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Background: Hyperdense artery sign (HAS) on non-contrast CT (NCCT) can indicate a large vessel occlusion (LVO) in patients with acute ischemic stroke. HAS detection belongs to routine reporting in patients with acute stroke and can help to identify patients in whom LVO is not initially suspected. We sought to evaluate automated HAS detection by commercial software and compared its performance to that of trained physicians against a reference standard.

Methods: Non-contrast CT scans from 154 patients with and without LVO proven by CT angiography (CTA) were independently rated for HAS by two blinded neuroradiologists and an AI-driven algorithm (Brainomix®). Sensitivity and specificity were analyzed for the clinicians and the software. As a secondary analysis, the clot length was automatically calculated by the software and compared with the length manually outlined on CTA images as the reference standard.

Results: Among 154 patients, 84 (54.5%) had CTA-proven LVO. HAS on the correct side was detected with a sensitivity and specificity of 0.77 (CI:0.66–0.85) and 0.87 (0.77–0.94), 0.8 (0.69–0.88) and 0.97 (0.89–0.99), and 0.93 (0.84–0.97) and 0.71 (0.59–0.81) by the software and readers 1 and 2, respectively. The automated estimation of the thrombus length was in moderate agreement with the CTA-based reference standard [intraclass correlation coefficient (ICC) 0.73].

Conclusion: Automated detection of HAS and estimation of thrombus length on NCCT by the tested software is feasible with a sensitivity and specificity comparable to that of trained neuroradiologists.
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INTRODUCTION

Large vessel occlusion (LVO) is the underlying cause in about 30% of patients with acute ischemic stroke (AIS) (1, 2). Since endovascular treatment (EVT) was established as a standard treatment for LVO in the anterior circulation, the identification of eligible patients has become the foremost priority. This led to an increase in CT angiography (CTA) examinations (3). Recently, it was shown that the systematic increase of CTAs in patients with AIS also results in an increased number of identified LVOs and hence an increase of EVTs (4). However, it was recently shown that up to 20% of LVOs might be initially missed on CTA depending on the degree of training and specialization of the reader (5). Furthermore, CTA might still be withheld in AIS, especially in primary stroke centers or smaller hospitals, or because of worries for side effects of contrast agent, e.g., in case of kidney disease or possible allergic reactions. Finally, AIS may not be initially suspected at all and thus missed, either in the prehospital setting which might result in misrouting the patient, or in the emergency department which occurs in 9–26% (6–8). This might occur especially in mildly affected patients, i.e., with an NIHSS below five which is reported in up to 12% of LVO cases (9). Currently, an ongoing clinical trial investigates the effects of EVT in less severely affected patients (10).

In patients with acute LVO, a hyperdense artery sign (HAS) in the localization of the occlusion may be seen on non-contrast CT-imaging (NCCT) (11). This can be further differentiated into HAS typically in the M1 segment and the so-called middle cerebral artery (MCA) dot sign, which refers to more peripheral occlusions in Sylvian MCA branches running orthogonally to the image plane (12). HAS has been shown to correlate with the histological composition of emboli as density increases with the portion of red blood cells (RBC) (13–15). On the other hand, fibrin-rich emboli are indicative of cardio embolism as etiology (14, 16). Recently, it could be shown that the composition of emboli and hence their potential source can be derived from artificial intelligence (AI)-assisted analysis of CT images (17). Besides indicating potential stroke etiology, HAS prevalence can also be used to predict the success of EVT with hyperdense, i.e., RBC-rich clots being less reluctant to thrombectomy than less dense, i.e., fibrin-rich clots of potential cardiac origin (18–20).

Therefore, detection of HAS can be beneficial in two ways, not only by predicting potential EVT success but also by accelerating the initiation of EVT. This is especially when patients are being referred from smaller hospitals to comprehensive stroke centers. Accordingly, it was shown recently that HAS, together with clinical information, reached an accuracy of 91% for LVO detection prior to referral in a “drip-and-ship” scenario (21).

