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A B S T R A C T

Objectives: Contrast-enhanced mammography (CEM) was found superior to Full-Field Digital Mammography
(FFDM) for breast cancer detection. Current hanging protocols show low-energy (LE, similar to FFDM) images
first, followed by recombined (RC) images. However, evidence regarding which hanging protocol leads to the
most efficient reading process and highest diagnostic performance is lacking. This study investigates the effects
of hanging-protocol ordering on the reading process and diagnostic performance of breast radiologists using eye-
tracking methodology. Furthermore, it investigates differences in reading processes and diagnostic performance
between LE, RC and FFDM images.
Materials and methods: Twenty-seven breast radiologists were randomized into three reading groups: LE–RC
(commonly used hangings), RC-LE (reversed hangings) and FFDM. Thirty cases (nine malignant) were used.
Fixation count, net dwell time and time-to-first fixation on malignancies as visual search measures were regis-
tered by the eye-tracker. Reading time per image was measured. Participants clicked on suspicious lesions to
determine sensitivity and specificity. Area-under-the-ROC-curve (AUC) values were calculated.
Results: RC-LE scored identical on visual search measures, t(16)= -1.45, p= .17 or higher-p values, decreased
reading time with 31%, t(16)= -2.20, p= .04, while scoring similar diagnostic performance compared to LE-RC,
t(13.2) = -1.39, p - .20 or higher p-values. The reading process was more efficient on RC compared to LE.
Diagnostic performance of CEM was superior to FFDM; F (2,26)= 16.1, p < .001. Average reading time did not
differ between the three groups, F (2,25)= 3.15, p= .06.
Conclusion: The reversed CEM hanging protocol (RC-LE) scored similar on diagnostic performance compared to
LE-RC, while reading time was a third faster. Abnormalities were interpreted quicker on RC images. A RC-LE
hanging protocol is therefore recommended for clinical practice and training. Diagnostic performance of CEM
was (again) superior to FFDM.

1. Introduction

Contrast-enhanced mammography (CEM) has been shown to be
superior to Full-Field Digital Mammography (FFDM) for both the de-
tection of breast cancer and the evaluation of disease extent [1–4]. A
typical CEM exam consists of a low-energy (LE) image, which is com-
parable to FFDM [5,6], and a post-contrast recombined (RC) image,
which shows areas of contrast uptake [1]. Prior studies found that all
diagnostic parameters of CEM were significantly higher when

compared to FFDM [2]. It even matched the diagnostic accuracy of
breast MRI, which in general is considered to be the most accurate
breast imaging modality [7–9]. At present, all vendors present CEM-
cases on their workstations using a hanging protocol (the order in
which the images are presented to the radiologist) showing the LE
images first, followed by the RC images, either as overlay or as separate
image [3,10,11]. However, evidence on what hanging protocol is most
effective is lacking [12], as there is no knowledge on how radiologist
read CEM exams in clinical practice.
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Eye-tracking methodology allows us to investigate how the se-
quence of LE images and RC images of a hanging protocol affects the
reading process. An eye-tracker measures where, when and for how
long a radiologist looks during the reading process [13]. A particular
image area, such as a lesion visible on one of the images, could draw the
radiologist’s attention, moving the eyes to this area. Eye movements
thus reflect the radiologist’s directed attention [14,15]. Eye-tracking
can objectively measure whether radiologists find lesions faster and
fixate longer on lesions in a certain hanging protocol.

This paper aims to investigate the effects of hanging protocols on
the reading process and diagnostic performance of breast radiologists.
Also, it aims to investigate the differences in the reading process and
diagnostic performance between CEM and FFDM. We hypothesized
that: [1] participants of a (reversed) RC-LE hanging protocol will be
more efficient and will score higher on diagnostic performance in the
reading of cases compared to participants using the (regular) LE-RC
hanging protocol [2]; participants will be more efficient in their reading
and will score higher on diagnostic performance of RC images com-
pared to LE images [3]; participants using any CEM protocol will be
more efficient and score higher on diagnostic performance compared to
participants using conventional FFDM.

