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Early Microcirculatory Hemodynamic Changes Are Correlated With Functional Outcomes at Discharge in Patients With Aneurysmal SAH
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Purpose: The technique of color-coding blood flow analysis was used to explore the correlation between the microcirculatory hemodynamic changes on digital subtraction angiography (DSA) images in patients with aneurysmal subarachnoid hemorrhage (SAH) at the early stage and functional outcomes at discharge.

Methods: Data of 119 patients who underwent DSA examination due to SAH were retrospectively analyzed. The following hemodynamic parameters of the four region of interests (ROIs) [an ophthalmic segment of the internal carotid artery (ICA), frontal and parietal lobe, and superior sagittal sinus] were analyzed: the time-to-peak (TTP), the area under the curve (AUC), the full width at half maximum (FWHM), mean transit time (MTT), and circulation time. Multifactor regression analysis was performed to explore the correlation between the hemodynamic parameters and functional outcomes in patients at discharge.

Results: Of 119 patients with SAH, good and poor outcomes were found in 83 (69.7%) and 36 (30.3%) patients, respectively. The hemodynamic parameters including the FWHM, relative TTP (rTTP), and circulation time were significantly correlated with the Hunt–Hess grade (p < 0.005, p = 0.03, and p < 0.005) and the World Federation of Neurological Societies Scale grade (p < 0.005, p = 0.02, and p = 0.01). The FWHM was significantly prolonged with the increase of modified Fisher grade (p = 0.02). The multifactor analysis showed that the FWHM [odds ratio (OR) 17.56, 95% CI: 1.13–272.03, p = 0.04] was an independent risk factor predicting the functional outcomes in patients at discharge.

Conclusion: The technique of color-coding blood flow analysis could be suitable for the qualified evaluation of disease conditions at an early stage of SAH as well as the prediction of outcomes.

Keywords: aneurysmal subarachnoid hemorrhage, color-coding, digital subtraction angiography, hemodynamic, outcome


INTRODUCTION

Aneurysmal subarachnoid hemorrhage (SAH) is a critical disease with high mortality and disability rates. Increasing fundamental and clinical research has suggested that early brain injury is the most critical cause of delayed neurological dysfunction, mortality and disability in patients (1–6). Early brain injury involves a series of microcirculation dysfunctions that occur within 72 h after SAH, which is manifested as microcirculation spasm, microthrombi formation, and blood-brain barrier disruption (1, 7, 8).

Several investigators have already used imaging techniques to explore the early microcirculatory changes in patients with SAH, such as using CT perfusion (CTP) to monitor early brain injury (2, 9, 10) and using MR perfusion to investigate perfusion of cerebral tissues (11). Previous studies showed that the decrease of cerebral blood flow (CBF) was associated with the increase of mean transit time (MTT), delayed cerebral ischemia, and poor prognoses (12–15). Yet, all these methods require patients to stay in specific examination rooms, which involve increased waiting time and irradiation dosages. Therefore, such methods may not be applicable for patients with SAH requiring emergent surgeries or with critical disease conditions.

The 2-dimensional (2D) data of digital subtraction angiography (DSA)-based color-coding blood flow analysis that has been extensively used over the recent years provided another alternative for the evaluation of blood flow changes in microcirculation (8, 16–19). As this technique can be simultaneously completed in one-stop in the DSA room with surgery, patients are exempted from additional waiting time, irradiation dosages, and injuries (20). In this study, we aimed to use the color-coding blood flow analysis technique to investigate the early microcirculatory hemodynamic changes following SAH and explore the correlation between microcirculatory hemodynamic changes and clinical manifestations and functional outcomes of patients at discharge, respectively. We hypothesize that significant changes of hemodynamic parameters given by the quantitative blood flow analysis could be beneficial in SAH early phase evaluation and outcome prediction.



MATERIALS AND METHODS


Patients

This study was approved by the Institutional Research Ethics Committee of the Jinling Hospital. Written informed consent was obtained from a legally authorized representative of all the patients. In total, 467 patients diagnosed with aneurysmal SAH who received endovascular embolization in the Jinling Hospital between January 1, 2016, and December 31, 2017, were retrospectively analyzed. The exclusion criteria were following: (1) the time interval exceeded 48 h from hemorrhage to surgery; (2) DSA or CT angiography (CTA) suggested the presence of cerebrovascular malformation, moyamoya disease, moderate or higher degree cerebral artery stenosis, or other cerebrovascular diseases; and (3) with contraindications to DSA examination, such as pregnancy, renal impairment, or allergic to the contrast agent. Clinical records related to functional outcomes including age, gender, the Hunt–Hess grade, the World Federation of Neurological Societies Scale (WFNSS), the modified Fisher (mFisher) grade, and location of aneurysm were collected for analysis.



