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Background: Left atrial (LA) myopathy is thought to be associated with silent brain infarctions (SBI) through changes in
blood flow hemodynamics leading to thrombogenesis. 4D-flow MRI enables in-vivo hemodynamic quantification in the left
atrium (LA) and LA appendage (LAA).
Purpose: To determine whether LA and LAA hemodynamic and volumetric parameters are associated with SBI.
Study Type: Prospective observational study.
Population: A single-site cohort of 125 Participants of the multiethnic study of atherosclerosis (MESA), mean age:
72.3 � 7.2 years, 56 men.
Field Strength/Sequence: 1.5T. Cardiac MRI: Cine balanced steady state free precession (bSSFP) and 4D-flow sequences.
Brain MRI: T1- and T2-weighted SE and FLAIR.
Assessment: Presence of SBI was determined from brain MRI by neuroradiologists according to routine diagnostic criteria
in all participants without a history of stroke based on the MESA database. Minimum and maximum LA volumes and ejec-
tion fraction were calculated from bSSFP data. Blood stasis (% of voxels <10 cm/sec) and peak velocity (cm/sec) in the LA
and LAA were assessed by a radiologist using an established 4D-flow workflow.
Statistical Tests: Student’s t test, Mann–Whitney U test, one-way ANOVA, chi-square test. Multivariable stepwise logistic
regression with automatic forward and backward selection. Significance level P < 0.05.
Results: 26 (20.8%) had at least one SBI. After Bonferroni correction, participants with SBI were significantly older and had
significantly lower peak velocities in the LAA. In multivariable analyses, age (per 10-years) (odds ratio (OR) = 1.99 (95%
confidence interval (CI): 1.30–3.04)) and LAA peak velocity (per cm/sec) (OR = 0.87 (95% CI: 0.81–0.93)) were significantly
associated with SBI.
Conclusion: Older age and lower LAA peak velocity were associated with SBI in multivariable analyses whereas
volumetric-based measures from cardiac MRI or cardiovascular risk factors were not. Cardiac 4D-flow MRI showed poten-
tial to serve as a novel imaging marker for SBI.
Level of Evidence: 3
Technical Efficacy: Stage 2
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Silent brain infarctions (SBI, also called silent cerebral or
subclinical brain infarctions) are thought to affect

�10%–20% of people 60 years or older.1,2 Associations
between SBI and cognitive dysfunction, psychiatric disorders,
hypertension, and early mortality are well-established.1–5

However, many studies on SBI have been performed in indi-
viduals with both symptomatic and subclinical brain
infarcts.6,7 Furthermore, several cohorts have included
patients with atrial fibrillation (AF) who had undergone cath-
eter ablation, which is known to increase risk for SBI.8–11

Cardiac atrial enlargement was first linked to SBI, at
least 30 years ago.12 As then, AF, which causes left atrial
(LA) remodeling and, therefore, LA enlargement has also
been associated with SBI.13,14 However, the recently
described concept of atrial myopathy, in the presence or
absence of AF, might play an important role in the develop-
ment of SBI.15 While this includes features such as LA
enlargement and reduced LA function, Shen et al described a
potential link between LA myopathy and subsequent changes
in blood flow dynamics potentially resulting in thrombus for-
mation in the LA and/or LA appendage (LAA).15 These could
ultimately lead to the development of SBI (Fig. 1). 4D-flow
MRI enables evaluation of volumetric LA flow hemodynam-
ics in vivo.16 Blood stasis or reduced peak blood flow velocity,
could lead to intracardiac thrombus formation, and these
parameters can be quantified in the entire LA and/or
LAA.17,18 The associations of these parameters with SBI are
unclear.

Thus, the aim of this study was investigating the associ-
ations between SBI and LA parameters derived from cardiac
MRI including 4D-flow parameters in study participants
without known brain infarction.

