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Abstract
Background: It has been described that lacunar infarct is
characterized by its smallish size (15–20 mm) in the axial
plane. However, the size of the basal ganglia artery responsible for this type of infarct is uncertain. Detection of small
arterial occlusion is not possible with current angiography,
hindering correlation of arterial occlusion with subcortical
infarct size. Recently, investigators have published microangiographic templates of arteries supplying the basal ganglia.
These templates display first-order (proximal) to third-order
(distal) branching of these arteries and can help with estimating the likely site of arterial disease in subcortical infarcts. We correlated the dimensions of subcortical infarcts
with the order of arterial branching described in a microangiographic template. Such data may provide further clues
about the type of arteries associated with subcortical infarcts
and assist in refining the concept of lacunar infarction. Method: Patients with subcortical infarcts on MR imaging (MRI)
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admitted to our institution between 2009 and 2011 were included in the study. Infarcts were manually segmented and
registered to a standard brain template. These segmented
infarcts were scaled and overlapped with published microangiographic templates, and used by 6 raters who independently estimated the branching order of arterial disease that
might result in these infarcts. We used regression analysis to
relate these ratings to infarct dimensions. Results: Among
777 patients, there were 33 (58% male) patients with subcortical infarcts. The mean age was 63.1 ± 15.1 years. Infarct dimensions for the groups were as follows: group 1 (first-order
branch): height 37.6 ± 7.4 mm, horizontal width 21.2 ± 11.6
mm, anterior-posterior length 36.8 ± 20.1 mm; group 2 (second-order branch): height 25.2 ± 7.9 mm, horizontal width
16.6 ± 22.8 mm, anterior-posterior length 16.1 ± 8.0 mm;
group 3 (third-order branch): height 11.6 ± 5.7 mm, axial
width 5.3 ± 3.1 mm, anterior-posterior length 5.5 ± 3.8 mm.
Increasing vessel branching order (from large to small vessels) was linearly and negatively associated with infarct
height (β = –16.7 mm per change in branching order disease,
95% CI –20.3, –13.1 mm, p < 0.01) and anterior-posterior
length (β = –16.8 mm per change in branching order disease,
95% CI –23.2, –10.5 mm, p < 0.01). Discussion: Based on MRI
infarct dimensions and a microangiographic template, it
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Introduction

Lacunar infarcts account for around a quarter of ischemic strokes [1]. They occur as a result of small arterial
disease in the territories of the recurrent artery of Heubner (RAH) and the lenticulostriate (LA), anterior and
posterior choroidal, thalamoperforating, thalamogeniculate or pontine paramedian arteries, and are usually located in the basal ganglia, internal capsule, centrum semiovale and pons [2, 3]. Lacunar infarct is a subset of subcortical infarcts and it is thought that this type of infarct
is characterized by its smallish size with an axial diameter
of 15 mm on conventional MR imaging (MRI) or 20 mm
on diffusion-weighted MRI [4, 5]. Recently, it has been
proposed that this type of stroke may be ‘a manifestation
of non-atherothrombotic occlusive small vessel disease’.
Further, these infarcts may require different investigations and treatment [6–8]. The mechanism of these infarcts is a point of controversy with other investigators
pointing to atherosclerotic disease involving the larger arteries [7, 9, 10] or embolism [11, 12]. Given the variations
in the definition of lacunar infarcts [10, 13], there is significant interest in refining the imaging features of such
infarcts.
It is worth noting that the size of lacunar infarct at autopsy [14] differed greatly from the current usage [4, 5].
Some recent authors have questioned the use of the 15mm diameter threshold for defining lacunar infarction as
they have identified large artery stroke mechanism in patients with small subcortical infarcts [10]. Others have
also observed such diversity of mechanisms among subcortical infarcts [9]. However, the issues of the type of
arteries associated with subcortical infarcts cannot be resolved from a clinical evaluation of stroke mechanisms
alone. One approach to explore this issue is to document
disease/occlusion on angiography of small arteries of the
basal ganglia. The first-order branches of the basal ganglia arteries are approximately less than 1mm in diameter, whereas the third-order branch arteries are less than
0.4 mm. Documenting angiographic occlusion in such
small vessels is extremely difficult in vivo as they are beyond the resolution of the current clinical scanners. Even
Dimensions of Subcortical Infarcts

with 7-T research MR scanners, investigators have depicted first-order and some second-order branches of the
basal ganglia arteries in normal and hypertensive subjects, but have not yet reported on occlusion even in these
vessels [15].
A recent pathological study provided a microangiographic template of the basal ganglia (LA and RAH) [2].
This template displays first-order (proximal) to third-order (distal) branching of these arteries of the basal ganglia. However, a clinical correlation was not provided in
that study. We aimed to correlate the dimensions of subcortical infarcts with the branching order of the basal ganglia arteries as represented on the microangiopathic template [2]. Such data may provide further clues about the
type of arteries associated with subcortical infarcts and
assist in refining the concept of lacunar infarction.

