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Abstract
Objective To analyze the association between radiologists’ performance and image position within a batch in screen reading of
mammograms in Norway.
Method We described true and false positives and true and false negatives by groups of image positions and batch sizes for
2,937,312 screen readings performed from 2012 to 2018. Mixed-effects models were used to obtain adjusted proportions of true
and false positive, true and false negative, sensitivity, and specificity for different image positions. We adjusted for time of day
and weekday and included the individual variation between the radiologists as random effects. Time spent reading was included
in an additional model to explore a possible mediation effect.
Result True and false positives were negatively associated with image position within the batch, while the rates of true and false
negatives were positively associated. In the adjusted analyses, the rate of true positives was 4.0 per 1000 (95% CI: 3.8–4.2)
readings for image position 10 and 3.9 (95% CI: 3.7–4.1) for image position 60. The rate of true negatives was 94.4% (95% CI:
94.0–94.8) for image position 10 and 94.8% (95% CI: 94.4–95.2) for image position 60. Per 1000 readings, the rate of false
negative was 0.60 (95% CI: 0.53–0.67) for image position 10 and 0.62 (95% CI: 0.55–0.69) for image position 60.
Conclusion There was a decrease in the radiologists’ sensitivity throughout the batch, and although this effect was small, our
results may be clinically relevant at a population level or when multiplying the differences with the number of screen readings for
the individual radiologists.
Key Points
• True and false positive reading scores were negatively associated with image position within a batch.
• A decreasing trend of positive scores indicated a beneficial effect of a certain number of screen readings within a batch.
• False negative scores increased throughout the batch but the association was not statistically significant.
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Abbreviations
CI Confidence interval
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Introduction

The aim of mammographic screening is to detect breast cancer
in an early stage and reduce breast cancer mortality among
asymptomatic women at average risk of breast cancer [1]. A
substantial number of women need to be screened to save a
small number of women from breast cancer death.

The rate of screen-detected cancer can be influenced by the
women’s individual risk of the disease, how the program is or-
ganized, and the performance of the radiologists. Menopausal
status, use of hormonal treatment, and mammographic density
are examples of risk factors [2–5], while screening interval, age
range of the target population, and availability to prior mammo-
grams are examples of organizational factors [6]. The radiolo-
gists’ experience, time of day, reading volume each day, time
spent reading, number of reading sequences (batches), and size
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of the batches are examples of factors expected to be of influence
for the radiologists’ performance [6–11]. However, the evidence
concerning the relative importance of these factors is sparse and
the studies are often performed in a test or educational setting.

Batch reading without interruptions has been shown to reduce
the recall rate without affecting the cancer detection rate [9, 10].
On the other hand, screen reading hundreds of mammograms
might cause fatigue, and it is expected that a decrement in vigi-
lance will affect the performance. A recent study demonstrated a
decrease in sensitivity and increase in specificity for breast radiol-
ogists throughout the day [7]. Based on these findings,we expect a
decline in sensitivity throughout a batch of screen readings.

To our knowledge, there is a lack of scientific evidence about
the optimal number of screen readings within a batch of mam-
mograms. However, a decrease in sensitivity and an increase in
specificity was observedwhen reading 100 chest x-rays, 60 bone
fracture x-rays, and 100 chest CT scans, but the effect was not
observed for sequences of 27–50 mammograms [11]. All test
sets were enriched and created for the studies. In a cluster ran-
domized controlled trial with a median total batch size of 35
(interquartile range: 16–46) readings, no differences were ob-
served in rates of recall, cancer detection, or disagreement when
altering the order of themammograms for the second reader [12].
Furthermore, the radiologists’ sensitivity did not differ, in con-
trast to the individual interpretation score, which decreased with
increasing image position within the batch.

The European Commission Initiative on Breast
Cancer suggests a screening volume between 3500 and 11,000
examinations annually in organized mammography screening
programs [6]. Availability to prior mammograms is recommend-
ed. The European guidelines from 2006 indicated that the radi-
ologists’ performance deteriorated after 30–40min [13].With an
average reading time of 20–30 s for each reading, batches should
thus not exceed 120 [8, 14, 15]. However, these recommenda-
tions are mainly based on expert opinions, and not evidence.
Studies aimed at producing this evidence are needed to offer
women evidence-based mammographic screening.