Material and Methods
Study Cohort
The institutional review board approved this study, and all
participants gave written informed consent. This was a single-
center, sub-study of participants who were recruited from the
ongoing multiethnic study of atherosclerosis (MESA).19 At
baseline (2000–2002), participants in MESA were recruited
from the general populations of six cities in the
United States, were free from cardiovascular (CV) disease,
and were aged 45–84 years. Participants have been followed
for more than two decades, including a total of six detailed
in-person examinations, and regular follow-up contacts by
phone and mail for interim events. In 2018–2019, a subset
of MESA participants was enrolled in an ancillary study that
included assessment of cardiac rhythm for presence of AF as
well as a brain MRI.20 We invited MESA participants at our
site to undergo an additional cardiac MRI including a
4D-flow study (2018–2020). The MESA participants at our
institution included White, Chinese ancestry and Black

participants. Inclusion criteria were previous enrollment and
ongoing participation in MESA and completion of the brain
MRI as part of the ancillary study. Participants with a history
of either symptomatic stroke (n = 2) or transient ischemic
attack (TIA, n = 2) were excluded from this analysis.

Demographic and CV risk data were available through
the latest MESA examination (2016–2018).21 Covariates
included age, sex, race, body mass index (BMI), diabetes,
arterial hypertension, history of AF, current/former smoking,
alcohol consumption, and reduced left ventricular
(LV) function in cardiac MRI. Criteria for clinical data in
MESA, including definition of diseases such as diabetes or
hypertension, have been described elsewhere.21 AF was
defined as described in the ancillary MESA study as 1) AF on
study electrocardiogram (ECG), 2) hospital discharge diagno-
sis of AF based on International Classification of Diseases,
9th Revision, 3) AF claims data from Medicare, or 4) at least
30 sec of AF on 2–3 14-day ECGs (ZioPatch, iRhythm,
USA) between 2016 and 2020.22 The latter were performed
in order to detect subclinical AF. Furthermore, we calculated
the CHA2DS2-VASc score for each participant; this score
comprised of clinical prediction rules for estimating the risk
of stroke in people with nonrheumatic AF.23 Information
regarding events (stroke, TIA, prior myocardial infarction and
peripheral artery disease) were available through MESA event
records and procedures to obtain respective data were previ-
ously described.24

Brain MRI
As mentioned above, Brain MRI were acquired as part of an
ancillary study of AF in MESA.20 Brain MRI were performed
on 3T MRI systems (Prisma, Siemens Healthcare, Germany)
and included isotropic T1- and T2-weighted and fluid atten-
uated inversion recovery (FLAIR) sequences, as previously
described.25

SBI Assessment
Three board certified neuroradiologists (author 5 (14 years of
experience after fellowship), author 6 (11 years of experience
after fellowship), author 7 (22 years of experience after fellow-
ship)) each read a fraction of 43 brain MRI for SBI. Criteria
used were: largest diameter ≥3 mm, hyperintense on
T2-weighted images, hypointense on T1-weighted and

FIGURE 1: Potential mechanism between atrial myopathy and
silent brain infarctions. Atrial myopathy causes changes in blood
flow hemodynamics, which support a prothrombotic state in the
LA and left atrial appendage. As a result, microthrombi develop,
which get dislodged to the brain, ultimately causing silent brain
infarcts.
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FLAIR images and distinct separation from the vessels and
perivascular spaces.26 To calibrate, the three readers first read
the same 20 cases to achieve 100% agreement on the reading
protocol. SBI were categorized by number of lesions and loca-
tion in the brain (caudate, centrum semiovale, cerebellum,
corona radiata, frontal lobe, parietal lobe, parietal white mat-
ter, periatrial white matter, putamen, and thalamus). For
interobserver variability, two neuroradiologist read the same
20 cases regarding the presence of SBI.

Cardiac MRI
Unenhanced MRI exams were performed on a 1.5T scanner
(Aera, Siemens Healthcare, Germany). All participants under-
went MRI including retrospective ECG-gated, time-resolved
(CINE) balanced steady-state free precession (bSSFP) imaging
in short axis (SAX) orientation covering both the left ventricle
and the entire left atrium (LA). bSSFP parameters were:
TE = 1.2 msec, TR = 35.5 msec, flip angle = 59�,
resolution = 1.8 � 1.8 mm2, slice thickness = 6 mm, slice
gap = 3 mm, interslice distance = 9 mm, field of view
(FOV) = 340 � 308, matrix = 192 � 180, number of car-
diac time frames = 25. Furthermore, retrospective ECG
gated time-resolved 3D phase-contrast (PC) MRI with 3D
velocity encoding (4D-flow) was acquired in coronal orienta-
tion during free breathing (see Fig. S1 in the Supplemental
Material for overview of coverage). 4D-flow parameters were:
TE = 2.44 msec, TR = 5.16 msec, flip angle = 7�,
resolution = 2.5 � 2.5 � 2.5 mm3, FOV = 480 � 400,
matrix = 192 � 120, number of cardiac time frames = 22,
velocity sensitivity (VENC) = 120 cm/sec, compressed sens-
ing with acceleration factor R = 10; the 4D-flow scanning
protocol is in accordance with the current 4D-flow consensus
statement by the Society of Cardiovascular Magnetic
Resonance.27

