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Objective: Abnormal elevation of D-dimer levels is an important indicator of disseminated intravascular clotting. Therefore, we hypothesized that high D-dimer levels were associated with the risk of stroke and adverse clinical outcomes of patients with acute ischemic stroke (AIS) or transient ischemic attack (TIA).

Methods: The present meta-analysis aimed to systematically analyze the associations between D-dimer and the risk of stroke as well as the clinical outcomes of patients with post-stroke or TIA. Meanwhile, dose–response analyses were conducted when there were sufficient data available. Three electronic databases including Pubmed, the Embase database, and the Cochrane Library were searched by two investigators independently. All the pooled results were expressed as risk ratios (RRs).

Results: Finally, 22 prospective cohort studies were included into this meta-analysis. The results suggested that high D-dimer levels were associated with increased risks of total stroke (RR 1.4, 95%CI 1.20–1.63), hemorrhagic stroke (RR 1.25, 95%CI 0.69–2.25), and ischemic Stroke (RR 1.55, 95%CI 1.22–1.98), and the dose-dependent relationship was not found upon dose–response analyses. Besides, the high D-dimer levels on admission were correlated with increased risks of all-cause mortality [RR 1.77, 95% confidence interval (CI) 1.26–2.49], 5-day recurrence (RR 2.28, 95%CI 1.32–3.95), and poor functional outcomes (RR 2.01, 95%CI 1.71–2.36) in patients with AIS or TIA.

Conclusions: On the whole, high D-dimer levels may be associated with the risks of total stroke and ischemic stroke, but not with hemorrhagic stroke. However, dose–response analyses do not reveal distinct evidence for a dose-dependent association of D-dimer levels with the risk of stroke. Besides, high D-dimer levels on admission may predict adverse clinical outcomes, including all-cause mortality, 5-day recurrence, and 90-day poor functional outcomes, of patients with AIS or TIA. More studies are warranted to quantify the effect of D-dimer levels on the risk of stroke or TIA, so as to verify and substantiate this conclusion in the future.
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INTRODUCTION

Cerebrovascular disease is the second cause of death and disability worldwide. According to statistics, ischemic stroke (IS) and transient ischemic attack (TIA) account for 70% of cerebrovascular diseases in China (1). Currently, acute ischemic stroke (AIS) is mainly diagnosed based on medical records, neurological examination, and brain imaging (CT or MRI) (2). In patients with AIS, a small infarct at the early stage may only result in a mild headache and numbness in the extremities. However, these minor symptoms are often ignored by the patient, leading to a further increase in infarct size. With the increase in the infarct size, the patient may experience slurred speech, restricted limb movement, or even blurred consciousness. For patients with early acute cerebral infarction, they may only present with a mild headache and numbness in the limbs; however, with the further expansion of the infarct area, the neurological symptoms of patients may worsen sharply, resulting in impaired consciousness or even sudden death. Therefore, in such critical situations, past medical history cannot be accurately obtained for most patients, which has posed a great challenge for the early disease diagnosis, and even experienced neurologists have difficulties in estimating the condition and predicting patient outcomes (3).

D-dimer is considered as a marker of intravascular protein degradation, which is ascribed to the action of coagulase (factor IIa), issue XIIIa, and fibrinolysin (4, 5). In clinical practice, abnormal elevation of D-dimer levels is an important indicator of disseminated intravascular clotting, and the low plasma D-dimer levels can effectively rule out some critical thromboembolic events, like deep venous thrombosis (DVT) and pulmonary embolism (PE) (6). Although D-dimer levels have been clearly shown to be associated with long-term mortality in the general population (7), only a few studies have assessed the correlations between D-dimer levels and the risk of stroke (8, 9) or the adverse clinical outcomes in post-stroke patients (10, 11).

Therefore, we hypothesized that high D-dimer levels were associated with the risk of stroke and the adverse clinical outcomes of patients with post-stroke or TIA and that differences in D-dimer level might be statistically significant between the stroke subtypes. To this end, based on existing studies, we performed a meta-analysis to systematically analyze the associations between D-dimer and the risk of stroke and the clinical outcomes of patients with post-stroke or TIA, and dose-response analyses were conducted if there were sufficient data available.



METHODS

The protocol and report of this meta-analysis were conducted based on the meta-analysis of observational studies from epidemiological guidelines (12). Only data from published studies were extracted in this meta-analysis, so ethical approval was not required.


