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Abstract

Purpose: Automated breast ultrasound (ABUS) presents three-dimensional (3D) representations
of the breast in the form of stacks of coronal and transverse plane images. ABUS is especially
useful for the assessment of dense breasts. Here, we present the first eye tracking data showing
how radiologists search and evaluate ABUS cases.

Approach: Twelve readers evaluated single-breast cases in 20-min sessions. Positive findings
were present in 56% of the evaluated cases. Eye position and the currently visible coronal and
transverse slice were tracked, allowing for reconstruction of 3D “scanpaths.”

Results: Individual readers had consistent search strategies. Most readers had strategies that
involved examination of all available images. Overall accuracy was 0.74 (sensitivity = 0.66 and
specificity = 0.84). The 20 false negative errors across all readers can be classified using
Kundel’s (1978) taxonomy: 17 are “decision” errors (readers found the target but misclassified
it as normal or benign). There was one recognition error and two “search” errors. This is an
unusually high proportion of decision errors. Readers spent essentially the same proportion of
time viewing coronal and transverse images, regardless of whether the case was positive or neg-
ative, correct or incorrect. Readers tended to use a “scanner” strategy when viewing coronal
images and a “driller” strategy when viewing transverse images.

Conclusions: These results suggest that ABUS errors are more likely to be errors of interpre-
tation than of search. Further research could determine if readers’ exploration of all images is
useful or if, in some negative cases, search of transverse images is redundant following a search
of coronal images.
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1 Introduction

From the vantage point of the study of medical image perception, it is useful to distinguish
between two tasks involved in the analysis of images of the breast. First, there is a visual search
task in which potential abnormalities must be found. Second, there is a recognition task in which
the nature of some suspicious features must be identified. Breast ultrasound is an established
imaging modality, routinely used for both search and recognition tasks. In breast cancer screen-
ing, x-ray mammography is the standard starting point. Traditionally, this has involved radiol-
ogists and/or technologists examining two-dimensional (2D) mammograms. More recently,
digital breast tomography (DBT) has been used to create stacks of virtual slices through the
breast, yielding a three-dimensional (3D) volume of image data.1,2 In the United States, ultra-
sound is widely used as a follow-up exam after a mammogram or MRI to diagnose suspicious
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masses in the breast.3 It can also be useful, as a screening modality, in the initial search for
abnormalities, especially for women with dense breasts.4,5 Masses that are hard to see in x-ray
or DBT images can be more detectable in ultrasound simply because of the differences in the
imaging physics involved.

Currently, most initial ultrasound exams are performed by a sonographer moving an ultra-
sound transducer over the breast (hand-held ultrasound, HHUS). This creates a dynamic view of
a slice into the breast in multiple imaging planes. However, HHUS has some drawbacks. For
example, imaging acquisition and interpretation are operator-dependent. As a result, it is not
easily reproducible, and although HHUS lets the operator explore the entirety of the breast tissue,
it may not create a standardized, storable 3D dataset. Automated breast ultrasound (ABUS)
has been developed in an effort to address these issues.6 The ABUS version that we use here
is the general electric (GE) Invenia ABUS system. It uses a large, reversed-curve transducer. The
acquisition of ABUS images resembles image acquisition in x-ray mammography. The ABUS
detector is pressed in contact with the breast while the ultrasound transducer moves inside the
detector (transducer frequency range: 6 to 15 MHz transducer aperture length: 15.3 cm).
Typically, three acquisitions are enough to image the entire breast. From the resulting 3D volume
of the data, it is possible to reconstruct images in various planes. Normally, in ABUS, images of
the breast are generated as a stack of coronal images that allows a reader to view the breast from
the anterior (the nipple) back to the posterior (the chest wall). These images are synced to trans-
verse images, which are the slices showing axial planes from the skin surface into the depth of
the breast. The transverse images resemble the images created by more classic HHUS systems
(see Fig. 1).

By placing the crosshairs on a region of interest (ROI) – e.g., on the finding in the right
coronal image in Fig. 1 – the transverse images are aligned, and the corresponding location
is marked, so a feature, imaged in the coronal plane, can be examined by “multiplanar corre-
lation.” The ability to scroll through the images allows the reader to view the transverse images in
a manner similar to the methods they would use with HHUS.

