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Abstract

Background—Atrial fibrillation (AF) is a common cause of stroke. Silent cerebral infarctions 

(SCIs) are known to occur in the presence and absence of AF, but the association between these 

disorders has not been well-defined.

Purpose—To estimate the association between AF and SCIs and the prevalence of SCIs in 

stroke-free patients with AF.

Data Sources—Searches of MEDLINE, PsycINFO, Cochrane Library, CINAHL, and EMBASE 

from inception to 8 May 2014 without language restrictions and manual screening of article 

references.

Study Selection—Observational studies involving adults with AF and no clinical history of 

stroke or prosthetic valves who reported SCIs.

Data Extraction—Study characteristics and study quality were assessed in duplicate.
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Data Synthesis—Eleven studies including 5317 patients with mean ages from 50.0 to 83.6 

years reported on the association between AF and SCIs. Autopsy studies were heterogeneous and 

low-quality; therefore, they were excluded from the meta-analysis of the risk estimates. When 

computed tomography (CT) and magnetic resonance imaging (MRI) studies were combined, AF 

was associated with SCIs in patients with no history of symptomatic stroke (odds ratio, 2.62 [95% 

CI, 1.81 to 3.80]; I2 = 32.12%; P for heterogeneity = 0.118). This association was independent of 

AF type (paroxysmal vs. persistent). The results were not altered significantly when the analysis 

was restricted to studies that met at least 70% of the maximum possible quality score (odds ratio, 

3.06 [CI, 2.24 to 4.19]). Seventeen studies reported the prevalence of SCIs. The overall prevalence 

of SCI lesions on MRI and CT among patients with AF was 40% and 22%, respectively.

Limitation—Most studies were cross-sectional, and autopsy studies were heterogeneous and not 

sufficiently sensitive to detect small lesions.

Conclusion—Atrial fibrillation is associated with more than a 2-fold increase in the odds for 

SCI.

Primary Funding Source—Deane Institute for Integrative Research in Atrial Fibrillation and 

Stroke, Massachusetts General Hospital.

Atrial fibrillation (AF) is the most common arrhythmia in the elderly, currently affecting 

more than 2.7 million Americans (1), with a projected prevalence of 5.6 to 12.1 million by 

2050 (2, 3). Patients with AF have not only a 4- to 5-fold increase in the risk for stroke (4) 

but also larger brain infarctions and worse poststroke outcomes than patients without AF (5–

7). A recent meta-analysis demonstrated that AF is associated with a 40% increase in the 

risk for cognitive impairment (relative risk [RR], 1.40 [95% CI, 1.19 to 1.64]) (8). This 

association was independent of a history of symptomatic stroke (RR, 1.34 [CI, 1.13 to 1.58]) 

(8) and other comorbid conditions, such as advanced age, hypertension, heart failure, and 

diabetes (9, 10). These findings highlight the elusiveness of the mechanisms underlying this 

association and suggest pathways other than symptomatic stroke and shared risk factors 

listed previously as the underlying cause of this association. One such mechanism may be 

silent cerebral infarctions (SCIs). Several studies showed a significant association between 

AF and SCIs in patients without a history of clinically overt stroke (11, 12); however, the 

few studies that attempted to reproduce similar results did not demonstrate an association 

(13, 14).

There is a significant variability in the reported prevalence of SCIs in patients with AF (11, 

12). One source of this heterogeneity may lie in the different methods of diagnosing SCIs. 

Whereas earlier studies used autopsy (15, 16) or computed tomography (CT) scans (17–19) 

to identify SCIs, recent studies have used magnetic resonance imaging (MRI) (12, 13), a 

more sensitive method, to detect such lesions. It is critical to understand the association 

between AF and SCIs, not only because it may be a mediating factor in the link between AF 

and cognitive impairment but also because SCIs may predict future symptomatic strokes and 

death (20–23).

No study has attempted to gather all of the available data in the literature on the association 

between AF and SCIs and on the prevalence of SCIs in patients with AF. Therefore, we 

performed a systematic review and metaanalysis of the literature to estimate the association 
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between AF and SCIs and the prevalence of SCIs in patients with AF and no history of 

symptomatic stroke.

Methods

An internal study protocol was developed at the Cardiac Arrhythmia Service (Boston, 

Massachusetts) to perform this review; the protocol was not registered in any database.

Data Sources

Five leading bibliographic databases of biomedical science (MEDLINE [Ovid interface], 

PsycINFO, Cochrane Library [Ovid SP], CINAHL, and EMBASE) were searched 

electronically from their inception to 8 May 2014, using text and explosion of medical 

subject headings (Supplement, available at www.annals.org). One of the investigators 

designed the search strategies with the help of a trained librarian. In addition, bibliographies 

of pertinent articles as well as review papers were manually searched. No language 

restriction was applied. Authors of the included studies were contacted when required data 

were missing or ambiguous.

Study Selection

Prospective and nonprospective studies reporting the prevalence or incidence of SCIs in 

patients with AF, as well as prospective and nonprospective studies in which a risk estimate 

for the association between AF and SCIs was reported or could be calculated, were included 

in this metaanalysis. Magnetic resonance imaging studies were only included if they 

acknowledged the exclusion of leukoaraiosis from their analyses, used diffusion-weighted 

images, or used either hypodensity on fluid-attenuated inversion recovery images or 

prominent hypodensity on T1-weighted images as an additional criterion to separate 

leukoaraiosis from SCIs. Exclusion criteria included inappropriate study design (such as 

reviews, editorials, letters, case series, case reports, and conference proceedings); studies 

evaluating SCIs after a procedure, such as catheter ablation, coronary artery bypass graft 

surgery, or cardioversion, in patients with AF; studies with conflicting and inconsistent data 

in which discrepancies between text and tables could not be resolved by contacting authors 

or consensus; studies of patients with prosthetic heart valves; studies restricted to patients 

with mitral stenosis or rheumatic valve disease; studies using transcranial Doppler 

sonography or electroencephalography for diagnosis of SCIs; and studies of patients with 

acute stroke or a history of symptomatic stroke.

Data Extraction

Following MOOSE (Meta-analysis of Observational Studies in Epidemiology) guidelines 

(24), studies were initially screened on the basis of titles and abstracts. The full texts of 

potentially relevant papers were later reviewed. The reference lists of the review papers and 

studies that met the inclusion criteria were manually searched. Data from individual studies 

were extracted by 2 independent observers. Discrepancies were resolved by consensus or a 

third reviewer. The data extraction sheet included the first author; year; study design 

(prospective vs. nonprospective); study setting and comparison groups; follow-up period 

(when applicable); population characteristics (age; sex; country; comorbid conditions, 
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particularly history of symptomatic stroke; and medication, particularly anticoagulants); 

inclusion and exclusion criteria; AF type (paroxysmal vs. persistent); and methods of AF 

ascertainment (electrocardiography vs. others). The data extraction sheet also included the 

method of outcome ascertainment (CT, MRI, or autopsy); CT, MRI, or autopsy 

specifications (such as section thickness or number and thickness of gaps between the 

slices); categories of SCI size; definition of SCI; total sample size; number of patients with 

and without AF; number of patients with SCIs within each group; type of RR estimate (odds 

ratio [OR], risk ratio, or hazard ratio); point estimate and 95% CI; list of variables in the 

multivariate model; and level of adjustment. We considered adjustment for confounding 

either at the study design stage (such as restriction and matching) or at the analyses stage 

(such as stratification or multivariate analyses) to be acceptable. Studies that used an 

acceptable method to control for at least 5 of the following 6 variables were considered to be 

at minimal risk of confounding bias: age, sex, hypertension, hyperlipidemia, diabetes 

mellitus, and significant carotid stenosis. Studies that did not control for 2 or more of these 

variables were considered at moderate risk of confounding bias, and those with no 

adjustment for any of the variables were considered at high risk of confounding bias and 

were excluded from analysis of pooled OR.

Quality Assessment

Because there are no standard criteria to assess the quality of observational studies, we used 

an adaptation of 2 published checklists (25, 26) and criteria that were applicable and relevant 

to the eligible studies. Risk for misclassification of AF and SCIs, as well as risk of 

confounding and selection bias, were assessed using 15 questions (Appendix Table 1, 

available at www.annals.org). Not all of the quality criteria were applicable to each study; 

therefore, to make valid comparisons among studies, we used the ratio of estimated quality 

score to maximum possible score (Appendix Table 2, available at www.annals.org). The 

total score was calculated and a sensitivity analysis was performed, including only studies 

that met at least 70% of the total possible quality score.

Data Synthesis and Analysis

Silent cerebral infarctions were broadly defined as evidence of brain infarctions on imaging 

or autopsy with no attributable clinical symptoms (such as neurologic deficits). When 

possible, SCIs were stratified according to their location as cortical versus noncortical. 

Cortical infarctions were defined as infarctions in the cerebral cortex with or without 

extension into the subcortical white matter. In the presence of heterogeneity, we used 

random-effects models and the profile likelihood method (27) to perform the meta-analysis 

of the association between AF and SCIs. In the absence of heterogeneity, results from fixed-

effects models were reported. Forest plots were used to display and summarize the 

association between AF and SCIs according to SCI diagnosis methods. The Q statistic was 

used to test for heterogeneity. The degree of heterogeneity was quantified by I2 statistics 

with an I2 value of 30% to 60% representing a moderate level of heterogeneity (28). We 

estimated the prevalence of SCIs in patients with AF for each study using binomial 

distribution. The PROC GLIMMIX procedure in SAS, version 9.1, was used to estimate 

pooled prevalence of SCIs in patients with AF according to the method of SCI diagnosis. 

PROC GLIMMIX is able to fit generalized linear mixed models to correlated data with 
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nonconstant variability where the response is not necessarily normally distributed (response 

distribution for the prevalence was specified as binomial). Stata/IC, version 12, was used to 

perform the remainder of the analyses. The significance level was defined as a P value less 

than 0.05 for all analyses.

Role of the Funding Source

This review was funded by the Deane Institute for Integrative Research in Atrial Fibrillation 

and Stroke, Massachusetts General Hospital. The funding source had no role in the design or 

conduct of the study; collection or analysis of the data; or the decision to submit the 

manuscript for publication.

Results

Of 1723 titles and abstracts, 105 papers met the criteria for full-text screening. One German 

(29) and 2 Japanese (30, 31) articles were translated into English. Sixteen papers from the 

electronic search and 1 from the manual search met the inclusion criteria (Appendix Figure, 

available at www.annals.org). The prevalence of SCIs was extracted or calculated from 17 

studies (9 using MRI, 6 using CT, and 2 using autopsy). However, only 11 studies (5 using 

MRI, 4 using CT, and 2 using autopsy) reported adjusted risk estimates. Table 1 lists the 

characteristics of included studies and patients’ demographic characteristics. Additional 

details about study design and setting, inclusion and exclusion criteria, AF type and method 

of ascertainment, and SCI method of ascertainment are presented in Appendix Table 3 

(available at www.annals.org).

Definition of SCIs

Silent cerebral infarctions were identified by CT, MRI, or autopsy in 6, 9, and 2 studies, 

respectively (Appendix Table 4, available at www.annals.org). Autopsy studies were not 

sufficiently sensitive to detect small lesions because of thick slices and large interslice gaps. 

