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Abstract

Background: The Ontario Breast Screening Program expanded in July 2011 to screen high-risk women age 30–69 years with
annual magnetic resonance imaging (MRI) and digital mammography. This study examined the benefits of screening with
mammography and MRI by age and risk criteria.
Methods: This prospective cohort study included 8782 women age 30–69 years referred to the High Risk Ontario Breast
Screening Program from July 2011 to June 2015, with final results to December 2016. Cancer detection rates, sensitivity, and
specificity of MRI and mammography combined were compared with each modality individually within risk groups stratified
by age using generalized estimating equation models. Prognostic features of screen-detected breast cancers were compared
by modality using Fisher exact test. All P values are two-sided.
Results: Among 20 053 screening episodes, there were 280 screen-detected breast cancers (cancer detection rate ¼ 14.0 per
1000, 95% confidence interval [CI] ¼ 12.4 to 15.7). The sensitivity of mammography was statistically significantly lower than
that of MRI plus mammography (40.8%, 95% CI ¼ 29.3% to 53.5% vs 96.0%, 95% CI ¼ 92.2% to 98.0%, P< .001). In mutation car-
riers age 30–39 years, sensitivity of the combination was comparable with MRI alone (100.0% vs 96.8%, 95% CI ¼ 79.2% to
100.0%, P¼ .99) but with statistically significantly decreased specificity (78.0%, 95% CI ¼ 74.7% to 80.9% vs 86.2%, 95% CI ¼
83.5% to 88.5%, P< .001). In women age 50–69 years, combining MRI and mammography statistically significantly increased
sensitivity compared with MRI alone (96.3%, 95% CI ¼ 90.6% to 98.6% vs 90.9%, 95% CI ¼ 83.6% to 95.1%, P¼ .02), with a small
but statistically significant decrease in specificity (84.2%, 95% CI ¼ 83.1% to 85.2% vs 90.0%, 95% CI ¼ 89.2% to 90.9%, P< .001).
Conclusions: Screening high risk women age 30–39 years with annual MRI only may be sufficient for cancer detection and
should be evaluated further, particularly for mutation carriers. Among women age 50–69 years, detection is most effective
when mammography is included with annual MRI.

Women who have inherited a highly penetrant breast cancer
predisposition gene have an elevated lifetime risk of breast can-
cer compared with the general population. Among BRCA1/2 mu-
tation carriers, the cumulative risk of developing breast cancer
by age 70 years is 45% to 87% (1–3), and at an earlier age (4).
Women with a strong family history of breast cancer or who

have undergone therapeutic chest radiation before age 30 years
are also at comparable increased risk (5–9).

Several observational studies have demonstrated that
women at high risk for breast cancer based on their family his-
tory and/or genetic testing benefit from screening with
breast magnetic resonance imaging (MRI) in addition to
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mammography (10–21). The combined sensitivity of MRI and
mammography ranged from 90% to 100%, with breast cancers
detected at a much earlier stage than with mammography
alone in the same population (11,13,17,19,21).

Expert guidelines recommend that women with a lifetime
breast cancer risk of 20% or greater (22–25) or a history of chest
radiation therapy (26) begin annual screening with MRI and
mammography at age 25–30 years. However, it is unknown
whether the performance of MRI screening in previous observa-
tional studies or academic centers can also be achieved in a
community setting. Uncertainties also exist regarding whether
recommendations for high-risk women should be individual-
ized dependent on their age and/or risk criteria. Some groups
have reported a higher interval cancer rate in younger women
with BRCA1 mutations (18) and have suggested that MRI screen-
ing every 6 months might be more appropriate. The National
Institute for Health and Care Excellence guidelines recommend
annual MRI screening of high-risk women primarily from age
30–49 years (27). The value of adding mammography to MRI for
women younger than 40 years has also been questioned given
the higher breast density and lower sensitivity of mammogra-
phy in this age group (17), particularly for BRCA1/2 mutation
carriers (28,29) and women with a strong familial breast cancer
risk (30). Recent studies among women with prior chest radia-
tion therapy have reported an improvement in screening sensi-
tivity with the addition of mammography to MRI (31–34), with
minimal decrease in specificity (32).

Based on recommendations from the Ontario Program in
Evidence-Based Care (25) and the Ontario Health Technology
Advisory Committee (35), the Ontario Breast Screening Program
(OBSP) expanded its services in 2011 to include annual MRI in ad-
dition to digital mammography for high-risk women age 30–
69 years (36). Follow-up of this large cohort screened at 30 centers
across the province provides a unique opportunity to examine
the benefits and harms of the combination of mammography
and MRI within a population-based screening program. Because
all women are screened both with MRI and mammography, per-
formance measures can be compared with each individually
within risk groups stratified by age. Prognostic features of screen-
detected cancers were also compared by modality.