Artificial intelligence is being increasingly employed to assist and accelerate image interpretation, especially in stroke CT-imaging. Initially, the detection of early ischemic changes by determining the Alberta Stroke Program Early CT Score (ASPECTS) was shown to benefit from this approach (22), while automated LVO detection on CTA was also proven reliable recently (23, 24).

We aimed to evaluate an algorithm based on AI which identifies HAS depending on the presence of an LVO against the CTA-based reference standard and compare its performance to that of specialized physicians.



METHODS


Patients

Computed tomography examinations from 154 non-consecutive patients treated in three different centers for acute stroke or stroke-like symptoms were selected for this study. Among these patients, 84 (54.5%) had AIS due to LVO, i.e., occlusions of the intracranial internal carotid artery (ICA), as well as proximal MCA (M1 and proximal M2, respectively). On the other hand, 70 patients presented with minor stroke symptoms or mimics without LVO. In each center, there was a general approval from the local Institutional Review Board (IRB) for retrospective collection and analysis of clinical and imaging data from stroke patients, with informed consent being waived and under which the data for the present study were collected.



Imaging

For broad applicability, CT scans each comprising NCCT and CTA were selected from three different sites, and five different scanners from three different vendors were used, which were the following: three 64-row scanners (SOMATOM Definition AS, Siemens Healthineers, Germany; Ingenuity Core, Philips, Netherlands and Aquilion 64, Toshiba) and two 16-row scanners (Emotion 16, Siemens Healthineers, Germany and MX16, Philips, Netherlands). All examinations comprised standard quality NCCTs and CTA with a slice thickness of 1 mm or less for both NCCT and CTA.

A board-certified neuroradiologist with 18 years of experience reviewed the CTA scans for the presence and exact location of an occlusion defining the reference standard. NCCT images were independently analyzed for the presence and side of a HAS by two neuroradiology residents with 2 and 3 years of experience, respectively. These specialists were unaware of the CTA results or any clinical information. Additionally, the length of occlusion was determined on CTA images manually by one of the neuroradiologists (reader 1) after being unblinded.



Deep Learning Algorithm

All NCCT images were also automatically analyzed by an algorithm developed by Brainomix® (Oxford, UK) based on a three-dimensional fully convolutional neural network (CNN) that has demonstrated its utility in a variety of automated image classification and segmentation tasks (25). The CNN is designed to follow structures starting from the level of the circle of Willis up to the level of early MCA branches in the Sylvian fissure. The model is learning from both hemispheres to better distinguish HAS from generally hyperdense vessels (e.g., due to an elevated hematocrit). Besides the incidence of a HAS, its length is also automatically measured (see Figure 1). The CNN had previously been trained on a dataset of more than 500 cases with 55% harboring an LVO. The present analysis was carried out for a single operating point considered most appropriate within a clinical context.


[image: Figure 1]
FIGURE 1. Visualization of the software output—hyperdense artery sign (encircled in light blue) in the M1 segment together with early ischemic changes in the caudate and lentiform nucleus (marked in red) in a patient with acute M1-occlusion on the left side.




Statistical Analysis

Sensitivity and specificity, as well as the agreement with the reference standard (Cohen's kappa) (11) with regard to presence and identification of the correct side, was calculated for the software and each reader. A receiver-operating-curve (ROC) analysis was also carried out. The intraclass correlation coefficient (ICC; model: alpha; type: absolute agreement; two-way-mixed model) (26) was calculated to analyze the agreement between the automatically and the manually determined HAS and is reported for a single measurement. The level of significance was set to p = 0.05. Statistical analysis was performed using SPSS Version 27 (IBM, USA).




RESULTS

Patients' median age was 76 years (CI: 42–92) and those with LVO were significantly older than those without (median 70 ± 12.1 vs. 67 ± 19.1 years; p = 0.005; Student's t-test). Overall, 63 were women and sex distribution did not differ significantly between patients with (52% women) and without LVO (42% women; p = 0.29; chi-square). In 84 patients with LVO, the median National Institutes of Health Stroke Scale (NIHSS) score was 15 (CI: 4–24). Additionally, 76 patients were treated with massage therapy (MT) of which 43 had intravenous tissue plasminogen activator (IV tPA). Furthermore, 8 patients had suspected arterio-arterial embolism due to cervical artery stenosis proximal to the LVO. Other risk factors in these patients were arterial hypertension in 76 (90%), atrial fibrillation in 41 (48%), and diabetes in 10 (12%). Data were missing for 23 patients of which five had an LVO. See Table 1 for a synopsis of demographic and clinical data.


