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Abstract

Background and purpose

Inference of etiology from lesion pattern in acute magnetic resonance imaging is valuable

for management and prognosis of acute stroke patients. This study aims to assess the

value of three-dimensional geometrical lesion-shape descriptors for stroke-subtype classifi-

cation, specifically regarding stroke of cardioembolic origin.

Methods

Stroke Etiology was classified according to ASCOD in retrospectively selected patients with

acute stroke. Lesions were segmented on diffusion-weighed datasets, and descriptors of

lesion shape quantified: surface area, sphericity, bounding box volume, and ratio between

bounding box and lesion volume. Morphological measures were compared between stroke

subtypes classified by ASCOD and between patients with embolic stroke of cardiac and

non-cardiac source.

Results

150 patients (mean age 77 years; 95% CI, 65–80 years; median NIHSS 6, range 0–22)

were included. Group comparison of lesion shape measures demonstrated that lesions

caused by small-vessel disease were smaller and more spherical compared to other stroke

subtypes. No significant differences of morphological measures were detected between

patients with cardioembolic and non-cardioembolic stroke.

Conclusion

Stroke lesions caused by small vessel disease can be distinguished from other stroke

lesions based on distinctive morphological properties. However, within the group of
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embolic strokes, etiology could not be inferred from the morphology measures studied in

our analysis.

Introduction

Stroke etiology has a substantial impact on prognosis and risk of recurrence [1,2]. Early identi-

fication of stroke etiology may influence specific treatment decisions and enables early initia-

tion of effective secondary prevention. In this context, findings from acute stroke magnetic

resonance imaging (MRI) are valuable due to the high sensitivity in the detection of stroke

lesions by diffusion-weighted MRI (DWI). Stroke lesion characteristics including localization

and distribution of lesions may indicate specific etiology, e.g. small vessel disease or embolic

stroke [3,4]. Potential stroke mechanisms are, therefore, commonly inferred from acute DWI

datasets and may guide further diagnostics and secondary prevention at an early stage of the

diagnostic work-up.

Cardiac embolism represents the second most frequent cause of stroke, and atrial fibrilla-

tion (AF) remains the most common cause of cardiac embolism accounting for about one fifth

to one third of ischemic strokes [5,6]. Identification of a cardioembolic origin is important

since oral anticoagulation provides a highly effective, targeted secondary prevention for this

subgroup of stroke patients [7]. However, AF remains undetected in the acute phase of stroke

in a significant percentage of patients due to its potentially intermittent occurrence. Detection

rates increase with duration of cardiac monitoring. However, considerable delay until detec-

tion of AF can be observed leaving patients with suboptimal preventive treatment for relevant

time periods [8]. Inference of a cardioembolic etiology from stroke lesion patterns during the

acute phase of stroke is, therefore, a desirable goal that has been in the aim of several previous

studies, albeit yielding mixed results [9–11].

Recent studies have suggested that the analysis of geometrical features of stroke lesions can

lead to valuable parameters for predicting the progression of brain tissue damage after ische-

mic stroke [12,13]. This analysis approach considers the shape of stroke lesions and quantifies

features of the three-dimensional lesion morphology not intuitively accessible by visual inspec-

tion or simple volume quantification. In this study, we investigated, whether lesion shape

descriptors quantifying three-dimensional lesion morphology in stroke MRI within 24h after

stroke symptom onset differ between stroke subtypes as defined by the ASCOD classification

[14]. We hypothesized that distinctive lesion morphology measures identify specific stroke eti-

ologies. Specifically, we investigated the value of lesion morphology characteristics to detect

stroke of cardioembolic origin.

Methods

Patients

We retrospectively analyzed data of consecutive stroke patients admitted to our Stroke Unit

between January 2012 and May 2013. The inclusion criteria were: (1) diagnosis of acute ische-

mic stroke, (2) MRI examination during the first 24 hours after stroke including fluid-attenu-

ated inversion recovery (FLAIR) and DWI sequences with images of sufficient quality for

analysis, and (3) presence of an acute DWI lesion corresponding to the clinical syndrome.

This study has been approved by the local ethics committee (Ärztekammer Hamburg). All

research was conducted according to the principles of the Declaration of Helsinki. Access to

patient information was available to BC, CK, RS, CG and GT to identify potential stroke
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etiology based on patient record forms. Imaging data was anonymized previous to analysis.

Patient treatment was supervised by CG and GT. None of the remaining authors were the

treating physicians.

