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Background:  Substantial interreader variability exists for common tasks in CT imaging, such as detection of hepatic metastases.
This variability can undermine patient care by leading to misdiagnosis.

Purpose:  To determine the impact of interreader variability associated with () reader experience, (4) image navigation patterns
(eg, eye movements, workstation interactions), and (¢) eye gaze time at missed liver metastases on contrast-enhanced abdominal CT
images.

Materials and Methods:  In a single-center prospective observational trial at an academic institution between December 2020 and
February 2021, readers were recruited to examine 40 contrast-enhanced abdominal CT studies (eight normal, 32 containing 91
liver metastases). Readers circumscribed hepatic metastases and reported confidence. The workstation tracked image navigation and
eye movements. Performance was quantified by using the area under the jackknife alternative free-response receiver operator charac-
teristic (JAFROC-1) curve and per-metastasis sensitivity and was associated with reader experience and image navigation variables.
Differences in area under JAFROC curve were assessed with the Kruskal-Wallis test followed by the Dunn test, and effects of image
navigation were assessed by using the Wilcoxon signed-rank test.

Results:  Twenty-five readers (median age, 38 years; IQR, 31-45 years; 19 men) were recruited and included nine subspecialized
abdominal radiologists, five nonabdominal staff radiologists, and 11 senior residents or fellows. Reader experience explained differ-
ences in area under the JAFROC curve, with abdominal radiologists demonstrating greater area under the JAFROC curve (mean,
0.775; 95% CI: 0.75, 0.79) than trainees (mean, 0.71; 95% CI: 0.69, 0.73) (P = .02) or nonabdominal subspecialists (mean, 0.69;
95% CI: 0.60, 0.78) (P = .03). Sensitivity was similar within the reader experience groups (P = .96). Image navigation variables that
were associated with higher sensitivity included longer interpretation time (2 = .003) and greater use of coronal images (P < .001).
The eye gaze time was at least 0.5 and 2.0 seconds for 71% (266 of 377) and 40% (149 of 377) of missed metastases, respectively.

Conclusion: ~ Abdominal radiologists demonstrated better discrimination for the detection of liver metastases on abdominal contrast-
enhanced CT images. Missed metastases frequently received at least a brief eye gaze. Higher sensitivity was associated with longer
interpretation time and greater use of liver display windows and coronal images.
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adiologists detect abnormalities with different levels
Rof performance, and this variability can undermine
patient care. While substantial effort has been invested
in reducing CT image noise, minimal efforts have been
made to address differences that exist among readers
themselves (1,2). Errors in detection have been as-
cribed to factors such as the time of day (3) and reader
fatigue (4). Interreader variability might also be ex-
plained by differences in reader experience. Trainees or
subspecialists reading outside their specialty have been
shown to achieve lower performance than subspecial-
ists reading within their area of expertise (5). The ben-
efit of subspecialization for routine diagnostic tasks,
such as hepatic metastasis detection, is less clear (6)
and warrants investigation, as there is limited evidence
that experience affects performance (7).

Interreader variability might be explained by pat-
terns of image navigation. Modern picture archiving
and communication system workstations present the
reader with multiple ways to display and navigate vol-
umetric CT image data (eg, liver vs routine abdomi-
nal display windows, zoom, axial-coronal correlation).
Readers have multiple ways to visually interrogate im-
age data, and there may be certain navigation patterns
that result in improved performance or confidence.
For example, use of coronal reformations has been
shown to improve reader confidence but not sensi-
tivity or specificity in the detection of hepatocellular
carcinoma nodules (8). The importance of navigation
patterns has been shown in fields other than radiology.
In gastroenterology, a strong association between lon-
ger colonoscope withdrawal time and higher rates of
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Understanding Reader Variability

Abbreviation

JAFROC = jackknife alternative free-response receiver operating
characteristic

Summary

Variation in radiologist performance for liver metastasis detection on
contrast-enhanced abdominal CT scans can be explained by using in-
sights from eye tracking, differences in reader expertise, and differences
in image navigation patterns.

