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            Abstract
Screening mammography aims to identify breast cancer at earlier stages of the disease, when treatment can be more successful1. Despite the existence of screening programmes worldwide, the interpretation of mammograms is affected by high rates of false positives and false negatives2. Here we present an artificial intelligence (AI) system that is capable of surpassing human experts in breast cancer prediction. To assess its performance in the clinical setting, we curated a large representative dataset from the UK and a large enriched dataset from the USA. We show an absolute reduction of 5.7%Â and 1.2% (USA and UK) in false positives and 9.4%Â and 2.7% in false negatives. We provide evidence of the ability of the system to generalize from the UK to the USA. In an independent study of six radiologists, the AI system outperformed all of the human readers: the area under the receiver operating characteristic curve (AUC-ROC) for the AI system was greater than the AUC-ROC for the average radiologist by an absolute margin of 11.5%. We ran a simulation in which the AI system participated in the double-reading process that is used in the UK, and found that the AI system maintained non-inferior performance and reduced the workload of the second reader by 88%. This robust assessment of the AI system paves the way for clinical trials to improve the accuracy and efficiency of breast cancer screening.
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                    Fig. 1: Development of an AI system to detect cancer in screening mammograms.


Fig. 2: Performance of the AI system and clinical readers in breast cancer prediction.


Fig. 3: Performance of the AI system in breast cancer prediction compared to six independent readers.


Fig. 4: Discrepancies between the AI system and human readers.



                


                
                    
                
            

            
                Data availability

              
              The dataset from Northwestern Medicine was used under license for the current study, and is not publicly available. Applications for access to the OPTIMAM database can be made at https://medphys.royalsurrey.nhs.uk/omidb/getting-access/.

            

Code availability

              
              The code used for training the models has a large number of dependencies on internal tooling, infrastructure and hardware, and its release is therefore not feasible. However, all experiments and implementation details are described in sufficient detail in theÂ Supplementary Methods section to support replication with non-proprietary libraries. Several major components of our work are available in open source repositories: Tensorflow (https://www.tensorflow.org); Tensorflow Object Detection API (https://github.com/tensorflow/models/tree/master/research/object_detection).
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Extended data figures and tables

Extended Data Fig. 1 Unweighted evaluation of breast cancer prediction on the US test set.
In contrast to in Fig. 2b, the sensitivity and specificity were computed without the use of inverse probability weights to account for the spectrum enrichment of the study population. Because hard negatives are overrepresented, the specificity of both the AI system and the human readers is reduced. The unweighted human sensitivity and specificity are 48.10% (nÂ =Â 553) and 69.65% (nÂ =Â 2,185), respectively.


Extended Data Fig. 2 Performance of the AI system in breast cancer prediction compared to six independent readers, with a 12-month follow-up interval for cancer-positive status.
Whereas the mean reader AUC was 0.750 (s.d. 0.049), the AI system achieved an AUC of 0.871 (95% CI 0.785, 0.919). The AI system exceeded human performance by a significant margin (Î”AUCÂ =Â +0.121, 95% CI 0.070, 0.173; PÂ =Â 0.0018 by two-sided ORH method). In this analysis, there were 56 positives of 408 total cases; see Extended Data Table 3. Note that this sample of cases was enriched for patients who had received a negative biopsy result (nÂ =Â 119), making it a more challenging population for screening. As these external readers were not gatekeepers for follow-up and eventual cancer diagnosis, there was no bias in favour of reader performance at this shorter time horizon. See Fig. 3a for a comparison with a time interval that was chosen to encompass a subsequent screening exam.


Extended Data Fig. 3 Localization (mLROC) analysis.
Similar to Extended Data Fig. 2, but true positives require localization of a malignancy in any of the four mammogram views (seeÂ Methods section â€˜Localization analysisâ€™). Here, the cancer interval was 12 months (nÂ =Â 53 positives of 405 cases; see Extended Data Table 3). The dotted line indicates a false-positive rate of 10%, which was used as the right-hand boundary for the pAUC calculation. The mean reader pAUC was 0.029 (s.d. 0.005), whereas that of the AI system was 0.048 (95% CI 0.035, 0.061). The AI system exceeded human performance by a significant margin (Î”pAUCÂ =Â +0.0192, 95% CI 0.0086, 0.0298; PÂ =Â 0.0004 by two-sided ORH method).


Extended Data Fig. 4 Evidence for the gatekeeper effect in retrospective datasets.
a, b, Graphs show the change in observed reader sensitivity in the UK (a) and the USA (b) as the cancer follow-up interval is extended. At short intervals, measured reader sensitivity is extremely high, owing to the fact that biopsies are only triggered based on radiological suspicion. As the time interval is extended, the task becomes more difficult and measured sensitivity declines. Part of this decline stems from the development of new cancers that were impossible to detect at the initial screening. However, steeper drops occur when the follow-up window encompasses the screening interval (36 months in the UK; 12 and 24 months in the USA). This is suggestive of what happens to reader metrics when gatekeeper bias is mitigated by another screening examination. In both graphs, the number of positives grows as the follow-up interval is extended. In the UK dataset (a), it increases from nÂ =Â 259 within 3Â months to nÂ =Â 402 within 39Â months. In the US dataset (b), it increases from nÂ =Â 221 within nÂ =Â 3 months to 553 within 39Â months.


Extended Data Fig. 5 Quantitative evaluation of reader and AI system performance with a 12-month follow-up interval for ground-truth cancer-positive status.
Because a 12-month follow-up interval is unlikely to encompass a subsequent screening exam in either country, readerâ€“model comparisons on retrospective clinical data may be skewed by the gatekeeper effect (Extended Data Fig. 4). See Fig. 2 for comparison with longer time intervals. a, Performance of the AI system on UK data. This plot was derived from a total of 25,717 eligible examples, including 274 positives. The AI system achieved an AUC of 0.966 (95% CI 0.954, 0.977). b, Performance of the AI system on US data. This plot was derived from a total of 2,770 eligible examples, including 359 positives. The AI system achieved an AUC of 0.883 (95% CI 0.859, 0.903). c, Reader performance. When computing reader metrics, we excluded cases for which the reader recommended repeat mammography to address technical issues. In the US data, the performance of radiologists could only be assessed on the subset of cases for which a BI-RADS grade was available.


Extended Data Table 1 Characteristics of the UK and US test setsFull size table


Extended Data Table 2 Detailed comparison between human clinical decisions and AI predictionsFull size table


Extended Data Table 3 Detailed description of the case composition for the reader studyFull size table


Extended Data Table 4 Potential use of the AI system in two clinical applicationsFull size table


Extended Data Table 5 Discrepancies between the AI system and human readersFull size table


Extended Data Table 6 Performance breakdownFull size table


Extended Data Table 7 Reader experienceFull size table





Supplementary information
Supplementary Information
Supplementary Methods describes development and training of the AI system in greater detail. Supplementary Tables 1-3 and Supplementary Figures 1-5 contain additional results, alternative analyses, and methodological diagrams.
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