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Cerebrovascular disease refers to a group of disorders of the cerebrum related to diseases 
of the cerebral vasculature, the most common being ischaemia and infarction.  Huge 
steps have been made in the imaging of ischaemic disease over the past decades.  In 
the 1960s, post-mortem examinations first uncovered very small subcortical (lacunar) 
infarcts in the brain as the cause of ‘lacunar stroke’[1]. In the 1970s and 1980s, cerebral 
infarcts became increasingly visible in vivo with the advent of computed tomography 
(CT) scanning and later magnetic resonance imaging (MRI). In the 1990s, the 
sensitivity to detect acute ischaemic stroke was markedly increased with the arrival of 
diffusion-weighted MR imaging (DWI), which would soon prove to become one of the 
strongest tools in radiology[2]. The supreme capability of MRI to demonstrate ischaemic 
laesions led to an increased awareness of the phenomenon of ‘silent infarctions’, which 
may contribute to cognitive and motor dysfunction[3,4]. More recent radiological 
advancements include perfusion imaging techniques, which quantify the passage of 
blood through the brain’s vascular network. Of these techniques, MR arterial spin 
labelling (ASL) has the ability to measure cerebral blood flow without administration 
of an exogenous contrast agent (gadolinium). In addition, vessel-selective ASL has 
opened a new era of cerebral arterial perfusion territories in vivo[5,6]. Small cortical 
infarcts (≤ 1.5 cm) in the cerebrum have been shown to occur preferentially in the 
border zone or watershed areas, defined as the regions in between perfusion territories 
were blood flow is believed to be the lowest[4]. Large cortical infarcts, on the other 
hand, typically occur in the territory of large intracranial arteries[4].
Cerebellovascular disease refers to disorders of the cerebellum related to its vascular 
blood supply. Advances in cerebellovascular imaging have largely followed the 
evolutions in cerebrovascular imaging described above. First, large - territorial - 
cerebellar infarctions became visible with CT.  In the early 1990s, the use of MRI 
scans made stroke physicians increasingly aware of very small cerebellar infarctions, 
which had previously remained occult on CT scans. Upon their description in the 
literature, these small cerebellar infarctions detected in symptomatic patients were 
classified according to border zones or watershed areas[7,8]. Although this classification 
system remains in common use, many infarcts have been found not to fit into such a 
classification method[9]. In addition, this way of classifying infarcts may be considered 
unreliable, since the location of cerebellar perfusion territories (and thus the border 
zones in between them) are highly variable among individuals [10] and not yet made 
visible in the individual patient. Thus, there is both need for a more reliable way 
of classifying these small cerebellar infarcts, and even more so to image cerebellar 
perfusion territories in vivo. In clinical practice, such a territorial imaging technique 
would help to decide if a vertebral or basilar artery stenosis should be considered 
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symptomatic or not, by direct linking of the supplying (diseased) artery with the 
supplied perfusion territory (in which the infarct is observed). Apart from small 
cerebellar infarcts observed in symptomatic patients as described above, small holes 
or cavities in the cerebellum are frequently observed as an incidental finding on CT 
and MRI. Although these cavities are sometimes assumed to be of ischaemic origin, 
their characteristics and significance remain unclear and they have not been correlated 
with pathology. Nevertheless, with the ageing population and increasing use of cross-
sectional imaging studies, in-depth knowledge about the frequent observation of 
small cerebellar (infarct) cavities is needed.

OUTLINE OF THIS THESIS

This thesis focuses on the different aspects of cerebellovascular MRI.

PART I Infarcts and vascular territories in the cerebellum

In part I, we assess the topography of cerebellar infarcts  in relation to vascular 
territories in the cerebellum. In chapter 2, we critically appraise the existing 
classification system and propose an alternative classification of small cerebellar 
infarcts based on functional topography. In chapter 3, we describe the first imaging 
technique to visualise cerebellar arterial perfusion territories in vivo, and this with 
super-selective arterial spin labelling MRI. In chapter 4, we analyse the occurrence, 
three-dimensional (3D) imaging patterns, size and grey-white matter involvement of 
cerebellar infarcts, and apply the functional topographical classification as proposed 
in chapter 1. Chapter 5 summarizes the MRI findings of cerebellar infarcts and 
incorporates advances from the present thesis with previously existing insights.

PART II Cerebellar infarct cavities 

In part II of this thesis, we investigate cerebellar cavities as an incidental finding on 
MRI. In chapter 6, we correlate cerebellar cavities observed on 7-Tesla (T) MRI with 
pathology, and we distinguish “cerebellar cortical infarct cavities” from “lacunes”. 
In chapter 7, we correlate cerebellar cortical infarcts with vascular risk factors, MRI 
markers of cerebrovascular disease, and functioning in a large cohort of patients 
with vascular disease.  In chapter 8, we establish the relationship of cerebellar cortical 
infarct cavities with symptomatic vertebrobasilar ischaemia in patients with vertebral 
artery disease.  
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ABSTRACT

Background

Very small cerebellar infarcts (diameter ≤ 1.5 cm) are a frequent finding on MRI. 
With an increasing scientific interest in cerebral microinfarcts, very small infarcts in 
the cerebellum deserve more of our attention as well. The goal of the present article 
was to review infarct terminology and mechanisms, as well as to critically appraise the 
current classification system for very small cerebellar infarcts. 

Methods

A search strategy was designed to identify all relevant studies on very small cerebellar 
infarcts in the English language. This search was restricted to papers published up to 
February 21, 2013. Studies were initially identified from the Medline/PubMed database 
using the search terms ‘small cerebellar infarct’, ‘lacunar infarct’, ‘microinfarct’, ‘end 
zone infarct’, ‘border zone infarct’, ‘watershed infarct’, ‘territorial infarct’, and ‘non-
territorial infarct’.  Furthermore, a similar search strategy was directed to identify all 
relevant articles on (descriptive and functional) neuroanatomy and neuroimaging of 
the cerebellum. 

Results

Very small cerebellar infarcts have been referred to as lacunar infarcts, as junctional, 
border zone or watershed infarcts, as non-territorial infarcts, or as very small territorial 
or end zone infarcts. Since the original clinicoradiological study on these small infarcts, 
the classification into border zones remains in common use. This classification is based 
upon the assumption that these infarcts occur secondary to low flow in between arterial 
perfusion territories, where flow is believed to be the lowest. Later studies, however, 
have suggested occlusion of small (end-)arteries as a prerequisite for the pathogenesis 
of even small cerebellar infarcts, with low flow merely as a potential contributor. 
Therefore, it is likely that infarcts may as well occur in a non-border zone distribution. 
Moreover, the classification into border zones may be considered unreliable, since the 
location of border zones is highly variable among individuals and is not known in a 
particular patient. Recently, a functional topographical organisation has been found 
in the cerebellum with evidence for a motor versus non-motor dichotomy between 
the anterior and posterior lobe. Since the cerebellar lobes can be easily and reliably 
distinguished with both CT and MRI, we recommend the classification of very small 
cerebellar infarcts according to topographical location.  
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Conclusion

There are several fundamental concerns with the current classification of very small 
cerebellar infarcts according to border zones, which we would like to overcome by 
recommending a new classification system based on topography. This will allow for 
a reliable and reproducible way of classifying very small cerebellar infarcts and is 
expected to improve clinicoradiological correlation.
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BACKGROUND 

Very small cerebellar infarcts are a frequent finding on modern neuroimaging[1]. 
Originally, very small infarcts were found in the deep cerebellum and were called 
lacunar infarcts based on neuropathological findings[2].With the advent of CT and 
MRI, many confusing terms have come across to categorise very small cerebellar 
infarcts (diameter ≤ 1.5 cm). These infarcts are currently being referred to as either 
junctional, border zone or watershed infarcts[1], non-territorial infarcts[3,4], very 
small territorial infarcts or end zone infarcts[5], or either simply as (very) small 
cerebellar infarcts. The goal of this article is to add clarity to the terminology and 
pathogenesis of these infarcts. We also recommend the classification of very small 
infarcts according to their topographical location in the cerebellum instead of a 
classification in terms of perfusion territories or border zones.

ANATOMY

Structural anatomy

The cerebellum (Latin for ‘little brain’) is located in the posterior fossa of the skull. 
The cerebellum consists out of a midline vermis and two lateral hemispheres, and it 
has three surfaces. The anterior or petrosal surface faces the os petrosum in front, the 
superior or tentorial surface is covered by the tentorium above, and the posterior or 
occipital surface is bounded by the occiput behind. The cerebellum is composed of 
three lobes; the anterior lobe (lobules I-V according to the revised Larsell classification), 
the posterior lobe (lobules VI-IX), and the flocculonodular lobe (lobule X)[6]. The 
anterior lobe is separated from the posterior lobe by the primary fissure (PF), which 
is easily identified in the axial and midsagittal plane as the deepest and thickest fissure 
in the superior part of the vermis (figure 1, 2). There are two prominent fissures 
within the posterior lobe of the cerebellum; the posterior superior fissure (PSF) and 
the great horizontal fissure (GHF) (figure 1, 2). The PSF runs parallel and posterior 
to the PF in the superior surface of the cerebellum. The GHF runs together with the PSF 
in the midline. More laterally, it slopes inferiorly in the posterior surface of the cerebellum. 
Lobule VI is easily recognized as the area in between the PF and the PSF (figure 1, 2)[6].  
The flocculonodular lobe (lobule X) is composed of the nodulus in the midline (figure1, 
3) and the flocculus (figure 3) in the cerebellar hemispheres.
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Figure 1. Selection of three key MR images for the 
lobar and lobular classification of the cerebellum 
(according to Schmahmann)[6], at the level of the 
midbrain (A), pons (B), and medulla oblongata 
(C). The fissures visualised in yellow are usually 
the most prominent and have a characteristic 
configuration. The primary fissure (PF) is the 
largest fissure in the midline and divides the 
cerebellum in an anterior and a posterior lobe. 
The posterior superior fissure (PSF) runs parallel 
and posterior to the PF in the posterior lobe. The 
great horizontal fissure (GHF) forms a sharp angle 
with the former fissures. Other fissures are shown 
in blue. Lobules indicated are lobule I-IX, Crus I 
(CrI), and Crus II (CrII). Please see figure 3 for the 
flocculus (hemispheric part of lobule X).

Figure 2. T2WI (A) and DWI (B) show a very small acute infarct (black arrow) in between the primary 
fissure (arrow) and the posterior superior fissure (dashed arrow), situating the laesion in the posterior lobe 
in lobule VI. Also notice the great horizontal fissure (arrowhead). MRA (C) shows a tight stenosis of the 
distal left vertebral artery and proximal basilar artery (encircled).
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Arterial anatomy and perfusion territories

The cerebellum mainly receives arterial blood supply from three paired arteries, 
although variant arterial anatomy is common. The posterior inferior cerebellar artery 
(PICA) usually arises from the distal vertebral artery and supplies the posterior 
surface of the cerebellum. The anterior inferior cerebellar artery (AICA) arises from 
the first or second thirds of the basilar artery. The territory perfused by the AICA 
varies in reciprocity with the PICA and superior cerebellar artery (SCA)[7]. It may 
be confined to the anterior surface, but the AICA may also supply lateral portions 
of the posterior and/or superior surface of the cerebellum. The SCA arises from the 
distal basilar artery and supplies the superior surface of the cerebellum from lateral to 
medial, unlike the PICA which supplies the inferior surface from medial to lateral. 
Circumferential branches of the PICA, AICA and SCA run nearly perpendicular to 
the cerebellar folia on the surface of the cerebellum. Small cortical arteries branch off 
from the circumferential arteries to run in the cerebellar fissures and penetrate the 
cerebellar cortex. Anastomoses between the circumferential arteries of PICA, AICA 
and SCA are constantly present among individuals[7,8].

Functional neuroanatomy

It has been known for a long time that cerebellar functions include coordination of 
gait, extremity and eye movement, and articulation. Recent studies have linked the 

Figure 3. Axial T2WI show 
multiple chronic infarcts in the 
left cerebellar hemisphere and 
one similar infarct on the right 
(arrows). The laesions are below 
the level of the primary fissure 
(not shown) and are therefore 
situated in the posterior lobe. 
Also indicated are the nodulus 
(asterisk) in between the tonsils 
(T), and the flocculus (F).
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cerebellum with both cognitive and emotional processes as well. Moreover, there is 
now evidence for a topographical organisation of cerebellar functions[9]. A dichotomy 
between motor and non-motor functions has been found in the cerebellum based on 
anatomical, functional and neuropsychological studies[10].  Sensorimotor function 
has been found primarily in the anterior lobe (lobule I-V) with a second representation 
in lobule VIII, while cognitive processing (non-motor function) is represented in the 
posterior lobe (lobule VI and VII) (figure 1).  Lobule VI, which is the part of the 
posterior lobe closest to the anterior lobe, is thought to play an intermediary role in 
both motor and non-motor (cognitive) functions (figure 1, 2)[11]. The posterior lobe 
of the vermis forms part of the limbic cerebellum.

PATHOGENESIS 

‘Very small (border zone) cerebellar infarcts’ was the title of the original retrospective 
clinicoradiological study on very small cerebellar infarcts[1]. This study failed 
to establish a definite correlation between the location of these small infarcts and 
a stroke mechanism, though a thromboembolic source was identified in over half 
of the 47 patients. Notwithstanding mentioning ‘border zone infarcts’ in the title 
of the original article, the study left undecided if these infarcts represent either 
border zone infarcts or end zone infarcts.  A second study specifically addressed the 
causes and mechanisms of cerebellar infarcts[3]. This and other studies showed that 
cardioembolism and large vessel disease are the main causes of both large and small 
cerebellar infarcts[5,12-17]. Amarenco et al. also found a slightly higher incidence of 
a hypercoagulable or prothrombotic state in patients with small cerebellar infarcts as 
compared with patients with larger cerebellar infarcts[3]. The latter finding made the 
authors reason that the occlusion of small distal arterioles may be the direct cause of 
small cerebellar infarcts, rather than hypoperfusion (‘low flow’)[3]. It was therefore 
postulated that small cerebellar infarcts in fact represent very small territorial (or end 
zone) infarcts. Equally important, this study also for the first time suggested that 
larger and smaller cerebellar infarcts essentially are the same, only differing from each 
other by the size of the clot causing the infarct. Despite these new insights, the authors 
of the article held on to the term ‘non-territorial infarcts’ to denote small cerebellar 
infarcts, as opposed to the larger ‘territorial’ infarcts. The term ‘non-territorial infarcts’ 
was later criticised, and it was proposed to use the term ‘very small territorial infarcts’ 
instead[5]. The use of the latter term emphasises that larger and very small territorial 
infarcts are closely related. It should be noted that hypoperfusion and microembolism 
are not mutually exclusive, but likely complementary and interrelated instead[18]. The 
washout of small emboli may be hampered by a diminished flow, thereby contributing 
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to the infarct[18,19].  Some studies presume that intrinsic small vessel disease might 
account for a small minority of small cerebellar infarcts as well, especially as a diagnosis 
of exclusion in patients with hypertension, absence of angiographic disease, and no 
evidence of an embolic source from the heart[4,13]. Nevertheless, this has never 
been confirmed with pathological correlation in the cerebellum. Finally, it should be 
mentioned that small cerebellar infarcts have been associated with migraine with aura 
as well[20,21]. Though the exact mechanism remains unclear at present, it has been 
recently suggested that migraine-related cerebellar infarcts might be attributed to a 
combination of altered autoregulation and additional factors such as the end artery 
cerebellar angioarchitecture[22]. 

