same as this,
but rotated.

4. Artefact in image Artefacts caused by scanning of the tissue This scan is out of focus.
5. Artefact in tissue Artefacts caused by preparation of tissue There is thermic damage to the tissue here.
6. Findings—colour and shape Findings described by colour, size, and/or shape There is a pink stain here.

This looks like a flower.
7. Findings—impression Findings phrased as an impression This looks weird.
8. Findings—name Specific abnormalities Here is necrosis.
9. Findings—architecture Regarding the spatial arrangement of cells Neatly aligned crypts.
10. Comparison between cases Comparisons with previous cases of experiment There are more crypts here than in

the previous one.
11. Comparison within case Identification of current finding through

comparison with previous one
It is darker here.

12. Repetition within case Repetition of previous findings Same here. Here also.
13. Comparison with normal tissue Implicit comparisons to mental images

of normal tissue
The crypts look typical.
Normal structure of the epithelium.

14. Absent features Specific features reported as lacking I do not see any inflammation.
15. Hypothesis Hypotheses on the diagnosis So this could be Crohn.
16. Diagnosis Comments with a diagnosis Yes, carcinoma.
17. Exclusion of diagnosis Exclusions of a diagnosis It’s not a hyperplastic polyp.
18. Rejection of hypothesis Rejection of a hypothesis Not malign, anyway.
19. Heuristic comment References to upcoming actions I zoom in here.

Let’s see if I can find that back here.
20. Search goal Specific search objectives I am going to look for a desmoplastic

reaction.
21. Reflection—knowledge and skills Reflections on own knowledge and skills I really don’t know anything!
22. Reflection—diagnosis Anything on the diagnostic process as such So the diagnosis primarily depends on the

clinical information.
23. Reflection—normal process Comments on what the participant would

have done in reality
I would not have given a diagnosis here.

24. Reflection—solvability of slide Comments on how high the solvability
of the slide is

This is not a very neat polyp.

25. Reflection—experiment Utterances on the experimental procedure I probably need to diagnose it anyway.
26. Knowledge statements and inferences Comments that contain knowledge or reasoning Because it continues below this layer.

I think a polyp looks different.
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dependent variables of microscope navigation (average mag-
nification, minimal magnification, maximal magnification,
panning movements, opposed zooming movements, hits of
relevant areas, and time spent in relevant areas). Separate
ANOVAs on these dependent variables revealed significant
interaction effects of expertise level * segment on the average
magnification (F(6, 729) =4.08, p< .01, η2p = 0.03), minimal

magnification (F(6, 729) = 4.24, p< .01, η2p = 0.03), maximal

magnification (F(6, 729) = 3.19, p< .01, η2p = 0.03), and
opposed zooming movements (F(6, 729) = 3.49, p< .01,
η2p = 0.03). There was a marginally significant interaction
effect on hits of relevant areas (F(6, 729) = 1.86, p = .09,
η2p = 0.02). As the interaction effects are of primary interest
to this study, we will focus on them in our further analysis.

Generalised linear mixed model
For the descriptive statistics of the interaction effect between
expertise level and segment, please see Table 2.

Univariate analyses using the generalised linear mixed
model revealed the same significant interaction effects as
did the MANOVA: average magnification (F(6, 1028)
= 2.29, p= .03), minimal magnification (F(6, 1028) = 2.86,
p= .01), maximal magnification (F(6, 1028) =2.30, p= .03),
and the number of opposed zooming movements (F(6,
1028) = 4.51, p< .01). There was a marginally significant
interaction effect on hits of relevant areas (F(6, 730) = 1.95,
p= .07).

