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Abstract

Background: The impact of radiologists’ characteristics has become a major focus of recent research. However, the
markers of diagnostic efficacy and confidence in dense and non-dense breasts are poorly understood.

Purpose: This study aims to assess the relationship between radiologists’ characteristics and diagnostic performance
across dense and non-dense breasts.

Materials and methods: Radiologists specialising in breast imaging (n = 128) who had 0.5–40 (13±10.6) years of
experience reading mammograms were recruited. Participants independently interpreted a test set containing 60 digital
mammograms (40 normal and 20 abnormal) with similarly distributed breast densities. Diagnostic performance measures
were analysed via Jamovi software (version 1.6.22).

Results: In dense breasts, breast-imaging fellowship completion significantly improved specificity (p = 0.004), location
sensitivity (p = 0.01) and the area under the curve (AUC) of the receiver operating characteristic (p = 0.03). Only
participation in BreastScreen reading significantly improved all performance metrics: specificity (p = 0.04), sensitivity (p =
0.005), location sensitivity (p < 0.001) and AUC (p < 0.001). Reading > 100 mammograms weekly significantly improved
sensitivity (p = 0.03), location sensitivity (p = 0.001), and AUC (p = 0.03).In non-dense breasts, breast fellowship
completion significantly improved sensitivity (p = 0.02), location sensitivity (p = 0.04) and AUC (p = 0.002). Participation in
BreastScreen reading and reading > 100 mammograms weekly significantly improved only sensitivity (p = 0.002 and p =
0.003, respectively) and location sensitivity (p < 0.001 and p < 0.001, respectively).

Conclusion: Participating in screening programs, breast fellowships and reading > 100 mammograms weekly are im-
portant indicators of the diagnostic performance of radiologists across dense and non-dense breasts. In dense breasts,
optimal performance resulted from participation in a breast screening program.
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Introduction

Globally, breast cancer is the second most common form of
cancer.1 It is also the second leading cause of cancer-related
death among Australian women.2 Currently, mammography
is the only modality considered effective for breast cancer
screening as it has been proven to reduce breast cancer
mortality, particularly among women aged 50 to 69.3

Many factors impact the outcome of screening; these
include intrinsic limitations of technology, the experience of
those interpreting the mammogram, lesion characteristics,
and breast density.4 Researchers often refer to dense breasts
as ‘heterogeneously dense’ and ‘extremely dense’ and non-
dense breasts as ‘fatty’ and ‘scattered areas of fibroglandular
density’. In the United States, it has been estimated that 43%
of the screened population has dense breasts.5 Chinese and
Korean women have a higher prevalence of dense breasts
than US women, with 49.2% and 54.4%, respectively.6,7

Data on the Australian population is not available, perhaps
due to the lack of breast density notification policy.
However, Breast Cancer Network Australia is advocating
for breast density policy changes.8

Increased breast density increases the risk ofmasking and of
cancer.9 It has also been shown that dense breast composition is
directly linked to risks associated with breast cancer,10 em-
phasising the need to optimise early detection in women with
dense breasts. There is evidence of wide variation in diagnostic
efficacy between radiologists or breast image readers.11 This
inter-reader variability requires that intrinsic human factors be
considered when designing strategies to improve breast cancer
detection. Thus, the impact of radiologists’ characteristics has
become a major focus of recent research.12-14

Several studies have examined the association between
reader characteristics such as years of reading mammograms,
the number of mammograms read per year, completion of a
fellowship in breast imaging and participation in diagnostic
workups.11,13-17 These studies demonstrated wide variation
in the relationships between observers’ characteristics and
performance in mammography interpretation. However,
most published studies assessed the influence of readers’
characteristics with little or no consideration for the impact of
breast composition. Thus, the markers of diagnostic efficacy
and confidence in dense and non-dense breasts are poorly
understood, and further in-depth investigation is needed.
Therefore, this study aims to assess the relationship between
radiologists’ characteristics and diagnostic performance
across dense and non-dense breasts.

Method and materials

Image test sets

Two digital mammography (DM) test sets were developed
from a screening population database. Each DM test set
contained 60 cases (40 normal and 20 abnormal). The

normal cases were confirmed to be normal by at least two
radiologists and by a follow-up negative mammogram
obtained 2–4 years later. The types and characteristics of the
lesions were also established by these radiologists. The
abnormal cases contained at least one biopsy-proven cancer
lesion. Density classification was determined by a con-
sensus of two consultant breast radiologists with more than
20 years of experience in reading screening mammograms.
The cases exhibited a range of breast densities classified as
non-dense (≤ 50% glandular tissue) and dense breasts (>
50% glandular tissue). Australia uses the Royal Australian
and New Zealand College of Radiologists (RANZCR)
synoptic scale, which is similar to the fourth edition BI-
RADSAtlas. To make the test set relevant to countries using
the RANZCR synoptic scale and BI-RADS fourth edition,
breast density of the cases included was classified according
to the fourth edition BI-RADS Atlas.18 The distribution of
breast densities was as follows: DM test set 1 included 40%
non-dense and 60% dense cases, while DM test set 2 in-
cluded 45% non-dense and 55% dense cases.