PATHOLOGY

Small cavities in the deep cerebellum were first identified on post-mortem pathology 
studies, and were originally called lacunar infarcts[2]. These studies lacked clinical 
correlation though. Cerebellar infarcts that were studied clinically and that had 
pathologic correlation almost exclusively included large infarcts with a dramatic 
clinical course (which enabled post-mortem pathologic correlation)[23,24]. Many 
cerebellar infarcts with a benign clinical course remained unrecognised, even in the 
CT scan era[23]. With the advent of MRI, clinicopathological studies made way for 
clinicoradiological correlation studies, without pathologic confirmation. There are no 
reports on radiological-pathological correlation of these small infarcts. As a result, 
only little is known about the pathology of very small cerebellar infarcts. It is not 
known at present how many of these infarcts go on to excavate in the chronic phase 
and eventually result in a lacune with surrounding gliosis after healing. As a side, 
please notice that the term ‘very small cerebellar infarcts’ also encompasses cerebellar 
infarcts at the smallest end of the spectrum (figure 2). These may be considered 
cerebellar microinfarcts. Microinfarcts are defined as microscopic infarcts which are 
found on histopathological examination of the post-mortem brain[25]. Some of these 
microinfarcts can now be detected on neuroimaging in vivo as well, mainly due to the 
advent of DWI and high-field strength MRI[26,27].

CLINICAL PRESENTATION 

Cerebellar infarcts typically present with non-specific symptoms such as dizziness, 
nausea, vomiting, unsteady gait, and headache. Neurological signs associated 
with cerebellar infarcts include dysmetria, dysarthria, ataxia, and nystagmus[28]. 
Besides the cerebellar motor syndrome, it has now been shown that patients with 
cerebellar infarcts can also present with the cerebellar cognitive affective syndrome, 
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which includes executive, visual spatial, and linguistic impairments, and affective 
dysregulation[10,29,30]. In general, small cerebellar infarcts present with the same 
(though less severe and less extensive) clinical manifestations as larger infarcts[3]. Some 
small cerebellar infarcts, especially those that occur in the territory of the posterior 
cerebellar artery, may be silent or present with only subtle cerebellar findings[31].

CLASSIFICATION 

Traditional ‘border zone’ classification

Large cerebellar infarcts have traditionally been classified in terms of the affected 
artery (PICA, AICA, or SCA), while very small cerebellar infarcts have traditionally 
been classified along the presumed border zone locations in between the three main 
cerebellar perfusion territories[1,5,32,33]. According to this principle, very small 
cerebellar infarcts were originally classified into five subgroups[1]. A later study 
suggested the addition of a new subgroup because a substantial fraction of the very 
small infarcts did not fit into the original classification[5].

Need for a different classification

There are several fundamental concerns with the classification of small infarcts into 
one of the border zone areas. First, for the reasons we have already discussed, it 
is likely that many small infarcts are small territorial infarcts that may not always 
occur in a border zone distribution. Second, arterial perfusion territories vary 
considerably among individuals and these territories cannot yet be identified in an 
individual patient[7]. Although Tatu et al. provided sections through the brain stem 
and cerebellum for visual correlation of perfusion territories with neuroimaging 
studies[34], such a perfusion territory atlas does not allow an accurate distinction of 
the different arterial perfusion territories (and the border zones in between them) in 
an individual patient. It is therefore impossible to accurately categorise a very small 
infarct as either a territorial or border zone infarct at present. Third, vascular territories 
do not respect anatomical (and thus functional) boundaries as fissures[7]. As a result, 
the classification in function of arterial perfusion does not correlate well with clinical 
findings. It is impossible to predict the affected perfusion territory of a cerebellar 
infarct based on the patient’s symptomatology[28]. Though the relative frequencies of 
some clinical manifestations vary among infarcts in different territories, they do not 
allow a reliable prediction of the infarcted arterial territory or border zone[28].
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Functional topographical classification

For the reasons above, there is a need for a user friendly and more accurate classification 
of small cerebellar infarcts that offers better clinical correlation. In order to achieve 
this goal, we recommend the classification of small cerebellar infarcts according to 
their topography in either the anterior or posterior lobe of the vermis or cerebellar 
hemispheres, or, in the flocculonodular lobe (lobule X). For clinicoradiological 
correlation studies, it is useful to classify small anterior and posterior lobe laesions 
into more detail with the same system, i.e. in terms of affected lobules instead of 
affected lobes (figure 1, table 1)[6].

Table 1. proposed classification of very small cerebellar infarcts according to anatomical location in the 
cerebellum. This classification uses the anatomical MRI atlas of the cerebellum by Schmahmann et al.[6]

Lobar Classification (clinical purposes)

Vermis (midline) Hemispheres (right or left)

Anterior lobe Anterior Vermis Anterior Hemisphere 

Posterior lobe Posterior Vermis Posterior Hemisphere

Flocculonodular lobe Nodulus Flocculus 

Lobular Classification (research purposes)

Vermis (midline) Hemispheres (right or left)

Anterior lobe Lobule I, II, III, IV and/or V Lobule I, II, III, IV and/or V

Posterior lobe Lobule VI, Crus I, Crus II, 
lobule VII, VIII and/or IX

Lobule VI, Crus I, Crus II, 
lobule VII, VIII and/or IX

Flocculonodular lobe Lobule X (Nodulus) Lobule X (Flocculus)

NEUROIMAGING

Small cerebellar infarcts are usually easily distinguished by their orientation 
perpendicular to cerebellar fissures[35]. Cerebellar infarcts present as areas of 
hypodensity on CT and as areas of hyperintensity on T2-weighted imaging (T2WI)
[35]. CT typically fails to demonstrate the acute phase of infarcts, and therefore it is 
merely used to exclude other abnormalities such as hemorrhage or mass laesions[36]. 
On MRI, small cerebellar infarcts are often more conspicuous on T2WI than they 
are on fluid-attenuated inversion recovery (FLAIR) images[37]. DWI has markedly 
increased the conspicuity of MRI to detect small acute infarcts (figure 4) and is 
positive within minutes after onset[26,38]. DWI also allows the accurate distinction 
between recent and older infarcts. In the chronic stage, infarcts usually present as a 
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small cerebrospinal fluid (CSF) filled cleft (figure 5). Due to a high intrinsic contrast 
between brain parenchyma and CSF, even very small cerebellar infarcts are easily 
detected on T2WI in the chronic stage. Comparable-sized areas of gliosis, which 
are the hallmark of supratentorial microinfarcts[25], are much harder to detect on 
MR[27].

CONCLUSION

Very small cerebellar infarcts are a frequent finding on CT and even more on MR 
imaging. Since these infarcts were originally believed to arise secondary to low flow in 
a border zone location, they are traditionally being classified according to border zones 
in between perfusion territories. This traditional classification is based upon unclear 
pathophysiological mechanisms, however. Moreover, it is not possible to identify the 
cerebellar border zones at present. In order to achieve uniform reporting and better 
clinicoradiological correlation, we recommend the use of a reliable classification 
system based on cerebellar topography. For clinical purposes, small infarcts can be 
classified according to their midline or hemispheric location in either the anterior, 
posterior, or flocculonodular lobe. For scientific research purposes, small cerebellar 
infarcts can be classified even more precisely in terms of affected lobule(s).
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ABSTRACT

In this work a method is described to discern the perfusion territories in the cerebellum 
that are exclusively supplied by either or both vertebral arteries. In normal vascular 
anatomy the PICA is supplied exclusively by its ipsilateral vertebral artery. The 
perfusion territories of the vertebral arteries were determined in 14 healthy subjects 
by means of a super-selective pseudo-continuous ASL sequence on a 3T MRI scanner. 
Data are presented to show the feasibility of determining the PICA perfusion territory. 
In 10 subjects it was possible to accurately determine both PICA perfusion territories. 
In two subjects it was possible to determine the perfusion territory of one PICA. 
Examples in which it was not possible to accurately determine the PICA territory 
are also given. Additionally, the high variability of the extent of the PICA territory is 
illustrated using a statistical map. The posterior surface of the cerebellum is entirely 
supplied by the PICA in six subjects. The most posterior part of the superior surface is 
supplied by the PICA in eight subjects, and the inferior half of the anterior surface in 
six subjects. The inferior part of the vermis is supplied by the PICA in all subjects. Two 
subjects were found with interhemispheric blood flow to both tonsils from one PICA 
without contribution from the contralateral PICA. With the method as presented, 
clinicians may in the future accurately classify cerebellar infarcts according to affected 
perfusion territories, which might be helpful in the decision whether a stenosis should 
be considered symptomatic.
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INTRODUCTION

In the brain, the ability to visualise arterial perfusion territories is important for many 
clinical applications[1]. Perfusion territories are widely variable among individuals[2,3], 
which also holds true for the cerebellum. This was demonstrated  by the injection  of 
India ink into  the   vertebrobasilar sytem of post-mortem human brains[4]. As such, 
the wide variability of the PICA, AICA, and SCA was documented on schematic 
figures of the three (posterior, anterior, and superior) surfaces of the cerebellum. 
An atlas providing better visual  correlation  with  clinical  neuroimaging  was later 
created, showing standard arterial perfusion territories in 12 axial sections through the 
brain stem and cerebellum[5]. Although this perfusion territory atlas is still in general 
use, its clinical applicability is hampered by the wide inter-individual variability of 
cerebellar perfusion territories. It does not allow an accurate distinction of the different 
arterial perfusion territories in an individual patient, necessitating the visualisation of 
cerebellar perfusion territories in vivo. ASL MRI is a non-invasive technique to image 
brain perfusion without the need of administering an exogenous contrast agent[6]. 
There are multiple ASL methods available, which frequently can be modified to allow 
for the mapping of perfusion territories by introducing variations in perfusion signal 
between different feeding arteries[1].
In the present study, we aim to demonstrate the ability of super-selective pseudo-
continuous ASL (p-CASL) MR imaging [7,8] to distinguish the cerebellar perfusion 
territory of the PICA. We postulate that a selective labelling of each vertebral artery 
can distinguish the territories that are exclusively fed by one vertebral artery (PICA 
in normal vascular anatomy) from those territories supplied by both vertebral arteries 
(AICA and SCA) due to mixing in the basilar artery.

METHODS

This study was approved by the institutional ethical review board and informed 
consent was obtained from the individual participants. Fourteen healthy volunteers 
(5 male; age, 27 ± 4 years) were investigated on a 3T MRI scanner (Achieva, Philips 
Medical Systems, The Netherlands).

Imaging protocol

The MR protocol consisted of a sagittal localizer, time-of-flight (TOF) MR angiogram 
(MRA), anatomical T1WI, and included four super-selective p-CASL sequences for 
both right (RICA) and left (LICA) internal carotid arteries, and right (RVA) and left 
(LVA) vertebral arteries.  The super-selective  p-CASL  sequences  were  performed 
as outlined in a previous report [7] using 12 pairs of control and label averages. 
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The MRA was used to position the focal labelling spot on the vessel of interest. 
The super-selective p-CASL sequence parameters were as follows: repetition time 
(TR)/echo time (TE), 4000/14 ms; field-of-view (FOV), 240 × 240 mm2;  matrix  
size,  80 × 80;  slices, 17;  slice thickness, 7 mm; no slice gap; single shot echo-
planer imaging; label duration, 1650 ms; post-labelling delay, 1525 ms; background 
suppression  with a saturation pulse preceding the labelling and two inversion pulses, 
1680 and 2830 ms after the saturation pulse; scan time 100 s. The T1-weighted 
images were acquired as anatomical reference using the same FOV, geometry, and 
number of slices as the perfusion-weighted scans. The sequence parameters were as 
follows: TR/TE, 333/2.3 ms; matrix size, 256 × 256; fast-field echo (FFE) imaging; 
flip angle, 80°; scan time, 1 min.
A 3D TOF MR angiography was made of the circle of Willis (CoW) and 
vertebrobasilar system with subsequent maximal intensity projection reconstruction 
using the following parameters: TR/TE, 30/6.9 ms; flip angle 20º; 2 dynamics; FOV, 
100 × 100 mm;   matrix, 256 × 256; slices, 50; slice thickness,
1.2 mm with 0.6 mm overlap; scan time, 3 min. The MRA was used to determine 
vascular variants of the vertebrobasilar system, such as the dominance of a VA or 
PICA, missing or hypoplastic PICAs, and origin of the cerebellar arteries.

Image processing

Image processing was performed in MATLAB (Mathworks, Natick, MA). The 
super-selective p-CASL perfusion maps of the RICA, LICA, RVA, and LVA were 
calculated by subtraction of the averaged (super-selectively) labelled images with the 
averaged control images of the same scan. The perfusion maps were similarly scaled 
manually, but otherwise left unfiltered. A territorial perfusion map was created where 
the perfusion maps of the four vessels were superimposed. The RICA and LICA 
were coloured respectively red and green. The colour of voxels, which were partially 
supplied by the RVA or the LVA, was mixed with relative proportions of cyan (RVA) 
or magenta (LVA) to make the colour blue for the voxels that were equally supplied by 
the RVA and the LVA after mixing of blood supply (e.g. in the BA).

Mapping  PICA  perfusion territories

The PICA territories were manually outlined by two observers (NH and LDC) on the 
T1-weighted images according to the superimposed territorial perfusion map. The 
exact outline of the region of interest (ROI) of each PICA territory was determined 
in a consensus meeting between the two observers. The use of selective p-CASL to 
reveal individual VA territories in the brain has already been demonstrated[9]. Using 
the superimposed territorial maps, the following arterial perfusion territories in the 
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cerebellum may be distinguished: (1) territory exclusively fed by one VA; (2) territory 
exclusively fed by the contralateral VA; (3) territory fed by both VAs, i.e. the territory 
perfused by the basilar artery (BA). It was assumed that the territory exclusively fed 
by one VA represents the PICA territory; as in normal vasculature the PICA originates 
from the VA, while the AICA and SCA originate from the BA.
A schematic overview of the vertebrobasilar system and the CoW with a normal 
vascular anatomy and several variants are shown in figure 1. The internal carotid 
arteries (ICA) and BA feeding the CoW are shown (figure 1A); as well as the anterior, 
middle and posterior cerebral arteries (ACA, MCA, and PCA), which constitute the 
the CoW together with the anterior communicating artery (AcomA) and posterior 
communicating arteries (PcomA). The shown vertebrobasilar circulation (figure 1) 
comprises the vertebral arteries (VA), which merge into the BA, and the arteries 

A

D E F

B C

Figure 1. Schematic overview of the circle of Willis (CoW) and the vertebrobasilar circulation with a 
normal vascular anatomy (A) and several variants (B–F) in which segments of vessels (D–F) may be missing 
or anastomoses between vessels are depicted (C and F). Two variations are shown (B and C) in which the 
AICA also receives blood from the VA by sharing a common trunk with the PICA (B, arrow) and by the 
presence of an anastomosis between the AICA and PICA (C, arrow). One variant is shown with the VA 
functionally ending in the PICA (D, arrow), which may occur with either a hypoplastic or missing segment 
of the VA after the origin of the PICA. Two variant types are shown (E and F) in which arteries may supply 
blood crossing the cerebellar midline: a distal branch of the PICA with a tonsillar loop (E, arrow) and 
an interhemispheric anastomosis (F, arrow); additionally in the last example a missing PICA is depicted 
contralaterally (F, star).
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originating from the VA and BA, namely the PICA, AICA and SCA. Common 
occurring variants include missing vessels, aberrant origins of vessels, and anastomosis 
between vessels in the vertebrobasilar system[4], which may influence the feasibility 
to map the PICA perfusion territory.
To illustrate the inter-subject variation of the extent of the PICA territories, the 
outlined ROIs from ten subjects with perceptible right and left PICA territories were 
brought into MNI (Montreal National Institute) space by registering the T1WI with 
a standard MNI template using the DARTEL tool [10] in SPM8 (Wellcome Trust 
Centre for Neuroimaging, Oxford, England) and accompanying the ROIs in the 
transformation. The ROIs were successively superimposed to create a statistical map 
of the extent of the right and left PICAs in MNI space.

