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Abstract

Background: Embolic stroke of undetermined source (ESUS) accounts for up to 25% of strokes. Understanding risk
factors associated with ESUS is important in reducing stroke burden worldwide. However, ESUS patients are younger
and present with fewer traditional risk factors. Significant global variation in ESUS populations also exists making the
clinical picture of this type of stroke unclear.

Methods and results: ESUS patients were pair matched for age, sex, and ethnicity with a group of all other strokes
(both n=331). Exploratory factor analysis was applied in both groups to 14 risk and clinical factors to identify latent
factors. In ESUS patients, two latent factors emerged consisting primarily of heart-related variables such as left ven-
tricular wall motion abnormalities, reduced ejection fraction, and increased left atrial volume index, as well as aortic arch
atherosclerosis. This is in comparison to the all other strokes group, which was dominated by traditional stroke risk
factors.

Conclusions: Our findings support the existence of a unique pattern of risk factors specific to ESUS. We show that
LVWMA and corresponding changes in left heart function are a potential source of emboli in these patients. In addition,
the clustering of aortic arch atherosclerosis with left heart factors suggests a causal link. Through the application of

exploratory factor analysis, this work contributes to a further understanding of stroke mechanisms in ESUS.
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Introduction

Since its formal characterization,! embolic stroke of

undetermined source (ESUS) has generated much inter-
est. Several risk factors have been associated with an
ESUS diagnosis, such as aortic arch atherosclerosis,’
hypertension,> and left ventricular wall motion
abnormalities (LVWMA).* However, the clinical pic-
ture of ESUS remains unclear with covert atrial fibril-
lation the most widely speculated upon cause.>

One of the difficulties in identifying risk profiles for
ESUS patients is the consistent finding that they are
younger and carry fewer traditional risk factors than
other forms of stroke diagnosis.” Another difficulty is
the global variation in ESUS populations, likely stem-
ming from genetic and culturally determined factors.®’
In addition, the majority of work on this topic uses
multivariate statistics to show how risk factors differ
from other forms of stroke diagnoses (or normal

populations) but not how they manifest in ESUS only
populations.

To address these issues, this study applies explora-
tory factor analysis to investigate the interactions
between risk factors for ESUS while controlling for
age, sex, and ethnicity. Exploratory factor analysis
assesses underlying interactions between variables and
specifies latent factors."® Latent (meaning “hidden’)
variables are unobserved but identified through
shared features of observed variables. The usefulness
of understanding risk factor interactions in this way is
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highlighted by metabolic syndrome, whereby vascular
risk and metabolic abnormalities combine to confer
increased cerebro- and cardiovascular hazard."" To
our knowledge, no studies have explored similar clus-
tering of risk factors in ESUS patients and this work is
the first to do so.

Methods

Stroke data were prospectively collected at a tertiary
referral center between 1 January 2017 and 31 March
2020. Stroke subtypes were classified according to
TOAST criteria by stroke neurologists.'> ESUS diag-
nosis was confirmed using criteria described by Hart
et al.! Each patient underwent vascular imaging using
cervico—cranial magnetic resonance angiography, com-
puted tomography angiography, digital subtraction
angiography, and/or carotid Doppler studies.
Transthoracic echocardiogram and Holter for at least
24-48 h were also performed. Patients with large PFO
were excluded.

Seventeen risk factors were studied as determined by
the literature and stroke neurologists. These were; age,
sex, and ethnicity (used for pair matching), hyperten-
sion (HTN), diabetes mellitus (DM), dyslipidemia
(DYSLIP), smoking, coronary artery disease (CAD),
left atrial volume index (LAVI), ejection fraction
(EF), left ventricular diastolic dysfunction (LVDD),
mitral calcification (MITCAL), aortic arch atheroscler-
osis (AAA), left ventricular wall motion abnormalities
(LVWMA), aortic root diameter (ART), left ventricu-
lar mass index (LVMI), and regional wall thickness
(RWT).

Data analysis

Where appropriate, variables were converted to binary
or categorical outcomes. Two data sets were created;
one composed of ESUS patients and the second, all
other strokes. All other strokes consisted of non-
cardioembolic, multiple etiologies, and cardioembolic
strokes. All other strokes served as a comparator to
validate the underlying pattern of clinical and risk fea-
tures identified in ESUS were unique to that diagnosis.
Pair matching was based first on sex, then country of
origin, followed by age (within two years). Unless a
match for all three was found, the patient was excluded.

