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Background: Traumatic brain injury (TBI) is considered a risk factor for the development of stroke (Hemorrhagic Stroke and Ischemic Stroke). We performed this systemic review and meta-analysis to determine the association of prior TBI with the subsequent diagnosis of stroke.

Methods: We systematically searched PubMed, EMBASE, and the Cochrane Library for cohort studies involving TBI patients who subsequently developed stroke. Study selection, data extraction, and quality assessment were performed by two separate researchers. Data were analyzed with random-effects models, and a secondary analysis stratified by the type of stroke was performed.

Results: Of the 741 identified studies, 6 studies were eligible for inclusion, with more than 2,200,000 participants. TBI predicted the occurrence of stroke in the random-effect model, with a relative risk of 2.14 (95% CI 1.97–2.32, P < 0.001). Furthermore, in the analysis of each type of stroke, TBI was associated with the incidence of ischemic stroke (RR 1.351 95% CI 1.212–1.506, P < 0.001), and TBI was associated with an even greater increase in the incidence of hemorrhagic stroke (RR 6.118 95% CI 5.265–7.108, P < 0.001).

Conclusion: Our meta-analysis showed that TBI was associated with a more than two-fold increase in the risk of stroke. However, owing to the high degree of heterogeneity, decisions should be made on a patient-by-patient basis. The occurrence of TBI is associated with the development of both hemorrhagic and ischemic stroke, and the risk of hemorrhagic stroke is much higher than that of ischemic stroke in TBI patients.
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INTRODUCTION

Stroke is the second most common cause of death (Wang et al., 2017) and the third most common cause of disability (Murray et al., 2012) worldwide. The primary causes of stroke are hypertension, diabetes, hypercholesterolemia, coronary artery disease, atrial fibrillation, sedentary lifestyle, psychosocial stress, and depression (O'Donnell et al., 2010). Identifying subclinical stroke risk factors may enable us to implement early and potentially more effective stroke prevention measures. Some recent studies on traumatic brain injury (TBI) investigated whether TBI is another potential stroke risk factor. TBI is a major cause of morbidity and mortality and has been described as a chronic, evolving, and perhaps lifelong disorder because of the associated long-term problems or impairments. TBI survivors may suffer long-term physical, cognitive, and psychological disorders (Stocchetti and Zanier, 2016), all of which can affect the long-term outcomes. In recent years, the research focus has mainly been on the relationships of TBI with neurologic diseases and psychiatric diseases (Perry et al., 2016; Wilson et al., 2017). However, both stroke and TBI are very common and are responsible for substantial social and economic burdens. In 2011, a study (Chen et al., 2011) formally suggested a clear link between TBI and subsequent stroke for the first time, but very few studies have been performed to validate and assess this link, including its directionality and internal linkage.

It is important to identify potential risk factors, but mechanistic research is difficult, mainly because of a lack of understanding of the pathophysiology. Previous studies hypothesized that vascular damage from TBI results in the disturbance of the blood supply to the brain, which may induce stroke in survivors (Chen et al., 2011). Stroke can be classified as ischemic or hemorrhagic. Some studies investigated ischemic stroke, and some investigated hemorrhagic stroke. However, few studies have investigated all subtypes of stroke after TBI. In addition, relying on a single study result in wide confidence intervals for the risk estimates. Therefore, there is an urgent need for further research. Meta-analyses of existing datasets make it possible to elucidate the associations between TBI and ischemic and hemorrhagic stroke and to summarize and make inferences from the wider clinical picture based on the available evidence. Accordingly, we performed a systematic review and meta-analysis to explore whether the occurrence of TBI leads to an increased risk of stroke; if such an association exists, then there is a new target for the treatment of posttraumatic stroke. Furthermore, this analysis is expected to provide insights into similar issues in other types of TBI/neuropathology.