For all expertise levels, the average magnification in the
first segment was significantly lower than in the other
segments. For novices and experts, Segments 2–4 were
equal, while for intermediates, the average magnification of
Segment 4 was lower than that of Segment 3. Intermediates,
thus, had a distinct middle part with a higher average magni-
fication. This same pattern is present in the minimal magni-
fication, but not in the maximal magnification. For novices,

maximum magnification is equally high for Segments 1–3,
while it is lower in Segment 4. For experts and intermediates,
Segment 1 contrasts with Segments 2–4, having a lower
maximal magnification.
For the number of opposed zooming movements, interme-

diates and experts showed an inactive first segment. The
most interesting difference for this variable lies in Segment
4, where the intermediates’ number of opposed zooming
movements was higher than that of the other segments, while
for experts, it remained the same. Novices showed no differ-
ences between segments for this variable.
Finally, experts were the only group with differences

between segments for the hits of relevant areas: In Segment
1, they hit these relevant areas less often than in the later
segments. For intermediates and novices, this number was
equal throughout all segments. This indicates that intermedi-
ates and novices equally focus on relevant areas from the
beginning onwards, whereas experts do so from Segment 2
onwards.

Clinical reasoning

The two dimensions identified by the MCA accounted for
94% of the variance (48% by dimension 1 and 46% by
dimension 2). Figure 1 displays the two-dimensional space
with the coding categories, the segments, and the expertise
levels jointly represented. Dimension 1 represents differ-
ences between the four segments, distinguishing Segment
1 from Segment 4 with Segments 2 and 3 close together
in the middle. Dimension 2 is predominantly characterised
by differences between expertise levels, distinguishing
novices versus intermediates and experts. Table 3 gives
the frequencies of the codes, split up per expertise level,
and segment.
As appears from Figure 1, the most pronounced temporal

differences between coding categories are between Segments
1 and 4. Utterances on patient background (code 1) and on

Table 2. Descriptive statistics [mean (SD)] for all variables of microscope navigation with a significant interaction effect of segment and ex-
pertise level

Segment 1 Segment 2 Segment 3 Segment 4 Total

Novices Average magnification 4.52 (0.41) 5.92 (0.52) 6.53 (0.57) 5.58 (0.49) 5.63 (0.41)
Minimal magnification 1.33 (0.14) 3.94 (0.31) 3.73 (0.30) 3.64 (0.29) 3.16 (0.19)
Maximal magnification 8.42 (0.95) 9.11 (1.02) 9.52 (1.07) 7.75 (0.88) 8.70 (0.82)
Opposed zooming movements 1.27 (0.26) 1.40 (0.28) 1.55 (0.31) 1.53 (0.30) 1.44 (0.24)
Hits relevant areas 7.69 (1.36) 7.64 (1.35) 7.55 (1.33) 6.96 (1.23) 7.47 (0.99)

Intermediates Average magnification 3.92 (0.38) 6.80 (0.61) 6.83 (0.62) 5.76 (0.53) 5.82 (0.44)
Minimal magnification 1.38 (0.15) 3.64 (0.31) 3.51 (0.30) 2.99 (0.22) 2.71 (0.18)
Maximal magnification 7.20 (0.86) 10.10 (1.18) 10.44 (1.22) 9.17 (1.07) 9.22 (0.90)
Opposed zooming movements 0.86 (0.19) 1.71 (0.35) 2.02 (0.41) 2.83 (0.56) 1.86 (0.32)
Hits relevant areas 8.88 (1.64) 12.36 (2.26) 11.86 (2.17) 12.16 (2.22) 11.32 (1.56)

Experts Average magnification 2.93 (0.29) 5.01 (0.45) 5.73 (0.51) 5.33 (0.48) 4.75 (0.35)
Minimal magnification 1.48 (0.16) 3.26 (0.27) 3.76 (0.31) 3.06 (0.26) 2.89 (0.18)
Maximal magnification 5.60 (0.65) 6.74 (0.77) 8.01 (0.92) 8.03 (0.91) 7.11 (0.67)
Opposed zooming movements 0.36 (0.09) 0.67 (0.15) 1.23 (0.25) 1.34 (0.27) 0.90 (0.15)
Hits relevant areas 3.38 (0.63) 5.70 (1.03) 6.72 (1.21) 7.34 (1.31) 5.79 (0.78)