Key Results

= In a prospective study of 25 radiologists detecting liver metastases
on contrast-enhanced abdominal CT scans, abdominal subspe-
cialists had better diagnostic performance (mean area under the
jackknife alternative free-response receiver operating characteristic
[JAFROC] curve = 0.77) than did trainees (mean area under
the JAFROC curve = 0.71, P = .02) or nonabdominal specialists
(mean area under the JAFROC curve = 0.69, P = .03).

= Of the missed metastases, 29% were gazed at for less than 0.5
second and may represent search errors.

= Longer interpretation times (2 = .003) and greater use of coronal
images (P < .001) were associated with rates of lesion detection.

adenoma detection led to the adoption of withdrawal time
as a key quality indicator (9). Likewise, the identification of
effective navigation patterns could improve quality within
radiology practices.

Understanding interreader variability might be facilitated
by categorizing errors as either search or classification errors.
Visual search errors occur when a lesion is missed because
the eye never gazes (fixates) at it. Cognitive classification
errors occur when the lesion is not reported (ie, not recog-
nized), even after the eye gazes at it (10). A failure in either
process leads to missed lesions. Thus, addressing the problem
of interreader variability requires a correct understanding of
whether errors occur in the search for or classification of le-
sions. Eye tracking has been used to measure the frequency
of each error type, and thresholds between 600 and 1000
msec have sometimes been used to delineate between search
and classification errors, although specific thresholds have
not been validated in cross-sectional imaging (11,12). Some
authors also describe recognition errors as an intermediate
category between search and classification (10). Rubin et al
(13) used eye tracking to classify why readers missed syn-
thetically inserted 5-mm lung nodules on volumetric CT
scans and found that 49% of missed nodules were attributed
to search errors while 51% were attributed to classification
errors.

Lesions are heterogeneous in nature, and readers who are
skilled at identifying one type of lesion may be weak at iden-
tifying another type of lesion (ie, an interaction between
readers and lesion features). Unsupervised machine learning
algorithms can cluster data without manual input (14) and
may be an effective tool with which to reveal these interac-
tions. A prior study showed that small size, low contrast,
and absence of rim enhancement predicted missed detection
of hepatic metastases (15).

The purpose of our study was to determine the impact of
interreader variability associated with (2) reader experience,

Table 1: Reader Characteristics

Abdominal Nonabdominal
Subspecialists  Subspecialists ~ Trainees
Characteristic (n=9) (n=5) (n=11)
Age (y)* 44 (42-44) 48 (39-61) 31 (31-32)
Sex
Male 8 2 9
Female 1 3 2
Experience (y)*' 10 (6-25) 9.5 (9-10) >PGY4

Note.—Unless otherwise specified, data are numbers of
participants. Abdominal and nonabdominal subspecialists are
fellowship-trained staff radiologists and are classified by type of
fellowship training. PGY4 = postgraduate year 4.

* Data are medians, with IQRs in parentheses.

" Data are years of experience as a staff radiologist. Nine of 11
trainees are residents in postgraduate year 4 or later, and two are
fellows.

(b) image navigation patterns (eye movements, workstation
interactions), and (¢) eye gaze time on missed liver metasta-
ses on contrast-enhanced abdominal CT scans.

Materials and Methods

Our institutional review board approved this Health Insur-
ance Portability and Accountability Act—compliant study.
All participating radiologists (readers) provided written in-
formed consent.

We conducted a prospective observational study in which
25 radiologists (Table 1) were recruited as a convenience se-
ries from one academic center to read 40 contrast-enhanced
abdominal CT studies between December 2020 and Febru-
ary 2021 to identify hepatic metastases. CT studies were
selected to be challenging to improve the discriminatory
power of our study, and details of the selection process
are described in Appendix S1 (online). Thirty-two studies
contained 91 hepatic metastases proven by histopathology
or progression; the other eight had no metastases. Readers
marked every presumed metastasis by circumscribing it and
then rated their confidence that the lesion was a metastasis.