In this study, we took advantage of data collected as a part of
BreastScreen Norway during the period from 2012 to 2018 and
investigated the radiologists’ performance by image position with-
in the batches. We defined performance as true and false positive
and true and false negative interpretation scores and sensitivity and
specificity of the scores. We hypothesized that performance was
associated with image position within the batches.

Materials and methods

We used data from BreastScreen Norway, a population-based
screening program targeting women aged 50–69 [16]. All var-
iables included in the study were collected as a part of a usual
screening setting and were extracted retrospectively. The pro-
gram is administered by the Cancer Registry of Norway and

the Cancer Registry Regulation ensures a waiver of the in-
formed consent to perform surveillance, quality assurance,
and studies based on the data collected as a part of the program
[17]. The data protection officer at the Cancer Registry of
Norway (application # 20/12601) approved this study.

BreastScreen Norway offers women two-view mammog-
raphy of each breast, biennially, hereafter referred to as an
examination. Independent double reading is standard and each
breast is given an interpretation score from 1 to 5, indicating
the suspiciousness of mammographic findings by each radiol-
ogist; 1, negative; 2, probably benign; 3, intermediate suspi-
cion of malignancy; 4, probably malignant; 5, high suspicion
of malignancy [16]. All examinations with a score of 2 or
higher by one or both radiologists are discussed at consensus
where the decision to call the woman back for further assess-
ment is made, hereafter referred to as recall. During the 20 first
years of screening, the consensus rate was 7%, the recall rate
due to positive mammographic findings was 3.2% and the rate
of screen-detected cancer was 0.56% [16]. Short-term follow-
up is not a standard procedure in BreastScreen Norway.

We considered all readings with a score of 2 or higher
independent of laterality, as positive and used the readings,
represented by the highest score for each examination, as a
unit in the analyses. The standard procedure is to read the
mammograms in the same order as they were performed at
the screening unit. However, all examinations are sortable and
searchable independent of the original order.

We received a pseudonymized data file with information
about 1,502,609 examinations and 3,004,129 screen readings
with all digital mammograms performed during the study pe-
riod, from January 1, 2012, to December 31, 2018. We ex-
cluded screen readings performed between 23:00 and 07:00 (n
= 22,407), readings which resulted in a recall due to self-
reported symptoms or technical reasons (n = 10,974), readings
without double reading (n = 3868), and those read by radiol-
ogists with less than 500 readings during the study period (n =
3355). As a result, some examinations ended up with scores
only from one reader. These were excluded (n = 26,213). The
final study sample included 1,468,656 screening examinations
of 610,104 women. All examinations were read by two radi-
ologists, which resulted in 2,937,312 screen readings per-
formed by 148 radiologists (Fig. 1).

Variables of interest

Each reading was classified as true positive, false positive,
true negative, or false negative according to the individual
radiologist’s interpretation score and the outcome of the
screening examination. Follow-up was related to recall as-
sessment and screen-detected cancers. Interval cancers
were not included. An examination was defined per woman
and not per breast, which means that the analyses are wom-
en-based, not breast-based. A score of 2 or higher by a
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radiologist to one or both breasts in the examination was
defined as a positive score. In this study, we defined true
positive as a positive score given to an examination where a
cancer (ductal carcinoma in situ or invasive breast cancer)

was histologically verified after recall. Mammograms from
a woman with an interpretation score of 1 by both radiolo-
gists can be seen in Fig. 2. A false-positive reading was
defined as a positive score given to an examination, which
ended up negative after either consensus or recall, while a
true-negative reading was defined as a score of 1 on an
examination with a negative outcome. A false-negative
reading was defined as a score of 1 on an examination
where a cancer was diagnosed after a recall due to a score
of 2 or higher by the other radiologist.

The radiologists’ scores were registered with a timestamp,
including year, date, and hour, minute, and second, in the data-
base. We defined a batch to be a reading sequence lasting until
at least a 15-min break between two following scores while the
batch sizewas defined as the total number of readingswithin the
batch. Image position was defined as the sequential number of
the readings within the batch. For descriptive purposes, image
position was categorized based on the quartile ranges after de-
fining image positions 1–3 as the first category. The remaining
image positions were categorized into 4–16, 17–33, 34–66, and
> 66. The batch size was categorized into the following groups
based on quartile ranges for batch sizes larger than 1, resulting
in five groups: 1, 2–40, 41–72, 73–120, and > 120. Screen
reading of only one examination within a batch is hereon re-
ferred to as a “single case batch.”

