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Early Edema Within the Ischemic Core Is Time-Dependent and Associated With Functional Outcomes of Acute Ischemic Stroke Patients
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Objective: To investigate the difference in early edema, quantified by net water uptake (NWU) based on computed tomography (CT) between ischemic core and penumbra and to explore predictors of NWU and test its predictive power for clinical outcome.

Methods: Retrospective analysis was conducted on patients admitted to Ningbo First Hospital with anterior circulation stroke and multi-modal CT. In 154 included patients, NWU of the ischemic core and penumbra were calculated and compared by Mann–Whitney U test. Correlations between NWU and variables including age, infarct time (time from symptom onset to imaging), volume of ischemic core, collateral status, and National Institutes of Health Stroke Scale (NIHSS) scores were investigated by Spearman's correlation analyses. Clinical outcome was defined using the modified Rankin Scale (mRS) at 90 days. Logistic regression and receiver operating characteristic analyses were performed to test the predictive value of NWU. Summary statistics are presented as median (interquartile range), mean (standard deviation) or estimates (95% confidence interval).

Results: The NWU within the ischemic core [6.1% (2.9–9.2%)] was significantly higher than that of the penumbra [1.8% (−0.8–4.0%)]. The only significant predictor of NWU within the ischemic core was infarct time (p = 0.004). The NWU within the ischemic core [odds ratio = 1.23 (1.10–1.39)], the volume of ischemic core [1.04, (1.02–1.06)], age [1.09 (1.01–1.17)], and admission NHISS score [1.05 (1.01–1.09)] were associated with the outcome of patients adjusted for sex and treatment. The predictive power for the outcome of the model was significantly higher when NWU was included (area under the curve 0.875 vs. 0.813, p < 0.05 by Delong test).

Conclusions: Early edema quantified by NWU is relatively limited in the ischemic core and develops in a time-dependent manner. NWU estimates within the ischemic core may help to predict clinical outcomes of patients with acute ischemic stroke.
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INTRODUCTION

Cerebral edema is defined as a pathological increase in the water mass contained in the brain interstitial space (1). The disruption of water homeostasis can occur in the hyperacute stage after brain ischemia (2) and plays an important role in the pathophysiology of ischemic stroke. Early cerebral edema is a sign of damage to the blood–brain barrier (BBB) and disruption of neuronal ion channels, which contribute to poor clinical outcomes (3–5). However, it is difficult to quantify early cerebral edema after acute stroke.

Computed tomography (CT)-based net water uptake (NWU) is an emerging tool for the quantitative assessment of tissue edema (6, 7). NWU within early infarct was reported as a reliable biomarker identifying patients within the time window of thrombolysis (7, 8) and predicting malignant edema or poor outcome after large vessel occlusion (9–11).

Cerebral edema, quantified by NWU, may provide essential information on the assessment of patients with acute ischemic stroke; however, the relationship between NWU and other important predictors (12–15) such as age, the volume of infarct lesion, National Institutes of Health Stroke Scale (NIHSS) scores, and collateral status need further exploration. In addition, previous studies testing the correlations between NWU and clinical prognosis were limited to patients with large vessel occlusion. It is, therefore, not known whether NWU in the ischemic lesion is predictive of outcome in patients with small-vessel occlusion.

Previous studies have also focused primarily on infarct core (tissue that has already infarcted); however, the occurrence and predictive role of edema in the penumbra (hypoperfused tissue that is at risk of infarction but potentially salvageable) (16) remains unknown.

Therefore, this study was designed to investigate the difference in edema between ischemic core and penumbra, explore the relevant predictors of NWU within early infarct, and test whether it is a reliable predictor of poor outcomes in acute ischemic stroke.



METHODS


Patients

All patients with acute ischemic stroke who received multi-modal CT imaging on admission between July 2017 and September 2019 at Ningbo First Hospital, China were retrospectively screened for inclusion.

