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Methods

Participants and Risk Factors

Participants were required to have at least one risk factor in addition to breast density, and could have more than one additional risk factor.  We prioritized these additional risk factors in the order listed, so that a given participant is listed only once, even if she may have had additional risk factors: 0.9% (23/2659) participants on first screen had known or suspected pathogenic BRCA1 or -2 mutation; 0.3% (n=8) prior chest, mediastinal, and/or axillary radiation therapy; 53.1% (n=1413) personal history of breast cancer; 19.0% (n=504) had Gail (1) or Claus (2) model lifetime risk of breast cancer of ≥ 25%; 15.3% (n=406) had Gail model 5-year risk ≥ 2.5%; 8.5% (n=225) had Gail model 5-year risk ≥ 2.5% with extremely dense breasts; and 3.0% (n=80) had prior atypical breast biopsy (atypical ductal or atypical lobular hyperplasia, lobular carcinoma in situ, or atypical papilloma) as their only risk factor (3). Three women were included in year two analysis but not  in year one: two who did not complete the first screening US examination but who did complete subsequent screening per protocol, and one woman who was diagnosed with axillary nodal melanoma in year one, for a total of 2662 unique participants. While 21 sites met all experience (4), equipment (4), and qualifications for study participation (5, 6), one site did not accrue any participants: we report results from 20 sites.


Screening Methods

If the outcome of either screening test was a recommendation for other than routine annual screening, the test was considered positive and a qualified site investigator then performed an integrated interpretation by reviewing study mammogram and ultrasound together and recording results and management recommendations, which could, for example, include downgrade from biopsy to routine screening, if a sonographically depicted mass was found to correspond to a stable calcified fibroadenoma on mammography.  Clinical management was based on recommendations from the integrated interpretation.  If both modalities recommended routine annual follow-up, no separate integration was performed.  Cancers positive “only” on ultrasound were not visible on mammography; cancers positive on ultrasound “alone” are those that would have been detected if ultrasound alone had been used for screening, and includes some cancers which were also visible on mammography.  Importantly, for a cancer to be classified as detected by a given modality, the actual malignant lesion had to be test positive by that modality.

Visually estimated overall breast density on study mammograms was recorded as < 25%; 26 to 40%; 41 to 60%; 61 to 80%; or > 80% dense.  Computer-assisted detection was not permitted.  All radiologist investigators met experience requirements and had completed qualification tasks as previously detailed (5, 6). 

[bookmark: _GoBack]Ultrasound scanning was performed within two weeks of the mammogram (and usually the same day), with standardized sagittal and transverse survey technique and documentation of lesions other than simple cysts in both the long axis of the lesion and the orthogonal short axis with and without calipers (7). Only the largest simple cyst in each quadrant was documented. The patient was positioned supine when scanning the inner breast and supine oblique when scanning the outer breast, with the ipsilateral arm raised throughout. Interpretive criteria for both mammography and ultrasound were standardized (4). Just over 11% of participants had had screening ultrasound at least one year prior to study entry (7); for the rest of participants, the first study ultrasound was a prevalence screen.  For 1.6% of analyzable participants, the first screen was their baseline mammographic examination (7); otherwise, prior breast imaging was available at the time of interpretation for all screens.  


Reference Standard

Very few visits were early: of 2659 women screened in year one, 26 (1.0%) second screens occurred before 11 months (13 before 10.5 months); of 2493 women in year two, 33 (1.3%) third screens occurred before 11 months (14 before 10.5 months); of 2321 women in year three, 29 (1.2%) fourth screens occurred before 11 months (17 were before 10.5 months).  Fewer than 4% of screens in years 2 or 3 occurred longer than 15 months after the prior screening examination. The absence of a known diagnosis of cancer on participant interview, review of medical records, or both, at least 11 full months (330 days) after mammographic screening, was considered disease negative, as were 7 cases of prophylactic mastectomies with no evidence of cancer at pathology.  Biopsy results showing breast cancer (in situ or invasive ductal carcinoma or invasive lobular carcinoma) in the breast or axillary lymph nodes were considered malignant, disease positive. Cancers detected on an early second or third screen were considered screen detected provided the patient was asymptomatic at the time of screening.  After the 24-month screening mammogram and ultrasound, 612 women also had screening contrast-enhanced MRI, with nine cancers detected only by MR (3); two cancers were detected at prophylactic mastectomy; nine were detected clinically in the interval between screens.  For this analysis, only the annual ultrasound and mammographic screening were considered “study” imaging: 20 cancers were not detected by study imaging.