Table 1. Demographic and clinical data.
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In 84 patients with LVO proven by CTA, occlusions were in the distal ICA in 31, in the M1 segment in 49, with an overlap between these locations in three, and in the M2 segment in seven cases. HAS was detected by the software on the correct side with a sensitivity and specificity of 0.77 (0.66–0.85) and 0.87 (0.77–0.94), respectively, as well as 0.8 (0.69–0.88) and 0.97 (0.89–0.99) by reader 1 and 0.93 (0.84–0.97) and 0.71 (0.59–0.81) by reader 2, respectively (see Figure 2). Agreement with the CTA-based reference standard was 0.71, 0.8, and 0.75, respectively. The ROC analysis yielded similar areas under the curve (AUC) values as well (see Table 1). The median clot length was 15 mm on CTA (IQR: 12–22) and the ICC for the automatically determined HAS length was 0.73 (0.5–0.84). See Table 2 for a survey of the results.


[image: Figure 2]
FIGURE 2. Receiver operating curves (ROC) for the software and 2 human readers ROC curves showing the accuracy of detecting hyperdense artery signs by the software (BX) and two human readers (Readers 1 and 2).



Table 2. Accuracy for correct detection of hyperdense artery sign on the correct side for all occlusions as well as ICA and MCA (M1 and 2) occlusions separately.
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In 21 cases, the software did not detect a HAS in presence of an LVO, in which 9 and 3 of those were not detected by readers 1 and 2, respectively. These false-negative results could be attributed to target vessel occlusions either very distal, i.e., in the M2 segment (n = 7) or very proximal, i.e., in the carotid terminus (n = 5). Among the remaining cases, five showed additional atherosclerosis, in which one was given a contrast agent previously. In 7 cases, the software detected a HAS in absence of an LVO, in which 1 and 5 were also erroneously rated positive by readers 1 and 2, respectively. This could be attributed either to focal atherosclerosis or prior administration of contrast agent in 2 cases, respectively. In 10 of these 21 (47%) false-negative cases, atrial fibrillation was the assumed etiology of LVO.



DISCUSSION

In the present study, automated detection of HAS by an AI-driven software application on NCCT images from patients with AIS due to LVO showed performance similar to trained physicians. There was a moderate agreement between the automatically determined absolute length of the occlusion and the length manually outlined on CTA images as reference.

