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Abstract

Purpose—Satisfaction of search (SOS) occurs when an abnormality is missed because another
abnormality has been detected. This research studied whether the severity of a detected fracture
determines whether subsequent fractures are overlooked.

Materials and Methods—Each of seventy simulated multi-trauma patients presented
examinations of three anatomic areas. Readers evaluated each patient under two experimental
conditions: when the images of the first anatomic area included a fracture (the SOS condition), and
when it did not (the control condition). The SOS effect was measured on detection accuracy for subtle
test fractures presented on examinations of the second and third anatomic areas. In an experiment
with twelve radiology readers, the initial SOS radiographs showed non-displaced fractures of
extremities, fractures associated with low morbidity. In another experiment with twelve different
radiology readers, the initial examination, usually a CT, showed cervical and pelvic fractures of the
type associated with high morbidity. Because of their more direct role in patient care, the experiment
using high morbidity SOS fractures was repeated with seventeen orthopedic readers.

Results—Detection of subtle test fractures was substantially reduced when fractures of low
morbidity were added (p<0.01). No similar SOS effect was observed in either experiment in which
added fractures were associated with high morbidity.

Conclusion—The satisfaction of search effect in skeletal radiology was replicated, essentially
doubling the evidence for SOS in musculoskeletal radiology, and providing an essential contrast to
the absence of SOS from high morbidity fractures.

INTRODUCTION

Physicians have long been aware that an injury may draw and hold their attention, diverting it
from other injuries (1). A “satisfaction of search” (SOS) effect has been demonstrated in which
the discovery of a fracture on one image interfered with the detection of a subtle fracture on
another image of the same patient (2). Detection of subtle test fractures was substantially
reduced when additional fractures were included in other images of each multi-trauma series.
The clinical practice of radiology has changed greatly since this experiment was performed in
1994. Whereas the previous experiment used radiographs interpreted at a film viewer, current
practice relies heavily on computed tomography and direct digital radiography with
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interpretation at workstations equipped with high-resolution displays. The first experiment
reported here attempts to replicate the SOS effect of finding “minor” added fractures on
subsequent test fractures in a patient’s multi-trauma series using modern images and displays.

In 2001, gaze time on fractures was measured in an attempt to determine whether test fractures
were missed in this SOS effect because of misdirection of attention (3). Although readers spent
somewhat less time inspecting subsequent radiographs of a patient’s trauma series after
viewing initial radiographs that contained added fractures, they generally did look at the test
fractures that they failed to report. When the experiment was repeated to examine whether the
severity of the added fracture affected search, test fractures were missed more often when they
appeared with major added fractures than with minor added fractures. Because there were only
ten cases and only one that included no test fracture, true- and false-positive rates could not be
estimated with acceptable precision or certainty. We address this question in the second and
third experiments using receiver operating characteristic (ROC) methodology, testing whether
added fractures with major morbidity yield greater SOS.

In our second experiment, we changed the significance of the added abnormalities without
disturbing the test abnormalities, allowing us to test whether detection accuracy for test
fractures depends on the clinical significance of added fractures. Minor added fractures of our
first experiment were non-displaced fractures of the hands, wrists, feet, ankles, ribs, shoulder,
etc. that were detected on ordinary digital radiographs. Major added fractures of our second
experiment involved potential major morbidity (such as a cervical spine fracture), usually
involving computed tomography (CT). Multidetector CT has revolutionized the diagnostic
evaluation of trauma and emergency room patients (6-10), particularly for spinal injury.
Patients with life threatening spinal or pelvic injuries are usually examined using multidetector
CT rather than with radiography. We expected that SOS effects on ROC area would be greater
for major added fractures than minor added fractures. Readers of both the first and second
experiments consisted of radiology residents and fellows.

It has long been suspected that clinical necessity underlies diagnostic oversight in the multiply
injured patient (4,5). Fractures having immediate implications for patient care would not only
have stronger SOS effects than minor fractures, but would have a greater impact on those
physicians principally responsible for patient care. Surgeons or emergency room physicians
may be more affected by SOS where discovery of a serious injury requires immediate treatment.
In our third experiment, orthopedic surgery residents and fellows read the same case set as the
radiology residents and fellows of our second experiment.

MATERIALS AND METHODS

We performed three ROC experiments that tested SOS effects in skeletal trauma radiology,
each of which involved two experimental conditions. For each patient, the first examination
displayed was normal for one experimental condition (the control condition) but included an
added fracture in the other experimental condition (the SOS condition). Addition of fractures
into the first examination was an experimental manipulation; we measured detection of the
test fractures appearing in the second and third examinations, and gathered false-positive
responses when both the second and/or third examinations were normal.