2. Material and methods

2.1. Participants

Breast radiologists, fellows in breast radiology and residents in an
advanced rotation of breast radiology were eligible for participation in
this experiment. To acquire a diverse set of radiologists, members of the
European Society of Breast Imaging (EUSOBI) were invited by e-mail to
participate. To accommodate participation of members from abroad,
part of the data collection took place in a dedicated room on-campus
during the 2018 congress of the European Society of Radiology (ESR).

Participants were randomly allocated to one of three experimental
groups; the FFDM group, which evaluated the FFDM case only; the LE-
RC group, which evaluated the LE image first, followed by the RC image
of each CEM-case, similar to current used hanging protocols; and the
RC-LE group, which evaluated the RC image first followed by the LE-
image of each CEM-case (i.e., the ‘reversed’ hanging protocol).

2.2. Materials

2.2.1. Images
For this study, the CEM-cases of 30 patients were used. As all patient

cases were anonymized our certified ethical committee waived the need
to obtain informed consent from patients. The images originated from
our hospital’s database consisting of CEM-cases acquired between 2012
and 2016 [4]. The CEM principle and its imaging protocol were de-
scribed earlier [3,16]. In summary, a LE and a high-energy (HE) image
are obtained of both breasts in the standard mediolateral oblique (MLO)
and craniocaudal (CC) views two minutes after intravenous adminis-
tration of 1.5mL/kg body weight iodine-based contrast medium (Io-
promide 300mg/ml) with a flow rate of 3mL/s followed by saline
flush. The LE and HE image are recombined to create the RC image
which visualizes areas of contrast uptake.

Due to the resolution of the non-diagnostic LCD screen (specifica-
tions regarding the reading set-up are delineated under Apparatus) the
images of only the right or left breast were used in the experiment. LE
images and RC images of a patient case were shown after each other
during the experiment whereas sequence (RC-LE or LE-RC) varied as
described before. A typical CEM exam used in the experiment is vi-
sualized in Fig. 1.

Out of all CEM-cases nine cases were selected that were considered
typical malignant cases selected by a breast radiologist with four years
of experience in CEM. Each malignant case contained one malignant
lesion. All (histologically proven) malignancies were invasive

carcinomas of no special type (NST). The size of the abnormalities on
the images ranged from 0.9 x 0.6 cm (31×21 pixels) to 1.8 x 1.4 cm
(65×50 pixels). Additionally, 21 CEM-cases with only negative find-
ings were selected. Images that contained benign lesionssuch as simple
cysts or fibroadenomas, artefacts [17] or (micro) calcifications were
excluded. The malignant-benign ratio of the selected cases was similar
to the percentage malignancies of our CEM database, which is 28% [4].
Four cases had a breast density category A, twelve cases B, ten cases C
and three cases were considered to have a breast density category D.

2.2.2. Apparatus
Eye movements were measured using a SensoMotoric Instruments

(SMI, Teltow, Germany) 250 Hz remote eye tracker. Participants` head
movements were not physically restricted, although they were in-
structed to avoid head movements as much as possible. As the right eye
is generally dominant, the eye movements of the participants`right eyes
were used [13]. The stimuli were shown on a Dell 22” liquid screen
display with a resolution of 1080×1650 pixels in portrait set-up. The
distance between the participant and monitor was approximately 70
centimeters and the visual angle θ is therefore 41º. A saccade-based
detection algorithm was used and the minimal fixation duration was set
to 22ms. The eye-tracker was calibrated using a five-point calibration
prior to and halfway through the experiment. Calibration was repeated
until a deviation smaller than 1º of visual angle on the x- and y-axis was
obtained. Eye-tracking data of one participant was excluded from the
analysis as the eye-tracking deviations were greater than 1.0º visual
angle.

Participants used the mouse of the experiment computer to click on
lesions suspicious for malignancy they identified on an image and the
space bar to navigate to the next image or case. The experimental set-up
is visualized in Fig. 2.