4D-Flow Analysis
4D-flow data sets were pre-processed by correcting for Max-
well terms and Eddy currents using a self-developed tool.
Based on this, a 3D-PC MR angiography series was calcu-
lated. This was the bases for LA and LAA segmentations.
One CV radiologist (author 1, 7 years of experience) per-
formed these segmentations in a dedicated software (Mimics,
Materialise, Belgium). These segmentations were used to
extract velocity parameters. Blood stasis was calculated as the
relative number of voxels <0.1 m/sec per time point over
the total number of time points. Peak velocity was calculated
as the top 5% of voxels per cardiac time point. Analysis has
been described in more detail elsewhere when the workflow
was first established.18 The analysis is summarized in Fig. 2.
For assessment of interobserver variability of 4D-flow parame-
ters, a trainee with 4 years of experience segmented the LA
and LAA in 13 cases (10% of the entire cohort).

LA and LV Analysis
LA contours were delineated by the CV radiologist on each
SAX bSSFP slice and time point with LA visible and then
combined into a 3D volume using a MATLAB-based soft-
ware. The respective volume-time curves were used to extract
maximum (LAVmax) and minimum volumes (LAVmin). These
were also normalized by the participants body surface area
(BSA) to generate indexed maximum (LAVImax) and mini-
mum volume (LAVImin). Furthermore, total LA emptying
fraction (LAEF) was also calculated.

For LV assessment, LV endocardial and epicardial bor-
ders were contoured semiautomatically using commercial soft-
ware (cvi42, Circle Cardiovascular Imaging, Canada).

Interobserver variability was previously reported.28

Statistical Analyses
Statistical analyses were performed in Python (Version 3.8,
Python Software Foundation, USA) using the SciPy pack-
age.29 After testing for normality (Kolmogorov–Smirnov test),
continuous variables were compared between SBI and non-
SBI groups with either the Student’s t test or the Mann–
Whitney U test. Race was compared using one way ANOVA,
followed by post hoc analysis. Discrete variables were com-
pared using the chi-square test.

Univariable logistic regression analysis was performed
followed by multivariable stepwise logistic regression with
automatic forward and backward selection was used to inves-
tigate the association of cardiac and other variables with the
presence of SBI (dependent variable). Independent variables
were demographics (age, sex, and race) and CV risk factors
(hypertension, diabetes, BMI, history of AF, alcohol con-
sumption, smoking, and CHA2DS2VASc score), LA and
LAA stasis and peak velocity, (indexed) LA volumes,
LAEFtotal and LV parameters. A P value <0.05 was considered
statistically significant with the exception of comparisons
between SBI and non-SBI groups for which Bonferroni cor-
rection was applied resulting in a P value of 0.0019 (0.05/26
tests). Interobserver variability was assessed by Cohen’s Kappa
regarding the presence or absence of SBI and intraclass coeffi-
cient (ICC) for 4D-flow parameters.

Results
Study Cohort
We invited 240 MESA participants from our institution who
had previously undergone brain MRI as part of a MESA
ancillary. Mainly because of concerns of being exposed to
COVID-19, 107 participants could not be recruited/
included. Furthermore, we excluded four participants with a
history of stroke (n = 2) or TIA (n = 2) and four other par-
ticipants due to poor image quality of the cardiac 4D-flow
MRI. Mean time between brain and cardiac MRI was
305 � 155 days.
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Overall, 125 participants were included in this study
(Fig. 3). Baseline data are shown in Table 1. Mean age was
72.3 � 7.2 years and 69 (55%) participants were female.
Race was self-reported as Asian American (34%), Black
(25%), or White (42%). Hypertension was present in 58%
of participants, diabetes in 14%, and 12% had a history of
AF. Participants with SBI were significantly older
(76.8 � 8.5 vs. 69.0 � 4.5 years) and also had a significantly
higher CHA2DS2VASc Score.