There are a few reports so far on automated detection of HAS in acute LVO, reporting similar results see Table 3. A recently published study analyzed the performance of different commercial software (Methinks LVO®) in 1,453 consecutive patients with AIS, among which 823 had LVO in different locations, including the posterior circulation (27). The authors report values for sensitivity and specificity of 83.2 and 71.3%, respectively, and report that the performance could be improved by adding clinical information. Automated detection was better in proximal occlusions in the anterior circulation. Thrombus length was also automatically assessed but without reference standard. Similar results were presented by another group for the Viz HDVS® software (28). In this study, where 117 out of 223 patients had an LVO in the M1 segment, sensitivity and specificity were 70 and 96%, respectively. It should be noted that in these two studies, the performance of the particular software was compared to the reference standard only, i.e., the presence of an LVO on CTA. However, the detection of a HAS by a human reader very much depends on the individual skills and level of training. Previous studies reported poor and also a good interrater agreement with κ-values between 0.59 (11) and 0.91 (12) for HAS cases with angiography-proven LVO. At the same time, the prevalence of the hyperdense artery sign in the anterior circulation is reported with considerable variation. In patients with AIS attributable to the MCA territory but without proven occlusion, i.e., no angiography or CTA, the prevalence of the HAS is reported between 5 (30) and 41% (31). In a large metanalysis in patients with proven M1 occlusion, 405 of 768 patients had a HAS yielding a sensitivity and specificity for the presence of an LVO of 52.4 and 94.9%, respectively (11). The authors also found increased sensitivity (62%) of the HAS with thinner NCCT slices. Despite proven LVO, the aforementioned variability of HAS might be caused by different clot origins and hence compositions. Since these affect their density on CT images with cardioembolic fibrin-rich clots being more lucent than RBC-rich clots (14, 16). In the present study, the rate of patients with atrial fibrillation was rather high with 48% given the fact that the prevalence of atrial fibrillation in AIS patients is reported to be around 25% in general (32), as well as in LVO patients (33). This relatively higher percentage of potentially more lucent emboli of cardiac origin might therefore account for false-negative HAS findings in the present study cohort. Therefore, when validating an automated HAS detection, it is mandatory to have comparative readings by physicians to better characterize the imaging data of the study cohort. Using exclusively slices at a thickness of 1 mm in the present study, sensitivity and specificity of two blinded neuroradiologists were 80 and 97%, as well as 93 and 71%, respectively. This is in keeping with results from another study comparing performances of human readers with different slice thicknesses (34) where sensitivity (73%) and specificity (83%) were best with 1 mm slices and worsened with increasing slices thickness. Comparing AI and human readers, very similar results were presented in 2019 by a group using another commercial application (Nico.lab®) in 59 patients with proven LVO out of 107 (29). They found a sensitivity and specificity for the software of respective 86 and 65%, while for two expert readers results were respective 95 and 58%, as well as 79 and 82%. It is of note that in both studies one of two readers had high sensitivity and low specificity while this relation was inverted for the other reader. It is likely that less trained or specialized readers would perform poorer which would increase the potential benefit of such software. Nevertheless, it should not be considered to replace CTA in AIS with suspected LVO rather than to flag cases in which LVO is not suspected or CTA may be withheld for other reasons.


Table 3. Comparison of different hyperdense artery sign detection algorithms introduced so far in the literature (March 2021).
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In the present study, NCCT images from 5 different scanner models from 3 different vendors were used. This is notable since most vendors provide different proprietary image reconstruction algorithms, which can affect automated image analyses (35). Therefore, the performances of the software and readers can be considered independent of such scanner-specific features and the results as representative.

The length of an LVO can be relevant for therapeutic decision-making. In the present study, the length of the occlusion automatically determined by the software on NCCT images was in moderate to good agreement with the CTA-based reference standard. In the aforementioned studies, only one reported automated length measurements but without providing reference standards (27).


Limitations

The present study was designed to prove feasibility and the results must be considered preliminary. It suffered from typical shortcomings of the retrospective design, i.e., lack of control of the data collected. Furthermore, clinical data was missing for a few cases for which there was only imaging data. The data was from non-consecutive cases from several centers and there was a clear selection bias since the cases were actively chosen to comprise comparable numbers of patients with and without LVO, ignoring the actual prevalence in real life i.e., 23% in the anterior circulation AIS (2). On this basis, the positive predictive value of the software would decline to 0.64 while that of readers 1 and 2 would change to 0.88 and 0.48, respectively. Furthermore, M2 occlusions were underrepresented and the performance of the software at this location could not be properly estimated based on the present results. Moreover, the prevalence of atrial fibrillation was increased as well in our cohort, and LVO patients were significantly older than those without. Also, the study group was rather small. Therefore, the present results must be interpreted with caution and could not be readily translated into real life. We tried to compensate for that by reporting clinical data, where available, showing that the NIHSS and age of LVO patients in the present cohort were within a range typically reported in studies on AIS. Furthermore, we only used CT images at a slice thickness of 1 mm to achieve the best performance of human readers and the software too. The results are not reproducable with thicker slices especially in older CT-scanners.