2.3. Procedure

The experiment was carried out by each participant individually.
Participants were first instructed that they were going to evaluate 30
patient cases of women recalled from a breast cancer screening pro-
gram. They were instructed to search for malignant masses but were
informed that not all images contained masses. Participants were in-
structed to click on all areas which they deemed malignant (BIRADS 4-
5) on the MLO- as well as CC-part of every image; participants of the
FFDM group were instructed to click on the FFDM image and partici-
pants of the CEM groups on the LE as well as the RC image. They were
informed that the images would not contain any technical artefacts,
architectural disturbances, micro calcifications or benign masses. When
participants of the CEM groups finished the reading of the first MLO-
and CC-images of a patient case (respectively LE images or RC images)
they should press the space bar for the second MLO- and CC-images. It
was not possible to return to the previous images of a patient case and
to reevaluate the previous images.

After receiving the instructions participants subsequently wrote
down their age, sex, hospital where they were employed, number of
years licensed as radiologist, number of workdays per week working as
a breast radiologist, fellow or resident and, if applicable, number of
years of experience with evaluating CEM images. Participants then
evaluated a practice case to check if all instructions were clear, fol-
lowed by the five-point calibration procedure for the eye tracker after
which they started with the reading of the patient cases. After 15 pa-
tient cases participants had a short break of two minutes followed by a
recalibration before they continued with the last 15 patient cases.
Participants received no feedback on their performance throughout the
experiment.
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2.4. Statistical Analysis

2.4.1. Reading process measures
To investigate the reading process efficiency, the following eye-

tracking measures were used: Average fixation count, average net dwell
time, and average reading time. Average fixation count was defined as
the average number the participants` eyes stood still (fixated) on a
malignant area, which were our areas of interest (AOIs). Average

Fig. 1. Typical example of a CEM exam, with only the left breast shown. On the left (A), CC and MLO views of the low-energy (LE) images are shown, which are
similar to conventional mammography. On the right (B), CC and MLO views of the recombined (RC) images are shown. An area of contrast uptake can be seen
(arrows), suspicious for breast cancer. Biopsy results confirmed an invasive breast cancer at this site. A and B were shown after each other during the experiment.]

Fig. 2. Picture of the experimental set-up. A participant is reading a CEM image on the stimulus monitor (arrow) while the eye movements are registered by the eye-
tracker (dashed arrow).]

K. van Geel, et al. European Journal of Radiology 117 (2019) 62–68

64



fixation duration was defined as the average time participants fixated
on AOIs. Average net dwell time was defined as the total time partici-
pants fixated on the AOIs, averaged per case [13]. Furthermore,
average reading time was measured per image (LE/FFDM and RC
image) and per case (LE/FFDM and RC image reading time combined).
Average reading time was defined as the total time that participants
needed to evaluate a case.

2.4.2. Diagnostic performance
Sensitivity and specificity were used as measures of diagnostic

performance. Sensitivity was defined as the number of malignant areas
a participant clicked on divided by the total number of nine malignant
areas of the experiment. Specificity was defined as the number of
images where a participant did not click on benign areas divided by the
total number of 30 images of the experiment. The mouse clicks on the
last image (LE or RC for the two CEM groups and FFDM for the FFDM
group) of each of the 30 patient cases participants evaluated were used
to calculate sensitivity and specificity. To analyze differences in diag-
nostic performance on separate LE and RC images of a patient case,
sensitivity per image category and specificity per image category were
calculated.

Furthermore, the participants worked in different hospitals and
potentially had different criterions to call a lesion malignant.
“Over”calling would result in high sensitivity yet low specificity. An
aggregate measure of diagnostic performance was therefore necessary.
Participants` sensitivity and specificity were used to calculate in-
dividual receiver-operating characteristic (ROC) curves and partici-
pants` value of area under the ROC curve (AUC) was used as an ag-
gregate measure of diagnostic performance.