When added to routine mammography, ABUS can improve diagnostic accuracy, assessment
of lesion location, call-back rate, and confidence in call-back, especially for women with dense
breasts.7,8 However, it adds significantly to the time required for each case. Skaane et al.9

Fig. 1 One of the several available ABUS imagery “hanging protocols.” This layout shows two
coronal and two transverse images. Here are two sets of images of the right breast. Each coronal
image set consists of a stack of slices from nipple to ribcage. Below each coronal image is the
synced transverse image that allows the reader to examine slices showing axial planes from the
skin to the ribs. Masses can appear as hypoechoic (black and round) or as architectural distortions
in these images. Thus, in the right coronal image, there is a suspicious lesion. By placing the
cursor at that location, the same lesion can be examined in the synced transverse image below
the coronal image.
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reported about 9 min per case. Other estimates range from 3 to 10 min.6 The technology is
relatively new, so there is only a modest body of clinical wisdom on the best way to use it.
Like many modern image modalities, ABUS generates a very substantial volume of imagery,
so readers could spend an arbitrarily long time on any case.10 It would be valuable to know how
experts spend their time when viewing ABUS. Such information could be a useful starting line
for assessing how experts should spend their time on ABUS.

Efforts to study medical imaging professionals’ search and recognition behavior have been
underway since the 1960s when Tuddenham and Calvert11 had radiologist readers point a spot-
light to indicate where they were looking and recorded the movements of that spot on photo-
graphic film. The effort moved forward dramatically when Kundel et al.12 brought eye-tracking
technology to the task. Since then, eye tracking equipment has improved and has become an
increasingly practical tool in medical image perception research (for recent reviews, see Refs. 13
and 14). Modern eye trackers can collect useful information from a reader, viewing the image
while in a relatively natural position, seated in front of a workstation, without the need to restrain
the head or to wear the eye tracking equipment.

One of the most important uses of eye tracking in medical image perception is that it can
provide insight into the sources of error in search. Kundel et al.12 proposed a tripartite division of
false negative (“miss”) errors that remains useful. There are search errors in which the eyes never
fixate within a small “Region of Interest” (ROI) around the target. There are recognition errors in
which the eyes land in the target ROI but stay only briefly; half a second has been used as a
threshold in studies of the lung and one second for the breast. That half-second or one-second
threshold is somewhat arbitrary, but it is designed to capture the situations in which observers fail
to recognize an important item, even though its image fell on the fovea, the center of gaze. If the
eyes spend more than this threshold amount of time scrutinizing a target, errors are considered to
be decision errors. These are cases in which the readers recognize that a stimulus is of interest but
fail to categorize it as a target. False positive errors are also often accompanied by extensive
scrutiny. In this case, a stimulus is miscategorized as a target even though it is not. For 2D
mammography, Krupinski15 reported that errors by experts could be categorized as 25% search,
25% recognition, and 50% decision errors. In previous work, we replicated this result in a larger
dataset.16 Using eye-tracking metrics, Carrigan17 reported on the distribution of these errors in
sonographers, searching for signs of cancer in breast images. Krupinski’s less experienced, nov-
ice observers produced 29% search, 42% recognition, and 29% decision errors.

As new imaging modalities appear, new viewing behaviors emerge. Classic eye tracking data
involved eye movements in the XY plane over 2D images. Modern modalities create 3D volumes
of data in which the observer’s search path must be tracked over X, Y, and Z planes. Drew et al.18

tracked the eyes of radiologists as they searched for lung nodules in chest CT imagery. By regis-
tering those XY data to corresponding slices in the CT image stack, 3D scan paths could be
reconstructed. Drew et al. identified two search strategies, reporting that individual readers could
be classified as “drillers” or “scanners.” Drillers tended to hold the eyes relatively steady in XY
while quickly moving through the lung in the Z direction. Then, they would move to a new XY
position and “drill” through Z again. In contrast, scanners moved slowly along the Z axis while
scanning more extensively in the current XY plane. When Aizenman et al.19 conducted a similar
study with the 3D stacks of images created by DBT; they found that behavior did not fit neatly
into driller/scanner categories. Their observers engaged in rapid and repeated drilling while also
scanning quite widely. Anecdotally, observers often reported that they believed that they were
drilling, when asked after the experiment. They were less aware of their scanning behavior [c.f.
Ref. 20]. This illustrates why introspection is not a substitute for objective experimentation.

In the current paper, we extend this line of investigation to ABUS. Specifically, we examine
three questions:

1. How do readers divide their time between coronal and transverse views?
2. What can eye movement data reveal about sources of error in ABUS search tasks?
3. What do 3D drilling and scanning eye movement patterns look like in ABUS displays with

multiple 3D stacks?

