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Absent Contrast Filling of Ipsilateral Superficial Middle Cerebral Vein Predicts Midline Shift in Acute Middle Cerebral Artery Occlusion
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Background and purpose: Midline shift is a life-threatening complication of acute large artery occlusion (LAO). The value of superficial middle cerebral vein (SMCV) for predicting midline shift is currently unclear for patients with acute LAO.

Methods: Consecutive acute LAO (middle cerebral artery M1 ± intracranial internal carotid artery) patients between March 2018 and May 2019 were included. Absent filling of ipsilateral cortical vein (marked as SMCV–) was defined as no contrast filling into the vein across the whole venous phase of four-dimensional computed tomography (CT) angiography derived from CT perfusion in the ischemic hemisphere.

Results: In the total of 81 patients, 31 (38.4%) were identified as SMCV–. SMCV– independently predicted midline shift, with sensitivity of 87.5% and specificity of 82.5%. Receiver operating characteristic analysis showed that including SMCV– as a predictor in addition to baseline ischemic core volume significantly increased the area under the curve in predicting midline shift (SMCV– with baseline ischemic core volume vs. baseline ischemic core volume: AUC = 0.903 vs. 0.841, Z = 2.451, P = 0.014).

Conclusion: In acute LAO patients, the presence of SMCV– was a sensitive and specific imaging marker for midline shift. SMCV– had supplementary value to baseline ischemic core volume in predicting midline shift.
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INTRODUCTION

Midline shift caused by edema is a life-threatening complication of acute large artery occlusion (LAO) (1). Treatment options for midline shift are still limited. Only decompressive craniectomy performed within 48 h of stroke onset was shown to reduce mortality, particularly when undertaken before signs of herniation appear (2). Therefore, early detection of midline shift is very important.

Large ischemic core has been known as the key risk factor for midline shift, as the severity of ischemia is associated with the degree of cytotoxic edema (3, 4). In recent years, impairment of venous drainage was also found to play a pivotal role in the development of cerebral edema. The superficial middle cerebral vein (SMCV) is a large superficial cerebral vein that can be easily identified through angiography. It has been reported that the filling deficit of SMCV was associated with cerebral edema after clipping surgery of intracranial aneurysms (5). The advances in four-dimensional computed tomography (CT) angiography (4D-CTA) derived from CT perfusion (CTP) imaging allow the noninvasive examination of cerebral veins. We have previously found that the absent filling of SMCV on 4D-CTA was associated with cerebral edema growth and poor functional outcome in stroke patients who received thrombolysis (6), demonstrating that SMCV could serve as a sensitive marker for predicting edema. However, the association of SMCV with midline shift in acute LAO patients remains unclear.

Therefore, in this study, we aimed to explore the effect of the absent filling in SMCV on 4D-CTA on the development of midline shift in acute LAO patients and compare its predictive value with that of ischemic core volume.



METHODS


Ethics Statement

All patients or appropriate family members had given written informed consent prior to the study. The protocols of the study had been approved by the local ethics committee. All clinical investigation has been conducted according to the principles expressed in the Declaration of Helsinki.



Study Subjects

We reviewed our consecutively collected acute anterior LAO patients with CT perfusion (CTP) scans within 6 h after stroke onset from March 2018 to May 2019. Patients were enrolled if they had (1) middle cerebral artery M1 segment and/or intracranial internal carotid artery (ICA) occlusion on pretreatment 4D-CTA reconstructed from CTP and (2) prestroke modified Rankin Scale score (mRS) ≤2. Patients were excluded if they (1) had bilateral acute ischemic lesions, (2) had poor image quality due to motion artifact, and (3) could not tolerate follow-up CT before discharge.



Reperfusion Therapy

Patients who arrived at our center within 4.5 h of symptom onset with no hemorrhage or significant low-density lesion on baseline non-contrast CT (NCCT) images received alteplase at a dose of 0.9 mg/kg (maximum dose = 90 mg). Patients exhibiting no clinical improvement after thrombolysis and patients who arrived at 4.5–6 h after stroke onset were thrombectomy candidates. Thrombectomy was performed as bridging therapy after intravenous thrombolysis or as primary therapy in accordance with the guidelines of the time. Eligible patients were assigned to thrombectomy or non-thrombectomy groups based on whether their families consented to the procedure. The retrieval devices for thrombectomy were all Solitaire AB (ev3, Covidian, Dublin, Ireland). The detailed surgical procedure was according to EXTEND-IA trial (7).



