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Transcranial Doppler Combined With Quantitative Electroencephalography Brain Function Monitoring for Estimating the Prognosis of Patients With Posterior Circulation Cerebral Infarction
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Posterior circulation cerebral infarction (PCCI) can lead to deceased infratentorial cerebral blood flow (CBF) and metabolism. Neural activity is closely related to regional cerebral blood flow both spatially and temporally. Transcranial Doppler (TCD) combined with quantitative electroencephalography (QEEG) is a technique that evaluates neurovascular coupling and involves synergy between the metabolic and vascular systems. This study aimed to monitor brain function using TCD-QEEG and estimate the efficacy of TCD-QEEG for predicting the prognosis of patients with PCCI. We used a TCD-QEEG recording system to perform quantitative brain function monitoring; we recorded the related clinical variables simultaneously. The data were analyzed using a Cox proportional hazards regression model. Receiver-operating characteristic (ROC) curve analysis was used to evaluate the cut-off for the diastolic flow velocity (VD) and (delta + theta)/(alpha + beta) ratio (DTABR). The area under the ROC curve (AUROC) was calculated to assess the predictive validity of the study variables. Forty patients (aged 63.7 ± 9.9 years; 30 men) were assessed. Mortality at 90 days was 40%. The TCD indicators of VD [hazard ratio (HR) 0.168, confidence interval (CI) 0.047–0.597, p = 0.006] and QEEG indicators of DTABR (HR 12.527, CI 1.637–95.846, p = 0.015) were the independent predictors of the clinical outcomes. The AUROC after combination of VD and DTABR was 0.896 and showed better predictive accuracy than the Glasgow Coma Scale score (0.75), VD (0.76), and DTABR (0.781; all p < 0.05). TCD-QEEG provides a good understanding of the coupling mechanisms in the brain and can improve our ability to predict the prognosis of patients with PCCI.
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INTRODUCTION

Stroke is a leading cause of mortality and disability (1). Cerebral infarction accounts for 87% of the cases of stroke (2), and the mortality and disability rates are higher for patients with posterior circulation cerebral infarction (PCCI), especially those who require neurological intensive care, than for those with anterior circulation stroke (3, 4). Cerebral ischemia leads to a decrease in cerebral blood flow (CBF) and metabolism. Early metabolic changes in the brains of patients with cerebral infarction provide important information concerning diagnosis and treatment (5). After the onset of ischemic stroke, CBF is disrupted throughout the affected region of the brain; this sharp reduction in blood flow results in deficient adenosine triphosphate levels and subsequent ionic disruption and metabolic failure, which progresses within minutes to neuronal necrosis (6). The close temporospatial relationship between neural activity and regional CBF is known as neurovascular coupling (7, 8).

The flow dynamics of intracranial arterial blood are assessed by transcranial Doppler (TCD) and the physiological parameters of blood flow by the ultrasonic Doppler effect (9, 10). Distal flow in the posterior circulation is a robust indicator of the risk of vertebrobasilar artery stroke in patients with symptomatic atherosclerotic vertebrobasilar artery occlusive disease (11). This suggests that hypoperfusion is a key underlying mechanism and that distal hemodynamic compromise provides valuable prognostic information. TCD provides supporting evidence for this hemodynamic mechanism. Electroencephalography (EEG) can sensitively reflect the deterioration of metabolism and disturbance of neural activity after a decrease in CBF (12, 13). Quantitative EEG (QEEG) is a digital analysis method that transforms the electroencephalogram into power spectra by Fast Fourier transform; this compresses the EEG data, thereby making review more efficient. When normal CBF decreases to ~25–35 mL/100 g/min, the electroencephalogram first loses faster frequencies, and when CBF decreases to ~17–18 mL/100 g/min, slower frequencies gradually increase (14). Sheorajpanday et al. used QEEG to evaluate patients with PCCI and found that PCCI could be detected early with QEEG and that the pairwise-derived brain symmetry index (pdBSI) was an independent predictor of definite stroke in patients with PCCI (15). TCD-QEEG is a novel non-invasive neurovascular coupling technique that can evaluate the synergy between the metabolic and vascular systems and can be performed at the bedside.

