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ABSTRACT

Background:We aimed to identify factors associated with false-positive
recalls inmammography screening comparedwith womenwhowere not
recalled and those who received true-positive recalls.Methods:We
included 29,129 women, aged 40 to 74 years, who participated in
the Karolinska Mammography Project for Risk Prediction of Breast
Cancer (KARMA) between 2011 and 2013 with follow-up until the
end of 2017. Nonmammographic factors were collected from ques-
tionnaires, mammographic factors were generated from mammo-
grams, and genotypes were determined using the OncoArray or an
Illumina custom array. By the use of conditional and regular logistic
regression models, we investigated the association between breast
cancer risk factors and risk models and false-positive recalls. Results:
Women with a history of benign breast disease, high breast density,
masses,microcalcifications, highTyrer-Cuzick 10-year risk scores, KARMA
2-year risk scores, and polygenic risk scores were more likely to have
mammography recalls, including both false-positive and true-positive re-
calls. Further analyses restricted to women who were recalled found that
women with a history of benign breast disease and dense breasts had a
similar risk of having false-positive and true-positive recalls, whereas
women with masses, microcalcifications, high Tyrer-Cuzick 10-year risk
scores, KARMA 2-year risk scores, and polygenic risk scores were more
likely to have true-positive recalls than false-positive recalls.Conclusions:
We found that risk factors associated with false-positive recalls were
also likely, or even more likely, to be associated with true-positive
recalls in mammography screening.
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Background
Mammography screening reduces breast cancer mortal-
ity by an estimated 26% to 41%.1,2 However, false-positive
recalls—recalling women with abnormal mammograms
who, on further testing, are not found to have breast
cancer—can cause psychological burden.3–6 Such burden
may further decrease women’s screening reattendance
by undermining women’s confidence in the benefits of
mammography.4,7,8 In Sweden, approximately 2.5 per
100 women attending mammography screening experi-
ence a false-positive recall at a single screening round.9

Because Swedish women are screened every second year
from aged 40 to 74 years, there is a high lifetime risk of
having a false-positive mammography recall. Similarly, in
the United States, it is estimated that 30% to 50% of
women who participate in mammography screening will
have a false-positive recall over a 10-year period.10,11

Although false-positive recalls cannot be eliminated,
they can beminimized. Better understanding the associa-
tion between breast cancer risk factors and false-positive
recalls may help reduce their occurrence. Previous studies
have found that high breast density is associated with
false-positive recalls.11–13 However, no study thus far has
investigated the association of false-positive recalls with
other mammographic features (eg, microcalcifications
and masses) and breast cancer risk prediction models
(eg, Tyrer-Cuzick model). Furthermore, false-positive re-
calls should be reduced, but not at the cost of missing
true tumors. Therefore, when investigating determi-
nants of false-positive recalls, the risk of true-positive
recalls should be considered, but unfortunately this has
been neglected in previous studies.11,12

Using the Karolinska Mammography Project for Risk
Prediction of Breast Cancer (KARMA), a population-
based screening cohort, we investigated the associa-
tion of mammographic features, nonmammographic
features, and breast cancer risk prediction models with
false-positive recalls compared with women who were
not recalled as well as those who received a true-positive
recall.
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Methods

Data Sources
The KARMA study comprises womenwho attendedmam-
mography screening or clinicalmammography at 4 hospi-
tals in Sweden between January 2011 and March 2013.14

Blood samples were collected at baseline from 98% of
KARMA participants. The study further collected data
from questionnaires and mammograms. Detailed infor-
mation about recruitment, participant characteristics,
questionnaires, mammograms collection, and follow-up
can be found elsewhere.14

Using the unique Swedish personal identification
number,15 we linked KARMA to the Stockholm-Gotland
Breast Cancer Register, the National Quality Register for
Breast Cancer, and the Stockholm mammography screen-
ing program. This program invites all women in Stockholm
aged 40 to 74 years for mammography screening at 18- to
24-month intervals.9,16–18

Study Population
We identified all 32,185 KARMA participants who partici-
pated in the Stockholmmammography screeningprogram.
We then excluded women who had breast enlargement
(n5713), breast reduction (n5975), or other breast surger-
ies (n5816) and thosewhowere diagnosedwith breast can-
cer before the KARMA baseline (n5552), leaving 29,129 for
the final analyses (supplemental eFigure 1, available with
this article at JNCCN.org).