2.4.3. Statistics
To compare the RC-LE group with the LE-RC group (hypothesis 1),

independent t-tests were used with average fixation count, average net
dwell time, average time to first fixation, and average reading time as
dependent variables of the reading process and sensitivity, specificity,
and AUC-value as dependent variables of diagnostic performance. To
compare participants’ reading process (average fixation count, average
net dwell time, and average reading time) on RC images and LE images
of the same patient cases (hypothesis 2) paired sample t-tests were used.
Finally, to compare the reading process (average net dwell time,
average time to first fixation and average evaluation time) and diag-
nostic performance (sensitivity, specificity, and AUC-value) of the two
CEM-groups versus the FFDM group (hypothesis 3) one-way ANOVAs
were used with CEM-groups contrasted to the FFDM group. Data ana-
lysis was performed using SPSS (IBM SPSS Statistics for Windows,
Version 24.0. Armonk, NY: IBM Corp. Released 2016).

3. Results

3.1. Demography of participants

The participants (N=27, mean age=42.1 years, SD=10.4, 67%
female) originated from eighteen different hospitals in seven European
countries (the Netherlands, Belgium, United Kingdom, France, Ireland,
Italy, and Spain). Two participants were residents in an advanced ro-
tation of breast radiology, the other 25 were radiologists with a mean
career span of 10 years (SD=9.0). The participants worked as breast
radiologists for an average of 3.9 days per week (SD = 1.2). Nine
participants also had prior experience with evaluating CEM (mean
span=3.15 years, SD=1.62). The three study groups did not sig-
nificantly differ in any of the following demographic factors: age,
gender, country, career span, experience with CEM, and average breast
radiology working hours per week; in one-way ANOVAs comparing the
three groups the highest F-value was F(2, 26)= 1.91, p= .19.

The reading process and diagnostic performance measures per
group can be found in Table 1. The results of the independent t-tests on

reading process and diagnostic performance measures can be found in
Table 2.

3.2. Influence of hanging protocol

The reading process and diagnostic performance measures of the
two CEM groups are found in the first two columns of Table 1. The eye
movement measures of the two CEM groups are generally similar. These
findings indicate a similar reading process for the two CEM groups.
Furthermore, the RC-LE group took 6.3 seconds to read the RC image
and 7.3 to read the LE image while the LE-RC group respectively took
an average of 5.8 and 14 seconds to read the RC and LE images, re-
spectively. Finally, in the RC-LE group the diagnostic performance
measures are equally high between the two CEM groups with an AUC
value of .93 for the RC-LE group and .96 for the LE-RC group.

Furthermore, the results of the independent t-tests concerning hy-
pothesis 1 are found in Table 2. The t-tests on the eye movement
measures are all non-significant. Thus participants of both the RC-LE
and LE-RC group had similar eye movement measures on the RC images
and LE images. However, a significant effect of hanging protocol was
found on reading time per case, indicating that participants of the RC-
LE group on average needed 6.20 seconds less to evaluate a patient
case. The participants of both groups needed a similar amount of time
to evaluate the RC images. A significant effect of hanging protocol on
reading time of the LE-images was found, indicating that participants of
the RC-LE group needed less time to evaluate the LE-image compared to
the LE-RC group. On overall, the t-tests on diagnostic performance were
non-significant, indicating a similar sensitivity, specificity, and AUC-
value for both the CEM-groups.

3.3. Differences between RC images and LE images on reading process and
diagnostic performance measures

The reading process and diagnostic performance measures of the RC
and LE images are found in the first four columns of Table 1. The
average fixation count is lower on the RC images; 3.24 and 2.75 fixa-
tions on the RC images and 3.58 and 4.15 fixations on the LE images.
This difference is significant with a p-value of .003. The average net
dwell time is also lower on RC images, 1280 and 1025ms compared to
1301 and 1444ms for the LE images. This difference is also significant,
p= .029. Time to first fixation is lower on RC images, 773 and 1107 ms
compared to 888 and 1295 ms for the LE images yet this difference is
non-significant, p= .22. Furthermore, participants read RC images
faster compared to LE-images, p< .001. Finally, participants scored
higher on sensitivity on RC images, 99% and 98% compared to 100%
and 80%, p= .004 and higher on specificity on RC images, 90% and
94% compared to 85% and 80%, p= .019 compared to LE-images. The
complete results of the paired sample t-tests of RC compared to LE
images are found in Table 3.