Methods

All patients received full-brain DSA examination (Artis Zee Biplane DSA machine; Siemens Healthineers, Erlangen, Germany) through the transfemoral artery approach. Bilateral internal carotid arteries and bilateral vertebral arteries were examined for all patients to acquire standard anteroposterior and lateral DSA sequence images. Iodixanol (Visipaque, 320 mg I/ml) was used as the contrast agent. The parameters of the contrast agent were as follows: a total dosage of 7 ml and injection velocity of 5 ml/s for the internal carotid artery, a total dosage of 5 ml and injection velocity of 3 ml/s for the external carotid artery, a total dose of 6 ml and injection velocity of 4 ml/s for the vertebral artery, and acquisition rate of 8 frames/s. The images were acquired from the early arterial phase to the complete display of the sigmoid sinus.

The original 2D DSA data acquired during the examinations were transferred to the image postprocessing workstation (Syngo XWP, Siemens Healthineers, Erlangen, Germany), and the color-coding analysis software (Syngo iFlow; Siemens Healthineers, Erlangen, Germany) was used for the color-coding of 2D DSA data. The hue, saturation, and value of each pixel were transformed to a specific color to acquire a colored blood flow image of the whole processes of the flow of contrast agent in blood vessels. The area of the ophthalmic segment of the internal carotid artery, frontal lobe, parietal lobe, and the superior sagittal sinus at the 2 cm above the confluence of the sinus was selected as the region of interest (ROI) in the lateral phase of colored blood flow images (Figure 1; white circles indicated the ROI). The data of time-contrast agent intensity in the ROI were then acquired. The selection and standardization of the ROI area follow the rules with respect to the calibers of the selected vessels or avoid overlapping with anatomical structure and inhomogeneous areas (21). Details are as follows: 2.4 mm2 for the ROI at the ophthalmic segment of the internal carotid artery and sigmoid sinus and 42.6 mm2 for the ROI at the frontal lobe and parietal lobe. When choosing the ROI at the frontal lobe and parietal lobe, the areas with traveling arteries or veins were avoided. The data of time-contrast agent intensity were simulated to acquire the time-density curve (TDC) by the Matlab software. The following hemodynamic parameters were calculated by the TDC: (1) the time-to-peak (TTP), which reflects the time of contrast agent to reach the peak in the ROI; (2) peak density, which reflects the peak value of the TDC and indicates the highest grayscale value of contrast agent intensity in the ROI; the peak is correlated with blood flow volume when the parameters of imaging are not changed; (3) the area under curve (AUC), which reflects the blood volume in the ROI; (4) the full width at half maximum (FWHM), which reflects the time required for contrast agent intensity to reduce from the highest value to half in the ROI and indirectly reflects the time of blood flow through the tissue; (5) maximal slope (MS) of wash-in and wash-out (MS wash-in and MS washout), which reflects the velocity of inflow and outflow blood; (6) mean transit time (MTT), namely the time from 10 to 90% on the horizontal axis of the TDC, reflecting 80% of the time from inflow to complete outflow of contrast agent in the ROI; and (7) circulation time (CirT), namely the TTP difference from the ROI at the ophthalmic segment of the internal carotid artery to sigmoid sinus, which reflects the total time of cerebral circulation from the inflow in the artery to outflow in the vein (Figure 2).


[image: Figure 1]
FIGURE 1. Selection of the 4 regions of interests (ROIs) in the lateral phase of colored blood flow image: 1, the ROI with areas of 2.4 mm2 at the ophthalmic segment of the internal carotid artery (ICA); 2, the ROI with areas of 42.6 mm2 at frontal lobe; 3, the ROI with areas of 42.6 mm2 at parietal lobe; and 4, the ROI with areas of 2.4 mm2 at superior sagittal sinus at the 2 cm above the confluence of the sinus.



[image: Figure 2]
FIGURE 2. Illustration diagram of each parameter. The simulated TDC according to the time-contrast agent intensity curve by the Matlab software and the hemodynamic parameters calculated from the TDC. TDC, time-density curve; FWHM, full width at half maximum. MTT, mean transit time; MS, maximal slope; AUC, area under curve.