Total Average magnification 3.78 (0.21) 5.86 (0.30) 6.34 (0.33) 5.55 (0.29)
Minimal magnification 1.39 (0.09) 3.60 (0.17) 3.66 (0.17) 3.01 (0.15)
Maximal magnification 7.04 (0.47) 8.55 (0.56) 9.29 (0.61) 8.31 (0.55)
Opposed zooming movements 0.80 (0.10) 1.19 (0.14) 1.55 (0.18) 1.81 (0.21)
Hits relevant areas 4.79 (0.50) 7.29 (0.72) 6.77 (0.68) 7.12 (0.71)
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the quantity (2) and spatial orientation (3) of tissue pieces are
associated with the first segment. Novices tended to say
more about the patient background (1), while experts often

inventoried the number of tissue pieces on the slide (2).
Segment 4 is associated with concluding and reflective
comments: Intermediates and experts mentioned many
diagnoses (16) and rejected hypotheses (18) in this segment.
In addition, intermediates tended to exclude diagnoses (17)
at this stage. Novices were less conclusive (16–18) and
instead reflected on their knowledge and skills (21) and on
the diagnosis (22). Experts also reflected in the fourth
segment, but more on the diagnosis (22) and what they
would have done normally (23).

The spread in all categories related to findings (6–9) is
related to expertise level: Findings expressed by colour and
shape (6), impressions (7), and names (8) are primarily asso-
ciated with novices, whereas those expressed by architec-
tural features (9) is slightly more present in intermediates
and experts. Artefacts in the image (4) were associated with
Segments 1 and 2. Artefacts in the tissue (5) are mentioned
throughout the process, but mainly so by experts and inter-
mediates. Novices are the only ones who verbalised compar-
isons between cases (10) and did so mainly at the start of the
process (Segments 1 and 2). Novices not only compared
between cases, but they also tended to compare within a
case to interpret features (11). Experts often mentioned the
repeated appearance of features (12) and did so mostly in
Segment 4. As a final category of findings, absent features
(14) were mentioned predominantly by intermediates and
experts, and their frequency increased during the diagnostic
process, from Segment 2 onwards.

There are a couple of process-oriented categories that
revealed some subtle differences between segments and
expertise levels. Search goals (20) were seldom stated in
Segment 4 and were mentioned slightly less often by

Figure 1. Visualization of the outcome of the multiple correspondence
analysis (MCA) of the clinical reasoning. Dimension 1 contrasts the
four segments (solid triangles, 1-4), dimension 2 the three expertise
levels (solid squares, 1 =novices; 2 = intermediates, 3 = experts).
Coding categories are represented by the circles: the numbers corres-
pondwith those used in Tables 4.1 and 4.3. Segment 1 contributes most
to dimension 1. Therefore, the higher a coding category scores on this
dimension, the closer its association to segment 1 (e.g., category 2 –
Quantity and nature of material). On the contrary, segment 4 is least
associated with dimension 1: all categories on the left hand side are
therefore associated to this segment. The same goes for dimension 2,
which contrasts mainly between novices on the one hand, and interme-

diates and experts on the other

Table 3. Frequencies of codes, split up per expertise level and segment

Segment 1 Segment 2 Segment 3 Segment 4

Nov. Int. Exp. Total Nov. Int. Exp. Total Nov. Int. Exp. Total Nov. Int. Exp. Total