3.4. Comparison of CEM-groups to FFDM-only group

For hypothesis 3, on the LE and FFDM-images no effect of group was
found on fixation count, F (2,25)= 1.09, p= .35, contrast t [23] =
-1.39, p= .18. A tendency towards lower net dwell time for the CEM-
groups was found, F (2, 23)= 2.79, p = .08, contrast t(8.74) = -1.86,
p= .10. A tendency towards higher total reading time was found for
the CEM-groups, F (2,25)= 3.15, p= .06, t(24)= 1.44, p= .16. On
sensitivity a positive effect in favor of CEM-groups was found, F
(2,26)= 17.2, p < .001, contrast t(8.09)= .003. No effect was found
on specificity, F (2,26)= 2.01, p = .16, contrast t(24)= 1.65, p= .11.
Finally, a positive effect in favor of CEM-groups was found on AUC, F
(2,26)= 16.1, p < .001, contrast t(24)= 5.62, p < .001. In sum-
mary, participants in the CEM-groups were not more efficient during
the reading process but scored higher on diagnostic performance
compared to FFDM-only.
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4. Discussion

In general, dedicated CEM workstations are configured with a LE-RC
hanging protocol [18]. Hence, radiologists view the exam by first
starting with the LE images, evaluating them as regular FFDM images
[5]. The RC image is then used to check whether lesions (which were
observed on the LE image) enhance or not. Radiologists with experience
in the reading of CEM-cases reported that lesions are more salient on RC
images than on the LE images. By reversing the current hanging pro-
tocol the radiologist’s attention could be immediately drawn to con-
spicuous areas. Radiologists can therefore find lesions up to 31% (6
seconds) faster and can potentially reach higher diagnostic performance
if they would evaluate the RC image prior to the LE image. An average
decrease in case reading time of 6 seconds may sound small. However,
the difference will add up as radiologists may read perhaps tens or even
hundreds of cases on a daily basis. Moreover, these differences in
reading times were found in radiologists who are experts in terms of

accuracy as well as speed. The differences may even be more pro-
nounced in less experienced radiologists.

For this study, three hypothesis were tested: [1] participants of a
(reversed) RC-LE hanging protocol will be more efficient and will score
higher on diagnostic performance in the reading of cases compared to
participants using the (regular) LE-RC hanging protocol [2]; partici-
pants will be more efficient in their reading and will score higher on
diagnostic performance of RC images compared to LE images [3];
participants of using any CEM protocol will be more efficient and score
higher on diagnostic performance compared to participants using con-
ventional FFDM.

With respect to the order of hanging protocols no difference was
found on eye movement measurements nor on diagnostic performance.
Nevertheless, a difference on average reading time per case was ob-
served. Consequently, hypothesis [1] was not supported. We assumed
that the higher saliency of malignancies on RC images would direct the
radiologists` attention towards these areas faster, which would be re-
flected by more efficient eye movements. However, eye movements in
our study proved to be similar in both groups. While eye movements
can provide invaluable information about visual search and attention, it
does not provide definite answers on how abnormalities are interpreted
[19,20].

The interpretation process after the detection of an abnormality is to
some extent reflected by the average reading time [13]. The difference
found in average reading time between the two protocols was mainly
caused by the lower average reading time of the LE images, since the
reading times of RC images did not differ between the two protocols. In
addition, participants of the RC-LE protocol showed identical diagnostic
performance compared to the LE-RC protocol. The combination of

Table 1
Reading process and diagnostic performance measures per group and per image category.

RC-LE (N=10) LE-RC (N=9) FFDM-ONLY (N=8)

RC LE RC LE / FFDM
Reading process measures Unit μ (SD) μ (SD) μ (SD) μ (SD) / μ (SD)
Average fixation count # 3.24 (1.24) 3.58 (1.74) 2.75 (1.74) 4.15 (2.23) 5.26 (2.94)
Average net dwell time ms 1280 (356) 1301 (495) 1025 (502) 1444 (780) 2243 (1248)
Average time to first fixation ms 773 (333) 888 (481) 1107 (635) 1295 (691) 1197 (580)
Average reading time per image s 6.30 (2.44) 7.31 (4.07) 5.82 (2.76) 14.0 (4.26) 12.8 (7.19)
Diagnostic performance measures Unit μ (SD) μ (SD) μ (SD) μ (SD) / μ (SD)
Sensitivity overall % 100 (0) 98 (7.4) 79 (13)
Sensitivity per image % 99 (4.0) 100 (0) 98 (7.0 80 (11)
Specificity overall % 87 (15) 94 (7.2) 80 (17)
Specificity per image % 90 (10) 87 (15) 94 (7.2) 80 (8.4)
Area under the curve .93 (.075) .96 (.048) .80 (.055)