Studies that used CT for diagnosis consistently defined SCIs as hypodense foci. Three CT 

studies described additional criteria in their definition of SCIs (17, 33, 34). Feinberg (17) 

and Ezekowitz (33) and their colleagues required the presence of focal dilated sulci to be 

distinguished from SCIs that manifested as hypodense lesions in a vascular distribution with 

no mass effect or edema. Zito (34) and Feinberg (17) and their colleagues also separated 

SCIs from lesions suspicious for leukoaraiosis. However, MRI studies were more variable 

because of different MRI variables and criteria used for the evaluation of SCIs. With the 

exception of the study by Hara and colleagues (35), which did not report the exact criteria 

used, 2 criteria were common in the definition of SCIs on MRI images in all studies: focal, 

sharply demarcated hyperintense lesions on T2 and hypointense lesions on T1. A few studies 

applied additional criteria to distinguish SCIs from dilated Virchow-Robin spaces and 

leukoaraiosis. Criteria to distinguish SCIs from dilated Virchow-Robin spaces included a 

lesion size of 3 mm or greater (11–14, 23, 35, 36) and presence of a hyperintense rim around 

the hypointense lesion on fluid-attenuated inversion recovery images (13). Das and 

colleagues (11) required the lesion to be of cerebrospinal fluid intensity to distinguish SCIs 

from leukoaraiosis.
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Association Between AF and SCIs in Patients Without a History of Symptomatic Stroke

Eleven studies (5 using MRI, 4 using CT, and 2 using autopsy) reported on the association 

between AF and SCIs. Autopsy studies were heterogeneous and low-quality; therefore, they 

were excluded from the meta-analysis of the risk estimates. When CT and MRI studies were 

combined, 4407 patients (505 with AF and 3902 without AF) were included in the analysis; 

230 patients with AF (45.54%) and 610 patients without AF (15.63%) had SCIs. Atrial 

fibrillation was associated with SCIs in patients with no symptomatic stroke history (OR, 

2.62 [CI, 1.81 to 3.80]; I2 = 32.12%; P for heterogeneity = 0.118) (Figure 1). The results 

were robust to further sensitivity analyses (Table 2). There was no significant heterogeneity 

between MRI and CT studies. Among MRI studies, Marfella and colleagues (12) reported a 

more significant association between AF and SCI. This could be because the study 

population had diabetes mellitus, which may have accentuated the vascular effect of AF on 

the brain. Removing this study did not alter the results significantly. All of the MRI studies 

that were included in this analysis defined SCI lesions as lesions greater than 3 mm.

Prevalence of SCIs in Patients With AF and No History of Symptomatic Stroke

Data on the prevalence of SCIs in patients with AF were available in 17 studies (9 MRI, 6 

CT, and 2 autopsy). Because the prevalence of SCIs varies depending on the sensitivity of 

the diagnosis method, we reported SCI prevalence within each diagnosis category (CT, MRI, 

and autopsy). Autopsy studies were heterogeneous and of low sensitivity; therefore, we did 

not report a pooled prevalence estimate for these studies. The prevalence of SCIs was 

highest when lesions were detected by MRI, the most sensitive diagnostic method 

(prevalence, 0.40 [CI, 0.29 to 0.51]) (Figure 2). The prevalence of SCIs in CT scans was 

lower than the prevalence in MRI scans (prevalence in CT scans, 0.22 [CI, 0.13 to 0.32]) 

(Figure 2). One source of heterogeneity among MRI studies may be the variability in 

prevalence of vascular comorbid conditions (Table 1). For instance, the prevalence of 

diabetes varies from 7% to 100% among studies. The study in which all patients had 

diabetes reported a higher prevalence of SCI. The removal of this study from the analysis 

reduced the heterogeneity and the pooled prevalence to 0.31 (CI, 0.25 to 0.38). The mean 

age of the patients was similar across studies, ranging from 50.0 to 83.6 years. To minimize 

variability in the definition of SCIs among MRI studies, we also performed a sensitivity 

analysis limited to 7 MRI studies in which only lesions greater than 3 mm were included in 

the definition of SCIs (11–14, 23, 36). The prevalence of such lesions in MRI scans was 

estimated to be 0.44 (CI, 0.33 to 0.57).

Incidence of SCIs in Patients With AF and No History of Symptomatic Stroke

Data on the incidence of SCIs in patients with AF were scarce. Only 3 studies (14, 29, 33) 

reported longitudinal assessment of SCIs in patients with AF. Because of the significant 

variability among these studies in definition of SCIs, method of SCI diagnosis, and 

medications, we did not pool the results. Ezekowitz and colleagues (33) reported a mean 

incidence rate of 1.3 per 100 person-years on CT scans. In this study, the incidence of SCI 

lesions did not differ significantly between patients treated with warfarin or placebo. In the 

study by Longstreth and colleagues (14), 1433 patients aged 65 years or older with no 

baseline MRI lesions were followed for an average of 5 years for development of SCIs. 
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During follow-up, 6 of 26 patients (23%) with AF developed SCIs. The anticoagulation 

status of these patients was unclear. Strach and colleagues (29) reported the occurrence of 

new MRI lesions in 3.9% of 51 patients during 12 months of follow-up despite therapeutic 

anticoagulation.

Variability in AF Type

Only a few studies explicitly differentiated paroxysmal from chronic or persistent AF by 

describing AF duration. The association between SCIs and paroxysmal AF and persistent 

AF was adequately described in 2 (12, 19) and 3 studies (18, 32, 34), respectively (Table 2). 

The association between AF and SCIs was statistically significant, regardless of the AF type. 

The pooled OR for the association between paroxysmal AF and SCIs (OR, 3.83 [CI, 2.17 to 

6.75]; I2 = 0%; P for heterogeneity = 0.18) was similar to the pooled OR for the association 

between persistent AF and SCIs (OR, 3.87 [CI, 2.20 to 6.80]; I2 = 0%; P for heterogeneity = 

0.32).

Variability in the Quality of Included Studies

The exclusion of studies that met less than 70% of total possible score did not change the 

results substantially (Table 2). With the exception of 3 studies (14, 29, 33) that reported both 

prevalence and incidence of SCIs in patients with AF, the remaining studies were 

crosssectional. Two autopsy (15, 16), 3 MRI (23, 35, 37), and 1 CT (17) study met less than 

70% of the total quality score. No single criterion stood out as the primary problem. 

However, the potential for misclassification of SCIs and the history of symptomatic stroke, 

as well as unadjusted analysis, were mainly responsible for a lower quality score. Compared 

with the MRI studies, less sensitive CT and autopsy studies received lower quality scores 

because of the greater potential for misclassification of SCIs.

Discussion

This meta-analysis suggests that SCIs are very common in patients with AF. An SCI can be 

detected on MRI in 40% of patients with this arrhythmia. In addition, AF was associated 

with more than a 2-fold increase in the odds for any SCI. This association was independent 

of AF subtypes (paroxysmal vs. persistent). Restricting the analysis to studies with high-

quality scores eliminated the heterogeneity among the studies without changing the results 

substantially.

The prevalence of MRI-diagnosed SCIs in the general population is between 8% and 28% 

(39). This prevalence is approximately one half of the estimated prevalence of SCI in the AF 

population. Although SCIs do not present with acute stroke symptoms, they have been 

reported to be associated with more than 3- and 2-fold increases in the risk for symptomatic 

stroke (23) and dementia (40), respectively. Few studies support a relationship between SCIs 

and death (21). Consequently, the higher prevalence of SCI in patients with AF may put this 

population at a greater risk for cognitive impairment, future stroke, and disability. Additional 

studies are warranted to identify appropriate preventive and treatment strategies to reduce 

the incidence of SCI in patients with AF.

Kalantarian et al. Page 7

Ann Intern Med. Author manuscript; available in PMC 2017 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Beyond rhythm-control strategies, anticoagulation has been the mainstay for the prevention 

of thromboembolic complications that may lead to SCI and symptomatic stroke in patients 

with AF. Although the overwhelming benefits of anticoagulant therapy for the prevention of 

symptomatic stroke in patients with AF have been extensively demonstrated, its effect on the 

prevention of SCI is unclear. Two studies included in this meta-analysis did not report any 

reduction in the incidence of SCI under anticoagulation (29, 33). In this meta-analysis, we 

could not report a separate estimate of SCI prevalence as a function of prophylactic 

anticoagulation or antiplatelet therapy because of a lack of comparable data. Studies that 

used anticoagulants were more recent and used more sensitive imaging methods, such as 

MRI; therefore, they reported a higher prevalence of SCI lesions. However, earlier studies 

investigating patients who were not treated with anticoagulants used less sensitive diagnostic 

methods and reported lower SCI prevalence; therefore, a valid comparison could not be 

made between the groups. Future studies will be needed to determine whether 

anticoagulation is associated with lower SCI incidence and whether such a change in SCI 

incidence will translate into a reduction in symptomatic stroke, dementia, and death.

Although the determinants of SCI versus symptomatic stroke are not well-defined, smaller 

lesions in deep white matter are more likely to remain silent, and larger cortical lesions are 

more likely to become symptomatic (15). The location of an infarction provides insight into 

the underlying mechanisms of its formation. Cortical and subcortical wedge-shaped 

infarctions indicate a thromboembolic mechanism (41, 42), whereas small infarctions in 

deep subcortical white matter indicate intrinsic small vessel disease, and junctional or 

watershed infarctions indicate hypoperfusion often caused by proximal arterial stenoses or 

cardiogenic shock (43). In contrast to embolic infarctions, nonembolic infarctions due to 

intrinsic small vessel disease typically occur in the subcortical white matter and can be 

confused with leukoaraiosis or chronic white matter hyperintensities that occur secondary to 

nonacute ischemic mechanisms. Data on the location of SCIs were limited, and the reported 

associations were unadjusted for potential confounders. Therefore, we could not report 

separate ORs by SCI location.

This meta-analysis has several strengths. First, we performed a thorough electronic and 

manual search of the literature, translated non-English studies, extracted data in duplicate, 

and contacted authors when required data were missing or ambiguous, all of which add 

assurance to the validity and thoroughness of data gathering in this study. Second, several 

sensitivity analyses were performed to identify potential sources of heterogeneity and 

evaluate the robustness of the results reported in this study. Third, we were able to report 

separate ORs according to AF type and methods of SCI diagnosis. Fourth, the geographic 

diversity of the studies included in this analysis adds to the generalizability of the results. 

Last, we performed a thorough quality assessment using 15 criteria, taking into account the 

potential risk for misclassification of exposure and outcome, as well as risk of confounding 

and selection bias.

This study also has several limitations. There was significant heterogeneity among autopsy 

studies. Included studies were mainly cross-sectional, and good-quality longitudinal data 

were lacking. The quality of included studies was variable; however, a sensitivity analysis 

restricted to studies that met more than 70% of total possible quality score showed similar 
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results. There was inadequate information on the anticoagulation status of the patients in 

most studies. Last, the prevalence of MRI-defined SCIs varied depending on the MRI 

diagnostic criteria. Whereas studies that define SCIs as lesions of any size with low signal 

intensity on T1-weighted images and high signal intensity on T2-weighted images may 

overestimate the prevalence of SCIs, those that only consider a fully cavitated lesion of 

greater than 3 mm with signal intensity similar to cerebrospinal fluid may underestimate 

their prevalence (44). Because the former definition does not distinguish among SCIs, 

dilated Virchow-Robin spaces, and leukoaraiosis, the latter definition is likely to be more 

specific and accurate, particularly because these 3 entities may have different causes and 

clinical significance. Although MRI variables (field strength of the magnet, matrix, slice 

thickness, and gap thickness) differed among studies, it is hard to assess the effect of these 

differences on the reported prevalence of SCIs. Thick slices with large interslice gaps may 

result in low detection of small lesions and underestimation of the prevalence of SCIs (44). 

This discussion highlights the need for a unified definition, similar to the one proposed in 

Appendix Table 5 (available at www.annals.org), to distinguish SCIs from leukoaraiosis and 

other lesions, such as dilated perivascular spaces in future studies.

In conclusion, this systematic review and meta-analysis provides strong evidence that AF is 

associated with more than a 2-fold increase in the odds of SCI. Future longitudinal studies 

with better adjustment for potential confounders and detailed information on the spatial 

distribution of lesions, as well as use of anticoagulant and antiplatelet therapy, are warranted 

to estimate the incidence of SCI lesions in patients with AF using unified SCI diagnostic 

criteria. Also, randomized clinical trials should be designed to investigate whether SCI 

diagnosis should be incorporated into the CHADS2 or CHA2DS2-VASc scoring system to 

identify patients who will benefit from anticoagulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix

Appendix Figure. Summary of evidence search and selection
AF = atrial fibrillation; SCI = silent cerebral infarction.