For analysis of recall rates, we included all mammog-
raphy screening records within 30 days of KARMA re-
cruitment (n528,192). Among these screenings, there
were 796 recalls. To examine associations of risk factors
with both false-positive and true-positive recalls, we con-
ducted a matched case-control study based on screen-
ings performed between 2011 and 2015 for the 29,129
women (supplemental eFigure 1). Specifically, we identi-
fied 1,550 women who received their first mammography
recall at or after entering the KARMA cohort. Selecting re-
calls in this way increased our study’s statistical power
(compared with using only recalls at enrollment), given
that most women attended .1 screening during the
study period. For each recalled woman, we randomly se-
lected 5 age-matched (61 year) and screening history–
matched control individuals (women who were not
recalled at the time and had never been recalled pre-
viously). We then further categorized recalled women
as having a false-positive (n51,233) or true-positive
recall (n5317).

In Stockholm, all screening units have used double-
readingwith a consensus decisionmethod, which involves
2 radiologists independently assessing mammograms for
each participant to decidewhether thewoman is “healthy”
or needs to be recalled for further assessment.9 Each

radiologist decides whether a woman should be recalled
or not predominantly based on any suspicious mammo-
graphic findings, such as masses, microcalcifications, and
asymmetry of density, while reviewing prior mammo-
grams (for women at second or later screens) for compari-
son. If either radiologist notes a suspicious finding, the
case is discussed until a consensus is reached. Information
on family history of breast cancer or other breast cancer
risk factors is not collected or considered at mammogra-
phy clinics. In this study, false-positive recalls were defined
as not being diagnosed with breast cancer (including inva-
sive and in situ breast cancer) between the date of being
recalled and the next scheduled screening visit. True-posi-
tive recalls were defined as being diagnosed with breast
cancerwithin the sameperiod. To categorize the screening
outcomes, we used data from the Swedish Cancer Register
with follow-up until the end of 2017.

Nonmammographic Features
Information on the following breast cancer risk factors
was retrieved from the KARMA questionnaire14: years of
education (,10, 10–12,.12 years), family history of breast
cancer (no, yes), history of benign breast disease (no, yes),
age at menarche (,14, $14 years), nulliparity (no, yes),
number of children (0, 1 or 2, .2), age at first birth (,25,
25–35, .35 years), duration of breastfeeding (0, ,6, 6–12,
.12 months), use of oral contraceptive (never, ever), use
of any hormone replacement therapy (never, ever), body
mass index (,25, 25.0–29.9, $30.0 kg/m2), physical activ-
ity (,40, 40–44.9,$45 metabolic equivalents of task h/d),
smoking status (never, ever), and alcohol consumption
(0, 0.1–10,.10 g/d).

Mammographic Features
Mammograms of both breasts were used to measure
mammographic features. Dense area was measured for
each breast using the automated STRATUS method.19

The number of masses and microcalcification clusters
was measured using FDA-approved computer-aided
detection software (M-Vu CAD; iCAD).20 Mammographic
features were categorized as dense area (,9, 9 to ,20,
.20 cm2), number of masses (0, $1), and microcalcifica-
tions (0, $1). For a woman with a recall (and her subse-
quent matching control individuals), we defined the
recalled (right or left) side of the breast as the “recalled
side” and the other as the “contralateral side.” Asymme-
try of mammographic features between the 2 breasts was
defined using the difference between dense area and the
number of masses and microcalcification clusters on the
recalled side compared with the contralateral side. Equal
was defined as within 6 cm2 of dense area, same number
of masses, and same number of microcalcification clus-
ters, respectively.
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Table 1. Association Between Breast Cancer Risk Factors, Risk Models, and Mammography Screening
Recall Rates

Recalls
(Crude rate per 1,000 screenings)

Number of Screenings Yes No P Valuea

Overall 28,192 796 (28.3) 27,396 (971.7)

Nonmammographic factors

Age at mammogram .004

40–49 y 10,684 345 (32.3) 10,339 (967.7)

50–59 y 8,163 201 (24.6) 7,962 (975.4)

60–74 y 9,345 250 (26.8) 9,095 (973.2)

History of benign breast disease ,.001

No 21,612 540 (25.0) 21,072 (975.0)

Yes 6,038 235 (38.9) 5,803 (961.1)

Family history of breast cancer .002

No 23,565 641 (27.2) 22,924 (972.8)

Yes 3,805 137 (36.0) 3,668 (964.0)

Years of education .140

#9 2,430 64 (26.3) 2,366 (973.7)

10–12 9,128 234 (25.6) 8,894 (974.4)

.12 15,646 466 (29.8) 15,180 (970.2)

Age at menarche .136

,14 y 17,727 522 (29.4) 17,205 (970.6)

$14 y 9,834 259 (26.3) 9,575 (973.7)

Nulliparity .494

No 23,811 665 (27.9) 23,146 (972.1)

Yes 4,329 129 (29.8) 4,200 (970.2)

Number of children .371

0 4,329 129 (29.8) 4,200 (970.2)

1 or 2 17,477 502 (28.7) 16,975 (971.3)