Inclusion criteria for this study were as follows: (1) ischemic core and penumbra in anterior circulation territory confirmed by CT perfusion (CTP) and dynamic CT angiography (CTA), including either large vessel or small vessel occlusion; (2) assessment by NIHSS score on admission; (3) documented infarct time (from symptom onset to admission imaging) except for patients with wake-up strokes. The exclusion criteria included preexisting infarctions, hemorrhage, and any other abnormal alteration of density on admission non-contrast CT (NCCT). Baseline demographic data and clinical characteristics were extracted from the medical records. The modified Rankin Scale (mRS) score after 90 days was extracted from the follow-up database.

The study had institutional ethical approval, and written informed consent was obtained for each patient for their collected data.



Image Acquisitions

Patients received multi-modal CT on admission, including NCCT, CT angiography (CTA), and CTP on a 320-slice scanner (Toshiba Aquilion ONE, Toshiba Medical Imaging, Tokyo, Japan). The CTP was performed with the following protocol: temporally, 19 time points were obtained, with the acquisition commencing 4 s after non-ionic iodinated contrast injection into an antecubital vein (50 ml, 5 ml/s; Bayer HealthCare, Berlin, Germany). Spatially, 320 axial sections with a thickness of 0.5 mm were obtained, which covered the whole brain (160 mm total coverage). CTP data were processed by using commercial software (MIstar, Apollo Medical Imaging Technology, Melbourne, VIC, Australia). The mathematical model of delay-corrected singular value decomposition was chosen to generate perfusion parameters, including cerebral blood volume (CBV), cerebral blood flow (CBF), mean transit time (MTT), and delay time (DT) (17). The volumes of ischemic lesion, ischemic core, and penumbra were then quantified by appropriate thresholds reported elsewhere (18): DT <3 s for total ischemic lesion, CBF <30% for acute ischemic core, and penumbra measured by the total ischemic lesion volume minus ischemic core volume. CTA data were post-processed on a Vitrea workstation (Vitreafx version 1.0, Vital Images, Minnetonka, MN, United States).



Image Analysis

All imaging measurements were performed using commercial software MIstar (Apollo Medical Imaging Technology, Melbourne, VIC, Australia). NWU was defined as increased volume of water after stroke (ΔVwater) per unit volume of the ischemic lesion (Vischemic). A standardized procedure was performed to quantify NWU within early ischemic core based on multi-modal CT. Briefly, regions of interest (ROIs) for ischemic core and penumbra were firstly drawn according to CTP and then automatically mirrored contralateral ROIs were defined as normal tissue. These ROIs were placed on NCCT and were sampled between 20 and 80 Hounsfield units (HU) to exclude voxels including CSF or calcification (Figure 1). All densitometric CT measurements (Dnormal, Dischemic including Dcore and Dpenumbra) were then used to calculate NWU according to the following equations (6, 7).

[image: image]


[image: Figure 1]
FIGURE 1. Quantification of net water uptake (NWU) per volume of early infarct in admission non-contrast computed tomography (NCCT). The ischemic core and penumbra were identified by cerebral blood volume (CBV) and delay time (DT) maps based on computed tomography perfusion (CTP). The mean density of early infarct (Dcore and Dpenumbra) and the normal tissue (Dnormal) derived from a mirrored contralateral region of interest were then calculated.




Statistical Analysis

According to the results of Kolmogorov–Smirnov test, all numerical variables were described as mean [standard deviation (SD)], or median [interquartile range (IQR)]. Categorical data were expressed as numbers (percentages). The NWU within ischemic core and penumbra were calculated and then compared by Student's t-test or Mann–Whitney U test as appropriate. The relationship between NWU within the ischemic core and other baseline variables including infarct time (time from symptom onset to imaging), age, NNHISS score, the volume of ischemic core, and collateral status were assessed using Pearson's correlation analysis or Spearman's correlation analysis as appropriate. Collateral status was classified by a modified version of the ASITN/SIR (American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology) collateral scale on dynamic CTA (19, 20), and it was further dichotomized into good collateral (ASITN/SIR score 3–4) and poor collateral (ASITN/SIR score 0–2) status. The relationship between NWU within the ischemic core and collateral status (good vs. poor collateral) was further tested on Mann–Whitney U test.