* Once relevant papers were identified through electronic search, their reference lists were 

manually searched to identify any additional relevant papers. Twenty-nine full-text articles 

were reviewed from reference lists, and 1 was found to be relevant.

Appendix Table 1

Fifteen Questions to Assess the Quality of Included Studies

Question Possible Answers (Score)

1. Was AF the primary exposure of interest? Yes (1) or no (0)

2.
What was the reported temporal relationship between 
AF and SCI? Prospective (1), not prospective (0), or both (1)
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Question Possible Answers (Score)

3.
Were the inclusion and exclusion criteria adequately 
described? Yes (1) or no (0)

4. Was the history of symptomatic stroke confirmed by 
detailed neurologic examination?

Yes (1) or no (0)

5. Were autopsies, MRI, and CT done for the purpose of 
research (as opposed to clinical care)?

Yes (1) or no (0)

6. What was the method of SCI diagnosis? MRI (3), CT (2), or autopsy (1)

7. Were the investigators blinded to the clinical history 
of patients during the ascertainment of SCIs?

Yes (1) or no (0)

8. Were the SCIs ascertained by ≥1 investigator? Yes (1) or no (0)

9. Did the investigators attempt to distinguish SCIs from 
dilated perivascular spaces?

Yes (1) or no (0)

10. Did the authors acknowledge whether they excluded 
leukoaraiosis from SCIs in their analysis?

Yes (1) or no (0)

11. Did the investigators use diffusion-weighted imaging 
to distinguish acute SCIs from leukoaraiosis?

Yes (1) or no (0)

12. Did the investigators distinguish chronic SCIs from 
leukoaraiosis by colocalizing the hyperintense lesions 
on T2-weighted images to nonterritorial FLAIR 
hyperdensity or prominent hypointense lesions (CSF 
intensity) on T1-weighted images?

Yes (1 or no (0)

13. Was AF documented on ≥1 electrocardiography? Yes (1) or no (0)

14. Did the investigators assess or report carotid stenosis 
in study patients?

Yes (1) or no (0)

15. Risk of confounding bias? Minimal (2) if studies controlled for ≥5 of following 6 
potential confounders: age, sex, hypertension (or blood 
pressure measurements), DM, hyperlipidemia (or lipid 
profile measurements), and CAS (or carotid intima-
media thickness) either by including these variables in 
the multivariate model or by ensuring that patients with 
and without AF were similar or matched on these 
variables; moderate (1) if studies did not control for ≥2 
of these variables; or high (0) if studies did not control 
for any potential confounders.

AF = atrial fibrillation; CAS = carotid artery stenosis; CT = computed tomography; CSF = cerebrospinal fluid; DM = 
diabetes mellitus; FLAIR = fluid-attenuated inversion recovery; MRI = magnetic resonance imaging; SCI = silent cerebral 
infarction.

Appendix Table 2

Assessing the Quality of Included Studies Using 15 Criteria

Study, Year (Reference) AF Was 
the 
Primary 
Exposure 
of 
Interest 
(Score of 
0/1)

Assessment 
Temporality 
(Score of 0/1)

Imaging/
Autopsy 
for the 
Purpose 
of 
Research 
(Score of 
0/1)

ECG 
Documentation 
of AF (Score of 
0/1)

CAS 
Assessed/
Reported 
(Score of 
0/1)

Inclusion 
and 
Exclusion 
Criteria 
Clearly 
Stated 
(Score of 
0/1)

Risk of 
Confounding 
Bias (Score 
of 0/1/2)

Diagnosis 
Method 
(Score of 
1/2/3)

Attempted to Distinguish SCI From 
Leukoaraiosis in MRI Studies? (Score of 0/1/2/3)

Attempted 
to 
Distinguish 
SCI From 
EPVS 
(Score of 
0/1)

Blinding 
to 
Clinical 
Data 
(Score 
of 0/1)

Assessment 
of 
Radiology 
or Autopsy 
Reports by 
>1 Person 
(Score of 
0/1)

History of 
Stroke 
Confirmed 
by 
Neurologic 
Examination 
(Score of 
0/1)

Total 
Quality 
Score 
Met, %Did Authors 

Acknowledge 
the Exclusion 
of 
Leukoaraiosis 
From the 
Final 
Analysis? 
(Score of 0/1)

Was DWI 
Used to 
Distinguish 
SCIs From 
Leukoaraiosis? 
(Score of 0/1)

Was 
Nonterritorial 
FLAIR 
Hyperdensity 
or Marked T1 
Hypodensity 
Used as an 
Additional 
Criterion to 
Identify SCI? 
(Score of 0/1)

Shinkawa et al, 1995 
(15)

No Cross-sectional Yes Yes No Yes Minimal Autopsy NA NA NA Yes   –   –   – 53.8
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Study, Year (Reference) AF Was 
the 
Primary 
Exposure 
of 
Interest 
(Score of 
0/1)

Assessment 
Temporality 
(Score of 0/1)

Imaging/
Autopsy 
for the 
Purpose 
of 
Research 
(Score of 
0/1)

ECG 
Documentation 
of AF (Score of 
0/1)

CAS 
Assessed/
Reported 
(Score of 
0/1)

Inclusion 
and 
Exclusion 
Criteria 
Clearly 
Stated 
(Score of 
0/1)

Risk of 
Confounding 
Bias (Score 
of 0/1/2)

Diagnosis 
Method 
(Score of 
1/2/3)

Attempted to Distinguish SCI From 
Leukoaraiosis in MRI Studies? (Score of 0/1/2/3)

Attempted 
to 
Distinguish 
SCI From 
EPVS 
(Score of 
0/1)

Blinding 
to 
Clinical 
Data 
(Score 
of 0/1)

Assessment 
of 
Radiology 
or Autopsy 
Reports by 
>1 Person 
(Score of 
0/1)

History of 
Stroke 
Confirmed 
by 
Neurologic 
Examination 
(Score of 
0/1)

Total 
Quality 
Score 
Met, %Did Authors 

Acknowledge 
the Exclusion 
of 
Leukoaraiosis 
From the 
Final 
Analysis? 
(Score of 0/1)

Was DWI 
Used to 
Distinguish 
SCIs From 
Leukoaraiosis? 
(Score of 0/1)

Was 
Nonterritorial 
FLAIR 
Hyperdensity 
or Marked T1 
Hypodensity 
Used as an 
Additional 
Criterion to 
Identify SCI? 
(Score of 0/1)

Yamanouchi et al, 1997 
(16)

Yes Cross-sectional Yes Yes No Yes Minimal Autopsy NA NA NA Yes   – Yes   – 69.2

Petersen et al, 1989 (19) Yes Cross-sectional Yes Yes No Yes Moderate CT NA NA NA No Yes Yes Yes 71.4

Petersen et al, 1989 (32) Yes Cross-sectional Yes Yes No Yes Moderate CT NA NA NA No Yes Yes Yes 71.4

Feinberg et al, 1990 (17) Yes Cross-sectional Yes Yes No Yes N/A CT NA NA NA No Yes Yes   – 66.7

Guidotti et al, 1990 (18) Yes Cross-sectional No Yes Yes* Yes Minimal CT NA NA NA No Yes No Yes 71.4

Ezekowitz et al 1995 
(33)

Yes Both Yes Yes Yes† Yes NA CT NA NA NA No Yes Yes Yes 91.7

Zito et al, 1996 (34) Yes Cross-sectional Yes Yes Yes‡ Yes Minimal CT NA NA NA No Yes Yes   – 78.6

Hara et al, 1995 (35) Yes Cross-sectional Yes Yes No Yes NA MRI No No   –§ Yes Yes No   – 56.3

Longstreth et al, 2002 
(14)

No Both Yes Yes Yes‖ Yes Unknown MRI 1.5T 
or 0.35T

Yes No Yes Yes Yes Yes¶ Yes¶ 77.8

Vermeer et al, 2003 (23) No Cross-sectional Yes Yes No Yes Moderate MRI 1.5T Yes No Yes Yes   – No No 55.6

Strach et al, 2005 (29) Yes Both Yes Yes No Yes NA MRI 1.5T No Yes Yes Yes Yes Yes Yes 87.5

Das et al, 2008 (11) No Cross-sectional Yes Yes Yes** Yes Moderate MRI 1T Yes No No Yes Yes Yes Yes 72.2

Kim et al, 2011 (13) No Cross-sectional Yes Yes No Yes Minimal MRI 1.5T Yes No No Yes Yes Yes Yes 72.2

Kobayashi et al, 2012 
(36)

Yes Cross-sectional Yes   – Yes†† Yes Minimal MRI 1.5T Yes No No Yes Yes Yes   – 72.2

Marfella et al, 2013 (12) Yes Cross-sectional Yes Yes Yes‡‡ Yes Minimal MRI 1.5T Yes No Yes No Yes   –   – 72.2

Saito et al, 2014 (37) Yes Cross-sectional Yes   – No Yes High MRI 1.5T No No Yes Yes Yes   –   – 50.0

AF = atrial fibrillation; CAS = carotid artery stenosis; CT = computed tomography; DWI = diffusion-weighted imaging; 
ECG = electrocardiography; EPVS = enlarged perivascular space; FLAIR = fluid-attenuated inversion recovery; MRI = 
magnetic resonance imaging; NA= not applicable; SCI = silent cerebral infarction.
*
AF = 16.6%, and SR = 11.1% (no significant difference between groups).

†
Stenosis ≥75%; SCI = 5%; and no SCI = 4% (no significant difference between groups; P = 0.67).

‡
Excluded stenosis >50%.

§
Only assessed cortical infarctions.
‖
Maximum internal carotid artery stenosis was not a predictor of incidental infarction.

¶
From reference 20.

**
15% had carotid artery stenosis ≥25%.

††
No significant difference in maximum intima–media thickness between nonvalvular atrial fibrillation and control 

patients.
‡‡

Patients with carotid disease were excluded.
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Appendix Table 3

Study Design and Setting, Inclusion and Exclusion Criteria, AF and SCI Ascertainment 

Methods, and Other Patient Characteristics

Study, Year (Reference) Diagnosis Method Design (Comparison Groups) Inclusion Criteria Exclusion Criteria AF Ascertainment Method Anticoagulation SCI Ascertainment Method

Shinkawa et al, 1995 
(15)

Autopsy Nonprospective, population-
based autopsy study reporting 
factors related to SCI and 
multivariate-adjusted risk 
estimate for the association 
between AF and SCI (original 
cohort followed for 26 y to 
elucidate CVA incidence in 
general population)

Patients aged ≥40 
y from Hisayama, 
Japan, were 
included in the 
original cohort. 
After 13 and 22 y, 
new patients aged 
>40 y were 
selected from 
Hisayama for the 
new study cohort. 
Most of the 
patients who died 
had autopsies.

Patients with 
stroke diagnosed 
before the entry 
examination; 
patients with 
hemorrhagic stroke 
as the initial stroke 
episode; and 
patients with any 
clinical history, 
symptoms, or signs 
of stroke

ECG – Photographs of the brain 
slices in the autopsy 
documents were reviewed by 
authors

Yamanouchi et al, 1997 
(16)

Autopsy Nonprospective study 
assessing prevalence of SCI in 
patients with NRAF using 
autopsy specimens

Case patients were 
consecutive 
patients with 
chronic NRAF and 
no history of 
anticoagulation 
who were aged 
≥70 y and 
evaluated between 
1986 and 1993 in 
the Tokyo 
Metropolitan 
Geriatric Hospital. 
Control patients 
did not have 
NRAF and were 
matched for age, 
sex, history of 
hypertension, DM, 
pathologically 
confirmed MI, and 
severe 
atherosclerosis in 
the cerebral 
arteries.