.2 6,334 163 (25.7) 6,171 (974.3)

Age at first birthb .537

,25 y 7,377 207 (28.1) 7,170 (971.9)

25–35 y 14,276 406 (28.4) 13,870 (971.6)

.35 y 2,149 52 (24.2) 2,097 (975.8)

Breastfeeding duration,b mo .468

0 504 12 (23.8) 492 (976.2)

,6 3,574 98 (27.4) 3,476 (972.6)

6–12 7,545 197 (26.1) 7,348 (973.9)

.12 12,045 357 (29.6) 11,688 (970.4)

BMI, kg/m2 .335

,25 16,183 442 (27.3) 15,741 (972.7)

25–29.9 8,523 242 (28.4) 8,281 (971.6)

$30 3,350 107 (31.9) 3,243 (968.1)

Oral contraceptive .283

Never used 5,595 170 (30.4) 5,425 (969.6)

Ever used 22,578 626 (27.7) 21,952 (972.3)

(continued on next page)
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Table 1. Association Between Breast Cancer Risk Factors, Risk Models, and Mammography Screening
Recall Rates (cont.)

Recalls
(Crude rate per 1,000 screenings)

Number of Screenings Yes No P Valuea

Nonmammographic factors (cont.)

Hormone replacement therapyc .810

Never used 9,176 220 (24.0) 8,956 (976.0)

Ever used 6,634 163 (24.6) 6,471 (975.4)

Physical activity, MET h/d .299

,40 11,030 293 (26.6) 10,737 (973.4)

40–44.9 9,723 279 (28.7) 9,444 (971.3)

$45 6,899 210 (30.4) 6,689 (969.6)

Smoking status .556

Never 12,642 349 (27.6) 12,293 (972.4)

Ever 15,465 445 (28.8) 15,020 (971.2)

Alcohol consumption, g/d .477

0 4,858 140 (28.8) 4,718 (971.2)

0.1–10 17,122 497 (29.0) 16,625 (971.0)

.10 5,990 156 (26.0) 5,834 (974.0)

Mammographic factors

Dense area,d cm2 ,.001

,9 5,279 109 (20.6) 5,170 (979.4)

9 to ,20 4,785 123 (25.7) 4,662 (974.3)

$20 15,157 501 (33.1) 14,656 (966.9)

Massesd ,.001

0 12,173 209 (17.2) 11,964 (982.8)

$1 9,241 394 (42.6) 8,847 (957.4)

Microcalcificationsd ,.001

0 18,912 482 (25.5) 18,430 (974.5)

$1 2,502 121 (48.4) 2,381 (951.6)

Breast cancer risk prediction models

Tyrer-Cuzick 10-y risk scores .079

,3% 14,399 399 (27.7) 14,000 (972.3)

3% to ,5% 9,841 264 (26.8) 9,577 (973.2)

$5% 3,952 133 (33.7) 3,819 (966.3)

KARMA 2-y risk scores ,.001

,0.6% 16,718 360 (21.5) 16,358 (978.5)

0.6% to ,1.0% 2,285 78 (34.1) 2,207 (965.9)

$1.0% 2,341 120 (51.3) 2,221 (948.7)

PRS quartilese ,.001

Q1 2,018 51 (25.3) 1,967 (974.7)

Q2 2,048 73 (35.6) 1,975 (964.4)

Q3 2,063 75 (36.4) 1,988 (963.6)

Q4 2,130 148 (69.5) 1,982 (930.5)

Column totals may not equal the total number of subjects because of missing values.
Abbreviations: BMI, body mass index; KARMA, Karolinska Mammography Project for Risk Prediction of Breast Cancer; MET, metabolic equivalents of task; PRS, polygenic risk scores;
Q, quartile.
aP values derived from chi-square tests.
bAmong parous women.
cAmong postmenopausal women.
dMammographic features of the recalled breast.
ePRS quartile cutoffs were defined based on data from women who were not recalled.
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Breast Cancer Risk Models
The Tyrer-Cuzick 10-year breast cancer risk score was
categorized as low (,3%), medium (3% to ,5%), or high
($5%).14,21 The KARMA 2-year risk score was categorized
as low (,0.6%), medium (0.6% to ,1.0%), or high
($1.0%).20 A weighted breast cancer polygenic risk score
for each genotyped individual with European ancestry
was calculated by including 313 single-nucleotide poly-
morphisms that have previously been identified.22

Statistical Analyses
We estimated the mammography screening recall rates
(numbers per 1,000 screening) by nonmammographic
features, mammographic features, and breast cancer risk
models. Chi-square tests (P,.1) were used to examine
and select risk factors that differed by recall status. We
then used conditional logistic regression models to inves-
tigate the association between these selected breast can-
cer risk factors and both false-positive and true-positive
recalls, respectively, compared with age-matched control
individuals. Furthermore, we also conducted logistic re-
gression to directly compare women with false-positive
recalls with those with true-positive recalls. Additional
analyses were also conducted for factors (P$.1 in Table 1)
that were not associatedwith recalls.