A study by Chen et al. reported that the prognostic accuracy of TCD-QEEG was statistically superior to that of any single clinical or neurophysiological assessment in patients with intracerebral hemorrhage (16). However, studies have not reported on the prognostic value of TCD combined with QEEG for patients with PCCI. Given the high mortality and morbidity among patients with PCCI in neurological intensive care units, it seems important to develop a method that could be used to predict patient outcomes. This study aimed to combine TCD and QEEG for monitoring of brain function and estimation of the prognosis of patients with PCCI.



MATERIALS AND METHODS


Patients

The study protocol was approved by the Ethics Committee of the First Hospital of Jilin University, China and was conducted in accordance with the tenets of the Declaration of Helsinki. Consecutive patients with PCCI who were admitted to the Neurological Intensive Care Unit (NICU) between July 2018 and July 2019 were prospectively enrolled. Written informed consent was obtained from the immediate family members before inclusion in the study. The inclusion criteria were admission within ≤72 h of onset, PCCI diagnosed on clinical examination, magnetic resonance imaging (MRI), and age ≥18 years. The exclusion criteria were as follows: presence of cerebral hemorrhage; stroke induced by a brain tumor, moyamoya disease, or hematological disease; previous ischemic or hemorrhagic cerebrovascular disease; marked environmental disturbance, such as severe hypoxia (<50 mg/dL) or hyperglycemia (>400 mg/dL); recanalization therapy; and use of a central nervous system depressant, such as a sedative, antipsychotic, or antiepileptic drug. Twenty healthy controls matched for age and sex (58.1 ± 5.1 years, 15 men) were also enrolled.



Clinical Data

We recorded and analyzed the following variables: demographic characteristics (patient age and sex); risk factors (hypertension, diabetes mellitus, atrial fibrillation, myocardial infarction, smoking, and alcohol consumption) using the definitions of hypertension and diabetes mellitus reported by Song et al. (17); Glasgow Coma Scale (GCS) and Full Outline of UnResponsiveness (FOUR) scores on admission; vital signs (systolic blood pressure, diastolic blood pressure, and heart rate); laboratory findings (serum levels of potassium, calcium, sodium, and glucose, white blood cell count, platelet count, and prealbumin levels); and ejection fraction. In previous studies, GCS score, FOUR scores, atrial fibrillation, and other factors have been determined as significant factors for the prognosis of patients with PCCI (18–20). Conventional TCD (EMS-9PB; Delica Medical, Shenzhen, China) and carotid ultrasound (CX50; Philips, Andover, MA, USA) were performed to diagnose stenosis or occlusion of the vessels involved in the posterior circulation in all patients. The clinical outcome was assessed using the five-point Glasgow Outcome Scale score at 90 days after ictus.



TCD-QEEG Measurements

TCD combined with QEEG monitoring (Nicolet EEG Monitor; Natus Medical, Pleasanton, CA, USA) was performed with the patient in the supine position. TCD was performed using 2-MHz pulsed-wave Doppler probes fixed to each temporal window with a helmet. We measured bilateral posterior cerebral arteries and optimal posterior cerebral artery signals were acquired at a depth of 60–75 mm bilaterally. When the temporal acoustic bone window in TCD was inadequate, we took the probe off the helmet and manually fixed it to a pillow window and measured the velocity of the ipsilateral vertebral blood flow (at a depth of 50–80 mm) because both the posterior cerebral artery and vertebral artery reflect the hemodynamics of the posterior circulation. QEEG was recorded according to the 16-electrode system installed in the international 10-20 system using bipolar longitudinal Fp1-F3, Fp2-F4, F3-C3, F4-C4, C3-P3, C4-P4, P3-O1, P4-O2, F7-T3, F8-T4, T3-T5, and T4-T6 with 0.5-Hz low frequency and 35-Hz high frequency filters. The band resolution was 0.25 Hz and the sampling frequency was 500 Hz. The impedance of each lead and electrode was maintained at <5 kΩ. Patients in the healthy control group remained awake with eyes closed during the procedure. The specific monitoring time took place at 9:00 A.M. or 2:00 P.M. on the second day after admission. Each patient was monitored only once. The data were recorded for over 30 min until a stable recording was established; the recorded data were stored for further analysis.