Methods

Study Cohort

The cohort was identified from 29 602 asymptomatic women
age 30–69 years referred by their physician to the High Risk
OBSP between July 1, 2011, and June 30, 2015, with a final result
to December 31, 2016 (Figure 1). Of these women, 2432 (8.2%)
were previously known to meet one of the eligibility criteria and
24 811 (83.8%) completed genetic assessment. Of the 10 459
women eligible for screening, 1156 either declined (n¼ 403), de-
ferred (n¼ 282), died (n¼ 3), had bilateral mastectomy (n¼ 146),

Eligible   
n = 6187 (37.8%) 

 Eligible  
n = 1840 (21.8%) 

Potentially Eligible for High-Risk Screening n = 10 459

Genetic Assessment with Known Outcome 
n = 24 811 (83.8%)

 Women Referred by Physician n = 29602

Other n = 2359 (8.0%)
In-progress n = 1401  

Declined n = 958

Known High Risk  
n = 2432 (8.2%)

Genetic Counseling Only 
n = 16 367 (66.0%) 

Genetic Counseling and Testing 
n = 8444 (34.0%) 

Ineligible  
n = 6604

Ineligible  
n = 10 180

Screened with MRI and Mammography with Final Result  
n = 8782 (n = 20 053 screens)†

Eligible for High-Risk Screening n = 9303* (n = 22 052 screens)

Figure 1. Women age 30–69 years referred to the High Risk Ontario Breast Screening Program between July 1, 2011, and June 30, 2015, with final result to December 31,

2016. *Excludes 1156 women who declined (n¼403), deferred (n¼282), died (n¼ 3), had bilateral mastectomy (n¼146), or reasons unknown (n¼322). †Excludes

521 women with mammogram-only screens (n¼ 577), MRI (or ultrasound)-only screens (n¼689), mammogram and ultrasound screens (n¼649), mammogram and

MRI screens for breast cancers found incidentally on prophylactic mastectomy (n¼15), or screens without a final result (n¼69). MRI ¼magnetic resonance imaging.
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or were not enrolled for reasons unknown (n¼ 322). Among the
9303 women who underwent screening, screening episodes that
included only a mammogram (n¼ 577) or MRI (or ultrasound)
(n¼ 689) were excluded because the other screening test was
unavailable. Screening episodes that included an ultrasound
and mammogram (n¼ 649) or breast cancers found incidentally
on prophylactic mastectomy (n¼ 15) and those without a final
result (n¼ 69) were also excluded. The study was approved by
the University of Toronto Research Ethics Board, and informed
consent was not required.

Clinical Pathway

A clinical pathway was developed for the identification, referral,
and genetic assessment of asymptomatic women at potential
high risk (37). High-risk criteria included: women with a delete-
rious mutation in BRCA1/2 or other gene(s) predisposing to a
markedly elevated breast cancer risk; untested first-degree rela-
tives of a gene mutation carrier; women with a family history
and an estimated personal lifetime breast cancer risk of 25% or
higher; and women who had radiation therapy to the chest (be-
fore age 30 years and at least 8 years previously). Women who
met at least one of the high-risk criteria were eligible even if
they had a prior history of breast and/or other cancers or breast
implants or had a unilateral mastectomy.

Women were assessed for risk of breast cancer and referred
to the program by their physician. If there was prior knowledge
that the woman met at least one of the high risk criteria, she
was enrolled and eligible for screening. If the woman was a
first-degree relative of a mutation carrier and had not previ-
ously had genetic assessment or had a personal or family his-
tory of breast or ovarian cancer suggestive of a hereditary breast
cancer syndrome, she was referred to a genetics clinic for fur-
ther risk assessment by a genetic counsellor. Women found to be
mutation carriers and/or assessed as having a 25% or greater per-
sonal lifetime risk of breast cancer based on the International
Breast Cancer Intervention Study model (38) or the Breast and
Ovarian Analysis of Disease Incidence of Carrier Estimation
Algorithm (39) were enrolled. Women with contraindications to
MRI were scheduled for breast ultrasound (12,13,19).

At High Risk OBSP centers, quality assurance on the equip-
ment met that specified by the Canadian Association of
Radiologists’ Mammography Accreditation Program, and radiol-
ogists and technologists were accredited under the Canadian
Association of Radiologists’ Mammography Accreditation
Program. Centers conducted MRI-guided biopsy on site or had a
partnership with a facility that did and were affiliated with a
Breast Assessment Site. The minimum MRI standards included
a 1.5 Tesla magnet, gadolinium enhancement (0.1–0.2 mmol/
kg), and a dedicated breast coil with bilateral axial or sagittal
acquisition.

Diagnostic interpretation of lesions detected on mammo-
grams or MRIs was based on assessment categories of the
American College of Radiology Breast Imaging Reporting and
Data System 5th edition (40). Screening or assessment results
reported as “normal/benign” (categories 1 and 2) were consid-
ered negative results, whereas results reported as “probably
benign” (category 3), “abnormal requiring further imaging” (cat-
egory 0), or “suspicious for breast cancer” (category 4 or 5) were
considered positive results.