Participants

A total of 128 radiologists specialising in breast imaging
were recruited. The mean age of the participants was 53 ±
11.8 years, and their years of reading mammograms ranged
from 0.5 to 40 (mean: 13 ± 10.6 years). All participants had
completed a training program overseen by the RANZCR.
The training program runs for 5 years and includes system-
focused rotations in the last 2 years. By the end of their
training, radiologists are competent in diagnostic breast
imaging, including mammography and ultrasound, and
have exposure to breast MRI and to the investigation and
staging of metastatic breast cancer. A total of 730 breast
cases are studied during the training program (100 diag-
nostic mammograms, 500 screening mammograms, 100
ultrasounds, 20 MRI and 10 biopsies). The fellowship-
trained breast radiologists had an additional 6 months
training to specialise in advanced breast imaging and breast
procedures. Of the 128 radiologists, 62 (48.4%) read for the
national Australian breast screening program (BreastScreen,
Australia) at the time of the study, and 42 (32.8%) had
completed a 3- to 6-month breast-imaging fellowship. The
characteristics of the participants are summarised in Table 1.

Reading environment

The images were read via the Breast Reader Assessment
Strategy (BREAST) platform either at a conference or at
different Australian clinical sites using primary displays
between 2015 and 2019. Ambient lighting in reading rooms
at conferences was set at 15–20 lux to conform with the
RANZCR and BreastScreen Australia Accreditation
Standards19,20 as well as with ambient lighting conditions in
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many clinical settings. Calibrated Barco 5MP medical-
grade monochrome liquid crystal display monitors with a
resolution of 2049 × 2560 pixels were used.

Study design

Participants completed an electronic survey of their de-
mographic information and work experience - including
position, speciality, completion of a fellowship in breast
radiology, number of years reading mammography and the
number of cases read per week. Subsequently, each reader
independently interpreted the images in the test sets and
assigned a confidence rating to each decision. If the reader
considered the image to be normal, he/she moved to the next
case and the case was automatically rated as 1, meaning no
cancer was present. If a lesion was detected, the reader
marked the lesion’s location and assigned a confidence
rating score from 2 to 5, which is compatible with the Tabar/
RANZCR classification used in BreastScreen Australia
where 2 = benign, 3 = indeterminate/equivocal, 4 = sus-
picious and 5 = highly suspicious.

A rating of 3, 4 or 5 signified malignancy, with higher
ratings denoting higher confidence. If a rating of 3 or above
was given, the reader was asked to describe the type of
breast lesion detected (discrete mass, architectural distor-
tion, spiculated mass, nonspecific density, stellate and
calcification) by checking the appropriate box in a pop-up
menu. These marks and ratings were then used to assess
reader performance.

Statistical analysis

The radiologists’ performances were calculated in terms of
specificity, sensitivity, location sensitivity and AUC in
dense and non-dense breasts. Location sensitivity was

determined by the distance of the mouse click from the
breast lesion centre. If distance was not recorded, this in-
dicated that the radiologist marked outside the correct re-
gion or did not give any markings. Diagnostic confidence
(radiologists’ level of confidence that the detected lesion
was malignant) and lesion classification (their ability to
correctly classify the lesion into type) in dense and non-
dense images were calculated.

The diagnostic performance metrics were compared
using an independent-samples t-test or a Mann–Whitney U
test, depending on the distribution of the data. A chi-squared
test (χ2) was conducted to assess the association between
radiologists’ characteristics and both diagnostic confidence
and lesion classification across dense and non-dense breasts.
One-way ANOVA and Kruskal–Wallis tests were applied to
compare three independent groups depending on data
distribution. p-value ≤ 0.05 was considered statistically
significant. These analyses were conducted via Jamovi
software (version 1.6.22).