Imaging Material

Case material for this study came from existing radiology records. All patient identifiers were
removed except for age, gender, and diagnosis. Our institutional review board granted
exclusion from human use with regard to permission to use these records consistent with
exemption 4 of National Institutes of Health human use policy.
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To simulate the radiologic examination of the multi-trauma patient, each patient in the
experiments consisted of imaging studies of three different body parts. Seventy simulated
multi-trauma patients were constructed. Because our experiments involve only SOS and not
broader aspects of imaging diagnosis, our case mix did not include extraskeletal abnormalities.
Although the examinations of each patient came from different sources, they were matched so
that they would appear to belong to the same patient. Raw material came from digital
radiographs from 304 actual patients presenting over 800 normal or abnormal examinations.
Additionally, over 200 patients presented normal or abnormal CT examinations of either the
spine or pelvis. To the extent possible, we used examinations from the same patient. Where
this was not possible, we matched examinations by gender and age. Each simulated patient
was reviewed by our chief musculoskeletal radiologist who judged whether the examinations
appeared to have come from the same patient. When the exams did not match well enough, we
revised the composition of the simulated patient until that radiologist was convinced that
another musculoskeletal radiologist could not detect that examinations from multiple patients
were included in the series of examinations we presented as coming from a single patient. Next,
a different musculoskeletal radiologist confirmed that the examinations presented as a patient
gave no hint of coming from multiple patients. We made further revisions whenever this
requirement was not met.

The case material for our experiments was derived from clinical imaging data in DICOM
format. Software was developed to discard the DICOM header and convert DICOM computed
tomography (CT) studies into volumetric, binary files. Each CT study thus became one large
file consisting of N consecutive 512 x 512 16 bit images, where N is the number of frames in
the CT series. Image parameters, such as pixel size, slice separation and the number of frames,
were stored in a single ASCII descriptor file. Software was developed to generate sagittal and
coronal reconstruction images with the correct aspect ratio based on the image parameters.
Other software was developed to generate target image format files (TIFF) from DICOM
format digital radiographs and to optimally resize them to fill the display screen. The dynamic
range of the digital radiographs was adjusted to match the dynamic range of the CT studies so
that the range went from a pixel value of 0 to 4095.

Simulated Multi-trauma Patients

Figures 1, 2, and 3 illustrate a single simulated patient from our experiment, case 28. Figure 1
provides enlargements demonstrating the fractures used in simulated case 28 to create various
experimental conditions. Figure 2 shows the thumbnails in the initial display of case 28 as it
appeared in different experiments and experimental conditions. Figure 3 shows how case 28
appeared with a major fracture present on the two-monitor display to a reader working through
the examinations of the series.

Multi-trauma patients were depicted in a series of three examinations, each of a separate body
part. When displayed (see below), the three examinations were presented in a specific order in
which the added fracture could only appear in the first examination and the test fracture could
appear in either the second or third examination of the series. This display procedure insured
that images with added fractures would appear before those with test fractures. In the previous
study (2), test and added fractures were randomly distributed in the simulated series and so
could appear in either order. Assuming that discovery of the added fracture causes subsequently
viewed test fractures to be overlooked; the current procedure of presenting added fractures first
affords the chance that each simulated patient may contribute to an observed SOS effect. In
clinical practice, a cervical spine CT examination ordinarily would be reviewed before other
examinations because of the seriousness of a potential cervical spine injury.

Readers interpreted each series under two experimental conditions: when the first examination
in the series included a fracture (the SOS condition), and when it did not (the non-SOS or
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control condition). In the first experiment, the first examination in the series for each patient
showed a minor non-displaced fracture as shown in detail in Figure 1C. Figure 2A shows how
that examination appeared in the patient series to readers when it was presented to them as
thumbnail images. In the second and third experiments, the first examination in the series for
each patient showed fractures with major morbidity as shown in detail in Figures 1A and B.
Figure 2C shows how that examination appeared in the patient series to readers when it was
presented to them as thumbnail images. For the non-SOS condition of each experiment, a
normal control exam of the same area, using the same technology was substituted for the initial
examination as shown in Figure 2B and D.