Imaging Protocol

In the imaging protocol, as previously described (16), iodine-
enhanced imaging was performed with 128-section CT
scanners (Definition, Definition Flash, or Definition AS+;
Siemens Healthcare) at a routine radiation dose level (200
quality reference milliampere-seconds with a vendor-sup-
plied voltage selection tool [CARE kV] and a mean volu-
metric CT dose index of 16 mGy) in the portal phase of
enhancement. Images were reconstructed with 3-mm-thick
axial and coronal sections with a 2-mm section interval
using a filtered back projection algorithm and a medium
smooth (B30f) kernel. Livers were segmented into standard
Couinaud segments using a custom-developed worksta-
tion (Analyze-14.0; Mayo Clinic), with segmentation con-
firmed by a radiologist not participating in image evalua-
tion (J.G.E., with 22 years of experience). Ground truth for
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(A) Graphic user inferface of the workstation software. A metastasis (arrow) has been circumscribed in the axial stack (left) using liver window settings and can

also be seen in the coronal stack (right). (B) Eye-tracking data for an example metastasis for 24 of the 25 readers. Each of the 24 subpanels shows gaze in a cyan overlay
for a reader, the confidence score of the circumscription or a comment that the metastasis was not circumscribed, and the duration of gaze near the metastasis. Five of 24

readers did not circumscribe this metastasis, including one who gazed at this metastasis for 20 seconds. The cenfral subpanel was replaced to show the metastasis itself

(arrow) without the overlay.

liver metastases was determined with either histopathologic
analysis or progression.

Observer Study

A custom viewing workstation was adapted from prior stud-
ies to collect data on image navigation patterns and inte-
grate them with a commercial eye tracker (17). The work-
station was configured so that axial and coronal stacks of
images were displayed side by side, and the readers were able
to scroll, pan, zoom, and change window level and window
width (routine protocol: 40 and 400 HU, respectively; liver
protocol: 125 and 225 HU, respectively). The workstation
display is shown in Figure 1.

The eye tracker (Eyelink Portable Duo; SR-Research)
tracked retinal movement and gaze location at 500 Hz. These
data were translated into Digital Imaging and Communica-
tions in Medicine coordinates. The reader workstation emit-
ted audio biofeedback when data could not be measured. The
accuracy of this technique was previously validated and was
estimated to be 1° (17), corresponding to approximately 15
mm of patient anatomy under typical conditions, compared
with a median metastasis diameter of 6 mm.

Before image interpretation, a member of the research
team met with each reader to calibrate the eye tracker using
vendor-provided software (Popup Calibration, version 2.0;
SR-Research), and the principal investigator (J.G.E) re-
viewed workstation functionality and provided instructions
for reader confidence, as previously described (1). Readers
sat approximately 50 cm from a diagnostic-quality monitor
that measured 76 cm diagonally. The calibration procedure
was repeated until the average visual gaze error was less than
1°. Most readers completed training, calibration, and inter-
pretation of 40 studies within 4 hours.
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Readers reviewed each CT study and circumscribed sus-
pected hepatic metastases on the axial stack. After circum-
scription, the reader provided a confidence score between 0
and 100, where higher confidence scores indicated greater
confidence of malignancy and lower confidence scores in-
dicated probably benign entities or possible false detections
due to noise or artifacts. Readers were instructed that a score
of 0 indicated a certainly benign lesion that would be ig-
nored in later analysis. Readers were not provided with any
clinical information alongside the CT study. Studies were
read in the same order by all readers.