Silent Brain Infarcts
On brain MRI, 26/125 (20.8%) participants showed at least
one SBI: 17/26 participants (65.4%) had a single SBI lesion,
6 (23.1%) had 2 lesions, 1 (3.8%) had 3 lesions and
2 (7.6%) had 4 lesions. In total, 40 SBI lesions were found
(Table 2, example cases in Fig. 4).

LA Parameters and SBI
In unadjusted analyses, of all LA and LAA parameters from
4D-flow and CINE assessment, only LAA peak velocity

showed significant differences between the SBI and non-SBI
groups (Table 3).

LV Parameters and SBI
There were no significant difference between LV end-
diastolic, end-systolic, or stroke volumes as well as LV ejec-
tion fraction (Table 3).

Univariable Logistic Regression
Significant univariable associations with SBI were found for
age (per 10-years, Odds ratio [OR]: 2.73 (95% CI: 1.51–
4.97)), hypertension (OR: 3.01 (95% CI: 1.12–8.14)),
CHA2DS2VASc score (OR: 1.68 (95% CI: 1.11–2.53)), and
all LA and LAA hemodynamic parameters, (indexed) LA vol-
umes, and LAEFtotal. Details can be found in Table 4.

Multivariable Logistic Regression Model
In adjusted analysis, LAA peak velocity (OR: 0.87 (95% CI:
0.81–0.93) per cm/sec) and age (OR: 1.99 (95% CI: 1.30–
3.04) per 10-years) were significantly associated with the

FIGURE 2: 4D-flow analysis of the LA and left atrial appendage. 4D-flow MRI data were preprocessed and a 3D phase contrast MR
angiogram was created and used for segmenting the LA and LAA. These 3D volumes were used in conjunction with parametric maps
to quantify peak velocity and stasis. LA = left atrium; LAA = left atrial appendage.
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presence of SBI (Table 5). No additional 4D-flow parameter,
volumetric-based parameter or other demographic or CV risk
factor was associated with SBI.

Interobserver Variability
Interobserver assessment by two readers regarding the pres-
ence or absence of SBI showed an agreement in 19/20 cases,
resulting in κ = 0.93.

ICC for 4D-flow parameters: LA peak velocity = 0.96
(95% CI: 0.88–0.99), LA stasis = 0.98 (95% CI: 0.93–
0.99), LAA peak velocity = 0.93 (95% CI: 0.80–0.98), and
LAA stasis = 0.98 (95% CI: 0.94–0.99).

Discussion
In this study, we investigated the associations between LA
parameters associated with LA myopathy and the presence of
SBI in a sample of older individuals, most of whom were not
diagnosed with AF, and none of whom had a previous history
of clinical stroke. Unadjusted analyses of demographics, LA
flow and functional parameters showed that age,
CHA2DS2VASc Score and peak LAA peak velocity was sig-
nificantly different between participants with SBI compared
to their non-SBI counterparts. However, after adjustment,
only lower LAA peak velocity continued to be associated with
SBI, whereas age was also retained in the analysis. These data
suggest that LAA flow dynamics may contribute to SBI.

Role and Prevalence of SBI
SBI are important because they are precursors of, or risk fac-
tors for, symptomatic stroke.30 Other studies on cardiac risk
factors for SBI have been performed in populations with
symptomatic strokes (which was likely the reason for imaging
in the first place) or after cardiac catheter intervention, which
is known to be associated with SBI, and these studies might
have overestimated the prevalence of SBI.9,11,12 In this study,
we investigated cardiac structural and functional factors asso-
ciated with SBI in a cohort free from stroke. Moreover, we
used the criteria for diagnosing SBI from MRI.26 Thus, the
prevalence of SBI observed in this study is similar to other
multiethnic cohorts in the age range.31,32