All analyses were performed using SAS 9.4 (SAS Insti-
tute Inc.) and R version 3.6 (R Foundation for Statistical
Computing). AllP valueswere 2-sided. The Regional Ethical
ReviewBoard in Stockholm, Sweden, approved the study.

Results
For every 1,000 mammography screenings, there were,
on average, 28 women recalled for further examinations
(Table 1). Women with the following breast cancer risk
factors had significantly higher recall rates than those
without: family history of breast cancer, history of benign
breast disease, dense breasts (dense area $20 cm2),
masses, microcalcifications, and asymmetry of these
3 mammographic features (more prevalent in the re-
called breast) (Table 1 and supplemental eTable 1). In
addition, women with high breast cancer risk, measured
by all 3 risk models (Tyrer-Cuzick, KARMA, and poly-
genic models), also had higher recall rates than those
with low risk (Table 1).

In contrast, age was the only breast cancer risk factor
negatively associatedwith recall rates (Table 1). Specifically,
we found that false-positive recall rates were highest in
women aged 40 to 49 years and declined with age, whereas
true-positive recall rates increased with age (Figure 1).
Of note, the number of false-positive recalls per true-
positive recall was 9.78 (95% CI, 7.11–15.09) in women
aged 40 to 49 years, which was 4 times higher than the
1.78 (95% CI, 1.38–2.33) observed among women aged
60 to 74 years (Figure 1).

Nonmammographic Factors
Womenwith a history of benign breast disease weremore
likely than those without to have mammography recalls
(Table 1), including false-positive and true-positive recalls
(Table 2). Further analyses restricted to women who were
recalled found that those with and without a history of
benign breast disease had a similar risk of having a
false-positive and true-positive recall (Figure 2). Women
with a family history of breast cancer were more likely
than those without to have a recalled mammogram
(Table 1), particularly for true-positive recalls (Table 2).
Further analyses restricted to women who were re-
called found that those with a family history of breast
cancer were more likely to have a true-positive recall
than false-positive recall (Figure 2). None of the other
factors favor false-positive over true-positive recalls
(supplemental eFigure 2).

Mammographic Factors
Women with high breast density, masses, and microcal-
cifications were more likely than those without to have
a recalled mammogram (Table 1), including both false-
positive and true-positive recalls (Table 2). Further
analyses restricted to women who were recalled found
that those with masses and microcalcifications were
more likely to have a true-positive than a false-positive
recall, whereas no significant difference was found for
breast density (Figure 2). Furthermore, women with
asymmetric breast features were also more likely to
have a recalled mammogram (supplemental eTable 1),
particularly for true-positive recalls with asymmetry of
masses and microcalcifications (supplemental eTable 2
and supplemental eFigure 3).
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Figure 1. False-positive (FP) and true-positive (TP) recall rates, by
age at screening.
aNumber of FP recalls per oneTP recall presentedwith 95% confidence intervals.
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Breast Cancer Risk Models
Womenwithhigh risk scores—measuredusingTyrer-Cuzick
10-year, KARMA 2-year, and polygenic risk models—were
more likely to have a recalled mammogram (Table 1),
including both false-positive and true-positive recalls
(Table 3). Further analyses restricted to women who
were recalled found that women with high risk scores
were more likely to have a true-positive than a false-
positive recall (Figure 2).

Discussion
In this large, population-based screening cohort, we iden-
tified several breast cancer risk factors and risk models
that were associated with a higher risk of having a mam-
mography recall. Further dividing recalls into false-positive
and true-positive found that, among these factors, age was
negatively associated with false-positive recall rates and
positively associated with true-positive recall rates. Breast
density and having a history of benign breast disease were
equally associated with false-positive and true-positive

recalls. Moreover, having a family history of breast cancer,
masses, microcalcifications, and increased risk of breast
cancer, measured using Tyrer-Cuzick, KARMA, and poly-
genic risk models, were associated with an increased risk
of having a true-positive rather than a false-positive recall.

We found that 2.83% of women were recalled with
false-positive recalls at the screening taken at enrollment
in KARMA. In Sweden, all women aged 40 to 74 years are
invited to attend breast cancer screening biennially (every
18–24 months) by mammography. Therefore, even if the
rate of false-positive recalls is low in a single screening, a
woman’s lifetime risk of having a false-positive recall
could be high. In the United States, half of women aged
40 to 69 yearswill have at least one false-positivemammo-
gram after 10 screenings.23 This large number of false-
positive recalls, together with the fact that false-positive
recalls can cause psychological burden,3 highlights the
importance of reducing false-positive recalls.