METHODS

This meta-analysis followed the Meta-analyses Of Observational Studies in Epidemiology (MOOSE) guidelines (Stroup et al., 2000) and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (Liberati et al., 2009).


Search Strategy and Selection Criteria

A researcher conducted a comprehensive search in PubMed, EMBASE, and the Cochrane Library. The first search was conducted in PubMed using a comprehensive strategy. We used three components in each search: component A identified papers with the keywords “Traumatic Brain Injuries,” “Brain Trauma,” “Traumatic Encephalopathies,” and “TBI.” Component B identified papers with the other keywords “Stroke,” “Cerebrovascular Accident,” “Cerebrovascular Apoplexy,” “Brain Vascular Accident,” “Cerebrovascular Stroke,” “Apoplexy,” “Cerebral Stroke,” “Acute Stroke,” and “Acute Cerebrovascular Accident.” Component C was used to define the design of the study as a “cohort study” and “cohort analysis.” Finally, we combined component A, component B, and component C with the operator “and.” The subject headings and keywords used were adapted to the other databases. The search was performed up to December 30, 2020 (See Figure 1 for more details on the retrieval strategy).
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FIGURE 1. Flow chart of the literature search.


We applied the following inclusion criteria to select papers for further review: (1) the study included adult subjects older than 18 years of age at the time of evaluation, (2) the study included at least 100 subjects, (3) the study included patients with TBI before the diagnosis of stroke (patients who had a diagnosis of acute stroke simultaneously during the same admission were excluded), and (4) the study had a sufficient follow-up duration.



Data Extraction and Quality Assessment

Two authors screened all titles and abstracts of the studies identified by our initial search and determined which of the studies should be assessed further. The full texts of the relevant articles were retrieved and screened independently by the same two authors. The necessary data were extracted. The extracted data included the study characteristics (author, publication year, country, design, and sample size), patient characteristics (demographics and history of diabetes mellitus, chronic kidney disease, atrial fibrillation, coronary artery disease, hyperlipidemia, and hypertension), and outcomes and results (TBI status, follow-up duration, and the number of strokes, including all strokes, ischemic strokes, and hemorrhagic strokes, that occurred during follow-up in both the TBI group and the control group).

The quality of the included studies was assessed by two separate researchers, and any disagreement was resolved through discussion and consensus. For the six included cohort studies, we used the Newcastle-Ottawa Scale (NOS, Table 2) (Stang, 2010) to assess the risk of bias in the following domains: selection (representativeness of the exposed cohort, selection of the non-exposed cohort, ascertainment of exposure, demonstration that the outcome of interest was not present at the start of the study), comparability (comparability of cohorts based on the design or analysis), and outcome (assessment of outcome, sufficient follow-up for the outcomes to occur, adequacy of the follow-up of cohorts).



Statistical Analysis

The meta-analysis was performed using dichotomous variables (comparing the TBI and stroke group, the TBI and no stroke group, the no TBI and stroke group, and the no TBI and no stroke group) extracted from the qualified studies. The meta-analysis was performed with Stata 12.0. Given the differences in the study design, subject characteristics, severity of TBI, sample size, and subtypes of stroke, data were pooled and evaluated with a random-effects model. Forest plots were generated to display the individual study relative risk (RR) and 95% confidence interval (95% CI). We used the inconsistency index test (I2 statistic) to assess the heterogeneity among the studies. To assess the presence of publication bias, we used the Begg and Mazumdar rank correlation test. All p < 0.05 were considered statistically significant.