Methods
Sample
From patients who were admitted to the stroke unit at Monash
Medical Centre, Melbourne, Australia between August 2009 and
October 2011, we retrospectively selected those with a discrete
subcortical infarct on MRI in the territories of LA and RAH as described previously in anatomical studies [2]. The LA and RAH territories were chosen because of the availability of microangiographic templates of these arteries (see online suppl. material for
description of the anatomy of these two arteries; for all online suppl. material, see www.karger.com/doi/10.1159/348310) [2]. Infarcts in the territories of anterior and posterior choroidal arteries,
medullary artery of Duret (supplying the corona radiata) and thalamoperforant and tuberothalamic arteries were excluded because
we do not have microangiographic templates for these arteries
[16]. Other exclusion criteria were bilateral hemispheric infarcts
and cortical infarcts. This study was approved by the Research Directorate of Southern Health.
Clinical Data
Stroke mechanism was classified as due to large artery disease
if there was ipsilateral stenotic disease or large protruding atheroma on carotid ultrasound or CT/MR angiography. Cardioembolic
mechanism was assigned if there was evidence of atrial fibrillation
or echocardiographic evidence of cardiac aneurysm or mural
thrombus. In the absence of these mechanisms, we assigned the
category of possible small vessel disease.
MRI Processing
MRI scans were performed on a 1.5-T superconducting imaging system (General Electric Medical Systems, Milwaukee, Wisc.
and Siemens Medical Solutions, Malvern, Pa., USA) with echoplanar imaging capabilities. All images were manually aligned to a
standard stereotaxic coordinate space using an algorithm which
required identification of homologous landmarks in target and
template images [17]. The manual registration step was performed
by choosing individual landmarks for each patient using an inter-
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may be possible to estimate the branching order of the artery involved in subcortical infarcts. Further, our small data
set suggests that reliance on an axial dimension of 15–20
mm may not be the best approach to classifying lacunar infarct. This finding needs to be confirmed in a larger data set.
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LA stem or
first-order
branch
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Fig. 1. Microangiography of the LA is superimposed on a third-order (a) second-order (b) and first-order (c) arterial branch infarct.
The line bar is 1 cm in length.

Infarct and Arterial Templates
The centre of gravity of manually segmented infarcts was computed using the mincstats (McConnell Brain Imaging Centre) tool
and coronal, axial and sagittal slices of the infarct image through
the centre of gravity were extracted using mincpik (McConnell
Brain Imaging Centre). The coronal section was printed in 1: 1
scale (fig. 1). Radiograph/fluorescent dye images of the LA and
RAH from microangiographic templates in a recent publication
[2] were thresholded and manually cleaned using ImageJ (http://
rsbweb.nih.gov/ij/) to produce artery maps and printed on transparent film at 1:1 scale matching the scale of the segmented infarct.
Image scaling and printing was performed using LaTeX (http://
www.latex-project.org/) typesetting (fig. 1). The infarct dimensions (coronal height, axial width and anterior-posterior length)
were measured using the boundary of their locations in standard
space. Infarct volume was measured using voxel counting method.
Clinical Rating of Arterial Branching Order in Relation to
Infarct
Six raters (4 stroke physicians and 2 neuroradiologists) who
were blinded to the study hypothesis and who were not involved
in MRI scan processing used the above overlapped templates to
visually estimate the branching order of the artery related to the
infarct. Each rater was given the printed coronal, axial and sagittal
view of the scaled segmented infarct as well as the transparent print
of the scaled relevant artery map. Each rater independently esti-
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mated whether the vessel that was likely to have been diseased in
relation to the infarct was a first-, second- or third-order branch of
the LA or RAH. Individual ratings were averaged to provide a summary score for each patient. A summary score <1.5 was arbitrarily
rounded to 1 (group 1, first-order branch), summary score between 1.5 and 2.5 was rounded to 2 (group 2, second-order branch),
and summary score >2.5 was rounded to 3 (group 3, third-order
branch). This was done because the branching order in a realistic
setting is a whole number and not one with decimal place (e.g.
first-order branch and not 1.1- or 1.2-order branch).
Statistical Analysis
We performed linear regression analysis to evaluate the relationship between vessel order branch disease and infarct dimensions using SPSS version 20.