We showed that age was strongly associated with false-
positive recalls inmammography screening. Amongwomen

Table 2. Association Between Nonmammographic and Mammographic Features and FP and TP Recalls

Women With FP Recalls vs
Women Who Were Not Recalled

Women With TP Recalls vs
Women Who Were Not Recalled

FP Recall
n (%)

Matched No Recall
n (%) OR (95% CI)a

TP Recall
n (%)

Matched No Recall
n (%) OR (95% CI)a

Total, n 1,233 6,165 317 1,585

Nonmammographic factors

History of benign breast disease

No 909 (75.6) 4,948 (81.5) Ref 225 (73.3) 1,227 (78.7) Ref

Yes 294 (24.4) 1,120 (18.5) 1.44 (1.24–1.67) 82 (26.7) 333 (21.3) 1.36 (1.02–1.81)

Family history of breast cancer

No 1,021 (85.5) 5,182 (86.7) Ref 236 (75.9) 1,340 (86.7) Ref

Yes 173 (14.5) 793 (13.3) 1.11 (0.93–1.33) 75 (24.1) 206 (13.3) 2.05 (1.52–2.76)

Mammographic factors

Dense area,b cm2

,9 157 (14.1) 1,033 (18.5) Ref 65 (21.9) 398 (26.8) Ref

9 to ,20 180 (16.1) 1,075 (19.2) 1.12 (0.89–1.41) 60 (20.2) 330 (22.2) 1.13 (0.77–1.65)

$20 780 (69.8) 3,477 (62.3) 1.56 (1.28–1.89) 172 (57.9) 757 (51.0) 1.45 (1.05–2.02)

Massesb

0 409 (40.7) 2,953 (58.8) Ref 66 (23.7) 786 (56.5) Ref

$1 595 (59.3) 2,067 (41.2) 2.08 (1.81–2.39) 212 (76.3) 604 (43.5) 4.23 (3.14–5.72)

Microcalcificationsb

0 856 (85.3) 4,503 (89.7) Ref 164 (59.0) 1,190 (85.6) Ref

$1 148 (14.7) 517 (10.3) 1.52 (1.25–1.86) 114 (41.0) 200 (14.4) 4.21 (3.15–5.63)

Nonmammographic and mammographic features associated with mammography screening recalls based on Table 1 (P,.1).
Column totals may not equal the total number of subjects because of missing values.
Significant associations are highlighted in bold (P,.05).
Abbreviations: FR, false-positive; OR, odds ratio; TP, true-positive.
aConditional logistic regression models in age-matched strata.
bMammographic features from the recalled breast.
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aged 40 to 49 years, there were, on average, 10 false-positive
recalls per true-positive recall (tumor detected), which was
almost 4 times higher than the observed rate among older
women (aged .60 years). In part, this can be explained by
younger women tending to have denser breasts than older
women. In our study population, the mean dense area
among women aged 40 to 49 years was 42.6 cm2, which is
higher than the 21.4 cm2 observed among women aged
.60 years. Thisfinding suggests that youngwomengenerally
may experience a higher harm/benefit ratio when attending
mammography screening.12 Thisfindinghas 2 important im-
plications. First, for young women (aged 40–49 years) in-
vited to screening, tailored interventions24 to promote
the benefits of screening while providing information

about the likelihood of receiving a false-positive recall
by age could be useful, because this experience may
shape women’s perceptions of mammography screen-
ing and therefore their future adherence. Second, given
that there is still debate regarding whether to start
mammography screening at 40 or 50 years of age, these
concerns are important for policymakers to consider to-
gether with other factors to minimize the harm/benefit
ratio and select the right women for mammography
screening.

Mammographic features are the main basis for radi-
ologists to determine screening results. In line with previ-
ous studies, we found that higher mammographic density
is associated with false-positive recalls in mammography

Odds Ratio (95% Cl)A
History of benign breast disease
       No
       Yes
Family history of breast cancer
       No
       Yes
Dense area (cm2)a

       <9
       9 to <20
       ≥20
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       0
       ≥1
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       ≥1
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 0.97 (0.72−1.31)