Mammograms were usually performed before MRI studies,
within 1 month of each other. Although different radiologists
may interpret mammogram and MRI studies, they were aware

of the mammogram results before interpreting MRI studies as
well as all previous imaging and clinical history. If either or both
modalities were positive based on referral criteria, the radiolog-
ists indicated their recommendations for assessment. Masses
were biopsied if either MRI and/or mammography features were
suspicious for malignancy and were pathologically confirmed
to be benign, ductal carcinoma in situ (DCIS), or invasive cancer.

Data Collection

Data were obtained from routine information collected for all
women screened within the High Risk OBSP from Cancer Care
Ontario’s Integrated Client Management System database. The
requisition for high-risk screening form included data on physi-
cian visit date, referral method, high-risk criteria, and medical
history. For women referred for genetic assessment, the breast
cancer genetic assessment results form collected data on ge-
netic counseling and/or testing dates and results, and screening
eligibility. Information on screening dates, type (initial,
rescreen), and results were recorded on the screening report,
and details about diagnostic imaging or biopsy dates and out-
comes on the assessment results form. Women with interval
cancers were identified from record linkage using AutoMatch
(41) with the Ontario Cancer Registry estimated to be 98% com-
plete for breast cancer (42).

Tumor characteristics were collected from surgical and
pathological reports obtained from the Ontario Cancer Registry

Table 1. Characteristics of women and screens by age at screen (first,
index), number of screening episodes, menopausal status, risk crite-
ria, and prior breast cancer

Characteristic

Women
(n¼8782)

Screens
(n¼20 053)

No. (%) No. (%)

Age at screen (first, index), y
30–39 3029 (34.5) 5589 (27.9)
40–49 3434 (39.1) 8051 (40.2)
50–69 2319 (26.4) 6413 (32.0)

No. of screening episodes
1 2790 (31.8) 8782 (43.8)
2 2667 (30.4) 5992 (29.9)
3 1757 (20.0) 3325 (16.6)
4–5 1568 (17.9) 1954 (9.7)

Menopausal status
Pre- 5465 (62.2) 11 762 (58.7)
Post- 3107 (35.4) 7957 (39.7)
Unknown 210 (2.4) 334 (1.7)

Risk criteria*
Known mutation carrier 1885 (21.5) 4812 (24.0)
BRCA1 851 (45.2) 2118 (44.0)
BRCA2 869 (46.1) 2217 (46.1)
BRCA1 and BRCA2 8 (0.4) 21 (0.4)
Other mutation 157 (8.3) 456 (9.5)
Family history and �25% risk 6376 (72.6) 13 896 (69.3)
Untested, first-degree relative 197 (2.2) 466 (2.3)
Chest radiation therapy 324 (3.7) 879 (4.4)

Prior breast cancer
No 8512 (96.9) 19 427 (96.9)
Yes 270 (3.1) 626 (3.1)

*If a woman met more than one risk criterion, the following hierarchy was se-

lected to classify her: known carrier; family history and �25% lifetime risk;

untested, first-degree relative; chest radiation therapy.
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for any primary DCIS or invasive breast cancer of any histologic
type diagnosed after enrollment. Reports were reviewed by a
trained abstractor and overseen by a breast pathologist (SJD).
Tumor size was defined as the greatest diameter of the largest
invasive carcinoma. Lymph node status was defined as positive
if at least one sentinel or other axillary lymph node contained
at least one cluster of malignant cells larger than 0.2 mm. For
breast cancers treated with neoadjuvant therapy, tumor size
and nodal status were defined at the time of diagnosis, before
treatment initiation. Tumor size for neoadjuvant cases was esti-
mated to be larger than 2 cm unless otherwise specified in the
pathology and any referenced imaging report.

Tumor morphology was coded using the International
Classification of Diseases for Oncology (43). Stage was coded us-
ing the TNM classification scheme (44). Tumors were graded us-
ing the Nottingham combined histologic grading system (45).
Estrogen, progesterone, and HER2 protein receptors were coded
as positive or negative (46–48).

Performance Measures

The performance measure definitions used for this study were
primarily those adopted by the Canadian Partnership Against
Cancer (49) and other international screening programs (50,51).
Abnormal recall rate was defined as the percentage of screens
referred for further testing because of an abnormal screening re-
sult. Biopsy rate was defined as the percentage of screens with
a core or open surgical biopsy. Cancer detection rate was de-
fined as the number of screen-detected invasive or DCIS breast
cancers per 1000 screening examinations. For screening

episodes with a final result, screen-detected cancers (true posi-
tive) were defined as breast cancers diagnosed within
12 months of a positive screening MRI and/or mammogram.
Interval cancers (false negative) were defined as cancers diag-
nosed within 12 months of a negative screening MRI and mam-
mogram. Sensitivity was defined as the percentage of all
cancers (true positive þ false negative) that were screen-
detected (true positive). Specificity was defined as the percent-
age of women without breast cancer (true negative þ false posi-
tive) who had a true negative screening MRI and mammogram.
To allow for a follow-up period of 12 months from the start of
screening, sensitivity and specificity analysis included screen-
ing episodes up to December 31, 2015.