Results

Radiologists’ performances in dense breasts

Table 2 depicts the differences in radiologists’ character-
istics and performances with DM for dense breasts. All
metrics – including specificity (p = 0.26), sensitivity (p =
0.13), location sensitivity (p = 0.14) and AUC (p = 0.84) –
were similar between radiologists who had read mam-
mography for < 10 years, 10–19 years and ≥ 20 years.
Specificity (p = 0.004), location sensitivity (p = 0.01) and
AUC (p = 0.03), but not sensitivity (p = 0.36), were sig-
nificantly higher in radiologists who had completed a breast
fellowship than in those who had not. Radiologists who
work for the BreastScreen Australia program showed

Table 1. Radiologists’ demographic information at the time of completing the DM test set.

Radiologists’ characteristics DM test set 1 DM test set 2 Total

Mean age (years) 55 (±11.6) 48.7 (±11.3) 53 (±11.8)
Number of radiologists (M, F) 87 (35, 52) 41 (19, 22) 128 (54, 74)
Breast speciality 100% 100% 100%
Breast screen program readers 55.2% 34.1% 48.4%
Radiologists completed breast fellowship (3 to 6 months) 33.3% 31.7% 32.8%
Mean years reading mammograms 14.5 (±10.8) 9.6 (±9.3) 13 (±10.6)
Number of cases radiologists read weekly
< 20 21 (24%) 20 (48.8%) 41 (32%)
20–60 17 (19.5%) 5 (12.2%) 22 (17.2%)
61–100 9 (10.4%) 6 (14.6%) 15 (11.7%)
101–150 11 (12.7%) 1 (2.4%) 12 (9.4%)
151–200 16 (18.4%) 6 (14.6%) 22 (17.2%)
> 200 13 (15%) 3 (7.4%) 16 (12.5%)
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significantly higher performance in all metrics – specificity
(p = 0.04), sensitivity (p = 0.005), location sensitivity (p <
0.001) and AUC (p < 0.001) – compared to those who do
not. Radiologists who read > 100 mammogram cases
weekly showed significantly higher sensitivity (p = 0.03),
location sensitivity (p = 0.001) and AUC (p = 0.03), but not
specificity (p = 0.51).

Radiologists’ performances in non-dense breasts

Table 3 shows the differences in radiologists’ characteristics
and performances with DM for non-dense breasts. All
metrics, including specificity (p = 0.08), sensitivity (p =
0.44), location sensitivity (p = 0.09) and AUC (p = 0.25),
were similar between radiologists who had read

mammography for < 10 years, 10–19 years and ≥
20 years. Specificity (p = 0.13) was similar between
radiologists who had completed the breast fellowship
and those who had not; however, sensitivity (p = 0.02),
location sensitivity (p = 0.4) and AUC (p = 0.002) were
significantly higher among those who had completed the
breast fellowship. Radiologists who work for the
BreastScreen Australia program showed similar speci-
ficity (p = 0.60) and AUC (p = 0.09), but significantly
higher sensitivity (p = 0.002) and location sensitivity
(p < 0.001), compared to those who do not. Radiologists
who read > 100 mammogram cases weekly showed
significantly higher sensitivity (p = 0.003) and location
sensitivity (p < 0.001), but not specificity (p = 0.18) or
AUC (p = 0.35).

Table 3. Comparison of radiologists’ performance characteristics for non-dense breasts.

Characteristics (readers no.) Specificity (%) p Sensitivity (%) p Location sensitivity (%) p AUC (0–1) p

No. of years reading mammography
< 10 years (63) 80 ± 15.43 0.08 78.7 ± 17.5 0.44 65.2 ± 22 0.09 0.797 ± 0.104 0.25
10–19 years (21) 78.44 ± 15.63 83.6 ± 15.2 75.25 ± 16.7 0.809 ± 0.105
≥ 20 years (44) 73 ± 15.9 81.5 ± 16.6 70.9 ± 16.8 0.769 ± 0.102

Breast fellowship (3–6 months)
Yes (42) 80.3 ± 15.6 0.13 85 ± 16.3 0.02 74 ± 18.3 0.04 0.829 ± 0.104 0.002
No (86) 75.8 ± 15.8 77.9 ± 16.5 66.5 ± 20.2 0.769 ± 0.098

BreastScreen Australia program reader
Yes (62) 76.6 ± 17.4 0.60 85 ± 14.3 0.002 71.4 (71.86)* < 0.001 0.805 ± 0.105 0.09
No (66) 78 ± 14.1 75.8 ± 17.7 62.5 (43.83)* 0.774 ± 0.101

No. of cases read per week
>100 cases (50) 75 ± 18 0.18 85.7 ± 14.5 0.003 73 (71.86)* < 0.001 0.800 ± 0.107 0.35
≤100 cases (78) 88 ± 14.1 76.8 ± 17.2 71 (43.83)* 0.782 ± 0.102

(*) signifies median values, including 1st and 3rd quartiles, where significant values resulted from the Mann–Whitney U test. Bold values indicate statistical
significance at the p-value ≤ 0.05 level.