RESULTS


Study Selection and Study Characteristics

After screening the titles and abstracts of 741 studies and reading the full texts of 22 studies, we identified 6 articles (Chen et al., 2011; Burke et al., 2013; Lee et al., 2014; Liao et al., 2014; Albrecht et al., 2015; Eric Nyam et al., 2019) that met all the inclusion criteria for this meta-analysis. The study selection steps are summarized in Figure 1. In total, 548,046 TBI patients and 1,696,149 control patients were included in the study. Therefore, the sample size was sufficient to perform a meta-analysis of all strokes, ischemic strokes, and hemorrhagic strokes. Four studies were from Taiwan, China (Chen et al., 2011; Lee et al., 2014; Liao et al., 2014; Eric Nyam et al., 2019), and two studies were from the United States (Burke et al., 2013; Albrecht et al., 2015). Of all the included studies, only one was a prospective cohort study (Chen et al., 2011), and the rest were retrospective cohort studies (Burke et al., 2013; Lee et al., 2014; Liao et al., 2014; Albrecht et al., 2015; Eric Nyam et al., 2019). Five studies focused on middle-aged people (mean age 41.6~50.3 years) (Chen et al., 2011; Burke et al., 2013; Lee et al., 2014; Liao et al., 2014; Eric Nyam et al., 2019), while one study evaluated the relationship between TBI and stroke in older patients (mean age 81.0 years) (Albrecht et al., 2015). In terms of TBI severity, all except one focused on mild TBI (Lee et al., 2014), and in this article, patients with skull fractures were excluded. In four studies (Chen et al., 2011; Liao et al., 2014; Albrecht et al., 2015; Eric Nyam et al., 2019), stroke was defined as ischemic stroke, hemorrhage stroke, and unspecified stroke, but only three studies (Chen et al., 2011; Albrecht et al., 2015; Eric Nyam et al., 2019) reported detailed data (the number of stroke patients, ischemic stroke patients, and hemorrhage stroke patients). The remaining two studies (Burke et al., 2013; Lee et al., 2014) focused on the relationship between TBI and ischemic stroke. Detailed characteristics of the included studies are presented in Table 1.


Table 1. Main characteristics of studies included in the meta-analysis.
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Assessment of the Quality of the Included Studies

The results of the quality assessment are presented in Table 2. All included studies were assessed by two investigators, and any disagreements were resolved through discussion and joint assessment until a consensus was reached. All but two studies declared that follow-up continued for each participant until the diagnosis of stroke or until censoring because of death. Only one study used a single cohort in which the outcome was measured in the same study population before and after the occurrence of TBI, a design that made it impossible to compare cases and controls.


Table 2. Risk of bias assessment for cohort studies (based on modified Newcastle-Ottawa scale) on stroke in patients with TBI.
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Association Between TBI and Stroke

The pooled analysis of the 6 studies showed that the patients who had a TBI had a greater chance of stroke, with a random-effect relative risk (RR) of 1.634 (95% CI 1.266~2.109, P < 0.001, Figure 2). However, there was statistically significant heterogeneity among the studies according to all the detection methods (Figure 2). In the sensitivity analysis of the six studies, the results remained consistent (Supplementary Figure 1). There was no significant publication bias according to Begg's test (P > 0.05). Three of the six included studies included both hemorrhagic and ischemic stroke patients, while the other three studies included only patients with ischemic stroke. Thus, the heterogeneity among studies is mainly due to differences in stroke subtypes, in addition to differences in demographic characteristics. Subgroup analysis was performed to not only reveal the relationships between TBI and the different subtypes of stroke but also effectively reduce the heterogeneity. The subgroup analysis revealed a strong correlation between TBI and stroke (RR = 2.14 95% CI 1.97–2.32, P < 0.001). Furthermore, based on data from three studies involving 158,365 individuals, the risk of hemorrhagic stroke in patients with TBI was ~6-fold higher than that in patients without TBI (RR 6.12 95% CI 5.265–7.108, P < 0.001). There was neither significant heterogeneity (Figure 3) nor significant publication bias according to Begg's test (P > 0.05). In the subgroup analysis of 5 studies involving 2,076,343 individuals, the risk of ischemic stroke was higher in patients with TBI than in those without TBI (RR 1.35 95% CI 1.212–1.506, P < 0.001). However, these findings should be interpreted with caution given the large degree of heterogeneity. In the sensitivity analysis of the five studies, the occurrence of TBI was associated with a higher incidence of ischemic stroke (Supplementary Figure 2). There was no significant publication bias according to Begg's test (P > 0.05).