Statistical Analysis

The unit for analyses was the screening episode including MRI
and mammography with a final result after recommended work-
up and/or biopsy; women may have had more than one screen-
ing round during the study. Performance measures were exam-
ined by screening result based on the following definitions:
“mammography” refers to an abnormal mammography result, ir-
respective of MRI result; “MRI” refers to an abnormal MRI result
irrespective of mammography result; “MRI plus mammography”
refers to at least one modality having an abnormal result. Cancer
detection rate, sensitivity, and specificity were further stratified
by risk criteria and age group at index screen. A generalized esti-
mating equation model using a binomial distribution with logit
link function and independent working correlation matrix was
used to compare performance measures by screening result

Table 2. Abnormal screens, biopsies, and cancers detected by screen type, age group, and risk criteria*

Performance measures

MRI plus mammography† Mammography† MRI†

No. Rate (95% CI) No. Rate (95% CI) P‡ No. Rate (95% CI) P‡

Abnormal screens, %§ 4472 22.3 (21.7 to 22.9) 2003 10.0 (9.6 to 10.4) <.001 3121 15.6 (15.0 to 16.1) <.001
Initial 2594 29.5 (28.6 to 30.5) 1115 12.7 (12.0 to 13.4) <.001 1922 21.9 (21.0 to 22.8) <.001
Rescreen 1878 16.7 (16.0 to 17.4) 888 7.9 (7.4 to 8.4) <.001 1199 10.6 (10.1 to 11.2) <.001

Biopsies, %§ 1429 7.1 (6.8 to 7.5) 426 2.1 (1.9 to 2.3) <.001 1315 6.6 (6.2 to 6.9) <.001
Initial 845 9.6 (9.0 to 10.3) 265 3.0 (2.7 to 3.4) <.001 786 9.0 (8.4 to 9.6) <.001
Rescreen 584 5.2 (4.8 to 5.6) 161 1.4 (1.2 to 1.7) <.001 529 4.7 (4.3 to 5.1) <.001

Cancers detected per 1000 screens‡,k 280 14.0 (12.4 to 15.7) 109 5.4 (4.5 to 6.6) <.001 263 13.1 (11.6 to 14.8) .24
Screen type
Initial 150 17.1 (14.6 to 20.0) 60 6.8 (5.3 to 8.8) <.001 144 16.4 (13.9 to 19.3) .11
Rescreen 130 11.5 (9.7 to 13.7) 49 4.3 (3.3 to 5.7) <.001 119 10.6 (8.8 to 12.6) .25
Age at index screen, y
30–39 60 10.7 (8.3 to 13.9) 26 4.7 (3.2 to 6.8) <.001 57 10.2 (7.8 to 13.3) .62
40–49 96 11.9 (9.8 to 14.5) 35 4.3 (3.1 to 6.1) <.001 90 11.2 (9.1 to 13.7) .44
50–69 124 19.3 (16.2 to 23.0) 48 7.5 (5.6 to 9.9) <.001 116 18.1 (15.1 to 21.7) .41
Risk criteria¶
Known mutation carrier 129 26.8 (22.6 to 31.8) 52 10.8 (8.2 to 14.2) <.001 121 25.1 (21.1 to 30.0) .42
Family history and �25% risk# 131 9.4 (7.9 to 11.2) 48 3.5 (2.6 to 4.6) <.001 122 8.8 (7.3 to 10.5) .36
Untested, first-degree relative 5 10.7 (4.5 to 25.6) 3 6.4 (2.1 to 19.9) .24 5 10.7 (4.5 to 25.6) .99
Chest radiation therapy 15 17.1 (10.3 to 28.1) 6 6.8 (3.1 to 15.1) .01 15 17.1 (10.3 to 28.1) .99

*n¼20 053 screens: initial n¼8782; rescreen n¼11 271. CI ¼ confidence interval; MRI ¼magnetic resonance imaging.

†Mammography refers to an abnormal mammogram result irrespective of MRI result; MRI refers to an abnormal MRI result irrespective of mammogram result; MRI

plus mammography refers to an abnormal MRI and/or abnormal mammogram result.

‡Compared with MRI plus mammography.

§Adjusted for repeated measures within women.

kn¼280 cancers among n¼278 women.

¶If a woman met more than one risk criterion, the following hierarchy was selected to classify her: known carrier; family history �25% lifetime risk; untested, first-de-

gree relative; chest radiation therapy.