Extent of PICA perfusion territories

In order to determine the extent of the PICA territory, two observers (NH and LDC) 
scored, using three orthogonal imaging planes, whether the PICA supplied five different 
anatomical regions. The final score per anatomical region was affirmed in a consensus 
meeting between the two observers. The three cerebellar surfaces were chosen as anatomical 
regions  to  provide  a  comparison  with  past  post-mortem    studies[4,5]. The vermis 
and cerebellar tonsils were furthermore chosen for their clinical importance. The 
five anatomical regions were therefore as follows: (1) the posterior cerebellar surface, 
which is bounded by the occipital bone and delineated by the margins with the 
superior and anterior surface, and by the lateral angle where all three surfaces adjoin; 
(2) the superior cerebellar surface, which is covered by the tentorium above and is 
predominantly supplied by the SCA in normal vascular anatomy; (3) the anterior 
cerebellar surface, which faces the petrous bone and can be divided by the middle 
cerebellar peduncle into an inferior and superior half; (4) the vermis, which is divided 
by the roof of the fourth ventricle into an inferior and superior half; and (5) the 
cerebellar tonsils.

RESULTS

PICA territorial perfusion maps combined with anatomical and MRA images from 
two representative subjects are shown in figure 2 and 3, demonstrating the visibility 
of the PICA territory. In 10 out of 14 subjects both PICA perfusion territories were 
perceptible. Concerning the remaining four subjects, two did not have a discernible 
PICA territory on one side due to possible confounding with the AICA perfusion 
territory (one subject is shown in figure 4), while one subject had a missing VA 
preventing the discovery of the contralateral PICA perfusion territory, and a fourth 
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Figure 2. Time-of-flight MRA images (A) of the vertebral arteries (VAs) and circle of Willis show the 
presence of all vessels as illustrated in figure 1A, albeit with a slightly dominant left VA. Anatomical 
T1-weighted images (B) through the cerebellum from inferior (bottom row) to superior (top row). 
Territorial perfusion images (C) show the territory supplied by the right (cyan) and left (magenta) 
VAs, and by the right (red) and left (green) internal carotid arteries. With the mixing of blood in the 
basilar artery, cyan and magenta turn into blue. Individual perfusion images of the right (D) and left 
(E) VAs. The posterior inferior cerebellar artery (PICA) territories are outlined in perfusion images 
(C–E) and copied to the anatomical images (B). The PICA territories can be easily discriminated; they 
are symmetrical, and supply the posterior cerebellar surfaces (B).

Figure 3. Time-of-flight MRA images (A) show a hypoplastic right vertebral artery (arrow). The 
anatomical and perfusion images (B–E) are presented identically to figure 2. Both PICA territories 
are still readily distinguishable and nearly symmetrical.

A B C D E
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Figure 4. Time-of-flight MRA images (A) show a normal and symmetrical vasculature. The anatomical 
and perfusion images (B–E) are presented identically to figure 2. Perfusion images show a regular PICA 
territory in the right cerebellar hemisphere; the perfusion territory exclusively supplied by the VA in the left 
hemisphere (C, white arrows) was found to be much larger than expected for the PICA territory alone and 
possibly included the AICA territory as well (possibly due to a vascular variant as illustrated in figure 1B or 
C); MRA images however show both PICAs originating from the VA, and the AICAs and SCA originating 
from the basilar artery.

Figure 5. Time-of-flight MRA images (A) show a slightly dominant right vertebral artery. Although the left 
PICA can be observed (white arrow) on time-of-flight, MRA images do not show the presence of a right 
PICA, but suggest a continuation of the left PICA towards the right cerebellar hemisphere (white arrow), 
which is illustrated in figure 1F. The anatomical and perfusion images (B–E) are presented identically to 
figure 2. Perfusion images do not reveal a right PICA territory, confirming the suggestion of a hypoplastic 
right PICA on MRA. The left PICA (C–E) supplies part of the right cerebellar hemisphere (black arrows), 
while the remaining part is supplied by the AICA and SCA.
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subject had a missing PICA on one side. This particular subject (figure 5) had a 
hypoplastic PICA on one side, while the contralateral PICA had taken over the supply 
in that hemisphere (figure 1F). These four subjects were therefore not included in 
further examination of the inter-subject variation of the extent of the PICA territories.

Extent of PICA territories

In those subjects in whom the PICA territory could be distinguished, the anatomical 
extent of the PICA territory was as follows. (1) Posterior cerebellar surface; six 
posterior cerebellar surfaces were supplied entirely by the PICA, two more posterior 
surfaces were supplied by the PICA entirely except for the lateral angle, 10 posterior 
surfaces were supplied in its entirety by the PICA on the medial side but not on the 
lateral side, one posterior surface was supplied by the PICA from medial to lateral, 
but did not fully extend up to the margin with the superior surface, while one other 
posterior cerebellar surface was supplied by the PICA only in the superior half of its 
medial one-third. (2) Superior cerebellar surface; 16 PICA territories extended up 
to include the most posterior part of the superior cerebellar surface in whole (from 
medial to lateral, 4 PICA territories) or in part (12 PICA territories). (3) Anterior 
cerebellar surface; the complete inferior half of the anterior cerebellar surface was 
part of six PICA territories, and in one of these the PICA territory also included 
most of the superior half of the anterior surface. The inferior half of the anterior 
surface was partially supplied by six other PICA’s, mostly on the medial side. Four 
PICA territories included the margin between the anterior and posterior surface, but 
did not include the remainder of the anterior surface. Four PICA territories did not 
include any of the anterior surface. (4) Vermis; the inferior half of the vermis (the 
entire inferior medullary velum and part of the vermis posterior to it) was supplied 
by the PICA in all evaluated cases (20 PICA territories), and in one of these the left 
PICA supplied both sides of the inferior half of the vermis. (5) Cerebellar tonsils 
and laterality; one tonsil was not supplied by the PICA at all, 3 tonsils were partially 
supplied by the PICA, while 16 cerebellar tonsils were entirely perfused by the PICA. 
Of these, one subject (figure 6) was found to have a PICA with a tonsillar loop (figure 
1E) crossing the midline and perfusing both tonsils.
A statistical map of the extent of the PICA perfusion territories of ten subjects is 
projected onto a MNI (figure 7) in which high variability between these subjects may 
be appreciated.
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Figure 6. Time-of-flight MRA images (A) show the left PICA with its tonsillar loop (arrow), while no 
tonsillar loop is seen on the right PICA, which is illustrated in figure 1E. The anatomical and perfusion 
images (B–E) are presented identically to figure 2. The left PICA (C–E) supplies blood to a considerably 
larger territory than the right PICA, and it supplies the tonsil of the contralateral cerebellar hemisphere 
as well. Unlike the left PICA, the right PICA (C–E) does not supply the entire inferior cerebellar surface.
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Figure 7. Statistical map of the extent of the perfusion territories of the right (A) and left (B) posterior inferior 
cerebellar arteries (PICAs), based on 10 subjects in whom both PICAs were perceptible, superimposed on a 
standard MNI space template. The depicted images are orientated axially (first and third column) superior 
(top row) to inferior (bottom row), coronally (second and fourth column, top section) anterior (top row) 
to posterior (bottom row), and sagittally (second and fourth column, bottom section)  medial  (top row)  
to lateral  (bottom row).
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DISCUSSION

This study demonstrated the use of super-selective pseudo-continuous ASL to 
identify the perfusion territory of the PICA in healthy subjects. The results were 
found to be consistent with past post-mortem studies in subjects with normal 
vascular anatomy[4,5]. In subjects with vascular variants the method was able to 
discern asymmetry between the right and left VA perfusion territory; even though 
this only represented the PICA territory in all but two subjects. The extent of the 
PICA territories was also further characterised and showed that the inferior surface 
of the cerebellum was perfused by the PICA in all subjects. The described technique 
allows the distinction of the territory perfused by the BA from those arterial territories 
that are exclusively supplied by one of the VAs. Since both VAs are imaged separately 
from each other, the technique allows the distinction between the territories perfused 
by the right, the left, and both VAs. The cerebellar territory perfused by both VAs 
corresponds to the territory supplied by the cerebellar arteries that originate from 
the basilar artery. In normal anatomy, the PICA originates from the  VA, and both 
the AICA and SCA stem from the basilar artery[4]. Therefore, in subjects with 
normal vasculature, the technique allows visualizing the PICA territory against the 
combined AICA-SCA territory in the cerebellum. Since cerebellar arterial anatomy 
is widely variable among individuals, correlation with arterial anatomy is therefore 
a prerequisite for appropriate interpretation of perfusion territories. The AICA, for 
example, may originate from the VA as well, either directly or from a common trunk 
(figure 1B) with the PICA[4]. In such cases, the combined PICA-AICA territory 
instead of the PICA territory may be distinguishable from the SCA territory.
Anastomoses between the cerebellar arteries have been previously described, and are 
mostly located on the lateral part of the tentorial surface[4]. Such anastomoses are small   
and therefore difficult to detect on TOF MRA images. The presence of anastomoses 
between the PICA and AICA (figure 1C) could have influenced the interpretation of 
the case presented in figure 4. Anastomoses between cerebellar arteries from the right 
and left hemisphere have also been previously described[4]. The perfusion territories 
of the case presented in figure 5 are the result of such an interhemispherical left-right 
PICA anastomosis (figure 1F). Apart from the cerebellum, the PICA also supplies 
parts of the medulla oblongata[4,5]. The medulla oblongata is supplied by both the 
anterior and posterior spinal arteries as well[4,5]. Since the spinal arteries originate 
from the vertebral arteries (like the PICA), the PICA territories in the medulla 
oblongata are indistinguishable from the brain stem territories fed by the spinal 
arteries. Nevertheless, the described technique does allow the distinction between the 
brain stem territory perfused by the vertebral arteries (medulla oblongata) from the 
territory supplied by the basilar artery (pons and mesencephalon).
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In vivo visualisation of the PICA territory may be clinically relevant for multiple 
reasons. Due to the high variability of perfusion territories among individuals, small 
cerebellar infarcts may not be reliably linked with a certain perfusion territory or 
border zone between territories[11-13]. Nevertheless, proper identification of the 
affected perfusion territory in a given patient may offer an important clue towards 
infarct aetiology[14,15]. In the case of normal vascular anatomy, for example, an 
infarct in the PICA territory cannot be caused by an atherosclerotic laesion of the 
basilar artery. Although large infarcts of an entire PICA, AICA, or SCA territory may 
be easily recognised without the need for territorial perfusion imaging, the correct side 
of arterial supply is not always clear. The right PICA territory may as well be irrigated 
by the contralateral PICA and vice versa (e.g. figures 5 and 6). ASL perfusion imaging 
of both VAs separately does enable determining the correct side of vascular supply in 
such a scenario and reveals the territory exclusively perfused by either VA. This might 
be important for therapeutic reasons in the case of VA with steno-occlusive disease[16]. 
If endovascular treatment would become of proven value, then visualisation of the 
cerebellar perfusion territories might be helpful in the decision whether a stenosis of 
the VA should be considered symptomatic.
In principle, it might also be possible to discern the PICA territories with selective 
ASL methods other than super-selective p-CASl, such as vessel encoded p-CASL or 
selective pulsed ASL; however, in order to get reliable results the positioning of the 
labelling plane would require at least the same or more accurate planning[1]. Nearly 
all selective ASL strategies are limited by the requisite of a MRA for positioning 
of the labelling plane which can be time consuming and prone to planning errors. 
In addition, the other selective ASL methods would require more elaborate image 
processing[1]. In general (selective) ASL also offers advantages such as its direct 
relation with anatomical imaging and the ability to adjust various ASL parameters 
to physiological demand. For example, in patients with atherosclerotic disease of the 
vertebrobasilar arteries, arterial transit times may be increased and parameters such 
as labelling time and post-label delay may therefore be adjusted accordingly[17]. 
Additional use of background suppression to reduce physiological noise and counter 
small-scale patient motion is also an alternative[18]. In this study the territory of one 
or both PICAs could not be identified in 4 out of 14 (29%) subjects, either due to 
the presence of vascular variants of the vertebrobasilar system in which a particular 
PICA does not originate from its respective VA, or due to anastomoses between the 
cerebellar arteries. In these cases, the perfusion territory exclusively fed by a VA is not 
representative for the territory of the PICA. Direct selective labelling of the PICA 
instead of the VA might be considered; however, this is technically challenging since 
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severe artifacts would be created when the labelling plane would intersect the imaging 
volume. Any evaluation of the PICA perfusion territories will therefore also need 
investigation whether these vascular variants are present by means of an MRA. In 
cases with other vascular variants, knowledge about perfusion territories exclusively 
fed by either VA, without being directly attributable to the PICA or another single 
cerebellar artery, might however still be considered worthwhile.
Further efforts in visualising the PICA territory in vivo may be combined to produce 
a probabilistic atlas of the PICA territory. Such vascular territorial atlases are of high 
value for clinicians[2,3,5]. This will require the segmentation of the PICA territory 
in a larger amount of subjects than was presented in this study. We hope such an 
atlas will replace the currently used non-probabilistic atlas of the cerebellar arterial 
perfusion territories for diagnostic purposes in individual patients.

CONCLUSION

In conclusion, we demonstrated the in vivo visualisation of the PICA perfusion 
territories in individual subjects by using super-selective labelling of each vertebral 
artery with pseudo-continuous ASL MRI. In normal vascular anatomy, where the 
PICA originates from the VA, the described technique allows the distinction of PICA 
territory from the combined AICA–SCA territory. In subjects with variant vascular 
anatomy, the technique may reveal arterial perfusion territories other than the PICA, 
and therefore, close correlation with MR angiography must still be considered helpful 
for adequate interpretation of territorial perfusion images. Until now, clinicians have 
been dependent on the correlation of cerebellar infarcts with a non-probabilistic atlas 
for the estimation of the affected cerebellar perfusion territory or border zone. With 
the method as presented in this article, even small cerebellar infarcts may be accurately 
classified according to affected perfusion territories in the future.
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ABSTRACT

Objective

Previous studies on cerebellar infarcts have been largely restricted to acute infarcts in 
patients with clinical symptoms, and cerebellar infarcts have been evaluated with the 
almost exclusive use of transverse MR images. We aimed to document the occurrence 
and 3D imaging patterns of cerebellar infarcts presenting as an incidental finding on 
MRI.   

Methods

We analysed the 1.5T MRI, including 3D T1WI, of 636 patients (mean age 62 ± 9 
years, 81% male) from the SMART-Medea study. Cerebellar infarct analyses included 
an assessment of size, cavitation and gliosis, of grey and white matter involvement, 
and of infarct topography. 

Results

One or more cerebellar infarcts (mean 1.97; range 1-11) were detected in 70 out of 
636 patients (11%), with a total amount of 138 infarcts identified, 135 of which 
showed evidence of cavitation. The average mean axial diameter was 6.5 mm (range 
2-54 mm), and 131 infarcts (95%) were smaller than 20 mm. Hundred-thirty-four 
infarcts (97%) involved the cortex, of which 12 in combination with subcortical white 
matter. No infarcts were restricted to subcortical branches of white matter. Small 
cortical infarcts involved the apex of a deep (pattern 1) or shallow fissure (pattern 2), 
or occurred alongside one (pattern 3) or opposite sides (pattern 4) of a fissure. Most 
(87%) cerebellar infarcts were situated in the posterior lobe.  