In our first experiment, the imaging examination was designed to simulate the multi-trauma
patient whose life was not threatened by injuries. We presented radiographs examining three
different body parts, excluding the spine. The added fracture was always presented as the first
examination in the series. In our second and third experiments, the imaging examination was
designed to simulate multi-trauma patients whose life might be threatened by their injuries. So
for the initially presented examination in the series, an examination of the spine or pelvis,
usually a CT (as in Figure 2C and D), was substituted for the radiographic examination used
in the first experiment (as in Figure 2A and B). In changing the significance of the added
fractures, we had to change the anatomy being examined. For example, a pelvic radiograph in
Figure 2A can contain a minor fracture of the acetabular bone, but a cervical spine study in
Figure 2C is needed to present a fracture that can produce quadriplegia. Different examinations
were needed for the control condition without added fractures (Figure 2B and D). The
examination with the added fracture and the normal examination that it replaced were of the
same anatomic region (as in the pelvis of Figures 2A and B, and the cervical spine of Figures
2C and 2D). The initial images in each simulated patient in our second and third experiments
usually consisted of a multidetector CT of the cervical spine or pelvis and radiographs of two
different body parts. In occasional cases, however, radiographs alone were used to examine
the spine.

Detection accuracy was measured by scoring responses on the second and third examinations
(e.g. the foot and chest radiographs in Figure 2A-D). The second and third body parts presented
for each simulated patient were digital radiographs of extremities, chest, or pelvis and usually
included multiple views. The same examinations of the second and third body parts were
always presented for each patient in both control and experimental conditions of all three
experiments. There were 27 simulated patients in which both the second and third examinations
contained only normal digital radiographs, and 43 with a subtle test fracture. For each simulated
patient, all responses to the second and third examinations were counted toward the patient
rather than toward the examination so that there were 70 scored patients with 27 normals and
43 abnormals for purposes of ROC analysis.

Cases were presented on a workstation consisting of a Dell Precision 360 Mini-tower and two
three-megapixel LCD monitors (National Display Systems). Monitors were calibrated to the
DICOM standard using manufacturer’s specifications. Periodically throughout the four-month
course of the experiment the calibration was checked and when necessary adjusted.

Software was developed from ImageJ, a public domain image processing and analysis package
written in the Java programming language (available at http://rsb.info.nih.gov/ij). This was
accomplished by modifying and extending ImageJ so that it had capabilities to display both
single radiographic images and voxel image stacks generated by computed tomography. This
software also collected reader responses, not only their explicit judgments indicating detection
and localization of abnormality and associated confidence rating, but also the display functions
that they used to explore the image data including window and level adjustment, navigation
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and time each image or CT slice was displayed. A log of the display operations and the resulting
displays as a function of time was recorded.

Each patient’s imaging examinations were first presented on the left monitor of a dual-monitor
display station (Figure 3A). The reader saw the patient’s age and gender, the case number, and
thumbnail images of the studies comprising the case. (Figure 3A is presenting the thumbnails
of the examinations shown in Figure 2C.) Readers were instructed that these images were not
meant to be diagnostic, but to give an impression as to the number and type of examinations
available for the patient. The actual diagnostic reading was done on the right monitor (Figure
3B-D). A small menu at the bottom of the right monitor permitted the reader to display the
images, one examination at a time, on the right monitor using “next image” and “previous
image” buttons. With these buttons, the reader could maximize the first examination on the
right monitor as shown in Figure 3B, then maximize the second examination on the right
monitor as shown in Figure 3C, and then maximize the third examination on the right monitor
as shown in Figure 3D. They could use the “previous image” button to backup through the
series. The small menu also contained a button that would allow readers to proceed to the next
patient. The readers were fully aware that once they moved on to the next patient, they could
not go back.

Twenty-four volunteer radiology residents and fellows from our Department of Radiology were
recruited as readers; twelve in experiment 1 (minor added fractures) and twelve in experiment
2 (major added fractures). Data collection for the two groups was completely independent. The
experience of the two groups of radiologists was matched in terms of years of experience and
certification. The first experiment included four second-year residents, three third-year
residents, two fourth-year residents, and three fellows. The second experiment included four
second-year residents, four third-year residents, two fourth-year residents, and two fellows.
Seventeen volunteer orthopedic surgery residents and fellows served as readers in experiment
3. Experience in years of the orthopedic surgery residents and fellows was matched with that
of the radiology residents and fellows. The third experiment included four second-year
residents, three third-year residents, four two fourth-year residents, three fifth-year residents
and three fellows. All readers were given and signed an informed consent document that had
been approved by our institutional review board for human subject use.