Image Analysis
The primary outcome was diagnostic performance, as mea-
sured both by area under the jackknife alternative free-re-
sponse receiver operating characteristic (JAFROC) curve
and per-metastasis sensitivity, similar to past work (1).
JAFROC is an area under the receiver operating character-
istic curve measurement. In conventional receiver operating
characteristic curve analysis, the per-study sensitivity is plot-
ted against 1 minus the per-study specificity. To accommodate
multiple metastases, in JAFROC, the per-metastasis sensitivity
is plotted against 1 minus the per-study specificity, where only
the false-positive finding of highest confidence for each study
is used to determine per-study specificity. To improve statis-
tical power, we used the JAFROC-1 variant, wherein false-
positive findings of studies both with and without metastases
are included to determine per-study specificity (18). Other
area under the receiver operating characteristic curve measure-
ments have been proposed, but we selected JAFROC-1 for its
greater statistical power given the characteristics of our data
set. JAFROC is also known for its ability to make comparisons
across modalities, which was not relevant in this study.
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Sensitivity was defined as the proportion of metastases in
the reference standard that were circumscribed. A metastasis
was considered circumscribed (ie, true-positive detection) if
the reader provided a circumscription within three sections
of the reference standard circumscription, with a confidence
score greater than zero, with the center point contained
in the reference standard circumscription, and with a di-
ameter between 50% and 300% of the reference standard
circumscription.

We collected data on image navigation, including the
total interpretation time, time in liver windows, time in
enlarged or zoomed images (axial images only), number of
scrolls in the axial stack, and number of scrolls in the coro-
nal stack. A scroll was defined as the movement of an im-
age stack by one section. We tracked the number of times a
reader gazed at the same metastasis in both the axial plane
and the coronal plane (a correlated view), regardless of
whether the metastasis was eventually circumscribed.

Gaze time near metastases was calculated including all
gaze times (axial, coronal, possibly over multiple fixations)
within 40 Digital Imaging and Communications in Medi-
cine pixels (approximately 25 mm of patient anatomy) and
two sections (3 mm thick for both axial and coronal images)
of the reference standard. The 40-pixel tolerance accommo-
dates the effective area of the fovea and the inaccuracy of the
eye tracker. To understand gaze distributions throughout
the liver, we created a stereologic grid of points with a spac-
ing of 40 pixels and five sections. Points outside the liver
segmentation were excluded. Gaze in axial images within 40
pixels of these grid points was computed to understand the
distribution of gaze time throughout the liver. Finally, we
tracked gaze time in each liver segment, without any toler-
ance for the fovea area or eye tracker inaccuracy.

Statistical Analyses

The JAFROC scores, sensitivity, number of false-positive
circumscriptions, and interpretation time were compared
across groups with the Kruskal-Wallis test using the null hy-
pothesis that mean values were equal across groups. When
the null hypothesis was rejected, pairwise comparisons were
completed using the Wilcoxon rank sum test. Differences
in mean confidence scores by reader experience groups were
assessed for both true-positive and false-positive marks us-
ing linear mixed effects regression analysis to account for
clustering by reader.

For each navigation variable, the 25 readers were divided
into two groups depending on whether their results were
greater than or less than the median value. The results of
the median reader were excluded. An unpaired 7 test was
used to evaluate (for each navigation variable) whether the
two groups were different in sensitivity, false-positive rate,
or JAFROC score.

In examining the relationship between sensitivity and
interpretation time, the 25 readers were divided into three
groups according to post hoc interpretation time thresholds,
and the Wilcoxon rank sum test was used to determine if
sensitivity in these groups was different.

The association between gaze time and sensitivity at an
anatomic location was evaluated using linear regression. The
P value of the linear term is reported.

For unsupervised learning to identify interactions be-
tween readers and metastases, we formulated a matrix of
confidence scores C, with C. being the confidence that the
i* reader provided for the j* metastasis. A confidence value
of zero was used if the metastasis was not circumscribed.
This matrix was analyzed and permuted using a two-dimen-
sional dendrogram, also known as the clustergram, and this
result was manually inspected to identify clusters of readers
who circumscribed clusters of metastases with differentially
high or low confidence.

Statistical analyses were completed (R.E.C., M.PJ,,
S.S.H.) using statistical software (MATLAB 2020a, Math-
Works; R, version 4.0.3, R Project for Statistical Comput-
ing). Throughout this work, 2 < .05 was indicative of a sig-
nificant difference.