Statistical methods

Frequencies and proportions were provided for readings, true
and false positives, and true and false negatives by each cate-
gory of image position and total batch size. Proportions of true

BreastScreen Norway, 2012-2018
Digital screening examina�ons performed: n = 1,502,609

Women screened n = 614,383 
Radiologists involved: n = 162 

Screen-readings: n = 3,004,129

Exclusions (n = screen-readings):
Screen readings performed between 23:00 and 07:00: n = 22,407

Recalls due to self-reported symptoms or technical inadequate mammograms: n = 10,974
No independent double reading: n = 3868

Radiologist with fewer than 500 readings: n = 3355
Only one score due to exclusions described above: n = 26,213

Study sample:
Digital screening examina�ons performed: n = 1,468,656

Women screened n = 610,104
Radiologists involved: n = 148 

Screen-readings: n = 2,937,312

Fig. 1 Study population, exclusions, and final study sample

Fig. 2 Mammograms (mediolateral oblique and craniocaudal view) of a
woman’s right and left breast with an interpretation score of 1 by both
radiologists
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and false positives and true and false negatives for image
positions 1 to 100 were presented with scatter plots, strat-
ified by the first and second reader. Preliminary analyses
showed high rates of positive scores for the first image
positions versus image positions further in the batch. We
assumed this to be due to clinical or mammographic find-
ings disclosed by the radiographers or the first reader and
excluded readings with image positions 1–3 in the regres-
sion analyses.

Multivariable mixed-effects logistic regression was used to
analyze the association between performance measures and
image position as a continuous exposure variable. Due to pos-
sible confounding, we adjusted for time of day and weekday
in the models. Random effects were included for the individ-
ual radiologists. Results were presented as adjusted propor-
tions with 95% confidence intervals (CI) for image position
10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, and 300. In
addition, we explored a possible mediation of the image posi-
tion effect on performance, by time spent on reading each
screening examination (time spent reading). Odds ratios
(OR) and 95% CI from models with and without time spent
reading are presented in supplementary materials. Stata 16MP
(StataCorp. 2019. Stata Statistical Software: Release 16.1)
was used to analyze the data, and the proportion mediated
was calculated using the indirect and direct effect from
paramed in Stata [18].

Results

Among the 2,937,312 readings, 210,425 (7.2%) were
interpreted either first, second, or third within a batch, and
670, 934 (22.8%) had an image position > 66 (Table 1). The
true positive rate was 7.2 per 1000 readings for examinations
with image positions 1–3 and 3.8 per 1000 readings for image
position > 66. The false-positive rate was 6.5% for image
positions 1–3, and 3.5% for image position > 66. The rate of
true negative was 92.7% for image positions 1–3 and 96.1%

for image position > 66, and the rate of false negatives was
0.53 per 1000 for image positions 1–3 and 0.73 per 1000 for
image position > 66. This resulted in a sensitivity of 93.2% for
image positions 1–3 and 83.7% for image position > 66, and a
specificity of 93.4% for image positions 1–3 and 96.5% for
image position > 66.

The decreasing trend of positive scores and increasing
trend of negative scores by image position within the batch
were observed for both radiologists. We observed a lower
proportion of true positives for reader 1 compared to reader
2 for the first readings, while the proportions did not differ for
higher image positions (Fig. 3). Despite the overall trend of
higher positive scores for the first readings within a batch, we
observed substantial variation between the breast centers in
BreastScreen Norway (Supplementary Figure 1).

We identified 74,768 batches, whereof 25,501 included
more than 40 readings (Table 2). We found 5577 readings
(0.2%) to be read in single case batches. Of those, 266 had a
true-positive result, resulting in a true-positive rate of 47.7 per
1000 readings. In the largest batches (> 120 readings), the
true-positive rate was 3.6 per 1000 readings. The false-
positive rate was 11.7% for single case batches, while it was
3.5% for batches with > 120 readings. The true-negative rate
was the lowest in single case batches with 83.5%, while it was
96.1% in batches > 120.