Prior to the start of the experiment, each reader read instructions and, with a demonstration
case, was shown how to display the images, make responses, and advance through the cases.
They were told that the purpose of the study was to better understand how radiologic studies
are read so that error in interpretation can be reduced or eliminated. Readers were instructed
to search for all acute fractures and dislocations and to identify each abnormality by placing
the mouse cursor over the abnormality and clicking with the right mouse button. This produced
a menu box for rating their confidence that the finding was truly abnormal. The readers were
directed to indicate their confidence that a finding was abnormal by using discrete terms such
as “definitely a fracture or dislocation”, “probably a fracture or dislocation”, “possibly a
fracture or dislocation”, and “probably not a fracture or dislocation, but some suspicion.” These
discrete terms were transformed into an ordinal scale where 1 represented no report, 2
represented suspicion, 3 represented possible abnormality, 4 represented probable abnormality
and 5 represented definite abnormality. They were also directed to rate their confidence that
the finding was abnormal by using a subjective probability scale from 0% to 100% using 20
categories (0%, 1-4%, 5%, 6-10%, 11-15%, 16-20%, 21-25%, 26—-30%, 31-40%, 41-50%,
51-60%, 61-70%, 71-75%, 76—-80%, 81-85%, 86—90%, 91-94%, 95%, 96-99%, 100%). The
reason for the second scale was that more categories may sometimes yield more ROC operating

Acad Radiol. Author manuscript; available in PMC 2008 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Berbaum et al.

Page 6

points, a potentially useful outcome for ROC curve fitting. A practice case followed to orientate
each reader to the necessary mouse functions.

Data for each experiment were collected in two sessions separated in time by several months.
Half of the patients presented in each session were from the SOS condition and the non-SOS
(control) condition. Thus, in the course of the two sessions, each patient appeared twice, once
in each experimental condition. Within each session, patients were presented in a
pseudorandom order so that the occurrence of fractures was unexpected and balanced. Before
each trial of an experiment, the reader was always informed of the patient’s age and sex. During
the reading sessions, viewing distance was flexible, room lights were dimmed to about 5
footcandles of ambient illumination, and there were no restrictions on viewing time.

The first examination in the series for each patient controlled the presence of the added fractures
creating the non-SOS condition (without an added fracture) and the SOS condition (with an
added fracture). For the first experiment using minor added fractures, the 70 added fractures
were presented on digital radiographs of the foot [6], ankle [4], tibia/fibula [7], knee [5], pelvis
[3], chest [3], shoulder [10], arm [5], elbow [4], wrist [11], and hand/fingers [12]. The digital
radiographs that were used in place of these examinations for the non-SOS condition had the
same distribution of body parts. For the second and third experiments using major added
fractures, the 55 added fractures were presented on computed tomography of the cervical spine
[48] or pelvis [7], and 15 of the added fractures were presented on digital radiography of the
cervical spine [6], pelvis [7], chest [1] or hand [1].

Some of the radiographs appearing in the second or third examinations within each simulated
patient presented a subtle test fracture; others presented no abnormalities. Whether the test
fracture appeared in the second or third examination was random, but the same order was used
for both experimental conditions in all experiments. The 47 test fractures were presented on
digital radiographs of the foot [15], ankle [4], tibia/fibula [2], knee [3], shoulder [4], arm [3],
elbow [1], wrist [3], and hand/fingers [8]. The 97 normal examinations appearing in the second
or third positions of the series (47 with the test fractures, and 54 as pairs to make 27 normal
patients) were presented on digital radiographs of the foot [7], ankle [13], tibia/fibula [3], knee
[20], pelvis [19], chest [15], shoulder [3], arm [3], elbow [5], wrist [2], and hand/fingers [7].

ROC Analysis and Statistical Analysis

The multireader multicase (MRMC) ROC methodology developed by Dorfman, Berbaum and
Metz (DBM) (11) has recently been extended in new software (DBM MRMC 2.1, available
from http://perception.radiology.uiowa.edu) that allows the user to specify whether the analysis
of variance model generalizes to readers, to patients, or both. Our primary method of analysis
used the new DBM MRMC ROC analysis (11-16) fitting the discrete rating data with the
contaminated binormal model, treating area under the ROC curve and sensitivity at specificity
= 0.9 as measures of detection accuracy, and treating patients as a fixed factor, and readers as
arandom factor. The discrete scale was used because the subjective probability scale failed to
provide additional operating points. The contaminated binormal model (17) was used because
the rating data vector for test fractures was bimodal for every reader. One reader in the SOS
condition of experiment 1 and another reader in the non-SOS condition of experiment 3 gave
no false-positive responses. In this situation, ROC curves from the contaminated binormal
model can differ in shape from those from data with false-positive responses. The use of
sensitivity at particular value of specificity as the measure of diagnostic accuracy minimizes
the effect of differing ROC curve shape. Specificity of 0.9 was chosen as a convenient level
at which to measure sensitivity because it was the even value that maximized the number of
readers with operating points on both sides of the sensitivity value. To be conservative, patients
were treated as a fixed factor rather than random. While the original examinations included in
this study were sampled from the population of patients with subtle fractures and/or
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dislocations or from the population of patients without fractures, whether our simulated
multitrauma patients—each of which was assembled from examinations of several patients—
may not be a sample from an identifiable population. Because satisfaction of search affects
readers rather than patients, generalization to the population of readers is fundamental. None
of these analytic choices were critical to the results reported here; other choices—the subjective
probability rating scale, other proper ROC models, treating cases as a random factor—Iead to
the same conclusions. As an additional check, we also report a rather traditional analysis in
medical image perception research. Accuracy parameters were estimated by fitting the
contaminated binormal model to the rating data of individual readers in each treatment
condition and the ROC areas and sensitivities with and without the added lesions were
compared using nonparametric Wilcoxon signed-rank tests (18,19).