Results

Patient Characteristics
There were 33 patients (58% male, mean age 63.1 ±
15.1 years) with discrete subcortical infarcts in the LA and
RAH territories among 777 screened with MRI. The average time to MRI was 22.4 days ±24.8 (median time was 10
days). The distributions of risk factors and stroke mechanisms for each group are displayed in table 1.
Infarct Dimensions and Vessel Branching Order
Group 1 (first-order branch involvement) was associated with largest infarct volume (20.5 ± 25.4 ml) followed
by group 2 (3.4 ± 2.4 ml) and group 3 (0.7 ± 0.6 ml) (fig. 2),
the difference between groups being statistically significant (F = 7.8, p = 0.002). Increasing vessel branching order (from large to small vessels) was linearly and negatively associated with infarct volume (β = –8.6 ml per
Phan et al.
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active display package (Register; available at http://www.bic.mni.
mcgill.ca/software/) that allowed the user to ensure that landmark
selection progressively improved image registration as evidenced
by visual inspection of the alignment of corresponding anatomical
structures. These steps led to the creation of a 12-parameter linear
transformation matrix which allowed for rotation, translation and
independent scaling of the patient image along each of the three
principal axes [18]. Infarcts were manually segmented on fluidattenuated inversion recovery T2-weighted images (FLAIR) using
interactive mouse-driven software at standardized intensity windows to optimize infarct visualization especially at the edge of the
infarct (Display; available at http://www.bic.mni.mcgill.ca/software/).

Table 1. Patient characteristics among the 3 groups

Stroke mechanism
Large artery
Cardioembolism
Possible small vessel disease

Group 2
second-order
branch
(n = 20)

Group 3
third-order
branch
(n = 8)

51.6±25.4
1 (20.0%)
1 (20.0%)
2 (40.0%)
3 (60.0%)
0 (0.0%)
0 (0.0%
1 (20.0%)

65.6±12.4
14 (70.0%)
18 (90.0%)
3 (15.0%)
12 (60.0%)
7 (35.0%)
6 (30.0%)
4 (20.0%)

64.1±11.8
4 (50.0%)
4 (50.0%)
5 (62.5%)
6 (75.0%)
0 (0.0%)
1 (12.5%)
2 (25.0%)

1 (20%)
3 (60%)
1 (20%)

6 (30%)
2 (10%)
12 (60%)

2 (25%)
2 (25%)
4 (50%)

50.00
40.00
Mean height (mm)

Demographics
Mean age, years
Male gender
Hypertension
Diabetes
Hyperlipidemia
Ever smoker
Ischemic Heart disease
Atrial fibrillation

Group 1
first-order
branch
(n = 5)

20.00
10.00
0

a

Values are expressed as numbers unless otherwise indicated.

1.00
2.00
3.00
Basal ganglia artery branching order

40.00
Mean width-horizontal (mm)

change in branching order disease, 95% CI –12.4, –4.8 ml,
p < 0.01), infarct height (β = –16.7 mm per change in
branching order disease, 95% CI –20.3, –13.1 mm, p <
0.01), and infarct anterior-posterior length (β = –16.8
mm per change in branching order disease , 95% CI –23.2,
–10.5 mm, p < 0.01). There was a similar trend in the relationship of branching order with infarct width (β =
–11.3 mm per change in branching order disease, 95% CI
–22.9, 0.3 ml, p = 0.06). The infarct dimensions of the different groups are displayed in table 2.