Table 2. Comparison of radiologists’ performance characteristics in dense breasts.

Characteristic (readers
no.) Specificity (%) p Sensitivity (%) p Location sensitivity (%) p AUC (0–1) p

No. of years reading mammography
<10 years (63) 81.8 ± 13.2 0.26 77.15 ± 19.9 0.13 66.3 ± 20.5 0.14 0.794 ± 0.116 0.84
10–19 years (21) 75.9 ± 14.5 83.7 ± 11.3 71.2 ± 10.4 0.797 ± 0.079
10–19 years (21) 79.6 ± 14.8 77.9 ± 15.5 64.5 ± 17.2 0.784 ± 0.107

Breast fellowship (3–6 months)
Yes (42) 87 (78.91)* 0.004 80.5 ± 16.8 0.36 72.4 ± 16.5 0.01 0.820 ± 0.103 0.03
No (86) 81 (66.90)* 77.5 ± 17.6 63.7 ± 18.2 0.777 ± 0.107

BreastScreen Australia program reader
Yes (62) 82.7 ± 13.1 0.04 84.6 (77.92)* 0.005 77 (69.83)* < 0.001 0.828 ± 0.108 < 0.001
No (66) 77.6 ± 14.6 83.3 (62.85)* 67 (54.75)* 0.757 ± 0.093

No. of cases read per week
≤ 100 cases (50) 81 ± 15.2 0.51 85 (76.92)* 0.03 76 (67.83)* 0.001 0.817 ± 0.091 0.03
≤ 100 cases (78) 79.4 ± 13.3 83 (67.92)* 68 (54.68)* 0.775 ± 0.113

(*) signifies median values, including 1st and 3rd quartiles, where significant values resulted from the Mann–Whitney U test. Bold values indicate statistical
significance at the p-value ≤ 0.05 level.
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Association between radiologists’ characteristics and
diagnostic confidence when reporting breast cancer
across breast densities

Diagnostic confidence among radiologists who had read
mammography for < 10 years, 10–19 years and ≥ 20 years
did not differ significantly in dense (p = 0.42) or non-dense
(p = 0.99) breasts. Radiologists who had completed a breast
fellowship showed no significant increase in diagnostic
confidence compared to those who had not in either dense
(p = 0.06) or non-dense (p = 0.08) breasts. BreastScreen
program readers showed significantly lower confidence
levels (i.e. used more scores of 3 (indeterminate/equivocal))
than radiologists who do not read for the program (dense:
p = 0.008; non-dense p < 0.001). Radiologists who read a
higher volume (> 100) of mammogram cases weekly also
had significantly lower confidence levels than those who
read ≤ 100 mammogram cases per week when reporting
cancer in dense (p = 0.004) and non-dense (p < 0.001)
breasts, as shown in Table 4.

Association between radiologists’ characteristics and
their ability to classify lesions into types across breast
densities

When classifying breast lesions, the performance of radi-
ologists who had read mammography for < 10 years, 10–
19 years and ≥ 20 years did not differ significantly in dense
(p = 0.56) or non-dense (p = 0.96) breasts. Completion of
the breast fellowship did not impact radiologists’ lesion
classification performances in dense (p = 0.16) or non-dense
(p = 0.44) cases. However, in dense cases (p = 0.03),
BreastScreen program readers performed significantly
better than those who did not read for the program; this was
not true in non-dense cases (p = 0.12). Also, radiologists
who interpreted > 100 mammogram cases weekly more
accurately classified breast lesions in dense breasts (p =
0.03) but not in non-dense breasts (p = 0.17), as shown in
Table 5.

Discussion

This observational study was conducted to assess radiol-
ogists’ performances and markers of good performance
across different breast compositions. The evidence suggests
a difference in radiologists’ performance characteristics
across dense and non-dense breasts, indicating that par-
ticipation in screening programmes, completing breast
fellowship training and reading >100 mammograms weekly
are important diagnostic performance indicators, but not the
number of years reading mammography.

The literature shows wide variation in the search, per-
ception and decision-making abilities of radiologists that
are concomitant with differences in performance in the

interpretation of mammographic images, suggesting that
human limitations significantly impact the efficacy of
screening mammography. Differences in reader ability and
interaction with radiological images cannot be completely
mitigated, but should be exploited to improve diagnostic
efficacy.