 Ref
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 Ref
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Figure 2.Association between (A) nonmammographic and mammographic features and (B) breast cancer risk models and false-positive
recalls (compared with true-positive recalls), adjusting for age at mammography.
Abbreviations: KARMA, KarolinskaMammography Project for Risk Prediction of Breast Cancer; OR, odds ratio; PRS, polygenic risk score; Q, quartile.
aMammographic features of the breast.
bEstimates from logistic regression models were adjusted for genotyping method and age at KARMA baseline. Analyses were conducted only in women with
available genotype information. PRS quartile cutoffs were defined based on PRS distribution in women who were not recalled. False-/true-positive recalls were de-
fined as women who ever received a false-/true-positive recall by 2015.
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screening, suggesting that densebreastsmaymask the ap-
pearance of the tumor, making it difficult to determine
the screening result.11,12 Our research question, however,
was whether these factors were more strongly associated
with false-positive than with true-positive recalls. Our
findings suggest that high density is equally associated
with both false-positive and true-positive recalls. Further-
more, our study showed that althoughmicrocalcifications
andmasses (identified through iCAD software) were posi-
tively associated with having a false-positive recall, they
were actuallymore strongly associated with having a true-
positive recall. The FDA-approved iCAD software is reluc-
tantly used at some clinics, due to a fear of increasing
false-positive recalls.25,26 Our findings support the use of
iCAD software to better detect breast tumors.

To the best of our knowledge, this is the first study to
investigate and show that breast cancer risk models—
Tyrer-Cuzick, KARMA, andpolygenic riskmodels—are pos-
itively associated with having a false-positive recall. These
results are novel but not surprising, given that these risk
models directly or indirectly take mammographic features
into account. Specifically, the KARMA model27 directly in-
corporates breast density, masses, microcalcifications, and

their asymmetries; the Tyrer-Cuzick model21 incorporates
hormone-related factors, which can affect mammographic
features28,29; and the polygenic risk model positively corre-
lates with not only mammographic density but also micro-
calcifications and masses.30 However, when restricting our
analyses towomenwhowere recalled,we found thatmodel
estimated risks were associated with higher risk of having
true-positive than false-positive recalls. Therefore, in-
corporating breast cancer riskmodels intomammography
screening may help to identify true tumors rather than
false-positive recalls. This finding is important because
risk-based screeningmay be a reality in the near future.

We found that all investigated factors (except for age)
either were not associated with false-positive recalls or
were more closely associated with true-positive recalls.
Therefore, these factors cannot be used to develop target
interventions to diminish false-positive recalls. However,
this does not mean that false-positive recalls cannot be
minimized. For example, the recall rate in theUnited States
is double that in Europe, even though cancer detection
rates are similar,23 indicating an unnecessary burden for
women without breast cancer being recalled for further
testing after screening. Furthermore, there are several novel

Table 3. Association Between Breast Cancer Risk Models and FP and TP Recalls

Women With FP Recalls vs
Women Who Were Not Recalled

Women With TP Recalls vs Women
Who Were Not Recalled

FP Recall
n (%)

Matched
No Recall

n (%) OR (95% CI)a
TP Recall
n (%)

Matched
No Recall

n (%) OR (95% CI)a

Total, n 1,233 6,165 317 1,585

Tyrer-Cuzick 10-y risk scores

,3% 670 (54.3) 3,490 (56.6) Ref 112 (35.3) 695 (43.8) Ref

3% to ,5% 391 (31.7) 1,942 (31.5) 1.07 (0.92–1.25) 126 (39.7) 647 (40.8) 1.30 (0.96–1.74)

$5% 172 (13.9) 733 (11.9) 1.26 (1.03–1.54) 79 (24.9) 243 (15.3) 2.15 (1.53–3.02)

KARMA 2-y risk scores

,0.6% 752 (72.3) 4,275 (82.2) Ref 101 (42.3) 880 (73.6) Ref

0.6% to ,1.0% 129 (12.4) 422 (8.1) 1.83 (1.48–2.28) 48 (20.1) 160 (13.4) 2.75 (1.86–4.08)

$1.0% 159 (15.3) 503 (9.7) 1.90 (1.56–2.33) 90 (37.7) 155 (13.0) 5.35 (3.78–7.57)

PRS-quartilesb

Q1 240 (21.2) 2,136 (25.0) Ref 84 (10.2) 2,136 (25.0) Ref

Q2 252 (22.2) 2,135 (25.0) 1.06 (0.88–1.28) 134 (16.3) 2,135 (25.0) 1.58 (1.18–2.10)

Q3 264 (23.3) 2,136 (25.0) 1.10 (0.91–1.33) 224 (27.3) 2,136 (25.0) 2.77 (2.12–3.60)

Q4 377 (33.3) 2,135 (25.0) 1.59 (1.33–1.89) 379 (46.2) 2,135 (25.0) 4.49 (3.50–5.77)