Data Analysis

The data for each patient were analyzed in a blinded manner. The systolic flow velocity (VS), diastolic flow velocity (VD), mean velocity (VM), and pulsatility index (PI) from the left and right hemispheres were recorded with TCD. VM was calculated as (VS–VD)/3 + VD and PI as (VS–VD)/VM. Considering that the lesions in the vessels of the posterior circulation are mostly bilateral, we averaged the TCD data between the two hemispheres. All segments of artifact-free EEG were selected and quantitatively analyzed offline to compute the relative power using Fast Fourier transform for each electrode over the 1–35 Hz range, as follows: relative delta power (0.5–4 Hz), relative theta power (4–8 Hz), relative alpha power (8–13 Hz), and relative beta power (13–35 Hz). We recorded the following QEEG parameters: delta/alpha ratio (DAR), (delta + theta)/(alpha + beta) ratio (DTABR), alpha/beta ratio, brain symmetry index (BSI), alpha variability, spectral entropy, 95% spectral edge frequency, gross energy, median frequency, peak frequency, ambulatory EEG, envelope analysis, and delta ratio.



Statistical Analysis

The data for the univariate analysis are reported as the mean ± standard deviation for normally distributed variables and as the median (interquartile range) for non-normally distributed variables. Categorical variables are presented as percentages. The Student's t-test and median two-sample test were used to examine normally distributed variables, and non-parametric Wilcoxon (Kruskal-Wallis) analysis of variance was used for non-normally distributed variables. Categorical variables were compared using the chi-squared test. Risk factors with a p-value < 0.05 in univariate analysis were included in a multivariate Cox proportional hazards regression forward model to analyze the hazard ratio (HR) for mortality. The survival rates were assessed by Kaplan-Meier analysis using log-rank tests to evaluate the significance of the multivariate models and compare the survival curves. Receiver-operating characteristic (ROC) curve analysis was used to evaluate the cut-off values for VD and DTABR, and the area under the ROC curve (AUROC) was used to assess the predictive ability of the variables. The ROC curves were compared using DeLong's test. All statistical tests were two-tailed, and a p-value < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS version 17.0 (SPSS Inc, Chicago, IL, USA), GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA), and MedCalc 19.0.7 (MedCalc Software, Mariakerke, Belgium).




RESULTS


Basic Data

Forty-six patients with PCCI were enrolled. Three patients were excluded because of signal artifacts and three patients because of lack of follow-up. Finally, we enrolled 40 patients, 16 (40%) of whom died during the 90-day follow-up period. The median age was 63.7 ± 9.9 years and 30 (75%) of the patients were male.

Combined TCD and carotid ultrasound yielded the following results: normal (history of atrial fibrillation or myocardial infarction, n = 5), unilateral vertebral artery stenosis or occlusion (n = 12), and bilateral vertebral and/or basilar artery occlusion (n = 23). As TOAS types of occlusion, 35 patients (87.5%) with PCCI showed an atherosclerotic occlusion of the great arteries and five patients (12.5%) with PCCI showed a cardiogenic occlusion. The only variables associated with mortality were the GCS (p = 0.001) and FOUR scores (p = 0.008). There was no statistically significant between-group difference in patient demographics, risk factors, vital signs, laboratory findings, or ejection fraction (p > 0.05; Table 1).


Table 1. Clinical data at baseline.
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Evaluation of Brain Function With TCD-QEEG

Figure 1 shows the MRI and TCD-QEEG findings in representative patients. Among the relevant TCD indicators, a lower VS (p = 0.014), VD (p = 0.001), and VM (p = 0.012) were associated with mortality. There was no significant difference in VS, VD, or VM between survivors and healthy controls or in PI among any of the groups (all p > 0.05; Table 2, Figures 2A,B).