Conclusions

Small cerebellar infarcts proved to be much more common than larger infarcts, and 
preferentially involved the cortex. Small cortical infarcts predominantly
involved the posterior lobes,  showed sparing of subcortical white matter and occurred
in characteristic topographical patterns.
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INTRODUCTION

Twenty to 30% of all ischaemic strokes occur in the territory of the vertebrobasilar 
(posterior) circulation, including the cerebellum[1–5]. Large cerebellar infarcts have 
traditionally been classified in function of affected arterial perfusion territories [6–10], i.e. 
into either PICA[9,11], AICA[12], and/or SCA territory infarcts[13,14]. Small (≤ 1.5 cm) 
cerebellar infarcts increasingly have come to the attention with the advent of MRI in clinical 
practice. Although these ‘non-territorial’ infarctions were originally classified according to 
border zones in between cerebellar perfusion territories[15–17], many infarcts do not fit 
into these classification systems[17,18], and recently a more reproducible classification 
method has been proposed based on cerebellar topography[18,19]. This ‘functional’ 
topographical classification has the potential to offer better clinicoradiological correlation, 
since there is now evidence for a topographical organisation of cerebellar functions, with 
sensorimotor functions primarily found in the anterior lobe and cognitive processing 
(non-motor functions) represented in the posterior lobe[18,20]. 
When detected in the acute stage of infarction, small cerebellar infarcts usually occur in 
combination with other acute brain infarcts, which could indicate that small cerebellar 
infarcts often escape clinical attention if occurring in isolation[17,21]. Still, these small 
cerebellar infarcts can be detected later on as an incidental finding if MRI studies are 
performed[18,22]. If so, they tend to present as a cerebellar ischaemic cavity, which have 
been recently found to selectively affect the cerebellar cortical grey matter and therefore 
have been designated as cerebellar cortical infarct cavities[22]. Until now, however, clinical 
studies on cerebellar infarcts have been largely restricted to the evaluation of infarcts in 
the acute stage in patients with clinical symptoms. In addition, cerebellar infarcts have 
been investigated with the almost exclusive use of transverse images (usually T2WI and 
DWI), which are usually sufficient for diagnostic purposes but only provide poor contrast 
between grey and white matter and do not allow for a 3D infarct assessment. As a result, 
it remains largely unknown to which degree small and large cerebellar infarcts involve 
the cerebellar grey and white matter. In addition, unlike large cerebellar infarcts which 
obviously occur in an arterial distribution pattern, the precise distribution patterns of 
small cerebellar infarcts remain undetermined. Finally, it is not known to which degree 
infarcts involve the different cerebellar lobes and lobules.
The purpose of the present study was to precisely investigate the presence, topography 
and imaging patterns of cerebellar infarcts, which were studied irrespective of clinical 
symptoms, in general in the chronic stage of infarction. This was achieved by the evaluation 
of 636 patients with arterial disease in which the MRI protocol included 3D T1-weighted 
images.  
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MATERIALS AND METHODS

Subjects

Data were used from the Second Manifestations of ARTerial disease-Memory, depression 
and aging (SMART-Medea) study, a cohort study in patients with a history of arterial 
disease[23,24]. The SMART-Medea study is an ancillary study to the SMART-MR 
study, which has been described in more detail elsewhere[25,26]. In brief, between 
May 2001 and December 2005, 1309 patients newly referred to the University Medical 
Center Utrecht for treatment of symptomatic atherosclerotic disease (manifest coronary 
artery disease, cerebrovascular disease, peripheral arterial disease or abdominal aortic 
aneurysm) without MRI contraindications were enrolled in the SMART-MR study. 
Exclusion criteria were: age ≥80 years, diagnosis of a terminal malignancy, lack of 
independence in daily activities (modified Rankin scale > 3), and lack of fluency in 
Dutch or referral back to the referring specialist. Between April 2006 and May 2009, 710 
participants had follow-up measurements including 3D T1WI to assess hippocampal 
volumes as part of the SMART-Medea study. 
During a one day visit to the University Medical Center Utrecht, a physical examination, 
ultrasonography of the carotid arteries, blood and urine samplings, neuropsychological 
and depression assessment, and a 1.5T brain MRI scan were performed. Questionnaires 
were used for assessing demographics, risk factors and medical history, medication use, 
functioning, psychosocial vulnerability and stress factors, and depressive symptoms.
The SMART-MR and SMART-Medea studies were approved by the ethics committee, 
and written informed consent was obtained from all participants. 

Study sample

Of the 710 patients included, 44 did not have an MRI scan and 30 did not have 
adequate data for segmentation. Thus, for the present study, we included the 636 
patients in whom an adequate 3D T1 FFE sequence was performed[27], which proved 
to be helpful for optimal characterisation of cerebellar infarct patterns, as discussed 
elsewhere[22]. 

Magnetic Resonance protocol

The MR scans were performed on a 1.5T whole-body system (Gyroscan ACS-NT, 
Philips Medical Systems, Best, The Netherlands). The protocol consisted of a 3D T1-
weighted FFE (TR/TE): 7,0/3,2 ms; flip angle 8o, FOV 240 mm; matrix size 240X256; 
slice thickness 1.0 mm; no gap; 170 slices). In addition, transverse T1-weighted (TR/
TE: 235/2 ms; flip angle 80o), transverse proton density (PD)- and T2-weighted 
(TR/TE:2200/11 ms and 2200/100 ms; turbo factor 12), transverse FLAIR (TR/
TE/inversion time (TI): 6000/100/2000 ms), and inversion recovery (IR) (TR/TE/



Cerebellar infarct patterns: the SMART-Medea study

53

TI: 2900/22/410 ms) sequences were performed (FOV 230×230 mm; matrix size, 
180×256; slice thickness 4.0 mm; no gap; 38 slices). 

Image analysis

Cerebellum
All MR image analyses were performed by a neuroradiologist with 6 years of experience 
(LDC) who was blinded to clinical details. Cerebellar infarcts were rated visually and, 
wherever there was doubt, cerebellar signal alterations were revalued in a consensus 
meeting with a neuroradiologist with 12 years of experience (JH). For the analysis of 
number and location of cerebellar infarcts, transverse T2WI were used as a screening 
modality[28], since these are known to be more sensitive than FLAIR for the evaluation 
of the posterior fossa[18,29]. T2-hyperintensities were only considered to represent an 
infarct if a normal fissure, a perivascular space, or another alternative structure could be 
excluded. Infarcts detected on T2WI were correlated with FLAIR- and 3D T1WI to 
assess the presence of cavitation. Cavitation was present if intralaesional fluid intensity 
on T2WI could be confirmed on FLAIR- and/or 3D T1WI. The longest and shortest 
diameter of each infarct was measured on axial T2WI, and the mean axial diameter was 
calculated as the mean of both values. The topography of each cerebellar infarct was 
precisely defined and categorized into affected lobes and lobules by one experienced 
observer (LDC) according to the revised Larsell classification, using the 3D MRI atlas 
of the human cerebellum in stereotaxic space by Schmahmann et al.[19], as discussed 
elsewhere[18]. In addition, for each infarct encountered, the relative involvement of 
cortex and white matter was evaluated on T1WI. A distinction was made between 
infarcts involving the cortex, the subcortical branches of white matter (which are 
situated centrally within cerebellar folia), the deep regions of the cerebellum consisting 
of deep white matter and cerebellar nuclei, and infarcts involving any combination of 
the former. For each infarct involving the cerebellar cortex, its position was evaluated 
relative to the adjacent fissure(s)[18]. This fissure was named if it concerned one of 
the three major cerebellar fissures (primary fissure in between anterior and posterior 
lobe, posterior superior fissure, and great horizontal fissure), while all other fissures were 
classified under unnamed fissures[18,19]. Furthermore, all fissures were subdivided in 
large and small fissures. Large fissures were defined as fissures extending up to the cortex 
covering the deep white matter, while small fissures were defined as fissures not reaching 
the deep white matter. Distinction was made between infarcts occurring in the apex of 
a large (pattern 1) or a small fissure (pattern 2), infarcts occurring more superficially 
alongside one (pattern 3) or opposite sides (pattern 4) of a fissure (figure 1, 2), and 
infarcts bridging multiple fissures. 
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Figure 1. Schematic sagittal drawings illustrate a single cerebellar lobe, its arterial supply, and the patterns of 
small infarcts. Within the depicted cerebellar lobe, multiple folia are separated by fissures. The folia, which 
consist of cortex and subcortical white matter, converge towards the deep white matter of the cerebellum. 
In the fissures, an arterial branch is present which gives rise to cortical arteries. (A) Pattern 1 corresponds 
to infarcts involving the apex of a large fissure, (B) pattern 2 corresponds to infarcts involving the apex of 
a shallow fissure, (C) two infarcts corresponding to pattern 3, and (D) one infarct involving opposite sides 
of a fissure, indicative of pattern 4. (E) Infarct involving the entire cortical coating of a deep cerebellar 
fissure; notice this also is a pattern 1 infarct since it involves the apex of a deep fissure. This infarct likely 
resulted from the occlusion of the arterial branch in the cerebellar fissure. (F) Combinations of small 
infarcts commonly occur alongside the same fissure. (A-F) Notice sparing of both subcortical and deep 
white matter in each cortical infarct.
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Figure 2. (A-D) 3D T1-weighted images (sagittal reconstructions) of the brain, providing excellent contrast 
between grey matter and white matter, show the four patterns by which cerebellar infarcts (arrows) 
typically affect the cerebellar cortex. (E) Example of two cerebellar infarcts adjacent to each other (arrow 
and arrowhead), detected on transverse T2WI. (F) Sagittal T1WI of the same two infarcts shows how the 
topography of one infarct corresponds to pattern 3 (arrow), while the other infarct (arrowhead) corresponds 
to a small pattern 1 infarct. Notice sparing of the subcortical and deep white matter in each infarct. Images 
are cropped to display the cerebellum only.
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Brain stem
The brain stem was visually searched for infarcts by two trained investigators and a 
neuroradiologist. All raters were blinded for the history and diagnosis of the patient. 
Discrepancies in rating were revaluated in a consensus meeting. Infarcts were defined 
as focal hyperintensities on T2WI of at least 3 mm in diameter.

Data analysis
For the study sample (n=636), frequency distributions of cerebellar infarct 
characteristics were calculated. Next, chi-square testing was performed to estimate the 
proportion of cerebellar infarcts in those with brain stem infarcts. Statistical analyses 
were performed with SPSS 20.0 (IBM Corp., Armonk, NY, USA). 

RESULTS

The mean age of the population was 62 years (SD=9; range 33-83 years) and 81% 
were men. One or more cerebellar infarcts (mean 1.97; range 1-11) were detected in 
70 out of 636 patients (11%), with a total amount of 138 infarcts identified. Forty-
four cerebellar infarcts (32%) occurred in isolation, while 94 infarcts (68%) occurred 
in combination with one (n=24; 17%) or more (n=94; 68%) other cerebellar infarcts, 
with a maximum of 11 cerebellar infarcts encountered in one patient.
The average mean axial diameter was 6.5 mm (SD=7.1; range 1.5-54 mm). Hundred-
twenty-four (90%) out of 138 infarcts were smaller or equal to 10 mm, while 128 
(93%) infarcts were smaller than 15 mm and 131 infarcts (95%) were smaller than 
20 mm (table 1).  

Table 1. Size (in mm, X-axis) and frequency (Y-axis) of cerebellar infarcts; notice the overwhelming 
majority of infarcts smaller than 10 mm.
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Hundred-thirty-five infarcts (98%) showed evidence of cavitation on 3DT1 and/or 
FLAIR. Seven infarcts (5%) presented on FLAIR as a hypointense cavity without 
surrounding hyperintensity suggestive of gliosis, while 120 infarcts (87%) did show 
hyperintense signal suggestive of gliosis. Eleven infarcts (8%) were occult on FLAIR. 
Hundred-thirty-four (97%) out of all 138 infarcts involved the cerebellar cortex, 
uniquely or in part, and are further described as cortical infarcts. The subcortical 
branch of white matter was spared in 122 out of 134 cortical infarcts (91%), and no 
infarcts were restricted to subcortical branches of white matter. Eight (6%) out of all 
138 infarcts involved the deep regions of the cerebellum, four of which (3%) were large 
cortical infarcts involving multiple folia and extending into the deep cerebellum and 
the other four (3%) were smaller than 10 mm and restricted to the deep cerebellum. 
Three of the latter showed evidence of cavitation and were compatible with lacunes of 
presumed vascular origin[30].
Cortical infarcts involved the apex of a large fissure (pattern 1; n=63 or 47% of 134 
cortical infarcts) or of a small fissure (pattern 2; n= 15 or 11%), or occurred more 
superficially alongside one side of a fissure (pattern 3; n=34 or 25%) or opposite sides 
of a fissure (pattern 4; n=13 or 10%) (figure 1, 2). Some cortical infarcts involved 
multiple fissures (n=9 or 7%), and therefore were not assigned to one of the four 
described cortical infarct patterns. The latter group included all infarcts with a mean 
axial diameter above 16 mm.  
According to the lobar classification[18], hundred-thirty-one infarcts (95%) were 
situated within the cerebellar hemispheres, three infarcts (2.2%) within the paravermis, 
two infarcts (1.4%) within the vermis, while two more infarcts (1.4%) involved the 
combination of cerebellar hemisphere, paravermis and vermis (table 2). Hundred-
nineteen infarcts (87%) were situated within the posterior lobe of the cerebellum, 
seven infarcts (5%) were situated within the anterior lobe, and another eight infarcts 
(6%) involved both the anterior and posterior lobe, while the remainder four infarcts 
(3%) were restricted to the deep cerebellum and thus did not involve the anterior 
or posterior lobe (table 2). With respect to the lobular classification[18], infarcts 
involving Crus I were most common (n=92 or 67%); 33 (24%) infarcts involved Crus 
I in isolation and another 59 (43%) infarcts involved Crus I in combination with 
adjacent lobule(s). Crus II was second only to Crus I in order of frequency, and was 
involved in 54 infarcts (39%), 15 (11%) in isolation and 39 (28%) in combination. 
In declining frequency, either alone or in combination with other lobules, cerebellar 
infarcts involved lobule VI (n=33 or 24%), lobule VIII (n=13 or 9%), lobule V (n=12 
or 9%), lobule VII (n=9 or 7%), lobule IX (n=7 or 5%), lobule IV (n=5 or 4%), 
lobule III (n=4 or 3%) and lobule I/II (n=1 or 1%), while no infarct was seen to 
involve lobule X (table 2).   
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A total of 21 patients showed evidence of brain stem infarcts, seven of whom (33%) 
showed evidence of cerebellar infarcts; of the 615 patients without brain stem infarcts, 
63 (10%) showed evidence of cerebellar infarcts (Pearson Chi square 11.5; p=0.001). 

DISCUSSION

In the present study we investigated the presence and topography of cerebellar infarcts, 
irrespective of clinical symptomatology, in patients with a history of arterial disease. 
The results of our study indicate that (very) small cerebellar infarcts (≤ 1.5 cm) may be 
much more common than large cerebellar infarcts, and that most cerebellar infarcts 
involve the posterior lobe. Small cerebellar cortical cavities, by far the most common 
type of cerebellar infarction observed, consistently showed sparing of subcortical 
white matter and occurred in characteristic distribution patterns. 

