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eAppendix 1. Details of Imaging and Image Interpretation Protocol 
 
Participating institutions had to comply with quality assurance guidelines set forth by both the Mammography 
Quality Standard Act (MQSA) and the American College of Radiology (ACR) for mammographic screening and 
breast MRI accreditation, respectively. Bilateral, two-view (cranio-caudal, mediolateral-oblique) DBT was 
performed according to practice standards established by the ACR. AB-MR studies were conducted in accordance 
with ACR guidelines, and were done on either 1.5 or 3.0T MR systems equipped with dedicated, bilateral breast 
coils. A slice thickness of 3 mm or less, and an in-plane resolution of 1 mm or less, were required. All imaging 
could be acquired with or without fat suppression.  T1-weighted imaging could be acquired with 2D or 3D pulse 
sequences. 
 
Before institutions were allowed to participate, AB-MR interpreting radiologists had to successfully complete a 
training case series of 100 AB-MR studies provided by the Society of Breast MRI (SBMR) to receive certification 
by the SBMR.  Radiologists interpreting the AB-MR were provided with the SBMR AB-MR interpretation 
guidelines in order to standardize interpretation across institutions. 
 
If DBT was the first test per randomization, any additional imaging (spot compression/magnification view and/or 
ultrasound) recommended from the screening DBT was completed and a final recommendation recorded on the 
DBT imaging data forms by the interpreting radiologist prior to the AB-MR. This implied that, unlike in the usual 
screening setting, where mammograms that require further imaging evaluation are coded as BI-RADS 0 
(“assessment incomplete”), and women are invited to return for further assessment (“call-back”) typically on a 
different day, the additional evaluation had to be done immediately after the screening DBT in order to yield a final 
DBT diagnosis. However, we recorded whether screening DBT required such additional imaging (call-back).   
 
If AB-MR was the first test per randomization, the results were recorded on the AB-MR imaging data forms prior to 
DBT.  Since, after an AB-MR study, additional imaging is not considered useful, AB-MR is not associated with 
call-back. Each DBT and AB-MR interepretation was reported using the standard BI-RADS guidelines. 
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eAppendix 2. Statistical Methods 
 
a. Endpoints 

 
The primary endpoint was the rate of detection of invasive cancer by each modality on the study baseline 
screening at the participant-level. The rate was estimated as the fraction of all participants with both tests performed 
(Figure 1), who had a positive test result (BI-RADS 3,4,5) by the modality for a lesion that was confirmed by 
pathology as invasive cancer. The positive imaging result should have matched the location of the lesion reported by 
pathology (core biopsy or surgical excision). 
 
Secondary endpoints reported in this paper include sensitivity, specificity, positive predictive value of biopsy 
(PPV), and additional imaging recommendation rate, all assessed at the participant-level.   

1. Sensitivity, specificity:  The reference standard information was defined as positive for cancer if a cancer 
(invasive or DCIS) was reported at any time during the period from the study baseline screen to the next 
annual screen. Cancers detected at baseline are included, but cancers reported at the next annual screen are 
not. If no cancer was reported, the reference standard was defined as negative for cancer.  Sensitivity was 
estimated as the fraction of participants with cancer by the reference standard, for whom the imaging 
modality result was positive (BI-RADS 3,4,5) for a location that matched the location of the cancer 
indicated by the reference standard. Specificity was estimated as the fraction of participants without cancer 
by the reference standard, for whom the imaging modality result was negative (BI-RADS 1,2). 

2. Positive predictive value of biopsy:  The PPV of biopsy was defined as the fraction of participants with a 
biopsy recommendation (BI-RADS 4,5) that was actually performed and yielded a cancer (invasive or 
DCIS) determination by pathology. 

3. Additional imaging recommendation: The rate of additional imaging recommendation was defined as the 
fraction of participants who received such a recommendation.  Specifically, for AB-MR, this consisted of 
recommendation for short-term follow-up; for DBT, this consisted of either call back, or recommendation 
for short-term follow-up. 

 
A number of exploratory endpoints are reported, some of which were pre-specified in the statistical analysis plan, 
and some of which were post hoc.   
 
Pre-specified exploratory endpoints include the rate of overall cancer detection, the interval cancer rate, lesion-
level PPV of biopsy, and local stage and characteristics of detected cancers. 

1. Rate of overall cancer detection was defined analogously to the primary endpoint but comprised 
detection of both invasive cancer and DCIS. 

2. Interval cancers defined as cancers (invasive or DCIS) that were not detected at the study baseline 
screening, or from associated short-term follow-up resulting from the baseline screening, but instead were 
discovered during subsequent participant follow-up prior to the next annual screening round. 