Anticoagulant 
therapy during the 
patient’s lifetime, 
rheumatic valvular 
disease, and 
paroxysmal AF

Chronic NRAF diagnosed 
by ≥2 ECGs with no SR on 
subsequent ECGs

No SCIs were diagnosed by 2 
neurologists and a 
neuropathologist using 
autopsy specimens, clinical 
records, and macroscopic 
brain pathology

Petersen et al, 1989 (19) CT Nonprospective study with 
calculable prevalence and risk 
estimate (comparing patients 
with AF with age- and sex-
matched control patients in 
SR)

Patients with 
paroxysmal AF 
documented on ≥1 
ECG and ≥3 ECGs 
with SR obtained 
during the follow-
up with an interval 
of ≥1 wk. The 
control group 
included age- and 
sex-matched 
patients in SR who 
previously 
participated in the 
Copenhagen City 
Heart Study and 
considered 
themselves 
healthy.

Paroxysmal AF 
linked to acute MI, 
intoxication, 
trauma or alcohol; 
history of 
anticoagulant, 
aspirin, or alcohol 
abuse in case 
patients; history of 
cerebrovascular 
disease without 
normal neurologic 
examination in 
both case and 
control patients; 
history of IHD or 
endocrinologic 
disease in control 
patients

Paroxysmal AF diagnosed 
by ECG

No SCIs were diagnosed by 2 
consultant neuroradiologists 
blindly

Petersen et al, 1989 (32) CT Nonprospective study with 
calculable prevalence and risk 
estimate (comparing patients 
with AF with age- and sex-
matched control patients in 
SR)

Case patients had 
chronic AF of >l-y 
duration and were 
selected from 
patients referred to 
the outpatient 

History of 
cerebrovascular 
disease, abnormal 
neurologic 
examination, 
anticoagulants or 

Chronic AF of >1 y 
duration diagnosed by ECG

No All CT results were 
evaluated blindly by 2 
consultant 
neuroradiologists*
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Study, Year (Reference) Diagnosis Method Design (Comparison Groups) Inclusion Criteria Exclusion Criteria AF Ascertainment Method Anticoagulation SCI Ascertainment Method

clinic by their 
general 
practitioner for 
routine ECG. 
Control patients 
were age- and sex-
matched in SR, 
considered 
themselves 
healthy, and 
previously 
participated in the 
Copenhagen City 
Heart Study.

aspirin therapy, 
history of alcohol 
abuse, and bad-
quality CT; 
patients with 
cardiovascular 
events were 
excluded from the 
control group

Feinberg et al, 1990 (17) CT Nonprospective study 
reporting the prevalence of 
SCIs in a large group of 
patients with NVAF 
participating in SPAF study

Patients with 
NVAF aged >21 y 
participating in the 
SPAF study from 
15 centers in the 
United States

Cardiac exclusions: 
self-limited AF, 
mitral stenosis, 
NYHA-IV CHF, 
idiopathic 
cardiomyopathy in 
conjunction with 
CHF, prosthetic 
heart valve, MI, 
percutaneous 
transluminal 
angioplasty within 
1 y, unstable 
angina, and CABG 
within 3 mo. 
Noncardiac 
exclusions: 
dementia, renal 
failure, any illness 
reducing life 
expectancy to <24 
mo, any condition 
requiring 
antiplatelet or 
anticoagulant, and 
history of a stroke 
or TIA.

NVAF diagnosed by ECG † No 2 independent authors 
blinded to the clinical data 
read CT results using a 
standardized assessment 
form (disagreement in SCI 
diagnosis was seen in 8% of 
CT scans, and disagreement 
in SCI location was seen in 
3%)

Guidotti et al, 1990 (18) CT Nonprospective study with 
calculable prevalence and risk 
estimate (comparing patients 
with AF with age- and sex-
matched control patients 
without AF)

Case patients had 
≥1 y ECG 
documented AF, 
without historical 
or instrumental 
evidence of 
rheumatic heart 
disease. Control 
patients were in 
SR without 
cardiopathy 
affected by 
muscle-tensive 
headache, 
diagnosed 
according to strict 
criteria.

Previous MI or 
thyroid disease, 
severe enlarged 
hearts, CHF, 
history of 
cerebrovascular 
events, abnormal 
neurologic 
examination, and 
antiaggregant or 
anticoagulant 
therapy

NRAF diagnosed by ECG No CT results were examined by 
a neuroradiologist who was 
blinded to the patients’ 
condition

Ezekowitz et al, 1995 
(33)

CT Prospective study of many 
patients with NRAF reporting 
prevalence and incidence of 
SCIs during 3 y of follow-up

Men of any age 
with AF 
documented by 2 
ECGs ≥4 wk apart 
and no 
echocardiographic 
evidence of 
rheumatic heart 
disease; baseline 
prothrombin times 
had to be within 
the normal range; 
the neurologic 

Previous stroke or 
a TIA within the 5 
y before entry into 
the study

NRAF diagnosed by 2 
ECGs ≥4 wk apart

No‡ Scans were evaluated by 6 
neurologists. Each scan was 
read by 2 neurologists 
blinded to physical condition 
or clinical course of the 
patient, and their consensus 
interpretation was recorded. 
Reading pairs were rotated 
after every 50 scans to 
minimize bias. When a 
consensus was not reached 
by the 2 primary readers, the 
scan in question was 
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Study, Year (Reference) Diagnosis Method Design (Comparison Groups) Inclusion Criteria Exclusion Criteria AF Ascertainment Method Anticoagulation SCI Ascertainment Method

examination taken 
at the entry had to 
be normal with no 
focal deficit

reviewed and classified by 
the entire 6-member 
committee.

Zito et al, 1996 (34) CT Nonprospective study with 
calculable prevalence and risk 
estimate (comparing patients 
with NVAF and their age- and 
sex-matched control patients in 
SR)

Patients with 
chronic AF >1 y, 
detected by ECG 
and defined as 
NVAF by ECG, all 
patients were 
admitted to the 
hospital because 
of symptoms 
related to AF and 
other minor 
diseases (such as 
benign disease of 
the upper and 
lower GI tract, 
arthrosis, urinary 
infection, etc.). 
The control group 
included elderly 
patients in SR 
matched for age 
and sex and 
educational level 
with the NVAF 
group. All control 
patients were 
randomly selected 
either among 
patients 
hospitalized for 
minor disease or 
among their 
relatives.

Previous stroke or 
TIA; lesions of 
large extracranial 
arteries; possible 
source of cerebral 
embolization 
(irregular 
fibrocalcific 
ulcerative plaques 
or stenosis >50%); 
significant 
abnormalities at 
neurologic 
examination; 
diseases leading to 
cognitive 
impairment or 
potentially 
interfering with 
cognitive functions 
(i.e., senile 
dementia [DSM III 
R], psychiatric 
diseases, or alcohol 
abuse); 
hypothyroidism; 
folate or vitamin 
B12 deficiency; 
advanced cardiac 
failure (NYHA 
class III and IV); 
and severe 
respiratory 
insufficiency renal 
failure (creatinine 
level >221 μmol/L 
[>2.5 mg/dL]); 
liver cirrhosis; 
anemia 
(hemoglobin level 
<10 g/dL); insulin-
dependent DM; 
malignancy or 
other severe 
medical illness; 
and other 
conditions 
potentially 
interfering with 
physical abilities, 
such as visual 
impairments, 
deafness, and 
severe 
osteoarthritis

Chronic NVAF diagnosed 
by ECG

– All CT scans were 
interpreted blindly by 2 
consultant neuroradiologists 
with high levels of 
interobserver agreement.

Hara et al, 1995 (35) MRI Nonprospective study 
reporting the prevalence of 
SCIs in patients with AF at 
baseline (patients were 
followed for 2 y for incidence 
of symptomatic stroke)

Patients with 
chronic or 
paroxysmal AF 
who visited the 
department of 
internal medicine 
of the Health 
Insurance Nankai 
Hospital between 
November 1992 
and January 1994

Mitral stenosis and 
a history of MI or 
dilated 
cardiomyopathy 
and patients who 
had been treated 
with anticoagulants

Chronic or paroxysmal AF 
diagnosed by Holter 
electrocardiography and 
heart monitoring

No Images were evaluated by a 
radiologist who was blinded 
to the study protocol.
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Study, Year (Reference) Diagnosis Method Design (Comparison Groups) Inclusion Criteria Exclusion Criteria AF Ascertainment Method Anticoagulation SCI Ascertainment Method

Longstreth et al, 2002 
(14)

MRI 1.5T, or 
0.35T§

Prospective cohort of CHS 
following patients with no 
stroke history for a mean of 5 
y for development of clinical 
stroke or SCI

CHS patients with 
no infarctions on 
their initial MRI 
who had a second 
MRI during the 5-
y follow-up. 
Patients had to be 
aged >65 y, able to 
give informed 
consent, and able 
to respond to 
questions without 
the aid of a 
surrogate 
respondent.

Patients were 
screened for a 
history of TIA or 
stroke before the 
initial MRI but 
were not excluded 
if they had such 
events; however, 
they had to be 
infarction-free on 
their initial MRI.

ECG – Imaging data were sent to a 
single reading center for 
interpretation by 
neuroradiologists trained in 
CHS protocol and without 
knowledge of the patients’ 
demographic or clinical 
profile‖

Vermeer et al, 2003 (23) MRI 1.5T Prospective Rotterdam Scan 
Study following patients for an 
average of 4.2 y for incident 
stroke but with only cross-
sectional assessment of AF 
and SCI, reporting prevalence 
and age- and sex-adjusted risk 
estimate

Patients without 
dementia aged 60–
90 y from 32 large 
ongoing, 
population-based 
studies (the 
Rotterdam Elderly 
Study)

Symptomatic 
infarctions on MRI 
and patients with a 
previous stroke 
without infarctions 
on MRI

ECG (MEANS software) – Infarctions were rated by a 
single rater with good 
intrarater agreement (κ, 
0.80). A history of stroke 
and TIA were determined by 
self-report, and by checking 
medical records. An 
experienced neurologist 
subsequently reviewed the 
medical history and scans 
and categorized the 
infarctions as silent or 
symptomatic.

Strach et al, 2005 (29) MRI 1.5T Prospective study of patients 
with AF reporting prevalence 
and incidence of SCIs with 
≤52 wk of follow-up 
(comparing patients with AF 
and echocardiographic 
evidence of atrial thrombi with 
AF patients with no such 
evidence)

Consecutive 
patients with the 
diagnosis of AF 
that had either 
occurred for the 
first time or was 
diagnosed for the 
first time with 
subsequent 
initiation of 
therapeutic 
anticoagulation. 
The study group 
consisted of 
patients with 
echocardiographic 
evidence of a left 
atrial thrombus. 
Patients with AF 
and no 
echocardiographic 
evidence of left 
atrial thrombi 
served as control 
patients.

Acute neurologic 
event associated 
with the first-time 
diagnosis, presence 
of MRI-
incompatible 
foreign bodies, 
biomedical 
implants, as well as 
the existence of the 
following potential 
cardiovascular 
sources for emboli: 
left ventricular 
thrombi, 
endocarditic 
vegetations on 
cardiac valves, 
aortic plaques >4 
mm, floating aortic 
plaques, and 
stenosis of the 
internal carotid 
artery >70%, the 
presence of 
contraindications 
for TEE, and 
intravenous or oral 
anticoagulation 
within the last 12 
mo

ECG Yes 2 experienced radiologists 
without knowledge of 
neurologic status or clinical 
therapy evaluated the 
averaged images 
(independent of direction) 
using the consensus method

Study, Year (Reference) Diagnosis Method Design (Comparison Groups) Inclusion Criteria Exclusion Criteria AF Ascertainment Method Anticoagulation SCI Ascertainment Method

Das et al, 2008 (11) MRI 1T Prospective Framingham 
Offspring Study but with 
cross-sectional assessment of 
AF and SCIs reporting 
prevalence and age- and sex-
adjusted risk estimate

Framingham 
Offspring patients 
who attended the 
sixth examination 
and had brain MRI 
at the seventh 
examination

Prevalent stroke or 
dementia or other 
neurologic 
conditions that 
may confound the 
diagnosis of SCI 
on MRI, 
claustrophobia, 
metal in the eyes or 
other body parts, 

Standard 12 lead ECG – 3 different raters blinded to 
patient demographic and 
stroke risk factor data 
processed and analyzed the 
scans (κ, 0.73–0.90). The 
final diagnosis about the 
presence and absence of 
stroke, type, and location 
was made at a stroke review 
by ≥2 neurologists with 
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Study, Year (Reference) Diagnosis Method Design (Comparison Groups) Inclusion Criteria Exclusion Criteria AF Ascertainment Method Anticoagulation SCI Ascertainment Method

valvular prosthesis, 
vascular clips, 
cardiac 
pacemakers, 
cochlear implants, 
or other implanted 
device sensitive to 
strong magnetic 
fields

access to all Framingham 
and outside records, 
including brain imaging.