Results

Reader Experience

Twenty-five radiologists were recruited. Table 1 summa-
rizes reader characteristics.

Table 2 summarizes performance by reader experience.
We found a difference among groups in mean JAFROC
(trainees, 0.71 [95% CI: 0.69, 0.73]; nonabdominal staff,
0.69 [95% CI: 0.60, 0.78]; abdominal staff, 0.77 [95% CI:
0.75,0.79]; P =.007). In pairwise comparisons of JAFROC,
the JAFROC of abdominal staff differed from that of trainees
(P = .02) and nonabdominal staff (P = .03). We found no
significant difference between groups in terms of sensitivity
(trainees: 83% [829 of 1001; 95% CI: 76, 89]; nonabdomi-
nal staff: 83% [377 of 455; 95% CI: 70, 96]; abdominal
staff: 84% [692 of 819; 95% CI: 78, 91]; P = .96). There
was no significant difference in the number of false-positive
findings between groups (P = .86).

Figure 2 shows confidence scores for true-positive and
false-positive circumscriptions. Although sensitivity and
false-positive rate were similar across groups, abdominal staff
had greater mean confidence in true-positive circumscrip-
tions than did trainees (mean difference, 15;95% CI: 13, 17)
or nonabdominal staff (mean difference, 13;95% CI: 11, 16)
(P < .001 for all), explaining their better JAFROC per-
formance. The mean confidence scores for false-positive
circumscriptions were different between trainees and non-
abdominal staff (mean difference, 6; 95% CI: 3, 9) and
between trainees and abdominal staff (mean difference, 5;
95% CI: 2, 8) (P <.001 for all). All other pairwise compari-

sons were not significant.

Image Navigation Patterns

Table 3 summarizes the associations between performance
outcomes and image navigation patterns. We found signifi-
cant associations between sensitivity and the following six
navigation variables: interpretation time, time in liver win-
dows, time spent gazing at coronal images, coronal scrolls,

radiology.rsna.org = Radiology: Volume 306: Number 2—February 2023
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Table 2: Reader Performance

59.8 (49.0, 70.7)
3.7 (3.2,4.3)

False-positive findings
Interpretation time per
examination (min)

All Readers Trainee Nonabdominal Staff Abdominal Staff
Variable (n=25) (n=11) (n=5) (n=9) P Value*
JAFROC 0.73 (0.71, 0.75) 0.71 (0.69, 0.73) 0.69 (0.60, 0.78) 0.77 (0.75, 0.79) .007
Sensitivity (%) 83.4 (79.7, 87.2) 82.8 (76.4, 89.3) 82.9 (69.6, 96.1) 84.5 (78.0, 91.0) .95
No. of marks 135.8 (122.1, 149.4) 137.4 (114.1, 160.7) 133.6 (99.6, 167.6) 135.0 (106.3, 163.7) .90

62.0 (43.7, 80.3)
3.7 (3.1, 4.3)

58.1 (34.5, 81.7) .86
3.9 (2.3, 5.6) .98

58.2 (33.0, 83.4)
3.5(2.7,4.3)

receiver operating characteristic.

Note.—Except for P values, data are means, with 95% Cls of the mean in parentheses. JAFROC = jackknife alternative free-response

* P values are for a null hypothesis of equivalent means in groups. In pairwise comparisons of JAFROC between groups, trainees and
abdominal staff were different (P = .02), and nonabdominal staff and abdominal staff were different (P = .03).