Statistical analysis

Descriptive analysis was performed using Statistical
Package for Social Sciences Version 24.0."°
Continuous data are presented as mean and standard
deviation (M, £SD) with absolute numbers and per-
centage reported for categorical variables. To explore

differences in clinical and risk factors between ESUS
and all other strokes, N-1 Chi square test of propor-
tions was used.'

Exploratory factor analysis was applied to each data
set using Mplus version 6.12, with mean- and variance-
corrected-weighted least squares (WLSMV) and
Geomin rotation.'> Model fit cut-off values were >.90
for comparative fit index (CFI) and Tucker Lewis index
(TFI) with root mean square error of approximation
(RMSEA) <.08. Loadings >.3 indicated satisfactory
contribution to a latent variable.'® See Supplementary
Material 1 for full description of exploratory factor
analysis.

Results

From 2706 stroke patients, 654 (24.2%) were diagnosed
with ESUS. Excluded were 196 (30.0%) for missing
data and 127 (27.7%) where no match could be found
leaving 331 ESUS patients coupled with 331 all other
strokes. In all other strokes, 244 (73.7%) were non-
cardioembolic (large artery disease and small vessel dis-
ease), 50 (15.1%) multiple aetiologies, and 37 (11.2%)
cardioembolic. Mean age was the same for each group
(51.1 years) with approximately half of patients above
55 years (48.3% vs. 51.7%). Males were 89.4% in both
groups with Indians the largest nationality 104 (31.4%).
More ESUS patients had LVWMA (p=.001), EF
below 30.0 (p=.007), LAVI above >40mL/m>
(p=.005), and severe LVDD (p=.024). In contrast,
all other stroke patients had more severe RWT
(p=.001) (Table 1).

In the ESUS group, a final two-factor model was
identified (x*=56.4, df, 53, RMSEA, 0.01, CFI, 1.00,
TFI, 1.00). In the first latent factor “Cardiac 1, the
highest loading variable was LVWMA (— 0.98), which
was negatively correlated (LVWMA were coded 0-2
for none, focal, and global) followed by EF (0.71)
and LAVI (0.48) (see Figure 1, Table 2). The second
latent factor “Cardiac 2” also included heart-related
features, LVDD (0.36), and LVMI (0.32) clustered
with aortic arch atherosclerosis (0.50), and dyslipidemia
(—0.43). Aortic arch atherosclerosis was the dominant
Cardiac 2 contributor and the only positively loading
non-heart feature found in ESUS patients. The correl-
ation between Cardiac 1 and Cardiac 2 was moderate
(0.34).

In the all other strokes data, a two-factor model also
emerged (x>=064.7, df, 53, RMSEA, 0.03, CFI, 0.98,
TFI, 0.97). The first latent factor “AOS Heart” mir-
rored ESUS findings and included LVWMA (1.0) and
EF (—0.83) but loaded in reverse meaning that normal
or focall LVWMA and normal or mild/EF, clustered
with the third contributor, LAVI (0.48), (see Figure 1,
Table 2). A second latent factor ‘“‘Traditional”
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Table |. Demographic, clinical, and radiological/echocardiographic characteristics of ESUS and all other stroke groups.

ESUS 0N

Variable Total N Mean/No. (SD/%) Total N Mean/No. (SD/%) p-value

International Journal of Stroke, 17(4)




410 International Journal of Stroke 17(4)

Table I. Continued.

ESUS

XON

Variable Total N Total N

Mean/No. (SD/%) Mean/No. (SD/%) p-value

EF <299 331 16 (4.8) 331 4 (1.2) 0.001°*

41-51 100 (30.2) 80 (24.2) 0.08

LVDD Normal 330 108 (32.6) 330 120 (36.4) 032
Moderate 53 (16.1) 40 (12.1) 0.14
RWT Normal 331 110 (33.2) 331 41 (12.4) 0.001%*

Severe 44 (133) 107 (32.3)

Abnormal 13 (3.9) Il (3.3) 0.67

323 3.1 (£0.52) 325 3.1 (£0.51) 0.77

AOS: all other strokes; NCE: non-cardioembolic stroke; CE: cardioembolic; DYSLIP: dyslipidemia; LVYWMA: left ventricular wall motion abnormalities;
MITCAL: mitral calcification; CAD: coronary artery disease; RWT: regional wall thickness; ARD: aortic root diameter; AAA: aortic arch

atherosclerosis.