The microvascular TTP was reflected by the relative TTP (rTTP), which was calculated by the equation: rTTP = [(TTPfrontal lobe ROI – TTPophthalmic segment ROI) + (TTPparietal lobe ROI – TTPophthalmic segment ROI)]/2. The microvascular TT was reflected by the relative MTT (rMTT), which was calculated using the following equation: rMTT = [(TTPsuperior sagittal sinus ROI – TTPfrontal lobe ROI) + (TTPsuperior sagittal sinus ROI – TTPparietal lobe ROI)]/2. MS wash-in, MS washout, the AUC, and peak density were all reflected by the ratio of the frontal lobe and parietal lobe ROI to the reference, ophthalmic segment of internal carotid artery ROI. The CirT was calculated by the equation: CirT = (TTPsuperior sagittal sinus ROI – TTPophthalmic segment ROI).



Clinical Outcomes

The modified Rankin Scale (mRS) of patients at discharge was used to reflect the neurological functions. The mRS of 0–2 points indicated good outcomes and 3–6 points indicated poor outcomes.



Statistical Analysis

Continuous variables are presented as mean with SD and/or range when appropriate. Comparisons between groups were performed with ANOVA for continuous parameters and the chi-squared test for categorical parameters. Significant univariate factors with a p-value ≤ 0.1 were entered into the multivariate logistic regression. Odds ratios and associated 95% CIs are reported for regression analysis. Statistical analysis was performed using IBM SPSS Statistics software version 19.0 (IBM Corporation, Armonk, New York, USA). P-value < 0.05 was considered as statistically significant.




RESULTS

In total, 119 patients, 45 men (37.8%) and 74 women (62.2%) with average age of 55.92 ± 10.41 years (33–82 years), were included in this study. The outcomes were good for 83 patients (69.7%) at discharge and were poor for 36 patients (30.3%) (Table 1).


Table 1. Demographics and clinical features of aneurysmal patients with SAH.
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The comparison of the ROI at bilateral frontal lobes showed that the hemodynamic parameters, including MS wash-in, MS washout, FWHM, rMTT, rTTP, AUC, and peak density, were not significantly different (p > 0.05). The ROI at bilateral parietal lobes also did not significantly differ (p > 0.05). In contrast, compared with the frontal lobe ROI, the parietal lobe ROI showed significant difference in MS washout (p = 0.03), FWHM (p = 0.01), rMTT (p < 0.005), peak density (p = 0.01), and a significantly prolonged rTTP (p < 0.005), while the MS wash-in and the AUC were not significantly different (p > 0.05) (Table 2). The FWHM (p < 0.005), rTTP (p = 0.03), and CirT (p < 0.005) were significantly different among the different Hunt–Hess grades. The FWHM (p < 0.005), rTTP (p = 0.02), and CirT (p = 0.01) also significantly differed among the different WFNSS grades. However, only the FWHM (p = 0.02), but not other parameters, was significantly different among the different mFisher grades (Table 2).


Table 2. Comparison of hemodynamic parameters derived from the time-density curve with clinical features.
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The parameters including the FWHM (p < 0.005), rTTP (p = 0.01), and CirT (p < 0.005) resulted as significantly different between patients with good and poor outcomes. The FWHM, rTTP, and CirT were shorter in patients with good outcomes (Table 3).


Table 3. The multivariate logistic regression analysis of factors associated with outcome at discharge.
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The multivariate logistic regression results showed that after adjusting the baseline errors of age, the Hunt–Hess grade, the WFNSS grade, and the mFisher grade, only the FWHM resulted as the independent risk factor predicting the outcomes in patients [odds ratio (OR) 17.56, 95% CI: 1.13–272.03, p = 0.04] (Table 3).



DISCUSSION

In this study, we have demonstrated the correlation between early DSA imaging-based microcirculatory hemodynamic changes and functional outcomes in patients with SAH at discharge, and the correlation between the severity of disease and microcirculatory hemodynamic changes. Compared to patients with poor recovery, the ones with good recovery had significantly shorter FWHM, rTTP, and CirT on the time-density curve of rheogram. These findings suggested that for patients who have recovered well, microcirculation resistance and damage may be lower and blood flow damage may be mild. In addition, the FWHM was also significantly related to the initial clinical manifestations of patients. It was found that the higher Hunt-Hess grade and WFNSS grade, the longer the FWHM; the higher mFisher grade, the longer the FWHM. These findings indicated that the FWHM calculated from the color-coding flow analysis based on 2D-DSA has the potential to characterize early microcirculatory changes in acute patients with SAH and predict their clinical outcomes during the initial surgery procedure, which could save a lot of time and suggest appropriate postoperation care delivery.