This study should be considered to be an initial exploration of a potentially large data
space.
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2 Methods

2.1 Observers

A total of 15 observers participated in this study. Three observers did not have ABUS training
and therefore were excluded from the analysis reported here. Table 1 describes the final 12
observers. All specialized in reading breasts and had ABUS training. Eleven were radiologists
and one was a sonographer with several years’ experience with ABUS. Ten observers were tested
at the ABUS Optimization Meeting in Charlotte, North Carolina, United States (September
2019). Two observers were tested at the Radiology Society of North America meeting in
Chicago, Illinois, United States (December 2019). The observers were given informed consent
as approved by the Brigham and Women’s Hospital IRB (IRB approval #2007P000646).

2.2 Cases

A total of 18 cases (10 abnormal and 8 normal) were used, and all were deidentified. Images
were read on an Invenia ABUS workstation provided by GE Healthcare from their training cases.
Ground truth was based on GE Healthcare information. Table 2 lists the 18 cases that were used
in this study. Because we were testing readers for a fixed amount of time and different readers
took significantly different amounts of time per case, the number of cases read by an individual
varies widely. The number of readers who examined each case is listed in the “instances” column
in Table 2. The number of cases read by each reader is given in Table 3.

As noted, we collected data in two different venues. During the first data collection, cases
were selected randomly for each observer. No observer was able to finish all of the cases. In the
second data collection, cases were presented to observers in the same order so that we could
meaningfully compare eye-movement patterns between observers for the same set of cases, but
this turned out to include only two of the readers whose data are included here. Overall, our
readers completed a total of 102 instances of these 18 cases. A total of 62 of these were target
present, with the other instances being normal. Abnormal cases had a range of findings from
fibroadenoma to atypical papillary lesion (Table 2).

Table 1 Characteristics of the 12 readers in this study.

Observer Profession Speciality
ABR

certified
ABUS
trained

Years
reading
ABUS

Years
reading
mammo

Year
reading
DBT

1 Radiologist Breast Yes Yes 1 15 6

2 Radiologist Breast Yes Yes 1.5 19 2.5

3 Radiologist Breast Yes Yes 10 35 17

4 Sonographer Breast No Yes 5.5 0 0

5 Radiologist Breast Yes Yes 2 25 8

6 Radiologist Breast Yes Yes 1 13 6

7 Radiologist Breast Yes Yes 5 8 8

8 Radiologist Breast Yes Yes 4 4 4

9 Radiologist Breast Yes Yes 1.5 27 10

10 Radiologist Breast Yes Yes 2.5 22 8

11 Radiologist Breast Yes Yes 12 13 5

12 Radiologist Breast Yes Yes 4 25 10

ABR, American Board of Radiology.
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Table 3 The number of cases read by each observer, divided by response type based on
observers’ final reports on the questionnaire.

Observer 1 2 3 4 5 6 7 8 9 10 11 12
Grand
total Percentage

True negative 2 2 5 6 4 3 2 3 1 2 3 4 37 84.1%

False positive 0 0 0 1 0 2 0 1 2 1 0 0 7 15.9%

True positive 2 2 2 6 3 7 3 7 2 1 1 2 38 65.5%

False negative 1 0 5 3 4 1 1 0 1 1 1 2 20 34.5%

Total cases 5 4 12 16 11 13 6 11 6 5 5 8 102

Accuracy 0.80 1.00 0.58 0.75 0.64 0.77 0.83 0.91 0.50 0.60 0.80 0.75 0.74

Time per case 2.9 4.78 1.58 1.14 1.65 0.88 2.78 1.76 3.29 3.85 3.07 1.56

Table 2 Cases used.

Case Breast Diagnosis Instances

VAL-002 LT FA 10

VAL-003 RT Normal 1

VAL-004 LT IDC 7

VAL-005 RT IDC 7

VAL-006 LT Normal 1

VAL-007 RT Normal 2

VAL-008 LT IDC 6

VAL-009 RT IDC 9

VAL-010 LT Normal 1

VAL-011 RT Normal 12

VAL-012 LT Normal 9

VAL-013 RT PAPILARY 8

VAL-014 LT Normal 6

VAL-015 RT Normal/FC 5

VAL-016 LT FA and IDC 10

VAL-017 RT FA 4

VAL-018 RT Cyst 1

VAL-019 LT Normal 3

FA, fibroadenoma, normal; IDC, invasive ductal carcinoma; FC, normal fibro-
cystic changes; papillary, atypical papillary lesion.
Note: FA cases were considered “normal” when the task was to search for
cancer and “abnormal” when readers were asked if there were clinically signifi-
cant findings that needed further examination (see procedure). The “instance”
column lists the number of times each case is represented in the dataset.
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3 Procedure