[image: Figure 2]
FIGURE 2. Forest plots of the association between traumatic brain injury and future stroke in all included studies. The meta-analysis was performed using a random-effects model. The overall analysis is shown. Diamonds represent the pooled estimates, and the horizontal lines represent the 95% confidence intervals. RR, relative risk; CI, confidence interval.
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FIGURE 3. Forest plots of the association between traumatic brain injury and future stroke in all included studies. The meta-analysis was performed using a random-effects model. The subgroup analysis is shown. Diamonds represent the pooled estimates, and the horizontal lines represent the 95% confidence intervals. RR, relative risk; CI, confidence interval.





DISCUSSION

In this systematic review and meta-analysis involving over 2,200,000 patients from 6 studies, the results demonstrated that in addition to traditional risk factors, the occurrence of TBI was associated with an increased incidence of stroke. Ischemic and hemorrhagic stroke are significantly associated with prior TBI. The magnitudes of the effect of TBI on different types of stroke were comparable, with a higher RR for hemorrhagic stroke. These results support the identification of TBI as an independent risk factor for stroke and could guide prognostic prediction and stroke prevention in patients with TBI.

Both TBI and stroke are important conditions. Patients with TBI or stroke and their family members have to cope with a disability, mobility issues, psychological trauma, and even economic pressure during the long period of acute and chronic rehabilitation. A proportion of strokes can neither be explained by the frequently used stroke prediction models nor by known risk factors, so we hypothesized that there might be some unknown risk factors for stroke involving as yet undetermined mechanisms. Numerous studies have demonstrated that multiple chronic diseases can be attributed to previous TBI, including mild cognitive impairment (Moretti et al., 2012), neurodegenerative diseases (Crane et al., 2016; Perry et al., 2016), posttraumatic epilepsy (Vaaramo et al., 2014), neuroendocrine disorders (Behan et al., 2008), psychiatric illness (Perry et al., 2016), obstructive sleep apnea (Castriotta et al., 2007), and metabolic dysfunction (Børsheim et al., 2007). Considering the complex pathological mechanism underlying TBI (VanItallie, 2019) and the close relationships of TBI with the abovementioned diseases, we suggest that there are several possible explanations for the association between TBI and stroke. After experiencing trauma, multiple pathological alterations may occur in the brain, including hemodynamic derangements (Steinman et al., 2019), alterations of the coagulation system (Maegele et al., 2017), disturbances of cerebral oxygenation, and metabolism and vascular deformities. Shock and systemic inflammation are common acute reactions after TBI, and the link between inflammation and coagulation is enhanced via the complement system and monocytes (Atefi et al., 2016; Foley and Conway, 2016). Moreover, both vascular regeneration and disturbances in blood flow are important long-term reactions (Kenney et al., 2016), which trigger the interaction between platelets and the subendothelial matrix (Steinman et al., 2019). The processes may not only occur simultaneously but also be interconnected, and they modify the coagulation balance. This alters the clotting balance, leading to thrombosis (Maegele et al., 2017), which could contribute to the development of ischemic stroke. The excessive consumption of platelets and coagulation factors result in an increased risk of bleeding, which may contribute to the development of hemorrhagic stroke. Some previous studies found other risk factors that may be associated with the occurrence of posttraumatic stroke. Based on credible studies, patients with TBI are more likely to suffer from neurologic and psychiatric diseases, including migraine, epilepsy, and schizophrenia, which are known risk factors for stroke (Perry et al., 2016). The use of atypical antipsychotic drugs has also been found to be a risk factor for stroke (Gill et al., 2005; Taylor et al., 2019). Due to the high rate of disability, a large proportion of people with TBI suffer from physical activity limitations, which constitute another risk factor for stroke (Kyu et al., 2016; Kramer et al., 2019).