3. Local stage of detected cancers comprises information on size, and lymph node status. 
4. Characteristics of detected cancers are based on histopathological and immunohistochemical 

information, stratified by the method of detection. 
 
Post hoc exploratory endpoints which were not pre-specified in the statistical analysis plan include the proportion 
of women with invasive cancer who had a positive screening result (analogue of sensitivity), the proportion of 
women without invasive cancer, but possibly with DCIS, who had a negative screening result (analogue of 
specificity), and the proportion of women with a positive screening result who were shown to have invasive 
cancer (analogue of PPV).  

 
b. Sample size considerations 

 
The projected sample size of 1450 participants was chosen to provide 90% power to detect a difference in the 
invasive cancer detection rate of 9/1000 between the two modalities using a two-sided McNemar test of level 0.05. 
The magnitude of the difference was selected conservatively in the lower range of reported differences from 
published reports available at the time of protocol development (1,2).  The following table presents computations of 
the required sample size to ensure power 90% using a two-sided McNemar’s test of level 0.05 and for a range of 
values of the difference in detection rates and total rates of discordant pairs. Based on these computations we 
selected a sample size of 1363 cases with complete data from both tests and pathology. This sample size is needed to 
ensure power 90% for a difference in the rates of invasive cancer detection of 9/1000 when the discordant pair rate 
is in the middle of the range. Assuming that adequate information to evaluate the primary endpoint will not be 
available on up to 6% of cases, a sample size of 1450 will provide power 90% to compare the diagnostic yield in 
invasive cancer   
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of the two modalities. Women that complete either only the AB-MR or only the DBT, and not both studies, at 
baseline will not be included in the analysis. 

Power Sample size Difference in invasive cancer rates 
(AB-MR – DBT) 

Proportion of 
discordant cases 

0.90 1191 0.009 0.010 
0.90 1363 0.009 0.011 
0.90 1552 0.009 0.012 
0.90 1057 0.010 0.011 
0.90 1197 0.010 0.012 
0.90 949 0.011 0.012 

 
c. Statistical Analysis  
 
Primary analysis: Because of the paired design, comparisons of proportions (detection rates, sensitivities, 
specificities and additional imaging recommendations) were conducted using the exact McNemar’s test. The exact 
version of the test was chosen because of the small number of cancers in the study and the zero cells in the cross 
tabulation for the primary endpoint. Wilson confidence intervals were computed for each of the proportions. The 
Wald interval with Bonett-Price Laplace adjustment was computed for the difference in invasive cancer 
detection rates (3).  The comparisons of PPV of biopsy (both participant-level and lesion-level) were performed 
using generalized estimating equation (GEE) regression modeling, as described by Leisenring et al (4). The reported 
p-value was obtained from the corresponding score test. 
 
Adjustment for multiple comparisons: A post hoc Bonferroni adjustment was used to control for the comparison 
of the primary and the four secondary endpoints (sensitivity, specificity, PPV of biopsy, and additional imaging 
recommendation rate), for a total of 5 comparisons.  Accordingly, p-values below 0.01 were considered statistically 
significant.  Analyses of exploratory endpoints were not adjusted for multiplicity. 
 
Participant clustering by institution: The potential impact of participant clustering within institutions was 
explored in the analysis of the secondary endpoint of sensitivity and specificity (invasive + DCIS). For specificity, a 
mixed effects logistic regression model was fit using only reference standard negative participants, in which the 
response was the binary test result and an indicator of the screening modality was the covariate.  Sensitivity was 
modelled similarly using only reference standard positive participants.  In each case, the model included random 
effects for institution to account for clustering by institution, and a compound symmetry (marginal) variance-
covariance structure for participant to account for the paired design.  The analysis was carried out using the 
GLIMMIX procedure in SAS. This analysis is a mixed model analogue of the chi-squared version of McNemar’s 
test. 
 
Because of a zero count in one of the discordant cells in the overall 2x2 classification of detection, the previous 
approach was numerically not feasible for the comparison of the primary endpoint of invasive cancer detection rates. 
As an alternative, we used the adjusted McNemar’s test for clustered paired data proposed by Durkalski et al (5). 
This analysis leads to an adjusted chi-square statistic with 1 degree of freedom, and thus is not a direct extension of 
the exact test. The statistic was computed using 2x2 tables from institutions that had at least one screen-detected 
invasive cancer. 
 