Table 2
Independent t-tests on reading process and diagnostic performance measures with RC-LE versus LE-RC group as independent variables.

Reading process measure t df p Mean difference (95%-CI)

Fixation count (RC) .68 16 .51 .48 (-1.02 - 1.99)
Fixation count (LE) -.58 16 .57 -.56 (-2.61 - 1.49)
Net dwell time (RC) 1.24 16 .23 205 (-180 - 689)
Net dwell time (LE) -.47 16 .65 308 (-796 - 509)
Time to first fixation (RC) −1.40 16 .18 −334 (-841 - 173)
Time to first fixation (LE) −1.45 16 .17 −407 (-1008 - 194)
Reading time per case −2.20 16 .04 −6.2 (-12.2 - 2.65)
Reading time per image (RC) .49 16 .63 5.98 (-2.00 - 3.20)
Reading time per image (LE) −3.38 16 .004 −6.56 (-10.7 - 2.45)

Diagnostic performance measure t df p Mean difference (95%-CI)

Sensitivity overall 1.00 8.00 .35 .25 (-.032 - .082)
Sensitivity (RC) .52 17 .61 .026 (-.042 - .069)
Sensitivity (LE) 5.49 8.00 .001 .20 (.13 - .27)
Specificity overall −1.39 13.17 .20 .053 (-.19 - .041)
Specificity (RC) -.94 17 .36 -.040 (-.12 - .046)
Specificity (LE) 1.24 17 .23 .056 (-.050 - .19)
Area under the curve -.83 17 .42 .030 (-.086 - .037)

Table 3
Paired sample t-tests of reading process and diagnostic performance measures
on RC and LE images.

Variable t df p Mean difference (95%-CI)

Fixation count −3.47 17 .003 -.87 (−1.40 to −.33)
Net dwell time −2.38 17 .029 −220 (−415 to −25)
Time to first fixation −1.27 17 .22 −152 (-405 - 101)
Reading time per image −4.30 17 < .001 −4.60 (−6.86 to −2.34)
Sensitivity 3.32 18 .004 .088 (.032 - .14)
Specificity 2.58 18 .019 .076 (.014 - .14)
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shorter reading time and equally high diagnostic performance indicates
that abnormalities were interpreted more easily by radiologists using
the RC-LE protocol compared to the LE-RC protocol.

Second, it was found that participants of CEM-groups fixated less
often and shorter on malignancies on RC images compared to LE
images. Hypothesis 2 was therefore supported. Less fixations and less
time needed for fixating on abnormalities to evaluate a patient case can
indicate that the interpretation process of RC images was more efficient
[13]. Participants did not fixate earlier on malignant lesions on RC
images compared to LE images as time to first fixation did not differ.
However, considering the substantial standard deviations, a potential
yet small effect between the two image categories may not have been
discernible. Furthermore, participants scored higher on diagnostic
performance on RC images compared to LE images. However, this ob-
servation is less relevant, because in clinical practice RC and LE images
are evaluated together.

Third, it was found that the reading process on LE images was si-
milar to the reading process of FFDM-images, confirming findings of
previous studies that they are diagnostically equal [5,6]. In line with
many previous studies, our study also showed that diagnostic perfor-
mance was superior in CEM groups when compared to conventional
FFDM only [1,2,5,21]. Hypothesis 3 was therefore partly supported. LE
images are comparable to FFDM images [5] and this similarity pre-
sumably caused a similar reading strategy.

