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Introduction/Background
Acute stroke is a significant cause of morbidity and mortality, with the Global Burden of Disease Study 2021 identifying stroke as the third most common cause of Disability Adjusted Life Years (DALY), and the second most common cause of death amongst non-communicable disorders (1). The largest proportion of incident strokes are ischaemic in aetiology, with endovascular thrombectomy (EVT) revolutionising treatment and prognosis; establishing EVT  as the standard of care for the management of intracranial large vessel occlusion (LVO) (1,2). The management of acute ischaemic stroke is time sensitive and factors which improve the speed and efficacy of diagnosis and treatment are likely to improve patient outcomes (3). 

Reperfusion of the ischaemic territory is evaluated through assessment of digital subtraction angiography (DSA) studies performed after EVT attempts. There have been multiple iterations of the Thrombolysis in Cerebral Infarction (TICI) score, including the modified TICI (mTICI) score and most latterly the expanded TICI (eTICI) score, which grades the visually described percentage reperfusion of the target downstream territory, providing a quantitative assessment of EVT technical success and correlates well with functional outcomes (4,5).   Currently, TICI scores are assigned by the operating neurointerventionist (INR), a practice limited by operator experience, operator bias and field of view (6). Evidence has found discrepancies between local and core laboratory TICI scores, with the latter generally being more conservative, as well as only ‘fair’ inter-rater agreement when using the entire ordinal mTICI scale (7–10). Both limitations improved when dichotomized mTICI scales were used and the subjective visual nature of DSA estimation has been hypothesised as an explanation, however more granular TICI scales such as the eTICI score provides more meaningful distinctions in terms of clinical outcomes (4,8). 

Automated perfusion scoring of DSA ‘runs’ (time ordered image series) has been proposed as a way of reducing subjectivity, enhancing standardisation, and improving inter-rater reliability of TICI scoring (6). There have been calls for the development of artificial intelligence (AI) models which incorporate prior images and can handle imaging data with temporal complexity to be able to perform such tasks (11). AI models capable of automated scoring of radiological outcomes post EVT have potential utility in supporting INRs to improve the speed, accuracy, and efficacy of clinical stroke management as well as potential research utility through intra- and inter- study TICI score comparison in trials.  

One such AI model, termed Deep Movement, was developed to take routine intra-operative EVT DSA videos and identify the presence and location of LVO as well as provide automated objective scoring of radiological outcomes post EVT stroke treatment (3). This study aims to assess the diagnostic accuracy of DEEP Movement in predicting mTICI scores, enabling evaluation for future clinical and research utility.  

Study Aims
This study aims to assess the diagnostic accuracy of the Deep Movement AI model in predicting mTICI scores from DSA data, enabling evaluation for future clinical and research utility.  

Methods
Study Design
Diagnostic accuracy study involving secondary analysis of data from a prospective multi-centre randomised control trial. 

Outcomes
The primary outcome measure of this study is to assess the diagnostic accuracy of Deep Movement in predicting the binary outcome mTICI score (complete recanalization (mTICI 3) vs incomplete recanalization (mTICI <3)) on the final run DSA. 

The secondary outcome measures of this study are to assess the diagnostic accuracy of Deep Movement in (i) identifying the LVO location on the initial catheter angiography, (ii) assessing the impact of occlusion location on diagnostic accuracy, and (iii) predicting the angiographic binary outcome mTICI score following the first pass. 

Data Source 
The Effect of Proximal Blood Flow Arrest During Endovascular Thrombectomy (ProFATE) study is a UK based, multicentre, blinded endpoint randomised controlled trial, which investigated whether temporary blood flow arrest during EVT using a balloon guided catheter improves intracranial vessel recanalization compared to no flow arrest (12). Following each EVT attempt, a cervico-cranial DSA was performed and blinded adjudication of the eTICI score was established, with core laboratory adjudication of the imaging outcome being subsequently performed by two independent assessors. Catheter angiography from the ProFATE study will be used to assess the diagnostic accuracy of the automated TICI scores generated by Deep Movement, with the core laboratory adjudicated TICI score used as the reference standard.  