1. Patient background 32 14 4 50 8 2 6 16 2 3 3 8 4 2 1 7
2. Quantity and nature of material 21 71 77 169 2 2 5 9 2 0 0 2 1 2 0 3
3. Spatial orientation of tissue pieces 8 5 15 28 5 0 3 8 7 3 2 12 6 0 2 8
4. Artefact in image 10 9 8 27 7 9 15 31 5 1 6 12 3 6 4 13
5. Artefact in tissue 1 14 12 27 2 8 11 21 3 13 5 21 5 9 8 22
6. Findings—colour and shape 55 22 7 84 51 46 26 123 62 26 21 109 41 12 7 60
7. Findings—impression 20 5 7 32 32 1 6 39 22 7 1 30 29 8 3 40
8. Findings—name 97 46 35 178 136 111 89 336 100 96 80 276 94 68 55 217
9. Findings—architecture 11 19 14 44 6 23 21 50 17 12 17 46 16 10 8 34
10. Comparison between cases 22 0 0 22 17 0 0 17 6 0 0 6 10 0 0 10
11. Comparison within case 8 2 5 15 9 0 2 11 18 0 6 24 13 0 5 18
12. Repetition within case 2 1 4 7 5 2 8 15 13 3 7 23 13 11 21 45
13. Comparison with normal tissue 12 45 24 81 23 39 36 98 18 39 26 83 11 22 18 51
14. Absent features 7 8 10 25 13 26 19 58 11 33 21 65 13 36 27 76
15. Hypothesis 5 2 3 10 16 9 11 36 22 15 24 61 28 25 17 70
16. Diagnosis 0 1 1 2 0 4 2 6 1 9 12 22 32 56 61 149
17. Exclusion of diagnosis 0 0 0 0 0 0 0 0 1 0 0 1 6 14 3 23
18. Rejection of hypothesis 2 0 2 4 1 7 5 13 4 6 11 21 3 10 14 27
19. Heuristic comment 39 27 34 100 42 22 26 90 33 21 23 77 44 29 44 117
20. Search goal 14 3 10 27 8 8 8 24 8 9 9 26 4 1 5 10
21. Reflection—knowledge and skills 16 2 0 18 31 4 4 39 32 4 5 41 53 7 7 67
22. Reflection—diagnosis 8 4 2 14 10 4 6 20 9 6 10 25 16 8 14 38
23. Reflection—normal process 0 0 2 2 0 0 3 3 0 1 0 1 0 4 5 9
24. Reflection—solvability of slide 5 9 4 18 5 12 10 27 7 10 22 39 5 18 20 43
25. Reflection—experiment 2 2 4 8 0 1 8 9 0 0 5 5 2 0 1 3
26. Knowledge statements and inferences 10 5 8 23 32 14 17 63 28 13 11 52 32 16 17 65
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intermediates in Segment 1. Knowledge statements and in-
ferences (26) were mainly uttered by novices, throughout
the whole diagnostic process.

DISCUSSION

The aim of this study was to gain insight into the develop-
mental stages of visual problem-solving expertise of clinical
pathologists. We therefore studied the visual problem-
solving process of clinical pathologists with different levels
of expertise. In the Introduction, we argued that an existing
model of the diagnostic process needed to be revised to fit
the visual problem-solving process of clinical pathologists.
We therefore introduced general problem-solving theory.
To determine how this theory is reflected in the diagnostic
process of clinical pathologists, microscope navigation and
concurrent think aloud data were collected and analysed
using a time-grid.

With regard to the first research question, ‘which expertise-
related differences can be found in the temporal arrangement
of the diagnostic process of clinical pathologists, as expressed
in microscope navigation and clinical reasoning?’, the results
of this study revealed important differences between novices,
intermediates, and experts. Novices showed hardly any
temporal differences in their microscope movements: Nearly
all measures were on the maximal level from the first segment
onwards. Their clinical reasoning shows more contrasts
between segments, roughly following the pattern of com-
ments on patient background (Segment 1), findings and
comparisons (Segments 2 and 3), and reflective comments
on their own knowledge and skills (Segment 4). These results
suggest that novices ‘jump’ into the diagnostic process: Activ-
ity and magnification are high from the beginning, indicating
a constantly intensive diagnostic process. A novice starts to
search right away. However, this search has few tangible
results: findings described by their appearance, few diagnoses,
and many reflective comments on their abilities and knowl-
edge statements.