As aforementioned, early brain injury plays a critical role in brain dysfunction after aneurysmal SAH (1–6). Although various scoring systems have been developed, such as the Hunt–Hess, the WFNSS, and the mFisher, to help evaluate the clinical severity, recommend appropriate treatments and predict prognosis, they may be difficult to use, especially for junior clinicians and those lacking objectivity. Therefore, with the changes in the diagnosis and treatment of aneurysmal SAH, it is still not clear which proposed system is the best (22). CTP and MR perfusion (MRP) are major quantitative approaches to characterizing early cerebral perfusion and microcirculation after aneurysmal SAH, but may not be applicable to all emergency patients due to time urgency. DSA is a routine technique during the procedure for visualizing the changes in the diameter of the cerebral artery lumen and the migration information of the contrast agent in the cerebral blood vessels and tissues. However, blood flow assessment under DSA can be affected by factors such as the experience of the operators, the resolution of the angiography system, and the working angle of angiography, which may result in a lack of objectivity and accuracy. The technique of color-coding blood flow analysis converts the cerebral blood flow information into quantitative TDC without additional contrast agent or fluoroscopy, the data of which could be further analyzed to define hemodynamic parameters, such as the TTP, peak density, MTT, AUC, and FWHM, therefore allowing for a more quantifiable and immediate understanding of the microcirculatory hemodynamic changes following SAH without patient transfer (8, 16–19). A number of studies have demonstrated that the TDC is closely related to the severity of brain injury after aneurysmal SAH. Ivanov et al. demonstrated that TTs were significantly correlated with the Hunt–Hess grade (8) and the value of TT100−10 had more prominent significance than the values of TT0−100 and TT25−100, which was in agreement with our findings. Golitz et al. showed that patients with delayed cerebral ischemia manifested as a substantial extension of microcirculatory MTT, as well as an extension of CirT and the cerebral cortex TTP, although these extensions were not statistically significant (23). On the other hand, the study performed by Burkhardt et al. indicated that MTT was a significant indicator in patients with delayed cerebral ischemia, while CirT showed no statistically significant difference (24). However, to date, there has been no research report using the FWHM to study microcirculation hemodynamic changes after SAH.

FWHM of the TDC reflects the width of the curve and the time of blood inflow and outflow in the ROI indirectly (25). According to Ivanov et al., the value of the FWHM was similar to TT100−10, TT0−100, and TT25−100 (8). Compared to TT, the FWHM has the advantage that even if the entire processes of contrast agent inflow and outflow cannot be obtained when acquiring the DSA data, the FWHM indicators can still be obtained through the TDC analysis. In this study, a complete TDC could not be acquired in 31 patients (26.1%) because the ray collection time is not enough and, thus, the MTT of some selected ROIs, namely, the TT10−90−10 value, was not available for the analysis. Perhaps, this was the most common factor that prevents the acquisition of the intact TDC clinically. However, when the difference in the TTP between the ROI and superior sagittal sinus is used instead of MTT, that is, rMTT in this study, this value may not reflect the TT of blood flow in the microcirculation (23). Our results also indicated that rMTT was less sensitive than the FWHM in predicting clinical severity and prognosis. Therefore, the FWHM can be used as an alternative to circulating MTT to more accurately reflect changes in local microcirculatory blood flow, which is demonstrated by our findings that the FWHM could reflect the severity of clinical manifestations of patients and the mFisher grade. In addition, the FWHM was also an independent factor predicting the clinical outcomes in patients. More substantial extension of the FWHM could indicate more severe microcirculatory injuries, lower local blood flow reduction, and slower velocity of microcirculation. The FWHM was also significantly extended in cases with higher clinical grades (the Hunt–Hess grade and the WFNSS grade) and the mFisher grades. Therefore, a prolonged FWHM could increase the risks of poor outcomes in patients and also reflect the severity of microcirculatory injuries.

Although the single-factor analysis showed that the parameters including rMTT, rTTP, and CirT were correlated with the neurological functions of patients at discharge, the multifactor regression analysis failed to identify the predictive values of these parameters after the baseline characteristics were adjusted. Consistent with our findings, Golitz et al. also showed that the MTT of microcirculation was substantially extended, and CirT and the cerebral cortex TTP were also increased in the early stage of delayed brain hemorrhage; yet, the differences were not statistically significant (23). In contrast, the study performed by Burkhardt et al. showed that MTT was statistically significant (24). The differences in the results could be associated with the fact that the technique of color-coding blood flow analysis was essentially the expanded application of 2D imaging and the images acquired were still 2D images and, thus, the concentration of contrast agent, starting and ending point of contrast agent, the direction of X-ray, overlap of blood vessels, the status of blood flow, duration of DSA, and shifting of patients could all influence the accuracy and reliability of the parameters of color-coding images (16, 24–27). Therefore, more studies are needed to further investigate the accuracy and reliability of microcirculatory hemodynamic parameters acquired by color-coding blood flow analysis.