Based on several authoritative clinical studies (Chen et al., 2011; Burke et al., 2013; Lee et al., 2014; Liao et al., 2014; Albrecht et al., 2015; Kowalski et al., 2017; Eric Nyam et al., 2019) and our meta-analysis, the conclusion that TBI is a new risk factor for stroke is clear. Therefore, targeted measures are necessary. Previous studies suggested that early, timely, and effective treatments are associated with positive outcomes of posttraumatic stroke due to the narrow window for treatment (Khandelwal et al., 2016). When the initial stroke symptoms occur, patients and their families need to be aware of the danger and promptly seek medical care, which is not something that happens frequently due to the lack of health awareness and relevant medical knowledge among the general population. Conventional coagulation assays (CCAs) remain the most commonly used method of assessing blood coagulation after TBI (Joseph et al., 2014). Some recent studies have suggested that global hemostatic assays, such as thromboelastography (TEG), rotational thromboelastometry (ROTEM), and thrombin generation tests, are better assessments, but they are currently only used for experimental research (Hunt et al., 2015). Overall, rapid and reliable coagulation information is provided by global hemostatic assays, and more importantly, the results can be used to guide treatment (Hagemo et al., 2013; Whiting and DiNardo, 2014). To better understand the specific status of the cerebrovasculature after stroke, patients should also undergo magnetic resonance imaging (Thomalla et al., 2017), angiography, or other specialized neuroimaging. If abnormal clot formation dynamics or vascular dissection, both of which are important aspects of the possible mechanism, are identified on the relevant imaging examinations, the medical team should be especially cautious. Because a stroke can occur at any time and it is difficult to assess the exact time of stroke onset, we recommend that survivors of TBI with the above imaging abnormalities or risk factors should be promptly treated with surgical or pharmacological therapy, depending on their actual condition. Furthermore, according to our meta-analysis, the risk of hemorrhagic stroke is higher than that of ischemic stroke in TBI survivors, which should be taken into account by the treatment team when developing a treatment plan. If effective clinical prediction models are developed for post-traumatic hemorrhagic stroke and ischemic stroke, respectively, highly targeted and effective treatment protocols, including the correction of coagulation disorders, can be specified for the different types of strokes according to the current clinical practice guidelines (Spahn et al., 2019), potentially leading to better outcomes for patients with TBI. Secondary prevention, such as smoking cessation, proper nutrition, control of hypertension, physical activity, and maintenance of a healthy psychological status, is also important in the rehabilitation stage and for the rest of the patient's life.

There are some limitations of our study. First, some of the studies did not provide specific data regarding the follow-up duration. However, some of the original texts specifically reported the follow-up duration or stated that adequate follow-up was conducted for each participant. Second, the included studies did not report the clinical features (the classification of the severity of TBI, imaging information, the cause of the TBI, the location of the stroke). The lack of the above information constrained the subgroup analyses and prevented the further analysis of the risk factors for and mechanisms of posttraumatic stroke. It will be important to include those factors in future studies; however, the available data were sufficient to preliminarily conclude that there is a relationship between stroke and TBI. Third, the control groups in the studies included were from different populations; for example, the control group was composed of those who had previously visited ambulatory care centers or were hospitalized for reasons other than TBI, the control group was composed of patients who had a fracture in a location other than the head and neck, and the control group was composed of patients aged ≥65 years. The source of the control group contributed to the heterogeneity to a certain extent. However, these small differences between studies seem unlikely to have affected our overall conclusions. Fourth, most of the data came from hospital admissions or Medicare records. A portion of patients with mild TBI do not visit the hospital, which would lead to a relative increase in the number of patients with stroke in the control group and result in an underestimation of the correlation between TBI and stroke. Finally, hemorrhagic stroke may be a sequela of TBI. It is relatively easy for clinicians to distinguish between intracerebral hemorrhage and traumatic brain hemorrhage, although errors are possible.