The experiment started with a five-point eye tracking calibration procedure. Average fixation
error during the calibration was <1- deg visual angle. After the calibration, observers were asked
to read ABUS cases for 20 min. To simulate the natural reading scenario, the observers were
allowed to read the cases at their own pace within the time window. The 20-min reading time was
based on a pilot session done by one ABUS expert before the experiment. Eye movements were
recorded using an SMI RED 250 mobile eye tracker with a sampling frequency of 250 Hz. The
distance between the readers’ eyes and the screen display was ∼60 cm, and the eye tracker was
attached underneath the display. After finishing each case, readers were asked to rate each case
on an online questionnaire opened separately on a webpage. An instruction on the questionnaire
told readers which case they should select to read next. Readers could freely move between the
ABUS system and the online questionnaire. Before reading the experimental cases, each reader
read one practice case to familiarize themselves with the ABUS hanging protocol used in the
study and with the rating questionnaire. Next, readers were instructed to go to the questionnaire,
which indicated the order in which to select cases. Because we were conducting a “natural his-
tory” study, to assess normal reading behavior, no specific instructions on how to use the ABUS
system or restrictions were given. Readers could select any of the available image acquisitions or
layouts and scroll through them with their mouse. In fact, readers rarely departed from the hang-
ing protocol shown in Fig. 1. After viewing each case, readers answered a set of questions on the
questionnaire. In the first venue, the readers were asked

1. Is the case abnormal (100-point scale: 0 = completely normal, 100 = definitely abnormal)?
2. What breast imaging reporting and data system (BIRADS) score would you give to this

patient (0 to 6)?

An abnormality case was defined as a case that shows any clinically significant findings.
In the second venue, the questions were modified, and the readers were asked

1. Does the case have cancer (100-point scale: 0 = completely normal, 100 = definitely
cancerous)?

2. Would you call the patient back (yes, no)?
3. What BIRADS score would you give this patient (0 to 6).

The first question was changed based on the feedback received in the first venue because
asking whether a case is abnormal or not gave ambiguous and inconsistent answers among read-
ers. Some might interpret the question as asking if signs of cancer were present, whereas others
may decide that abnormality comprised all clinically significant findings. In practice, this meant
that the correct answer to case #2 (fibroadenoma, normal) was “abnormal” in the first venue and
“not cancer, normal” in the second. This is accounted for in the results, tabulated below. The next
case number was given to the reader as soon as they had answered the set of questions for the
previous case. No feedback was given to the reader during the session. In addition to eye move-
ments, we also recorded videos of the workstation screen during the experiment.

3.1 Data Analysis

Given the fixed 20-min recording, the total amount of eye tracking data from each observer is,
unsurprisingly, quite similar, though the time to complete each case varies substantially. A num-
ber of trials completed ranges from 4 to 16, making comparisons between observers of lim-
ited value.

As is the case with most studies of medical image perception, certain compromises were
needed. Of the many available display layouts/hanging protocols, we only looked at reader
behavior in the most used default display layout. In fact, readers spent 89% of their time viewing
this layout shown in Fig. 1 with two coronal views with their linked transverse views. One of the
challenges in the current study is that the ABUS station is not specifically designed to connect
with an eye tracker, nor does it automatically output information about the slice/depth in the
coronal or transverse image stacks. The recorded video has on-screen values that can be used
to calculate the currently present slice/depth. We extracted these values using optical character
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recognition software (Tesseract). Thus, we have x; y, and the inferred z coordinates for the scan-
paths of the readers. Due to insufficient data, we removed eye movement data when readers were
not using the default layout. All results reported here are based on the remaining data.

4 Results

Figure 2 shows the scanpath for one trial. This illustrates ∼5 min of eye position recording for
one observer viewing the case shown in Fig. 1.

Similar images for all 102 cases are available online.21 These figures are intended to give a
general impression of the movements of the eyes. Eye position is plotted by a dot every 200 ms.
Larger movements of the eyes (>100 pixels) are plotted as line segments connecting the starting
and ending positions. Notice that these are not exactly the same as conventionally calculated
saccades because it is not entirely clear how to define saccades when readers are scrolling
in depth as they move their eyes. Similarly, the definition of a fixation is not as clear as it would
be in a 2D image. Accordingly, we show descriptive eye position information as an approxi-
mation to standard 2D fixations and saccades. The colors of dots and lines code the time, starting
with yellowish-green (Fig. 2, #1) and moving through green (#2) to light blue (#3) to dark blue
and purple (#4).