We defined poor functional outcome (functional dependence or death) as a modified Rankin Scale (mRS) of ≥3 at 90 days. Baseline data were compared after dichotomization into mRS score 0–2 and mRS score 3–6 using the Mann–Whitney U Test for metric variables and Chi-square test for categorical variables. To investigate the predictive value of ischemic core NWU and other variables for the likelihood of the poor functional outcome, we performed binary logistic regression analyses presenting odds ratio (OR) estimates along with 95% confidence intervals (CI). The diagnostic power of variables and predictive models were assessed by univariate receiver operating characteristic (ROC) curve analysis. The ROC comparisons between different predicting models were performed using the DeLong test.

A two-tailed p < 0.05 was considered statistically significant. All Statistical analyses were performed using SPSS Statistics for Windows, Version 22.0 (IBM Corp., Armonk, NY, USA) and MedCalc (version 9.2.1; Mariakerke, Belgium).




RESULTS

Of the 248 screened patients, 154 fulfilled the inclusion criteria of which 127 had documented the time of symptom onset and 27 had wake-up strokes. In all 154 included patients, NWU within the ischemic core, penumbra, and contralateral healthy tissue were calculated and then compared using the Mann–Whitney U test. The density of ischemic core on admission NCCT was significantly lower than that of contralateral normal tissue [median 31.8 HU (30.3–33.2) vs. median 33.9 HU (32.4–35.4), p < 0.001, Figure 2A). The density of penumbra was also lower than that of contralateral normal tissue but this difference was not statistically significant [median 34.8 HU (33.3–36.1) vs. median 35.0 HU (33.5–36.6), p = 0.158, Figure 2B]. The NWU within the ischemic core was significantly higher than that of the penumbra [median 6.1% (2.9–9.2%) vs. 1.8% (−0.8 to 4.0%), p < 0.001, Table 1 and Figure 2C].


[image: Figure 2]
FIGURE 2. (A) Comparison with mean density of the ischemic core and normal tissue. (B) Comparison with mean density of penumbra and normal tissue. (C) Comparison of net water uptake (NWU) with ischemic core and penumbra.



Table 1. Net water uptake in different categories of lesion, infarct time, core volume, and collateral status.
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A Spearman test was performed to investigate correlations between NWU within ischemic core and age, admission NHISS score, and volume of ischemic core in 154 patients. The correlation between NWU and infarct time was analyzed in those 127 patients with a documented time of onset. There was a significant correlation between NWU and infarct time (p = 0.004, Figure 3A). However, the NWU within the ischemic core was not correlated with age (p = 0.954), admission NHISS score (p = 0.821), ASITN/SIR score (p = 0.287), the volume of the ischemic core (p = 0.094, Figure 3B). There was no significant difference of NWU between the good collateral group (ASITN/SIR score 3–4) and poor collateral group (ASITN/SIR score 0–2) on Mann–Whitney U test (p = 0.137), although patients with good collateral showed a tendency of lower NWU (4.4 vs. 6.4, Supplementary Figure 1). The value of NWU in different categories of infarct time, core volume, and collateral status are summarized in Table 1.


[image: Figure 3]
FIGURE 3. (A) Relationship between net water uptake (NWU) within the ischemic core and infarct time from onset to imaging. (B) Relationship between NWU within ischemic core and core volume.


Of the 154 patients, 128 were followed up at 90 days; these 128 patients were divided into good outcome (mRS score 0–2, n = 53) and poor outcome groups (mRS score 3–6, n = 75). The main characteristics of the two groups are summarized in Table 2. The NWU within the ischemic core in patients with good outcomes was significantly lower compared to patients with poor outcomes. Patients with the good outcome also tended to be younger, have a smaller volume of the ischemic core and lower NIHSS score at baseline, and were less likely to be female than those with poor outcome. The infarct time and treatment of the two groups did not significantly differ.


Table 2. Characteristics of patients with anterior circulation infarct stratified by prognosis.
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We performed multivariate logistic regression analysis to determine the effects of NWU within the ischemic core, age, sex, ischemic core volume, admission NHISS score, and treatment on likelihood of poor functional outcome. The result showed the NWU within ischemic core [odds ratio = 1.23 (95% CI 1.10–1.39)], volume of ischemic core [odds ratio = 1.04 (95% CI 1.02–1.06)], age [odds ratio = 1.09 (95% CI 1.01–1.17)] and admission NHISS score [odds ratio = 1.05 [95% CI 1.01, 1.09)] were independently and significantly associated with poor functional outcome while sex and treatment were not (Table 3).