Participants
The ProFATE trial recruited functionally independent (pre-stroke modified Rankin scale (mRS) of 0 to 2) adults (aged 18 years or older), who presented with an acute ischemic stroke and associated neurological deficit, as evidenced by a National Institutes of Health Stroke Scale (NIHSS) score >2, caused by occlusion in the intracranial distal internal carotid artery (ICA) or the M1 or proximal M2 segments of the middle cerebral artery (MCA), confirmed through clinical neuroimaging modalities such as computed tomography angiography (CTA), magnetic resonance angiography (MRA), or DSA. EVT was performed if participants had an Alberta Stroke Program Early CT Score (ASPECTS) of 5 or higher.

Key exclusion criteria for the ProFATE trial included posterior circulation occlusion, severe stenosis (≥90%) or tandem occlusion of the ipsilateral extracranial ICA, as well as the presence of previously deployed stents or evidence of dissection in the ipsilateral ICA. Participants were also excluded if they were deemed unlikely to be available for 90-day follow-up due to logistical reasons, such as having no fixed home address or being a visitor from overseas. Additional exclusions included participation in studies involving investigational drugs or devices that could interfere with trial outcomes.

This study will include any ProFATE study participants for whom DSA studies are available that meet the imaging requirement for Deep Movement. 

Deep Movement 
Deep Movement is a deep learning artificial intelligence model developed for the automated analysis of intra-operative DSA runs in EVT. It requires either lateral and anterior-posterior view DSA videos in MP4 format and detects the presence or absence of a LVO in the anterior circulation using all video frames. In addition, it identifies the occlusion’s location (distinguishing ICA, M1, or M2 segment) and evaluates EVT success by classifying the post-thrombectomy DSA run as either complete (mTICI = 3) or incomplete (mTICI < 3) antegrade perfusion.

Multiple model architectures were developed, with the most highly performing model, termed stacked-Xception, using a stacked 2D convolutional neural network (CNN) architecture with an Xception backbone utilising multiple consecutive frames simultaneously (a 2.5D approach), which was pretrained on the ImageNet dataset. It was fine-tuned for 20 epochs on angiographic data using the Adam optimiser with a progressively decaying learning rate of 10% every epoch. To improve generalisability, the training process employed data augmentation techniques including horizontal image flips, random cropping, and brightness distortion. For interpretability, Gradient-weighted Class Activation Mapping (Grad-CAM) was used to generate visual dynamic saliency maps highlighting the angiographic regions most influential in the model’s predictions, therefore allowing visual confirmation of what the model attends to.

In internal validation, Deep Movement detected LVO with 100% sensitivity and 91.7% specificity, and it correctly classified the occlusion site with an accuracy of 71% for ICA occlusions, 84% for M1 occlusions, and 78% for M2 occlusions. On external validation, the model achieved 91.3% sensitivity and 81.8% specificity for LVO detection. Location classification accuracy on the external dataset was 73% for ICA, 35% for M1, and 50% for M2 occlusions. 

Deep Movement correctly predicted the binary outcome final mTICI score with an accuracy of 100% for ICA occlusions, 88% for M1 occlusions, and 35% for M2 occlusions on the final DSA, with an area under the ROC (AUC) of 0.71 for internal validation. On external validation cases, the model’s success identification accuracy by occlusion site was 89% for ICA, 88% for M1, and 60% for M2.  Overall, performance was higher for proximal occlusions (ICA and M1) and lower for more distal occlusions (M2), consistent with the greater challenge of detecting and classifying distal vessel occlusions.

Video Preparation 
DICOM files of ProFATE participant DSA runs were downloaded from trial centre PACS systems and labelled according to the view (anterior-posterior or lateral) and the pre and post EVT angiography. The labelled DICOM files were then converted to MP4 format using RadiAnt DICOM Viewer 24.1. 

Statistical Analysis
Primary Outcome
A confusion matrix will be constructed comparing model predictions against the reference standard for the binary outcome mTICI score (complete recanalization (mTICI 3) vs incomplete recanalization (mTICI <3)). From this, accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) will be calculated. Each metric will be reported with 95% confidence intervals (CI), calculated using the Clopper–Pearson exact method. Cohen’s Kappa will assess categorical agreement between the Deep Movement predictions and the reference standard classifications. To evaluate the overall discriminative ability of the model, area under the receiver operating characteristic curve (AUC) will be calculated. 