Associations between Conventional Left Atrial
Parameters with SBI
The association of LA enlargement with SBI was previously
shown by Mounier-Vehier et al who investigated a cohort of
patients with symptomatic stroke.12 One-hundred and sixteen
patients, out of a total 595 patients (19%), had at least one
SBI on cerebral CT in addition to the lesion attributed to the
symptomatic stroke. Left atrial enlargement in echocardiogra-
phy (OR = 5.23) was associated with SBI, as was
age ≥ 65 years. The number of participants in their study
with LA enlargement was small overall but significantly
higher in patients who also had SBI. In our sample, we also
found that participants with SBI had larger LA, but this

FIGURE 3: Flow chart. Flow chart of study cohort.
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association was not significant after Bonferroni correction for
multiple tests. Furthermore, it did not persist in adjusted
analysis. Russo et al and Mannina et al described reduced
LAEF representing impaired LA function using echocardiog-
raphy in a similar population-based study, however, this was
not observed in our study after correction for multiple
tests.33,34

Left Atrial Hemodynamics by 4D-Flow MRI and
Potential Implications on SBI
Blood flow assessment using 4D-flow MRI is different from
echocardiographic- or 2D phase contrast MRI-based flow
assessment because it enables assessment of volumetric flow as
a time-resolved, 3D quantitative method.16,18 In this study,
we found that participants with SBI also had significantly
impaired flow characteristics in terms of higher stasis and

lower peak velocities in both LA and LAA whereas only
decreased LAA peak velocity remained significant after correc-
tion of multiple tests. This finding is of relevance since LA
myopathy is expected to impact both LA function and blood
flow dynamics.15 In general, three mechanisms are thought to
be associated with SBI: 1) embolisms, 2) impaired cardiac
output, and 3) indirectly through shared risk factors such as
hypertension or LV dysfunction.35 Changes in LA flow could
contribute to thrombus formation leading to SBI in different
locations, mainly in cortical and potentially also subcortical
regions.10,36,37 However, subcortical SBI may also be associ-
ated with factors such as impaired cardiac output, LV dys-
function or hypertension, which are unrelated to or in
addition to impaired LA function.7,38 Our results suggest that
hemodynamics might hold additional information compared
with conventional volumetry-based parameters in regard to

TABLE 1. Baseline Characteristics

Parameter Entire Cohort No SBI SBI P Value

Number of participants 125 99 (79.2%) 26 (20.8%)

Age (years) 72.4 � 7.2 69.0 � 4.5 76.8 � 8.5 <0.001

Sex (female) 69 (55.2%) 55 (55.6%) 14 (53.8%) 0.95

Race 0.18

Black 31 (24.8%) 21 (21.2%) 10 (38.5%)

Asian American 42 (33.6%) 34 (34.3%) 8 (30.8%)

White 52 (41.6%) 44 (44.4%) 8 (30.8%)

BMI (kg/m2) 26.5 � 5.1 26.6 � 5.0 26.1 � 5.5 0.543

Cardiovascular risk factors

Diabetes 18 (14.0%) 14 (14.1%) 4 (15.4%) 0.92

Hypertension 72 (57.6%) 52 (52.5%) 20 (76.9%) 0.04

History of AF 15 (12.0%) 9 (9.1%) 6 (23.1%) 0.11

Alcohol consumption 64 (51.2%) 53 (53.5%) 11 (42.3%) 0.42

Current/former smoker 60 (48.0%) 48 (48.5%) 12 (46.2%) 0.99

CHA2DS2VASc score <0.001

0 7 (5.6%) 6 1

1 13 (10.4%) 11 2

2 44 (35.2%) 37 7

3 39 (31.2%) 36 3

4 18 (14.4%) 6 12

5 3 (2.4%) 2 1

6 1 (0.8%) 1 0

Note: p value (bold) equals statistical significance after Bonferroni correction.
Abbreviations: BMI = body mass index; SBI = silent brain infarction.
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SBI, although, further research to validate this hypothesis is
required.