Red boxes show the positions of coronal (upper boxes) and transverse (lower) images. When
observers are not fixating within one of these four regions, eye position dots and lines are drawn
in white. Recall that these boxes do not show left and right breasts, but they show the different
image acquisitions from the right breast, in this case. In the current study, three acquisitions of
the breast were provided. Readers could display two of the three acquisitions at a time and could
replace either of those two with the third one by clicking the acquisition boxes at the lower left of
the screen while assessing the case. Thus, a cluster of fixations on, for instance, the right coronal
field, could represent fixations when viewing more than one acquisition. The long white sac-
cades to the lower left of this image generally indicate fixation on the thumbnails of those three
acquisitions as one acquisition was chosen to replace another. Examination of the scanpath on
the right shows that the light blue traces in the coronal field are followed by blue traces in the
transverse field. After that, the purple coronal and transverse traces probably reflect the exami-
nation of the third set of images.

While observers are examining the images, they can also move in depth in either the coronal
view (Fig. 2, #5) or the transverse view (#6). These movements are illustrated by graphs of depth

Fig. 2 Scanpath for one observer, viewing the case shown in Fig. 1 (here, shown in the inset to
the right).
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at the bottom of the figure. The x-axis is time (marked in 30-s intervals), and the Y-axis shows
depth or slice. When the eyes fall within an ROI around the target lesion, the eye position dots are
marked with a reddish outline as can be seen in #3 and #4. Notice that this corresponds to the
“suspicious mass,” marked in Fig. 1 and labeled in the inset in Fig. 2. The color scheme in the
depth graphs (#5 and #6) follows that of the XY eye position graphs above them.

Given this information, it is possible to reconstruct the narrative of how this case was exam-
ined. The reader started in the coronal image on the left (#1). As can be seen in the Coronal Z
graph (#5), at the bottom of Fig. 2, the reader moved through the depth of the coronal image from
nipple to chest wall over the course of a minute while fixating on the left coronal image region.
Next, they moved to the corresponding transverse image (#2). Note that, when they fixated on
the transverse image, they stopped moving in coronal Z and moved through the transverse
images indicated by the up/down movement in the third- and fourth-time bins in the transverse
Z graph (#6). Rotational movements that are possible in the ABUS display are not repre-
sented here.

Having found nothing in the left image, the observer moved to the second coronal (#3). Here,
they found something suspicious. At this point, it may be that, after looking at the images in the
right coronal (#3) and right transverse (#4), the observer went to the lower left to load the images
from the third acquisition and examined them as well. The three epochs of movement in depth in
coronal (#5) and transverse (#6) images strongly suggest that all three acquisitions were exam-
ined even if it was possible to locate the target with fewer acquisitions. The reader scrutinized the
representation of the suspicious item in the transverse representation (4, 6) and correctly decided
that this was a positive (“HIT”) case. Similar stories can be derived from each of the scanpaths in
the dataset. As discussed below, the key takeaway is that readers had quite standardized ways of
evaluating cases.

Table 3 summarizes each observer’s performance. As noted, because observers read for a
roughly fixed period of 20 min at their own pace, the number of cases read by each observer
varied. The response types (true negative, false positive, etc.) are based on whether the case
contained a search target (abnormal clinical finding/cancerous target depending on the question)
and the readers’ rating result (0 to 50 = target absent; 51 to 100 = target present). Thus, e.g., a
rating of, say, 25 for a target present case would produce a false negative error.

It is important to note that the small number of cases per observer renders analysis of indi-
vidual accuracy uninteresting, and the overall accuracy is unlikely to be representative of error
rates in a clinical setting. Overall, there are 20 or more examples each of true positives, false
negative errors (misses), and true negatives. False positive errors (false alarms) are rarer.

The false negative/miss rate (34.5%) is relatively high, although, again, both the number of
cases and observers are too small for that figure to be especially informative. It does, however,
provide a usefully large sample of errors to analyze. In the classic analysis of eye movements
over 2D mammograms or chest CTs, false negative errors are divided into “search,” “recogni-
tion,” and “decision errors.”12 Search errors are said to occur when the eyes never fixate within an
ROI around the target. Recognition errors are those in which the eyes fixate on the target ROI but
only briefly (<500 ms for chest, <1000 ms for breast). A longer cumulative period of fixation on
the target defines a decision error in which the observer scrutinizes the correct location but fails
to report the target. Using the standard definitions of error types as proposed for the breast, at
least 17 of 20 false negative errors (85%) would be classified as decision errors (over 1-s fixation
time). There was one recognition error and two search errors with no fixations on the target. This
distribution is quite different from error distributions in 2D x-ray mammography.15