Globally, the effect of gender differences on stroke risk in the general population is not significant, but in low- and middle-income countries, the risk of stroke increases due to increased exposure of men to risk factors, such as smoking, lack of exercise, environmental pollution, as well as metabolic diseases, like high blood sugar, high cholesterol (Feigin et al., 2016). Therefore, differences in the gender composition of the TBI and control groups need to be taken into account in our meta-analysis. There are a total of six original studies were included in our meta-analysis study. Five of them (Chen et al., 2011; Burke et al., 2013; Liao et al., 2014; Albrecht et al., 2015; Eric Nyam et al., 2019) have shown that the gender distribution is balanced rather than statistically different (P > 0.05) in TBI vs. controls, and there was only one study (Lee et al., 2014) of an imbalance in gender distribution between the two groups. Therefore, we did a sensitivity analysis on gender distribution by excluding the one study with an unbalanced gender factor, and performed data synthesis for the remaining five studies in the meta-analysis, and found that the RR did not change significantly from before exclusion (RR = 1.63 95% CI 1.27–2.11) to after exclusion (R = 1.71 95% CI 1.28–2.30), which proved that our results were stable and the gender did not affect the final results of our meta-analysis. Similarly, we performed sensitivity analysis on the results of subgroup analysis. We found that the change in RR was acceptable in the ischemic group, from before exclusion (RR = 1.35 95% CI 1.21–1.51) to after exclusion (R = 1.37 95% CI 1.19–1.57), which indicated that the gender factor did not influence the results of subgroup analysis. The study on the correlation between sex and stroke onset after TBI is valuable, but unfortunately, our meta-analysis is limited in this aspect, and we hope there will be enough reliable studies in this direction in the future.

Our study aimed to systematically assess the relationship between TBI and subsequent stroke, and an understanding of this relationship can accurately and effectively guide clinical treatment. The strength of this meta-analysis was the inclusion of patients with a variety of different types of stroke rather than those with a single type. Due to the completely different treatments used, the distinction between ischemic stroke and hemorrhagic stroke has substantial clinical significance. Most importantly, these results can contribute to an improvement in the management of TBI patients. Specifically, awareness and vigilance about recognizing stroke-related symptoms, the timely performance of laboratory and imaging tests, and the initiation of surgical or pharmacologic treatments according to the guidelines can lead to improved outcomes, reduce the incidence of stroke, and minimize the loss of life and the development of serious health problems.



CONCLUSION

In conclusion, this systematic review and meta-analysis showed that TBI is significantly associated with an increased risk of all types of stroke, including ischemic stroke and hemorrhagic stroke, and that the association between TBI and hemorrhagic stroke was particularly strong. Because of the heterogeneity among the included studies and the limitations on further analyses, more studies with uniform assessments and larger samples sizes are needed to confirm our results. Moreover, it is necessary to investigate the potential mechanisms underlying stroke evolution after TBI and the 3 effectiveness of preventive measures in the future.
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Supplementary Figure 1. Sensitivity analysis on gender. (A) Forest plots of the association between traumatic brain injury and future stroke in all included studies. (B) Forest plots of the association between traumatic brain injury and future stroke after excluding the study that had an unbalanced distribution of gender between TBI and control groups. Diamonds represent the pooled estimates, and the horizontal lines represent the 95% confidence intervals. RR, relative risk; CI, confidence interval.

Supplementary Figure 2. Gender sensitivity analysis in subgroup analysis. (A) Forest plots of subgroup analysis of the association between traumatic brain injury and all types of stroke in all included studies. (B) Forest plots of subgroup analysis of the association between traumatic brain injury and all types of stroke after excluding the study that had an unbalanced distribution of gender between TBI and control groups. Diamonds represent the pooled estimates, and the horizontal lines represent the 95% confidence intervals. RR, relative risk; CI, confidence interval.
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