There are several limitations to this study: (1) this was a preliminary study with a relatively small sample size and (2) for several patients, data collection was performed before the contrast agent completely passed the sigmoid sinus, which could result in missing data and consequently bias the findings.

The findings of this study demonstrated that the FWHM, rTTP, and CirT were significantly prolonged in patients with high-grade SAH (the Hunt–Hess grade and the WFNSS grade IV–V). Patients with higher mFisher grades also showed significantly prolonged FWHM. These findings suggested that the microcirculation is already damaged in the early phase of SAH, and the severity of microcirculation damages could be more severe in patients with more severe disease conditions. The TDC parameters, including the FWHM, rTTP, and CirT, could relatively reflect the severities of the injuries.



CONCLUSION

We have demonstrated that by using a DSA-based color-coding blood flow analysis software, microcirculatory hemodynamic changes in the early stage of aneurysmal SAH were able to be detected immediately during the surgery procedure. Significant prolonged FWHM, rTTP, and CirT were found in patients with high-grade SAH (the Hunt–Hess grade and the WFNSS grade IV–V). The change of the FWHM was significantly related to the initial disease severity of the patient and was an independent risk factor for predicting the short-term prognosis of the patient. Color-coding blood flow analysis technique could be applied to the qualified evaluation and prognosis prediction of SAH at an early phase.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institutional Research Ethics Committee of Nanjing Jinling Hospital. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

LW and XZha contributed to the study concept and study design. LW, QW, and XZho contributed to the data acquisition. LW and JG contributed to the quality control of data and algorithms and editing of the manuscript. JG, LZ, and XT contributed to the statistical analysis, interpretation, and preparation of the manuscript. XZha contributed to the review of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the Jiangsu Planned Projects for postdoctoral Research Funds (No. 2019k281), the Jiangsu Natural Science Foundation (No. BK20191231), and the Jiangsu Natural Science Foundation (No. SBK2019022915).



REFERENCES

 1. Fujii M, Yan J, Rolland WB, Soejima Y, Caner B, Zhang JH. Early brain injury, an evolving frontier in subarachnoid hemorrhage research. Transl Stroke Res. (2013) 4:432–46. doi: 10.1007/s12975-013-0257-2

 2. Marbacher S, Neuschmelting V, Andereggen L, Widmer HR, von Gunten M, Takala J, et al. Early brain injury linearly correlates with reduction in cerebral perfusion pressure during the hyperacute phase of subarachnoid hemorrhage. Intensive Care Med Exp. (2014) 2:30. doi: 10.1186/s40635-014-0030-1

 3. Topkoru B, Egemen E, Solaroglu I, H Zhang J. Early brain injury or vasospasm? An overview of common mechanisms. Curr Drug Targets. (2017) 18:1424–9. doi: 10.2174/1389450117666160905112923

 4. Munoz-Guillen NM, Leon-Lopez R, Tunez-Finana I, Cano-Sanchez A. From vasospasm to early brain injury: new frontiers in subarachnoid haemorrhage research. Neurologia. (2013) 28:309–16. doi: 10.1016/j.nrleng.2011.10.013

 5. Sehba FA, Pluta RM, Zhang JH. Metamorphosis of subarachnoid hemorrhage research: from delayed vasospasm to early brain injury. Mol Neurobiol. (2011) 43:27–40. doi: 10.1007/s12035-010-8155-z 

 6. Nishizawa S. The roles of early brain injury in cerebral vasospasm following subarachnoid hemorrhage: from clinical and scientific aspects. Acta Neurochirurgica Suppl. (2013) 115:207–11. doi: 10.1007/978-3-7091-1192-5_38

 7. Friedrich B, Muller F, Feiler S, Scholler K, Plesnila N. Experimental subarachnoid hemorrhage causes early and long-lasting microarterial constriction and microthrombosis: an in-vivo microscopy study. J Cerebr Blood Flow Metabol. (2012) 32:447–55. doi: 10.1038/jcbfm.2011.154