CONCLUSION

In this feasibility study, the AI-driven Brainomix® software performed similarly to neuroradiology residents in detecting HAS in case of an acute LVO in the proximal anterior circulation. These results are preliminary and need to be confirmed in real-life consecutive cohorts. If so, this might help to trigger and prime further investigation in patients in whom LVO was not suspected primarily.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethikkommission Med. Fakultät Heidelberg. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

OJ, PB, PP, and CH contributed to conception and design of the study. CW, NS, SN, and CH organized the database. CH performed the statistical analysis. CW and CH wrote the first draft of the manuscript. OJ, PB, PP, and MB wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2022.807145/full#supplementary-material



ABBREVIATIONS

AI, artificial intelligence; AIS, acute ischemic stroke; CNN, convolution neural network; EVT, endovascular therapy; HAS, hyperdense artery sign; LVO, large vessel occlusion; MCA, middle cerebral artery; NCCT, non-contrast Computer Tomography.



REFERENCES

 1. Lakomkin N, Dhamoon M, Carroll K, Singh IP, Tuhrim S, Lee J, et al. Prevalence of large vessel occlusion in patients presenting with acute ischemic stroke: a 10-year systematic review of the literature. J Neurointerv Surg. (2019) 11:241–5. doi: 10.1136/neurintsurg-2018-014239

 2. Duloquin G, Graber M, Garnier L, Crespy V, Comby PO, Baptiste L, et al. Incidence of acute ischemic stroke with visible arterial occlusion. Stroke. (2020) 51:2122–30. doi: 10.1161/STROKEAHA.120.029949

 3. Vagal A, Meganathan K, Kleindorfer DO, Adeoye O, Hornung R, Khatri P. Increasing use of computed tomographic perfusion and computed tomographic angiograms in acute ischemic stroke from 2006 to 2010. Stroke. (2014) 45:1029–34. doi: 10.1161/STROKEAHA.113.004332

 4. Mayer SA, Viarasilpa T, Panyavachiraporn N, Brady M, Scozzari D, Van Harn M et al. CTA-for-all: impact of emergency computed tomographic angiography for all patients with stroke presenting within 24 hours of onset. Stroke. (2020) 51:331–4. doi: 10.1161/STROKEAHA.119.027356

 5. Fasen B, Heijboer RJJ, Hulsmans FH, Kwee RM. CT angiography in evaluating large-vessel occlusion in acute anterior circulation ischemic stroke: factors associated with diagnostic error in clinical practice. AJNR Am J Neuroradiol. (2020) 41:607–11. doi: 10.3174/ajnr.A6469

 6. Arch AE, Weisman DC, Coca S, Nystrom KV, Wira CR, Schindler JL. Missed ischemic stroke diagnosis in the emergency department by emergency medicine and neurology services. Stroke. (2016) 47:668–73. doi: 10.1161/STROKEAHA.115.010613

 7. Madsen TE, Khoury J, Cadena R, Adeoye O, Alwell KA, Moomaw CJ, et al. Potentially missed diagnosis of ischemic stroke in the emergency department in the greater cincinnati/northern kentucky stroke study. Acad Emerg Med. (2016) 23:1128–35. doi: 10.1111/acem.13029

 8. Tarnutzer AA, Lee SH, Robinson KA, Wang Z, Edlow JA, Newman-Toker DE. ED misdiagnosis of cerebrovascular events in the era of modern neuroimaging: a meta-analysis. Neurology. (2017) 88:1468–77. doi: 10.1212/WNL.0000000000003814

 9. Nagel S, Bouslama M, Krause LU, Küpper C, Messer M, Petersen M, et al. Mechanical thrombectomy in patients with milder strokes and large vessel occlusions. Stroke. (2018) 49:2391–7. doi: 10.1161/STROKEAHA.118.021106

 10. Endovascular Therapy for Low NIHSS Ischemic Strokes. Available online at: https://ClinicalTrials.gov/show/NCT04167527 (accessed January 12, 2022).

