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            Abstract
Endomyocardial biopsy (EMB) screening represents the standard of care for detecting allograft rejections after heart transplant. Manual interpretation of EMBs is affected by substantial interobserver and intraobserver variability, which often leads to inappropriate treatment with immunosuppressive drugs, unnecessary follow-up biopsies and poor transplant outcomes. Here we present a deepâ€‰learning-based artificial intelligence (AI) system for automated assessment of gigapixel whole-slide images obtained from EMBs, which simultaneously addresses detection, subtyping and grading of allograft rejection. To assess model performance, we curated a large dataset from the United States, as well as independent test cohorts from Turkey and Switzerland, which includes large-scale variability across populations, sample preparations and slide scanning instrumentation. The model detects allograft rejection with an area under the receiver operating characteristic curve (AUC) of 0.962; assesses the cellular and antibody-mediated rejection type with AUCs of 0.958 and 0.874, respectively; detects Quiltyâ€‰B lesions, benign mimics of rejection, with an AUC of 0.939; and differentiates between low-grade and high-grade rejections with an AUC of 0.833. In a human reader study, the AI system showed non-inferior performance to conventional assessment and reduced interobserver variability and assessment time. This robust evaluation of cardiac allograft rejection paves the way for clinical trials to establish the efficacy of AI-assisted EMB assessment and its potential for improving heart transplant outcomes.
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                    Fig. 1: CRANE workflow.[image: ]


Fig. 2: Performance of the CRANE model at patient level.[image: ]


Fig. 3: Visualization of the attention heatmaps for the US cohort.[image: ]


Fig. 4: Analysis of attention heatmaps in the three independent test cohorts.[image: ]


Fig. 5: Analysis of failure cases using attention heatmaps in the three independent test cohorts.[image: ]
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              Please email all requests for academic use of raw and processed data to the corresponding author. Restrictions apply to the availability of the in-house and external data, which were used with institutional permission for the current study, and are thus not publicly available. All requests will be promptly evaluated based on institutional and departmental policies to determine whether the data requested are subject to intellectual property or patient privacy obligations. Data can only be shared for non-commercial academic purposes and will require a data user agreement. A subset of whole-slide images used in the study can be accessed through the interactive demonstration available at http://crane.mahmoodlab.org. ImageNet data are available at https://image-net.org/.Source data are provided with this paper.

            

Code availability

              
              All code was implemented in Python using PyTorch as the primary deepâ€‰learning package. All code and scripts to reproduce the experiments of this paper are available at https://github.com/mahmoodlab/CRANE.
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Extended data

Extended Data Fig. 1 Visualization of color distribution among the three cohorts.
a. Polar scatter plot depicts the differences in the train (US) and test (US, Turkish, Swiss) cohorts, each acquired with different scanners and staining protocols. The angle represents the color (i.e. hue) and the polar axis corresponds to the saturation. Each point represents average hue and saturation of an image patch selected from each cohort. To construct the figure, 100 WSIs were randomly selected from each cohort. For each selected slide, 4 patches of size 1024Ã—1024 at Ã—10 magnification were randomly selected from the segmented tissue regions. A hueâ€“saturationâ€“density color transform is taken to correct for the logarithmic relationship between light intensity and stain amount. The Swiss cohort demonstrates a large variation in both hue and saturation whereas the US and Turkish cohorts have a relatively uniform saturation but variable hue. Examples of patches with diverse hue and saturation from each cohort are shown in subplots b. and c.


Extended Data Fig. 2 Classification of high-grade cellular rejections.
A supervised, patch-level classifier is trained to refine the detected high-grade (2â€‰Râ€‰+â€‰3â€‰R) cellular rejections into grades 2 and 3. A subplot a. shows manual annotations of the predictive region for each grade as outlined by pathologist. b. Patches extracted from the respective annotation regions serve as input for the binary classifier. Subplot c. shows the model performance at patches extracted from the US (mâ€‰=â€‰290 patches) and Turkish (mâ€‰=â€‰131 patches) cohort. Reported are ROC curves with 95% confidence intervals (CIs). The bar plots represent the model accuracy, F1-score, and Cohenâ€™s Îº for each cohort. Error bars indicate the 95% CIs while the center is always the computed value of each classification performance metric (specified by its respective axis labels). The slide-level performance is reported in Supplemental Table 6. The Swiss cohort was excluded from the analysis due to the absence of grade 3 rejections.