Why the large proportion of decision errors? One possibility is that, in ABUS imagery, fea-
tures that may be clinically significant are easy to spot. Masses often appear as hypoechoic
(round and black) in the coronal views, and even relative novices can spot them (see Fig. 1).
Once spotted, these hypoechoic findings must be interpreted. That proved to be more of a prob-
lem for the readers viewing these images. This could reflect the relative novelty of ABUS im-
aging. Readers may simply have less experience interpreting these images. A portion of a typical
scanpath pattern for this type of error is shown in Fig. 3(a). The figure shows a small patch of the
larger scanpath. As can be seen, the reader found something suspicious in the coronal image.
They moved down to the transverse to examine the same finding, but they decided, incorrectly,
that this particular hypoechoic finding was benign.
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It is also possible that the decision errors represent ambiguity in the images. It could be that
malignant and benign anomalies in the breast give rise to similar signs in the ABUS image and
that performance is limited by the images rather than by the training of the experts. It would
require more research to determine if the high rate of decision errors in this dataset is an attribute
of ABUS images, of the readers, or merely of this relatively small study. For the present, it is
simply worth noting that readers made errors when they came to the wrong conclusion about
correctly scrutinized spots in the ABUS images.

4.1 Where Do Observers Spend their Time?

Figure 4 shows the cumulative time spent in each image field as a function of the response type.
The first point to notice is that readers appear to spend more time on average looking at the
coronal images (26.5 s) than at the transverse images (18.5 s). There was no systematic pref-
erence for the left or right field, so they were combined in a three-way ANOVAwith factors of

Coronal

Transverse

Coronal

Transverse

(a) (b)

Fig. 3 Enlarged views of two scanpaths illustrate two types of false negative errors. Each dot
represents a single fixation during the search. The red outlined dots represent the fixations on
the target. (a) A clear decision error with extended scrutiny of the target. (b) A possible recognition
error with the only fleeting fixation on the target.
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Fig. 4 Cumulative time in regions of interest, defined by image field, as a function of response
type. Error bars show one standard error of the mean.
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image type (coronal versus transverse), target presence, and accuracy. The effect of image type is
significant [Fð1.98Þ ¼ 11.05, p ¼ 0.0012, partial η2 ¼ 0.10]. No other main effects or inter-
actions are significant (all p > 0.2, all partial η2 < 0.02). The most interesting aspect of this
analysis is not the smaller proportion of time in the transverse images; it is that the readers spend
about the same time in an image, whether or not there was a target present. This did not need to
be the case. If observers had looked at the coronal images and only used the transverse images
extensively if they found something of interest in the coronals, then we would have expected to
see higher transverse usage in the target present (true positive) cases compared with the target-
absent (true negative) cases. However, that is not what the data show.

The data suggest that observers used a quite stereotyped strategy, often similar to Fig. 2 in
which each field was visited in sequence. This consistency can also be seen in Fig. 5. It shows the
total time spent in all four of the image fields (the ROI) compared with the total time for the entire
case. This allows us to ask what percentage of the time in a case is spent viewing other parts of
the interface (e.g., switching from one image acquisition to another). Each datapoint in Fig. 5
shows one of the 102 cases, color-coded by response type. It is clear that the proportion of
time spent in the image ROIs is very consistent, averaging 80%. There is no difference between
different trial types (range 78% to 81%, no pairwise comparison approaches significance,
all p > 0.48).

Across all 102 cases, several generalizations are possible. Notably, all of the scanpaths for an
observer, regardless of the case type, tend to look broadly similar to each other. Moreover,
observers tend to look through all of the images that are available in the case. Recall that there
are typically three acquisitions – three different views – for each single-breast case. In many
cases, as in Fig. 2, it is quite clear that the observer loaded all three image acquisitions and
examined their coronal and transverse images in order. This can be seen quite clearly in Fig. 6
which reproduces just the movements in depth in the coronal and transverse views for one
observer viewing one case. As in Fig. 2, the X axis is time with 30-s intervals marked, and the
Y axis shows depth or slice. The observer starts by moving through the depth of one coronal
image. They then move to the transverse image and look through that reconstruction. This is
repeated for a second coronal image (blue), its transverse, and finally for a third coronal and
transverse image (purple).

As noted, observers tend to have quite consistent eye movement strategies in this task.
It would be easier to tell if two scanpaths came from the same individual than to tell if two
scanpaths came from the same type of trial.