Table 3. Binary logistic regression and ROC curve analysis to probability of prognosis after anterior circulation infarct.

[image: Table 3]

We tested the power of NWU within the ischemic core to predict the poor functional outcome by the area under the curve (AUC) after receiver operating characteristic curve (ROC) analysis. The AUC of the model including NWU (NWU within ischemic core, volume of ischemic core, age, and NHISS score) was 0.875 while the AUC of the model without NWU was 0.813 (Table 3 and Figure 4). The power of the model including NWU to predict poor functional outcomes was significantly higher than that of the model without NWU according to the DeLong test (p = 0.021).


[image: Figure 4]
FIGURE 4. Univariate receiver operating characteristic (ROC) curve analysis of single net water uptake (NWU), combined model with NWU, National Institutes of Health Stroke Scale (NIHSS) score, ischemic core volume, and age.




DISCUSSION

This study confirmed an important role for acute lesion edema, quantified by NWU, in predicting stroke outcomes. One of the main findings of this study was that edema was affected by the severity of ischemia, with limited NWU detected in the ischemic penumbra but significantly higher NWU detected in the ischemic core. Moreover, the severity of edema was not predicted by core volume, but rather by infarct time. This study indicates that the more late a patient with stroke is presented, the more severe is the edema within the ischemic core.

A novel finding of this study was the lack of significant edema in the penumbra region. Previous studies measured NWU either in the whole hypoperfused region (combining both core and penumbra into a single measurement) or ischemic core only. The lack of edema detected in the penumbra may relate to the slower progression of pathophysiological pathways compared to the core. Processes such as ATP depletion, reactive oxygen species generation, oxidative membrane injury, ionic imbalance, and tissue edema develop in the penumbra over several hours or days (21, 22). Previous ultrastructural studies also demonstrated that the degree of edema, degeneration of neurons, glia, and capillaries decreased gradually from ischemic core to penumbra (23, 24). Although this study confirmed previous findings of significantly increased NWU within the ischemic core, the NWU detected was lower compared to previous studies (7, 9, 25, 26). This is probably a result of different thresholds of ischemic core on CTP measurements. Most previous studies used a more severe threshold of CBV ≤6/100 ml while we defined ischemic core using CBF <30%. As NWU gradually decreased based on the degree of perfusion, we can also assume that the early tissue edema would depend on the severity of ischemia within the infarct core.

This study emphasizes the importance of treating stroke patients early. When treated early, further development of edema in the ischemic tissue could be prevented. Another novelty of this study was the discovery of the positive relationship between early edema and infarct time. With prolonged time to treatment, early edema developed, as demonstrated by increased NWU value within the ischemic core. Infarction and edema are dynamic processes with time-dependent development, and this study demonstrated that the severity of edema increased with increased time from onset to reperfusion. It was demonstrated that early edema within the ischemic core could help predict the functional outcome of patients. The high value of NWU within the ischemic core indicated the severity of ionic edema and vasogenic edema, which in turn is related to early damage to the BBB, ion channel disturbance, and other complex mechanisms (3–5), which all may contribute to the poor outcome of patients. All of these findings emphasize the importance of early treatment inpatients with acute stroke.

Besides the infarct time, other factors may relate to early edema. The collateral status reflects the cerebral microperfusion status of patients with acute ischemic stroke, which is linked to edema formation and core growth (27). A previous study showed an association between favorable venous flow profiles and ischemic lesion NWU growth (28). Favorable tissue-level collaterals were also reported predicting less ischemic lesion NWU after performing thrombectomy in patients with large vessel occlusion (29). We did not find a statistically significant relation between modified ASITN/SIR score on dynamic CT and NWU, but there was the tendency of different NWU between good collateral and poor collateral groups. More included cases and appropriate assessments on tissue-level collaterals together with venous outflow (27) may strongly approve the relation between NWU and collateral status of patients with ischemic stroke. Another factor is ischemic core volume, which is recognized as the most essential variable influencing prognosis. In the current study, no significant relation was found between core volume and NWU. This might indicate that NWU within the ischemic core, besides core volume, is a relatively independent factor associated with the functional outcome of patients with ischemic stroke. Finally, factors not assessed in the study, such as admission blood glucose (30, 31), may also affect early edema of ischemic tissues.