#Based on International Breast Cancer Intervention Study and/or Breast and Ovarian Analysis of Disease Incidence of Carrier Estimation Algorithm.
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overall and in stratified analyses with MRI plus mammography
as the reference. Multivariable models adjusted for factors re-
lated to women and screen type (52). The inversed logits were
used to estimate performance measures and approximate 95%
confidence intervals (CIs) by screening result based on the least
squares means of fixed effects.

Prognostic features of screen-detected primary breast can-
cers were examined in three mutually exclusive groups.
“Mammography only” refers to an abnormal mammography re-
sult and a normal MRI result. “MRI only” refers to an abnormal
MRI result and a normal mammography result. “MRI and
mammography” refers to an abnormal MRI and mammogram
result. Fisher exact test was performed to compare prognostic
characteristics of screen-detected cancers by screening result.

Analyses were conducted using SAS version 9.4 (53). A two-
tailed 5% statistical significance level was used for statistical
tests.

Results

The final cohort included 8782 women who underwent 20 053
MRI and mammography screening examinations with a final re-
sult (Figure 1). Women excluded (n¼ 521) were more likely to be
age 50–69 years (34.7% vs 26.4%; P< .001) or postmenopausal
(41.4% vs 36.2%; P¼ .03). MRIs (94.0%) were usually within
30 days of the mammogram, and 85.5% of screening episodes
were within 15 months (mean ¼ 13.5 months).

The majority of screened women (73.6%) were age 30–49
years at their initial screening examination, had at least two

screening rounds (68.3%), were premenopausal (62.2%), and had
a family history and estimated personal lifetime breast cancer
risk of 25% or higher (72.6%) (Table 1).

The biopsy rate was highest for MRI plus mammography
(7.1%) (Table 2). There were 280 screen-detected breast cancers
(cancer detection rate: 14.0 per 1000, 95% CI ¼ 12.4 to 15.7). The
cancer detection rate for MRI plus mammography was higher
on the initial screens (17.1 per 1000, 95% CI ¼ 14.6 to 20.0) com-
pared with rescreens (11.5 per 1000, 95% CI ¼ 9.7 to 13.7). By age,
the detection rate for MRI plus mammography was greater
among women age 50–69 years (19.3 per 1000, 95% CI ¼ 16.2 to
23.0). By risk group, the detection rate for MRI plus mammogra-
phy was highest among known mutation carriers (26.8 per 1000,
95% CI ¼ 22.6 to 31.8).

Sensitivity was 96.0% (95% CI ¼ 92.2% to 98.0%) for MRI plus
mammography, and as single modalities 40.8% (95% CI ¼ 29.3%
to 53.5%) for mammography and 90.8% (95% CI ¼ 84.7% to 94.7%)
for MRI (Table 3). Among age groups, a statistically significant
increase in sensitivity for the combination compared with MRI
alone was observed for women age 40–49 years (92.4%, 95% CI ¼
85.1% to 96.3% vs 85.9%, 95% CI ¼ 77.3% to 91.6%, P¼ .01) and age
50–69 years (96.3%, 95% CI ¼ 90.6% to 98.6% vs 90.9%, 95% CI ¼
83.6% to 95.1%, P¼ .02). Of the screen-detected cancers in muta-
tion carriers, MRI missed one of 26 cancers in those age 30–39
years and one of 32 cancers in those age 40–49 years. However,
in mutation carriers age 50–69 years, the combination found
five (9.2%) more breast cancers than MRI alone (92.7%, 95% CI ¼
82.1% to 97.2% vs 83.5%, 95% CI ¼ 71.0% to 91.3%, P¼ .02). Of the
screen-detected cancers in women with a family history and

Table 3. Adjusted sensitivity (%) and 95% CI stratified by age group and risk criteria (n¼ 257)

Characteristics

Total
cancers
(screen-
detected
þ interval)†

MRI plus
mammography* Mammography* MRI*

Screen-
detected
cancers

Sensitivity
(95% CI)

Screen-
detected
cancers

Sensitivity
(95% CI) P‡

Screen-
detected
cancers

Sensitivity
(95% CI) P‡

Overall§ 257 245 96.0 (92.2 to 98.0) 97 40.8 (29.3 to 53.5) <.001 230 90.8 (84.7 to 94.7) <.001
Age at index screen, y

30–39k 55 54 98.2 (88.6 to 99.7) 24 43.1 (30.8 to 56.3) <.001 51 92.7 (82.3 to 97.2)j .10
40–49k 94 87 92.4 (85.1 to 96.3) 32 32.9 (24.1 to 43.1) <.001 81 85.9 (77.3 to 91.6) .01
50–69k 108 104 96.3 (90.6 to 98.6) 41 38.2 (29.4 to 47.9) <.001 98 90.9 (83.6 to 95.1) .02