Stroke subtype classification

All patients were subjected to comprehensive diagnostic evaluation at the stroke unit accord-

ing to a clinical pathway routinely performed for all stroke patients at our hospital. This

included results from blood tests, electrocardiographic (ECG) recording on admission, >24

hours continuous ECG monitoring at the stroke unit, additional 24-hour Holter ECG, carotid

and transcranial duplex sonography, transthoracic echocardiography, and magnetic resonance

angiography (MRA) of intracranial arteries. Additional diagnostic tests such as contrast-

enhanced MRA of extracranial arteries, digital subtraction angiography, transesophageal echo-

cardiography, or extended blood tests were performed if deemed necessary based on clinical

evaluation. Data was collected from individual electronic patient records. In addition, clinical

data comprising gender, age, severity of symptoms assessed by the National Institutes of Stroke

Scale (NIHSS) on admission was recorded.

Stroke subtype classification was based on the ASCOD (revised ASCO classification) Phe-

notyping of Ischemic Stroke.[14] The ASCOD classification assesses patients for the presence

of five major etiological and mechanism categories: atherothrombosis (A), small-vessel disease

(S), cardioembolism (C), other causes (O), and dissection (D). Each category is described as

grade 1, for a certain potential cause of the index stroke; 2, if causality is uncertain; 3, if disease

is present, but unlikely a direct cause of the index stroke; 0 for absent disease, and 9, for insuffi-

cient workup. For meaningful group comparisons between different stroke subtypes, we deter-

mined the etiology as undetermined if patients were not graded as 1 or 2 for each subtype or

had multiple, concurring grade 1 etiologies.

Magnetic resonance image acquisition and analysis

At our institution, an acute stroke MRI protocol is routinely performed for all acute stroke

patients demonstrating a relevant clinical deficit. All MRI studies were performed on a

1.5-Tesla scanner (Magnetom Avanto, Siemens, Erlangen, Germany) with a standard 12-chan-

nel head coil using a standardized stroke imaging protocol. For this study, data from DWI

sequences were selected for further analysis. DWI-sequences were configured as single-shot,

echo-planar imaging (TR/TE = 4000ms/84ms, slice thickness 4 mm, field of view (FOV) 240 x

240 mm2 without diffusion weighting (b = 0 s/mm2) and applying diffusion gradients in 3

directions with strong diffusion-weighting (b = 1000 s/mm2), which were combined to an

average DWI dataset.

All images were analyzed using the in-house software ANTONIA, a multi-purpose analysis

tool of stroke lesion analysis. This standardized processing pipeline was described previously

[15]. In summary, the software performs image registration, automated segmentation of brain

tissue and CSF as well as volumetric quantification of multi-parametric stroke data. In brief,

ischemic stroke volumes were calculated from seed-based semi-automatic segmentation of

apparent diffusion coefficient (ADC) maps. All lesions were visualized in three-dimensional

space and the number of lesion components, i.e. binary sub-lesions not connected to each

other, was rated visually by two raters (BC, CK). In addition, a “multiple arterial pattern” was

defined including patients with lesions located in at least two of the main arterial territories of

the brain (left or right internal carotid artery or posterior circulation territory).
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Lesion shape characteristics

The following measures of lesion morphology were calculated using algorithms implemented

in ANTONIA: (1) The surface area (mm2) of the stroke lesion; (2) the oriented minimum

bounding-box of a lesion (ml): The oriented minimum bounding box is the smallest rectangu-

lar volume enclosing all lesion components, whereas the orientation is independent from the

coordinate axes; (3) the ratio between bounding-box volume and lesion volume: This value

characterizes the amount of volume of the bounding box filled by the actual stroke lesion.

Smaller values are observed in more compact lesions, whereas holey, scattered or more ragged

lesions demonstrate larger values (Fig 1); (4) the normalized shape factor S of the ischemic

lesion, which describes how closely the lesion resembles the shape of a sphere. It is mathemati-

cally defined as:

S ¼ ð
ffiffiffiffi
A
p

=∛VÞ=2:199085233;

whereas A denotes the surface area and V the volume of the lesion. This index gives a value of

1.0 for a sphere and increases the more the shape differs from a perfect sphere.

Statistical analysis

In a first analysis, group differences between mean values of stroke lesion volume, number of

lesion components, surface area, minimum oriented bounding box volume, ratio of minimum

oriented bounding box volume and lesion volume, as well as shape factor were compared

between ASCOD stroke subtypes as defined above (atherosclerosis, small vessel disease, cardi-

oembolism, other causes, dissection, and undetermined cause). A general linear model was

applied using each measure of lesion morphology as dependent variable and stroke subtypes as

group. Bonferroni-corrected post-hoc comparisons were carried out to detect significant dif-

ferences between stroke subgroups.