Discussion

Even in developed countries, compliance with mammographic screening varies.  Participation in mammographic screening is lower in the United States than in much of Western Europe. In the National Health Interview Survey, self-reported mammographic screening participation among women aged 40 years and older averaged 53% in the prior 12 months in 2008 and was higher among college graduates (64%) than among those not completing high school (40%) (8). Among women lacking health insurance, only 26% reported having a screening mammogram in the prior year. Mammography screening participation has declined following issuance of the 2009 United States Preventive Services Task Force (USPSTF) guidelines (9), particularly among women under age 50 (10). In a failure analysis from the Partners Health Care System (11), 65% of deaths due to breast cancer were among women never screened, and another 6% occurred in women diagnosed more than 2 years after the most recent prior mammogram. The median age at diagnosis of fatal breast cancer was 49 years; only 19% of breast cancer deaths were in women having annual screening (11). While healthier women are more likely to participate in screening, biasing outcomes in favor of those screened, these results suggest the potential importance of beginning screening at least by age 40, and these results also suggest the opportunity to improve outcomes if a screening test were widely available which was more attractive to patients and could be performed safely in younger women.  

Overdiagnosis is the detection, usually by screening, of cancers that otherwise would have gone undetected during a woman’s lifetime.  Such overdiagnosed cancers cannot be easily recognized at the individual level, but typically prompt treatment and its associated harms to the patient.  In a European review, Puliti et al (12) concluded that the most reliable estimates were that 1 to 10% of mammographically screen-detected cancers represent overdiagnosis after correcting for lead-time bias and breast cancer risk.  The problem of overdiagnosis is likely mostly due to low nuclear grade DCIS.  Yen et al (13) estimated that 37% of DCIS on baseline mammograms represents nonprogressive disease (a.k.a. overdiagnosis) as does 4% of DCIS on incidence screens.  Among cancers seen on ultrasound screening, fewer than 10% (5/58, 8.6%) were noninvasive in this study (none of which were low nuclear grade), whereas over 18/59 (30.5%) of cancers seen on mammography were DCIS (with 2/18, 11%, having low nuclear grade). The relative lack of DCIS detection by US may or may not reduce its efficacy in breast cancer screening if those DCIS lesions which progress to invasive cancers can be detected before they have spread to lymph nodes. We demonstrated that the distribution of cancers detected by US tends to be more aggressive than cancers detected by mammography, as it represents a larger proportion of invasive cancers. In the presence of non-inferior overall sensitivity, this finding would imply greater sensitivity to invasive cancers. However, the total number of invasive cancers in this study is not large enough to statistically support the superiority of US in detecting all invasive cancers; a larger study is needed to support such an assertion.

Many of the masses seen on US are of low suspicion, BI-RADS 4a, with less than 10% risk of malignancy (14, 15). Use of strain (16) or shear-wave elastography (17) to downgrade soft BI-RADS 4a masses to surveillance instead of biopsy has been shown to improve specificity of screening US but was not included in this series and is not yet available on low-cost US equipment.

Analysis of the cost effectiveness of screening US, either alone, or in combination with mammography, must use appropriate values for the sensitivity of each modality.  In a recent analysis by Sprague et al (18), mammographic sensitivity was estimated at 74 to 90% even in extremely dense breasts, with a 25% reduction in breast cancer mortality attributed to use of mammographic screening.  In such estimates, false negatives are limited to cancers detected clinically prior to the next screening round.  When screening US is added to mammography in women with dense breasts, not limited to elevated risk populations, very consistent supplemental cancer detection rates of 3 to 5 per 1000 have been observed, and mammographic sensitivity averages under 50% (19-26).  We found in ACRIN 6666 that the addition of US increased invasive cancer detection from 41 to 71 across 7473 screens (a 73% relative increase): a commensurate improved reduction in breast cancer mortality is expected but mortality reduction has not been studied directly with US.  When MRI is performed, mammographic sensitivity averages under 35% (27-31) and even the combination of mammography and US detects fewer than half of all cancers when MRI is used.  Similar results have been reported with MRI even in average-risk populations (32).  MRI has been shown to reduce the rate of late stage breast cancers (33), but studies of mortality reduction have not been performed.  Screening breast MRI is not likely to be a viable solution for screening in developing countries and patient tolerance is a problem for MRI (34) due to claustrophobia, metallic implants, the required contrast injection, and equipment cost, among other issues.

Only women with at least heterogeneously dense parenchyma in one quadrant were eligible for ACRIN 6666 study entry.  Despite this requirement, at least 12% of participants’ mammograms were visually estimated to have less than 40% density (thus, using the BI-RADS 4th edition (35) definitions, scattered fibroglandular density). The current BI-RADS (5th edition) (36) emphasizes that the densest portion of the breast should be used to guide categorization of breast density: even if only one quadrant is heterogeneously dense, the breast density should be so classified due to the masking effect for cancers in that quadrant. Importantly, cancer detection rates of US did not vary with breast density, although women with nearly entirely fatty breasts were not included in our population.  Thus, while there is variability in subjective assessment of breast density (37), supplemental US provided the same incremental cancer detection in women with scattered fibroglandular density as in women with extremely dense breasts in ACRIN 6666.
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