Literature Retrieval and Study Selection

Two investigators (Yuan and Yang) independently searched three electronic databases including Pubmed, the Embase database, and the Cochrane Library from inception to December 15th, 2020, so as to identify the eligible studies published in the English language. Besides, the reference lists in relevant studies were also searched manually. To ensure a broad search, three sets of medical subject headings (Mesh) were adopted, namely, “D-dimer,” “Stroke,” and “Transient Ischemic Attack.” The Boolean operator “OR” was employed for “Stroke” and “Transient Ischemic Attack,” “AND” was used for “D-dimer” and “Stroke/Transient Ischemic Attack,” and “OR” was used in each group. In addition, the potentially available meta-analyses and systematic reviews were also comprehensively reviewed. The detailed search strategy is presented in Appendix 1.

The study inclusion criteria were as follows: (1). the study population was the general population aged >18 years with new onset of stroke or TIA; (2). the exposures of interests were the D-dimer levels; (3). the study endpoints were the risk of stroke or TIA, mortality, recurrence, and poor functional outcomes; (4). the study design was limited to prospective studies (prospective cohort studies or randomized controlled trials RCTs); and (5). studies with available maximum adjusted odds ratios (ORs), relative risk (RRs), hazard ratios (HRs), and corresponding 95% confidence intervals (CIs). Meanwhile, the study exclusion criteria were shown below: (1). the study population suffered from specific diseases such as cancer and cardiovascular disease, or the non-stroke patients; (2). the exposures of interests were not the D-dimer levels; (3). the study outcomes did not report the risk of stroke or TIA, mortality, recurrence, or poor functional outcomes; (4). the study design was not prospective studies; (5). the maximum adjusted ORs, RRs, HRs, and corresponding 95% CIs were not reported or obtained; and (6). reviews, case reports and letters were excluded.



Data Extraction and Quality Assessment

Two investigators independently searched relevant articles by their titles and abstracts. Data including first author, publication year, country, sample size, numbers of female/male cases, mean age, time of recruitment, follow-up time, D-dimer level, type of stroke, stroke ascertainment, and endpoints were extracted using a uniform data list. Any difference between the two investigators was resolved by consultation or the opinion of a third investigator. In addition, the Newcastle–Ottawa Scale (NOS) was adopted to assess the quality of observational studies, with a total score of nine stars (13). Studies with a NOS score ≥ 6 stars were considered as high-quality studies, while those with a NOS score <6 stars as low-quality studies.



Statistical Analysis

Due to the differences in D-dimer levels reported between studies, we converted D-dimer levels to ng/ml. The adverse clinical outcomes analyzed included the risk of mortality, recurrence, and poor functional outcomes [defined as the modified Rankin Scale (mRS) ≥3].

In this study, the primary endpoint was qualitative analysis on the relationships between D-dimer levels and the risk of stroke and adverse clinical outcomes after acute stroke or TIA (including the risk of mortality, recurrence, and poor functional outcomes). To be specific, the impacts of different D-dimer levels on the risk of stroke and adverse clinical outcomes after acute stroke were systemically analyzed by comparing the high level to normal and low levels. Generally speaking, HRs were roughly equal to RRs (14). In addition, to use more available data, when the incidence rates of study outcomes in the overall population and subgroup populations were <10% or unavailable, ORs were approximated to be equal to RRs (15). Otherwise, ORs were converted into RRs according to the formula RR = OR/[(1-P0) + (P0 × OR)], where P0 indicates the incidence rate of the outcome in the unexposed group (16). Meanwhile, the corresponding 95%CIs were converted by the following formula, SElog (RR) = SElog (OR) × log (RR)/log (OR) (17). All the pooled results were expressed as RRs. Furthermore, we also applied the I2 statistic in evaluating the possible heterogeneities among studies, with I2-values of 25, 50, and 75% indicating low, moderate, and high heterogeneities, respectively. Besides, if the pooled results included a total number of over 10 studies, subgroup and meta-regression analyses were conducted to further explore the potential sources of heterogeneity between studies. Moreover, sensitivity analysis was also performed by eliminating one study each time to examine the effect of one study on the pooled results. To more conservatively estimate the pooled RRs, we adopted the random-effect model, since it explained well the heterogeneity between studies. Besides, Begger's-tests were performed to assess the publication bias (18).