The clinical applications of this study include the following two aspects. First, measuring NWU in addition to ischemic core volume for acute stroke management was valuable. Ischemic core volume measured in CTP is not the only imaging biomarker predicting clinical outcomes. Ischemic core volume combined with NWU provides better prognostic value after acute stroke. In addition to admission of NWU, quantitative measures of NWU 24–48 h after treatment and NWU growth (difference between NWU after treatment and on admission) seem to have a significant impact on clinical outcomes as well (29). Secondly, it is important to combine NCCT and CTP when evaluating patients with hyperacute stroke. NCCT has additional value as our study has indicated early edema, quantified by NWU on NCCT, is a potential biomarker to improve the delineation between ischemic core and penumbra.

Our study has several limitations. First, we retrospectively screened patients from a single center. Not every patient with acute ischemic stroke received multi-modal CT imaging. Moreover, patients with mild symptoms and low admission NHISS scores intended to refuse CTP and were therefore not included in the study. This bias may influence the reliability or generalizability of our findings. Secondly, some potential variables related to prognosis after stroke such as hyperglycemia (30, 31) were not included in our logistic regression analyses due to the lack of admission data. Prospective validation is needed to confirm the predictive power of NWU for functional outcomes. Thirdly, CT density measurements of normal tissue relied on automatically mirrored contralateral ROI. This process might result in inaccuracies as the NCCT images were not absolutely symmetrical. However, this method of CT density measurements had been proved reliable previously (6). Finally, the estimates based on the CTP map in this study might be distinct from studies using other CTP processing software packages.



CONCLUSION

The early edema after acute stroke quantified by NWU was relatively limited in the ischemic core region anddevelop in a time-dependent manner. The quantified edema within the ischemic core could help predict functional outcomes. These findings emphasize the importance of timely and early treatment of patients with stroke, thereby indicating that early edema quantification using ischemic lesion NWU may be a valuable imaging biomarker based on multimodal CT.



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 the Ethics Committee of Ningbo First Hospital. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

QH and JY: research project conception, study design, organization, execution, statistical analysis, and writing of the manuscript draft. XG: organization, execution, and study design. JL, YW, YX, and QS: patients' enrolment and follow up and acquisition of data. LL and MP: research project conception, study design, statistical analysis, review and critique, and manuscript revision of the draft.



FUNDING

This work was supported by the Medicine and Health Science and Technology Projects of Zhejiang Province (2022KY1098), Clinical Research Fund Project of Zhejiang Medical Association (2021ZYC-A10), and Ningbo Health Branding Subject Fund (PPXK2018-04).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2022.861289/full#supplementary-material

Supplementary Figure 1. Comparison of net water uptake (NWU) with poor collateral and good collateral patients.



REFERENCES

 1. Stokum JA, Gerzanich V, Simard MJ. Molecular pathophysiology of cerebral edema. J Cereb Blood Flow Metab. (2016) 36:513–38. doi: 10.1177/0271678X15617172

 2. Todd NV, Picozzi P, Crockard A, Russell WR. Duration of ischemia influences the development and resolution of ischemic brain edema. Stroke. (1986) 17:466–71. doi: 10.1161/01.STR.17.3.466

 3. Bell BA, Symon L, Branston MN. CBF and time thresholds for the formation of ischemic cerebral edema, and effect of reperfusion in baboons. J Neurosurg. (1985) 62:31–41. doi: 10.3171/jns.1985.62.1.0031

 4. Yang C, Hawkins KE, Doré S, Candelario-Jalil E. Neuroinflammatory mechanisms of blood-brain barrier damage in ischemic stroke. Am J Physiol Cell Physiol. (2019) 316:C135–53. doi: 10.1152/ajpcell.00136.2018

