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Purpose: To compare the clinical, imaging, and histopathologic fea-
tures of breast cancers detected at screening magnetic 
resonance (MR) imaging, screening mammography, and 
those detected between screening examinations (interval 
cancers) in women at high risk.

Materials and 
Methods:

This retrospective institutional review board–approved, 
HIPAA-compliant review of 7519 women at high risk for 
breast cancer who underwent screening with MR imaging 
and mammography between January 2005 and December 
2010 was performed to determine the number of screening-
detected and interval cancers diagnosed. The need for in-
formed consent was waived. Medical records were reviewed 
for age, risk factors (family or personal history of breast 
cancer, BRCA mutation status, history of high-risk lesion 
or mantle radiation), tumor histopathologic results, and 
time between diagnosis of interval cancer and most recent 
screening examination. The x2 test and logistic regression 
methods were used to compare the features of screening MR 
imaging, screening mammography, and interval cancers. The 
Wilcoxon signed-rank test was used to calculate P values.

Results: A total of 18 064 screening MR imaging examinations and 
26 866 screening mammographic examinations were per-
formed. Two hundred twenty-two cancers were diagnosed 
in 219 women, 167 (75%) at MR imaging, 43 (19%) at 
mammography, and 12 (5%) interval cancers. Median age 
at diagnosis was 52 years. No risk factors were associated 
with screening MR imaging, screening mammography, or 
interval cancer (P . .06). Cancers found at screening MR 
imaging were more likely to be invasive cancer (118 of 167 
[71%]; P , .0001). Of the 43 cancers found at screening 
mammography, 38 (88%) manifested as calcifications and 
28 (65%) were ductal carcinoma in situ. Interval cancers 
were associated with nodal involvement (P = .005) and the 
triple-negative subtype (P = .03).

Conclusion: In women at high risk for breast cancer who underwent 
screening with mammography and MR imaging, invasive 
cancers were more likely to be detected at MR imaging, 
whereas most cancers detected at screening mammogra-
phy were ductal carcinoma in situ. Interval cancers were 
found infrequently and were more likely to be node posi-
tive and of the triple-negative subtype.
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Accountability Act–compliant study, 
and the need for informed consent was 
waived. In a retrospective review of 
the radiology department database, we 
identified 7519 women at high risk for 
breast cancer who underwent screening 
with MR imaging and mammography 
between January 2005 and December 
2010. A study was considered a screen-
ing MR imaging or mammographic ex-
amination if the patient did not report 
a clinical symptom and did not have 
recent abnormal results at mammogra-
phy or MR imaging. If a patient had a 
palpable abnormality or other clinical 
symptom at the time of mammogra-
phy or MR imaging as indicated on the 
clinical information sheet or in medical 
records, then this was not considered 
a screening study. This research was 
funded in part by the National Insti-
tute of Health/National Cancer Institute 
Support Grant P30 CA008748.

Breast MR imaging was performed 
with the patient in the prone posi-
tion with a 1.5-T or 3-T commercially 
available system (Sigma; GE, Milwau-
kee, Wis) by using a dedicated surface 
breast coil. Imaging sequences included 
a localizing sequence, a sagittal fat-
suppressed T2-weighted sequence, a 
sagittal non–fat-saturated T1-weighted 
sequence, and sagittal T1-weighted 
three-dimensional, fat-suppressed fast 

irradiation between the ages of 10 and 
30 (8,9). These recommendations are 
based on multiple prospective studies 
that showed a substantially higher sen-
sitivity with MR imaging compared with 
mammography in women with a known 
or likely genetic mutation predisposing 
them to breast cancer (10–17). When 
data from 11 prospective studies were 
combined in a meta-analysis, the sen-
sitivity was 77% for MR imaging alone, 
94% for a combination of MR imag-
ing and mammography, and 39% for 
mammography alone (18). The high-
est sensitivity was achieved by using a 
combination of mammography and MR 
imaging.

To our knowledge, few studies have  
been performed to examine the frequency  
of interval cancers in women at high risk 
who undergo screening with annual mam-
mography and MR imaging or to corre-
late the biologic characteristics of breast 
cancers diagnosed with the method of 
detection. The purpose of this study was 
to compare the clinical, imaging, and his-
topathologic features of breast cancers 
detected at screening MR imaging and 
screening mammography and interval 
cancers in women at high risk.