Adjusted analyses showed that image position was as-
sociated with true positive, false positive, and true nega-
tive (Supplementary Table 1a). For image position 10, the
predicted true-positive rate was 4.0 (95% CI: 3.8–4.2) per
1000 readings, for image position 60 the rate was 3.9
(95% CI: 3.7–4.1) per 1000 readings, and for image po-
sition 150, the rate was 3.7 (95% CI: 3.4–3.9) per 1000
readings (Table 3). The false-positive rate for image po-
sitions 10, 60, and 150 were 5.4% (95% CI: 4.8–5.9),
4.9% (95% CI: 4.4–5.5), and 4.3% (95% CI: 3.8–4.7),
respectively. The true-negative rate increased from
94.4% (95% CI: 94.0–94.8) at image position 10 to
94.8% (95% CI: 94.4–95.2) at image position 60 and

Table 1 Frequencies (n) and proportions (% or per 1000 readings) of readings, true positive (TP), false positive (FP), true negative (TN), false negative
(FN), sensitivity of the radiologists ( TP

TPþFNÞ, and specificity ( TN
TNþFP ) of the radiologists for each category of image position

Image
position

Readings True positive False positive True negative False negative TP
TPþFN

TN
TNþFP

n % n Per
1000

n % n % n Per
1000

% %

1–3 210,425 7.2 1510 7.2 13,676 6.5 195,128 92.7 111 0.53 93.2 93.4

4–16 715,021 24.3 3084 4.3 34,800 4.9 676,748 94.7 389 0.54 88.8 95.1

17–33 648,840 22.1 2616 4.0 28,506 4.4 617,355 95.2 363 0.56 87.8 95.6

34–66 692,092 23.6 2724 3.9 28,195 4.1 660,735 95.5 438 0.63 86.2 95.9

> 66 670,934 22.8 2530 3.8 23,241 3.5 644,671 96.1 492 0.73 83.7 96.5

Total 2,937,312 100.0 12,464 4.2 128,418 4.4 2,794,637 95.1 1793 0.61 87.4 95.6
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95.5% (95% CI: 95.2–95.8) at image position 150. The
sensitivity was estimated to be 88.6% (95% CI: 87.6–
89.5) for image position 10, 87.7% (95% CI: 86.6–88.7)
for image position 60, and 85.9% (95% CI: 84.7–87.0) for
image position 150. We found the specificity to be 94.8%
(95% CI: 94.4–95.2) for image position 10, 95.2% (95%

CI: 94.9–95.6%) for image position 60, and 95.9% (95%
CI 95.6–96.2) for image position 150.

Adjusted models showed that time spent on each reading
was associated with true positive, false positive, and true neg-
ative (Supplementary Table 1b). The median time spent read-
ing was 35 s (IQR: 21–67) for image position 10, 27 s (IQR:
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Fig. 3 Mean proportion of true positive, false positive, true negative, and false negative for image positions 1 to 100 by the first reader and second reader

Table 2 Frequencies (n) and proportions (% or per 1000 readings) of batches, readings, true positive, false positive, true negative, and false negative for
each category of total batch size

Batch size Batches Readings True positive False positive True negative False negative

n % n % n Per 1000 n % N % n Per 1000

1 5577 7.5 5577 0.2 266 47.7 655 11.7 4655 83.5 1 0.18

2–40 43,690 58.4 746,303 25.4 3654 4.9 39,929 5.4 702,313 94.1 407 0.55

41–72 13,582 18.2 733,345 25.0 3039 4.1 32,974 4.5 696,912 95.0 420 0.57

73–120 7846 10.5 720,030 24.5 2868 4.0 29,176 4.1 687,522 95.5 464 0.64

> 120 4073 5.5 732,057 24.9 2637 3.6 25,684 3.5 703,235 96.1 501 0.68

Total 74,768 100.0 2,937,312 100.0 12,464 4.2 128,418 4.4 2,794,637 95.1 1,793 0.61
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18–48) for image position 60, and 23 s (IQR: 15–37) for
image position 150 (Supplementary Table 2). We estimated
that 17% of the total effect of image position on the odds of
true positive was mediated through time spent reading. For
false positive, the proportion mediated was 8%, and for true
negative, the proportion mediated was 9%.