 5. Nilius B, Droogmans G. Ion channels and their functional role in vascular endothelium. Physiol Rev. (2001) 81:1415–59. doi: 10.1152/physrev.2001.81.4.1415

 6. Broocks G, Flottmann F, Ernst M, Faizy TD, Minnerup J, Siemonsen S, et al. Computed tomography-based imaging of voxel-wise lesion water uptake in ischemic brain: relationship between density and direct volumetry. Invest Radiol. (2018) 53:207–13. doi: 10.1097/RLI.0000000000000430

 7. Minnerup J, Broocks G, Kalkoffen J, Langner S, Knauth M, Psychogios MN, et al. Computed tomography-based quantification of lesion water uptake identifies patients within 4.5 hours of stroke onset: a multicenter observational study. Ann Neurol. (2016) 80:924–34. doi: 10.1002/ana.24818

 8. Broocks G, Leischner H, Hanning U, Flottmann F, Faizy TD, Schön G, et al. Lesion age imaging in acute stroke: water uptake in CT versus DWI-FLAIR mismatch. Ann Neurol. (2020) 88:1144–52. doi: 10.1002/ana.25903

 9. Broocks G, Flottmann F, Scheibel A, Aigner A, Faizy TD, Hanning U, et al. Quantitative lesion water uptake in acute stroke computed tomography is a predictor of malignant infarction. Stroke. (2018) 49:1906–12. doi: 10.1161/STROKEAHA.118.020507

 10. Nawabi J, Flottmann F, Kemmling A, Kniep H, Leischner H, Sporns P, et al. Elevated early lesion water uptake in acute stroke predicts poor outcome despite successful recanalization - when “tissue clock” and “time clock” are desynchronized. Int J Stroke. (2019) 16:863–72. doi: 10.1177/1747493019884522

 11. Faizy TD, Kabiri R, Christensen S, Mlynash M, Kuraitis G, Broocks G, et al. Perfusion imaging-based tissue-level collaterals predict ischemic lesion net water uptake in patients with acute ischemic stroke and large vessel occlusion. J Cereb Blood Flow Metab. (2021) 41:2067–75. doi: 10.1177/0271678X21992200

 12. Sajobi TT, Menon BK, Wang M, Lawal O, Shuaib A, Williams D, et al. Early trajectory of stroke severity predicts long-term functional outcomes in ischemic stroke subjects: results from the ESCAPE trial (endovascular treatment for small core and anterior circulation proximal occlusion with emphasis on minimizing CT to recanalization times). Stroke. (2017) 48:105–10. doi: 10.1161/STROKEAHA.116.014456

 13. Thomalla G, Hartmann F, Juettler E, Singer OC, Lehnhardt FG, Köhrmann M, et al. Prediction of malignant middle cerebral artery infarction by magnetic resonance imaging within 6 hours of symptom onset: a prospective multicenter observational study. Ann Neurol. (2010) 68:435–45. doi: 10.1002/ana.22125

 14. Veerbeek JM, Kwakkel G, van Wegen EE, Ket JC, Heymans WM. Early prediction of outcome of activities of daily living after stroke: a systematic review. Stroke. (2011) 42:1482–8. doi: 10.1161/STROKEAHA.110.604090

 15. Wu S, Yuan R, Wang Y, Wei C, Zhang S, Yang X, et al. Early prediction of malignant brain edema after ischemic stroke. Stroke. (2018) 49:2918–27. doi: 10.1161/STROKEAHA.118.022001

 16. Ramos-Cabrer P, Campos F, Sobrino T, Castillo J. Targeting the ischemic penumbra. Stroke. (2011) 42(1 Suppl.):S7–11. doi: 10.1161/STROKEAHA.110.596684

 17. Lin L, Bivard A, Kleinig T, Spratt NJ, Levi CR, Yang Q, et al. Correction for delay and dispersion results in more accurate cerebral blood flow ischemic core measurement in acute stroke. Stroke. (2018) 49:924–30. doi: 10.1161/STROKEAHA.117.019562