 11. Mair G, Boyd EV, Chappell FM, von Kummer R, Lindley RI, Sandercock P, et al. Sensitivity and specificity of the hyperdense artery sign for arterial obstruction in acute ischemic stroke. Stroke. (2015) 46:102–7. doi: 10.1161/STROKEAHA.114.007036

 12. Leary MC, Kidwell CS, Villablanca JP, Starkman S, Jahan R, Duckwiler GR, et al. Validation of computed tomographic middle cerebral artery “dot” sign: an angiographic correlation study. Stroke. (2003) 34:2636–40. doi: 10.1161/01.STR.0000092123.00938.83

 13. Benson JC, Fitzgerald ST, Kadirvel R, Johnson C, Dai D, Karen D, et al. Clot permeability and histopathology: is a clot's perviousness on CT imaging correlated with its histologic composition? J Neurointerv Surg. (2020) 12:38–42. doi: 10.1136/neurintsurg-2019-014979

 14. Sporns PB, Hanning U, Schwindt W, Aglaé V, Minnerup J, Zoubi T, et al. Ischemic stroke: what does the histological composition tell us about the origin of the thrombus? Stroke. (2017) 48:2206–10. doi: 10.1161/STROKEAHA.117.016590

 15. Liebeskind DS, Sanossian N, Yong WH, Starkman S, Tsang MP, Moya AL, et al. CT and MRI early vessel signs reflect clot composition in acute stroke. Stroke. (2011) 42:1237–43. doi: 10.1161/STROKEAHA.110.605576

 16. Boeckh-Behrens T, Kleine JF, Zimmer C, Neff F, Scheipl F, Pelisek J, et al. Thrombus histology suggests cardioembolic cause in cryptogenic stroke. Stroke. (2016) 47:1864–71. doi: 10.1161/STROKEAHA.116.013105

 17. Hanning U, Sporns PB, Psychogios MN, Jeibmann A, Minnerup J, Gelderblom M et al. Imaging-based prediction of histological clot composition from admission CT imaging. J Neurointerv Surg. (2021) 13:1053–7. doi: 10.1136/neurintsurg-2020-016774

 18. Siddiqui FM, Zevallos CB, Dandapat S, Ume KL, Weber M, Dajles A, et al. Quantitative assessment of hyperdense sign measured by hounsfield units is associated with unsuccessful mechanical thrombectomy. Clin Neuroradiol. (2021) 31:1111–9. doi: 10.1007/s00062-020-00985-0

 19. Maekawa K, Shibata M, Nakajima H, Mizutani A, Kitano Y, Seguchi M, et al. Erythrocyte-rich thrombus is associated with reduced number of maneuvers and procedure time in patients with acute ischemic stroke undergoing mechanical thrombectomy. Cerebrovasc Dis Extra. (2018) 8:39–49. doi: 10.1159/000486042

 20. Froehler MT, Tateshima S, Duckwiler G, Jahan R, Gonzalez N, Vinuela F, et al. The hyperdense vessel sign on CT predicts successful recanalization with the Merci device in acute ischemic stroke. J Neurointerv Surg. (2013) 5:289–93. doi: 10.1136/neurintsurg-2012-010313

 21. Jodaitis L, Ligot N, Chapusette R, Bonnet T, Gaspard N, Naeije G. The hyperdense middle cerebral artery sign in drip-and-ship models of acute stroke management. Cerebrovasc Dis Extra. (2020) 10:36–43. doi: 10.1159/000506971

 22. Herweh C, Ringleb PA, Rauch G, Gerry S, Behrens L, Möhlenbruch M, et al. Performance of e-ASPECTS software in comparison to that of stroke physicians on assessing CT scans of acute ischemic stroke patients. Int J Stroke. (2016) 11:438–45. doi: 10.1177/1747493016632244

 23. Amukotuwa SA, Straka M, Dehkharghani S, Bammer R. Fast automatic detection of large vessel occlusions on CT angiography. Stroke. (2019) 50:3431–8. doi: 10.1161/STROKEAHA.119.027076

 24. Seker F, Pfaff J, Mokli Y, Berberich A, Namias R, Gerry S, et al. Diagnostic accuracy of automated occlusion detection in CT angiography using e-CTA. Int J Stroke. (2022) 17:77–82. doi: 10.1177/1747493021992592