4.2 Drilling and Scanning

As mentioned above, in earlier work examining the eye movements of radiologists viewing lung
CT, we found that readers tended to adopt either a “drilling” or “scanning” strategy.18 With
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Fig. 5 Time viewing images as a function of total time on a case. Each datapoint represents one
case.
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ABUS displays, it is somewhat more difficult to put a “driller” or “scanner” label on a reader
because there are two different types of images. A reader might scan one and drill another.
Nevertheless, we can see the difference between drilling and scanning behavior in these data.
Figure 6 is a clear example of scanner behavior. The reader moved relatively slowly and steadily
through the transverse and, especially, through the coronal images. They were scanning fairly
widely in the XY plane of the image as they were slowly moving through in depth. In contrast,
Fig. 7 shows drilling behavior. The clouds of dots represent multiple rapid back and forth move-
ments through the stack of images over the same 30- to 60-s period in which the reader in Fig. 6
moved only once, in one direction.

The results in Figs. 6 and 7 were selected as particularly clear examples. Overall, it appears
that there is more scanning behavior through the coronal images than the transverse. In an effort
to examine this question in a more quantitative manner, we filtered the data to find all pairs of eye
positions, separated by 200 ms that had both endpoints in the same field. From these pairs, we
can calculate the extent of movement in the XY plane (dXY: distance in XY plane, measured in
pixels) and in Z (dZ: distance in Z, measured in slices). Thus, for all appropriate 200-ms time
frames, we compared the movement in the XY plane with the number of slices visited in Z.
The 200-ms time frame was selected as it is sufficiently long to obtain meaningful information
while producing a large sample of datapoints.

There are over 59,000 such pairs of dXY and dZ values. The distributions of dXY and
dZ values are strongly positively skewed. Most values are small with a few large movements.

Fig. 6 Movements in depth (slice) for one case across time. (a) The coronal slices and (b) the
transverse. This is a fairly typical, if particularly clear, example of an observer looking through all
of the available images.

Fig. 7 Drilling behavior is shown by the clouds of dots that represent rapid movement up and down
through the stack: (a) the coronal images and (b) the transverse.
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Some of these large movements are likely to be measurement errors. To deal with these outliers,
the top 2% of values were removed from each distribution before analysis.

Figure 8 shows mean (stars) and median (squares) values in plots of dXY against dZ for
coronal and transverse images for each observer for each type of trial (target present/absent
X correct/incorrect).

The strong positive skew in the underlying data explains why the mean values are much
greater than medians. The median values may be more informative in this case. For coronal
images, the median dZ value is actually zero, with no motion in depth, for most of the observers.
This is consistent with a bias toward scanning in the coronal image. More than half of the time,
readers are scanning around in the XY plane while not moving in Z. For the transverse images,
dXY movements are surprisingly consistent across readers (15 to 20 pixels in the medians). The
dZ movements in depth are larger than what is seen in the coronal images and more variable.
This more closely resembles a drilling strategy in which observers place the eyes at a relatively
stable XY location while moving through the stack in the Z direction. Taken together, these
patterns would be consistent with a strategy of using the coronal image to find a target, some-
where in XY, and then focusing on that XY location while looking at the item in multiple slices in
the Z direction. One might think that this would mean that evidence for drilling would be
stronger in true positive than in true negative cases. However, this does not appear to be the
case. The different colors in Fig. 8 denote different types of trials. This measure reveals no
obvious differences between target present vs target absent or correct vs incorrect cases.
This can be seen as evidence for a quite stereotyped pattern of behavior, used by readers across
all cases. Readers seem to scan the coronal for the most suspicious features and then drill down
on that feature in the transverse image.

5 General Discussion

To summarize the findings, readers examine ABUS images systematically. Each reader may
have their own specific variant, but a good generalization would be that our typical reader would
start with the left coronal field and move to the left transverse field, then to the right coronal, and
to the right transverse. At this point, given that there was a third acquisition available, readers
would typically load it and examine those coronal and transverse images, in turn. This is
eminently sensible and thorough. For any one reader, this general pattern is much the same,

Fig. 8 Movement in the Z plane (dZ , slices) as a function of the movement in the XY plane (dXY ,
in pixels) for (a) coronal and (b) transverse images. Squares show medians for each observer.
Stars show means. Each color shows one type of trial: green – true positive, red – true negative,
blue – false positive, magenta – false negative. Large dZ movements with small dXY indicate
drilling (e.g., many of the transverse medians). The near-zero coronal medians and low means
suggest scanning behavior.
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regardless of whether the target is present or not. When readers fail to report a target (∼34%), that
target has usually been scrutinized. Most of the false negative errors in this dataset qualify as
“decision errors” in the Kundel taxonomy. With regard to their search through the 3D volumes of
images, most readers cannot be neatly categorized as “drillers” or “scanners.”18 Overall, more
scanning behaviors are observed in the coronal images and more drilling in the transverse.