MRI Parameters and CV Risk Factors Associated
with SBI
In our study, comparisons between SBI and non-SBI groups
after correction for multiple tests as well as multivariable
logistic regression analysis including both volumetric and 4D-
flow-based LA and LAA parameters identified LAA peak
velocity as the sole imaging-based parameter that was associ-
ated with SBI. This indicated that impaired flow as a func-
tional parameter was superior to structural/size-based
parameters. Increased age is potentially the best-established
factor associated with SBI: several studies and a meta-analysis
have reported this association.2,8,12 Our results also confirmed
increased age to be associated with SBI, in both univariable as
well as multivariable analyses. We also examined other factors

that might be associated with SBI, in addition to older age
and LA flow parameters. We did not find associations with
history of hypertension, AF, diabetes, obesity, alcohol con-
sumption, smoking, race or sex, concordant with the results
of a previous meta-analysis.2 Vermeer et al did find an associ-
ation with hypertension in their general population study31

and Russo et al found history of AF to be associated with SBI
in univariable models.33 Russo et al defined AF as present
during echocardiography or self-reported whereas in our
study, we also aimed to detect asymptomatic AF using stan-
dardized monitoring tools. Kühne et al investigated the occur-
rence of SBI in a large AF cohort, reporting new SBI in 5.5%
of patients after 2 years.39 They attributed their finding pri-
marily to AF but the association with age was also significant
in their cohort. The overall incidence of SBI was within the
range of 2%–4%/year found in general populations, which
highlights the importance of aging in the development of
SBI.2,39 We also investigated the interrelation between
CHA2DS2VASc score and SBI in our cohort. While we
found that participants with SBI had a higher
CHA2DS2VASc score in univariable comparisons, it was not
associated with SBI in the multivariable model.

Limitations
First, this was a single vendor scanner study which may limit
generalizability. 4D-flow MRI is a relatively new technique,
and whereas other MRI vendors provide 4D-flow, perfor-
mance across sites and scanners might differ. The stasis cut-
off of 0.1 m/sec (which was previously established) and the
usage of static segmentations for 4D-flow parameter calcula-
tion might have impacted our results, potentially under-
estimating the role of stasis in this study. Second, regarding
SBI, we cannot exclude the possibility that some SBI lesions
were not actually silent; however, we excluded all participants
(n = 4) with a known history of stroke or TIA. In addition,
given our sample size of 125 participants, it is possible that
we missed factors associated with SBI, especially characteris-
tics that were less prevalent. This is also relevant in the con-
text of subcortical SBI since these are less likely caused by LA
myopathy; however, the sample size and prevalence of SBI in
our study were too small to further investigate these
subgroups.

Third, for practical reasons, the brain MRI was acquired
prior to the cardiac MRI with 4D-flow (median (IQR) time
between cardiac and brain MRI: 340.5 (221.5) days). There-
fore, we cannot be sure that the cardiac abnormalities pre-
ceded the occurrence of the SBI. Diffusion-weighted imaging
was not part of the brain MRI protocol, which might have
impacted the sensitivity, however, neuroradiologists showed
high agreement regarding the presence of SBI in this study.
Furthermore, left truncation in survival as a form of selection
bias might have occurred.40 Lastly, some LA parameters
showed high collinearity which could affect multivariable

TABLE 2. Distribution of SBI in Study Cohort

Parameter

Number of participants with ≥1 SBI 26

Total number of SBI lesions 40

Number of lesions per participant

One lesion 17

Two lesions 6

Three lesions 1

Four lesions 2

Brain hemisphere

Left 17

Right 23

Location

Corona radiata 9

Periatrial white matter 6

Cerebellum 5

Frontal lobe 3

Thalamus 3

Putamen 4

Parietal periventricular white matter 3

Centrum semiovale 3

Parietal lobe 2

Caudate 2

SBI = silent brain infarction.
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FIGURE 4: Example cases. Three example cases of brain MRI and 4D-flow analysis of peak velocity and stasis in the LA and LAA. (a)
An 81-year-old female participant without SBI. (b) An 85-year-old female participant presenting with a right periatrial SBI lesion and
(c) a 64-year-old male participant with an SBI in the left cerebellum. Cases (b) and (c) with SBI demonstrate relatively lower LA and
LAA peak velocities as well as relatively higher stasis compared with case (a). These findings indicate impaired flow in both LA and
LAA when SBI were found. LA = left atrium; LAA = left atrial appendage; SBI = silent brain infarction.