The findings of this study may have clinical implications. In the
imaging community, there is some concern about the increased reading
time of CEM exams, as it consists of double the number of images per
patients. This might result in substantial increases in workload for
radiology staff. Also, Lebron-Zapata et al. [22] showed that CEM might
even be considered as screening tool for women with high risk for de-
veloping breast cancer. When high volumes of CEM exams are pro-
duced, such as screening settings, an increase in reading time is not
desirable. This investigation shows that these arguments may be less of
a concern as long as a RC-LE hanging protocol is used. Moreover, the
results indicate that sensitivity could increase with 25% (from 79% to
99%) and specificity with 13% (from 80% to 90%) with similar reading
times, when an RC-LE hanging protocol is adopted in a screening setting
instead of the current FFDM standard.

To the best of our knowledge, this is the first study on the effects of
hanging protocol modification on radiologists` reading process and
diagnostic performance. It is shown that the time to evaluate a case is
influenced and is one-third shorter for a particular sequence, while
diagnostic performance was not influenced. Modification of hanging
protocols could therefore impact radiologists` workflow. In most
Picture Archiving and Communication Systems (PACS) it is possible to
modify hanging protocols, yet it is unknown if radiologists do this and
what the effects are. More research on the influence of modification of
hanging protocols in different radiologic examinations is therefore ad-
vised.

Perhaps slightly counterintuitive, the findings of the first two re-
search questions indicate that the main value of the RC-image may not
lie in the detection of abnormalities, but more in the interpretation of
abnormalities. Considering that radiologists in this research needed less
fixations and less time to evaluate RC images while scoring higher on
diagnostic performance the RC images can be considered the less
complex component of CEM. For training purposes, it is generally re-
commended to start with less complex material and to gradually in-
crease the complexity as the learner advances [23,24]. CEM cases in
which the RC image is shown prior to the LE image may help (breast)
radiologists in training to learn to read mammograms. In the same
manner, it is also recommended to start with RC images followed by LE
images when learning to read CEM exams.

This study has some limitations. First, due the small sample size,
some small effects may not have been detectable, such as a potential
effect on average time to first fixation. In eye-tracking research gen-
erally groups with a different level of expertise such as novices and

experts are compared to each other [25]. Eye-tracking studies like ours
with groups of a comparable expertise level are scarce [19,25,26].
Difference in eye movement measures between groups of a comparable
expertise level might be smaller than differences between groups of
large difference in expertise [26]. Moreover, in eye-tracking research
sample sizes are generally small [19,25] and many efforts have been
taken to create a sample size as large as possible.

Second, participants were asked to only look for suspicious lesions,
while the task in the clinical workplace is much broader than that, in
example, the additional need for detecting suspicious calcifications.
However, previous studies have shown that the added value of CEM in
the reading of calcifications is limited [27]. Although this limitation
may have biased our results, it is similar in all different groups.

Another limitation concerns suspicious lesions which do not en-
hance on contrast-enhanced images, such as mucinous carcinoma or
microcalcifications [5,27,28]. Users of CEM should always be aware of
other lesions that do not enhance, and check extra for these. However,
it could be the case that readers overlook not enhancing findings. Cases
containing such lesions were not used in this experiment. The impact of
such lesions on the reading process and diagnostic performance of
radiologists using a RC-LE or LE-RC hanging protocol can therefore not
be deciphered with this experiment. A follow-up study with such sus-
picious yet unenhancing lesions is warranted.

Finally, in this experiment participants could not go back to a pre-
vious image of a patient case as this could blur the findings of the in-
vestigation on the order of the hanging protocol. In the clinical work-
place, however, radiologists are able to alternate between LE and RC
image as often as they like. Therefore, a follow-up study in a more
clinical and ecologically valid setting is warranted.

5. Conclusion

Reversal of a CEM hanging protocol from the commonly used LE-RC
order to the RC-LE order lowers the case reading time, while diagnostic
performance is maintained for breast cancer detection. Furthermore,
the reading process is more efficient. Like other studies, we showed that
diagnostic accuracy of CEM is superior to FFDM. Based on our ob-
servations, we would recommend to use a RC-LE hanging protocol in
everyday clinical practice, but also in training.
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