An additional analysis was performed to compare the detectability of the fractures added within
the three experiments. Discrete ratings of the first examination were treated as normal when
no added fracture was present and as abnormal when an added fracture was present. So for
each reader in each experiment there were 70 cases without added fractures and 70 with added
fractures. Accuracy parameters were estimated by fitting the contaminated binormal model to
the rating data of individual readers in each treatment condition and the ROC areas and
sensitivities for detecting added fractures were compared between experiments 1 and 2, and
between experiments 2 and 3 using relied on Mann-Whitney rank sum tests (18,19).

The following detailed results show that (1) an SOS effect demonstrated in the first experiment,
with detection of subtle test fractures substantially reduced after low morbidity fractures were
presented, (2) an SOS effect was not demonstrated in the second or third experiments, where
added fractures were associated with high morbidity, and (3) low morbidity added fractures
were slightly more detectable than high morbidity added fractures.

Experiment 1. Radiology Readers and Minor Added Fractures

As shown in Figure 4, for radiology readers, the DBM procedure demonstrated a reduction in
ROC area for detecting subtle test fractures when a minor fracture was added to the first
examination of the series (ROC area = 0.86 without added fracture vs. 0.81 with added minor
fracture, difference = 0.05, F(1,11) = 11.22, p < 0.01). The DBM procedure also demonstrated
a reduction in sensitivity at specificity = 0.9 for detecting subtle test fractures when a minor
fracture was added to the first examination of the series (sensitivity = 0.71 without added
fracture vs. 0.62 with minor added fracture, difference = 0.09, F(1,11) = 8.33, p < 0.05).

The supplementary analyses using Wilcoxon signed-rank tests performed on individual ROC
parameters in each treatment confirmed the conclusions from the DBM MRMC analysis. A
statistically significant reduction in detection accuracy for test fractures was found when the
minor fractures were added (ROC area was 0.86 without minor added fracture vs. 0.81 with
minor added fracture in the initial examination, p < 0.01; sensitivity at specificity of 0.9 was
0.71 without minor added fracture vs. 0.62 with minor added fracture in the initial examination,
p < 0.01). The magnitude of the SOS effect is further characterized in the Appendix found at
the end of this article.

Experiment 2. Radiology Residents and Fellows and Major Added Fractures

As shown in Figure 5, for radiology readers, the DBM procedure failed to demonstrate a
difference in ROC area for detecting subtle test fractures with the inclusion of the initially
presented distractor fracture (ROC area = 0.84 without major fracture vs. 0.84 with major
fracture in the initial examination, difference = 0.0, F(1,11) = 0.07, p = 0.94). The DBM
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procedure also failed to demonstrate a difference in sensitivity at specificity = 0.9 for detecting
subtle test fractures with the inclusion of the initially presented distractor fracture (sensitivity
= 0.66 without major fracture vs. 0.66 with major fracture in the initial examination, difference
=0.0, F(1,11) = 0.01, p = 0.92).

The supplementary analyses using a Wilcoxon signed-rank test performed on individual ROC
parameters in each treatment confirmed the conclusions from the DBM MRMC analysis. For
radiology readers with added major fractures, the test failed to demonstrate a statistically
significant difference in detection accuracy for test fractures with added major fractures (ROC
area = 0.84 without major fracture vs. 0.84 with major fracture in the initial examination, p =
0.56; sensitivity at specificity of 0.9 was 0.66 without minor fracture vs. 0.66 with minor
fracture in the initial examination, p = 0.94).

Experiment 3. Orthopedic Surgery Residents and Fellows and Major Distractors

As shown in Figure 6, for orthopedic surgery readers, the DBM procedure failed to demonstrate
a difference in ROC area for detecting subtle test fractures with the inclusion of the initially
presented distractor fracture (ROC area = 0.81 without major fracture vs. 0.80 with major
fracture in the initial examination, difference = 0.01, F(1,16) = 0.31, p = 0.59). The DBM
procedure also failed to demonstrate a difference in sensitivity at specificity = 0.9 for detecting
subtle test fractures with the inclusion of the initially presented distractor fracture (sensitivity
=0.61 without major fracture vs. 0.62 with major fracture in the initial examination, difference
=-0.01, F(1,16) = 0.08, p = 0.78).