[image: Figure 1]
FIGURE 1. Representative patients. (A) QEEG for a non-survivor showing a significant increase in the slower delta frequency band and a significant decrease in the faster alpha frequency band. MF and spectral entropy decreased and DTABR and DAR (but not BSI) increased. TCD shows that the VD, VS, and VM decreased. (B) QEEG and TCD for a survivor showing similar changes that are not as significant as those seen in a. BSI did not increase either. (C) Normal QEEG and TCD in a healthy control patient. DTABR, (delta + theta)/(alpha + beta) ratio; DAR, delta/alpha ratio; BSI, brain symmetry index; MF, median frequency; VS, systolic flow velocity; VM, mean flow velocity; VD, diastolic flow velocity; PI, pulsatility index; TCD, transcranial Doppler; QEEG, quantitative electroencephalography.



Table 2. Transcranial Doppler and quantitative electroencephalographic parameters.
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FIGURE 2. Comparison of TCD and QEEG parameters between patients with PCCI and healthy controls. (A) Systolic flow velocity (VS), diastolic flow velocity (VD), mean flow velocity (VM); (B) pulsatility index (PI), brain symmetry index (BSI); (C) amplitude-integrated EEG (AEEG); (D) alpha variability (AV), spectral entropy, 95% spectral edge frequency (SEF95); (E) relative band power of delta, theta, beta; (F) median frequency (MF), peak frequency (PF); (G) envelope analysis (EA), relative band power of alpha, gross energy (GE); (H) delta ratio (DR), alpha/beta ratio (ABR); (I) delta/alpha ratio (DAR), (delta + theta)/(alpha + beta) ratio (DTABR). #P < 0.05 for non-survivors vs. survivors; *P < 0.05 for non-survivors vs. healthy controls; +P < 0.05 for survivors vs. healthy controls.


Among the QEEG-relevant indicators, a higher relative delta power (p = 0.033), higher DAR (p = 0.027), higher DTABR (p < 0.0001), lower alpha variability (p = 0.043), lower relative alpha power (p = 0.027), lower delta ratio (p = 0.02), lower spectral entropy (p = 0.042), lower median frequency (p = 0.015), and lower peak frequency (p = 0.022) were associated with mortality. There were significant differences in QEEG, relative theta and beta power, spectral entropy, 95% spectral edge frequency, DTABR, gross energy, and median frequency (all p < 0.05) between the patients with PCCI and healthy controls. There was no significant difference in the BSI or alpha/beta ratio (all p > 0.05) among any of the groups (Table 2, Figures 2B–I).



Multivariate Analysis

All variables with p ≤ 0.05 in the univariate analysis were used in the Cox proportional hazards model with mortality at 90 days as the dependent variable. Only DTABR (HR 12.527, 95% CI 1.637–95.846, p = 0.015) and VD (HR 0.168, 95% CI 0.047–0.597, p = 0.006) were independent predictors of mortality at 90 days.



Comparison of the Survival Curves and ROC Curves

ROC curve analysis, performed to evaluate the cut-off points for VD and DTABR, revealed that the optimal VD cut-off for prediction of mortality risk was 14.5 cm/s. Patients with a VD ≤ 14.5 cm/s had a significantly greater risk of death than those with a VD > 14.5 cm/s (65 vs. 15%, p = 0.001). Median survival in patients with a VD ≤ 14.5 cm/s was 20 days. The optimal DTABR cut-off for predicting the mortality risk was 2. The 90-day survival rate was 60% (95% CI 49.05–72.45) for all patients but was lower in patients with a DTABR > 2 than in those with a DTABR ≤ 2 (37.5 vs. 93.8%, p = 0.001). Median survival in those with a DTABR > 2 was 28.5 days (Figure 3).


[image: Figure 3]
FIGURE 3. Kaplan-Meier survival curves for the training cohort. (A) Kaplan-Meier survival curves for VD; (B) Kaplan-Meier survival curves for DTABR. Patients with a VD ≤ 14.5 had a higher risk of death than those with a VD > 14.5; the 90-day survival rate was lower in patients with a DTABR > 2 than in patients with a DTABR ≤ 2. VD, diastolic flow velocity; DTABR, (delta + theta)/(alpha + beta) ratio.