Table 2. Lobar and lobular classification of cerebellar infarcts using the functional 
topographical classification based on a 3D MRI atlas in proportional stereotaxic 
space; notice the predominant involvement of the posterior lobe over the 
anterior lobe.  In respect to the lobular classification, many infarcts involve the 
combination of multiple lobules. These infarcts are counted for each involved 
lobule, and therefore the total sum of involved lobules exceeds the 138 infarcts 
observed in the present study.

Lobar Classification

Anterior Lobe 15

Posterior Lobe 127

Anterior and Posterior Lobe 8

Lobular Classification

Anterior Lobe

Lobule I/II 1

Lobule III 4

Lobule IV 5

Lobule V 12

Posterior Lobe

Lobule VI 33

Crus I 92

Crus II 54

Lobule VII 9

Lobule VIII 13

Lobule IX 7

Lobule X 0
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First, (very) small cerebellar infarcts were far more common than large cerebellar 
infarcts, as the majority (90%) of cerebellar infarcts was smaller or equal to 1 cm. 
Cerebellar infarcts were often (in 68%) seen in combination with other cerebellar 
infarct(s). These findings are in line with previous reports on multiple cerebellar 
infarcts studied in the symptomatic stage of infarction[17,21], and one of these 
reports showed that very small cerebellar infarcts are present in over 90% of patients 
with multiple cerebellar infarcts[17]. In addition, the present study now indicates 
that the same very small infarcts commonly occur in isolation as well, as opposed to 
previous studies which have studied cerebellar infarcts in the acute/symptomatic stage 
of infarction[16,31]. As a result, cerebellar infarcts in general may be much more 
common than previously thought, as the majority seem to be very small and may be 
asymptomatic or only present with minor, non-specific or non-focal symptoms, such 
as dizziness, nausea and vomiting, unsteady gait, and headache[6,32,33]. Therefore, 
most cerebellar infarcts could escape clinical attention during the acute stage of 
infarction.
Second, cerebellar infarcts seem to be mainly a disease of cortical grey matter. All very 
small infarcts occurred in the cortex and spared subcortical white matter, with the 
exception of a few deep cavities which were compatible with cerebellar lacunes. All larger 
cerebellar infarcts primarily involved the cortex as well. In the same way as very small 
infarcts, larger cerebellar infarcts showed a complete denudation of the cerebellar cortex, 
albeit with extension into subcortical white matter. Nevertheless, even larger infarcts 
could spare some subcortical branches of white matter (figure 3). These findings on a 
large scale confirm the white matter sparing observed in a limited number of cerebellar 
cavities which were recently studied with ex vivo 7T MRI and histopathological 
correlation[22]. Considering the cerebellar infarct patterns presented in the present 
study, the sparing of subcortical white matter seems determined by the cortical and 
subcortical architecture of the cerebellum and its arterial supply. In the cerebellum, the 
white matter resembles a tree (‘the arbor vitae’) with a stem of deep white matter and 
branches of subcortical white matter[22,34]. These branches and surrounding cortex 
form cerebellar folia, separated from each other by deeply interdigitating fissures 
which contain arterial branches. As such, these folia receive arterial supply from 
arterial branches in two fissures (figure 1 and 4)[35,36]. We postulate that exactly this 
dual cortical arterial supply of cerebellar folia might account for the subcortical white 
matter sparing of the observed cortical infarcts. In larger infarcts caused by a more 
proximal occlusion of a cerebellar artery, however, arterial branches may be occluded 
in both the fissure above and beneath the infarcted folium, leaving no collateral 
arterial supply. Although speculative, this might explain why the subcortical branch 
of white matter was not consistently spared in larger infarcts.
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Figure 4. Sagittal contrast-enhanced TOF MRA at 
7T illustrates how blood vessels (arrows) are seen 
within each cerebellar fissure. (Image courtesy of 
Anita Harteveld)

Figure 3.  Although this larger infarct spans 
multiple fissures, it is seen to spare the deep 
white matter and multiple (but not all) branches 
of subcortical white matter (arrows in C). 
(A) Transverse T2-weighted image, (B) sagittal 
T1WI, (C) 3DT1 with sagittal reconstructions. 
Notice the superior contrast between grey and 
white matter on image c compared to image b.

Third, the majority (87%) of cerebellar infarcts occurred in the posterior lobes of the 
cerebellar hemispheres. This disproportion may be at least explained by the much 
larger volume of the cerebellar hemispheres compared to the cerebellar vermis on 
the one hand, and of the posterior lobes compared to the anterior lobes on the other 
hand[19]. Nevertheless, previous reports on cerebellar infarcts in the symptomatic 
stage have found that infarcts in the SCA territory, which more or less corresponds to 
the anterior lobe, are similar in frequency to infarcts in the PICA territory, which more 
or less corresponds to the posterior lobe. Thus, the disproportionate involvement of 
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the posterior lobe in the present study seems to suggest that infarcts in the posterior 
lobe are less often symptomatic or present with minor, non-specific or non-focal 
symptoms[37]. This in turn could be related to the topographical organisation of 
cerebellar functions, with sensorimotor functions primarily found in the anterior lobe 
and cognitive processing (non-motor functions) represented in the posterior lobe of 
the cerebellum[18,20,38].
For multiple reasons, the described imaging patterns of cerebellar cortical cavities 
could be compatible with infarcted cortical arterial territories[39]. First, the locations 
of cortical infarcts centered around a cortical groove or around the apex of a fissure, 
seemed to correspond to the territory around the entry point of a cortical artery (figure 
1)[35-36]. Secondly, multiple small cortical infarcts were often seen grouped together 
along the same fissure (figure 1f and 2e-f ), suggesting the occlusion of multiple 
cortical arteries running in this fissure. Thirdly, cortical infarcts involving the apex 
(pattern 1 and 2, figure 1 and 2) had a more or less triangular shape and were very 
variable in size. While some of these were very small and restricted to the apex of a 
fissure (arrowhead in figure 2f ), others extended along part or even the whole of the 
cortex covering the fissure (figure 1e). This variability in extent could have depended 
on the site of arterial occlusion; distal occlusions causing cortical infarcts restricted to 
the apex and more proximal occlusions giving rise to more extensive cortical infarcts. 
Although this theory remains in part assumptive with only indirect anatomical 
evidence, the documented cortical infarct patterns could serve as a scientific basis for 
future research in cerebellar vasculature and ischaemic disease.
Finally, besides the cortical laesions, four small laesions occurred in the deep cerebellar 
grey/and or white matter, three of which showed evidence of cavitation and were 
compatible with lacunes of presumed vascular origin[30]. Since the original post-
mortem studies, lacunes of presumed vascular origin are known to be relatively rare in 
the cerebellum, which was recently confirmed in a combined radiological-pathological 
correlation study and again in the present imaging study[22,40]. 
Strengths of our study include the large number of examined subjects as well as 
its original design in which cerebellar infarcts were evaluated beyond the exclusive 
use of the transverse imaging plane in the acute stage of infarction. There are also 
limitations on both radiological and clinical points. From a radiological perspective, 
the arterial cerebellar territories are not discussed with reference to the small versus 
large infarct patterns. Unfortunately, small cerebellar infarcts are difficult to classify 
according to perfusion territories, as the perfusion territories are widely variable 
among subjects[9,18]. Moreover, it is not always possible to draw a sharp line between 
complete and incomplete large territorial cerebellar infarcts. Therefore, we opted for 
the topographical classification of small and large cerebellar infarcts, as  proposed in 
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an earlier publication[18]. With respect to this classification, some lobules are more 
difficult to define than others. We dealt with this to combine lobule I and II, as 
proposed by the MRI atlas in stereotaxic space[19], and to combine lobule VIIIa 
and VIIIb[18]. Since no infarcts involved lobule X (flocculonodular lobe), all infarcts 
involving adjacent lobules were reviewed, and again no infarcts involving lobule X 
were found. Just like the flocculonodular lobe, the anterior and posterior lobes (lobule 
V and VI) are easy to define due to large intervening fissures, and the same goes for 
lobule VI, Crus I, and Crus II. Thus, lobules V, VI, Crus I and Crus II are all easy 
to define and these constituted the vast majority of all involved lobules (191 out of 
230 involved lobules in total). Another limitation from an imaging perspective is 
the study of patients irrespective of symptomatology, without notion of the delay 
between infarct onset and MRI scan. As a result of this study design, infarcts were in 
general imaged in the chronic stage, as witnessed by cavitation of almost any observed 
infarct. Since infarct features, such as oedema, infarct volume and cavitation, differ 
substantially between the acute and chronic stage, it cannot be excluded that white 
matter might have been involved to some degree in the acute stage, with (partial) 
recovery and therefore absence of signal abnormalities in the chronic stage of 
infarction. Thus, our description of grey and white matter involvement may not 
hold true for acute cerebellar infarcts. From a clinical perspective, there were no 
data on which infarcts corresponded to a clinical stroke syndrome and which were 
asymptomatic. However, the current study was aimed to describe and qualify the 
different anatomic patterns of infarcts as incidental findings in a large epidemiological 
study. Also, the clinical significance of the chronic infarcts on cognitive and motor 
functions was not evaluated and should be investigated in further studies. Finally, the 
present imaging study did not provide information on vertebrobasilar arterial status 
or pathophysiological mechanism. 

CONCLUSION

We studied the occurrence and imaging patterns of cerebellar infarcts on MRI 
irrespective of clinical symptoms. Small cerebellar infarcts proved to be much more 
common than larger infarcts, and the posterior lobe was involved much more often 
than the anterior lobe. Small cerebellar infarcts involving the cortex were by far most 
common. These occurred in four typical distribution patterns, each with sparing of 
subcortical white matter. Although speculative, a considerable number of these small 
infarcts could have remained hidden during the acute stage of infarction due to lack 
of symptomatology or non-specific symptoms, especially if situated in the posterior 
lobe and if occurring in isolation. 
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ABSTRACT

Diagnosis of cerebellar infarcts remains a challenge, mostly because of non-specific 
or mild clinical symptoms. Recent studies have shown that most cerebellar infarcts 
are small and initially remain unnoticed, only to be detected later on as an incidental 
infarct cavity. CT scans have a low sensitivity to detect early ischaemic changes, while 
MR imaging is often omitted or only performed after the stage of diffusion restriction, 
when cerebellar infarcts may be hard to detect due to “fogging”. Nevertheless, cerebellar 
infarcts tend to occur in typical arterial patterns, knowledge of which facilitates and 
refines their diagnosis. Although large cerebellar arterial territories widely vary among 
subjects, some anatomical regions are practically invariably perfused by a specific 
cerebellar artery. In addition, much like large cerebellar infarcts, recent studies have 
shown how small cerebellar infarcts occur in typical distribution patterns.
In this article, we will discuss the MR imaging and distribution of cerebellar infarctions, 
with the goal to diagnose cerebellar infarctions more frequently and more accurately.
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INTRODUCTION 

Cerebral infarcts on MRI are no longer a diagnostic challenge, mainly thanks to the 
strength of DWI and FLAIR-weighted imaging. In the cerebellum, however, FLAIR-
weighted images are less robust due to magnetic field inhomogeneities[1,2], while 
non-focal clinical symptoms and delays in MR imaging often lead to imaging outside 
the time frame of diffusion restriction[3]. Even more, recent studies have indicated 
that most cerebellar infarcts initially remain unnoticed, and are only detected 
later on as an incidental infarct cavity on CT or MRI[1,4,5].  Because a history 
of vertebrobasilar TIA or stroke is frequently lacking, adequate documentation of 
cerebellar infarcts on imaging is mandatory for diagnosis and future cerebrovascular 
risk assessment in the individual patient. 

In this article, we will review the MR imaging of cerebellar ischaemia, with emphasis 
on recent insights and emerging concepts.

CLINICAL PRESENTATION

Cerebellar infarcts typically present with non-specific symptoms such as dizziness, 
nausea, vomiting, unsteady gait, and headache[3]. It may mimic benign conditions 
such as viral gastroenteritis or labyrinthitis, which are often seen in the emergency 
department[6]. A physician is often faced with the task of identifying the cases in which 
cerebellar stroke is the underlying cause instead[6]. Neurological signs associated with 
cerebellar infarcts include dysmetria, dysarthria, ataxia, and nystagmus[7]. Besides 
motor symptoms, it has now been shown that patients with cerebellar infarcts 
can also present with the cerebellar cognitive affective syndrome, which includes 
executive, visual spatial, and linguistic impairments, and affective dysregulation[8]. 
In general, small cerebellar infarcts present with the same though less severe and 
less profound clinical manifestations as larger infarcts[9]. As a result of subclinical 
cerebellar infarctions, small incidental infarct cavities are a very frequent finding in 
the cerebellum, especially in ageing subjects and patient with cardiovascular disease, 
usually without a known history of cerebellar TIA or stroke[1,5]. 

ANATOMY

Structural Anatomy

The cerebellum is located in the posterior fossa of the skull and consists out of a 
midline vermis and two lateral hemispheres. It has three surfaces; an anterior (or 
petrosal), superior (or tentorial), and posterior (or occipital) surface. The cerebellum is 



Chapter 5

70

composed of three lobes; the anterior lobe, the posterior lobe, and the flocculonodular 
lobe (lobule X)[4,10]. The anterior lobe is separated from the posterior lobe by the 
primary fissure, which is easily identified in the axial and midsagittal plane as the 
deepest and thickest fissure in the superior part of the vermis. The flocculonodular 
lobe is composed of the nodule of vermis in the midline and of the flocculus in the 
cerebellar hemispheres.

Arterial Anatomy and Perfusion Territories

The cerebellum mainly receives arterial blood supply from three paired arteries, 
although variant arterial anatomy is common. The posterior inferior cerebellar artery 
(PICA) usually arises from the distal vertebral artery and supplies the posterior surface 
of the cerebellum, at the least in its medial portion (figure 1, 2)[11]. The anterior 
inferior cerebellar artery (AICA) arises from the first or second third of the basilar 
artery, and it often demonstrates a loop in the inner auditory canal. The territory 
perfused by the AICA varies in reciprocity with the PICA and superior cerebellar 
artery (SCA)[11,12]. It may be confined to the anterior surface, but the AICA may 
also supply lateral portions of the posterior and/or superior surface of the cerebellum 
(figure 3). Branches of the PICA, AICA and SCA run on the surface of the cerebellum, 
while more peripheral branches course in the cerebellar fissures and give rise to 
cortical arteries in the cerebellar fissures which penetrate and supply the cerebellar 
cortex. Anastomoses between the circumferential arteries of PICA, AICA and SCA 
are constantly present among individuals[12,13].