 8. Ivanov A, Linninger A, Hsu C-Y, Amin-Hanjani S, Aletich VA, Charbel FT, et al. Correlation between angiographic transit times and neurological status on admission in patients with aneurysmal subarachnoid hemorrhage. J Neurosurg. (2016) 124:1093–9. doi: 10.3171/2015.4.JNS15134

 9. Murphy A, Manoel AL, Burgers K, Kouzmina E, Lee T, Macdonald RL, et al. Early CT perfusion changes and blood-brain barrier permeability after aneurysmal subarachnoid hemorrhage. Neuroradiology. (2015) 57:767–73. doi: 10.1007/s00234-015-1529-1

 10. Beseoglu K, Etminan N, Hanggi D. The value of perfusion computed tomography (PCT) imaging after aneurysmal subarachnoid hemorrhage: a review of the current data. Acta Neurochirurgica Suppl. (2015) 120:35–8. doi: 10.1007/978-3-319-04981-6_6

 11. Frontera JA, Ahmed W, Zach V, Jovine M, Tanenbaum L, Sehba F, et al. Acute ischaemia after subarachnoid haemorrhage, relationship with early brain injury and impact on outcome: a prospective quantitative MRI study. J Neurol Neurosurg Psychiatry. (2015) 86:71–8. doi: 10.1136/jnnp-2013-307313

 12. Sanelli PC, Anumula N, Johnson CE, Comunale JP, Tsiouris AJ, Riina H, et al. Evaluating CT perfusion using outcome measures of delayed cerebral ischemia in aneurysmal subarachnoid hemorrhage. AJNR Am J Neuroradiol. (2013) 34:292–8. doi: 10.3174/ajnr.A3225

 13. Etminan N, Beseoglu K, Heiroth HJ, Turowski B, Steiger HJ, Hanggi D. Early perfusion computerized tomography imaging as a radiographic surrogate for delayed cerebral ischemia and functional outcome after subarachnoid hemorrhage. Stroke. (2013) 44:1260–6. doi: 10.1161/STROKEAHA.111.675975

 14. Sanelli PC, Jou A, Gold R, Reichman M, Greenberg E, John M, et al. Using CT perfusion during the early baseline period in aneurysmal subarachnoid hemorrhage to assess for development of vasospasm. Neuroradiology. (2011) 53:425–34. doi: 10.1007/s00234-010-0752-z

 15. Tsuang FY, Chen JY, Lee CW Li CH, Lee JE, Lai DM, et al. Risk profile of patients with poor-grade aneurysmal subarachnoid hemorrhage using early perfusion computed tomography. World Neurosurg. (2012) 78:455–61. doi: 10.1016/j.wneu.2011.12.004

 16. Benndorf G. Color-coded digital subtraction angiography: the end of a monochromatic era? Am J Neuroradiol. (2010) 31:925–7. doi: 10.3174/ajnr.A2077

 17. Hung S-C, Liang M-L, Lin C-F, Lin C-J, Guo W-Y, Chang F-C, et al. New grading of moyamoya disease using color-coded parametric quantitative digital subtraction angiography. J Chin Med Assoc. (2014) 77:437–42. doi: 10.1016/j.jcma.2014.05.007

 18. Burkhardt J-K, Chen X, Winkler EA, Cooke DL, Kim H, Lawton MT. Delayed venous drainage in ruptured arteriovenous malformations based on quantitative color-coded digital subtraction angiography. World Neurosurg. (2017) 104:619–27. doi: 10.1016/j.wneu.2017.04.120

 19. Lin C-J, Luo C-B, Hung S-C, Guo W-Y, Chang F-C, Beilner J, et al. Application of color-coded digital subtraction angiography in treatment of indirect carotid-cavernous fistulas. Initial Experience. (2013) 76:218–24. doi: 10.1016/j.jcma.2012.12.009

 20. Hung S-C, Lin C-J, Guo W-Y, Chang F-C, Luo C-B, Teng MM-H, et al. Toward the era of a one-stop imaging service using an angiography suite for neurovascular disorders. BioMed Res Int. (2013) 2013:873614–7. doi: 10.1155/2013/873614

 21. Lin CJ, Chang FC, Guo WY, Hung SC, Luo CB, Beilner J, et al. Changes of time-attenuation curve blood flow parameters in patients with and without carotid stenosis. AJNR Am J Neuroradiol. (2015) 36:1176–81. doi: 10.3174/ajnr.A4239