To determine whether TCD combined with the QEEG variables improved outcome prediction, we compared the ROC curves of four models. The first model included the independent predictors of VD, the second included the independent predictors of DTABR, the third included the GCS score, and the fourth included both VD and DTABR. The AUROC for VD and DTABR was 0.896. Comparison of the ROC curves showed that the efficacy of VD and DTABR for the predicting 90-day mortality in patients with PCCI was better than that of the GCS score (AUROC 0.75), VD (AUROC 0.76), or DTABR (AUROC 0.781; all p < 0.05). Therefore, the contribution of the final model was significant (Table 3, Figure 4).


Table 3. Pairwise comparison of the receiver-operating characteristic curve values.
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FIGURE 4. Comparison of ROC curves (AUROC) to predict the outcome between the four models in this cohort. Glasgow Coma Scale (GCS), AUROC 0.75 (0.588–0.873); diastolic flow velocity (VD), AUROC 0.76 (0.599–0.881); (delta + theta)/(alpha + beta) ratio (DTABR), AUROC 0.781 (0.622–0.896); transcranial Doppler (TCD) + quantitative EEG (QEEG), AUROC 0.896 (0.758–0.97). P < 0.05 for TCD (VD) + QEEG (DTABR) comparison with GCS, VD (independent predictor of TCD), and DTABR (independent predictor of QEEG).




Discussion

To the best of our knowledge, this is the first report on the use of TCD-QEEG for examining patients with PCCI. Our study shows that brain function in these patients can be assessed at the bedside with TCD-QEEG. TCD reflects CBF and QEEG reflects neuronal activity; the changes in CBF and neuronal activity are synchronous, and owing to the prospective design, 90-day prognostic information was available. VD in TCD and DTABR in QEEG were the two independent predictors of 90-day mortality. Moreover, after combining the VD and DTABR, the AUROC was 0.896 and superior to that for any single variable. This finding supports the value of TCD-QEEG as a bedside monitoring tool in patients with PCCI.

In previous studies, various parameters have been used to assess the prognosis of patients with PCCI, including age, diabetes mellitus, GCS score, FOUR scores, atrial fibrillation, and ejection fraction (18–20). We found that only the GCS and FOUR scores were associated with mortality. However, they were not independent predictors in the multivariate regression model, possibly because this study included patients who were intubated or had aphasia such that verbal ability could not be assessed in these patients using the GCS. Another possible reason is that some of the patients were awake and the FOUR score is only used for coma patients.

Hypoperfusion determined using large-vessel quantitative magnetic resonance angiography is closely associated with the risk of stroke in patients with symptomatic atherosclerotic vertebral basilar artery occlusive disease (11). The results of TCD in patients with PCCI are a decreasing trend of infratentorial blood flow velocity, indicating that hypoperfusion is an important factor leading to infarction in the posterior circulation (21). TCD is a non-invasive measure of intracranial CBF velocity, which is usually associated with changes in blood flow (22). The spectral waveform derived from TCD is characterized by three components, i.e., VS, VD, and VM, the most clinically relevant of which is VD, especially in intensive care (23). A decrease in cerebral perfusion pressure has an obvious effect on the Doppler waveform, with typical changes that include a decreased diastolic blood flow velocity (16). When cerebral circulation stops, and intracranial pressure starts to increase for whatever reason, there is a decrease in end-diastolic blood flow velocity on TCD (24). A modest increase in VD as opposed to VS was associated with complete recanalization/reperfusion, early neurological improvement, and a favorable functional outcome, suggesting that augmentation of diastolic flow may represent a novel therapeutic reperfusion target (25). We drew a similar conclusion in our TCD study, i.e., that decreases in VS, VD, and VM are significantly correlated with 90-day mortality. The multivariate regression analysis showed that VD was an independent prognostic factor.