25 trainees nonabdominal subspecialists abdominal subspecialists
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Figure 2: Confidence scores for frue- and false-positive circumscriptions by reader experience. Missed lesions (false-negative findings) do not have a confidence score
and are not indicated on these histograms. Abdominal subspecialists indicated greater mean confidence for frue-positive markings than did the other readers (P<.001),
and trainees indicated less mean confidence for false-positive markings than did the other readers (P<.001). FP = false-positive, TP = true-positive.

number of circumscriptions, and correlating views between
axial and coronal images (all P =.01). In contrast, we found
no significant associations between JAFROC-1 and any
navigation variable (all 2 > .1). Figure 3 shows that longer
interpretation times are associated with higher sensitivity.
In a post hoc analysis, we found that sensitivity for read-
ers with interpretation times less than 3 minutes (7 = 6)
(mean sensitivity, 74% [402 of 546]; 95% CI: 66, 81) was
associated with reduced sensitivity compared with readers
with interpretation times between 3 and 4 minutes (7 = 11)
(mean sensitivity, 85% [846 of 1001]; 95% CI: 79, 91) (P
= .02); however, sensitivity of readers with interpretation
times between 3 and 4 minutes was not different from that
of readers with interpretation times greater than 4 minutes
(n = 8) (mean sensitivity, 89% [650 of 728]; 95% CI: 87,
92) (P=.17).

Eye Gaze Time on Missed Metastases

To understand the proportion of false-negative interpreta-
tions that could be ascribed to search or classification pro-
cesses, we measured gaze time for missed (uncircumscribed)
metastases. Figure 4 shows that of 377 missed metastases,
267 (71%), 149 (40%), and 26 (7%) occurred after a gaze
time longer than 0.5, 2.0, and 10.0 seconds, respectively.
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Prior studies suggest that gaze times of less than 0.5 second
represent search errors, and gaze times longer than 2 seconds
represent classification or decision errors (11,12). For com-
parison, the average gaze time in circumscribed metastases
was 11.3 seconds, including time during circumscription.

The bar plot in Figure 5 shows the error rates and de-
tection confidence for individual metastases. Metastasis fea-
tures are diverse, and the reasons why a reader might miss a
metastasis are similarly diverse.

Figure 6 shows sensitivity as a function of gaze time by
anatomic location. Gaze time was predictive of sensitivity in
each liver segment, especially for segments II and III. The
median gaze time for these segments was only 12 seconds.
Readers with a longer than median gaze time detected an
average of 8.1 out of nine possible metastases, whereas read-
ers with a shorter than median gaze time detected an average
of 6.2 out of nine possible metastases.

Unsupervised Learning

Figure 7 shows the clustergram of reader confidence scores,
with phylogenetic trees that show similarities between me-
tastases or readers (eg, metastases that were missed by the
same readers are grouped together). Box A shows metastases
that were easily found by all readers. Box B shows 20 related
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Table 3: Associations between Image Navigation Patterns and Detection Outcomes

Below Median Above Median P Value
No. of No. of No. of
False- False- False-
Navigation Navigation Sensitivity Positive ~ JAFROC Navigation ~ Sensitivity Positive  JAFROC  Sensitivity Positive JAFROC
Variable Value (%) Findings  Score Value (%) Findings Score (%) Findings Score
Interpretation 2.8 78 46 0.72 4.7 89 71 0.74 .003 .007 S1
time (min) (2.4,3.2) (71, 84) (29, 64)  (0.68,0.76) (3.8,5.6) (87,90) (59, 84) (0.71,0.77)
Time in liver 0.5 78 49 0.73 2.5 88 72 0.73 .006 .009 .8
windows (min) (0.3,0.8)  (72,85) (31,66) (0.69,0.77) (2.0, 3.1) (86,91) (58,85) (0.70,0.76)
Time gazing 16.3 77 45 0.71 29.9 89 73 0.74 .001 .008 .19
at coronal (13.8,18.9) (71,83) (33,56) (0.68,0.75) (27.7,32.2) (87,91) (57,89) (0.72,0.77)
stack (%)
No. of 807 83 53 0.74 1792 83 67 0.71 79 .28 .13
axial scrolls (680,934) (78,89)  (39,68) (0.71,0.77) (1333,2250) (77,90) (47,86) (0.68,0.74)
No. of coronal 218 78 49 0.72 632 89 71 0.74 .006 .08 75
scrolls (159, 277) (72, 85) (34,64) (0.69,0.76) (511,753) (87,91) (54,88) (0.71,0.76)
No. of 2.8 77 40 0.72 4.0 89 79 0.73 .001 0 .8
circumscriptions  (2.4,3.1)  (71,84)  (31,50)  (0.68,0.76) (3.7, 4.4) (88,91) (65,93) (0.71,0.76)
Proportion of time 0.0 85 57 0.73 5.2 82 63 0.73 .78 Sl .93
zoomed (%)*  (0.0,0.0) (81,89) (47,66) (0.70,0.76) (-0.3,10.7) (75,89) (41,86) (0.69,0.76)
No. of axial 38.1 77 50 0.72 71.4 89 68 0.74 .001 .06 31
and coronal (27.9,48.3) (71,83) (32,68) (0.68,0.75) (67.0,75.8) (87,91) (54,82) (0.71,0.77)
correlating
views'