PATHOPHYSIOLOGICAL MECHANISMS

Larger infarcts 

Larger cerebellar infarcts (diameter > 1.5 cm) typically affect one or more of the three 
major cerebellar perfusion territories (PICA, AICA, and SCA), either in whole or in 
part. Therefore, these infarcts have been referred to as territorial infarcts (figure 2, 3). 
They are caused by the occlusion of a major cerebellar artery (PICA, AICA, and/or 
SCA), or from a proximal branch stemming from it. Arterial occlusion usually results 
from thrombo-embolism from the heart or an arterial source (mainly atherosclerosis 
and less frequently dissection)[14]. 
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Figure 1. Variability of the PICA perfusion territory demonstrated with super-selective 
territorial ASL MRI in 10 healthy subjects (from Neuroimage, courtesy of Dr. Nolan 
Hartkamp). The PICA invariably supplies the medial parts of the posterior inferior 
surface, with variable extension towards the lateral side of the posterior surface as well as 
variable extension towards the superior and anterior cerebellar surfaces. 
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A B C

Figure 2. Acute PICA infarct involving both hemispheres on T2WI (A), DWI (B) and ADC-map (C). As its 
name implies, the PICA supplies the posterior inferior surface of the cerebellum. Notice, however, that the 
lateral portions of the posterior inferior surfaces are not involved. (Images courtesy of Anne-Sophie Monté, 
Neurology, AZ Sint-Elisabeth, Zottegem, Belgium)

Figure 3. Acute AICA-infarction (arrows) immediately after surgery for acoustic neuroma on T2WI (A) 
and DWI (B). The AICA often shows a loop in the inner auditory canal, and is therefore at risk during 
surgery. Notice how AICA territories typically supply the anterior surface of the cerebellum as well as (parts 
of ) the middle cerebellar peduncle. Importantly, notice how AICA territories may extend beyond the 
lateral angle to supply the lateral portion of the posterior cerebellar fissure, not to be confused with PICA 
infarction. In this patient, the PICA thus only supplies the most medial part of the posterior inferior surface 
of the cerebellum. Also visible is a post-operative fluid collection in between the petrous bone and the right 
cerebellar hemisphere (dashed arrow).

A B

Small infarcts 

Small infarcts (diameter ≤ 1.5 cm) have been recently found to be far more common 
than large cerebellar infarcts, and they tend to present on imaging studies as an 
incidental finding rather than being detected in the acute or symptomatic stage of 
infarction[1], likely because of mild clinical symptoms («not listened to» or truly 
silent)[15,16] or because MRI is not timely performed (beyond the stage of diffusion 
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restriction). Like larger cerebellar infarcts, small cerebellar infarcts have been found 
to be caused by arterial (or arteriolar) occlusion, either with or without associated 
‘low flow’[9,17]. Since these small infarcts typically occur in a distal arterial territory, 
they may be referred to as end-territorial infarcts[4,9]. Recent studies suggest that 
the involved distal arterial branches typically comprise cortical arteri(ol)es[1]. Less 
frequently, small infarcts occur in the deep subcortical regions of the cerebellum to 
affect the deep white matter and/or deep nuclei[1].

MRI 

Pattern recognition 

In general, diagnosis of large cerebellar infarcts is more straightforward than diagnosis 
of small infarcts. Large cerebellar infarcts usually do not cause diagnostic difficulties 
because of their vascular distribution in a typical perfusion territory, which is easily 
recognised and reflects the name of the cerebellar artery by which it is supplied. The 
posterior inferior cerebellar surface is supplied by the PICA, the anterior inferior 
surface by the AICA, and the superior surface by the SCA. Therefore, for large 
cerebellar infarcts, the involved perfusion territories are usually easily deduced from 
the cerebellar surface (anterior, posterior, or superior) bordered by the infarct. Often, 
however, the AICA supplies a considerable part of the posterior surface (figure 3), 
but the medial part of the posterior surface is (almost) invariably supplied by the 
PICA (figure 1, 2, 4). Previous articles have stated that medial PICA infarcts are 
more common than lateral PICA infarcts[18]; however, a recently introduced flow-
territory map of the PICA territory shows how the medial part of the posterior surface 
of the cerebellum is invariably perfused by the PICA, while its lateral extension is 
far more variable (figure 1)[11]. Thus, so called “medial (branch) PICA infarcts“ 
may result from the infarction of a whole cerebellar PICA territory restricted to the 
medial part of the cerebellum (figure 1, 2, 4)[19]. Likewise, AICA infarcts extending 
into the lateral portions of the posterior surface should not be mistaken for lateral 
PICA infarcts (figure 3). Other variants to consider include a combined PICA-AICA 
territory (with a common trunk seen on angiographic sequences) or a PICA supplying 
both cerebellar hemispheres (figure 2). Although small cerebellar infarcts sometimes 
may be detected in the acute stage (figure 5)[9,17], they often present later on as 
an incidental cavity on imaging. Most of these comprise cerebellar cortical infarct 
cavities, which spare the subjacent branches of subcortical white matter (figure 4A-B, 
6)[1,20]. In the axial plane, small cortical infarcts are usually oriented/radiate towards 
the brain stem (figure 4A-B, 6)[1]. In the sagittal plane, small cortical infarcts are 
located either in the apex of a cerebellar fissure (figure 6C), or either more peripherally 
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Figure 5. initial DWI (A, B) show an acute left pontine infarction, acute right occipital lobe infarction 
as well as three small acute infarcts in the right and two in the left cerebellar hemispheres. The largest 
cerebellar infarct  on the right (arrow) measures 0.7 cm and on the left (arrowhead) 0.8 cm, the other 
infarcts are smaller than 0.5 cm. Follow-up T2WI (C, D) more than half a year later again shows the 
pontine infarct as well as an occluded basilar artery (open arrow). Due to cavitation, infarct retraction and 
shrinkage, only the two largest cerebellar infarcts (arrow and arrowhead) are still visible, while the three 
other cerebellar infarcts < 0.5 cm are no longer perceptible. After healing, the infarct on the left corresponds 
to a cortical infarct cavity, while the infarct on the right is situated in the deep cerebellum. Also, T2-
hyperintense changes become visible in both middle cerebellar peduncles due to Wallerian degeneration of 
white matter tracts (dashed arrows).

A C

B D

A B C

Figure 4. MRI (A: axial T2WI; B and C: sagittal T1WI) showing a cerebellar cortical infarct cavity in the 
right cerebellar hemisphere (white arrows) and an old PICA infarct (black arrows) with cavitation in the 
left cerebellar hemisphere. The anterior surface of the left hemi-cerebellum (A, C) is displayed in red and 
the posterior surface in blue. The cerebellar cortical infarct cavity is seen to spare the underlying branch 
of subcortical white matter on this sagittal T1WI (B). The anterior (red line), posterior (blue line) and 
superior cerebellar surfaces (black line) are displayed (A, C). PICA infarcts invariably involve the medial 
side of the posterior surface, with variable lateral extension. In this case, the lateral side of the posterior 
surface is likely perfused by the AICA, as in figure 3. 
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alongside one (figure 4B) or opposite sides of a fissure[1]. In the same way as for large 
infarcts, recognition of these infarct patterns is key to diagnosis based on imaging 
studies[1].

MRI pulse sequences and infarct evolution 

Acute cerebellar infarcts (figure 2, 3 and 5) are usually readily recognised as bright areas 
on DWI with low signal on ADC maps due to restricted diffusion. DWI becomes 
positive within minutes after onset of infarction because of cytotoxic oedema[21]. 
It should be noted that infarcts in the posterior circulation are more often negative 
on DWI than those in the anterior circulation [22–24]. In the following hours, 
infarcts become hyperintense on FLAIR- and T2-weighted images. Nevertheless, 
FLAIR-weighted images are often false negative in the posterior fossa due to local 
field inhomogeneities[2].  
Brain swelling peaks at about three days, and infarct volume in the acute stage on 
DWI is therefore not a reliable indicator of final infarct size. In the second half 
of the first week, infarcts considerably diminish in size and diffusion (pseudo-)
normalises after around 10 days. Thus, MRI provides the greatest diagnostic yield 
when performed as soon as possible (certainly within a few days) of symptom onset, 
especially in minor stroke. Also around 10 days, infarcts may become isointense and 
therefore invisible on T2-weighted images, a phenomenon known as ‘fogging’, which 
corresponds to the occurrence of necrosis, angiogenesis and microglia/macrophage 
infiltration[25–27]. Afterwards, both small and large cerebellar infarcts tend to heal 
with cavitation, leaving a cerebrospinal fluid-filled cavity surrounded by a rim of 
gliosis (figure 4, 6)[5]. It has been shown that high-resolution T1-weighted images 
(T1WI) are superior to FLAIR-weighted images for confirmation of infarct cavitation 

Figure 6. Cerebellar cortical infarct cavity (arrows) in the left posterior lobe along the great horizontal 
fissure. Notice the radial orientation towards the brain stem on axial T2 (A) and FLAIR-weighted images 
(B). Some hyperintense signal (gliosis) surrounding the cavity is seen on axial FLAIR. Notice the cortical 
location in the apex of the fissure on sagittal reconstruction of 3D T1-weighted dataset (C), with strict 
sparing of subjacent white matter.

A B C
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suspected on T2-weighted images; low intensities equal to CSF reflecting cavitation 
and less pronounced hypo-intensities reflecting gliosis[2]. Nevertheless, if present, 
a hypo-intense (fluid-filled) cavity with a hyperintense rim on FLAIR is diagnostic 
of cavitation with surrounding gliosis (figure 6B)[1,2]. As described above, small 
cerebellar infarcts are often only detected as an incidental infarct cavity, which are 
most often smaller than 1 cm [1]. The smallest cerebellar cortical infarcts (< 0.5 cm) 
become too small after healing and therefore tend to disappear on sequential clinical 
MRI’s with slices of 4 or 5 mm thickness (figure 5). Nevertheless, some of these may 
still be visible on high-resolution MRI[5,20].

Venous infarction

Cerebellar venous infarction results from thrombosis of the straight sinus, lateral 
sinuses or superior petrosal vein[28]. Although rare, it is a more frequent complication 
of venous sinus thrombosis than cerebellar haemorrhage[28]. MRI can show the 
causal thrombosis as well as the cerebellar abnormalities. The imaging appearances of 
the ischaemic parenchymal abnormalities are non-specific, and occur in a non-arterial 
distribution. DWI may be positive or negative, and contrast enhancement may be 
present (figure 7).

Figure 7. Thrombosis of the right lateral sinus complicated by venous ischaemia in the right cerebellar 
hemisphere. Axial T2WI (A, B) show the venous infarction (arrows) as well as the responsible clot in the 
right lateral sinus (arrowheads). The core of the venous infarct (open arrows) shows discretely restricted 
diffusion on DWI (C) and ADC map (D), and is surrounded by a rim of vasogenic oedema with facilitated 
diffusion (dashed arrows). Axial T1WI before (E) and after (F) administration of gadolinium show faint 
enhancement of the infarct core (open arrow). (Images courtesy of Anne-Sophie Monté, Neurology, AZ 
Sint-Elisabeth, Zottegem, Belgium)
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CONCLUSION

Cerebellar ischaemia remains a diagnostic challenge, and most infarcts are very small 
and still only detected after healing as an incidental finding. For optimal patient care, 
clinicians should be familiar with the presentation of cerebellar infarctions on MRI, 
which should be performed within the slightest delay as possible. 
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ABSTRACT 

Background

Small cerebellar cavities (≤ 1.5 cm) are often observed coincidentally in ageing subjects 
and have been associated with migraine as well. Although generally assumed to be of 
ischaemic origin, descriptive imaging studies are sparse and imaging findings have not 
been correlated with histopathology. We aimed to investigate whether small ischaemic 
cavities in the cerebellum show characteristic infarct patterns that might be helpful 
for diagnostic imaging. 

Methods

We examined 40 whole post-mortem cerebella with 7T MRI ex vivo for the presence 
of small ischaemic cavities. The scan protocol included a T2-, T2*- and FLAIR-
weighted sequence for all specimens. We investigated to which degree small ischaemic 
cavities affect the cortical, juxtacortical and/or deep subcortical regions of the 
cerebellum. In a subset of the cavities identified, we correlated the imaging data with 
histopathological findings.  This was performed by cutting the particular cerebellar 
specimen in 5 mm thick slices. Serial sections were performed if cavities remained 
unidentified macroscopically. 

Results

Twenty-two cavities were seen on ex vivo MRI in 8 out of 40 examined cerebella. 
Twenty out of 22 cerebellar cavities were located in the cortex and only two in the 
deep white matter, with no cavities located in the juxtacortical white matter. On MRI, 
none of the 20 cortical cavities showed extension into the juxtacortical white matter 
on MRI, although in one cortical cavity some surrounding gliosis was seen to extend 
in the juxtacortical white matter. Nine out of 22 cavities were sampled for pathological 
correlation, including seven cortical cavities and both cavities in the deep white 
matter. Three out of seven cortical and both deep cavities were histopathologically 
verified as cavities of ischaemic origin, while the remaining cortical cavities could not 
be retrieved upon histopathologic examination. Some microscopic gliosis was seen to 
extend into the juxtacortical white matter of all confirmed cortical cavities. 

Conclusion

Knowledge of typical infarct patterns may facilitate the detection and characterisation 
of cerebellar ischaemic cavities in vivo. The most characteristic imaging finding 
observed in this study was the presence of a full-thickness defect in the cerebellar 
cortex without extension in the adjacent juxtacortical white matter. 
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INTRODUCTION

Cavitary laesions in the brain can have different aetiologies, such as ischaemia, and, 
less frequently, infection and demyelinating disease. Clinical findings in combination 
with their appearance on brain MRI aid the interpretation of observed cavities. 
Particularly for small ischaemic cavities in the cerebrum, i.e. lacunes of presumed 
vascular origin[1], the vascular aetiology can usually be deduced from imaging 
characteristics alone, even without a documented history of a clinical stroke syndrome 
or brain infarction. These characteristics are the location in the subcortical grey or 
white matter and the presence of hyperintense signal surrounding the cavity on 
FLAIR MRI, which reflects gliosis[1].
In the cerebellum, small cavities (≤ 1.5 cm) are often observed coincidentally in 
ageing subjects (figure 1) and have been associated with migraine[2,3]. Although such 
cerebellar cavities are generally assumed to be of ischaemic origin, specific pathology 
studies on this subject are lacking. In addition, descriptive imaging studies are sparse 
and imaging findings have not been correlated with histopathology. As a result, it is 
unknown whether ischaemic cavities have a characteristic location in the cerebellum. 
Nevertheless, knowledge of such a predilection site, if present, could facilitate the 
diagnostic imaging of ischaemic cavities in the cerebellum.
In this study, we examined small cavities in the cerebellum with 7T MRI ex vivo 
and histopathological correlation. We aimed to determine whether small ischaemic 
cavities preferentially occur in the cortex, juxtacortical and/or deep regions of the 
cerebellum. 

Figure 1. A presumed ischaemic cavity (arrowhead) in the right cerebellar hemisphere as an incidental 
finding on routine 1.5T MRI in vivo (A; transverse T2WI, B; transverse FLAIR).
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MATERIALS AND METHODS

Post-mortem tissue

From the department of Anatomy of our hospital, we received 40 randomly selected 
cerebella, which were fixed in formalin. These specimens were obtained from the 
brains of adult subjects who had donated their bodies to science. The bodies received 
by the department of Anatomy came from Dutch community-dwelling subjects at 
the time of death, with an average age of 81 years. Due to anonymisation of these 
subjects, precise distribution of age, sex and causes of death were unknown. In each 
case, the entire cerebellum was separated from the cerebrum by transverse sectioning 
of the brain stem. Groups of four cerebella were placed in a transparent purpose-built 
plastic container filled with Fomblin, a proton-free fluid without MR signal (Solvay 
Solexis, Bollate, Italy).  This container was then positioned in the head coil of a 7T 
MRI scanner. 