*Others include; Philippines, Egypt, Sri Lanka, Sudan, Syria, Oman, Yemen and Nepal.

*p<0.05, *p<0.001.

consisted entirely of tradition risk factors. The highest
loading variable was smoking (0.50), followed by HTN
(0.48), dyslipidemia (0.43), and DM (0.32). The correl-
ation between AOS Heart and Traditional latent fac-
tors was small at 0.12. A full description of results can
be found in Supplementary Material 1.

Discussion

The aims of this work were to explore the underlying
relationships between different risk factors for ESUS.
After the exploratory factor analysis, two latent factors
emerged in both ESUS and all other strokes groups
with unique patterns of risk observed despite being
matched for age, sex, and ethnicity. As the pattern
unique to ESUS was predominantly heart related, it
indicates a cardioembolic source of emboli in these
patients.

As mentioned, ESUS patients are younger and con-
sequently have fewer traditional risk factors.”? In this
work, 48.3% of participants were over 55 years of age
and yet traditional risk factors were absent in the ESUS
latent factors (dyslipidemia loaded negatively in
Cardiac 2 suggesting abnormal blood lipids are not
involved in ESUS pathology). This finding cannot be
attributed to differences in sex or ethnicity as these were
controlled for and contrasts starkly with the all other
strokes group where traditional risk factors clustered as
an independent latent factor. This is significant as it is
evidence of a pattern of risk features that occur in
ESUS patients of any age. This pattern of risk may
extend to ethnicity, which was similarly controlled. A
question of interest is whether Caucasians would pro-
duce comparable findings? Data presented here suggest
this may be so as wide ethnic disparities exist between
the South East and Western Asians in this sample. In
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Figure |. Schematic representation of latent variables in the final ESUS (left) and all other strokes (right) models. Indicator
variables appear on the left of each diagram and latent variables on the right. Arrows point to indicators that cluster with latent

variables and each loading is displayed in the boxes. Between latent variables, double-headed arrows indicate correlation with

r-values shown in the box.

AAA: aortic arch atherosclerosis; DYSLIP: dyslipidemia; WMA: wall motion abnormalities; AOS: all other strokes.
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addition, the risk factors found in this work have been
reported in Caucasians elsewhere and further studies
are warrented.>®

Of the two latent factors identified in ESUS patients,
Cardiac 1 was the largest contributor and included the
solely heart-related factors, LVWMA, LAVI, and EF.
LVWMA are both associated and predictive of EF and
increased LA VI is reported in patients with wall motion
problems.'¢'® ESUS Cardiac 1 differed from all other
strokes where LVWMA were absent or minimally
involved in stroke as was reduced EF. There is growing
evidence of a role for LVWMA in ESUS
pathology.*!%%

The finding of predominantly heart-related cluster-
ing extended to Cardiac 2 where reduced LVDD and
increased LVMI featured. The moderate correlation
between Cardiac 1 and 2 reflects an association between
these variables and Cardiac 1 items. For instance,
LVDD and LVWMA are associated with ventricular
remodelling after myocardial infarction and increased

atrial volume occurs in response to the additional
burden in regulating ventricular filling LVDD
causes.”' > LVWMA have also been linked to diastolic
dysfunction and ventricular enlargement independ-
ently.*>** A final risk factor in Cardiac 2 was aortic
arch atherosclerosis, which has previously been identi-
fied in ESUS patients and is discussed further below.>*

An advantage of exploratory factor analysis is that
after isolating risk factors we may speculate on how
variables influence each other and importantly, on the
sequence of interactions that may cause pathology. In
the ESUS group, the highest loading variable, and the
one that underpins other conspicuous risk and clinical
factors, was LVWMA. LVWMA are sensitive indica-
tors of myocardial ischemia suggesting that many of
these patients had previous or unrecognized myocardial
infarction.?