Imaging Protocols

All patients underwent baseline NCCT and CTP and follow-up NCCT at 24–48 h after admission. All CT imaging was acquired on a 320-detector row 640-slice cone beam MDCT scanner (Aquilion One, Toshiba Medical Systems). Whole-brain NCCT was performed in one rotation (detector width, 16 cm). Subsequent to NCCT, a CTP was acquired after administration of 50 ml of contrast agent (Ultravist 370; Bayer HealthCare, Berlin, Germany) injected intravenously at a rate of 6 ml/s chased by 50 ml of saline (acquisition parameters: 120 kV, 128 mAs; scanning coverage = 240 mm, scanning width = 5 mm). Starting 7 s after contrast injection, pulsed full rotation scan with 18 time points acquired over 60 s with a total pulse image acquisition time of 9.5 s was used. The scanning protocol of follow-up NCCT was the same as that of baseline NCCT.



Imaging Analysis

Two raters (SZ and ZW) who jointly evaluated the imaging markers (SMCV, PH, and midline shift) were blinded to the patients' 24-h imaging and clinical data. A single trained observer (SZ) measured imaging markers in all patients twice, at an interval of 1 month apart. Another observer (ZW) independently made the same evaluation.



Absent Filling of Ipsilateral SMCV (SMCV–)

We assessed the SMCV on 4D-CTA reconstructed from CTP by Vitrea fX (Version 1.0, Vital images, Minnetonka, MN, USA). Images were analyzed using maximum intensity projection (MIP). SMCV was defined as negative (SMCV–) if no contrast filling of SMCV was observed across the whole venous phase in the ischemic hemisphere, while the presence of contrast filling of ipsilateral SMCV at any time point of venous phase was marked as SMCV+. Patients with only contralateral absent contrast filling of SMCV were also designated as SMCV+.



Assessment of Hypoperfusion and Ischemic Core Volume

A threshold of delay time >3 s was used for volumetric measurement of baseline hypoperfusion area, and relative cerebral blood flow (rCBF) <30% was used for calculating ischemic core volume (8).



Neurological Outcome Measures

Midline shift was defined as the displacement of the septum pellucidum (or cavum septi pellucidi) more than 3 mm from the spatial midline on 24-h follow-up NCCT (9). According to this definition, patients were divided into two groups: midline shift and non-midline shift.

Hemorrhagic transformation was classified as hemorrhagic infarction (HI) or parenchymal hemorrhage (PH), according to the European Cooperative Acute Stroke Study (ECASS) definition. Symptomatic intracranial hemorrhage (sICH) was defined as any intracranial hemorrhage associated with an increase of ≥4 points on National Institutes of Health Stroke Scale (NIHSS) or death (10).

Reperfusion status was assessed on digital subtraction angiograms (DSA) using modified thrombolysis in cerebral infarction (mTICI) scores (11) in patients who received thrombectomy. We defined an mTICI score of 0–2a as no reperfusion and a score of 2b−3 as successful reperfusion.

NIHSS score was evaluated at 3 time points: baseline, 24–72 h after admission and discharge. Modified Rankin Scale (mRS) score was used to identify the clinical outcome at discharge. mRS score of 0–3 was designated a good outcome, and mRS score of 4–6 was designated a poor outcome. Death was defined as the outcome in patients who were dead (mRS scored 6) at discharge or died within 24 h after discharge.



Statistical Analysis

Kappa statistics was used to test inter- and intrarater reliability for detecting the presence of SMCV–, poor collaterals, PH, and midline shift. Excellent inter- and intraobserver reliability was seen in distinguishing the SMCV– (κ = 0.869 and 0.870), poor collaterals (κ = 0.804 and 0.916), midline shift (κ = 0.818 and 0.912), and PH (κ = 0.863 and 0.929).

All numeric variables are expressed as mean ± SD or median (interquartile range, IQR). Categorical variables are presented as frequency (percentage). Fisher's exact test was used to compare dichotomous variables between groups, while Mann–Whitney U-test was used for ordered categorical variables, and independent samples two-tailed t-test or Mann–Whitney U-test was used for continuous variables, depending on the normality of the distribution. Variables identified by univariate analysis (P < 0.05) were included in multivariate regression model. All analyses were performed blinded to the participant identifying information. Receiver operating characteristic (ROC) analysis was performed to assess the performance of baseline characteristics of interest in predicting midline shift. The sensitivity and specificity were identified at the levels that maximized Youden value. Statistical analysis was performed using SPSS 18 (SPSS Inc., Chicago, IL, USA). ROC curve analyses were conducted by Medcalc statistical software version 15 (Medcalc Software, Mariakerke, Belgium). P < 0.05 was considered statistically significant.