The secondary endpoint of this study was the quantitative analysis on the relationships of higher D-dimer levels with the risks of stroke and adverse clinical outcomes. In parallel, the dose–response relationship was assessed. To this end, dose–response analyses were conducted based on the theory proposed by Xu and Doi (19). Specifically, in this “one-stage” framework approach, each of the included studies was considered as a cluster across the whole population, which required that the study should include at least two categories. Moreover, a method was applied in the restricted cubic splines to fit the potential non-linear trends at three nodes, and the non-linear p-values were calculated by testing the second spline coefficient to zero. Typically, a non-linear model was applied upon p ≤ 0.05; otherwise, a linear model was adopted. Further, the average of the upper and lower bounds was taken as the midpoint for each D-dimer category, and then the respective RRs were assigned to each midpoint. Meanwhile, in the case of open-study interval, the amplitude was assumed to be identical to that of the adjacent category (20). All statistical analyses were completed using the Stata 12.0 software.




RESULTS

Altogether, 3,432 studies were identified from the three electronic databases (PubMed, Embase database, and Cochrane library), as shown in Figure 1. No additional study was identified by manual search. Among these 3,432 studies, 2,786 were retained after removing 646 duplicates; then, 2,721 irrelevant studies were further eliminated by screening titles and abstracts. Thereafter, the full texts of the remaining 65 studies were carefully read, among which 42 were excluded as a result of (1) reviews (n = 9); (2) the exposure being not D-dimer levels (n = 6); (3) the population suffering from specific diseases or the non-stroke patients (n = 10); (4) retrospective studies (n = 12); and (5) letters, abstracts, or case reports (n = 5).


[image: Figure 1]
FIGURE 1. Flowchart of search results.


Finally, 22 prospective cohort studies (3, 8, 9, 21–39) were included into this meta-analysis. Zakai et al. reported the correlations between D-dimer levels and the risks of stroke and hemorrhagic stroke (HS); therefore, it was analyzed as two studies separately (26, 27). The detailed baseline characteristics of the enrolled studies are presented in Table 1. The average age of the population in most of the included studies ranged from 60 to 75 years, and D-dimer collection was completed within 24 h in all patients with AIS or TIA. Among the 22 included studies, nine involving 27,044 participants mentioned the associations between D-dimer levels and the risk of stroke, and the study population was only the stroke patients, whereas 13 studies involving 14,435 participants reported the associations between D-dimer levels and the risk of adverse clinical outcomes in patients with AIS or TIA. To be specific, two out of these 13 studies involving 10,614 patients (n = 2 AIS) reported the all-cause mortality; two enrolling 426 patients (n = 2 AIS) mentioned the 30-day mortality; three recruiting 12,206 patients (n = 2 AIS, n = 1 AS or TIA) reported the 90-day mortality; two involving 203 patients (n = 2 AIS) mentioned the 5-day recurrence on diffusion-weighted imaging (DWI); and eight involving 13.710 patients (n = 5 AIS, n = 3 AIS or TIA) reported the 90-day poor functional outcomes. As shown in Supplementary Table 1, all the enrolled studies had a quality score above six stars and were considered as high-quality studies.


Table 1. The detailed characters of the included 22 prospective studies.
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META-ANALYSIS


Pre-Stroke


Total Stroke

As shown in Figure 2, six studies involving 22,590 patients mentioned the associations between high D-dimer levels and the risk of stroke. As a result, high D-dimer levels significantly increased the risk of total stroke by 40% (RR 1.4, 95%CI 1.20–1.63; I2 13.1%). Similarly, the risk of total stroke increased by 12% with the increase in per standard deviation (per-SD) increment of D-dimer level (RR 1.12, 95%CI 1.05–1.21; I2 0%).


[image: Figure 2]
FIGURE 2. The RRs of high D-dimer levels for the risk of total stroke, IS, and HS.


It was illustrated from Figure 3A that there was a linear relationship between D-dimer levels and the risk of stroke (pnon−linearity = 0.51). Specifically, dose–response analyses on four studies indicated that D-dimer levels showed a weak positive correlation with the risk of stroke. When the D-dimer level increased by 50 ng/ml, the risk of stroke increased by 0.3 % accordingly (RR 1.003, 95% CI 0.969–1.039).


[image: Figure 3]
FIGURE 3. The dose–response of D-dimer levels and total stroke, IS, and HS. (A) The dose-response of D-dimer levels and total stroke. (B) The dose-response of D-dimer levels and IS. (C) The dose-response of D-dimer levels and HS.