 22. Maragkos GA, Enriquez-Marulanda A, Salem MM, Ascanio LC, Chida K, Gupta R, et al. Proposal of a grading system for predicting discharge mortality and functional outcome in patients with aneurysmal subarachnoid hemorrhage. World Neurosurg. (2019) 121:e500–e10. doi: 10.1016/j.wneu.2018.09.148

 23. Golitz P, Hoelter P, Rosch J, Roessler K, Knossalla F, Doerfler A. Ultra-early detection of microcirculatory injury as predictor of developing delayed cerebral ischemia after aneurysmal subarachnoid hemorrhage. Clin Neuroradiol. (2017) 28:501–7. doi: 10.1007/s00062-017-0616-6

 24. Burkhardt J-K, Chen X, Winkler EA, Weiss M, Yue JK, Cooke DL, et al. Early hemodynamic changes based on initial color-coding angiography as a predictor for developing subsequent symptomatic vasospasm after aneurysmal subarachnoid hemorrhage. World Neurosurg. (2018) 109:e363–e73. doi: 10.1016/j.wneu.2017.09.179

 25. Struffert T, Ott S, Kowarschik M, Bender F, Adamek E, Engelhorn T, et al. Measurement of quantifiable parameters by time-density curves in the elastase-induced aneurysm model: first results in the comparison of a flow diverter and a conventional aneurysm stent. Eur Radiol. (2013) 23:521–7. doi: 10.1007/s00330-012-2611-2

 26. Strother C, Bender F, Deuerling-Zheng Y, Royalty K, Pulfer K, Baumgart J, et al. Parametric color coding of digital subtraction angiography. Am J Neuroradiol. (2010) 31:919–24. doi: 10.3174/ajnr.A2020

 27. Zhang Q, Xu R, Sun Q, Zhang H, Mao J, Shan T, et al. Exploring the value of using color-coded quantitative DSA evaluation on bilateral common carotid arteries in predicting the reliability of intra-ascending aorta flat detector CT-CBV maps. AJNR Am J Neuroradiol. (2015) 36:960–6. doi: 10.3174/ajnr.A4238

Conflict of Interest: Author JG was employed by company Siemens Healthineers 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 Wen, Zhou, Wu, Tang, Ge, Zhou and Zhang. 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-12-793411-t003.jpg
Good outcome (mean i sd)

FWHM 281+057
TP 2.98+068
GirT 586:+1.22
MTT 3.00+1.01
MS wash-in 1.35+0.62
MS wash-out 1.41 £0.63
Area under curve 029+0.18
Peak density 0.19+0.06
Age

Hunt-Hess

WFNSS

mFisher

Poor outcome (mean i sd)

278 £0.64
331083
6.74 £1.57
338+ 1.11
163 +£0.87
1224048
032 £0.15
0.18 £0.07

ANOVA

P value

<0.005
001
<0.005
0.09
0.21
0.10
0.28
073
<0.005
<0.005
<0.005
<0.005

OR

17.56

12.08
036
203

011

1.39

162.98

0.80
19.44

Multi-variate regression

95% CI

1.13-272.03

0.61-240.98
0.05-2.60

0.37-11.28

0.00-1.82

1.12-1.72

2.19-10701.52

0.22-2.94
0.92-411.47

P value

0.04
0.10
0.31
0.42

0.12

<0.005
0.02
074
0.06

FWHM, full width at half maximum; rTTF relative time-to-peak; CirT, circulation time; rMTT, relative mean transit time; WFNSS, World Federation of Neurological Societies Scale; mFisher,

modified Fisher.





OPS/images/fneur-12-793411-t001.jpg
Characteristics

Gender, n (%)
Male

Female

Age (years), mean & SD
Hunt-hess, n (%)

Aneurysm site, n (%)

ICA

MCA

Anterior cerebral artery
Anterior communicating artery
Basiar artery

Veterbral artery

WEFNSS, World Federation of Neurological Societies Scale; mFisher, modified Fisher; SAH, subarachnoid hemorrhage.