Materials and Methods

Study Population
Our institutional review board approved 
this Health Insurance Portability and Published online before print

10.1148/radiol.2016151419 Content codes:  
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Abbreviations:
DCIS = ductal carcinoma in situ
ER = estrogen receptor
HER2 = human epidermal growth factor receptor 2
PR = progesterone receptor

Author contributions:
Guarantors of integrity of entire study, J.S.S., C.E.C.; study 
concepts/study design or data acquisition or data analysis/
interpretation, all authors; manuscript drafting or manu-
script revision for important intellectual content, all authors; 
approval of final version of submitted manuscript, all au-
thors; agrees to ensure any questions related to the work 
are appropriately resolved, all authors; literature research, 
S.S.; clinical studies, S.S., J.K., T.H., D.D.D., C.H.L., E.A.M., 
C.E.C.; statistical analysis, J.B.; and manuscript editing, 
S.S., J.B., J.K., D.D.D., C.H.L., E.A.M., C.E.C.

Conflicts of interest are listed at the end of this article.

Advances in Knowledge

 n Breast MR imaging allowed de-
tection of 118 of 144 (82%) of all 
invasive cancers in women at 
high risk for cancer who were 
screened with mammography 
and MR imaging.

 n In a high-risk screening program, 
38 of 43 (88%) mammographic 
screening-detected cancers mani-
fested as calcifications and 28 
(65%) were ductal carcinoma in 
situ.

 n Of the 222 cancers detected in 
women at high risk who were 
screened with both MR imaging 
and mammography, 12 (5%) 
were interval cancers.

Implications for Patient Care

 n A combined breast cancer 
screening program with annual 
MR imaging and mammography 
reduced the interval cancer rate 
compared with that in the gen-
eral population.

 n Because breast MR imaging 
allows detection of 118 or 144 
(82%) invasive cancers, and 
most of the cancers detected at 
mammography were ductal carci-
noma in situ, annual breast MR 
imaging may be the most effec-
tive single modality to screen 
women at high risk for biologi-
cally important invasive cancers.

Mammography is the only imag-
ing modality validated by mul-
tiple randomized clinical trials 

and meta-analyses to reduce mortality 
from breast cancer (1–3). However, 
mammography has its limitations, es-
pecially in young women with dense 
breasts who are at high risk for can-
cer. The sensitivity of mammography 
in young women with dense breasts is 
reported to be as low as 38%–50% (4). 
In addition, because breast cancers that 
develop in women at genetic risk tend 
to be more aggressive, approximately 
half of mammographic screening-de-
tected breast cancers in these women 
have nodal involvement at the time of 
diagnosis (5–7). The rate of cancers de-
tected between screening examinations 
(interval cancers) in women at high risk 
who undergo screening mammography 
is also high. For example, in one study 
(7), interval cancers accounted for 
46% of cancers in women with BRCA 
mutations who underwent screening 
mammography.

Due to these limitations of mam-
mography, supplemental screening with 
breast magnetic resonance (MR) imag-
ing is recommended for patients at high 
risk for cancer. This includes women 
with a known BRCA1 or BRCA2 mu-
tation and their untested first-degree 
relatives, women with a lifetime risk 
of 20%–25% or greater for breast can-
cer, and women with a history of chest 
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baseline MR imaging examinations and 
14 250 were incidence screening MR 
imaging. The total number of screen-
ing mammographic examinations per-
formed was 26 866. The mean time 
interval between combined screening 
examinations was 2.7 years (range, 
1–6 years) in women with no cancer 
detected during the study period, 2.9 
years in women with screening-detect-
ed cancer (range, 1–6 years), and 2.5 
years in women with an interval cancer 
(range,1–5 years).

Median age at diagnosis was 52 
years. No risk factor, including age, 
breast density, personal history of breast 
cancer, family history of breast cancer, 
BRCA1 or BRCA2 mutation status, or 
history of prior high-risk lesion or man-
tle radiation was associated with the di-
agnosis of cancer at screening MR im-
aging or mammography or the diagnosis 
of interval cancer (P . .06, Table 1).  
The number of risk factors also was not 
associated with mode of detection (P = 
.94) or lesion histologic results (P = .51)  
(Table 2). The number of women with 
a family history of breast cancer in a 
first- or second-degree relative is listed 
in Table 1. Of these, 83 of 164 (51%) 
women who underwent a screening MR 
imaging examination, 23 of 43 (53%) 
who underwent screening mammogra-
phy, and six of 12 (50%) with interval 
cancer had a family history of breast 
cancer in a first-degree relative. Of the 
high-risk lesions, atypical ductal hyper-
plasia and lobular carcinoma in situ 
were most common among all three 
groups of women.