Missing data:  The protocol and data collection included sustained efforts toward minimizing the extent of missing  
data for the reference standard. As a result of these efforts, there were no missing data in the analysis of the primary 
endpoint (comparison of invasive cancer detection rates), the analysis of rates of additional imaging 
recommendations, and the analysis of PPV of biopsy. However, there was inadequate information for the reference 
standard of 14 participants (~1%) used in the assessment of sensitivity and specificity. To assess the potential impact 
of missing reference standard, multiple imputation was used in the mixed model based comparison of sensitivity and 
specificity. The following variables were used to impute the missing reference standard:  age, race, BCSC 5-year 
risk score, study baseline AB-MR BI-RADS, study baseline DBT BI-RADS, and a 0/1 indicator for whether or not 
all reported lesions for the participant at the study baseline screening led to a negative biopsy. A total of 25 
imputation samples were used in the analysis. 
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eAppendix 3. Analysis Accounting for Clustering in Comparison of Invasive Cancer Detection Rates 
 
The adjusted chi-square statistic was 5.7, with df=1 (p-value=0.017). The statistic was computed using data 
from 11 institutions.  

 
 
 
 
 
 

eAppendix 4. Mixed Model Analysis of Sensitivity and Specificity, With Random Effect for Institution 
and Multiple Imputation for Missing Reference Standard 
 
The estimated sensitivity for AB-MR versus DBT from the GLIMMIX model with multiple imputations was 
95.7% (95% CI: 86.7% - 100.0%) versus 38.9% (95% CI: 17.3% - 60.4%) (p=0.009).  The p-value was 
obtained from the t-test of the regression parameter corresponding to comparison of the discordant pairs. The 
corresponding specificity for AB-MR versus DBT from the GLIMMIX model with multiple imputations was 
86.5% (95% CI: 84.1% - 88.8%) versus 97.5% (95% CI: 96.7% - 98.4%) (p<0.001). 
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eTable 1. Demographic and Risk Characteristics of Study Participants, by Group 

 
All randomized 

participants 
(N a = 1516) 

Arm A  
DBT first,  

followed by AB-MR 
(N a = 757) 

Arm B 
AB-MR first,  

followed by DBT 
(N a = 759) 

Eligible participants  
with both scans 

completed 
(N a = 1444) 

n % n % n % n % 
Age (years) 
Mean (Std) 
Median (Range) 

 
54.9 (8.6) 

54 (40, 75) 

 
54.9 (8.7) 

54 (40, 75) 

 
54.9 (8.4) 

54 (40, 75) 

 
54.9 (8.5) 

54 (40, 75) 
Race b (N=1428) (N=717) (N=711) (N=1361) 
      White 1287 90% 648 90% 639 90% 1233 91% 
      Black/African American 70 5% 29 4% 41 6% 61 4% 
      Asian 60 4% 38 5% 22 3% 57 4% 
      Mixed race 6 <1% 1 <1% 5 1% 5 <1% 
      American Indian/Alaskan Native 3 <1% 0 0% 3 <1% 3 <1% 
      Native Hawaiian/Pacific Islander 2 <1% 1 <1% 1 <1% 2 <1% 
Ethnicity c (N=1424) (N=715) (N=709) (N=1356) 
      Hispanic/Latino 42 3% 11 2% 31 4% 39 3% 
Menopausal status (N=1450) (N=715) (N=735) (N=1443) 
      Pre-menopausal 442 30% 236 33% 206 28% 440 30% 
      Peri-menopausal 94 6% 49 7% 45 6% 94 7% 
      Naturally post-menopausal 671 46% 316 44% 355 48% 669 46% 
      Surgically post-menopausal 243 17% 114 16% 129 18% 240 17% 
Breast density from baseline screen 
DBT 

48 3% 29 4% 19 3% 0 0%       Scan not performed d 

      ACR-A  2 <1% 1 <1% 1 <1% 2 <1% 
      ACR-B  116 8% 50 7% 66 9% 115 8% 
      ACR-C  1128 74% 564 75% 564 74% 1108 77% 
      ACR-D  222 15% 113 15% 109 14% 219 15% 
History of at least one 1st degree 
relative with breast cancer 
       

(N=1504) (N=751) (N=753) (N=1438) 

285 19% 142 19% 143 19% 271 19% 
History of at least one 1st degree 
relative with ovarian cancer 
       

(N=1504) (N=751) (N=753) (N=1438) 