Breast cancer risk models associated with mammography screening recalls are based on Table 1 (P,.1).
Column totals may not equal the total number of subjects because of missing values.
Significant associations are highlighted in bold (P,.05).
Abbreviations: FP, false-positive; KARMA, Karolinska Mammography Project for Risk Prediction of Breast Cancer; OR, odds ratio; PRS, polygenic risk score;
Q, quartile; TP, true-positive.
aConditional logistic regression models in age-matched strata.
bEstimates from logistic regression models were adjusted for genotyping method and age at KARMA baseline. Analyses were conducted only in women with
available genotype information. PRS quartile cutoffs were defined based on PRS distribution in women who were not recalled. False-/true-positive recalls
were defined as women who ever received a false-/true-positive recall by 2015.
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ways that may help to decrease false-positive recalls. First,
an artificial intelligence support systemmight help radiol-
ogists to improve both the specificity and the sensitivity of
mammography screening.31 Second, othermodalities, such
as digital breast tomosynthesis and contrast-enhanced
spectral mammography, have also been shown to reduce
the number of false-positive recalls.32,33

Our study has several strengths. Our large sample size,
together with detailed information collected in registers
and a questionnaire, allows us to take a large number of
breast cancer risk factors into consideration. We had full
information on each woman’s mammography screening
history dated back to 1989, which guaranteed an accurate
definition of screening results. Furthermore, we havemea-
suredbreast density,masses, andmicrocalcifications using
an automated method, thus strengthening the reproduc-
ibility and comparability of thesemammographic features.
Despite this, our study was limited towomen participating
in KARMA,14 who are generally more highly educated and
likely to have a family history of breast cancer than the
general Swedish female population.14 The generalizability
of our results to other countries with differentmammogra-
phy screening strategies is limited, aswith all studies inves-
tigating false-positivemammography recalls.34

Conclusions
Our study provides a better understanding of false-posi-
tive mammography recalls by comparison with both

women who were not recalled and women who received
true-positive recalls. Although several risk factors and
risk models were associated with having a false-positive
recall, they were equally or more strongly associated with
having a true-positive recall. Our findings indicate that
none of the studied breast cancer risk factors can be used
to develop target interventions to reduce false-positive
mammography recalls.
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Women in KARMA cohort who attended screening program in
Stockholm between 2011 and 2015 and completed the

baseline questionnaire
(N=32,185)

Excluded (n=3,056):
  • Breast reduction and/or enlargement
     (n=1,688)
  • Other breast surgeries (n=816)
  • Prevalent breast cancer cases (n=552)

Women eligible for the analyses
(n=29,129)

Recalls

Recalled at baseline
(n=796)

False-positive recalls
(n=636)

False-positive recalls
(n=1,233)

Recalled at any timea
(n=1,550)

eFigure 1. Study populations used for analyses.
Abbreviation: KARMA, KarolinskaMammography Project for Risk Prediction of Breast Cancer.
aWomen who received their first mammography recall at or after KARMAbaseline.
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Odds Ratio (95% Cl)

Years of education
       <10
       10−12
       >12
Age at menarche
      <14 y
      ≥14 y
Nulliparity
      No
      Yes
Number of children
       0
      1 or 2
      >2
Age at first birtha
       <25 y
      25−35 y
      >35 y
Breastfeeding durationa (mo)
       0
      <6
      6−12
      >12
BMI (kg/m2)
      <25
      25−29.9
      ≥30
Oral contraceptive
      Never used
      Ever used
Hormone replacement therapyb

      Never used
      Ever used
Physical activity (MET h/d)
      <40
      40−44.9
      ≥45
Smoking status
      Never
      Ever
Alcohol consumption g/d
      0
      0.1−10
      >10

Ref
0.97 (0.60−1.56)
0.93 (0.59−1.47)

Ref
1.00 (0.76−1.32)

Ref
1.00 (0.69−1.43)

Ref
0.99 (0.68−1.44)
1.03 (0.67−1.59)

Ref
0.72 (0.52−1.00)
0.81 (0.45−1.46)

Ref
1.02 (0.40−2.65)
1.28 (0.51−3.25)
1.41 (0.56−3.56)

1.14 (0.86−1.52)
Ref

0.95 (0.63−1.43)

Ref
1.14 (0.84−1.54)

Ref
1.16 (0.84−1.61)

       
Ref

0.88 (0.65−1.20)
0.83 (0.59−1.17)

Ref
0.91 (0.69−1.18)

     
Ref

1.00 (0.70−1.43)
0.98 (0.64−1.49)

Favors false-positive recallsFavors true-positive recalls

0.25 0.50 1.0 2.0 4.0

eFigure 2.Association between breast cancer risk factors and false-positive recalls (vs true-positive recalls).
Breast cancer risk factors not associated with mammography screening recalls based on Table 1 (P$.1) are included.
Abbreviations: BMI, body mass index; MET, metabolic equivalents of task.
aAmong parous women.
bAmong postmenopausal women.
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Odds Ratio (95% Cl)