Extended Data Fig. 3 Model performance at various magnifications.
Model performance at different magnifications scales at a. slide-level and b. patient-level. Reported are AUC-ROC curves with 95% CI for 40Ã—, 20Ã— and 10Ã— computed for the US test set (nâ€‰=â€‰995 WSIs, Nâ€‰=â€‰336 patients). For the rejection detection tasks, the model typically performs better at higher magnification, while the grade predictions benefit from the increased context presented at lower magnifications. To account for the information from different scales, the detection of rejections and Quilty-B lesions is performed from the fusion of the model predictions from all available scales. In comparison, the rejection grade is determined from 10X magnification. c. Model performance during training and validation. Shown is cross-entropy loss for the multi-task model assessing the biopsy state and for the single-task model estimating the rejection grade. Reported is slide-level performance at 40Ã— for the multi-task model, while the grading scores are measured at 10X magnification. The model with the lowest validation loss encountered during the training is used as the final model.


Extended Data Fig. 4 Performance of the CRANE model at slide-level.
The CRANE model was evaluated on the test set from the US (nâ€‰=â€‰995 WSIs, Nâ€‰=â€‰336 patients) and two independent external cohorts from Turkey (nâ€‰=â€‰1,717, Nâ€‰=â€‰585), and Switzerland (nâ€‰=â€‰123, Nâ€‰=â€‰123). a. Receiver operating characteristic (ROC) curves for the multi-task classification of EMB and grading at the slide-level. The area under the ROC curve (AUC) scores are reported together with the 95% CIs. b. The bar plots reflect the model accuracy for each task. Error bars (marked by the black lines) indicate 95% CIs while the center is always the computed value for each cohort (specified by the respective axis labels). The results suggest the ability of the CRANE model to generalize across diverse populations, and different scanners and staining protocols, without any domain-specific adaptations. Clinical deployment might benefit from the modelâ€™s fine-tuning with the local data and scanners.


Extended Data Fig. 5 Confidence of modelâ€™s predictions.
The model robustness can be measured through the confidence of the predictions. The models that suffer from overfitting usually reach high performance on the training dataset by memorizing the specifics of the training data rather than learning the task at hand. As a consequence, such models result in incorrect but highly confident predictions during the deployment. The bar plots show the fraction of model predictions achieved with high confidence, for both correctly (blue) and incorrectly (yellow) estimated patient cases. The fraction of highly confident correctly predicted samples is consistently higher than the fraction of confident incorrect predictions across all the tasks. These results indicate the robustness of the model predictions for all tasks.


Extended Data Fig. 6 Patient-level performance for all prediction tasks.
Reported are confusion matrices for a. rejection detection (including both ACR and AMR), detection of b. ACRs, c. AMRs, d. Quilty-B lesions, and e. discrimination between low (grade 1) and high (grade 2â€‰+â€‰3) rejections. To assess the modelâ€™s ability to detect rejections of different grades, subplots f. shows the distinction between normal cases and low-grade rejections, while g. reports distinction between normal cases and high-grade rejections. In both external cohorts, the model reached higher performance for detecting the more clinically relevant high-grade rejections, whereas in the internal cohort the performance is comparable for both low and high-grade cases. The rows of the confusion matrices show the model predictions and the columns represent the diagnosis reported in the patientâ€™s records. The prediction cut-off for each task was computed from the validation set. For the clinical deployment, the cut-off can be modified and fine-tuned with the local data to meet the desirable false-negative rate. The performance is demonstrated on the US hold-out test set (Nâ€‰=â€‰336 patients with 155 normal cases,181 rejections, 161 ACRs, 31 AMRs, 65 Quilty-B lesions, 113 low-grade, and 68 high-grade), Turkey (585 patients with 308 normal cases, 277 rejections, 271 ACRs, 16 AMRs, 74 Quilty-B lesions, 166 low-grade, and 111 high-grade) and Swiss (Nâ€‰=â€‰123 patients with 54 normal cases, 69 rejections, 66 ACRs, 10 AMRs,18 Quilty-B lesions, 59 low-grade and 10 high-grade). Details on each cohort are reported in Supplemental Table 1.


Extended Data Fig. 7 Analysis of case with concurrent cellular, antibody-mediated rejection, and Quilty-B lesions.
a-b. The selected biopsy region and the corresponding H&E stained WSI. Attention heatmaps are computed for each task (c,d,e) and the grade (f). For the cellular task (c.), the high-attention regions correctly identified diffuse, multi-focal interstitial inflammatory infiltrate, predominantly comprised of lymphocytes, and associated myocyte injury. For the antibody heatmap (d.), the high-attention regions identified interstitial edema, endothelial swelling, and mild inflammation, consisting of lymphocytes and macrophages. For the Quilty-B heatmap (e.), the high-attention regions highlighted a focal, dense collection of lymphocytes within the endocardium, with mild crush artifact. For the grade (f.), the high-attention regions identified areas with diffuse, interstitial lymphocytic infiltrate with associated myocyte injury, corresponding to high grade cellular rejection. The high-attention regions for both types of rejection and Quilty-B lesions appear similar at the slide level at low power magnification, since all three tasks assign high-attention to regions with atypical myocardial tissue. However, at higher magnification, the highest attention in each task comes from regions with the task-specific morphology. The image patches with the highest attention scores from each task are shown in the last column. This example also illustrates the potential of CRANE to discriminate between ACR and similarly appearing Quilty-B lesions.