For consistency in classification:
· Post EVT DSA runs with a reference standard eTICI of 2c will be classified as incomplete recanalization (mTICI <3). 
· Participants for whom only the first pass DSA was performed, this will be classified as both the first pass and final DSA for analysis purposes. 

Secondary Outcome
Primary outcome analysis will be repeated on the first pass DSA predictions. To investigate the influence of occlusion location on diagnostic accuracy, analyses will be stratified by subgroup (left/right ICA, M1, and M2), with separate performance metrics computed for each. 

To evaluate the performance of Deep Movement in classifying occlusion location, a multiclass confusion matrix will be generated. Patients with multi-location occlusions will be excluded, as Deep Movement outputs a single predicted site. Performance metrics will include per-class precision, recall (sensitivity), and F1-score, along with overall metrics of accuracy and Cohen’s kappa. Although Deep Movement may output a “Normal” prediction, this label will not be included in the per-class performance metrics, as it is not represented in the reference standard. All predictions of “Normal” will be treated as misclassifications and included in the calculation of the overall classification metrics to ensure appropriate penalisation of false negatives. This approach ensures valid and interpretable evaluation of model performance across occlusion locations.



Statistical analysis will be performed using StataSE 17.1 and figures will be created using R software 4.2.1. A significance threshold of p < 0.05 will be adopted for all hypothesis tests.

Sensitivity Analysis 
A sensitivity analysis will be conducted by reclassifying eTICI 2c cases as mTICI = 3 for the primary outcome analysis, reflecting an alternative clinical interpretation of near-complete reperfusion as a successful outcome. To evaluate the statistical impact of this change, McNemar’s test will be applied to compare paired classification outcomes for each case before and after reclassification. A significant imbalance in discordant classifications (cases changing from correct to incorrect versus incorrect to correct) will be interpreted as evidence that the reclassification significantly affects model agreement with the reference standard.

Figures and Tables

Figure 1
Consort Diagram
Adaption of ProFATE Consort Diagram to include patients with DSA runs which meet the Deep Movement imaging requirements. 

Table 1
Patient Demographic Information.
A summary table of the cohort’s key baseline data. 

Table 2
Confusion Matrix for mTICI Classification. 
This table will contain the confusion matrix comparing the Deep Movement’s predicted mTICI outcome vs. the reference standard for: (a) the final DSA run (primary outcome) and (b) the first-pass DSA (secondary outcome). 

Table 3
Diagnostic Performance Metrics. 
A comparative table summarising the key diagnostic accuracy performance metrics derived Table 2. It will include sensitivity, specificity, PPV and NPV, each with 95% CI. Additionally, it will include Cohen’s Kappa and AUC for each scenario. 

Table 4
Subgroup Performance by Occlusion Location.
This table summarises Deep Movement’s diagnostic accuracy stratified by occlusion location subgroup (ICA vs M1 vs M2 occlusions). For each subgroup, Deep Movement’s sensitivity, specificity for predicting final mTICI 3 vs <3, as well as accuracy, PPV, NPV and Cohen’s Kappa will be presented, each with 95% CI. A chi-square/Fisher’s exact test will be included. 

Table 5a/5b
Occlusion Location Classification Performance. 
These tables summarise Deep Movement’s ability to identify the location of the occlusion (multi-class classification). Table 5a will show the occlusion location confusion matrix. Table 5b will show classification metrics (precision, recall (sensitivity), F1 score, support, overall accuracy, and Cohens Kappa). 

Table 6
Primary Outcome Sensitivity Analysis. 
This tables presents the diagnostic accuracy performance metrics for the sensitivity analysis (2c reclassified to 3), including McNemar’s test and discordant pairs. 

See separate document for figure and table layouts. 

Ethical approval:
The ProFATE trial received research ethics committee approval from the UK Health Research Authority (Ref: 21/WA/0199). Informed consent was obtained for all participants as described in the ProFATE protocol.