30.00

30.00

20.00

10.0

0

b

1.00
2.00
3.00
Basal ganglia artery branching order

We provide a method to estimate the branching order
of vessels in the LA and RAH territories that may be involved in subcortical infarction, using scaled MRI images
of the infarcts and a published microangiographic template. In this small data set, we demonstrate that the size
of subcortical infarcts may be dependent on the branching order of arteries involved, with first-order branches
associated with largest and third-order branches associated with smallest infarct dimensions. Our data possibly
suggest that the current definition [4, 5, 19] of lacunar
infarct (axial dimensions 15–20 mm) would include infarcts resulting from first- and second-order rather than
third-order branch disease [2]. This finding needs to be
confirmed in a larger data set.
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50.00
40.00
30.00
20.00
10.00
0

c

1.00
2.00
3.00
Basal ganglia artery branching order

Fig. 2. Illustration of the linear relationship between coronal height
(a), axial width (b) and axial anterior-posterior length (c) estimate

of arterial branch.
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Discussion

Mean length-anterior (mm)

60.00

Table 2. Infarct dimensions and basal ganglia artery branching order

Dimensions
Axial width, mm
Axial anterior-posterior length, mm
Vertical height, mm
Volume, ml

Group 1
first-order
branch (n = 5)

Group 2
second-order
branch (n = 20)

Group 3
third-order
branch (n = 8)

Regression coefficient
and 95% CI

p value

21.2±11.6
36.8±20.1
37.6±7.4
20.5±25.4

16.6±22.8
16.1±8.0
25.2±7.9
3.4±2.4

5.3±3.1
5.5±3.8
11.6±5.7
0.7±0.6

–11.3 (–22.9, 0.3)
–16.8 (–23.2, –10.5)
–16.7 (–20.3, –13.1)
–8.6 (–12.4, –4.8)

0.06
<0.001
<0.001
<0.001

Comparison of the height, anterior-posterior length and volume confirmed that differences existed between groups 2 and 3 and between groups 1 and 3. Differences were seen for the width of the infarcts between groups 1 and 3 (p = 0.04) and between groups 2 and
3 but not between groups 1 and 2 (p = 0.04).

Arterial Branching Order
The size and branching order of the arteries involved
in lacunar infarcts have received less emphasis than the
axial diameter of these arteries. In the pathology studies
of Fisher [14] and Fisher and Caplan, [21], the diameters
of the diseased arteries were around 0.477 ± 0.162 mm.
The diameter of the largest diseased artery in one of his
studies was 0.800 mm [14] and in another was 0.900 mm
[21]. The dimensions of these arteries would fit with disease of the first- to third-order branch in our series.
266
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Limitations
The limitations of this study include the retrospective
nature and the relatively small sample size. Further, our
findings are applicable only to infarcts in the territory of
LA and RAH and not infarct in other territories. This is
due to the absence of an arterial template in stereotaxic
coordinate for the anterior and posterior choroidal arteries [2], thalamoperforating artery, thalamogeniculate artery, and medullary artery of Duret. It would have been
ideal to perform this within 48 h but because the scans
were done for clinical purpose in a busy hospital, the average time to MRI was approximately 3 weeks. Investigators had suggested that measurement of infarct volume is
reasonable between 1 week [22] and 1 month [23].

Conclusion

The dimensions of infarct resulting from first- to
third-order branch of the basal ganglia arteries disease
can be estimated using current templates. The current
definition of lacunar infarcts as less than 15 mm [5, 14] or
20 mm [13, 24] in the axial plane would only include firstand second-order branches but not the very small thirdorder branches of the basal ganglia arteries. Our small
data set and those of others [9, 10] suggest that, in many
instances, reference to the term lacunar infarcts (by size
criteria) may include cases of small vessel disease as well
as other stroke mechanisms.
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We found that vertical height in the coronal plane best
discriminated infarcts in relation to vessel branching order rather than dimensions in the axial plane. Infarct
height is not easily appreciated as clinicians often view
standard axial slices of MRI scans. For arteries which ascend vertically like the LA and RAH, viewing infarcts in
the coronal and sagittal view may provide the best appreciation of the extent of the infarct. This does not necessarily apply to infarcts from the anterior choroidal artery
where the artery originates in a horizontal manner from
the parent artery [2]. Infarct height can be measured by
counting the number of slices on MRI in which the infarct
can be seen and knowing the vertical dimension of the
slice. The asymmetrical dimensions of subcortical infarcts in our study indicate that the shape of these infarcts
may not fit the classical concept of lacunar infarct as being
ovoid or spherical [13]. Like other investigators, our findings suggested that the use of the largest dimension in the
axial plane to describe these infarcts could lead to errors
in classification of stroke subtype and mechanism [20].
Based on our data, it appears that these studies may have
included on average second- to third-order and to a lesser extent first-order branch disease
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