The supplementary analyses using a Wilcoxon signed-rank test performed on individual ROC
parameters in each treatment confirmed the conclusions from the DBM MRMC analysis. For
orthopedic surgery readers with added major fractures, the test failed to demonstrate a
statistically significant difference in detection accuracy for test fractures with added major
fractures (ROC area = 0.81 without major fracture vs. 0.81 with major fracture in the initial
examination, p = 0.59; sensitivity at specificity of 0.9 was 0.61 without major fracture vs. 0.62
with major fracture in the initial examination, p = 0.72).

Detectability of Added Fractures

Results of the Mann-Whitney rank sum test comparing the first and second experiments
demonstrated a statistically significant difference in detecting added fractures based on whether
the fractures were associated with low or high morbidity (ROC area = 0.97 vs. 0.95, p < 0.01;
sensitivity at specificity of 0.9 =0.91 vs. 0.87, p < 0.01). A similar analysis performed on the
raw number of added fractures reported at any level of certainty showed that minor fractures
were reported more frequently than major fractures (69.6 vs. 66.8, p < 0.001).

Results of the Mann-Whitney rank sum test comparing the second and third experiments failed
to demonstrate a statistically significant difference in detecting added fractures based on
whether the readers were radiology residents or orthopedic surgery residents (ROC area=0.95
vs. 0.95, p = 0.58; sensitivity at specificity of 0.9 =0.87 vs. 0.87, p = 0.64). A similar analysis
performed on the raw number of added fractures reported at any level of certainty showed that
radiology readers reported major fractures more frequently than did orthopedic surgery readers
(66.8 vs. 63.1, p < 0.001). The lack of difference in accuracy parameters with a difference in
frequency of true-positive reports suggests a difference in thresholds for radiology and
orthopedic surgery readers (20).
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DISCUSSION

Laboratory studies of satisfaction of search provide an operational definition of SOS that is
lacking in retrospective and/or anecdotal accounts of errors. According to this definition, the
abnormality missed because of the presence of another abnormality is also shown to be detected
in the absence of the other abnormality. The “SOS effect” can only be verified when this
definition holds, and where we measure detection accuracy in a way that is not altered when
sensitivity is traded for compensatory changes in specificity. Only one laboratory study
demonstrating the SOS effect in this way with radiographic studies of patients suffering from
multiple injuries is available (2). Our first experiment replicated the SOS effect in multi-trauma
patients with modern digital acquisition and display methods using new images and readers.
Aside from the obvious value of replication, our first experiment provides an essential contrast
to the absence of SOS in the experiments with high morbidity fractures. Were it not for this
confirmation of an SOS effect using the same test images that failed to produce the SOS effect
with high morbidity fractures, we might question whether the earlier finding of SOS in
musculoskeletal radiology (2) was actually false positive. As it stands, we have two
experiments with different readers and different simulated cases that demonstrate an SOS effect
with low morbidity added fractures, and two experiments with different types of readers that
fail to demonstrate an SOS effect with high morbidity added fractures.

Our second and third experiments tested whether the severity of an added fracture determines
the magnitude of SOS reduction in detecting test fractures. This “severity hypothesis” came
not from an ROC study, but a study measuring gaze time on missed fractures to show that the
fractures were not missed because of faulty visual scanning (3). The technique of recording
direction of gaze with high accuracy required the observer to wear a rather uncomfortable
optical apparatus. Procedures to establish and check the correspondence between recorded and
true gaze positions were required. These factors limited the number of examinations that could
be read in a session and the willingness of readers to participate in multiple sessions. By
contrast, ROC methodology requires more cases than ordinarily can be included in an eye-
position study and many of these cases must be normal. The eye-position study included ten
simulated multi-trauma patients, and nine of these included a test fracture (3). The presence of
an SOS effect was only indicated by comparing the number of SOS events (where the test
fracture was reported without an added fracture but missed when a fracture was added), with
the number of anti-SOS events (where the test fracture was missed without an added fracture
but reported when a fracture was added). With minor fractures, there was no difference in the
number of SOS and anti-SOS false-negative responses; with major fractures, there were more
SOS false-negative responses than anti-SOS false-negative responses. This evidence that
detection of subsequent fractures is inversely related to severity of the initially detected fracture
was considered tentative given the number of cases that were studied.