In a second analysis, we selected only patients with embolic strokes of known etiology,

either of a cardiac or non-cardiac source. For this analysis, patients with lacunar infarcts

caused by small vessel disease (S1, S2 according to ASCOD) and stroke of unknown origin

where excluded. Stroke mechanism of patients previously categorized as C1 and C2 was classi-

fied as “cardioembolic”, whereas a “non-cardioembolic” classification was considered in

Fig 1. Representative illustration of three-dimensional lesion reconstruction. Stroke caused by arterial dissection of the left

internal carotid artery, representations of the acute lesion are shown in red as two-dimensional overlay on diffusion weighted images

(A) and as three-dimensional reconstructions (B). Bounding box of the lesion is illustrated in C.

https://doi.org/10.1371/journal.pone.0185063.g001
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patients previously grouped into A1 or A2 (atherosclerosis), D (arterial dissection) and O

(other). Patients classified as “other causes of stroke” (O) were included, since based on history

and diagnostic findings, embolic causality was assumed in these cases. We investigated,

whether lesion morphology characteristics were able to identify patients with cardioembolic

stroke. Therefore, an independent t-test was used for group comparison for each measure of

lesion morphology between two groups classified as “cardioembolic” and “non-cardioembolic”

strokes as described above. All statistical analyses were performed in SPSS 22.0 (IBM Co., Som-

ers, NY, USA).

Results

Patients

Of 189 patients with acute ischemic stroke studied by MRI, 39 patients were excluded due to

absence of a lesion in DWI (n = 17) and insufficient image quality (n = 22). In total, 150

patients remained for analysis. Mean age was 77 (95% confidence interval, 65–80) years, 67

(44.7%) were female. The National Institutes of Health Stroke Scale (NIHSS) ranged from 0 to

22 with a median value of 6. Stroke affected the left hemisphere in 70 patients (46.7%), right

hemisphere in 56 patients (37.3%) and both hemispheres in 24 patients (16.0%).

Image analysis and morphological measures

Table 1 summarizes the frequency of stroke etiology for all patients according to ASCOD. We

identified atherothrombosis as the underlying etiology in 40 patients (26.7%), small-vessel dis-

ease in 33 patients (22.0%), cardioembolism in 37 patients (24.7%), other causes in 10 patients

(6.7%), and dissection in four patients (2.7%). Other causes were peri-interventional embolic

stroke (e.g. following percutaneous coronary intervention or similar catheter-based proce-

dure) in 9 of 10 cases, and angiitis in the remaining case. Stroke etiology remained undeter-

mined in 26 patients (17.3%).

Fig 2 illustrates three-dimensional reconstructions and morphology measures of different

selected stroke subtypes. Mean values of morphological measures and 95% confidence inter-

vals are shown in Table 2. Results from univariate general linear models showed significant

effects of stroke subtypes for all measures of stroke lesion shape, specifically lesion volume

(F = 13.28; p<0.001), number of lesion components (F = 4.57; p = .001), surface area

(F = 15.47; p<0.001), normalized shape factor (F = 19.76; p<0.001), minimum oriented

bounding box volume (F = 22.99; p<0.001), and ratio of bounding box and lesion volume

Table 1. Frequency of stroke subtypes for all patients (n = 150) classified with ASCOD phenotyping.

Grade 1 applies if a disease was present and potentially causal. Grade 2 is applied if a disease is present but

a causal link uncertain. Stoke etiology was regarded undetermined (U) in patients with neither grade 1 nor 2 in

any category or presence of multiple grade 1 etiologies.

Stroke subtype Subtype grade n %

Atherothrombosis (A) A1 18 12.0

A2 22 14.7

Small-vessel disease (S) S1 26 17.3

S2 7 4.7

Cardioembolism (C) C1 12 8.0

C2 25 16.7

Other Cause (O) O1 10 6.7

Dissection (D) D1 4 2.7

Undetermined (U) 26 17.3

https://doi.org/10.1371/journal.pone.0185063.t001
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Fig 2. Two- and three-dimensional representations of acute stroke lesions analyzed in this study. Acute stroke lesions are

shown in red overlayed on diffusion-weighted images in the first column. Three-dimensional reconstructions are illustrated in the

second column. The third column shows application of morphological shape measures for lesions caused by cardioembolism (A),

atherothrombosis (B) and small-vessel disease (C).

https://doi.org/10.1371/journal.pone.0185063.g002

Table 2. Overview of morphological lesion shape measures grouped by stroke subtype according to ASCOD phenotyping. Number of patients,

mean values and 95% confidence intervals are shown. Stoke etiology was regarded undetermined (U) in patients with neither grade 1 nor 2 in any category or

presence of multiple grade 1 etiologies.