Hemorrhagic Stroke

As presented in Figure 2, four studies involving 14,543 participants reported the associations between high D-dimer levels and the risk of HS. There was no obvious evidence supporting that the high D-dimer levels were associated with the increased risk of HS (RR 1.25, 95%CI 0.69–2.25; I2 45.4%). Similarly, the risk of HS did not increase with the per standard deviation (per-SD) increment in D-dimer level (RR 1.11, 95%CI 0.95–1.29; I2 0%).

According to dose–response analyses on three studies shown in Figure 3B, there was a linear relationship between D-dimer and the risk of HS (pnon−linearity = 0.52). Specifically, D-dimer levels showed a weak negative correlation with the risk of HS. To be specific, with the increase in D-dimer level by 50 ng/ml, the risk of HS decreased by 1.8% accordingly (RR 0.982, 95%CI 0.920–1.049).



Ischemic Stroke

It was observed from Figure 2 that four studies involving 15,699 participants reported the associations between high D-dimer levels and the risk of IS. To be specific, the high D-dimer levels significantly increased the risk of IS by 55% (RR 1.55, 95%CI 1.22–1.98; I2 0%). Similarly, the risk of HS increased by 11% with the per-SD increment in D-dimer level (RR 1.11, 95%CI 1.02–1.22; I2 0%).

As presented in Figure 3C, there was a linear relationship between D-dimer levels and the risk of IS (pnon−linearity = 0.46). Specifically, dose–response analyses on three studies indicated that D-dimer levels exhibited a weak positive correlation with the risk of IS. When the D-dimer level increased by 50 ng/ml, the risk of stroke increased by 0.5% accordingly (RR 1.005, 95%CI 0.924–1.094).




Post-Stroke or TIA


All-Cause Mortality

Two studies recruiting 10,614 participants mentioned the associations between D-dimer levels on admission and the risk of all-cause mortality in patients with AIS or TIA. As shown in Figure 4, high D-dimer levels on admission were notably associated with an increased risk of all-cause mortality in AIS or TIA patients (RR1.77, 95%CI 1.26–2.49; I2 0%).


[image: Figure 4]
FIGURE 4. The RRs of high D-dimer levels at admission for the risk of adverse clinical outcomes in patients with AIS or TIA.




30-Day Mortality

As presented in Figure 4, two studies involving 426 patients illustrated the associations between D-dimer levels on admission and the risk of 30-day mortality after the occurrence of AIS. As a result, high D-dimer levels on admission were significantly associated with an increased risk of 30-day mortality in AIS patients (RR1.92, 95%CI 1.27–2.9; I2 0%).



90-Day Mortality

Figure 4 shows that three studies enrolling 12,206 patients reported the associations between D-dimer levels on admission and the risk of 90-day mortality after the occurrence of AIS or TIA. The results indicated that high D-dimer levels on admission were significantly associated with a higher risk of 90-day mortality after AIS or TIA (RR3.33, 95%CI 2.24–4.95; I2 0%). Similarly, even after the TIA population was excluded, high D-dimer levels still increased the risk of 90-day mortality in AIS patients (RR3.15, 95%CI 2.06–4.83; I2 0%), as shown in Figure 5.


[image: Figure 5]
FIGURE 5. The RRs of high D-dimer levels at admission for the risk of adverse clinical outcomes in patients with AIS.




Recurrence

As illustrated in Figure 4, two studies including 203 patients mentioned the relationship between high D-dimer levels on admission and the risk of 5-day DWI recurrence after AIS. It was suggested that high D-dimer levels on admission significantly increased the risk of 5-day DWI recurrence in AIS patients (RR2.28, 95%CI 1.32–3.95; I2 0%).



90-Day Poor Functional Outcomes

It was observed from Figure 4 that eight studies involving 13,710 patients reported the relationships between D-dimer levels on admission and the risk of 90-day poor functional outcomes after the occurrence of AIS or TIA. As a result, high D-dimer levels on admission were significantly associated with an increased risk of 90-day poor functional outcomes after AIS or TIA (RR2.01, 95%CI 1.71–2.36; I2 0%). Similarly, even after the TIA population was excluded, the high D-dimer levels still increased the risk of 90-day poor functional outcomes in AIS patients (RR2.19, 95%CI 1.81–2.66; I2 0%), as shown in Figure 5.

Moreover, the funnel plot (Supplementary Figure 1) showed visual symmetry. No obvious evidence was found upon Begger's-test (p = 0.645).