Kim et al, 2011 (13) MRI 1.5T Nonprospective study with 
reported risk estimate and 
prevalence (comparing patients 
with and without SCIs)

Retrospective 
analysis of the 
brain MRI 
findings of study 
patients who had 
visited the 
Neurology Clinic 
between March 
2004 and August 
2009 and had no 
neurologic 
disorder but 
requested a 
medical evaluation 
for symptoms, 
such as dizziness 
and headache, fear 
of stroke, a 
positive family 
history of stroke, 
or the presence of 
vascular risk 
factors

History of a 
neurologic disorder 
by medical 
interview and 
neurologic 
examination

Presence of a past history in 
medical records or routine 
ECG

– 2 neurologists, unaware of 
the clinical information, 
evaluated the MRI, and SCI

Kobayashi et al, 2012 
(36)

MRI 1.5T Nonprospective study 
reporting multivariate risk 
estimate (comparing patients 
with NVAF with their age- and 
sex-matched control patients 
with SR)

Case patients had 
attended or were 
admitted to the 
department of 
neurology between 
2003 and 2007 
with chronic or 
paroxysmal AF. 
The control group 
was sex- and age-
matched SR 
patients with 
subjective 
symptoms alone, 
such as headache, 
dizziness, tinnitus, 
and tingling of the 
hands or feet.

History of stroke or 
TIA, known 
neurologic 
disorders or CNS 
involvement, atrial 
fibrillation 
associated with 
valvular disease

Chronic or paroxysmal 
NVAF with no reported 
method of diagnosis

Yes All images were shuffled 
before evaluation and 
interpreted by multiple 
neurologists and 
neuroradiologists who were 
blinded to the clinical data. 
The final diagnosis of each 
MRI lesion was made by 
consensus.

Marfella et al, 2013 (12) MRI 1.5T Perspective study with an 
average follow-up of 37 mo 
evaluating the association 
between subclinical episodes 
of AF with risk of SCI at 
baseline. Patients were 
followed for incident SCI and 
clinical stroke.

Patients were 
selected from a 
larger cohort of 
patients with type 
2 diabetes from 4 
participating 
institutions. The 
inclusion criteria 
were age <60 y, 
successful 
quarterly 48-h 
ECG, Holter 
monitoring, and 
assessment of the 
presence/absence 
of SCI by MRI of 
the brain.

Arrhythmia, 
documented 
persistent or 
permanent AF, 
documented stroke 
or TIA, 
anticoagulation 
therapy, coronary 
artery or valvular 
heart disease, 
cardiomyopathy, 
history of CHF, 
hypertension, 
carotid and 
peripheral vascular 
disease, 
hyperthyroidism, 
COPD, obstructive 
sleep apnea, and 
hepatic damage

48-h ambulatory ECG 
recording at 3, 6, 9, and 12 
mo during the screening for 
AF and then annually for 
another 3 y

No¶ The MRI scans of the 
patients were randomly 
stored and interpreted 
without knowledge of the 
patients’ names and 
characteristics.
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Study, Year (Reference) Diagnosis Method Design (Comparison Groups) Inclusion Criteria Exclusion Criteria AF Ascertainment Method Anticoagulation SCI Ascertainment Method

Saito et al, 2014 (37) MRI 1.5T Nonprospective study 
reporting the prevalence of 
SCI in patients with and 
without AF. Prospective 
assessment of predictors of 
new ACI in patients with AF.

AF patients: 
outpatients aged 
>45 y with AF 
who visited the 
cardiovascular, 
respiratory, and 
neurology 
divisions of 
Asahikawa 
Medical 
University 
Hospital. Control 
patients: patients 
without AF who 
had brain MRI 
scans for 
screening or 
diagnosing any 
neurologic 
disorders.

Patients with 
valvular AF or 
patients with any 
history of 
symptomatic 
cerebral infarction

NR Yes Trained observers who were 
blinded to the clinical 
information

AF = atrial fibrillation; CABG = coronary artery bypass grafting; CHF = congestive heart failure; CHS = Cardiovascular 
Health Study; COPD = chronic obstructive pulmonary disease; CT = computed tomography; CVA = cerebrovascular 
accident; DM = diabetes mellitus; DSM = Diagnostic and Statistical Manual of Mental Disorders; ECG = 
electrocardiography; GI = gastrointestinal; IHD = ischemic heart disease; MI = myocardial infarction; MRI = magnetic 
resonance imaging; NRAF = nonrheumatic atrial fibrillation; NVAF = nonvalvular atrial fibrillation; NYHA = New York 
Heart Association; SCI = silent cerebral infarction; SPAF = Stroke Prevention in Atrial Fibrillation; SR = sinus rhythm; 
TEE = transesophageal echocardiography; TIA = transient ischemic attack.
*
From reference 45.

†
From reference 46.

‡
Patients were randomly assigned to warfarin and placebo at entry (they were not on any anticoagulants before entry).

§
From reference 38.
‖
From reference 20.

¶
All patients were treated with aspirin, 75 to 325 mg/day. If the CHADS2 score was 2, antiaggregant therapy was switched 

to oral anticoagulation therapy.

Appendix Table 4

Variability in Definition of SCIs

Study, Year (Reference) Imaging Method Section Thickness, mm Section Gap, mm Size Classification SCI Characteristics

Shinkawa et al, 1995 
(15)

Autopsy 10–30 NR Small, <1 cm; 
medium, 1–3 cm; 
large, 3–5 cm; and 
massive, >5 cm*

Characteristics of 
SCIs were 
determined by 
pathologic 
examination

Yamanouchi et al, 1997 
(16)

Autopsy 10 cerebrum (coronal); 
5 cerebellum (sagittal); 
3–4 brain stem (axial)

NR Massive, >2/3 of 
cerebral 
hemisphere 
involved; large, 1/3 
to 2/3 of the 
hemisphere; 
medium, <1/3 of 
the hemisphere; 
small, <15 mm

Pathologic lesions to 
which no specific 
neurologic 
symptoms 
corresponded

Petersen et al, 1989 (19) CT 10 NR Lesion size was 
measured by ruler 
to the nearest half-
millimeter in 2 
dimensions and 
multiplied by the 
thickness of the 
slice

Low-density areas
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Study, Year (Reference) Imaging Method Section Thickness, mm Section Gap, mm Size Classification SCI Characteristics

Petersen et al, 1989 (32) CT 10 NR Lesion size was 
measured by ruler 
to the nearest half-
millimeter in 2 
dimensions and 
multiplied by the 
thickness of the 
slice

Low-density areas

Feinberg et al, 1990 (17) CT 4–5 from the base of 
the brain to the third 
ventricle; 8–10 mm 
sections from 
remainder of the brain

NR Small cortical 
(largest diameter 
<2 cm) or large 
cortical (>2 cm); 
Small deep 
(subcortical) 
infarctions (<1 cm) 
or large subcortical 
infarctions (>1 cm)

Area of hypodensity 
with no mass effect 
or edema in vascular 
distribution 
excluding focal 
dilated sulci, and 
bilateral and 
symmetrical deep 
white matter 
hypodensity

Guidotti et al, 1990 (18) CT 10–13† NR NR Focal hypodensity

Ezekowitz et al, 1995 
(33)

CT 10 NR The size of an 
infarction was 
estimated from the 
maximal lesion 
dimension in 
centimeters (x-
axis) times the axis 
perpendicular to 
the x-axis (y-axis) 
times the number 
of 1-cm slices in 
which the 
infarction 
appeared. 
Lucencies of 4.2 
cm3 

(corresponding to 
the volume of a 
sphere of 2.0 cm in 
diameter) or 
greater were 
considered to be 
large infarctions.

A defect on the CT 
scan suggestive of 
SCI in a 
neurologically 
normal patient in 
anterior, posterior, 
or watershed 
vascular territories 
excluding enlarged 
cortical sulci

Zito et al, 1996 (34) CT 5 NR Maximum 
diameter <1 cm

Well-demarcated 
lesions in vascular 
distribution, usually 
involving internal 
capsule, basal 
ganglia, corona 
radiata, or thalamus, 
excluding ill-defined 
patchy or diffuse 
white matter 
hypointensities in 
the frontal and 
occipital horns and 
trigona of the lateral 
ventricles, medial 
cells of the lateral 
ventricles, and 
semioval center (i.e., 
leukoaraiosis) and 
unaccompanied 
small caps or pencil-
thin linings around 
the frontal or 
occipital horns of 
the lateral ventricle

Hara et al, 1995 (35) MRI NR NR 3–18 mm Lesions 3–18 mm in 
diameter 
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Study, Year (Reference) Imaging Method Section Thickness, mm Section Gap, mm Size Classification SCI Characteristics

distinguished from 
noninfarction 
lesions, such as état 
criblé

Longstreth et al, 2002 
(14)

MRI 1.5T 5‡ 0‡ ≥3 mm An area of abnormal 
signal intensity ≥3 
mm in a vascular 
distribution that 
lacked mass effect; 
in gray matter, 
hyperintense on both 
spin density and T2-
weighted images; in 
white matter and 
brain stem, 
hypointense on T1-
weighted images 
with intensities 
approaching that of 
CSF; lacunes were 
defined as 
subcortical 
infarctions 3–20 mm 
in size

Vermeer et al, 2003 (23) MRI 1.5T 5–6 20% ≥3 mm Hyperintense on T2-
weighted images 
with corresponding 
prominent 
hypointensities on 
T1-weighted images 
to exclude cerebral 
white matter lesions 
and restricting to 
lesions ≥3 mm in 
size and using 
proton density scans 
to exclude dilated 
perivascular spaces

Strach et al, 2005 (29) MRI 1.5T 5 NR <5 mm, 5–10 mm, 
>10 mm

Focal 
hyperintensities on 
DWI that later 
correspond to lesion 
on T2-weighted and 
FLAIR sequences; 
wedge-shaped areas 
with the typical 
aspect of a territory 
infarction or the 
appearance of 
clearly newly 
occurred point-
shaped or round 
lesions with a 
typical distribution 
in FLAIR and T2-
weighted sequences 
without evidence of 
any diffusion 
abnormality. Diffuse 
plane 
hyperintensities in 
the diffusion 
imaging and 
diffusion 
abnormalities with 
typical configuration 
and localization of a 
vascular border-zone 
infarction were not 
regarded as 
indicative of 
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Study, Year (Reference) Imaging Method Section Thickness, mm Section Gap, mm Size Classification SCI Characteristics

thrombembolic 
events.

Das et al, 2008 (11) MRI 1T 4 0 ≥3 mm Lesions >3 mm with 
CSF density on 
subtraction images 
distinguished from 
the circle of Willis 
vessels for suspected 
basal ganglia 
infarctions

Kim et al, 2011 (13) MRI 1.5T 7 2 ≥3–20 mm Lesion 3–20 mm in 
diameter 
hypointense by T1-
weighted images 
and hypointense 
surrounded by a 
hyperintense rim by 
FLAIR images 
(excluding lesions 
<3 mm to exclude 
dilated perivascular 
space) and excluded 
periventricular white 
matter 
hyperintensities 
diagnosed by 
FLAIR images

Kobayashi et al, 2012 
(36)

MRI 1.5T 7 0.5 ≥3 mm Lesions ≥3 mm 
hyperintense on T2-
weighted images 
and hypointense on 
T1-weighted 
images. Lesions <3 
mm were excluded 
because there was a 
high possibility to 
include dilatation of 
the perivascular 
space, 
demyelination, or 
gliosis. Separated 
SCIs from 
periventricular, and 
deep and subcortical 
white matter 
hyperintensity.