Atherothrombosis

(A1 and A2)

Small-vessel disease

(S1 and S2)

Cardioembolism

(C1 and C2)

Other cause

(O1)

Dissection

(D1)

Undetermined

Number of patients 40 33 37 10 4 26

Stroke volume [ml] 18.6 (7.5–29.7) 0.2 (0.1–0.3) 13.6 (5.2–21.0) 5.5 (0.1–12.4) 21.2 (0.1–79.9) 9.4 (2.7–16.1)

Lesion components 3.9 (2.6–5.2) 1 (1) 3.6 (2.5–4.8) 6.4 (1–11.9) 3 (2–9) 3.4 (2.1–4.6)

Bounding Box [ml] 256.37 (150.6–

362.1)

1.4 (0.9–1.9) 228.9 (106.7–

351.1)

435.70 (38.5–

832.8)

175.01 (0.1–

490.7)

173.8 (359.27)

Surface Area [cm2] 125.9 (62.2–189.3) 3.5 (2.6–4.4) 99.3 (56.3–142.3) 58.5 (0.7–116.3) 88.2 (1–284.7) 65.8 (32.6–

99.1)

Bounding Box /

Volume

35.1 (17.2–53.0) 6.5 (5.5–7.5) 41.4 (20.9–61.9) 223.2 (302.60) 16.9 (1.2–52.2) 30.8 (17.4–

44.2)

Shape factor 1.7 (1.5–1.8) 1.2 (1.1–1.2) 1.72 (1.3–1.5) 1.74 (1.5–1.9) 1.5 (1.1–1.9) 1.60 (1.5–1.7)

https://doi.org/10.1371/journal.pone.0185063.t002
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(F = 11.04; p<0.001). Post-hoc tests identified significant differences of morphological lesion

measures between stroke lesions resulting from small-vessel disease and any other stroke sub-

types. Specifically, lesions classified as resulting from small-vessel disease were singular and of

smaller size regarding lesion volume, surface, and volume of the minimum oriented bounding

box (see Table 2). They also demonstrated significantly lower ratios between the volume of

minimum oriented bounding box and lesion volume as well as a lower normalized shape factor

indicating a more compact and spherical shape. There were no significant differences regard-

ing the lesion volume, number of lesion components or any other shape measure between the

other stroke subtypes. Detailed results of post-hoc tests are given in S1 Table.

In the second analysis, stroke of potential cardioembolic source was present in 37 patients,

whereas a non-cardioembolic etiology was present in 54 patients. In patients with potential

cardioembolic stroke, atrial fibrillation was detected in 35 patients, whereas endocarditis was

present in two patients. In the second group of patients of non-cardioembolic origin, no atrial

fibrillation was detected. Results of univariate group comparisons are shown in Table 3. No

significant group differences in lesion volume, number of lesion components, or any measures

of lesion morphology were observed between both groups.

On visual inspection, a multiple arterial pattern defined as lesions located in at least two of

the main arterial territories of the brain (left or right internal carotid artery or posterior circu-

lation territory) was present in 11 patients with potential cardioembolic stoke and 6 patients

with non-cardioembolic stroke (p = 0.03; Chi-Square test). The sensitivity of a multiple arterial

pattern to identify patients with potential cardioembolic stroke was 29.7% (95% CI: 15.9%–

46.9%) and specificity 88.9% (95% CI: 77.4%–95.8%). The positive predictive value was 64.7%

(95% CI: 42.6%–81.8%), the negative predictive value 64.6% (95% CI: 59.5%–69.9%)

Discussion

Analysis of three-dimensional stroke lesion shape descriptors revealed characteristic differ-

ences between strokes caused by small vessel disease and those of other etiologies. However,

no specific differences were found between other stroke subtypes. Specifically, we were not

able to identify patients with potential cardioembolic stroke based on morphological measures

of acute stroke lesions.

Table 3. Group comparison of morphological lesion shape measures for patients with embolic strokes of either cardiac or non-cardiac origin.