MR imaging

Scans of all 40 cerebella were acquired on a whole-body 7T MR system (Philips 
Healthcare, Cleveland, OH, USA) with a volume transmit coil and 32-channel 
receive head coil (Nova Medical, Wilmington, MA, USA). The following 7T MRI 
protocol was used: T2WI; 3D TSE; TR 3000ms; TE 207ms; reduced refocusing 
angle of 40°; acquired voxel size 0.70x0.70x0.70mm3; matrix size 284x169; FOV 200 
x 119 x 120 mm3 (FHxRLxAP); SENSE: 2 x 2 (RLxAP);  scan duration 8min 39sec 
(figure 2A), FLAIR; TR 8000ms; TI 1600ms; TE 233ms; reduced refocusing angle of 
40°; acquired voxel size 0.80x0.80x0.80mm3; matrix size 312x145; FOV 250 x 119 x 
120 mm3 (FHxRLxAP); SENSE: 1 x 2 (RLxAP); scan duration 20min 8sec (figure 2B), 
and T2*WI (T2*WI; multi-shot EPI images[4]; TR 64ms; TE 20ms; flip angle 24°; 
acquired voxel size 0.50x0.50x0.50mm3; matrix size 480x228; FOV 240 x 120 x 120 
mm3 (FHxRLxAP); SENSE: 1.5 x 1.5 (RLxAP); scan duration 2min 52sec). 

Sampling procedure and histology 

All images were carefully evaluated by a neuroradiologist (LDC) for ischaemic cavities 
in the cerebellar parenchyma. Ischaemic cavities included (partially or entirely) 
hyperintense structures on T2WI in combination with hypointense signal on FLAIR 
(figure 2). Ischaemic cavities did not include structures limited to a fissure or groove 
and/or signal alterations solely due to the focal accumulation of air (as assessed on 
the T2*WI). Signal alterations with a tubular and winding course indicative of blood 
vessels and/or perivascular spaces were also excluded. The exact site of abnormality 
on the scan was carefully indicated for each cavity. Due to decay of some cerebellar 
specimens in the time between ex vivo imaging and microscopic examination, not all 
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cavities detected on MRI could be sampled for pathologic correlation. Nevertheless, a 
representative number of cavities were sampled for pathology guided by their location 
on MRI. This was performed by cutting the particular cerebellar specimen in 5 mm 
thick slices, mostly in a sagittal direction (by SvV). Then, the tissue was embedded 
in paraffin, processed and 6-µm thick sections were cut and stained for microscopic 
examination. Serial sections were performed if cavities remained unidentified 
macroscopically. Sections were stained with hematoxylin/eosin (H&E), and Luxol fast 
blue & Periodic acid-Schiff (LFB). All stained sections were evaluated microscopically 
by a neuropathologist (WS) on the brain parenchyma level.

RESULTS

MR imaging

A total of 22 cavities was seen on the post-mortem MRI in 20% (n=8/40) of the 
examined cerebella, while infarcts without cavitation were not encountered in this 
study. The cavity size (mean of largest and smallest axial diameter for each cavity) 
varied from 2.5 to 1.5 cm (mean 0.6 cm). Cavities (figure 2-5) were observed much 
more frequently in the cerebellar cortex (n=20/22, 91%) than in the deep cerebellum 
(namely the deep white matter and deep nuclei; n=2/22, 9%) (figure 6). All cortical 
cavities were restricted to the cortex with sparing of the juxtacortical white matter on 
MRI (figure 2-5), although in one case a surrounding rim of hyperintensity (possibly 
reflecting gliosis) extended into the white matter (figure 5). All observed cortical 
cavities were in continuity with a cerebellar fissure. No cavities were observed in the 
juxtacortical white matter. 

Figure 2. A presumed ischaemic cavity (asterisk) in the left cerebellar hemisphere on 7T MRI ex vivo (A; 
transverse T2WI, B; transverse FLAIR, C; transverse T2*WI). The cavity is restricted to the cortical grey 
matter. The subcortical white matter is preserved (arrows). Notice signal nulling of the cavity on FLAIR 
(B), which is indicative of fluid. No accumulation of air is seen on T2*WI (C). This cavity could not be 
retrieved on macroscopic examination.
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Figure 3. An ischaemic cavity (asterisk) in the right cerebellar hemisphere on 7T MRI ex vivo (A; 
transverse T2WI), gross specimen cut along the line indicated in A (B), and microscopy (C-D; 
H-E stain). Notice destruction of all three cortical layers on microscopy (C-D) and a preserved 
juxtacortical white matter (arrows in A, C, and D) with some microscopic gliotic changes 
(arrowheads in C and D). The surroundings of the cerebellum are dark on T2WI because the 
specimens were submerged in Fomblin (A), which does not yield MRI signal.

Figure 4. Ischaemic cavity (arrowhead in A, asterisk in B and C) in the right cerebellar hemisphere 
on 7T MRI ex vivo (A; transverse T2WI), gross specimen (B; transverse section), and microscopy 
(C; H-E stain). The cavity is partially hypointense on T2WI since it is partially filled with Fomblin 
and air centrally (both of which are without MRI signal). Microscopy neatly confirms the presence 
of a cavity with destruction of all three cortical layers. The adjacent white matter (arrow in C) has 
remained in situ but shows some gliotic changes (arrowheads in C).
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Pathology

Due to a storage problem with subsequent decay of some of the specimens after the 
MRI exams, only five out of eight cerebella (with evidence of ischaemic cavities on 
MRI) were eventually suitable for pathological correlation. Seven cavities in these 
five different cerebella were sampled for pathologic correlation, including five cortical 
cavities as well as the two deep cavities. Of the seven sampled cavities, five could 
be observed macroscopically and were also confirmed on microscopic examination, 
while two cortical cavities were not retrieved on either macroscopic or microscopic 
examination. The five confirmed cavities included the two deep cavities and three of 
the seven cortical cavities. The three cortical cavities with pathological correlation 
all showed ischaemic cavitation of the cortex with destruction of all cortical layers 
(molecular, Purkinje cell, and granular layer). While the cavities themselves showed 
no significant extension into the adjacent white matter, all cavities showed some 
microscopic extension of surrounding gliosis into the juxtacortical white matter (figure 
3-4). On MRI this extension was possibly perceivable in only one case (figure 5). The 
two deep cavities were restricted to the deep white matter and showed surrounding 
gliosis (figure 6), and were found to be consistent with ischaemic laesions as well. One 
of the two deep cavities occurred as a solitary laesion, while the other one occurred 
together with a cortical cavity in the same cerebellar specimen.

Figure 5. Ischaemic cavity (asterisk) in the right cerebellar hemisphere on 7T MRI ex vivo (A; transverse 
T2WI), gross specimen (B; sagittal section), and microscopy (C; LFB stain). Notice cortical location of 
the elongated cavity (asterisks in A, B, and C). The cavity is hypointense on T2WI due to the presence 
of some air, while the surroundings of the cerebellum are dark due to Fomblin (A). Microscopy shows a 
complete denudation of all three cortical layers (C). The subcortical white matter (arrows in A, B, and C) 
has remained in situ but shows gliotic changes (arrowheads in A and C).
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DISCUSSION

This study suggests that ischaemic cavities in the cerebellum have typical spatial 
characteristics, akin to lacunes of presumed ischaemic origin in the cerebrum. First, 
ischaemic cavities involving the cerebellar cortex were observed much more frequently 
than deep cavities, while no ischaemic cavities primarily involved the juxtacortical 
white matter. Secondly, cortical cavities involved the cortex in a specific way, i.e. with 
sparing of the juxtacortical white matter, although some surrounding gliosis could be 
seen to extend into the juxtacortical white matter, especially microscopically. Thirdly, 
all cortical cavities were in continuation with the adjacent fissure, like a pit in the 
cortical surface, with denudation of all cortical layers on histopathology. 
The spatial characteristics as described above could serve as imaging criteria to 
diagnose cerebellar ischaemic cavities with confidence in vivo, especially if MRI 
sequences are acquired that neatly show the cortical-subcortical junction and provide 

Figure 6. Ischaemic cavity (asterisk) in the deep white matter of the cerebellum close to the dentate nucleus 
(∆) on 7T MRI ex vivo (A; sagittal T2WI MRI), gross specimen (B; sagittal section), and microscopy (C-
D; H-E stain).
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Figure 7. Example of in vivo diagnosis of cortical ischaemic cavities in the cerebellum of a 63-year-old male 
at 1.5T MRI (A; transverse T2WI, B; transverse FLAIR, C; sagittal reconstructions of a 3D T1 FFE). Three 
cavities in the right hemicerebellum and two cavities adjacent to each other in the left hemicerebellum are 
visible on T2WI (arrows and arrowhead in A). The cavity indicated by the arrowhead clearly shows signal 
nulling with slight surrounding hyperintensity, which is indicative of a fluid-fluid cavity with surrounding 
gliosis on the FLAIR (B). The same cavity is restricted to the cerebellar cortex and communicates with a 
cerebellar fissure as is evident from sagittal T1 FFE (arrowhead in C). All other cavities visible on T2WI 
were also visible on the FFE (not shown), and all of them were seen to be restricted to the cerebellar cortex 
and in communication with a cerebellar fissure.

a sharp contrast between grey and white matter, such as a 3D gradient echo weighted 
T1 sequence (MPRAGE or FFE, figure 7)[5,6]. In vivo, T1WI have the additional 
advantage of being found to be superior to FLAIR-weighted images in the assessment 
of cavitation, especially in the posterior fossa[7]. 
In the cerebrum, cavities of ischaemic origin (lacunes) are important markers of 
cognitive decline and risk of stroke and dementia[7–10].  The cerebellum has recently 
been associated with cognitive function besides motor functions, and might, thus, 
also be involved in cognitive decline[11–13]. The frequent observation of ischaemic 
cavities in the cerebellum in the present study, while lacking the clinical status of these 
anonymous specimens, urges the need for future studies correlating these laesions with 
cognitive and motor performance. Such studies are feasible, as we used resolutions 
that were previously used in vivo[4,14,15], and as cavities are already visible with 
clinical 1.5T (figure 1 and 7) and 3T MRI. 
Despite our targeted approach based on MRI findings, not all cavities in this study 
could be retrieved on pathological examination. This might be explained by various 
factors. First, MRI may display the three-dimensional aspect of a cavity better than 
gross inspection[16]. MRI allows slices to be reconstructed in any plane and clearly 
visualises cavities on T2WI because of a high intrinsic contrast between fluid within 
the cavity and the surrounding intact brain parenchyma[16]. In addition, our gross 
pathology slices were much thicker (5 mm) compared with the much thinner MRI 
slices (< 1 mm). A previous post-mortem study already has shown how these factors 
may render fine structures more conspicuous on ex vivo 7T MRI than on pathological 
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examination[17]. Finally, the cortical location of most cerebellar cavities also makes it 
harder to detect them on pathologic examination, in comparison with the preferential 
deep location of lacunes in the cerebrum. In fact, a cavity along the edge of a highly 
serrate structure (such as the cerebellar cortex) is by far more difficult to detect than a 
cavity in a homogeneous structure such as the deep white matter. 
A first important limitation of this study is the lack of clinical correlation, as cerebellar 
specimens were received without knowledge of patient characteristics. As a result, it 
is not known to which degree persons could have presented with clinical symptoms 
during the acute stage of infarction preceding the cavity, and to which degree the 
cavities could have contributed to phenomena such as cognitive decline. A second 
important limitation is the lack of analysis of feeding arteries and arterioles, as we 
focused our histopathological study on the brain parenchyma level rather than 
microvascular level. An assessment of clinical characteristics and (micro)vascular 
changes are important, however, especially in assessing the aetiology of small ischaemic 
cavities without a known clinical cause[13,18,19]. Although even small cerebellar 
infarcts are assumed to be mainly of thromboembolic origin[13,20,21], some studies 
presume that intrinsic small vessel disease (such as hyaline arteriolosclerosis in 
patients with hypertension, absence of angiographic disease, and no evidence of an 
embolic source from the heart) might cause small cerebellar infarcts as well[13,20,23]. 
Since the exact cause of cerebellar ischaemic cavities could not be elucidated without 
clinical characteristics at our disposal, the relation between cerebellar ischaemic 
cavities, microvascular changes and clinical parameters should be evaluated in next 
studies.  Another important limitation is that only a limited number of cavities were 
available for pathologic correlation. Nevertheless, the number of examined specimens 
proved to be sufficient to provide insights into both the imaging and histological 
characteristics of cerebellar ischaemic cavities, in the cortex at least.                                                       

CONCLUSION

We studied ischaemic cavities in the cerebellum with 7T ex vivo MRI and 
histopathological correlation. The observation of a cortical cavity in communication 
with a cerebellar fissure may enable the confident diagnosis of a cerebellar ischaemic 
cavity in vivo, especially if MRI sequences are acquired that demonstrate the selective 
cortical involvement of a cerebellar cavity. As such, patients may be reliably identified 
with this subtle manifestation of cerebrovascular disease in the cerebellum, even 
on standard field-strengths. Further in vivo studies need to address the causes and 
significance of these cavities, such as their potential relationship with other ischaemic 
manifestations in the brain, as well as a potential link to cognitive impairment. 
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ABSTRACT 

Background and Purpose

Small cerebellar infarct cavities have been recently found on MRI to preferentially 
involve the cerebellar cortex, but epidemiological studies are lacking. We aimed to 
determine the prevalence and risk factor profiles of cerebellar cortical infarct cavities 
(≤1.5 cm) as well as their association with MRI markers of cerebrovascular disease 
and functioning. 

Methods

We analysed the 1.5T MRI of 636 patients (mean age 62±9 years, 81% male) from 
the SMART-Medea study. Logistic regression analyses were performed to estimate the 
associations of age, sex, vascular risk factors, MRI markers of cerebrovascular disease, 
and functioning with cerebellar cortical cavities, adjusted for age and sex.

Results

Cerebellar cortical infarct cavities occurred on MRI in 10% of patients and were 
significantly associated with age, intima media thickness (OR=2.0; 95% CI 1.1-3.7), 
high levels of homocysteinaemia (OR=1.8; 95% CI 1.0-3.3), cortical infarcts (OR=2.9; 
95% CI 1.6-5.4), grey matter lacunes of presumed vascular origin (OR=3.0; 95% 
CI 1.6–5.8), brain stem infarcts (OR=5.1; 95% CI 1.9-13.6) and decreased brain 
parenchymal fraction (OR=0.84; 95% CI 0.74-0.94), but not with WMH (OR=1.2; 
95% CI 0.8-1.8) or white matter lacunes of presumed vascular origin (OR=1.1; 95 
% CI 0.5-2.5). They were also associated with deterioration of physical functioning 
(OR=2.6; 95% CI -5.7- -0.9), but not with mental functioning.

Conclusions

Cerebellar cortical infarct cavities are far more common than previously assumed based 
on symptomatic case series and are associated with markers of atherothromboembolic 
cerebrovascular disease. 
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INTRODUCTION

With the ageing population and high availability of imaging studies, it is estimated 
that most persons now at least have one CT or MR imaging study of the brain during 
life. Knowledge about commonly observed incidental imaging findings is therefore 
mandatory. In the cerebrum, incidental infarcts are commonly seen on MRI, with a 
prevalence ranging from 20% in healthy elderly to over 50% in patients with vascular 
or ischaemic cerebrovascular disease[1–3]. They have considerable impact as they are 
associated with increased risks of stroke, cognitive dysfunction and dementia[4,5]. 
Cerebellar infarcts have been well studied before in patients presenting with clinical 
symptoms[6–9]. Large and small cerebellar infarcts have both been found to be 
essentially of atherothromboembolic origin, with the site and size of the infarct 
depending on the responsible blood clot[10]. Although small cerebellar infarcts < 
2 cm are seen in more than 90% of symptomatic patients presenting with multiple 
cerebellar infarcts on MRI[11,12],  many small cerebellar infarcts may remain 
clinically occult, especially if occurring in isolation[11,13,14]. Still, the same infarcts 
may be detected later on as an incidental infarct cavity on imaging studies[13–15]. 
Recent studies have shown that the overwhelming majority of such cerebellar infarct 
cavities involve the cortex, as opposed to the much rarer lacunes (of presumed vascular 
origin) affecting the deep cerebellum[13,15]. In addition, cerebellar cortical cavities 
have recently been confirmed to be of ischaemic origin, and to be easily identified 
and characterised on MRI scans[13,15]. Nevertheless, epidemiological studies 
investigating these cerebellar cortical infarct cavities are lacking. 
The aim of the present study is to investigate the occurrence and determinants of 
cerebellar cortical infarct cavities on brain MRI in a cohort of patients with proven 
vascular disease. In addition, we aimed to correlate the presence of these cavities with 
MRI markers of cerebrovascular disease and with physical and mental functioning. 