Marfella et al, 2013 (12) MRI 1.5T 7.8–8.0 NR 3–15 mm Low signal intensity 
area (3–15 mm) on 
T1-weighted images 
that was also visible 
as a hyperintense 
lesion on T2-
weighted images. 
All SCIs detected 
were lacunar 
infarctions <15 mm.

Saito et al, 2014 (37) MRI 1.5T 5.5 1 NR A cerebral infarction 
was defined as a 
focal hypointense 
lesion with a 
hyperintense rim on 
the FLAIR sequence 
images, with a 
corresponding 
hyperintensity on 
the T2-weighted 
images and 
corresponding 
hypointensity on the 
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Study, Year (Reference) Imaging Method Section Thickness, mm Section Gap, mm Size Classification SCI Characteristics

T1-weighted 
images.

CSF = cerebrospinal fluid; CT = computed tomography; DWI = diffusion-weighted imaging; FLAIR = fluid-attenuated 
inversion recovery; MRI = magnetic resonance imaging; NR = not reported; SCI = silent cerebral infarction.
*
The infarction size in all cases could not be measured because autopsy materials were not available for all cases.

†
Obtained from searching the brochure of the EMI 1010 CT scan model.

‡
From reference 38.

Appendix Table 5

Criteria for Differentiating SCIs From Leukoaraiosis and Virchow-Robin Spaces

MRI Lesion Location T1-Weighted Imaging T2-Weighted Imaging FLAIR Shape/Appearance Size

WMH or leukoaraiosis Periventricular 
vs. deep vs. 
subcortical 
WMH

Isointense or mildly 
hypointense to brain 
parenchyma

Hyperintense Hyperintense Punctate, small 
foci; or cap, pencil-
thin lining; or 
nodular band

Variable

SCIs Along vascular 
territories: 
Anterior 
circulation 
(anterior 
cerebral artery 
and middle 
cerebral artery); 
posterior 
circulation 
(posterior 
cerebral artery, 
basilar artery, 
superior 
cerebellar artery, 
anterior inferior 
cerebellar artery, 
and posterior 
inferior 
cerebellar 
artery); 
watershed 
territories 
(anterior and 
posterior 
external 
watershed, 
internal 
watershed, and 
cerebellar 
watershed)

Markedly hypointense 
similar to CSF

Hyperintense (similar 
to CSF)

Hyperintense 
or 
hypointense 
with no mass 
effect*

Focal, sharply 
demarcated, 
regularly or 
irregularly shaped 
areas

≥3 mm (variable)

Enlarged perivascular 
spaces or Virchow-
Robin spaces or état 
criblé†

White matter 
(subregions of 
the frontal lobe, 
temporal lobe, 
parietal lobe, 
occipital lobe, 
and the centrum 
semiovale), 
basal ganglia 
region 
(including the 
caudate, 
lentiform nuclei, 
thalamus, 
internal capsule, 
substantia 
innominata, and 
insular area), 
brain stem, and 

Hypointense Hyperintense Hypointense 
(CSF-like 
content 
without 
abnormal 
surrounding 
signal 
intensity)

Small areas in the 
basal ganglia and 
centrum semiovale 
that follow the 
orientation of 
penetrating 
arterioles. They 
appear linear when 
parallel and dot-
like when 
perpendicular to the 
imaging plane.

<3 mm‡
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MRI Lesion Location T1-Weighted Imaging T2-Weighted Imaging FLAIR Shape/Appearance Size

hippocampal 
area (including 
the 
hippocampus, 
parahippocampal 
gyrus, and 
amygdalae)

CSF = cerebrospinal fluid; FLAIR = fluid-attenuated inversion recovery; SCI = silent cerebral infarction; WMH = white 
matter hyperintensity.
*
Some lacunar infarctions may not progress to lacunes (i.e., they will not develop a cavity and remain hyperintense; 

therefore, they will be indistinguishable from nonspecific white matter lesions).
†
When there are several perivascular spaces, the brain can have a colander-like appearance referred to as état criblé.

‡
Rarely huge perivascular spaces may be seen, which can have positive mass effect.
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Figure 1. Association between AF and SCIs according to the method of SCI diagnosis in 9 studies
AF = atrial fibrillation; CT = computed tomography; MRI = magnetic resonance imaging; 

SCI = silent cerebral infarction.

*Studies that used an acceptable method to control for ≥5 of the following 6 variables were 

considered to be at minimal risk of bias: age, sex, hypertension, hyperlipidemia, diabetes 

mellitus, and presence of significant carotid stenosis. Studies that did not control for ≥2 

variables were considered at moderate risk of bias.

†For the purpose of this meta-analysis, we used the reported odds ratio for the association 

between AF and SCI lesions >5 mm.

‡Paroxysmal AF.

§Persistent AF.

Kalantarian et al. Page 26

Ann Intern Med. Author manuscript; available in PMC 2017 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Prevalence of SCIs in patients with AF according to the method of SCI diagnosis
AF = atrial fibrillation; CT = computed tomography; MRI = magnetic resonance imaging; 

SCI = silent cerebral infarction.
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Table 2

Sensitivity and Subgroup Analyses on the Association Between AF and SCIs

Analysis Description Studies, n Odds Ratio
(95% CI)

Assessment of Heterogeneity

I2, % P Value

Original analysis 9 2.62 (1.81–3.80) 32.12 0.118

Restricted to studies that met ≥70% of total quality score 8 3.06 (2.24–4.19)   2.35 0.37