Cardioembolic stroke was defined in patients classified by ASCOD as cardioembolism (C1 and C2; n = 37), a non-cardioembolic origin (n = 54) defined for

strokes caused by atherothrombosis (A1, A2), arterial dissection (D1) and other known causes (O1); Multiple arterial pattern is defended as lesions located in

at least two of the main arterial territories of the brain (left or right internal carotid artery or posterior circulation territory).

Cardioembolic stroke

(ASCOD C1, C2)

Non-cardioembolic stroke

(ASCOD A1, A2, D1, O1)

p-value

Number of patients 37 54

Patients with AF 35* 0

Multiple arterial pattern 11 6

Lesion volume [ml] 13.6 (5.2–21.0) 16.35 (7.7–25.0) 0.66

Lesion components 3.6 (2.5–4.8) 3.1 (2.2–4.5) 0.47

Surface area [cm2] 99.30 (56.3–142.3) 110.7 (62.2–159.2) 0.74

Bounding Box [ml] 228.9 (106.7–351.1) 283.6 (181.1–385.0) 0.49

Ratio BB/Volume 41.4 (20.9–61.9) 66.61 (26.8–110.4) 0.31

Shape factor 1.72 (1.3–1.5) 1.65 (1.6–1.7) 0.31

Abbreviations: AF: Atrial fibrillation;

*endocarditis was diagnosed in the remaining 2 patients.

https://doi.org/10.1371/journal.pone.0185063.t003
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Morphological measures as applied in our study quantify three-dimensional geometric

properties of acute stroke lesions that capture complex features of lesion morphology beyond

characteristics visible in two-dimensional image analysis. Automatic quantification of these

features extracts information from imaging data that is not accessible by qualitative visual rat-

ing [16–19]. Analysis of three-dimensional stroke lesion morphology has been used to charac-

terize disease progression in small vessel disease [17] or lesion development in acute ischemic

stroke [12]. However, to our knowledge, we provide the first study of lesion morphology as

potential indicator of stroke etiology. Lesions caused by small-vessel disease demonstrated dis-

tinctive shape characteristics that were not observed in any other stroke subtype. This result

comes expected, since lacunar stroke lesions resulting from small vessel disease usually affect

single small penetrating brain vessels and share characteristics features such as small volume

and singular appearance that can already be appreciated on visual inspection [20]. Indeed, the

ASCOD classification defines a potential causality of small vessel disease as a combination of

small deep infarcts < 15 mm and other factors such as severe leukoaraiosis or older lacunar

infarcts in other territories, among others. Beyond findings also captured by visual inspection,

morphological analysis formally described a typical, more compact shape of lacunar lesions by

a low ratio between the ratio of bounding box and lesion volume. In addition, a lower normal-

ized shape factor points to the fact that lesions caused by small vessel disease exhibit a signifi-

cantly different shape that is more similar to a sphere compared to lesions caused by other

stroke etiologies.

In view of the well described and homogeneous etiology of lacunar lesions caused by

small vessel disease, these results appear to be plausible and suggest that application of mor-

phological descriptors to acute stroke lesions is feasible. However, we were unable to distin-

guish lesions of any other stroke subtype classified by ASCOD using quantitative shape

measurements.

Most non-lacunar ischemic strokes result from emboli either from a cardiac or arterial ori-

gin requiring different antithrombotic therapy regimens [21]. Inference of the embolic source

from stroke imaging data is, therefore, of value in guiding diagnostic work-up and manage-

ment of stroke patients. Thus, we further analyzed a group of patients with known embolic

strokes by excluding patients with lacunar stroke caused by small vessel disease. In the group

of patients with cardioembolic stroke, atrial fibrillation was detected in almost all patients.

Atherothrombosis, arterial dissection, and other specific causes were present in the second

group of non-cardioembolic stroke (see Table 3). We observed a large variety of lesion patterns

and configurations resulting in more or less similar geometrical measurements for both

groups. Thus, we conclude that the etiology of stroke lesions considered to be embolic (i.e.

non-lacunar) cannot be inferred from the morphology measures studied in our analysis.