Known carrier, ¶ 115 109 94.8 (89.0 to 97.6) 45 38.7 (30.0 to 48.1) <.001 102 88.7 (81.6 to 93.2) <.001
30–39# 26 26 100.0 9 33.3 (17.5 to 54.1) <.001 25 96.8 (79.2 to 100.0) .99
40–49k 34 32 94.2 (81.0 to 98.4) 11 31.6 (17.7 to 49.8) <.001 31 91.3 (77.4 to 97.0) .31
50–69k 55 51 92.7 (82.1 to 97.2) 25 45.2 (32.1 to 58.9) <.001 46 83.5 (71.0 to 91.3)j .02

Family history and �25%
risk, ¶, **

122 117 95.9 (90.5 to 98.3) 43 35.2 (27.2 to 44.2) <.001 109 89.3 (82.4 to 93.7) <.001

30–39# 23 23 100.0 11 47.8 (28.8 to 67.5) <.001 21 91.3 (71.1 to 100.0) .99
40–49k 50 45 89.6 (77.5 to 95.6) 18 34.7 (22.8 to 48.9) <.001 40 79.3 (65.9 to 88.4) .02
50–69# 49 49 100.0 14 28.1 (17.2 to 42.4) <.001 48 98.1 (87.3 to 100.0) .99

Untested, first-degree
relative¶,#, ††

5 5 100.0 3 63.6 (17.2 to 93.7) <.001 5 100.0 .99

Chest radiation therapy¶,#, †† 15 14 93.9 (77.8 to 98.5) 6 39.5 (16.7 to 68.1) <.001 14 93.9 (77.8 to 98.5) .99

*Mammography refers to an abnormal mammogram result irrespective of MRI result; MRI refers to an abnormal MRI result irrespective of mammogram result; MRI

plus mammography refers to an abnormal MRI and/or abnormal mammogram result. CI ¼ confidence interval; MRI ¼magnetic resonance imaging.

†n¼257 cancers among n¼256 women (n¼ 245 screen-detected cancers among n¼244 women; n¼12 interval cancers among n¼12 women).

‡Compared with MRI plus mammography.

§Adjusted for age at index screen, screen type (initial, rescreen), prior breast cancer, and risk criteria.

kAdjusted for age at index screen and screen type (initial, rescreen).

¶If a woman met more than one risk criterion, the following hierarchy was selected to classify her: known carrier; family history �25% lifetime risk; untested, first-de-

gree relative; chest radiation therapy.

#Adjusted for age at index screen.

**Based on International Breast Cancer Intervention Study and/or Breast and Ovarian Analysis of Disease Incidence of Carrier Estimation Algorithm.

††Excluded from stratified analysis by age group because of small numbers.
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lifetime risk of 25% or higher, MRI missed two of 23 cancers in
those age 30–39 years, five of 45 cancers in those age 40–49
years, and one of 49 cancers in those age 50–69 years.

The combination statistically significantly reduced specific-
ity to 81.0% (95% CI ¼ 78.7% to 83.1%) compared with 91.8% (95%
CI ¼ 90.6% to 92.8%) for mammography alone and 87.3% (95% CI
¼ 85.6% to 88.9%) for MRI alone (Table 4). By age, the smallest
decrease in specificity from adding mammography to MRI com-
pared with MRI alone was among women age 50–69 years
(84.2%, 95% CI ¼ 83.1% to 85.2% vs 90.0%, 95% CI ¼ 89.2% to
90.9%, P< .001). When stratified by risk and age group, the larg-
est decrease in specificity between the combination and MRI
was among mutation carriers age 30–39 years (78.0%, 95% CI ¼
74.7% to 80.9% vs 86.2%, 95% CI ¼ 83.5% to 88.5%, P< .001).

Of the 57 screen-detected DCIS cases, mammography
detected only five (8.8%) missed by MRI, whereas MRI detected
36 (63.1%) missed by mammography (Table 5). Of the 28 low-
grade invasive cancers, mammography detected only two (7.1%)
missed by MRI compared with 22 (78.6%) detected by MRI. MRI-
detected invasive cancers were more likely to be stage I (88.6%)
and lymph node negative (96.2%) compared with cancers seen
on both modalities. The majority of the 12 interval cancers were
invasive (66.7%), and of these, a higher proportion were histo-
logic grade III (75%), stage I (71.4%), and none was diagnosed in
mutation carriers age 30 to 39 years (Table 6).

Discussion

To the best of our knowledge, the High Risk OBSP is the first
population-based breast screening program for high-risk
women. Although many of the screening centers did not have

experience with screening MRI before program initiation, the
results compare favorably to those reported in meta-analyses of
observational studies (10,21) and case series from academic
centers (16–19).

Not surprisingly, when stratified by risk, the highest cancer de-
tection rates were among mutation carriers (26.8 per 1000) and
when stratified by age, in women age 50–69 years (19.3 per 1000),
comparable to previous studies (13,16–19). In our cohort, 23% of
screen-detected cancers were DCIS and the majority were detected
by MRI only. This is consistent with results from the Toronto MRI
study (20) but not those of earlier studies, which reported a lower
DCIS rate (11,14,21) likely attributable to inexperience recognizing
the characteristic non-mass enhancement on MRI (54).