30 2% 19 3% 11 1% 30 2% 
Prior benign biopsy with atypias 
 

(N=1491) (N=744) (N=747) (N=1423) 
10 1% 6 1% 4 1% 10 1% 

BCSC 5-year risk e     
N 1448 722 726 1385 
Mean (Std) 1.8 (0.8) 1.8 (0.8) 1.8 (0.8) 1.8 (0.8) 
Median (Range) 1.6 (0.3, 7.8) 1.6 (0.3, 6.1) 1.6 (0.4, 7.8) 1.6 (0.3, 7.8) 
BCSC 10-year risk e     
N 1448 722 726 1385 
Mean (Std) 3.7 (1.6) 3.7 (1.6) 3.7 (1.6) 3.7 (1.6) 
Median (Range) 3.5 (0.9, 14.2) 3.5 (0.9, 11.3) 3.5 (0.9, 14.2) 3.5 (0.9, 14.2) 

DBT: Digital Breast Tomosynthesis; AB-MR: Abbreviated breast Magnetic Resonance Imaging; BCSC: Breast Cancer 
Surveillance Consortium; ACR: American College of Radiology; Std: Standard deviation 
ACR-A-D: Categorization of breast density from non-dense to dense. ACR-A: Almost entirely fat (<25% fibroglandular); ACR-
B: Scattered fibroglandular densities (25-50% fibroglandular); ACR-C: Heterogeneously dense breasts (51-75% fibroglandular); 
ACR-D: Extremely dense breasts (>75% fibroglandular).  Note that women were included based on the density of the respective 
last screening mammogram and could have undergone involution since that last screening mammogram. 
a All percentages are based on N unless otherwise indicated. 
b Among all 1516 randomized participants, a total of 63 did not report race, and 25 had unknown race.  
c Among all 1516 randomized participants, a total of 58 did not report ethnicity, and 34 had unknown ethnicity. 
d 48 randomized participants which did not receive the study baseline DBT: breast density from the most recent prior 
mammogram was heterogeneously dense in 43/48 (90%) and extremely dense in 5/48 (10%).  
e Risk scores could not be calculated for a total of 14 randomized participants due to age >74 years (n=5) or previous diagnosis of 
breast cancer (n=9).  In addition, 54 randomized participants with either unknown or unavailable data on prior history of breast 
cancer were also excluded from the BCSC score summaries. 
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eTable 2. Participant-Specific Adverse Event Listing 

Observation 
Participant 

ID 

Days between 
baseline screening 
and adverse event 

Adverse 
event 
grade Adverse event description 

Relation to 
study procedure 

1 1 0 2 Vomiting [3 - 5 episodes (separated by 5 
minutes) in 24 hrs] 

Unlikely 

2 2a 0 1 Cough [Mild symptoms; nonprescription 
intervention indicated] 

Probable 

3 2b 0 1 Facial rash [Asymptomatic or mild 
symptoms; clinical or diagnostic 
observations only; intervention not indicated] 

Possible 

4 3 0 1 Anxiety [Mild symptoms; intervention not 
indicated] 

Definite 

5 4 0 1 Flushing [Asymptomatic; clinical or 
diagnostic observations only; intervention 
not indicated] 

Definite 

6 5 0 0 Vasovagal reaction [None] Possible 

7 6 101 5 Intracranial hemorrhage [Death] Unlikely 

8 7 0 1 Bruising [Localized or in a dependent area] Definite 

9 8 0 1 Allergic reaction [Transient flushing or rash, 
drug fever <38 degrees C (<100.4 degrees F); 
intervention not indicated] 

Possible 

10 9 136 5 Malignant neoplasm of the right lung [Death] Unrelated 

11 10 0 2 Allergic reaction [Intervention or infusion 
interruption indicated; responds promptly to 
symptomatic treatment (e.g., antihistamines, 
NSAIDS, narcotics); prophylactic 
medications indicated for <=24 hrs] 

Definite 

12 11 0 2 Allergic reaction [Intervention or infusion 
interruption indicated; responds promptly to 
symptomatic treatment (e.g., antihistamines, 
NSAIDS, narcotics); prophylactic 
medications indicated for <=24 hrs] 

Definite 

13 12 0 1 Anxiety [Mild symptoms; intervention not 
indicated] 

Probable 

 

  



© 2020 American Medical Association. All rights reserved. 

 
 
eFigure 1. Paired 2x2 Tabulations of DBT and MRI 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

a Note: Comparison was not pre-specified in the statistical analysis plan. 
b Note: All imaging studies were interpreted with readers expected to also call findings consistent with DCIS, not 
only findings consistent with invasive cancer.  
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eFigure 2. Post Hoc Analysis Focusing on Invasive Cancer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a Note: Comparison was not pre-specified in the statistical analysis plan. 
b Note: All imaging studies were interpreted with readers expected to also call findings consistent with DCIS, not 
only findings consistent with invasive cancer.  
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