Cardioembolic stroke lesions were of similar size as non-cardioembolic stroke lesions,

which contrasts previous studies demonstrating that ischemic strokes related to atrial fibrilla-

tion tend to be larger on computed tomography imaging in albeit larger populations of stroke

patients [22]. This disagreement is most likely caused by the exclusion of macroangiopathic,

lacunar strokes in our study. Furthermore, we did not find any difference in number of lesion

components between both groups, a finding that reflects the conflicting evidence regarding

the association between number of stroke lesions and cardioembolic stroke etiology. Multiple

lesions detected by diffusion-weighted imaging or the number of acute and chronic have been

associated with atrial fibrillation in previous studies [23,24]. On the other hand, no such find-

ing was detected in 221 patients with atrial fibrillation diagnosed by implantable cardiac moni-

tor during the CRYptogenic STroke And underLying Atrial Fibrillation (CRYSTAL AF) trial

[11]. In addition to the amount of ischemic lesions, a multiple infarct pattern involving more

than one vascular territory is typically regarded as a marker of cardioembolism, whereas
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multiple lesions in one vascular territory were linked to atherosclerosis of large cerebral arter-

ies [3]. However, a scattered, multi-vascular lesion pattern was only detected in 13% of 388

patients with a high likelihood of cardioembolic stroke classified by TOAST [25], whereas the

majority were classified as large, single lesions restricted to one vascular territory.

In this study, we extended the assessment of lesion distribution beyond counting individual

lesions by topologically quantifying lesion distributions. The minimum oriented bounding

box of a lesion potentially consisting of multiple components is defined as the smallest rectan-

gular volume enclosing all lesion components (Fig 1). Stroke lesions involving multiple vascu-

lar territories would, therefore, result in large bounding box volumes. In addition, multiple,

small and scattered lesions would lead to a very high ratio between the volume of the mini-

mum oriented bounding box and lesion volume, whereas this ratio would be smaller for a sin-

gle lesion of identical volume as illustrated in Fig 2. The ratio between bounding box and

lesion volume also quantifies the more or less holey structure of a lesion and has previously

been shown to be of value in a model predicting final infarct volumes [12]. In our group of

patients, 11 of 37 patients with a potential cardioembolic etiology displayed lesions located in

at least two of the main arterial territories of the brain (left or right internal carotid artery or

posterior circulation territory), whereas this pattern was only found in 6 of 54 non-cardioem-

bolic stroke patients. Overall, the sensitivity of a multiple arterial pattern to identify a potential

cardioembolic stroke etiology was low (30%), which motivates a novel, morphology-based

approach. However, neither the volume of the minimum oriented bounding box nor the ratio

between bounding box and stroke volume were significantly different between patients with

cardioembolic and non-cardioembolic stroke. This finding most likely can be explained by the

heterogeneity of lesion configurations and patterns observed in both groups. Indeed, previous

studies have found that multiple and various etiologies were implicated with infarcts in multi-

ple cerebral circulations on initial diffusion-weighted MR imaging, including cardioembolic

diseases, but also hematologic disorders, angiitis or bilateral or unilateral large-artery occlu-

sions [26]. On the other hand, large single or lacunar lesions have been observed in a relevant

proportion of patients with cardioembolism [22,25,27]. Studies also indicate that multiple fac-

tors such as platelet function and inflammatory processes influence the pattern of ischemic

lesions in cardioembolic stroke via different compositions of cardiac thrombi [25,28].

In the sample analyzed in our study, we observed a representative and characteristic distri-

bution of stroke subtypes [29–31]. A potential stroke etiology was found for the majority of

patients due to the availability of data from diagnostic work-up. However, the relatively small

sample size restricts the generalizability of our results as a limiting factor. In addition, imaging

protocols applied in our study were designed to minimize examination time of acute stroke

patients leading to a limited spatial resolution, which might bias the geometric analysis to

some extent. Thus, further studies are warranted to evaluate the influence of image quality

such as resolution and artefacts on descriptors of lesion shape.

Taken together, our findings support the clinical observation that stroke subtype classifica-

tion based on visual rating of ischemic lesion pattern is associated with a substantial degree of

uncertainty. In this pilot study, we selected basic lesion shape descriptors that are intuitively

comprehensible and computationally little demanding. Applying these basic parameters, we

were unable to distinguish between non-microangiopathic strokes of various etiologies. How-

ever, it is possible that a more detailed analysis involving a higher number of comprehensive

features such as signal intensity or lesion texture might lead to different results. Furthermore,

advanced machine learning algorithms could be applied to these datasets to discriminate

between different stroke subtypes. This quantitative “radiomics” approach has recently been

introduced for the classification of tumor phenotypes with promising results [32] and moti-

vates future analogous imaging studies in stroke patients.
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Limitations

As it is true for any diagnostic test (such as visual interpretation of lesion patterns), we

would not expect geometrical lesion shape descriptors to be predictive of stroke etiology

with unequivocal accuracy.
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S1 Table. Clinical and imaging data. Clinical and imaging data including values of geometri-
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