We thought that in a simulated clinical environment,
readers may exhibit a trade-off between sensitivity and
specificity in dealing with suspicious cases.21 However,
BreastScreen readers and those with breast fellowship
training were not influenced by this trade-off, as demon-
strated by the significantly higher specificity compared
to other characteristics, particularly in dense breasts.
Whilst the impact of fellowship training and volume read
on performance is consistent with most published
literature,11,17,22,23 it is unclear whether the significantly
higher performance observed in BreastScreen readers is due
to feedback from the service. It is possible that these three
factors are interconnected and work together to improve
performance.

The lack of association between years of reading
mammograms and performance is reasonable and consistent
with data from both data linkage and observer performance
studies.12,13,17,24 Our findings suggest that years reading
mammograms may not necessarily capture experience be-
cause factors such as mentorship, participation in diagnostic
workup, feedback and interactions with images of different
disease presentations may influence how radiologists build
image interpretation skills.

Diagnostic confidence is also an important factor of
radiologists’ performance, as it is associated with greater
accuracy in detecting breast cancer and influences
decision-making regarding recall for further assess-
ment or biopsy.22,25 However, diagnostic confidence is
complex, involving visual perceptions and clinical
judgements that depend on other factors, such as image
quality and the interpreters’ capabilities.4 Interestingly,
BreastScreen Australia and high-volume readers dem-
onstrated significantly lower diagnostic confidence, using
a score of 3 when reporting breast cancer across dense and
non-dense breasts. This is consistent with the results of a
previous observational study that did not consider
mammographic density.22 This could be due to a cohort of
more risk-averse readers who do not want to over-
emphasise the significance of the lesion or who assume
that mammograms alone are unreliable and require ad-
ditional information from supplemental imaging and
biopsy for confirmation. In the Tabar/RANZCR scoring
scheme, a score of 3 indicates that the lesion requires
further investigation, usually through percutaneous
needle biopsy.26 Diagnostic confidence based on the
assessment categories is very subjective; the decision to
recall or not is the key parameter, as any score of 3 or
above will result in a recall.
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These findings have a few implications for policy and
practice. First, radiologists’ characteristics associated with
performance in dense and non-dense breasts can be used to
optimise pairing strategies in countries such as Australia,
where independent double reading of mammograms is
practiced. This strategy may increase the chance that if a
lesion is missed by one radiologist due to breast com-
position, it will be detected by another. Second, these
findings can be used to identify radiologists who may
benefit from tailored training in identifying breast cancer
in different density breasts and inform educational in-
terventions to improve their performance. Third, radio-
logical lesion classification into types has been associated
with specific histological findings,27 and variation in the
classification of lesions could affect further assessment
and patient management. Therefore, familiarity with le-
sion features may eliminate some intrinsic errors asso-
ciated with radiologists’ diagnostic performance and
decisions,4 and test-set data may be useful for training to
improve radiologists’ ability to detect and classify ma-
lignant features on mammograms. These findings suggest
the need for observational studies exploring the impact of
knowledge of mammographic lesion features on breast
cancer detection and confidence levels across dense and
non-dense breasts.

This study is not without limitations. First, the number of
dense cases was comparable to that of non-dense cases, and
such weighting may not reflect real screening populations.
However, the number of cases needed to be similarly dis-
tributed to avoid selection bias. This is supported by a
previous study that found readers show significantly
higher sensitivity rates in dense breasts when fewer dense
breast cases are included in the dataset.28 Second, these
findings may not completely reflect the performance of this
cohort of radiologists in actual screening practice because
interval cancers were not considered. However, a previous
study29 comparing the performance of the same cohort of
Australian radiologists in both clinical and test settings
showed no difference in performance, suggesting that test
set data can reasonably predict performance in a clinical
setting. Clinical audits to assess radiologists’ screening
performance require several years of follow-up to establish
true interval cancers and negative mammograms, and the
results of these audits are provided to the clinical practice
rather than the individual radiologist. Therefore, test set
data may provide opportunities to establish reader char-
acteristics associated with performance across breasts of
different compositions and feedback for individual radi-
ologists. Third, it is possible that not all testing sites
conformed to the RANZCR and BreastScreen Australia
Accreditation Standards ambient lighting standards, al-
though such differences should have a negligible impact
on the findings.30 To our knowledge, no study has closely
examined the characteristics of BreastScreen Australia

readers associated with improved performance in different
breast compositions. Therefore, our study provides
baseline data to optimise diagnostic efficacy and confi-
dence in dense breasts.

In conclusion, participating in a screening program
reading, fellowship in breast imaging and weekly volumes
read of greater than 100 mammogram cases are the most
important indicators of diagnostic performance across dense
and non-dense breasts. In dense breasts, optimal perfor-
mance was demonstrated by screening program readers.
These findings have practical implications for helping breast
screening programs achieve better outcomes in dense and
non-dense breasts.
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