The experimental manipulation used to test the severity hypothesis was to substitute a CT or
radiograph of the cervical spine or pelvis as the initial examinations of each case to present
fractures associated with high morbidity. The inclusion of orthopedic surgery readers in the
third experiment was predicated on the idea that injuries requiring immediate medical
intervention may have a greater effect on orthopedic surgeons than on radiology consultants.

Surprisingly, high morbidity added fractures failed to demonstrate SOS effects. Why should
this be so? To represent current practice, most major added fractures were shown with
computed tomography. Is this the crucial difference? CT examinations provide much more
image data to consider than a radiograph, but on the other hand, CT is used rather than
radiography precisely because abnormalities are more clearly seen. Were the high morbidity
added fractures more conspicuous than the low morbidity added fractures? If so, detection of
the obvious added lesion might consume more perceptual resources so that more remain to
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find the test lesion, thereby preventing SOS. Our analysis of the detectability of added fractures
argues against this explanation: low morbidity added fractures were slightly more detectable
by radiology readers than high morbidity added fractures.

Another possible explanation is that this was a laboratory study in which the observers knew
that no clinical action was needed to follow up on findings of high morbidity lesions. Or perhaps
in normal clinical practice, only senior radiologists are called on to decide on the need for
clinical intervention. If residents and fellows were spared such judgments, then morbidity
associated with a found abnormality might not affect them. Unfortunately, these explanations
would predict no more SOS with high morbidity added fractures than with low morbidity added
fractures, but they do not explain less SOS.

Unlike previous studies of SOS (2,3), the imaging modalities presenting the added and test
fractures were different. This opens the possibility that CT eliminated SOS because SOS effects
do not extend from one imaging modality to another. The anatomy presenting major vs. minor
fractures differed. For the minor fractures, not only were the added and test fractures both
presented on radiography, there was more overlap in the regions of the body examined. To
present major fractures, new anatomic regions—the spine and pelvis—were introduced.
Satisfaction of search could be mediated by the impression of having finished with an anatomic
region based on finding an abnormality there. If so, there ought to be less satisfaction of search
when abnormalities come from different anatomic regions because it should be easier to keep
track of what has been evaluated and what has not. To study this “overlap hypothesis” we
would need to be able to control the presence of fractures within the same examinations. New
techniques to accomplish this are becoming available (21). (Of course, modern electronic
communications allow imaging studies to be routed to available readers best qualified to read
aparticular study. In ordinary practice this should reduce the chance of SOS from one modality
onto another.) In any case, before accepting the notion that there is no SOS effect with major
added fractures on CT, we need to investigate the possibility that a severe injury on a CT can
produce satisfaction of search for other injuries on that same CT examination. This, in turn,
would shed light on whether a windfall in reduced SOS on subsequent radiography results from
the shift from radiography to CT to evaluate spine injuries. In addition, we hope to perform a
future experiment testing whether fractures with major morbidity on radiographs—specific
fractures of the hip, shoulder, knee, etc.—yield an SOS effect in further radiographs in a series
using ROC methodology.

We may suppose that the SOS effects found and not found in this study were mediated by the
allocation of attention on different examinations of the patient’s series. To discover whether
reduced search explains an observed SOS effect in the first experiment and whether search is
unchanged in the absence of an SOS effect in the second and third experiments, we conducted
an analysis of viewing time on the various examinations and time to report fractures and false-
positives. Addition of fracture, especially a serious fracture, increased the viewing time for the
examination in which the added fracture appeared, but had little effect on viewing time for
subsequent examinations in the patient’s series or for time to make true- and false-positive
reports. This is generally consistent with the results of the previous ROC study (2) in which
time to report test fractures did not differ when they appeared with and without added fractures.
By contrast, the previous eye-tracking study (3) showed a clear change in search behavior with
less time devoted to subsequent examinations when a fracture was added to the first
examination of the series, although the severity of the added fracture did not make much
difference in viewing time. In the current experiments, the search of radiology readers was
marked by longer viewing times for all examinations than orthopedic surgery readers and by
somewhat slower report of false-positives. True-positive reports of test fractures were about
as fast for orthopedic readers as radiology readers. Moreover, viewing time on radiographs
with fractures missed only in the SOS condition did not differ from that of fractures missed
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only in the non-SOS condition. None of these results suggest that global changes in visual
search cause the SOS effect with minor added fractures.
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Quantifying the Magnitude of the SOS Effect