Subgroup and Sensitivity Analyses

Dose–response analysis on the risk of adverse clinical outcomes after AIS or TIA was not further conducted due to the limited data available. Also, neither subgroup nor sensitivity analysis was carried out because of the limited data.




DISCUSSION

Results of this meta-analysis suggested that high D-dimer levels were associated with the risk of total stroke and IS, but not with HS. Also, high D-dimer levels on admission were related to the risks of all-cause mortality, 30-day mortality, 90-day mortality, 5-day DWI recurrence, and 90-day poor functional outcomes in patients with AIS or TIA. However, as revealed by dose–response analyses on D-dimer levels and the risk of stroke, there was no significant dose-dependent relationship between D-dimer levels and the risk of stroke.

Although several previous cohort studies reported the associations between D-dimer levels and the risk of stroke, their findings were not completely consistent. For instance, the studies by Wannamethee et al., Folsom et al., and Di Castelnuovo et al. showed that high D-dimer levels were significantly associated with the risk of stroke (8, 9, 25), whereas Zakai et al. reported little evidence supporting the associations between D-dimer levels and the risk of stroke when D-dimer levels were divided into quintiles (26). In addition, D-dimer levels were grouped by different criteria between studies, and such heterogeneities might amplify the effect of D-dimer levels on the risk of stroke. For instance, the study by Wannamethee et al. divided D-dimer levels (60.95–160.77 ng/ml) into tertiles, whereas Zakai divided D-dimer levels (0–900 ng/ml) into quintiles. Therefore, dose–response analysis might contribute to better understanding the effect of D-dimer on stroke. However, based on the limited data available, no relationships between D-dimer levels and the risk of stroke have been found, and more studies are warranted to further validate this result in the future.

The following possible mechanisms may explain the relationships between high D-dimer levels and the risk of stroke or TIA. The increased D-dimer levels may reflect the ongoing thrombosis in cerebral blood vessels (40). Therefore, D-dimer levels may serve as a sign of systemic high blood clotting (27). In addition, it is reported that D-dimer activates the inflammation process, which may involve the activation of monocytes and the release of pro-inflammatory cytokines, such as interleukin-6 (IL-6) (41). Some studies have reported that D-dimer is the most common risk factor for post-stroke venous thrombotic events, which reflects a pre-thrombotic state and increases the susceptibility to major thrombotic events (42).

Noteworthily, our meta-analysis has the following strengths. Firstly, previous meta-analyses have summarized the results simply by high vs. low D-dimer levels, which are not comprehensive enough (10, 43). By contrast, this meta-analysis further elaborated the relationships between D-dimer levels and the risk of stroke through dose–response analyses on the basis of previous studies. Secondly, to ensure the high level of evidence, only prospective studies were enrolled in this meta-analysis. Thirdly, the random-effects model was adopted to synthesize RRs, thus ensuring the stability of our results. Besides, the low heterogeneity between studies further ensured the stability of our study results.

Nonetheless, several limitations should also be noted in this meta-analysis. First of all, based on the current data, the dose–response analyses on the D-dimer levels and the risk of adverse clinical outcomes were not conducted. Similarly, for almost all of the endpoints, subgroup and sensitivity analyses were not performed due to the limited number of studies enrolled. Secondly, the number of the included studies was relatively limited, the results of dose–response analyses were still unstable, and more studies are required for further investigation. Thirdly, the included studies were mainly from Europe, America, and Asia, while relevant studies from other regions were lacking. Fourthly, although the extracted RRs were subjected to multivariate adjustment, some potential confounding factors were not excluded. Last but not least, the study population of this meta-analysis focused on the general population. For other populations with specific diseases such as cancer, diabetes, and vascular disease, the correlations between D-dimer levels and the risk of stroke and clinical outcomes in patients with AIS or TIA remain unknown.



CONCLUSIONS

Based on our results in this meta-analysis, high D-dimer levels may be associated with the risks of total stroke and IS, but not with HS. However, dose–response analyses reveal no obvious evidence for the dose-dependent association between D-dimer levels and the risk of stroke. Besides, high D-dimer levels on admission may be correlated with the risks of adverse clinical outcomes, including all-cause mortality, 5-day recurrence, and 90-day poor functional outcomes, in patients with AIS or TIA. More studies are needed to quantify the effect of D-dimer levels on the risk of stroke or TIA, so as to verify and substantiate this conclusion in the future.
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