Extended Data Fig. 8 Quantitative assessment of attention heatmapsâ€™ interpretability.
While the attention scores provide only relative importance of each biopsy regions for the model predictions, we attempted to quantify their relevance for diagnostic interpretability at patch- and slide-level. From the internal test set, we randomly selected 30 slides from each diagnosis and computed the attention heatmaps for each task (a-b,f-g).For the patch-level assessment, we selected 3 non-overlapping patches from the highest attention region in each slide. Since the regions with the lowest attention scores often include just a small fraction of tissue, we randomly selected 3 non-overlapping patches from the regions with medium-to-low attentions (i.e. attention scores<0.5). We randomly remove 5% of the patches to prevent pathologist from providing an equal amount of diagnoses, resulting in a total of 513 patches. A pathologist evaluated each patch as relevant or non-relevant for the given diagnosis. The pathologistâ€™s scores are compared against the model predictions of diagnostically relevant (high-attention) vs non-relevant (medium-to-low attention) patches. The subplot shows AUC-ROCscores across all patches, using the normalized attention scores as the probability estimates. The accuracy, F1-score, and Cohenâ€™s Îº, computed for all patches and for the specific diagnoses, are reported in e.. These results suggest a high agreement between the model and pathologistâ€™s interpretation of diagnostically relevant regions. For the slide-level assessment, we compare concordance in the predictive regions used by the model and pathologists. A pathologist annotated in each slide the most relevant biopsy region(s) for the given diagnosis (f.). The regions with the top 10% highest attentions scores in each slide are used to determine the most relevant regions used by the model (g.). These are compared against the pathologistâ€™s annotations. The detection rate for all slides, and the individual diagnosis, are reported in h. Although the model did not use any pixel-level annotations during training these results imply relatively high concordance in the predictive regions used by the model and pathologist. It should be noted that the attention heatmaps are always normalized and not absolute, hence, the highest attended region is considered for the analysis similar to17.


Extended Data Fig. 9 Inter-observer variability analysis.
The design of the reader study is depicted in a-b. The subplot c. shows the agreement between each pair of pathologists, while the agreement between the AI model and each pathologist is shown in d. The average agreement for each task is plotted as a vertical solid line. The analysis was performed on a random subset of 150 cases randomly selected from the Turkey test cohort: 91 ACR, 23 AMR cases (including 14 concurrent ACR and AMR cases) and 50 normal biopsies. The AI model was trained on the US cohort. For evaluation purposes, the pathologists assessed each case using the H&E slides only. It should be noted that the assessment presented here is based on Cohenâ€™s Îº and is not the absolute agreement. Cohenâ€™s Îº is a metric which runs between -1 and 1 and takes into account agreement by chance.


Extended Data Fig. 10 AI-assisted biopsy assessment.
An independent reader study was conducted to assess the potential of the CRANE to serve as an assisting diagnostic tool. Subplot a. illustrates the study design. A panel of five cardiac pathologists from an independent center was asked to assess 150 EMBs randomly selected from the Turkey cohort, the same set of slides as used for the assessment of interobserver variability presented in Extended Data Fig. 9. The pathologists were randomly split into two groups. In the first round, the readers from the first group used WSIs only, while the readers from the second group also received assistance from the CRANE in the form of attention heatmaps (HMs) plotted on the top of H&E slides. Following a washout period, the pathologists repeated the task. In the second round, the readers from the first group received WSIs and AI assistance, while the second group used WSIs only. Subplots b-e. report accuracy and assessment time (f.) of the readers without and with AI assistance marked as (WSI) and (HMâ€‰+â€‰WSI), respectively. The ground truth labels were constructed based on the pathologistsâ€™ consensus from the reader-study presented in Extended Data Fig. 9. The ability of the CRANE to mark diagnostically relevant regions has increased the accuracy of manual biopsy assessment for all tasks and all readers, as well as reduce the assessment time. These results support the feasibility of CRANE in reducing the interobserver variability and increasing the efficiency of manual biopsy reads.
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