TABLE 3. Comparisons of Left Atrial and Left Ventricular Parameters Between the Groups With and Without SBI

Parameter No SBI (n = 99) SBI (n = 26) P Value

4D-flow based

LA stasis (%) 44.0 � 13.5 49.0 � 12.5 0.021

LA peak velocity (cm/sec) 41 � 4 39 � 7 0.014

LAA stasis (%) 61.4 � 9.3 67.2 � 12.3 0.01

LAA peak velocity (cm/sec) 47 � 4 43 � 7 0.001

Volumetric based

LAVmax (mL) 64.1 � 18.4 75.1 � 29.5 0.02

LAVmin (mL) 31.4 � 12.4 44.1 � 31.1 0.002

LAEF (%) 51.0 � 10.0 45.5 � 15.6 0.031

LAVImax (mL/m2) 34.9 � 10.0 42.7 � 18.8 0.005

LAVImin (mL/m2) 16.4 � 5.6 18.7 � 13.2 0.039

LV parameters

EDV 100.9 (44.6) 118.1 (53.2) 0.94

ESV 34.6 (17.6) 31.7 (19.3) 0.81

SV 70.5 � 19.5 70.9 � 24.2 0.92

LVEF 66.6 � 7.4 66.3 � 8.5 0.82

Note: Parameters are mean � standard deviation (normal distribution) or median (interquartile range). p value (bold) equals statistical
significance after Bonferroni correction.
Abbreviations: EDV = end-diastolic volume; ESV = end-systolic volume; LA = left atrial; LAA = left atrial appendage; LAEF = left
atrial emptying fraction; LAV = left atrial volume; LAVI = left atrial volume indexed (to body surface area); LVEF = left ventricular
ejection fraction; SV = stroke volume.
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modeling. However, only one parameter, LAA peak velocity,
was selected in this analysis and if excluded, no other parame-
ter was selected which overall supports our findings.

Transesophageal echocardiography was not acquired for this
study; therefore, we were not able to compare 4D-flow MRI-
derived parameters with echocardiography-based parameters.

TABLE 4. Results From Univariable Logistic Regression Analyses

Variable OR 95% CI P-Value

Age (per 10 years) 2.73 1.51–4.97 0.001

Sex 1.07 0.45–2.55 0.876

Race 1.62 0.94–2.79 0.082

BMI 0.98 0.9–1.07 0.654

Diabetes 1.09 0.71–1.66 0.698

Hypertension 3.01 1.12–8.14 0.03

History of AF 3.00 0.96–9.39 0.059

Alcohol consumption 0.64 0.27–1.52 0.31

Current/former smoker 0.98 0.45–2.17 0.967

CHA2DS2VASc score 1.68 1.11–2.53 0.013

LA stasis 1.04 1.01–1.08 0.017

LA peak velocity 0.90 0.83–0.98 0.019

LAA stasis 1.06 1.01–1.11 0.013

LAA peak velocity 0.88 0.8–0.96 0.005

LAVmax 1.02 1–1.04 0.027

LAVmin 1.03 1.01–1.06 0.013

LAEF 0.96 0.93–1 0.038

LAVImax 1.04 1.01–1.08 0.011

LAVImin 1.06 1.01–1.11 0.01

LVEDV 1.00 0.99–1.02 0.807

LVESV 1.01 0.98–1.03 0.713

LVSV 1.00 0.98–1.02 0.92

LVEF 0.99 0.94–1.05 0.818

95% CI = 95% confidence interval; LA = left atrium; LAA = left atrial appendage; LAV = left atrial volume; LAEF = left atrial emp-
tying fraction; LAVI = left atrial volume indexed; LVEDV = left ventricular end-diastolic volume; LVEF = left ventricular ejection
fraction; LVESV = left ventricular end-systolic volume; LVSV = left ventricular stroke volume; OR = odds ratio.

TABLE 5. Results From Automatic Stepwise Multivariable Logistic Regression Analysis.

Parametera Odds Ratio 95% CI P Value

Age (per 10 years) 1.99 (1.30–3.04) 0.002

LAA peak velocity (per cm/sec) 0.87 (0.81–0.93) <0.001

aOnly significant parameters are identified by the stepwise regression model.
CI = confidence interval; LAA = left atrial appendage.
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Conclusion
In this study of older stroke-free individuals, mostly without
known AF, we found older age and lower LAA peak velocity
to be associated with SBI. While older age has been
established as a risk factor of SBI, lower LAA peak velocity
derived from 4D-flow MRI may be novel risk factor for SBI.
Our results suggest to investigate the association of SBI and
atrial flow hemodynamics in a prospective study.
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