RESULTS


Overall Characteristics

A total of 81 patients were enrolled in the analysis with mean age of 70.2 ± 14.5 years and median baseline NIHSS score of 20 (IQR, 13–23; Figure 1). Of 66 patients (81.5%) who received reperfusion therapies, 52 received thrombectomy (including 17 patients who received thrombolysis bridging with thrombectomy) and 84.6% achieved successful reperfusion through thrombectomy. Twenty-four (29.6%) patients had midline shift within 48 h after stroke. Notably, no patient with midline shift had a good outcome at discharge, and 14 (58.3%) were dead at discharge or within 24 h after discharge, a significantly higher proportion compared to non-midline shift patients (all P < 0.05). Baseline characteristics, radiological parameters, and outcome characteristics of all 81 patients are described in Supplementary Tables 1, 2.


[image: Figure 1]
FIGURE 1. Flow chart of patients screening.




The Association Between Midline Shift and SMCV–

SMCV– was detected in 31 patients (38.3%). Univariate analysis showed that the presence of SMCV– was associated with a higher baseline NIHSS score, a larger volume of baseline hypoperfusion and ischemic core volume, and a higher rate of midline shift (P < 0.05) (Supplementary Table 3). Compared with non-midline shift group (n = 57), midline shift group had a higher baseline NIHSS score, a larger volume of hypoperfusion and ischemic core volume, and higher rate of SMCV– (P < 0.05; Supplementary Table 1).

Multivariate analysis showed that, after adjusting for baseline NIHSS score, both baseline ischemic core volume [odds ratio (OR) = 1.018, 95%CI = 1.002–1.034, P = 0.031] and SMCV– (OR = 14.328, 95%CI = 3.171–64.733, P = 0.001) were independently associated with the occurrence of midline shift.

When reperfusion therapies (thrombolysis and/or thrombectomy) were included as variables in the logistic regression model, they did not reduce the significance of SMCV– for midline shift (OR = 27.697, 95%CI = 5.608–136.801, P < 0.001), and reperfusion therapies were not associated with midline shift (all P > 0.05; Supplementary Table 4).



The Comparison of Predictive Value Between Baseline Ischemic Core Volume and the Presence of SMCV–

ROC analysis showed that the area under the curve (AUC) of the model including only baseline ischemic core volume was 0.841 (95%CI = 0.743 – 0.939, P < 0.001), with a sensitivity of 79.2% and a specificity of 78.9% (Youden index, 0.581). AUC of the model including SMCV– was 0.850 (95%CI = 0.754 – 0.946, P < 0.001), with a sensitivity of 87.5% and a specificity of 82.5% (Youden index, 0.70). Comparisons of ROC curves between models using SMCV– and baseline ischemic core volume showed no significant difference (Z = 0.140, P = 0.889).

In multivariate regression analysis, the predictive value of the model including SMCV– and baseline ischemic core volume (AUC = 0.903, 95%CI = 0.822 – 0.984, P < 0.001) was significantly higher than the model with baseline ischemic core alone (Z = 2.451, P = 0.014; see Figure 2).


[image: Figure 2]
FIGURE 2. Receiver operating characteristic (ROC) curves comparisons. SMCV–, absent filling of superficial middle cerebral vein.




Subgroup Analysis After Stratification of Contrast Filling of SMCV and Baseline Ischemic Core Volume

We further divided patients into four subgroups based on baseline ischemic core volume: 0–40 ml, 41–80 ml, 81–120 ml, and more than 120 ml.

In SMCV+ patients, we found no significant difference in the rate of midline shift between four groups (5.7 vs. 0% vs. 0 vs. 25%, χ2 = 0.745, P = 0.388). While in SMCV– patients, the rate of midline shift increased significantly with the increase in baseline ischemic core volume (25 vs. 54.5% vs. 66.7 vs. 92.3%, χ2 = 6.136, P = 0.013).

In subgroup comparisons, SMCV– patients showed a higher rate of midline shift than SMCV+ patients in subgroups of more than 80 ml (81–120 ml subgroup: 66.7 vs. 0%, χ2 = 5.833, P = 0.016; more than 120 ml subgroup: 92.3 vs. 25%, χ2 = 7.702, P = 0.006; Supplementary Table 5).

Figure 3 shows examples of the association of baseline ischemic core volume and SMCV– with midline shift.