We quantify the magnitude of the satisfaction of search effect in the first experiment by treating
the detection data as dichotomous categories: test fractures were either reported (at any level
of certainty) or not reported. With use of these response categories, we classified the detection
of test fractures into one of four categories, as follows: 1 = test fracture was missed with and
without the added fracture; 2 = test fracture was reported without an added fracture but missed
when a fracture was added (“SOS outcome™); 3 = test fracture was missed without an added
fracture but reported when a fracture was added (“anti-SOS outcome”); and 4 = test fracture
was reported both with and without the added fracture. Although not as compelling as ROC
analysis, one can test for the presence of an SOS effect in the data by testing the null hypothesis
that the population probabilities of outcome categories 2 and 3 are equal. We often do this in
eyetracking experiments where much less detection data are available than in ROC
experiments. The McNemar test for non-independent proportions (22) is inappropriate for
counts summed over readers and cases because the counts are not identically distributed unless
every reader has the same population probability of SOS. Nevertheless, we can evaluate SOS
over readers. By using the four categories of native abnormality detection outcome defined
earlier, we constructed a separate McNemar-type fourfold table for each of the readers in an
experiment. We can test the McNemar null hypothesis for dependent sample frequencies taken
over independent readers by using a Wilcoxon test, in which we generalize to the population
of readers, but not to the population of cases. Under the McNemar null hypothesis, the
population frequency of SOS events equals the population frequency of anti-SOS events.
Because the study on minor distractors already demonstrated the SOS effect, a one-tailed test
is the appropriate test on the frequencies.

Because a significant SOS effect was found, we further quantify the magnitude of the effect.

The average number of SOS events per reader was 5.8, and the average number of anti-SOS

events per reader was 4.2, for a sample mean difference of 1.6 (p = 0.055 one-tailed, marginally
significant). This gives us a way to think about the size of the SOS effect for our sample: SOS
is an increase 1.6 misses for 43 subtle fractures presented.
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Figure 1.

The fractures used in case 28 in different experiments and experimental conditions. A and B
represent obvious abnormalities with major clinical significance (arrows) and include a C5
bilateral facet dislocation (A) with anterior translation of C5 on C6 (B). The acetabular fracture
(arrow) in C represents a noticeable, but less significant abnormality. The navicular fracture
(arrow), while the least obvious, is best seen on the lateral view (D), although the AP and
oblique views were also presented. The navicular fracture serves as a test fracture. Its detection
was measured when a fracture of major clinical significance (A and B) was present in the case
and when it was not. In a separate experiment, the detection of the target fracture (D) was
measured when a more obvious, though non-life threatening fracture (C) was present in the
case and when it was not.
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Figure 2.

Case 28 as it appeared in thumbnails in: (A) the SOS condition of experiment 1; (B) the non-
SOS condition of experiment 1; (C) the SOS condition of experiment 2; and (D) the non-SOS
condition of experiment 1. The test fracture was a right navicular fracture visible on the foot
(when shown on a 3 megapixel monitor, A-D). The chest examination was normal (A-D). The
minor added fracture in experiment 1 was a left acetabular fracture (A). The corresponding
pelvic study for the non-SOS condition was a normal pelvis (B). The major fracture in
experiment 2 was a C6 anterior subluxation with bilateral facet fracture (C). The corresponding
cervical spine CT study for the non-SOS condition was normal (D).
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Figure 3.

A dual-monitor display of case 28 as it appeared in experiments 2 and 3. Each case was initially
presented with patient information, case number, and thumbnail images comprising the
complete study on the left monitor (A). Images were displayed, one examination at a time, on
the right monitor for diagnostic interpretation (B-D). In the first examination display (B), the
three images are sagittal, coronal, and axial image stacks of a cervical spine CT demonstrating
a C6 anterior subluxation with bilateral facet fracture. This fracture/subluxation is associated
with major morbidity and served as a major added fracture. The next three images are digital
radiographs of the foot demonstrating a subtle navicular fracture that served as a test fracture
(C). The chest radiograph did not demonstrate a fracture (D).
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Figure 4.

Results of DBM MRMC analyses performed on the first experiment using contaminated
binormal ROC area as the accuracy parameter (left panel) and sensitivity at specificity = 0.9
as the accuracy parameter (right panel). Each dot indicates an individual reader’s accuracy;
arrows indicate mean accuracy for the two conditions. An SOS effect was demonstrated.
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Figure 5.

Results of DBM MRMC analyses performed on the second experiment using contaminated
binormal ROC area as the accuracy parameter (left panel) and sensitivity at specificity = 0.9
as the accuracy parameter (right panel). Each dot indicates an individual reader’s accuracy;
arrows indicate mean accuracy for the two conditions. No SOS effect was demonstrated.
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Figure 6.

Results of DBM MRMC analyses performed on the third experiment using contaminated
binormal ROC area as the accuracy parameter (left panel) and sensitivity at specificity = 0.9
as the accuracy parameter (right panel). Each dot indicates an individual reader’s accuracy;
arrows indicate mean accuracy for the two conditions. No SOS effect was demonstrated.
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