The diagnostic process of intermediates shows more tem-
poral differences than that of novices and can be divided into
three parts: Segment 1, a middle part of Segments 2 and 3,
and Segment 4. The first segment shows fewer movements
and lower magnifications than in the middle part of
Segments 2–3. In addition, there is an increase in opposed
zooming movements in Segment 4. The clinical reasoning
is in line with their microscope navigation: Comments on
the quantity and nature of the tissue and the patient back-
ground are followed by findings and absent features.
Segment 4 contains most diagnoses, exclusions of diagno-
ses, and hypotheses. Intermediates reflect relatively little,
but if they do, it is most often on the solvability of the slide.

Whereas intermediates showed three distinct parts of the
diagnostic process, experts only showed two: the first
segment and the other three. During the first segment,
experts used low magnification, made few opposed zooming
movements, and visited few relevant areas, compared with
the other segments. From the second segment onwards, mag-
nification, zooming activity, and the hits of relevant areas in-
creased. In the first segment of their clinical reasoning,

experts made many comments on the quantity and the spatial
orientation of the tissue. Also, artefacts were mentioned in
the first part of the process. The first segment contains few
mentioned findings: those are concentrated in Segments 2
and 3 and so are absent findings and hypotheses. Segment
4 includes most diagnoses and rejected hypotheses. In
contrast with the intermediates, the experts tended to reflect
much, primarily on the solvability of the case, what they
would have done in real practice, and on the experimental
procedure.
With regard to research question 2, ‘how is an orientation

phase reflected in the temporal arrangement of microscope
navigation and clinical reasoning, and which expertise-
related differences can be identified therein?’, orientation
on the problem seems to play an important role in the diag-
nostic process of intermediates and experts. Both groups
showed a relatively inactive first segment, using low magni-
fications and making few opposed zooming movements.
Experts also visited very few diagnostically relevant areas
in this first segment. Typically, utterances on the quantity
and nature of tissue are made, plus some on the architecture
(experts) or patient background (intermediates). Findings,
hypotheses, and let alone diagnoses are not (or hardly)
mentioned in this first segment. The next segments are more
active and productive in the sense of findings: magnifications
increase, findings are mentioned, and hypotheses are formed.
There is, however, a difference between the fourth segment
of experts and that of intermediates. Intermediates show an
increased number of opposed zooming movements in that
segment, combined with a high maximal, but low minimal
magnification. This increased ‘vertical activity’—frequent
zooming in and out—could mean that intermediates tend to
check whether they interpreted everything correctly and
drew the right conclusions. It would not be surprising if they
were less confident than experts. After all, intermediates
mention many diagnoses, and also many hypotheses in the
last segment.
Based on their microscope navigation, the novices do not

seem to orient themselves on the problem: They immediately
start searching for cues at high magnification and zoom out
and back in again to continue their search. However, their
focus on the patient background and previous cases in their
reasoning could be interpreted as an attempt at a problem
representation, with the limited means they have at their
disposal. This representation is thus based primarily on
circumstantial information: cases just seen and information
provided by the experiment.
Finally, our results provide an answer to the third research

question: ‘How do the results of this study inform a new,
more encompassing model of the visual problem solving
process of medical specialists?’. They indicate that the visual
problem-solving process of expert and intermediate clinical
pathologists corresponds with general problem solving as
described by Newell and Simon (1972). These two expertise
levels both show a distinct phase of orientation, in which a
problem representation is constructed. According to our
data, this phase consisted of roughly one fourth of the
diagnostic process. The ‘cut’ between the first, orientation
segment and the rest of the diagnostic process was most
articulate in the group of experts. Intermediates showed
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similar behaviour but did focus on the clinically relevant
areas from the start. During their orientation, they thus
seemed to be focused more on the relevant parts already.
Novices showed no clear signs of the construction of a prob-
lem representation.
In accordance with the literature on the quality of cogni-

tive schemata used, the findings mentioned by novices
contained many superficial findings, reflecting the theory of
Boshuizen and Schmidt (1992, 2008) on expertise-related
differences in the knowledge structures of medical diagnos-
ticians. Also, novices make most knowledge statements,
which indicate their need to reason to come to their represen-
tation. Intermediates and experts, on the contrary, report
many findings reflecting the activation (comparisons with
mental models of normal tissue and hypotheses) and testing
(absent features) of schemata. Intermediates seem to be
focused on reporting findings and drawing conclusions from
them, based on their relative infrequent reflections. The fact
that experts reflect on the process and task indicated that,
although they are involved in the task, they keep the over-
view over the whole task.
Although our data correspond with the general problem-