All interval cancers manifested as 
palpable abnormalities. Of the 12 in-
terval cancers, one (8%) woman un-
derwent mammography within the pre-
ceding 3 months; four (33%), within 
4–6 months; and seven (58%) within 
7–12 months. Four of 12 (33%) inter-
val cancers were diagnosed within 6 
months and eight of 12 (67%) within 
7–12 months of an MR imaging exami-
nation what was negative for cancer. In 
these instances, no imaging abnormal-
ity could be seen on the most recent 
screening mammogram or MR images. 
Eleven of 12 (92%) interval cancers 
were invasive cancers (eight invasive 

progesterone receptor (PR), and hu-
man epidermal growth factor receptor 
2 (HER2) were performed by using the 
American Society of Clinical Oncology 
and College of American Pathologists 
guidelines (20,21). ER positivity and 
PR positivity were defined as greater 
than or equal to 1% nuclear staining. 
HER2 positivity was defined as having 
3+ immunohistochemical results or 
amplification by fluorescence in situ hy-
bridization. Tumor subtypes were cate-
gorized as luminal A (ER+ and/or PR+ 
and HER22), luminal B (ER+ and/or 
PR+ and HER2+), triple negative (ER2, 
PR2, and HER22), and HER2+ (ER2, 
PR2, and HER2+). The time interval 
between diagnosis of interval cancer 
and the most recent screening exami-
nation was also recorded.

Statistical Analysis
Fisher exact and x2 tests were used to 
compare patient and tumor character-
istics of cancers found at screening MR 
imaging or screening mammography 
and interval cancers. Analysis of var-
iance was used to examine differences 
in patient age at cancer diagnosis ac-
cording to mode of detection. Odds 
ratios and 95% confidence intervals 
were generated by using multinomial 
logistic regression with cancers found 
at screening MR imaging as the com-
parison group. Logistic regression 
methods were used to compare the 
characteristics of screening-detected 
versus interval cancers. The Wilcoxon 
signed-rank test was used to calculate 
P values.

Results

Two hundred twenty-two cancers were 
diagnosed in 219 women during the 
study period, including 144 (65%) in-
vasive cancers and 78 (35%) in situ 
cancers. Two hundred ten (95%) were 
screening-detected cancers; 12 (5%) 
were interval cancer. Of the 210 screen-
ing-detected cancers, 167 (80%) were 
detected at screening MR imaging and 
43 (20%) were detected at screening 
mammography. Of the 18 085 breast 
MR imaging examinations performed 
during the study period, 3815 were 

spoiled gradient-echo sequences be-
fore and three times after rapid bolus 
injection of 0.1 mmol/L of gadopen-
tetate dimeglumine (Magnevist, Ber-
lex, Wayne, NJ) per kilogram of body 
weight. All breast MR imaging exami-
nations were interpreted by dedicated 
breast imaging radiologists in con-
junction with the clinical history and 
other available breast imaging studies. 
All mammographic examinations at 
our institution during the study were 
performed with digital mammography 
units (Senographe 2000D; GE Medi-
cal Systems). For each MR imaging or 
mammographic examination, a final 
assessment result was assigned by us-
ing the American College of Radiology 
Breast Imaging and Reporting Data 
System categories from 1 to 5 (19).