At the outset, the time required for ABUS exams was raised as a problem that might dis-
courage the use of ABUS in standard clinical practice. The eye tracking results presented here
suggest one potential intervention. The typical behavior of looking through all of the available
images may be prudent, but it could also be unnecessary in a significant fraction of cases, espe-
cially in a screening setting. Specifically, it would be worth knowing if true negative responses
could be reliably based on coronal images alone. The coronal and transverse images are different
representations of the same data. The transverse images are useful in determining whether some-
thing suspicious, detected in the coronal image, is malignant or not. However, if there is nothing
of note in the coronals, it may be unnecessary to examine the transverse images at all. This is akin
to noting that, if the cookie jar is empty when viewed from the side, there is little point in exam-
ining it again from the top. It is important to note that the current results do not tell us, one way or
the other, whether time spent on the transverse images when nothing is seen in the coronals is
well-spent time. To assess this, further experimentation is required. In a screening setting,
in which positive cases are rare, substantial time could be saved if even a modest percentage
of cases could be dismissed without recourse to the transverse images.

The pattern of false negative errors is also of interest in this dataset. The sample of cases and
readers is too small to make statements about ABUS accuracy in general. What is noteworthy
here is that a very substantial majority of false negative errors appeared to be “decision” errors,
by the Kundel et al.12 classification. Readers scrutinized the suspicious feature, but declared it to
be normal, perhaps a cyst, rather than a malignancy. In this, our ABUS data differ from the
analysis of errors in other imaging modalities in which errors tend to be more evenly divided
among search, recognition, and decision error categories. In this dataset, there were 58 positive
cases, and readers searched successfully for 54 of those, that is, they scrutinized the right spot on
the image. If the 17 decision errors could have been avoided, sensitivity (here defined as the true
positive rate) would rise from 64% to 93%. Eliminating all decision errors is unlikely because
there will always be stimuli that are simply ambiguous. However, the large proportion of
decision errors in this dataset argues for potential benefits from further education or, perhaps,
assistance from an AI system.

5.1 Limitations

The present study has multiple limitations that make it an initial foray into the understanding of
search behavior in ABUS and, by no means, the final word. Recruiting readers in medical image
perception research is challenging, and the current study is no exception. Conducting our eye
tracking study on the sidelines of radiology conferences allowed us to recruit readers, but it also
limited the number of cases that could be tested. Of course, the COVID pandemic rendered it
essentially impossible to collect further data of the sort shown here from 2020 to 2022. In addi-
tion, the prevalence of disease in our set of images is much higher than it would be in normal
clinical screening settings, and this is known to impact readers’ decision criteria.22

It would be interesting to compare the performance of sonographers and radiologists, espe-
cially because it is frequently the sonographers who are performing the initial search task
[Carrigan et al.17 #14865]. In this study, with just one sonographer, we cannot say anything
on that topic.

Clinical workstations are not designed to output all of the data that would be useful for
experiments of this sort. Clearer statements about the relative virtues of drilling versus scanning
would require more data. Similarly, more data would be required to be convinced that the pattern
of errors in ABUS is different than that in x-ray-based mammography. This study was limited to
one of the multiple available “hanging protocols.” To optimize the use of ABUS, it would be
valuable to compare across display strategies. It is never going to be practical to collect
fine-grained eye-tracking data on a large number of radiologists while they read a large
number of cases and while they use a variety of hanging protocols in a neatly counter-balanced
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experimental design. However, significant progress could be made if workstations routinely pro-
duced a detailed running record of the display and the reader’s activity. The workstation, of
course, “knows” which stacks of images are on the screen and which slice is currently visible,
but that knowledge is not saved into a datafile that is accessible to researchers. Mouse tracking
can be used like eye tracking in some cases. For example, if the task required the use of a
magnification tool, a type of scanpath could be obtained by tracking the deployment of that
tool – again, if the information was available from the workstation. The workstation software
is proprietary, but manufacturers would find that medical image perception researchers would be
eager to collaborate if those data were available.

6 Conclusion

The current dataset shows that eye tracking can reveal much about the reader’s strategies and
outcomes in medical image perception. It is worth noting that simply asking readers what they
were doing with their eyes is unlikely to be useful. People are surprisingly bad at monitoring where
they have looked, even over short periods of time,20,23 let alone over a period of several minutes
while performing a demanding task. In the present study, we learn that readers have idiosyncratic,
but typically very systematic, approaches to reading these images. When they commit false neg-
ative errors, it is typically because they incorrectly classified what they found, not because they
failed to find the target. Further research will be required to determine if the systematic approaches
can be optimized to save time and if the incorrect classifications could be reduced.
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