 18. Lin L, Bivard A, Krishnamurthy V, Levi CR, Parsons WM. Whole-brain CT perfusion to quantify acute ischemic penumbra and core. Radiology. (2016) 279:876–87. doi: 10.1148/radiol.2015150319

 19. Higashida RT, Furlan AJ, Roberts H, Tomsick T, Connors B, Barr J, et al. Trial design and reporting standards for intra-arterial cerebral thrombolysis for acute ischemic stroke. Stroke. (2003) 34:e109–37. doi: 10.1161/01.STR.0000082721.62796.09

 20. Tian H, Chen C, Garcia-Esperon C, Parsons MW, Lin L, Levi CR, et al. Dynamic CT but not optimized multiphase CT angiography accurately identifies CT perfusion target mismatch ischemic stroke patients. Front Neurol. (2019) 10:1130. doi: 10.3389/fneur.2019.01130

 21. Moskowitz MA. Brain protection: maybe yes, maybe no. Stroke. (2010) 41(10 Suppl.):S85–6. doi: 10.1161/STROKEAHA.110.598458

 22. Iadecola C, Anrather J. Stroke research at a crossroad: asking the brain for directions. Nat Neurosci. (2011) 14:1363–8. doi: 10.1038/nn.2953

 23. Uzdensky A, Demyanenko S, Fedorenko G, Lapteva T, Fedorenko A. Protein profile and morphological alterations in penumbra after focal photothrombotic infarction in the rat cerebral cortex. Mol Neurobiol. (2017) 54:4172–88. doi: 10.1007/s12035-016-9964-5

 24. Jiang W, Gu W, Hossmann KA, Mies G, Wester P. Establishing a photothrombotic 'ring' stroke model in adult mice with late spontaneous reperfusion: quantitative measurements of cerebral blood flow and cerebral protein synthesis. J Cereb Blood Flow Metab. (2006) 26:927–36. doi: 10.1038/sj.jcbfm.9600245

 25. Broocks G, Hanning U, Faizy TD, Scheibel A, Nawabi J, Schön G, et al. Ischemic lesion growth in acute stroke: water uptake quantification distinguishes between edema and tissue infarct. J Cereb Blood Flow Metab. (2020) 40:823–32. doi: 10.1177/0271678X19848505

 26. Broocks G, Kniep H, Kemmling A, Flottmann F, Nawabi J, Elsayed S, et al. Effect of intravenous alteplase on ischaemic lesion water homeostasis. Eur J Neurol. (2020) 27:376–83. doi: 10.1111/ene.14088

 27. Faizy TD, Kabiri R, Christensen S, Mlynash M, Kuraitis GM, Broocks G, et al. Favorable venous outflow profiles correlate with favorable tissue-level collaterals and clinical outcome. Stroke. (2021) 52:1761–7. doi: 10.1161/STROKEAHA.120.032242

 28. van Horn N, Heit JJ, Kabiri R, Broocks G, Christensen S, Mlynash M, et al. Venous outflow profiles are associated with early edema progression in ischemic stroke. Int J Stroke. (2022) 17474930211065635. doi: 10.1177/17474930211065635.[Epub ahead of print].

 29. Faizy TD, Kabiri R, Christensen S, Mlynash M, Kuraitis G, Meyer L, et al. Venous outflow profiles are linked to cerebral edema formation at noncontrast head CT after treatment in acute ischemic stroke regardless of collateral vessel status at CT angiography. Radiology. (2021) 299:682–90. doi: 10.1148/radiol.2021203651

 30. Li WA, Moore-Langston S, Chakraborty T, Rafols JA, Conti AC, Ding Y. Hyperglycemia in stroke and possible treatments. Neurol Res. (2013) 35:479–91. doi: 10.1179/1743132813Y.0000000209

 31. Garg R, Chaudhuri A, Munschauer F, Dandona P. Hyperglycemia, insulin, and acute ischemic stroke: a mechanistic justification for a trial of insulin infusion therapy. Stroke. (2006) 37:267–73. doi: 10.1161/01.STR.0000195175.29487.30

Conflict of Interest: The 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 Han, Yang, Gao, Li, Wu, Xu, Shang, Parsons and Lin. 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-13-861289-t001.jpg
Category Net water uptake % median (IQR)