Medical records were reviewed to 
determine the number of cancers di-
agnosed at screening MR imaging and 
mammography and the number of in-
terval cancers diagnosed. Cancers that 
were diagnosed with both mammogra-
phy and MR imaging performed within 
30 days of one another were excluded 
from analysis (n = 6), because it could 
not be determined whether the results 
of one study led to biased interpre-
tation with the other modality. Two 
breast imaging radiologists (J.S.S., 
C.E.C., with 6 and 20 years of expe-
rience, respectively) reviewed newly 
diagnosed cancers to see if an imaging 
abnormality could be seen in retro-
spect on images from the most recent 
screening examination. For those can-
cers diagnosed at a Breast Imaging and 
Reporting Data System 3 follow-up ex-
amination (n = 32), the two radiologists 
reviewed the MR images to determine 
whether the cancer was the same lesion 
for which follow-up was recommended; 
if it was, that cancer was considered a 
screening-detected cancer. The imaging 
features of the cancers, as well as the 
age at diagnosis, risk factors (breast 
density, family or personal history of 
breast cancer, BRCA mutation status, 
prior high-risk lesion, history of mantle 
radiation), and tumor histopathologic 
results were recorded after medical 
record review. Immunohistochemical 
analyses for estrogen receptor (ER), 
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ductal carcinoma, three invasive lobular 
cancer), and one of 12 (8%) was DCIS. 
Interval cancers showed nodal involve-
ment at surgical excision (screening MR 
imaging, 19 of 118 [16%]; screening 
mammography, four of 15 [27%]; inter-
val cancers, six of 11 [55%]; P = .02). 
Compared with all screening-detected 
cancers, interval cancers were also 4.5 
times more likely to be triple negative 
than were the luminal A subtype (odds 
ratio, 4.5 [95% confidence interval: 
1.1, 17.9]; P = .03) (Table 3). None of 
the interval cancers occurred in women 
with a BRCA mutation.

Screening-detected cancers found 
at mammography usually were detected 
as calcifications (38 of 43 [88%]) rather 
than as masses (four of 43 [9%]) or 
asymmetries (one of 43 [2%]). Screen-
ing mammography was also more likely 
result in diagnosis of DCIS (28 of 43, 
65%). In comparison, DCIS accounted 
for only 49 of 167 (29%) cancers de-
tected at MR imaging and one of 12 
(8%) interval cancers. Among the 43 
cancers detected at screening mam-
mography, the most recent negative 
screening breast MR imaging examina-
tion was performed on the same day 
in three (7%), within 3 months in four 
(9%), within 4–6 months in 14 (33%), 
and within 7–12 months in 22 (51%) 
women.

Of the 144 invasive cancers found 
during the study period, 118 (82%) 
were diagnosed at screening MR imag-
ing, 15 (10%) at screening mammogra-
phy, and 11 (8%) were interval cancers 
(Table 4). Screening mammography 
was less likely to show invasive cancers 
than was MR imaging (odds ratio, 0.2; 
95% confidence interval: 0.1, 0.4; P , 
.0001). However, there was no differ-
ence in the mean size of the invasive 
cancers detected at MR imaging (0.8 
cm) or mammography (0.7 cm). Inter-
val cancers were slightly larger (mean 
size, 1.1 cm), although this difference 
was not statistically significant (over-
all, P = .12). Among the 167 patients 
who underwent screening MR imaging, 
mammography with negative results 
was performed on the same day in 20 
(12%) women, within 3 months in 71 
(43%), 4–6 months in 30 (18%), and 

Table 1

Clinical Characteristics

Characteristic
Screening MR  
Imaging (n = 164)

Screening  
Mammography (n = 43)

Interval Cancer  
(n = 12) P Value

Age at cancer diagnosis* 52 (32–78) 51 (41–78) 49 (37–74) .72
Breast density
 Predominantly fatty or scattered  

 fibroglandular density
16 (10) 3 (7) 0 (0) .82

 Heterogeneously dense or  
 extremely dense

148 (90) 40 (93) 12 (100)

Risk factors
 Personal history 93 (57) 20 (47) 7 (58) .47
 Family history 123 (75) 40 (93) 12 (100) .95
 BRCA mutation 17 (10) 2 (14) 0 (0) .49
 High-risk lesion 63 (38) 24 (56) 6 (50) .06
 Mantle radiation 7 (4) 1 (2) 0 (0) .84

Note.—Unless otherwise indicated, data are number of patients, with percentage in parentheses.

* Data in parentheses are the range.

Table 2

Correlation among Risk Factors, Mode of Detection, and Tumor Histologic Results

Variable

No. of Risk Factors

P Value*1 2 3 4 5 NA

Mode of detection
 Screening MR imaging 8 66 64 22 1 3 .94
 Screening mammography 3 16 17 7 0 0
 Interval cancer 0 4 7 1 0 0
Histologic result
 DCIS 5 31 26 13 0 1 .53
 All Invasive cancer 6 55 62 17 1 2

Note.—DCIS = ductal carcinoma in situ, NA = not available.