Asymmetry of density
       More
       Equala
       Less
Asymmetry of masses
      More
      Equala
      Less
Asymmetry of microcalcifications
      More
      Equala
      Less

0.94 (0.68−1.30)
Ref

0.79 (0.57−1.11)

0.56 (0.41−0.76)
Ref

0.76 (0.50−1.15)

0.27 (0.19−0.37)
Ref

0.81 (0.50−1.30)

0.25 0.50 1.0 2.0 4.0

Favors false-positive recallsFavors true-positive recalls

eFigure 3. Association between bilateral symmetry of mammographic features (compared with contralateral side) and false-positive recalls
(compared with true-positive recalls), adjusting for age at mammogram. Asymmetry of mammographic features were defined as the recalled
side dense area, number of masses, and number of microcalcification clusters minus those on the contralateral side.
aEqual was defined as within 6 cm2 of dense area, same number of masses, and same number of microcalcification clusters, respectively.

eTable 1. Association Between Bilateral Symmetry of Mammographic Featuresa and Mammography
Screening Recall Rates

Number of
Screenings

Recalls
(Crude rate per 1,000 screenings)

P ValuebYes No

Dense area on the recalled compared with contralateral sidec .002

More 6,377 211 (33.1) 6,166 (966.9)

Equald 15,412 382 (24.8) 15,030 (975.2)

Less 6,384 184 (28.8) 6,200 (971.2)

Masses on the recalled compared with contralateral sidec ,.001

More 5,841 264 (45.2) 5,577 (954.8)

Equald 16,726 404 (24.2) 16,322 (975.8)

Less 5,606 109 (19.4) 5,497 (980.6)

Microcalcifications on the recalled compared with contralateral sidec ,.001

More 1,887 97 (51.4) 1,790 (948.6)

Equald 24,573 625 (25.4) 23,948 (974.6)

Less 1,713 55 (32.1) 1,658 (967.9)

Column totals may not equal to total number of subjects due to missing values.
aCompared with contralateral side.
bP values from chi-square tests.
cAsymmetries of mammographic features were defined as the recalled side dense area, number of masses, and number of microcalcification clusters minus
those on the contralateral side.
dEqual was defined as within 6 cm2 of dense area, same number of masses, and same number of microcalcification clusters, respectively.
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eTable 2. Association Between Bilateral Symmetry of Mammographic Featuresa and FP and TP Recalls

Women With FP Recalls vs Women
Who Were Not Recalled

Women With TP Recalls vs Women
Who Were Not Recalled

FP Recall
n (%)

Matched
No Recall

n (%) OR (95% CI)b
TP Recall
n (%)

Matched
No Recall

n (%) OR (95% CI)b

Total, n 1,233 6,165 317 1,585

Dense area on the recalled compared with contralateral sidec

More 328 (29.4) 1,343 (24.0) 1.35 (1.16–1.57) 77 (25.9) 350 (23.6) 1.24 (0.91–1.67)

Equald 519 (46.5) 2,856 (51.1) Ref 145 (48.8) 814 (54.8) Ref

Less 270 (24.2) 1,386 (24.8) 1.08 (0.92–1.27) 75 (25.3) 321 (21.6) 1.32 (0.97–1.80)

Masses on the recalled compared with contralateral sidec

More 409 (40.7) 1,323 (26.4) 1.78 (1.53–2.07) 153 (55.0) 368 (26.5) 3.43 (2.53–4.66)

Equald 417 (41.5) 2,403 (47.9) Ref 80 (28.8) 647 (46.5) Ref

Less 178 (17.7) 1,294 (25.8) 0.80 (0.66–0.96) 45 (16.2) 375 (27.0) 0.98 (0.67–1.45)

Microcalcifications on the recalled compared with contralateral sidec

More 115 (11.5) 396 (7.9) 1.57 (1.26–1.96) 98 (35.3) 153 (11.0) 4.94 (3.60–6.79)

Equald 800 (79.7) 4,268 (85.0) Ref 151 (54.3) 1,112 (80.0) Ref

Less 89 (8.9) 356 (7.1) 1.36 (1.06–1.74) 29 (10.4) 125 (9.0) 1.87 (1.20–2.92)

Asymmetric mammographic features associated with mammography screening recalls based on supplemental eTable 1 (P,.1).
Column totals may not equal to total number of subjects due to missing values.
Significant associations are highlighted in bold (P,.05).
Abbreviations: FP, false-positive; OR, odds ratios; TP, true-positive.
aCompared with contralateral side.
bConditional logistic regression models in age-matched strata.
cAsymmetries of mammographic features were defined as the recalled side dense area, number of masses, and number of microcalcification clusters minus
those on the contralateral side.
dEqual was defined as within 6 cm2 of dense area, same number of masses, and same number of microcalcification clusters, respectively.
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