Region
Ischemic core 6.1(29-92)

Penumbra 18 (-0.8-4.0)
Time from onset to CT

0-3h,n=32 3.4(0.9-7.3)

3-6h,n="74 62(3.3-9.0)

6-24h,n=21 9.2(4.2-13.3)
Volume of ischemic core

0-30mi,n =76 45(1.9-7.6)

30-50mi, n =35 75(36-11.4)
50-70ml, n =18 59(2.0-7.9

>70ml,n =25 68(4.0-9.3)

Collateral status

ASITN/SIR -2, = 105 64(32-93)

ASITN/SIR 3-4, n = 49 4.4(1.8-92)

1QR, interquartile range; CT, computed tomography; ASITN/SIR, modilied version
of American Society of Interventional and Therapeutic Neuroradiology/Society of
Interventional Radiology collateral scale on dynamic CT angiography:
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Characteristics

Subjects, n (%)

Female sex, n (%)

Age in yeas, median (IQR)
Admission NHISS, median
(aR)

Time from onset to CT,
median h (IQRI®

Volume of ischemic core,
median ml (QR)

Treatment
Mechanical
thrombectomy, n (%)
DPT, median min (IGR)
Intravenous lysis, n (%)
DNT, median min (IQR)
Both, n (%)
Nore, n (%)
Net water uptake, median
% (QR)

Net water uptake/time,
median %/h (IQR)®

aDifference between good and poor prognosis groups.

Good
prognosis
(MRS at 90
days 0-2)

53 (41.4)
18 (34.0)
68 (56-76)
15 (2-18)

42(2:8-49),
n=45

12 (4-30)

19(35.8)

93 (80-127)
18 (34.0)
49 (36-61)
12 (22.6)
4(75)
44 (1.2-7.4)

1.1(03-2.1),
=45

Poor
prognosis
(MRS at 90

days 3-6)

75 (58.6)
40(63.9)
74 (66-81)
20 (14-25)

3.8(2.9-5.7),
n=62

42 (22-62)

40(53.9)

97 81-132)
22(29.3)
52 (32-64)
8(10.7)
56.7)

7.2(4.4-109)

15(1.0-2.2),
n=62

p-value®

0.033"
0.009"
<0.001*
0.464

<0.001*

0.162

<0.001*

0.059

bTwenty-one patients with wake-up strokes were excluded due to unknown time

from onset.

“Statistical difference between two groups.
mRS, modified Rankin scale; CT, computed tomography; IQR, interquartie range; NIHSS,
National Institutes of Health Stroke Scale; DPT, door-to-puncture time; DNT, door-to-

needie time.





OPS/images/fneur-13-861289-g003.gif





OPS/images/fneur-13-861289-g004.gif
ROC curve

10
o8
2 05
@ ox
— water uptaks
— Combined model with
wator Upiaks
— Combined model
0z Without watr uplaks
o0
) 3] o ) )

1- Specifity





OPS/images/fneur-13-861289-t003.jpg
OR (95%Cl)
Variable®
Net water uptake 1.23(1.10-1.39)
Ischemic core volume 1.04 (1.02-1.06)
Admission NHISS 1.09(1.01-1.17)
Age 1.05 (1.01-1.09)

Combined model
Net water uptake, Ischemic core volume, Admission NHISS, Age
Ischemic core volume, Admission NHISS, Age

Significance of association with poor prognosis (defined as a score on the modiied Rankin scele at 90 deys of 3-6) by binary logistic regression.
bThe gender and treatment included in binary logistic regression were not significant so ot listed in the table.

P-value®

<0.001
<0.001
0.024
0.021

AUC (SE)

0.681(0.047)
0.778 0.041)
0.716 0.046)
0.636 (0.049)

0.875 (0.031)
0813 (0.038)

Sensitivity

69.3%
61.3%
57.3%
66.7%

74.7%
73.3%

ROC, Receiver operating characteristic; OR, Odds ratio; AUC, Area under curve; SE, Standard error; NIHSS, National Institutes of Health Stroke Scale.

Specifity

60.4%
83.0%
77.4%
56.6%

88.7%
79.2%
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