In the High Risk OBSP, the benefit of adding mammography
to MRI was particularly small among mutation carriers age 30–
39 years. Mammography detected only one additional cancer
compared with 25 detected by MRI, whereas the combination
reduced specificity by 8.2%. A recent meta-analysis based on ob-
servational studies also found that adding mammography to
MRI did not statistically significantly improve sensitivity in
BRCA1 mutation carriers age 40 years or younger (29). In addi-
tion, no interval cancers were diagnosed in mutation carriers
age 30–39 years, suggesting that annual MRI may be sufficient
in this subgroup and does not justify the higher cost and re-
duced specificity of more-frequent MRI screening (18). The use
of mammography in addition to MRI when screening high-risk
women age 30–39 years requires further consideration, particu-
larly among BRCA1/2 mutation carriers, in whom the risk of
radiation-induced cancers may be higher because of a defect in
DNA repair (3).

Table 4. Adjusted specificity (%) and 95% CI stratified by age group and risk criteria (n¼ 16 915 screens)

Characteristics

True-negative
þ false-positive

tests

MRI plus
mammography* Mammography* MRI*

True-
negative

tests
Specificity

(95% CI)

True-
negative

tests
Specificity

(95% CI)

True-
negative

tests
Specificity

(95% CI)

Overall† 16 915 13 168 81.0 (78.7 to 83.1) 15 217 91.8 (90.6 to 92.8)‡ 14 354 87.3 (85.6 to 88.9)‡
Age at index screen, y

30–39§ 4868 3527 74.1 (72.7 to 75.4) 4262 88.6 (87.6 to 89.5)‡ 3921 81.9 (80.8 to 83.1)‡
40–49§ 6770 5199 77.0 (76.0 to 78.1) 6091 90.2 (89.5 to 90.9)‡ 5686 84.3 (83.4 to 85.2)‡
50–69§ 5277 4442 84.2 (83.1 to 85.2) 4864 92.3 (91.5 to 93.0)‡ 4747 90.0 (89.2 to 90.9)‡

Known carrier, k 4209 3525 84.2 (83.0 to 85.4) 3874 92.5 (91.6 to 93.3)‡ 3775 90.2 (89.2 to 91.1)‡
30–39§ 844 649 78.0 (74.7 to 80.9) 742 88.7 (86.3 to 90.7)‡ 720 86.2 (83.5 to 88.5)‡
40–49§ 1146 916 80.0 (77.4 to 82.3) 1043 91.2 (89.3 to 92.7)‡ 995 87.0 (84.8 to 88.9)‡
50–69§ 2219 1960 88.0 (86.5 to 89.4) 2089 94.0 (92.9 to 95.0)‡ 2060 92.7 (91.5 to 93.7)‡

Family history & �25% risk, k, ¶ 11 545 8 720 76.3 (75.5 to 77.1) 10 279 89.6 (89.0 to 90.2)‡ 9591 83.8 (83.1 to 84.5)‡
30–39§ 3603 2575 73.3 (71.7 to 74.9) 3143 88.4 (87.3 to 89.4)‡ 2874 81.3 (80.0 to 82.7)‡
40–49§ 5191 3933 76.1 (74.9 to 77.3) 4652 89.9 (89.0 to 90.7)‡ 4312 83.4 (82.4 to 84.4)‡
50–69§ 2751 2212 80.4 (78.8 to 81.9) 2484 90.4 (89.2 to 91.5)‡ 2405 87.5 (86.2 to 88.7)‡

Untested, first-degree relative§, k, # 402 322 81.5 (77.0 to 85.3) 370 93.0 (89.9 to 95.2)‡ 344 86.9 (83.2 to 89.9)‡
Chest radiation therapy§, k, # 759 601 79.4 (75.8 to 82.5) 694 91.7 (89.3 to 93.6)‡ 644 85.1 (82.2 to 87.7)‡

*Mammography refers to an abnormal mammogram result irrespective of MRI result; MRI refers to an abnormal MRI result irrespective of mammogram result; MRI

plus mammography refers to an abnormal MRI and/or abnormal mammogram result. CI ¼ confidence interval; MRI ¼magnetic resonance imaging.

†Adjusted for age at index screen, screen type (initial, rescreen), prior breast cancer, and risk criteria.

‡Compared with MRI plus mammography (P< .001).

§Adjusted for age at index screen and screen type (initial, rescreen).

kIf a woman met more than one risk criterion, the following hierarchy was selected to classify her: known carrier; family history �25% lifetime risk; untested, first-de-

gree relative; chest radiation therapy.

¶Based on International Breast Cancer Intervention Study and/or Breast and Ovarian Analysis of Disease Incidence of Carrier Estimation Algorithm.