Funding:
No specific funding was obtained for this analysis. The ProFATE Trial was funded by the Royal College of Radiologists United Kingdom Kodak Scholarship. The funder had no role in the study design, data collection, analysis, interpretation and writing of the manuscript.

Conflict of interest:
There are no conflicts of interest to declare.

Registration:
The ProFATE trial was registered on ClinicalTriasl.gov (NCT05020795).




Bibliography

1.	Feigin VL, Abate MD, Abate YH, Abd ElHafeez S, Abd-Allah F, Abdelalim A, et al. Global, regional, and national burden of stroke and its risk factors, 1990–2021: a systematic analysis for the Global Burden of Disease Study 2021. Lancet Neurol. 2024 Oct;23(10):973–1003. 
2.	Goyal M, Menon BK, Zwam WH van, Dippel DWJ, Mitchell PJ, Demchuk AM, et al. Endovascular thrombectomy after large-vessel ischaemic stroke: a meta-analysis of individual patient data from five randomised trials. The Lancet. 2016 Apr 23;387(10029):1723–31. 
3.	Kelly B, Martinez M, Do H, Hayden J, Huang Y, Yedavalli V, et al. DEEP MOVEMENT: Deep learning of movie files for management of endovascular thrombectomy. Eur Radiol. 2023 Feb 27;33(8):5728–39. 
4.	Liebeskind DS, Bracard S, Guillemin F, Jahan R, Jovin TG, Majoie CB, et al. eTICI reperfusion: defining success in endovascular stroke therapy. J NeuroInterventional Surg. 2019 May;11(5):433–8. 
5.	Zaidat OO, Yoo AJ, Khatri P, Tomsick TA, Von Kummer R, Saver JL, et al. Recommendations on Angiographic Revascularization Grading Standards for Acute Ischemic Stroke: A Consensus Statement. Stroke. 2013 Sep;44(9):2650–63. 
6.	Samaniego EA, Boltze J, Lyden PD, Hill MD, Campbell BCV, Silva GS, et al. Priorities for Advancements in Neuroimaging in the Diagnostic Workup of Acute Stroke. Stroke. 2023 Dec;54(12):3190–201. 
7.	Fahed R, Ben Maacha M, Ducroux C, Khoury N, Blanc R, Piotin M, et al. Agreement between core laboratory and study investigators for imaging scores in a thrombectomy trial. J Neurointerventional Surg. 2018 Dec;10(12):e30. 
8.	Sluijs PM van der, Su R, Cornelissen S, Es ACGM van, Nijeholt GJL a, Doormaal PJ van, et al. Assessment of automated TICI scoring during endovascular treatment in patients with an ischemic stroke. J NeuroInterventional Surg [Internet]. 2024 Jul 16 [cited 2024 Oct 13]; Available from: https://jnis.bmj.com/content/early/2024/07/16/jnis-2024-021892
9.	Ibrahim MK, Shehata MA, Ghozy S, Bilgin C, Jabal MS, Heiferman DM, et al. Operator assessment versus core laboratory adjudication of recanalization following endovascular treatment of acute ischemic stroke: a systematic review and meta-analysis. J NeuroInterventional Surg. 2023 Feb 1;15(2):133–8. 
10.	Heiferman DM, Pecoraro NC, Wozniak AW, Ebersole KC, Jimenez LM, Reynolds MR, et al. Reliability of the Modified TICI Score among Endovascular Neurosurgeons. AJNR Am J Neuroradiol. 2020 Aug;41(8):1441–6. 
11.	Jn A, Gj F, P R. The Need for Medical Artificial Intelligence That Incorporates Prior Images. Radiology [Internet]. 2022 Aug [cited 2024 Oct 13];304(2). Available from: https://pubmed.ncbi.nlm.nih.gov/35438563/
12.	Dhillon PS, Butt W, Podlasek A, Bhogal P, Lynch J, Booth TC, et al. Effect of Proximal Blood Flow Arrest During Endovascular Thrombectomy (ProFATE): A Multicenter, Blinded-End Point, Randomized Clinical Trial. Stroke. 2025 Feb;56(2):371–9. 