 25. Litjens G, Kooi T, Bejnordi BE, Setio AAA, Ciompi F, Ghafoorian M, et al. A survey on deep learning in medical image analysis. Med Image Anal. (2017) 42:60–88. doi: 10.1016/j.media.2017.07.005

 26. Koo TK, Li MY. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J Chiropr Med. (2016) 15:155–63. doi: 10.1016/j.jcm.2016.02.012

 27. Olive-Gadea M, Crespo C, Granes C, Hernandez-Perez M, Pérez de la Ossa N, Laredo C, et al. Deep learning based software to identify large vessel occlusion on noncontrast computed tomography. Stroke. (2020) 51:3133–7. doi: 10.1161/STROKEAHA.120.030326

 28. Chung CY, Rodrigues GM, Haussen DC, Barreira CM, Grossberg J, Frankel MR et al. Abstract WP76: automated detection of hyperdense MCA sign and automated notification of large vessel occlusion using artificial intelligence. Stroke. (2020) 51:AWP76. doi: 10.1161/str.50.suppl_1.WP76

 29. Tolhuisen ML, Ponomareva E, Boers AMM, Jansen IGH, Koopman MS, Barros RS et al. A convolutional neural network for anterior intra-arterial thrombus detection and segmentation on non-contrast computed tomography of patients with acute ischemic stroke. Appl Sci. (2020) 10:4861. doi: 10.3390/app10144861

 30. Barber PA, Demchuk AM, Hudon ME, Warwick Pexman JH, Hill MD, Buchan AM. Hyperdense sylvian fissure MCA “dot” sign: A CT marker of acute ischemia. Stroke. (2001) 32:84–8. doi: 10.1161/01.STR.32.1.84

 31. Leys D, Pruvo JP, Godefroy O, Rondepierre P, Leclerc X. Prevalence and significance of hyperdense middle cerebral artery in acute stroke. Stroke. (1992) 23:317–24. doi: 10.1161/01.STR.23.3.317

 32. Marini C, De Santis F, Sacco S, Russo T, Olivieri L, Totaro R, et al. Contribution of atrial fibrillation to incidence and outcome of ischemic stroke: results from a population-based study. Stroke. (2005) 36:1115–9. doi: 10.1161/01.STR.0000166053.83476.4a

 33. Pagola J, Juega J, Francisco-Pascual J, Bustamante A, Penalba A, Pala E, et al. Large vessel occlusion is independently associated with atrial fibrillation detection. Eur J Neurol. (2020) 27:1618–24. doi: 10.1111/ene.14281

 34. Rosskopf J, Kloth C, Dreyhaupt J, Braun M, Schmitz BL, Graeter T. Thin slices and maximum intensity projection reconstructions increase sensitivity to hyperdense middle cerebral artery sign in acute ischemic stroke. Cerebrovasc Dis. (2020) 49:437–41. doi: 10.1159/000509378

 35. Seker F, Pfaff J, Nagel S, Vollherbst D, Gerry S, Möhlenbruch MA, et al. CT reconstruction levels affect automated and reader-based ASPECTS ratings in acute ischemic stroke. J Neuroimaging. (2019) 29:62–4. doi: 10.1111/jon.12562

Conflict of Interest: MB: Unrelated: grants from Siemens, Stryker, Hopp foundation, grants, and personal fees from Novartis and Guerbet, personal fees from Merck, Teva, Grifols, BBraun, Boehringer Ingelheim, Vascular Dynamics, Springer, Bayer, all outside the submitted work. MM: Unrelated: Consultancy: Medtronic, MicroVention, Stryker; Payment for Lectures Including Service on Speakers Bureaus: Medtronic, MicroVention, Stryker. *Money paid to the institution. OJ: Head of the Scientific Research at Brainomix, Oxford, UK. PB: Deep learning researcher at Brainomix, Oxford, UK. PR: Unrelated: Consultancy: Boehringer, Lecture fees from Bayer, Boehringer Ingelheim, BMS, Daichii Sankyo, Pfizer. SN: Unrelated: Consultancy: Brainomix, Boehringer Ingelheim; Payment for Lectures Including Service on Speakers Bureaus: Pfizer, Medtronic, Bayer AG. CH: Related: Consultancy: Brainomix, Oxford, UK. OJ and PB were employed by Brainomix Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Weyland, Papanagiotou, Schmitt, Joly, Bellot, Mokli, Ringleb, Kastrup, Möhlenbruch, Bendszus, Nagel and Herweh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-13-807145-t003.jpg
MethinksLVO® Viz HDVS® Nico.lab®