Restricted to studies with paroxysmal AF 2 3.83 (2.17–6.75)   0 0.180

Restricted to studies with persistent AF 3 3.87 (2.20–6.80)   0 0.32

AF = atrial fibrillation; SCI = silent cerebral infarction.
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	AppendixAppendix Figure. Summary of evidence search and selectionAF = atrial fibrillation; SCI = silent cerebral infarction.* Once relevant papers were identified through electronic search, their reference lists were manually searched to identify any additional relevant papers. Twenty-nine full-text articles were reviewed from reference lists, and 1 was found to be relevant.Appendix Table 1Fifteen Questions to Assess the Quality of Included StudiesQuestionPossible Answers (Score)1.Was AF the primary exposure of interest?Yes (1) or no (0)2.What was the reported temporal relationship between AF and SCI?Prospective (1), not prospective (0), or both (1)3.Were the inclusion and exclusion criteria adequately described?Yes (1) or no (0)4.Was the history of symptomatic stroke confirmed by detailed neurologic examination?Yes (1) or no (0)5.Were autopsies, MRI, and CT done for the purpose of research (as opposed to clinical care)?Yes (1) or no (0)6.What was the method of SCI diagnosis?MRI (3), CT (2), or autopsy (1)7.Were the investigators blinded to the clinical history of patients during the ascertainment of SCIs?Yes (1) or no (0)8.Were the SCIs ascertained by ≥1 investigator?Yes (1) or no (0)9.Did the investigators attempt to distinguish SCIs from dilated perivascular spaces?Yes (1) or no (0)10.Did the authors acknowledge whether they excluded leukoaraiosis from SCIs in their analysis?Yes (1) or no (0)11.Did the investigators use diffusion-weighted imaging to distinguish acute SCIs from leukoaraiosis?Yes (1) or no (0)12.Did the investigators distinguish chronic SCIs from leukoaraiosis by colocalizing the hyperintense lesions on T2-weighted images to nonterritorial FLAIR hyperdensity or prominent hypointense lesions (CSF intensity) on T1-weighted images?Yes (1 or no (0)13.Was AF documented on ≥1 electrocardiography?Yes (1) or no (0)14.Did the investigators assess or report carotid stenosis in study patients?Yes (1) or no (0)15.Risk of confounding bias?Minimal (2) if studies controlled for ≥5 of following 6 potential confounders: age, sex, hypertension (or blood pressure measurements), DM, hyperlipidemia (or lipid profile measurements), and CAS (or carotid intima-media thickness) either by including these variables in the multivariate model or by ensuring that patients with and without AF were similar or matched on these variables; moderate (1) if studies did not control for ≥2 of these variables; or high (0) if studies did not control for any potential confounders.AF = atrial fibrillation; CAS = carotid artery stenosis; CT = computed tomography; CSF = cerebrospinal fluid; DM = diabetes mellitus; FLAIR = fluid-attenuated inversion recovery; MRI = magnetic resonance imaging; SCI = silent cerebral infarction.Appendix Table 2Assessing the Quality of Included Studies Using 15 CriteriaStudy, Year (Reference)AF Was the Primary Exposure of Interest (Score of 0/1)Assessment Temporality (Score of 0/1)Imaging/Autopsy for the Purpose of Research (Score of 0/1)ECG Documentation of AF (Score of 0/1)CAS Assessed/Reported (Score of 0/1)Inclusion and Exclusion Criteria Clearly Stated (Score of 0/1)Risk of Confounding Bias (Score of 0/1/2)Diagnosis Method (Score of 1/2/3)Attempted to Distinguish SCI From Leukoaraiosis in MRI Studies? (Score of 0/1/2/3)Attempted to Distinguish SCI From EPVS (Score of 0/1)Blinding to Clinical Data (Score of 0/1)Assessment of Radiology or Autopsy Reports by >1 Person (Score of 0/1)History of Stroke Confirmed by Neurologic Examination (Score of 0/1)Total Quality Score Met, %Did Authors Acknowledge the Exclusion of Leukoaraiosis From the Final Analysis? (Score of 0/1)Was DWI Used to Distinguish SCIs From Leukoaraiosis? (Score of 0/1)Was Nonterritorial FLAIR Hyperdensity or Marked T1 Hypodensity Used as an Additional Criterion to Identify SCI? (Score of 0/1)Shinkawa et al, 1995 (15)NoCross-sectionalYesYesNoYesMinimalAutopsyNANANAYes  –  –  –53.8Yamanouchi et al, 1997 (16)YesCross-sectionalYesYesNoYesMinimalAutopsyNANANAYes  –Yes  –69.2Petersen et al, 1989 (19)YesCross-sectionalYesYesNoYesModerateCTNANANANoYesYesYes71.4Petersen et al, 1989 (32)YesCross-sectionalYesYesNoYesModerateCTNANANANoYesYesYes71.4Feinberg et al, 1990 (17)YesCross-sectionalYesYesNoYesN/ACTNANANANoYesYes  –66.7Guidotti et al, 1990 (18)YesCross-sectionalNoYesYes*YesMinimalCTNANANANoYesNoYes71.4Ezekowitz et al 1995 (33)YesBothYesYesYes†YesNACTNANANANoYesYesYes91.7Zito et al, 1996 (34)YesCross-sectionalYesYesYes‡YesMinimalCTNANANANoYesYes  –78.6Hara et al, 1995 (35)YesCross-sectionalYesYesNoYesNAMRINoNo  –§YesYesNo  –56.3Longstreth et al, 2002 (14)NoBothYesYesYes‖YesUnknownMRI 1.5T or 0.35TYesNoYesYesYesYes¶Yes¶77.8Vermeer et al, 2003 (23)NoCross-sectionalYesYesNoYesModerateMRI 1.5TYesNoYesYes  –NoNo55.6Strach et al, 2005 (29)YesBothYesYesNoYesNAMRI 1.5TNoYesYesYesYesYesYes87.5Das et al, 2008 (11)NoCross-sectionalYesYesYes**YesModerateMRI 1TYesNoNoYesYesYesYes72.2Kim et al, 2011 (13)NoCross-sectionalYesYesNoYesMinimalMRI 1.5TYesNoNoYesYesYesYes72.2Kobayashi et al, 2012 (36)YesCross-sectionalYes  –Yes††YesMinimalMRI 1.5TYesNoNoYesYesYes  –72.2Marfella et al, 2013 (12)YesCross-sectionalYesYesYes‡‡YesMinimalMRI 1.5TYesNoYesNoYes  –  –72.2Saito et al, 2014 (37)YesCross-sectionalYes  –NoYesHighMRI 1.5TNoNoYesYesYes  –  –50.0AF = atrial fibrillation; CAS = carotid artery stenosis; CT = computed tomography; DWI = diffusion-weighted imaging; ECG = electrocardiography; EPVS = enlarged perivascular space; FLAIR = fluid-attenuated inversion recovery; MRI = magnetic resonance imaging; NA= not applicable; SCI = silent cerebral infarction.*AF = 16.6%, and SR = 11.1% (no significant difference between groups).†Stenosis ≥75%; SCI = 5%; and no SCI = 4% (no significant difference between groups; P = 0.67).‡Excluded stenosis >50%.§Only assessed cortical infarctions.‖Maximum internal carotid artery stenosis was not a predictor of incidental infarction.¶From reference 20.**15% had carotid artery stenosis ≥25%.††No significant difference in maximum intima–media thickness between nonvalvular atrial fibrillation and control patients.‡‡Patients with carotid disease were excluded.Appendix Table 3Study Design and Setting, Inclusion and Exclusion Criteria, AF and SCI Ascertainment Methods, and Other Patient CharacteristicsStudy, Year (Reference)Diagnosis MethodDesign (Comparison Groups)Inclusion CriteriaExclusion CriteriaAF Ascertainment MethodAnticoagulationSCI Ascertainment MethodShinkawa et al, 1995 (15)AutopsyNonprospective, population-based autopsy study reporting factors related to SCI and multivariate-adjusted risk estimate for the association between AF and SCI (original cohort followed for 26 y to elucidate CVA incidence in general population)Patients aged ≥40 y from Hisayama, Japan, were included in the original cohort. After 13 and 22 y, new patients aged >40 y were selected from Hisayama for the new study cohort. Most of the patients who died had autopsies.Patients with stroke diagnosed before the entry examination; patients with hemorrhagic stroke as the initial stroke episode; and patients with any clinical history, symptoms, or signs of strokeECG–Photographs of the brain slices in the autopsy documents were reviewed by authorsYamanouchi et al, 1997 (16)AutopsyNonprospective study assessing prevalence of SCI in patients with NRAF using autopsy specimensCase patients were consecutive patients with chronic NRAF and no history of anticoagulation who were aged ≥70 y and evaluated between 1986 and 1993 in the Tokyo Metropolitan Geriatric Hospital. Control patients did not have NRAF and were matched for age, sex, history of hypertension, DM, pathologically confirmed MI, and severe atherosclerosis in the cerebral arteries.Anticoagulant therapy during the patient’s lifetime, rheumatic valvular disease, and paroxysmal AFChronic NRAF diagnosed by ≥2 ECGs with no SR on subsequent ECGsNoSCIs were diagnosed by 2 neurologists and a neuropathologist using autopsy specimens, clinical records, and macroscopic brain pathologyPetersen et al, 1989 (19)CTNonprospective study with calculable prevalence and risk estimate (comparing patients with AF with age- and sex-matched control patients in SR)Patients with paroxysmal AF documented on ≥1 ECG and ≥3 ECGs with SR obtained during the follow-up with an interval of ≥1 wk. The control group included age- and sex-matched patients in SR who previously participated in the Copenhagen City Heart Study and considered themselves healthy.Paroxysmal AF linked to acute MI, intoxication, trauma or alcohol; history of anticoagulant, aspirin, or alcohol abuse in case patients; history of cerebrovascular disease without normal neurologic examination in both case and control patients; history of IHD or endocrinologic disease in control patientsParoxysmal AF diagnosed by ECGNoSCIs were diagnosed by 2 consultant neuroradiologists blindlyPetersen et al, 1989 (32)CTNonprospective study with calculable prevalence and risk estimate (comparing patients with AF with age- and sex-matched control patients in SR)Case patients had chronic AF of >l-y duration and were selected from patients referred to the outpatient clinic by their general practitioner for routine ECG. Control patients were age- and sex-matched in SR, considered themselves healthy, and previously participated in the Copenhagen City Heart Study.History of cerebrovascular disease, abnormal neurologic examination, anticoagulants or aspirin therapy, history of alcohol abuse, and bad-quality CT; patients with cardiovascular events were excluded from the control groupChronic AF of >1 y duration diagnosed by ECGNoAll CT results were evaluated blindly by 2 consultant neuroradiologists*Feinberg et al, 1990 (17)CTNonprospective study reporting the prevalence of SCIs in a large group of patients with NVAF participating in SPAF studyPatients with NVAF aged >21 y participating in the SPAF study from 15 centers in the United StatesCardiac exclusions: self-limited AF, mitral stenosis, NYHA-IV CHF, idiopathic cardiomyopathy in conjunction with CHF, prosthetic heart valve, MI, percutaneous transluminal angioplasty within 1 y, unstable angina, and CABG within 3 mo. Noncardiac exclusions: dementia, renal failure, any illness reducing life expectancy to <24 mo, any condition requiring antiplatelet or anticoagulant, and history of a stroke or TIA.NVAF diagnosed by ECG †No2 independent authors blinded to the clinical data read CT results using a standardized assessment form (disagreement in SCI diagnosis was seen in 8% of CT scans, and disagreement in SCI location was seen in 3%)Guidotti et al, 1990 (18)CTNonprospective study with calculable prevalence and risk estimate (comparing patients with AF with age- and sex-matched control patients without AF)Case patients had ≥1 y ECG documented AF, without historical or instrumental evidence of rheumatic heart disease. Control patients were in SR without cardiopathy affected by muscle-tensive headache, diagnosed according to strict criteria.Previous MI or thyroid disease, severe enlarged hearts, CHF, history of cerebrovascular events, abnormal neurologic examination, and antiaggregant or anticoagulant therapyNRAF diagnosed by ECGNoCT results were examined by a neuroradiologist who was blinded to the patients’ conditionEzekowitz et al, 1995 (33)CTProspective study of many patients with NRAF reporting prevalence and incidence of SCIs during 3 y of follow-upMen of any age with AF documented by 2 ECGs ≥4 wk apart and no echocardiographic evidence of rheumatic heart disease; baseline prothrombin times had to be within the normal range; the neurologic examination taken at the entry had to be normal with no focal deficitPrevious stroke or a TIA within the 5 y before entry into the studyNRAF diagnosed by 2 ECGs ≥4 wk apartNo‡Scans were evaluated by 6 neurologists. Each scan was read by 2 neurologists blinded to physical condition or clinical course of the patient, and their consensus interpretation was recorded. Reading pairs were rotated after every 50 scans to minimize bias. When a consensus was not reached by the 2 primary readers, the scan in question was reviewed and classified by the entire 6-member committee.Zito et al, 1996 (34)CTNonprospective study with calculable prevalence and risk estimate (comparing patients with NVAF and their age- and sex-matched control patients in SR)Patients with chronic AF >1 y, detected by ECG and defined as NVAF by ECG, all patients were admitted to the hospital because of symptoms related to AF and other minor diseases (such as benign disease of the upper and lower GI tract, arthrosis, urinary infection, etc.). The control group included elderly patients in SR matched for age and sex and educational level with the NVAF group. All control patients were randomly selected either among patients hospitalized for minor disease or among their relatives.Previous stroke or TIA; lesions of large extracranial arteries; possible source of cerebral embolization (irregular fibrocalcific ulcerative plaques or stenosis >50%); significant abnormalities at neurologic examination; diseases leading to cognitive impairment or potentially interfering with cognitive functions (i.e., senile dementia [DSM III R], psychiatric diseases, or alcohol abuse); hypothyroidism; folate or vitamin B12 deficiency; advanced cardiac failure (NYHA class III and IV); and severe respiratory insufficiency renal failure (creatinine level >221 μmol/L [>2.5 mg/dL]); liver cirrhosis; anemia (hemoglobin level <10 g/dL); insulin-dependent DM; malignancy or other severe medical illness; and other conditions potentially interfering with physical abilities, such as visual impairments, deafness, and severe osteoarthritisChronic NVAF diagnosed by ECG–All CT scans were interpreted blindly by 2 consultant neuroradiologists with high levels of interobserver agreement.Hara et al, 1995 (35)MRINonprospective study reporting the prevalence of SCIs in patients with AF at baseline (patients were followed for 2 y for incidence of symptomatic stroke)Patients with chronic or paroxysmal AF who visited the department of internal medicine of the Health Insurance Nankai Hospital between November 1992 and January 1994Mitral stenosis and a history of MI or dilated cardiomyopathy and patients who had been treated with anticoagulantsChronic or paroxysmal AF diagnosed by Holter electrocardiography and heart monitoringNoImages were evaluated by a radiologist who was blinded to the study protocol.Longstreth et al, 2002 (14)MRI 1.5T, or 0.35T§Prospective cohort of CHS following patients with no stroke history for a mean of 5 y for development of clinical stroke or SCICHS patients with no infarctions on their initial MRI who had a second MRI during the 5-y follow-up. Patients had to be aged >65 y, able to give informed consent, and able to respond to questions without the aid of a surrogate respondent.Patients were screened for a history of TIA or stroke before the initial MRI but were not excluded if they had such events; however, they had to be infarction-free on their initial MRI.ECG–Imaging data were sent to a single reading center for interpretation by neuroradiologists trained in CHS protocol and without knowledge of the patients’ demographic or clinical profile‖Vermeer et