Al patients (N = 119)

45 (37.8%)
74 (62.2%)
56.92 + 10.41

2(1.7%)
66 (55.5%)
25 (21.0%)
21 (17.6%)
5(4.2%)

43 (36.1%)
36(30.3%)
11(0.2%)
16 (18.4%)
13(10.9%)

2(1.7%)
3(2.5%)
30 (25.2%)
45 (37.8%)
39 (32.8%)

48 (40.3%)
13 (10.9%)
1(0.8%)
39 (32.8%)
8(6.7%)
6(5.0%)

Good outcome(n = 83)

32(386)
51(61.4%)
53.29 +9.49

2(2.4%)

63 (75.9%)

13 (15.7%)
4(4.8%)
1(1.2%)

41(49.4%)
30(36.1%)
7(8.4%)
1(1.2%)
4(4.8%)

2(2.4%)
2(2.4%)
30(36.1%)
32 (38.6%)
17 (20.5%)

36 (43.4%)
8(9.6%)
0(0%)
27 (32.5%)
6(7.2%)
4(4.8%)

Poor outcome (n = 36)

13 (36.1%)
23 (63.9%)
62,00 +9.99

0(0%)
3(8.3%)
12 (33.3%)
17 (47.2%)
4(11.4%)

2(5.6%)
6(16.7%)
4(11.1%)
15 (41.7%)
9(25.0%)

0(0%)
1(28%)
0(0%)
13 (36.1%)
22 61.1%)

12 (33.3%)
5(18.9%)
1(28%)
12 (33.3%)
2(5.6%)
2(5.6%)

P Value

0.84

<0.005
<0.005

<0.006

<0.005

0.65





OPS/images/fneur-12-793411-t002.jpg
ROI

Frontal lobe
Parietal lobe
P Value
Hunt-Hess
i

n

V-V

P Value
WFNSS

i

n

V-V

P Value
mFisher

P Value

MS wash-in

136 £0.75
1.46 £0.77
0.05

1.30 £0.59

1.50 £0.84

1.61+£082
011

1.36 +£0.63

125051

1.69 +£0.93
0.25

1.74 £0.40
0.94 +0.20
162 £0.74
1.31 £0.69
145073
0.49

MS wash-out

1.31£057
1.40+0.71
0.03

1.36 £0.62

1.21 £050

148 £0.61
025

1.36+0.64

123 £042

1.38+0.54
077

1.48+0.28
1.41:£0.62
152 +£0.74
1.26 + 0.56
1.33£052
0.48

FWHM

248 £0.62
257 £0.66
0.01

2224054

260 £0.70

3.00 £0.52
<0.005

234 +£0.64

2.04 £0.38

2.98£0.53
<0.005

1.63+£0.33
2204071
221 £057
2.65+0.68
2,64 £0.64
0.02

MTT

334111
2.88+1.07
<0.005

3.05+1.03

3.02 +1.08

3.38+1.08
0.36

3.18£1.10

262 £0.66

3.33+0.99
0.17

3.27 £0.66
351+1.36
296 +£0.85
321£1.15
3.08 £1.10
0.84

TP

2.81£073
3.28+0.86
<0.005

2.90 £0.62

3.14£076

3.33+£094
0.03

292 +£0.64

3.15£0.51

3.36 £0.97
002

2334028
3.60+0.13
279+0.63
3.13+£0.80
314 £0.75
0.08

Area under curve

0.20£0.14
0.31£0.15
0.08

0.29£0.13

0.32+0.14

0.33£0.14
0.36

0.30+0.14

026 +£0.14

0.32 £0.12
051

0.34 £0.02
0.20 +0.02
0.28 £0.12
031£0.14
032 £0.14
0.46

Peak density

0.18 £ 0.06
0.19£0.08
0.01

0.19 £ 0.07

0.18 £ 0.06

0.19 £ 0.06
0.76

0.19 £ 0.07

0.16 £ 0.06

0.19£0.07
0.46

025 £0.01
0.13 £0.05
0.19 £ 0.07
0.18 £0.07
0.20 £0.06
0.29

CirT

5.77+£1.08

593+ 1.52

718+ 1.49
<0.005

5914127

5.77 £0.92

6.78 + 1.61
0.01

5.60 £ 0.38
7014 1.47
5.86+1.22
6.06 + 1.39
6.34 +1.50
0.43

VIENSS, World Federation of Neurological Sociaties Scale; mFisher, modlfied Fisher; FWHI, full width at hlf maximur; rTTR, relative time-to-peak: rMTT, relative mean transit time;
CirT, circulation time.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Early Microcirculatory Hemodynamic Changes Are Correlated With Functional Outcomes at Discharge in Patients With Aneurysmal SAH



		Introduction



		Materials and Methods



		Patients



		Methods



		Clinical Outcomes



		Statistical Analysis







		Results



		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Early Microcirculatory Hemodynamic
Changes Are Correlated With
Functional Outcomes at Discharge in
Patients With Aneurysmal SAH





OPS/images/fneur-12-793411-g001.gif





OPS/images/fneur-12-793411-g002.gif
Time-to-pesk (TiF)

AL poeuON









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