Specificity  (84/154)  (27) (823/1,453)  (28) (117/228)  (29) (59/107)
Software  0.77/0.87 0.82/0.71 0.70/0.96 0.86/0.65
Reader 1  0.80/0.97 0.79/0.82

Reader 2 0.93/0.71 0.95/0.58





OPS/images/fneur-13-807145-t001.jpg
Baseline clinical data

Sex (female; 63/154)
Age, mean +/-SD

NIHSS on admission, median (range)
Hypertension

Diabstes

Atral ibrilation

Cervical artery stenosis

Mechanical thrombectomy
Intravenous thrombolysis

VO (84)

39.1% (9)
75+ 12.1
15 (4-24)
90% (76)
129 (10)
48% (41)
9% 8)
90% (76)
51% (43)

X, Chi-square-test; #, Student’s t-test; *, Significant.
NA, not available. Cardiovascular risk factors, as well as NIHSS scores, are not given for
paients without LVO since this group comprised several patients who had CT and CTA

for other reasons, i.

Non-LVO (70)  p-Value

54.5% (24) 0.30¢
67+ 19.1 0.005*

NA

NA

NA

NA

NA

NA

NA

transient neurological symptoms, seizure, or trauma.





OPS/images/fneur-13-807145-t002.jpg
BXHAS All oclusons (n = 84)
ICA (0 = 31)
MCA (0 = 53)
Reader 1 Al ocolusions (1 = 84)
ICA (n = 31)
MCA (n = 53)
Reader 2 All occlusions (n = 84)
ICA (1 =31)
MCA (0 = 53)

NPV, negative predictive value; PPV, positive predictive value; confidence intervals are provided in brackef

Sensitivity

0.77 (0.66-0.85)
078 (0.59-0.9)
0.72 (0.57-0.82)
0.8(0.69-0.88)
0.93 (0.77-0.98)
0.71(0.57-0.82)
0.93(0.84-097)
094 (0.77-0.98)
094 (0.83-0.98)

Specificity

0.87 (0.77-0.94)
0.9(0.79-0.95)
0.9(0.79-0.95)
0.97 (0.89-0.99)
0.97 (0.89-0.99)
0.97 (0.89-0.99)
0.71(0.59-081)
0.71(0.59-081)
0.71(0.59-081)

PPV

087 (0.77-0.94)
0.78 (0.59-0.9)
084 (0.69-0.93)
097 (0.88-0.99)
093 (0.77-0.98)
095 (0.82-0.99)
0.79 0.70-0.86)
0.6(0.45-0.73)
0.71(0.59-081)

not side-specific.

NPV

0.77 (0.66-0.85)
0.9(0.79-0.95)
081(0.69-0.88)
0.8(0.69-0.87)
097 (0.89-0.99)
082 (0.72-0.89)
089 (0.77-0.95)
096 (0.85-0.99)
094 (0.83-0.98)

Auc*

085 (0.79-091)

088 (0.82-0.94)

083 (0.76-0.90)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hyperdense Artery Sign in Patients With Acute Ischemic Stroke–Automated Detection With Artificial Intelligence-Driven Software



		Introduction



		Methods



		Patients



		Imaging



		Deep Learning Algorithm



		Statistical Analysis







		Results



		Discussion



		Limitations







		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Hyperdense Artery Sign in Patients
With Acute Ischemic
Stroke-Automated Detection With
Artificial Intelligence-Driven Software





OPS/images/fneur-13-807145-g001.gif





OPS/images/fneur-13-807145-g002.gif
oz

o o8

1 - Specificity

os

1o

Source
of the
Curve

—x

- Readerl

Reader2










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