al, 2003 (23)MRI 1.5TProspective Rotterdam Scan Study following patients for an average of 4.2 y for incident stroke but with only cross-sectional assessment of AF and SCI, reporting prevalence and age- and sex-adjusted risk estimatePatients without dementia aged 60–90 y from 32 large ongoing, population-based studies (the Rotterdam Elderly Study)Symptomatic infarctions on MRI and patients with a previous stroke without infarctions on MRIECG (MEANS software)–Infarctions were rated by a single rater with good intrarater agreement (κ, 0.80). A history of stroke and TIA were determined by self-report, and by checking medical records. An experienced neurologist subsequently reviewed the medical history and scans and categorized the infarctions as silent or symptomatic.Strach et al, 2005 (29)MRI 1.5TProspective study of patients with AF reporting prevalence and incidence of SCIs with ≤52 wk of follow-up (comparing patients with AF and echocardiographic evidence of atrial thrombi with AF patients with no such evidence)Consecutive patients with the diagnosis of AF that had either occurred for the first time or was diagnosed for the first time with subsequent initiation of therapeutic anticoagulation. The study group consisted of patients with echocardiographic evidence of a left atrial thrombus. Patients with AF and no echocardiographic evidence of left atrial thrombi served as control patients.Acute neurologic event associated with the first-time diagnosis, presence of MRI-incompatible foreign bodies, biomedical implants, as well as the existence of the following potential cardiovascular sources for emboli: left ventricular thrombi, endocarditic vegetations on cardiac valves, aortic plaques >4 mm, floating aortic plaques, and stenosis of the internal carotid artery >70%, the presence of contraindications for TEE, and intravenous or oral anticoagulation within the last 12 moECGYes2 experienced radiologists without knowledge of neurologic status or clinical therapy evaluated the averaged images (independent of direction) using the consensus methodStudy, Year (Reference)Diagnosis MethodDesign (Comparison Groups)Inclusion CriteriaExclusion CriteriaAF Ascertainment MethodAnticoagulationSCI Ascertainment MethodDas et al, 2008 (11)MRI 1TProspective Framingham Offspring Study but with cross-sectional assessment of AF and SCIs reporting prevalence and age- and sex-adjusted risk estimateFramingham Offspring patients who attended the sixth examination and had brain MRI at the seventh examinationPrevalent stroke or dementia or other neurologic conditions that may confound the diagnosis of SCI on MRI, claustrophobia, metal in the eyes or other body parts, valvular prosthesis, vascular clips, cardiac pacemakers, cochlear implants, or other implanted device sensitive to strong magnetic fieldsStandard 12 lead ECG–3 different raters blinded to patient demographic and stroke risk factor data processed and analyzed the scans (κ, 0.73–0.90). The final diagnosis about the presence and absence of stroke, type, and location was made at a stroke review by ≥2 neurologists with access to all Framingham and outside records, including brain imaging.Kim et al, 2011 (13)MRI 1.5TNonprospective study with reported risk estimate and prevalence (comparing patients with and without SCIs)Retrospective analysis of the brain MRI findings of study patients who had visited the Neurology Clinic between March 2004 and August 2009 and had no neurologic disorder but requested a medical evaluation for symptoms, such as dizziness and headache, fear of stroke, a positive family history of stroke, or the presence of vascular risk factorsHistory of a neurologic disorder by medical interview and neurologic examinationPresence of a past history in medical records or routine ECG–2 neurologists, unaware of the clinical information, evaluated the MRI, and SCIKobayashi et al, 2012 (36)MRI 1.5TNonprospective study reporting multivariate risk estimate (comparing patients with NVAF with their age- and sex-matched control patients with SR)Case patients had attended or were admitted to the department of neurology between 2003 and 2007 with chronic or paroxysmal AF. The control group was sex- and age-matched SR patients with subjective symptoms alone, such as headache, dizziness, tinnitus, and tingling of the hands or feet.History of stroke or TIA, known neurologic disorders or CNS involvement, atrial fibrillation associated with valvular diseaseChronic or paroxysmal NVAF with no reported method of diagnosisYesAll images were shuffled before evaluation and interpreted by multiple neurologists and neuroradiologists who were blinded to the clinical data. The final diagnosis of each MRI lesion was made by consensus.Marfella et al, 2013 (12)MRI 1.5TPerspective study with an average follow-up of 37 mo evaluating the association between subclinical episodes of AF with risk of SCI at baseline. Patients were followed for incident SCI and clinical stroke.Patients were selected from a larger cohort of patients with type 2 diabetes from 4 participating institutions. The inclusion criteria were age <60 y, successful quarterly 48-h ECG, Holter monitoring, and assessment of the presence/absence of SCI by MRI of the brain.Arrhythmia, documented persistent or permanent AF, documented stroke or TIA, anticoagulation therapy, coronary artery or valvular heart disease, cardiomyopathy, history of CHF, hypertension, carotid and peripheral vascular disease, hyperthyroidism, COPD, obstructive sleep apnea, and hepatic damage48-h ambulatory ECG recording at 3, 6, 9, and 12 mo during the screening for AF and then annually for another 3 yNo¶The MRI scans of the patients were randomly stored and interpreted without knowledge of the patients’ names and characteristics.Saito et al, 2014 (37)MRI 1.5TNonprospective study reporting the prevalence of SCI in patients with and without AF. Prospective assessment of predictors of new ACI in patients with AF.AF patients: outpatients aged >45 y with AF who visited the cardiovascular, respiratory, and neurology divisions of Asahikawa Medical University Hospital. Control patients: patients without AF who had brain MRI scans for screening or diagnosing any neurologic disorders.Patients with valvular AF or patients with any history of symptomatic cerebral infarctionNRYesTrained observers who were blinded to the clinical informationAF = atrial fibrillation; CABG = coronary artery bypass grafting; CHF = congestive heart failure; CHS = Cardiovascular Health Study; COPD = chronic obstructive pulmonary disease; CT = computed tomography; CVA = cerebrovascular accident; DM = diabetes mellitus; DSM = Diagnostic and Statistical Manual of Mental Disorders; ECG = electrocardiography; GI = gastrointestinal; IHD = ischemic heart disease; MI = myocardial infarction; MRI = magnetic resonance imaging; NRAF = nonrheumatic atrial fibrillation; NVAF = nonvalvular atrial fibrillation; NYHA = New York Heart Association; SCI = silent cerebral infarction; SPAF = Stroke Prevention in Atrial Fibrillation; SR = sinus rhythm; TEE = transesophageal echocardiography; TIA = transient ischemic attack.*From reference 45.†From reference 46.‡Patients were randomly assigned to warfarin and placebo at entry (they were not on any anticoagulants before entry).§From reference 38.‖From reference 20.¶All patients were treated with aspirin, 75 to 325 mg/day. If the CHADS2 score was 2, antiaggregant therapy was switched to oral anticoagulation therapy.Appendix Table 4Variability in Definition of SCIsStudy, Year (Reference)Imaging MethodSection Thickness, mmSection Gap, mmSize ClassificationSCI CharacteristicsShinkawa et al, 1995 (15)Autopsy10–30NRSmall, <1 cm; medium, 1–3 cm; large, 3–5 cm; and massive, >5 cm*Characteristics of SCIs were determined by pathologic examinationYamanouchi et al, 1997 (16)Autopsy10 cerebrum (coronal); 5 cerebellum (sagittal); 3–4 brain stem (axial)NRMassive, >2/3 of cerebral hemisphere involved; large, 1/3 to 2/3 of the hemisphere; medium, <1/3 of the hemisphere; small, <15 mmPathologic lesions to which no specific neurologic symptoms correspondedPetersen et al, 1989 (19)CT10NRLesion size was measured by ruler to the nearest half-millimeter in 2 dimensions and multiplied by the thickness of the sliceLow-density areasPetersen et al, 1989 (32)CT10NRLesion size was measured by ruler to the nearest half-millimeter in 2 dimensions and multiplied by the thickness of the sliceLow-density areasFeinberg et al, 1990 (17)CT4–5 from the base of the brain to the third ventricle; 8–10 mm sections from remainder of the brainNRSmall cortical (largest diameter <2 cm) or large cortical (>2 cm); Small deep (subcortical) infarctions (<1 cm) or large subcortical infarctions (>1 cm)Area of hypodensity with no mass effect or edema in vascular distribution excluding focal dilated sulci, and bilateral and symmetrical deep white matter hypodensityGuidotti et al, 1990 (18)CT10–13†NRNRFocal hypodensityEzekowitz et al, 1995 (33)CT10NRThe size of an infarction was estimated from the maximal lesion dimension in centimeters (x-axis) times the axis perpendicular to the x-axis (y-axis) times the number of 1-cm slices in which the infarction appeared. Lucencies of 4.2 cm3 (corresponding to the volume of a sphere of 2.0 cm in diameter) or greater were considered to be large infarctions.A defect on the CT scan suggestive of SCI in a neurologically normal patient in anterior, posterior, or watershed vascular territories excluding enlarged cortical sulciZito et al, 1996 (34)CT5NRMaximum diameter <1 cmWell-demarcated lesions in vascular distribution, usually involving internal capsule, basal ganglia, corona radiata, or thalamus, excluding ill-defined patchy or diffuse white matter hypointensities in the frontal and occipital horns and trigona of the lateral ventricles, medial cells of the lateral ventricles, and semioval center (i.e., leukoaraiosis) and unaccompanied small caps or pencil-thin linings around the frontal or occipital horns of the lateral ventricleHara et al, 1995 (35)MRINRNR3–18 mmLesions 3–18 mm in diameter distinguished from noninfarction lesions, such as état cribléLongstreth et al, 2002 (14)MRI 1.5T5‡0‡≥3 mmAn area of abnormal signal intensity ≥3 mm in a vascular distribution that lacked mass effect; in gray matter, hyperintense on both spin density and T2-weighted images; in white matter and brain stem, hypointense on T1-weighted images with intensities approaching that of CSF; lacunes were defined as subcortical infarctions 3–20 mm in sizeVermeer et al, 2003 (23)MRI 1.5T5–620%≥3 mmHyperintense on T2-weighted images with corresponding prominent hypointensities on T1-weighted images to exclude cerebral white matter lesions and restricting to lesions ≥3 mm in size and using proton density scans to exclude dilated perivascular spacesStrach et al, 2005 (29)MRI 1.5T5NR<5 mm, 5–10 mm, >10 mmFocal hyperintensities on DWI that later correspond to lesion on T2-weighted and FLAIR sequences; wedge-shaped areas with the typical aspect of a territory infarction or the appearance of clearly newly occurred point-shaped or round lesions with a typical distribution in FLAIR and T2-weighted sequences without evidence of any diffusion abnormality. Diffuse plane hyperintensities in the diffusion imaging and diffusion abnormalities with typical configuration and localization of a vascular border-zone infarction were not regarded as indicative of thrombembolic events.Das et al, 2008 (11)MRI 1T40≥3 mmLesions >3 mm with CSF density on subtraction images distinguished from the circle of Willis vessels for suspected basal ganglia infarctionsKim et al, 2011 (13)MRI 1.5T72≥3–20 mmLesion 3–20 mm in diameter hypointense by T1-weighted images and hypointense surrounded by a hyperintense rim by FLAIR images (excluding lesions <3 mm to exclude dilated perivascular space) and excluded periventricular white matter hyperintensities diagnosed by FLAIR imagesKobayashi et al, 2012 (36)MRI 1.5T70.5≥3 mmLesions ≥3 mm hyperintense on T2-weighted images and hypointense on T1-weighted images. Lesions <3 mm were excluded because there was a high possibility to include dilatation of the perivascular space, demyelination, or gliosis. Separated SCIs from periventricular, and deep and subcortical white matter hyperintensity.Marfella et al, 2013 (12)MRI 1.5T7.8–8.0NR3–15 mmLow signal intensity area (3–15 mm) on T1-weighted images that was also visible as a hyperintense lesion on T2-weighted images. All SCIs detected were lacunar infarctions <15 mm.Saito et al, 2014 (37)MRI 1.5T5.51NRA cerebral infarction was defined as a focal hypointense lesion with a hyperintense rim on the FLAIR sequence images, with a corresponding hyperintensity on the T2-weighted images and corresponding hypointensity on the T1-weighted images.CSF = cerebrospinal fluid; CT = computed tomography; DWI = diffusion-weighted imaging; FLAIR = fluid-attenuated inversion recovery; MRI = magnetic resonance imaging; NR = not reported; SCI = silent cerebral infarction.*The infarction size in all cases could not be measured because autopsy materials were not available for all cases.†Obtained from searching the brochure of the EMI 1010 CT scan model.‡From reference 38.Appendix Table 5Criteria for Differentiating SCIs From Leukoaraiosis and Virchow-Robin SpacesMRI LesionLocationT1-Weighted ImagingT2-Weighted ImagingFLAIRShape/AppearanceSizeWMH or leukoaraiosisPeriventricular vs. deep vs. subcortical WMHIsointense or mildly hypointense to brain parenchymaHyperintenseHyperintensePunctate, small foci; or cap, pencil-thin lining; or nodular bandVariableSCIsAlong vascular territories: Anterior circulation (anterior cerebral artery and middle cerebral artery); posterior circulation (posterior cerebral artery, basilar artery, superior cerebellar artery, anterior inferior cerebellar artery, and posterior inferior cerebellar artery); watershed territories (anterior and posterior external watershed, internal watershed, and cerebellar watershed)Markedly hypointense similar to CSFHyperintense (similar to CSF)Hyperintense or hypointense with no mass effect*Focal, sharply demarcated, regularly or irregularly shaped areas≥3 mm (variable)Enlarged perivascular spaces or Virchow-Robin spaces or état criblé†White matter (subregions of the frontal lobe, temporal lobe, parietal lobe, occipital lobe, and the centrum semiovale), basal ganglia region (including the caudate, lentiform nuclei, thalamus, internal capsule, substantia innominata, and insular area), brain stem, and hippocampal area (including the hippocampus, parahippocampal gyrus, and amygdalae)HypointenseHyperintenseHypointense (CSF-like content without abnormal surrounding signal intensity)Small areas in the basal ganglia and centrum semiovale that follow the orientation of penetrating arterioles. They appear linear when parallel and dot-like when perpendicular to the imaging plane.<3 mm‡CSF = cerebrospinal fluid; FLAIR = fluid-attenuated inversion recovery; SCI = silent cerebral infarction; WMH = white matter hyperintensity.*Some lacunar infarctions may not progress to lacunes (i.e., they will not develop a cavity and remain hyperintense; therefore, they will be indistinguishable from nonspecific white matter lesions).†When there are several perivascular spaces, the brain can have a colander-like appearance referred to as état criblé.‡Rarely huge perivascular spaces may be seen, which can have positive mass effect.
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