An interesting question from Cardiac 2 is why aortic
arch atherosclerosis and LVDD were coupled? We
speculate that it relates to altered hemodynamics from
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Table 2. Geomin rotated factor loadings for final ESUS and all other strokes models.

Variable Latent factor | Latent factor 2 Latent factor | Latent factor 2

LVWMA —0.98 —0.01 1.00 —0.01

LAVI 0.48 —0.03 0.33 —0.02

DM

0.27 —0.01 —0.05 0.32

DYSLIP 0.0l —0.43 —0.29 0.43

LvDD 0.19 0.36 0.24 0.07

MITCALP 0.26 0.22 0.30 —0.4l

RWT 0.14 —0.14 0.01 0.05

AOS: all other strokes; MITCAL: mitral calcification; AAA: aortic arch atherosclerosis; RWT: regional wall thickness; ARD: aortic root diameter;
DYSLIP: dyslipidemia; LVWMA: left ventricular wall motion abnormalities.

Note: Loadings >.3 are in bold.
Deleted in second ESUS analysis.
PDeleted in second analysis of all other strokes.

poor left heart function with increased likelihood of
blood stagnation and disturbed flow.?*?” Changes in
hemodynamics are a well-described cause of athero-
sclerotic plaque through pathways such as; increased
exposure of atherosclerotic initiators with the vessel
wall, changes in wall shear stress and activation of
flow-sensitive coding and non-coding genes.?®
Although flow was not directly measured in this
work, it is a plausible explanation for the aortic arch
atherosclerosis-LVDD clustering presented here and
future studies of flow dynamics in ESUS patients are
of interest. Furthermore, the location of plaque forma-
tion is not random, including in the aorta.>'-*> This
implies that a distinct pattern of aortic atheroma may
be present if altered flow dynamics are a cause of
plaque in ESUS. In our model, approximately one-
third of ESUS patients had aortic arch atherosclerosis
suggesting a role as a source of emboli. However,
the detection and categorization of aortic arch athero-
sclerosis require transesophageal echocardiography

(TEE), which is limited in ESUS studies as shown by
the NAVIGATE ESUS trial where only 19% of
patients underwent TEE.*** Our work also highlights
the importance of TEE in ESUS.

Left heart dysfunction and resultant hemodynamic
changes are also associated with hypercoagulability and
increased likelihood of thrombus formation.>*3?
Ventricular thrombi are common after myocardial
infarction and almost always appear at the site of
LVWMA.*® However, thrombi are sometimes missed
in patients with ESUS for example, Takasugi et al.
report a LV thrombus detection rate of 20-1 using car-
diac magnetic resonance imaging versus TEE.?’

LV dysfunction influences atrial hemodynamics and
function as indicated in our model by the clustering of
LAVI with LVWMA and other measures of left heart
dysfunction.*®? Atrial thrombi are a source of embolic
stroke and a topic of great interest to ESUS research
due to the often-seen atrial dysfunction (atrial fibrosis,
left atrial size, and increased LAVI) observed in these
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patients.**! Currently, patients with atrial cardiomy-
opathy are being investigated for anticoagulants versus
aspirin (the ARCADIA trial) and left atrial appendage
flow velocity <0.2m/sg (the ATTICUS trial) which will
shed further light on the role of the left atrium in ESUS
patients.*** An intriguing outcome regarding the
NAVIGATE and RE-SPECT ESUS trials was that
both failed to find a difference in anticoagulants
versus antiplatelets in ESUS, which could be explained
by some patients presenting with either atherosclerotic
aetiologies versus thrombosis.**** Support for this
proposition comes from the COMPASS trial where a
combined low dose of rivaroxaban and aspirin was
found to reduce stroke compared to either medication
as monopharmacy.*’

Limitations

This study has several limitations. It is a retrospective
analysis of prospectively collected data, therefore col-
lection and registration bias may be present. As this
study used a paired match design, the number of
excluded participants was high. Only recorded indica-
tor variables are included, and unregistered significant
variables may have been omitted. Future work may
need to explore other variables as ESUS data accumu-
lates. Females were less than males due to expatriate
population in Qatar. Despite these limitations, our
study is the first to our knowledge to use exploratory
factor analysis to investigate risk and clinical factors in
patients with ESUS and provides the only model of
how these factors interact in this group.
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