#Excluded from stratified analysis by age group because of small numbers.
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In our cohort, had women age 50–69 years been screened
with mammography alone, more than one-half of the screen-
detected cancers would have been undetected. Our findings do
not support the National Institute for Health and Care
Excellence guidelines recommending screening MRI in high-risk
women only until age 50 years, except in women with dense
breasts (27). Contrary to findings in younger women, the addi-
tion of mammography to MRI in older women resulted in high
sensitivity with little loss of specificity, particularly among mu-
tation carriers. Similar results have been reported for BRCA1/2
mutation carriers older than 50 years (28, 29). These findings are
not unexpected given sensitivity and specificity of

mammography is higher in older compared with younger
women in the general population (17,55).

The main strength of our study was the inclusion of women
screened in an organized screening program, therefore ensuring
all radiologists and equipment met minimum quality standards
and methods of evaluation and follow-up were similar for all
women. Our study had a few limitations. Women excluded
were primarily age 50–69 years or postmenopausal; this was,
however, unlikely to appreciably alter results because they com-
prised only 5.6% of the cohort. Information on mammographic
density was not collected; it is therefore unknown how this may
have affected our results. Our results for women with previous

Table 5. Prognostic characteristics of first primary screen-detected breast cancers by screening result (n¼ 244)*

Characteristics All cancers No. (%)

Screening result†

MRI and mammography (n¼ 87)
Mammography

only (n¼ 12) MRI only (n¼ 145)

No. (%)

Breast cancer type
DCIS 57 (23.4) 16 (18.4) 5 (41.7) 36 (24.8)
Invasive 187 (76.6) 71 (81.6) 7 (58.3) 109 (75.2)

Tumor size, cm
�1.0 92 (52.9) 27 (43.5) 4 (57.1) 61 (58.1)
1.1–2.0 55 (31.6) 21 (33.9) 1 (14.3) 33 (31.4)
>2.0 27 (15.5) 14 (22.6) 2 (28.6) 11 (10.5)
Missing‡ 13 9 0 4

Histologic grade
1 28 (16.3) 4 (6.2) 2 (28.6)§ 22 (22.0)§
2 83 (48.3) 31 (47.7) 4 (57.1) 48 (48.0)
3 61 (35.5) 30 (46.2) 1 (14.3) 30 (30.0)
Missing 15 6 0 9

Lymph nodes
Positive 26 (14.6) 21 (32.3) 1 (14.3) 4 (3.8)
Negative 152 (85.4) 44 (67.7) 6 (85.7) 102 (96.2)§
Missing 9 6 0 3

Stage at diagnosis
I 139 (80.3) 41 (67.2) 5 (71.4) 93 (88.6)§
II 31 (17.9) 17 (27.9) 2 (28.6) 12 (11.4)
III 3 (1.7) 3 (4.9) 0 (0.0) 0 (0.0)
Missing‡ 14 10 0 4

Estrogen receptor
Positive 133 (73.9) 50 (73.5) 6 (85.7) 77 (73.3)
Negative 47 (26.1) 18 (26.5) 1 (14.3) 28 (26.7)
Missing 7 3 0 4

Progesterone receptor
Positive 116 (64.4) 43 (63.2) 5 (71.4) 68 (64.8)
Negative 64 (35.6) 25 (36.8) 2 (28.6) 37 (35.2)
Missing 7 3 0 4

HER2
Positive 18 (10.4) 10 (15.4) 0 (0.0) 8 (7.9)
Negative 155 (89.6) 55 (84.6) 7 (100.0) 93 (92.1)
Missing 14 6 0 8

Triple negative
No 138 (77.1) 52 (76.5) 6 (85.7) 80 (76.9)
Yes 41 (22.9) 16 (23.5) 1 (14.3) 24 (23.1)
Missing 8 3 0 5

*Excludes women with a prior breast cancer (n¼34): MRI and mammography (n¼5); MRI only (n¼24); mammography only (n¼5). DCIS ¼ ductal carcinoma in situ;

MRI ¼magnetic resonance imaging.

†MRI and mammography refers to an abnormal result both on MRI and mammography; MRI only refers to an abnormal result on MRI only; mammography only refers

to an abnormal result on mammography only.

‡Includes cancers treated with neoadjuvant therapy (n¼ 8 MRI and mammography; n¼1 MRI only).

§Compared with MRI and mammography (P< .05).
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chest radiation therapy are limited by sample size and require
further follow-up. Although radiologists are aware of mammo-
gram results before interpreting MRI and may be influenced, re-
ferral is independent of mammogram findings. Lastly, owing to
the small number of women with mutations in genes other
than BRCA1 or BRCA2, we are unable to comment specifically on
this subgroup.

Our performance measures demonstrate that a population-
based, high-risk breast screening program of annual MRI plus
mammography delivers comparable results to those reported in
prospective cohort studies and tertiary academic centers.
Screening high-risk women age 30–39 years with an annual MRI
only may be sufficient and should be evaluated further, particu-
larly for mutation carriers. Among women age 50–69 years,
screening is most effective when mammography is included
with annual MRI.
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