Discussion

In this study including about 3 million screen readings, we
identified image position in the batch to be associated with
the radiologists’ performance. The rate of true and false pos-
itive was negatively associated while the rate of true negative
was positively associated with image position within the
batch. The rate of true positive was about two times higher
for image positions 1–3 compared to that for image position >
66 (7.2 per 1000 readings vs. 3.8 per 1000 readings). The rate
of false negative decreased with image position, but the asso-
ciation was not statistically significant.

The issue of screen reading mammograms in batches has
been studied, but the evidence related to an ideal volume
within the batches is sparse [8, 12]. Despite finding no overall
difference in cancer detection rate when altering the order, the
odds of individual recall decreased of the course of examining
40 cases [12]. This is in line with our findings. In addition, we
found the modeled reader sensitivity to decrease by image
position within the batch, from 88.7% for image position 10
to 87.7% for image position 60, but the clinical implications of
the difference are however discussable. A study from the
Netherlands defined a batch to be sequential readings until
10 min between two scores and found that image position in
a batch was negatively associated with positive scores, but did

not report detection rates [8]. Similar to our findings, they also
found that reading time was reduced for later image positions
within a batch.

Our finding of a substantially higher rate of true positive for
the first readings within the batches was unexpected, given the
standard workflow and protocol for screen reading in the pro-
gram. However, if the screen reading is delayed or if there are
long waiting times, we are aware that the consecutive reader
might be informed about suspicious findings by radiographers
or the first reader. This assumption is confirmed in
Supplementary Figure 1. Such a practice is not consistent with
independent double reading and depletes the remaining mam-
mogramswithin a batch of cancer cases. On the other hand, such
a practice could ensure timely follow-up, diagnostics, and
treatment of possible cancer cases in periods of long
waiting times. After excluding the first readings in the ad-
justed proportions, we still found an association between
sensitivity and specificity and image position. This indi-
cates that our results are generalizable.

The prevalence of cancer affects the probability of finding
true cases [19]. A high prevalence is shown to decrease the
rate of false negative compared to a low prevalence setting and
is termed “prevalence effect” [20]. The actual prevalence of
positive cases among already read images might thus affect
the expectation of positive findings for the following readings.
This may partly explain the decline in sensitivity for later
image positions. The sensitivity is expected to decrease for
later image position within the batch because reading a high
number of negative cases is expected to affect the probability
of identifying positive cases. Due to the low prevalence of
cancers in screening, we expect the results from studies based
on data from a screening setting, such as ours, to differ some-
what from results from studies based on enriched data sets.

Table 3 Predicted proportions (% or per 100 readings) of true positive, false positive, true negative, false negative, sensitivity, and specificity of the
radiologists for different image positions within a batch of screen readings

Image position True positive,
per 1000

False positive, % True negative, % False negative,
per 1000

Sensitivity of the
radiologists’ scores, %

Specificity for the
radiologists’ scores, %

10 4.0 (3.8–4.2) 5.4 (4.8–5.9) 94.4 (94.0–94.8) 0.60 (0.53–0.67) 88.6 (87.6–89.5) 94.8 (94.4–95.2)

20 4.0 (3.7–4.2) 5.3 (4.7–5.8) 94.5 (94.1–94.9) 0.60 (0.53–0.67) 88.4 (87.4–89.4) 94.9 (94.5–95.3)

30 4.0 (3.8–4.2) 5.2 (4.7–5.7) 94.6 (94.2–94.9) 0.61 (0.54–0.68) 88.2 (87.2–89.2) 95.0 (94.6–95.4)

40 4.0 (3.7–4.2) 5.1 (4.6–5.6) 94.6 (94.3 –95.0) 0.61 (0.54–0.68) 88.0 (87.0–89.0) 95.1 (94.7–95.5)

50 3.9 (3.7–4.1) 5.0 (4.5–5.5) 94.7 (94.4–95.1) 0.62 (0.54–0.69) 87.8 (86.8–88.8) 95.2 (94.8–95.5)