* Fisher exact test.

Table 3

Association of Tumor Subtype and Screening-detected versus Interval Cancers

Subtype
Screening  
MR Imaging 

Screening 
Mammography Interval Cancer Odds Ratio* 

Luminal A 81 (81) 13 (13) 6 (6) 1.0
Luminal B 12 (86) 2 (14) 0 (0) NE
HER-2 1 (100) 0 (0) 0 (0) NE
Triple negative 13 (76) 0 (0) 4 (24) 4.5 (1.1,17.9)
NA 11 0 1

Note.—Unless otherwise indicated, data are number of cancers, with percentage in parentheses. NE = no estimate; NA = not 
available.

* Comparing all screen detected cancers to interval cancers. Data in parentheses are the 95% confidence interval.
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reduced to 5% (12 of 222). No clinical 
factors were associated with the devel-
opment of interval cancer, and none 
of the interval cancers were in women 
with known BRCA mutations. Our expe-
rience does not confirm those of others 
that MR imaging and mammography 
contribute equally to the detection of 
breast cancer in women with a history 
of breast irradiation (32). The small 
number of women (n = 8) in this group 
may be responsible for this difference.

surgery. This suggests that DCIS may 
be more biologically aggressive in 
these women.

In the general population, interval 
cancers account for more than 20% 
of all breast cancers diagnosed in a 
mammographic screening program 
and tend to be larger and of a higher 
grade and stage compared with those 
seen at screening mammography (29–
31). Among the women in our study, 
the frequency of interval cancer was 

7–12 months in 46 (28%) women. The 
Figure shows a comparison of tumor 
histologic results and grade according 
to detection method. As tumor grade 
and histologic results increased, cancers 
were increasingly likely to be screening-
detected at MR imaging rather than at 
mammography.

Discussion

In this study, an intensive high-risk 
screening program incorporating both 
mammography and MR imaging allowed 
detection of predominantly node-neg-
ative, subcentimeter invasive cancers 
with few interval cancers. One hundred 
eighteen of 144 (82%) of all invasive can-
cers diagnosed during the study period 
where detected at screening breast MR 
imaging. In addition, 118 of 167 (71%) 
cancers detected at MR imaging were 
invasive cancers, a result similar to what 
has been reported previously in the lit-
erature (13,22). No clinical risk factor 
was associated with the diagnosis of 
cancer at screening MR imaging, screen-
ing mammography, or interval cancers, 
suggesting that there is no subgroup of 
women less likely to benefit from high-
risk screening with a combination of 
mammography and MR imaging.

One highly debated criticism of 
breast cancer screening has been the 
possibility of overdiagnosis, particu-
larly due to DCIS (23,24). DCIS rep-
resents approximately 20%–30% of 
mammographic screening-detected 
cancers in the general population (25). 
In comparison, DCIS was found in 28 
of 43 (65%) screening mammographic 
examinations in women who underwent 
both screening mammography and MR 
imaging in our high-risk screening pro-
gram. This difference may reflect the 
higher sensitivity of MR imaging for 
invasive cancers, depleting the reser-
voir of invasive cancers that could be 
detected at screening mammography. 
While the clinical importance of DCIS 
in the general population is controver-
sial (23,24), results of studies (26–28) 
have suggested that DCIS diagnosed in 
women with a family history of breast 
cancer is associated with higher recur-
rence rates after breast conservation 

Table 4

Pathologic Results for Screening-detected Tumors at MR Imaging and Mammography 
and Interval Cancers

Pathologic Results
Screening  
MR Imaging 

Screening  
Mammography Interval Cancer P Value

DCIS 49 (63) 28 (36) 1 (1) ,.0001
Invasive cancer 118 (82) 15 (10) 11 (8)

Note.—Data are number of tumors, with percentage in parentheses.

Graph shows comparison of tumor histologic results by detection method. CA =cancer, microinv = microin-
vasive cancer, IC = interval cancer, IDC = invasive ductal carcinoma, IMC = invasive mammary carcinoma, 
MG = mammography, SCR = screening detected.
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