[image: Figure 3]
FIGURE 3. Examples for illustrating the associations between SMCV–, baseline ischemic core volume, and midline shift. Patient A: A 67-year-old woman with acute left middle cerebral artery occlusion (MCAO) [red long arrow on CT angiography (CTA)] presented with 107 ml baseline ischemic core volume (red color area on the lesion map) but symmetric SMCV (SMCV+) (blue circle on venous phase map) on 4-dimensional computed tomographic angiography (4D-CTA). She refused to accept thrombectomy after admission. On 24 h noncontrast CT (NCCT) after admission, we did not find significant brain edema on his follow-up NCCT scans. Her National Institutes of Health Stroke Scale (NIHSS) score and modified Rankin scale (mRS) score at discharge were 18 and 4, respectively. Patient B: A 70-year-old woman with acute left MCAO (red long arrow) presented with 61 ml baseline ischemic core volume (red color area on the lesion map) but the absence of ipsilateral SMCV (SMCV–) (blue circle on venous phase map) on 4D-CTA. She received thrombectomy at 6 h from stroke onset but failed to achieve successful reperfusion (modified TICI scored 0). Midline shift was observed in her 24 h NCCT and progressed gradually. She refused to accept decompressive craniectomy. Her NIHSS score and mRS score at discharge were 28 and 5, respectively. Patient C: A 87-year-old man with acute right MCAO (red long arrow) presented with both large ischemic core (158 ml: red color area on the lesion map) and SMCV– (blue circle on venous phase map) on 4D-CTA at baseline. He refused to receive thrombectomy or decompressive craniectomy after admission. His 24 and 72 h NCCT showed significant midline shift. His NIHSS score and mRS score at discharge were 37 and 5, respectively.





DISCUSSION

In acute anterior LAO patients, the presence of SMCV– was strongly associated with the occurrence of midline shift, with a sensitivity of 87.5% and a specificity of 82.5%, and it increased the predictive value of baseline ischemic core volume for midline shift.

We found that SMCV– was significantly associated with the occurrence of midline shift in acute LAO. Injury of the SMCV (also known as the Sylvian vein) has been reported to correlate with the progress of brain edema in pterion approach surgery (5). While in ischemic stroke affecting the Sylvian fissure, venules within the Sylvian fissure may be rapidly occluded by thrombosis after the initial vessel occlusion (12), so as to influence the opacification of SMCV on CTA. Due to venule occlusions, the resistance to cerebrospinal fluid absorption will increase, resulting in the elevation of venous pressure. This may increase fluid leakage into the perivascular space resulting in brain edema, even to the point of midline shift (13). In our study, the rate of SMCV– in LAO patients was 38.4%, higher than the rate (22.4%) in our previous study of thrombolytic patients, supporting the hypothesis that the extent of ischemia may influence the occurrence of SMCV–.

Pretreatment evaluation of contrast filling of the SMCV has clinical significance. In our study, we demonstrated that SMCV– was comparable to baseline ischemic core volume in predicting midline shift, and the joint use of SMCV– and baseline ischemic core volume can better predict midline shift, especially seen in patients with large ischemic core (over 80 ml). It is widely known that infarct volume is a commonly used surrogate of brain edema. The 2014 American Heart Association (AHA)/American Stroke Association (ASA) guideline for the management of cerebral edema after stroke recommended that the volume measurement on diffusion-weighted imaging (DWI) within 6 h is useful, and volumes over 80 ml predict rapid fulminant course (14). However, DWI has limited availability in emergency settings and restricted feasibility in severely ill stroke patients. While CTP is more practical for acute stroke imaging, assessment of infarct volume in this modality strongly relies on commercial reconstruction software. Compared to the assessment of ischemic core volume, the identification of SMCV– depends on CTP-derived 4D-CTA, which not only can be realized in MIStar but is also accessible in most CT workstations using widely available volume rendering technique (VRT) reconstruction software, such as Vitrea fX, Inspace, etc. Therefore, the pretreatment evaluation of SMCV– in stroke patients can be widely applied. Furthermore, in centers with advanced imaging postprocessing software, joint evaluation of both ischemic core volume and contrast filling of SMCV before treatment can provide a more accurate prediction of midline shift than that of ischemic core volume alone, which can help us screen patients at high risk of cerebral hernia early.

This study had limitations. First, this is a small sample and retrospective study. Second, long-term follow-up data were not included in this study, as many patients suffered rapid neurological deterioration acute LAO, which often led to death within several days after stroke onset. Therefore, we focused on observing the early clinical outcomes in our acute LAO patients in this study. Third, as the follow-up CT perfusion was not a regular test for our patients, and some patients who did not receive thrombectomy but had severe neurological deficits were unable to stand follow-up CT perfusion examination, we were unable to evaluate their reperfusion status. Therefore, we did not assess the effect of reperfusion on the presence of SMCV– and the association between SMCV– and midline shift. However, we included reperfusion therapies as variables in our analysis, which can partially adjust for the impact of reperfusion therapy on the association between SMCV– and midline shift.

In conclusion, the presence of SMCV– in acute anterior LAO patients could predict the formation of midline shift and supplement the predictive value of baseline ischemic core for midline shift. Therefore, SMCV– may be a new ultra-early target for future clinical prevention of midline shift.
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