60 3.9 (3.7–4.1) 4.9 (4.4–5.4) 94.8 (94.4–95.2) 0.62 (0.55–0.69) 87.7 (86.6–88.7) 95.2 (94.9–95.6)

70 3.9 (3.7–4.1) 4.9 (4.4–5.5) 94.9 (94.5–95.3) 0.62 (0.55–0.70) 87.5 (86.4–88.5) 95.3 (94.9–95.6)

80 3.9 (3.6–4.1) 4.8 (4.3–5.3) 95.0 (94.6–95.3) 0.63 (0.55–0.70) 87.3 (86.2–88.3) 95.4 (95.0–95.7)

90 3.8 (3.6–4.0) 4.7 (4.3–5.2) 95.0 (94.7–95.4) 0.63 (0.56–0.71) 87.1 (86.0–88.1) 95.5 (95.1–95.8)

100 3.8 (3.6–4.0) 4.6 (4.1–5.1) 95.1 (94.8–95.5) 0.64 (0.56–0.72) 86.9 (85.8–88.0) 95.5 (95.2–95.9)

150 3.7 (3.4–3.9) 4.3 (3.8–4.7) 95.5 (95.2–95.8) 0.66 (0.57–0.76) 85.9 (84.7–87.0) 95.9 (95.6–96.2)

200 3.6 (3.3–3.9) 3.9 (3.5–4.3) 95.8 (95.5–96.1) 0.69 (0.57–0.81) 84.8 (83.5–86.0) 96.2 (95.9–96.5)

300 3.4 (3.0–3.8) 3.3 (2.9–3.7) 96.4 (96.1–96.7) 0.74 (0.56–0.92) 82.4 (81.0–83.8) 96.8 (97.1–96.6)

9553Eur Radiol  (2021) 31:9548–9555



Screen reading of mammograms is an intensive and demand-
ing task including low signal salience, high background stimu-
lus, and high memory workload [21]. Eye-tracking of 13 radi-
ologists reading batches of 40 digital breast tomosynthesis ex-
aminations found an increase in blinking after 20 examinations,
which indicates fatigue or decreased vigilance [22]. Assuming
70 s per tomosynthesis reading [14, 15], 20 readings correspond
to 23 min, which is in line with the meta-analyses by See et al
[21]. However, an average reading time of 20–30 s for digital
mammography results in about 60 screen readings. The results
in our study also might suggest a batch size of about 60–70.

In the future, machine learning and artificial intelligence
may help to solve the challenges with numerous negative read-
ings and long batches [23, 24]. However, effective workflow
and reading procedures have to be established and implemented
when artificial intelligence can be used in a screening setting.

This study of about 3 million screen readings, complete
registry data, and readings from 16 breast centers is as far as
we are aware the largest study on batch reading in a clinical
setting, ever published. Using data from a real-world setting
means that the results are transferable to similar screening
programs. Furthermore, no maximum batch size or time lim-
itation for screen readings was predefined. These factors rep-
resent the strengths of the study. However, the study had lim-
itations. First, a reading could be classified as false negative
only if the other radiologist gave a score of 2 or higher. As a
result, our false-negative rate is underestimated as some wom-
en may had a cancer missed by both radiologists. Second, we
had no information about breaks or interruptions shorter than
15 min during the screen reading or the workload distribution
among the radiologists. Third, we observed an increased rate
of true positive for the first image positions due to variation in
the workflow. This depletion of cancers within a batch might
affect the radiologists’ performance through an amplified
prevalence effect. Furthermore, our study was women-based.
Breast-based analyses would be more precise. Lastly, our
study did not include information about interval cancers,
breast density, mammographic features, or tumor characteris-
tics, which might have influenced our results or interpretation
of the results. However, about 25% of the interval cancers
were classified as missed in studies where the radiologists
retrospectively reviewed prior mammograms [25, 26].

In conclusion, our results might suggest that reading a cer-
tain number of screening mammograms within a batch is ben-
eficial when considering the decreasing trend of false-positive
scores. However, the decreasing trend of true-positive scores
has to be considered. Despite the small differences in the
readers’ sensitivity, our results may be of clinical importance
at a population level or when multiplying the differences with
the number of screen readings for the individual radiologists.
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