operating characteristic.

Note.—Except for P values, data are means, with 95% Cls of each mean in parentheses. For each navigation variable, readers were split into two groups of 12
readers each, one group above and one group below the median reader, and P values are for differences between groups. All navigation values are reported on
a per-study basis. Except where indicated, sensitivity denominator is 1092 possible circumscriptions. JAFROC = jackknife alternative free-response receiver

* Thirteen readers did not use zoom at all and are grouped together as below the median reader. Denominator is 1183 possible circumscriptions.

" The number of metastases that were viewed using both axial and coronal stacks for at least 0.5 second.

metastases (as indicated by the phylogenetic tree) that were
circumscribed with lower confidence by a group of related
readers. This group included five trainees, one nonabdomi-
nal subspecialist, and no abdominal subspecialists. Box B
provides a concrete example of the differences in confidence
scores by reader experience shown earlier in Figure 2. Box
C shows difficult-to-detect metastases (ie, low sensitivity).
These were detected by readers from all experience groups,
illustrating the lack of association seen between sensitivity
and reader experience groups (Table 1).

Discussion

Interreader variability can be attributed to several sources.

In our 25-reader study, we explained this variability for liver
metastasis detection on CT scans by using insights from eye
tracking, differences in expertise, and differences in image
navigation patterns. We found higher area under the jack-
knife alternative free-response receiver operating characteris-
tic curve for abdominal subspecialists (mean, 0.77) than for
trainees (mean, 0.71; P = .02) or nonabdominal subspecialists
(mean, 0.69; P = .03), but we found no evidence of differ-
ence in sensitivity among groups. Several image navigation
patterns were associated with higher sensitivity, including in-
terpretation time, use of liver windows, and use of coronal

100 : . . i : .
X 5 e e -
a0 r o @x/ ~ "0 ]
_ ++ t% ©
& gs ©
.,":." 80 % )
2 + //g
‘©
8 i 4 1
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60 | o X non-abd subspecialist | |
+  abd subspecialist
— — —quadratic fit
50 1 1 1 I 1

1 2 3 4 5 6 7 8 9
Interpretation time (min)

Figure 3:  Groph shows longer interpretation time is associated with higher
sensitivity. abd = abdominal.

reformations. Eye-tracking data showed that 71% of missed
metastases received a gaze of at least 0.5 second, indicating
that visual search was not the dominant source of error.
Detection is often modeled as a process consisting of
two components: search and classification (10,19). More
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Figure 4: Graphs show gaze time distribufions. Frequency is normalized so that the sum of all bars is 100%. Insets in

B and € show a modified x-axis range to capture gaze times longer than 10 seconds. All histograms use bar widths of
0.25 second, except for the insets, which use 2 seconds. (A) Gaze for a stereologic grid of points in the liver, indicating
that most of the liver was examined, at least briefly. (B) Gaze time for missed mefastases (false-negative findings). Inset
shows a modified x-axis range to capture gaze fimes longer than 10 seconds. (€) Gaze time for detected metastases

(true-positive findings).

extensive image navigation enables a more effective search;
hence, it is unsurprising that longer interpretation times
were associated with higher sensitivity. However, image
navigation variables were not associated with improved
JAFROC because a longer reader search time yielded more
false-positive findings, as well as more true-positive find-
ings. Only reader experience was associated with improved
JAFROC, as abdominal staff reported higher confidence for
true-positive findings than did other reader groups. Our re-
sults are consistent with those of a prior study that reviewed
errors in neuroradiology and found that interpretation er-
rors were less common in more experienced staff and that
perception errors were more common with faster reading
rates (20).