solving theory, they do not necessarily refute the more visual
model by Nodine and Kundel (1987). It could well be that
holistic viewing is performed by expert diagnosticians in
the very first seconds of the diagnostic process, offering
them an advantage over non-expert diagnosticians. How-
ever, the orientation of expert clinical pathologists seems to
involve more than just a quick scan on abnormalities: With
no specific instructions—other than to act as they normally
would—they often counted pieces of tissue on the slide
and took their time to form a representation. Additionally,
our results do not refute the more advanced skill of pattern
recognition of experts, which underlies holistic viewing.
On the contrary, the low magnification applied by experts
in the first segment—lower than that of intermediates and
novices—could mean that they need less visual detail to
construct their problem representation. This is in accordance
with Van Meeuwen et al. (2014), who found that expert air
traffic controllers apply visual chunking more than interme-
diates and novices.
This study is the first to take into account temporal differ-

ences within diagnostic processes of visual medical special-
ists, while focusing on both visual and cognitive processes
in combination. Our methods offer the possibility to perform
such a study without compromising on the number of partic-
ipants or trials. As a result, the visual problem-solving
process of diagnosticians with different levels of expertise
could be studied in depth.

Implications

The insights into the developmental stages of visual
problem-solving expertise gained in this study can help
educators during their training of residents. For example,
they might stimulate the resident to construct an ‘objective’
problem representation, without checking relevant areas.
Similarly, starting residents—with a level comparable with
that of the novices in this study—could be scaffolded in such
a way that they adopt adequate problem-solving strategies

more quickly. Their diagnostic process could be decomposed
into several steps, for example, first orientate on the nature
and quantity of the tissue pieces, and how they relate to each
other. Besides, this study used data on microscope move-
ments that are recorded by all virtual microscopes. For this
study, several variables were designed to quantify these
movements. When performed during the diagnostic process
in practice, these analyses could inform pathologists and
residents on their viewing behaviour and thus serve as a
quality check.

In this study, we have successfully applied a theory on
general problem solving to an example of visual problem
solving, clinical pathology. An important question is
whether this was a unique endeavour for clinical pathology,
or whether these results are applicable to other domains of
visual problem solving as well. Although this question is
beyond the scope of this study, we have no reason to assume
that these results are unique to clinical pathology. An impor-
tant condition for transfer to other domains is that the task
that is under study is both visually and cognitively demand-
ing: It needs to involve complex visualisations and an
ill-structured problem. This condition would rule out tasks
such as visual detection tasks.

Limitations of this study

An important limitation of this study is the use of two differ-
ent ways to segment the microscope navigation data and the
clinical reasoning data. The microscope navigation data were
segmented using a time-grid: The time-on-task was divided
into four equal segments. However, the clinical reasoning data
consisted of transcripts of concurrent thinking aloud. These
written sources were not time-coded and thus could not be
segmented based on time. To solve this issue, all statements
in a transcripts were numbered based on the chronological
order: the first statement being number one, the next number
two, and so on. By dividing the total number of statements
by four, a grid was created. Although this solution erases
the direct link between the two data sources, this way of
segmenting these data still allows one to study phases in the
clinical reasoning. Moreover, participants were encouraged
to keep their thinking aloud constant throughout the diagnos-
tic process. Therefore, there is an association between the time
that is passed and the number of statements uttered. Therefore,
we believe it still is a valid method to use.

This study has argued for the inclusion of problem-solving
theory into the model of the diagnostic process of clinical
pathologists. Including this theory has helped to understand
the developmental stages of visual problem-solving expertise
of clinical pathologists. These insights can help to improve the
training of newcomers on the job by stimulating them to adopt
expert visual problem-solving strategies.
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