When CBF is compromised, changes occur in the metabolic and electrical activities of cortical neurons (26), and QEEG can reflect these changes within seconds. Sheorajpanday et al. found that pdBSI < 0.12 in PCCI was 100% specific for the absence of a recent ischemic lesion, and pdBSI > 0.24 was 100% sensitive for the presence of a recent ischemic lesion, indicating that the pdBSI is an independent predictor of definite stroke in patients presenting with PCCI (15). We found no significant difference in the BSI between our study groups. The reason for this finding may be that BSI is an indicator of the symmetry of bilateral hemisphere damage, and most of the patients with PCCI in our study had double vertebral and/or basilar artery occlusion and bilateral infarcts. However, although there are no reports on QEEG changes after PCCI, many QEEG studies of ischemic stroke in the anterior circulation have confirmed that QEEG correlates well with CBF and brain metabolism. After reviewing the recent studies on the prognosis of patients with cerebral infarction, we found that an increase in relative delta power, DTABR, DAR, and BSI indicated a poor or worsening prognosis (27–31). Good correlations of hemispheric relative delta percentage, spectral edge frequencies, and overall mean frequency with CBF have also been reported (32). In a study that included 13 patients with ischemic cerebral infarction, Finnigan et al. found a statistically significant relationship between the DAR and relative alpha ratio and the 30-day NIH Stroke Scale score (33). Other researchers found that DAR, DTABR, and relative delta could discriminate between patients with acute ischemic stroke and controls (34). In another study, DTABR was the most accurate neurophysiological indicator, with lower relative alpha power and higher DTABR predicting a poor functional outcome and alpha activity showing a negative correlation with the prognosis of stroke (35). Our study showed that the slower frequency band delta power increased, and the more rapid frequency band alpha power decreased after PCCI. Alpha variability, relative delta power, relative alpha power, delta ratio, DAR, spectral entropy, DTABR, median frequency, and peak frequency were all significantly correlated with 90-day mortality. The most significant variables were DTABR and median frequency, and multivariate regression analysis confirmed that DTABR was an independent prognostic factor.

Research on neurovascular coupling dates back hundreds of years. Neurovascular coupling is important for the health of the normal brain (36), and impairment of neurovascular coupling may disrupt regional CBF and metabolic regulation (7). In clinical practice, several methods can be used to assess neurovascular coupling, including a combination of functional MRI or functional near-infrared spectroscopy with EEG (8). TCD combined with QEEG can reflect the relationship between the general metabolism of the brain and CBF. Both modalities are safe, relatively cost-effective, and easy to use. With further advances in science and technology and refinement of equipment, a machine that integrates TCD and QEEG could be developed to allow synchronous monitoring. TCD-QEEG is a very promising tool for monitoring brain function in real-time in the NICU. CT cannot detect PCCI in the first 24 h, and many patients in the NICU are in critical condition with breathing difficulties and are unable to cooperate to the level needed for MRI. Unlike CT and MRI, TCD-QEEG is portable, can show the temporal pattern of neurovascular coupling, and allows a longer monitoring period. TCD-QEEG is a novel neurovascular coupling technique that is non-invasive, can be implemented at the bedside, and can shed light on the synergy between the metabolic and vascular systems. It is likely that TCD-QEEG will soon be available as a synchronous evaluation method.

This study has some limitations. First, it was performed at a single center with a small sample size. Second, we only monitored patients in the acute phase and did not perform dynamic monitoring. In the future, our conclusions need to be verified in a large sample study, and dynamic monitoring is needed to understand the changes in disease progression. Finally, TCD is an operator-dependent technique that requires considerable experience and understanding of the intracranial arterial anatomy. However, the study was performed by an associate professor and an attending physician, which may have contributed to the observed diagnostic accuracy.

In conclusion, our present findings indicate that VD and DTABR are independent prognostic factors for patients with PCCI. TCD combined with QEEG can evaluate the synergy between the metabolic and vascular systems. TCD-QEEG can assess brain function accurately in patients with PCCI and predict the functional prognosis and risk of mortality. This multimodal monitoring technique will provide a better understanding of the coupling mechanisms in the brain affected by PCCI and may lead to improved management of patients with PCCI in intensive care units.
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