The eye-tracking data showed that most missed metas-
tases received some gaze, implying that search errors were
not the sole cause of failed detection. This finding is consis-
tent with chest radiographic (12) and mammographic (11)
studies. In volumetric imaging, Rubin et al (13) found that

Radiology: Volume 306: Number 2—February 2023 = radiology.rsna.org

for lung nodules, half of false-negative findings could be
attributed to failed search, and Lago et al (21) found that
for microcalcifications in breast tomosynthesis, extending
search time increased sensitivity. Classification of hepatic
metastases may be harder than these tasks, as readers must
differentiate metastases from benign lesions.

New reconstruction algorithms or artificial intelligence
systems that detect hepatic metastases could reduce inter-
reader variability. We used only filtered back projection in
this work. Iterative or deep learning reconstruction algo-
rithms are associated with modest reductions in dose and
may improve the conspicuity of subtle lesions (2). Artificial
intelligence systems are still under development but could
highlight suspicious areas and may reduce search errors for
subtle metastases or classification errors for ambiguous le-
sions (22); however, the long-term impact of such systems
on reader performance remains uncertain (23).

Our study had several limitations. First, the eye tracker had
finite accuracy. While the eye tracker was calibrated to better
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Error rates and confidence scores of individual metastases
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Figure 5: Defection rates and confidence scores for each metastasis. Each column represents a different metastasis (n = 91). Dark colors indicate missed metastases
(false-negative findings), and different shades correspond o the eye gaze time. Tan shades indicate confidence for circumscribed metastases (1 = low confidence, 100 =

high confidence). Metastases are sorted according to the number of false-negative errors. (A=E) Five selected metastases are marked in the plot and are shown for illustra-

tive purposes; arrows indicate metastasis. Eye gaze histograms are shown below the images. An eye gaze longer than 20 seconds was placed into the 20-second bin. (A)

Metastasis was frequently missed (23 of 25 readers) and was associated with short gaze fimes, implying visual search errors. (B) Metastasis also was frequently missed

(21 of 25 readers) and was associated with longer gaze times, implying classification errors. (€) Metastasis was missed by only five readers, usually with long gaze times

or when circumscribed readers indicated low confidence. (D) Metastasis was missed by three readers, all with short gaze times. (E) Metasfasis was circumscribed by all

but one reader. CS = confidence score.

than 1° of accuracy for all readers and recalibration was per-
formed approximately every hour, interim changes in head
position could increase errors. Calibration errors could explain
the short apparent gaze times (<2 seconds) in a subset (7%) of
circumscribed metastases and may have led to an underestima-
tion of gaze time in missed metastases. Second, we used studies
intentionally selected for difficult-to-detect metastases to dis-
criminate performance; the error rates and other findings may
be different in routine clinical practice because of the heightened
expectation of disease. Third, we studied only the detection of
hepatic metastases. While we are interested in the problem of in-
terreader variability more generally, we selected only one task for
this study, and our findings may not be generalizeable to other
tasks. Fourth, our study was observational and did not enable us
to differentiate correlation from causation.

In summary, we have examined the impact of differ-
ent sources of interreader variability, including reader

experience, image navigation patterns, and eye gaze time on
missed metastases. Defining a more effective training pro-
gram from these insights is a subject of future work.
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Graphs show sensitivity as a function of gaze time in liver segments grouped by location, along with a smoothed trend line. In most cases, longer gaze time in

segments indicated higher sensitivity in those segments. Linear associafions were significant for segments Il and Il (P=.002), V. and VI (P=.04), and VIl and VIIl (P = .02) but

not for segments I and IV (P=.27).
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