MATERIALS AND METHODS

Subjects

Data were used from the Second Manifestations of ARTerial disease-Memory, 
depression and ageing (SMART-Medea) study, a cohort study in patients with a 
history of arterial disease[16,17]. The SMART-Medea study is an ancillary study to the 
SMART-MR study, which has been described in more detail elsewhere[18,19]. In brief, 
between May 2001 and December 2005, 1309 patients newly referred to the University 
Medical Center Utrecht for treatment of symptomatic atherosclerotic disease (manifest 
coronary artery disease, cerebrovascular disease, peripheral arterial disease or abdominal 
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aortic aneurysm) without MRI contraindications were enrolled in the SMART-MR 
study. Exclusion criteria were: age ≥80 years, diagnosis of a terminal malignancy, lack 
of independence in daily activities (modified Rankin scale >3), and lack of fluency in 
Dutch or referral back to the referring specialist. Between April 2006 and May 2009, 
710 participants had follow-up measurements including 3D T1-weighted MR images 
to assess hippocampal volumes as part of the SMART-Medea study. 
During a one day visit to the University Medical Center Utrecht, a physical 
examination, ultrasonography of the carotid arteries, blood and urine samplings, 
neuropsychological and depression assessment, and a 1.5T brain MRI scan were 
performed. Questionnaires were used for assessing demographics, risk factors and 
medical history, medication use, functioning, psychosocial vulnerability and stress 
factors, and depressive symptoms.
The SMART-MR and SMART-Medea studies were approved by the ethics committee, 
and written informed consent was obtained from all participants. 

Study sample 

Of the 710 patients included, 44 did not have an MRI scan and 30 did not have 
adequate data for segmentation. Thus, for the present study, we included the 636 
patients in whom an adequate 3D T1 FFE sequence was performed[20], which is 
used for optimal characterisation of cerebellar cavities, as discussed elsewhere[13,15]. 

Magnetic Resonance protocol

The MR investigations were performed on a 1.5T whole body system (Gyroscan 
ACS-NT, Philips Medical Systems, Best, The Netherlands). The protocol consisted 
of a transverse T1-weighted gradient-echo sequence (TR/TE: 235/2 ms; flip angle, 
80o), a transverse PD- and T2-weighted TSE sequence (TR/TE: 2200/11ms and 
2200/100 ms; turbo factor 12), a transverse T2-FLAIR sequence (TR/TE/TI: 
6000/100/2000 ms), and a transverse inversion recovery (IR) sequence (TR/TE/
TI: 2900/22/410 ms). All former sequences were acquired with the following MRI 
sequence parameters: FOV 230mm×230mm; matrix size, 180×256; slice thickness, 
4.0mm; slice gap, 0.0mm; 38 slices. In addition, a 3D T1-weighted FFE was acquired 
with the following MRI sequence parameters: TR/TE: 7,0/3,2 ms; flip angle 8o, FOV 
240 mm; matrix size 240X256; slice thickness 1.0 mm; no gap; 170 slices. 

Brain segmentation

We used the T1-weighted gradient-echo, IR sequence and FLAIR sequence for 
brain segmentation. The probabilistic segmentation technique has been described 
elsewhere[21]. The segmentation program distinguishes cortical grey matter, white 
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matter, sulcal and ventricular CSF, and WMH. The results of the segmentation 
analysis were checked visually for the presence of infarcts and adapted if necessary 
to make a distinction between WMH and infarct volumes. Total brain volume was 
calculated by summing the volumes of grey and white matter and existing volumes 
of WMHs and infarcts. All volumes cranial to the foramen magnum were included. 
Thus, the total brain volume includes the cerebrum, brainstem and cerebellum. Total 
intracranial volume (ICV) was calculated by summing total brain volume, sulcal 
volume and ventricular CSF volume. 

Measurement of cerebral blood flow

Post-processing of flow measurements was performed blinded to the clinical or 
brain characteristics of the patient. For each vessel, the spatial and time-averaged 
flow velocity was calculated from the phase-difference images by manually drawing 
a region of interest around the vessel. The average flow velocity in each vessel was 
multiplied by the cross-sectional area of the pixels in the region of interest to obtain 
the volume of flow rate. Good agreement between the repeated volume flow rate 
measurements was shown in our group, with a 5% coefficient of variation[22,23]. The 
flow through the left and right internal carotid arteries and basilar artery were assessed 
and summed up to calculate the total CBF (tCBF expressed in mL/min). Since inter-
individual differences in tCBF can be partly attributed to differences in brain volume, 
we expressed tCBF per 100mL brain tissue by dividing the tCBF by the total brain 
volume (mL) and multiplying this by 100 to obtain parenchymal CBF (pCBF)[24].

Image analysis

Cerebrum and brain stem

The cerebrum was visually searched for infarcts by two trained investigators and a 
neuroradiologist to make a distinction between WMH and brain infarcts. Raters were 
blinded for the history and diagnosis of the patient. Discrepancies in rating were re-
evaluated in a consensus meeting. Lacunes of presumed vascular origin and infarcts 
were defined as focal hyperintensities on T2WI of at least 0.3 cm in diameter, while 
dilated perivascular spaces were distinguished from infarcts and lacunes of presumed 
vascular origin on the basis of their location, form, and the absence of gliosis. Lacunes 
of presumed vascular origin and infarcts located in the white matter also needed to be 
hypointense on T1- and FLAIR-weighted images in order to distinguish them from 
WMH. Lacunes of presumed vascular origin were 0.3–1.5 cm in diameter and located 
in the subcortical white matter or deep grey matter (thalamus or basal ganglia). Large 
subcortical infarcts were sized >1.5 cm and were not confluent with cortical infarcts. 
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Supratentorial infarcts included any cortical or large subcortical infarct, as well as all 
lacunes of presumed ischaemic origin in deep grey or white matter. WMH volumes 
were expressed as percentage of ICV. Large WMH volume was defined as the highest 
quintile of WMH volume.

Cerebellum

The cerebellum was visually searched for infarcts including cortical cavities by a 
neuroradiologist (LDC) blinded for the history and diagnosis of the patient. In case 
of doubt, cerebellar signal abnormalities were reevaluated in a consensus meeting with 
another neuroradiologist (JH). For the analysis of number and location of cerebellar 
infarcts, transverse T2WI were used as a screening modality[25], since these are 
known to be more sensitive than FLAIR for the evaluation of the posterior fossa[26]. 
Infarcts detected on T2WI were correlated with FLAIR and 3D T1WI to assess the 
presence of cavitation (figure 1 and 2). Cavitation was present if intralaesional fluid 
intensity on T2WI could be confirmed on FLAIR- and/or 3D T1WI. The longest and 
shortest diameter of each infarct was measured on axial T2WI, and the mean axial 
diameter was calculated as the mean of both values. For each infarct encountered, the 
involvement of cortex and white matter was evaluated on 3D T1WI (figure 1 and 2). 
Cerebellar cortical cavities were defined as cavities ≤1.5 cm involving the cerebellar 
cortex[13,15]. 

Vascular risk factors

During the patient’s baseline visit to the medical center, an overnight fasting 
venous blood sample was taken to determine glucose and lipid levels. Height and 
weight were measured without shoes and heavy clothing, and the body mass index 

Figure 1. (A) axial T2WI and (B) axial FLAIR show a cerebellar cortical infarct cavity (crossmark) in the 
right cerebellar hemisphere, while its cortical location is best seen on the sagittal reconstruction of the 3D 
T1 (C). The cavity shows signal intensities equal to cerebrospinal fluid on all MRI sequences (A-C). Notice 
the associated large subcortical infarct at the parieto-occipital junction (C).

A B C
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(BMI) was calculated (kg/m2). Systolic and diastolic blood pressures (mmHg) were 
measured twice with a sphygmomanometer and the average of the two measures was 
calculated. Hypertension was defined as mean systolic blood pressure ≥160 mmHg 
or mean diastolic blood pressure ≥ 95 mmHg or self-reported use of antihypertensive 
drugs. Diabetes mellitus was defined as glucose ≥7.0 mmol/L or self-reported use 
of oral antidiabetic drugs or insulin. Total cholesterol was defined as a continuous 
variable expressed in mmol/L. Smoking habits and alcohol intake were assessed 
with questionnaires. Pack years of smoking were calculated and alcohol intake was 
categorised as never, former, or current. Patients who had quit drinking during the past 
year were assigned to the category current alcohol intake. Hyperhomocysteinaemia 
was defined as the highest quintile of homocysteine level versus the four lower 
quintiles. Ultrasonography was performed to measure the intima-media thickness 
(IMT) (mm) in the left and right common carotid arteries, represented by the mean 
value of six measurements. The highest quintile versus lower four quintiles of IMT 
were defined for data analysis.

Physical and mental functioning

Global cognitive functioning was measured with the Mini-Mental State Examination 
(MMSE)[27]. Patients completed the Short Form-12 (SF-12)[28], a shortened 
version of the Short Form-36 (SF-36) Medical Outcomes Study Health Survey[29], 
to measure health-related quality of life (HRQoL). The SF-12 questionnaire includes 
1 or 2 items from each of the 8 health summary scales of the SF-36 [30] and 
enables calculation of the Physical (PCS) and Mental Component Summary (MCS)  
scales. The SF-12 summary scales are positively scored and normalised to a general 
population mean of 50 with standard deviation of 10. Higher SF-12 scores indicate 
better HRQoL; a positive change in SF-12 scores indicates an improvement, and 

Figure 2. (A) axial T2WI and (B) axial FLAIR show a cerebellar cortical infarct cavity (arrow) in the 
right cerebellar hemisphere of a 60-year-old male, occurring in combination with an excavated pontine 
infarction (dashed arrows). The hyperintense borders of both cavities on FLAIR are indicative of gliosis (B). 
Notice the cortical location of the laesion on the sagittal reconstruction of the 3D T1 (C).

A B C
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a negative change a deterioration in HRQoL. Because of its brevity, the SF-12 is 
considered advantageous over the SF-36 for large studies focusing on overall physical 
and mental functioning[30].

Data analysis

Baseline characteristics were calculated for the study sample (n=636). Next, logistic 
regression analysis was performed to estimate the associations of age, sex, and vascular 
risk factors (history of hypertension, systolic and diastolic blood pressure, cholesterol 
level, homocysteine level, diabetes, smoking, alcohol intake) with presence or absence of 
cerebellar cortical cavities, adjusted for age and sex. Second, logistic regression analysis 
was performed to estimate the association between MRI markers of cerebrovascular 
disease (cortical infarcts, large subcortical infarcts, lacunes of presumed vascular 
origin in deep grey and/or white matter, and cerebral blood flow) with presence or 
absence of cerebellar cortical cavities, adjusted for age and sex. In addition, the latter 
analyses were repeated for patients with multiple cerebellar cortical infarct cavities. 
Third, linear regression analysis was used to investigate whether presence of cerebellar 
cortical infarct cavities (independent variable) was associated with changes in physical 
and mental functioning (dependent variable), corrected for age and sex. Statistical 
analyses were performed with SPSS 20.0 (IBM Corp., Armonk, NY, USA). 

RESULTS

Baseline characteristics of the study are presented in table 1. The mean age of the 
population was 62 ± 9 years (range 33-83 years) and 80.8% were men. The majority 
of the population had coronary artery disease, which was present in 64.2% at 
baseline. One or more cerebellar cortical cavities were observed in 61 patients (9.6%), 
while cerebellar infarcts all together, including cerebellar cortical infarct cavities, were 
observed in 70 patients (11%). 
Age (OR=1.04 per year increase; 95% CI 1.01-1.07) was associated with cerebellar 
cortical cavities, while sex was not.  Table 2 shows the results of the logistic 
regression analyses for the associations of vascular risk factors and MRI markers 
with cerebellar cortical cavities after adjustment for age and sex. A positive history of 
cerebrovascular disease was significantly associated with presence of cerebellar cortical 
cavities (OR=3.1; 95% CI 1.8-5.4). Hyperhomocysteinaemia was also significantly 
associated with cerebellar cortical cavities (OR=1.8; 95% CI 1.0-3.3) as was a high 
IMT (OR=2.0; 95% CI 1.1-3.7). Other vascular risk factors were not significantly 
associated with cerebellar cortical cavities.
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Cortical infarcts in the cerebrum (OR=2.9; 95% CI 1.6-5.4), supratentorial infarcts 
in general (OR=2.9; 95% CI 1.6-5.3) as well as brain stem infarcts (OR=5.1; 95% CI 
1.9-13.6) were significantly associated with cerebellar cortical cavities after correction 
for age and sex. Cerebral lacunes of presumed vascular origin were also significantly 
associated with cerebellar cortical cavities (OR=2.4; 95 % CI 1.3-4.2) after correction 
for age and sex. After subdividing cerebral lacunes according to location, lacunes in 
the deep grey matter were more strongly and significantly associated with cerebellar 
cortical cavities (OR=3.0; 95% CI 1.6–5.8), while lacunes of presumed vascular 
origin in white matter were not (OR=1.1; 95 % CI 0.5-2.5). 

Table 1. Baseline characteristics of the study sample and patients with and without cerebellar cortical 
(infarct) cavities (CCC)

Study sample 
(n=636)

No CCC CCC

n=636 n=575 (90.4%) n=61 (9.6%)

Vascular risk factors

Age (yrs) 62 ± 9 61.2 ± 9.5 64.6 ± 9.5
Male (%) 80.8 80.2 86.9

Pack years of smoking (n=633) 19.6 19.5 20.3

Present alcohol consumption (%) 79.0 79.0 78.3

History of arterial hypertension (%) (n=631) 48.3 47.2 59.0

Cholesterol (mmol/l) (n=628) 4.8 4.8 4.7

High homocysteine level (%) (highest quintile, >15.9 
µmol) (n=631) 20.0 18.6 32.8

High IMT (%) (highest quintile, >1.11 mm) (n=631) 18.9 17.3 33.9
History of diabetes (%) 15.7 15.0 22.0
Vascular Disease

History of cerebrovascular disease at follow-up (%) 25.3 22.8 49.2
Cerebrovascular Markers and Measures on MRI

Supratentorial Infarct (%) 14.0 12.2 31.1
Cerebral Cortical Infarct (%) 13.2 11.5 29.5

Large Subcortical Cerebral Infarct (%) 0.9 0.7 3.3

Lacune of presumed vascular origin (%) 20.8 18.8 39.3

White Matter lacunes (%) 9.9 9.6 13.1

Grey Matter Lacunes (%) 11.5 9.7 27.9

Brain stem infarcts (%) 3.3 2.4 11.5

Total WMH (% ICV) (n=609) 0.26 0.25 0.37

Brain Parenchymal Fraction (% of ICV) (n=609) 78.4 78.5 76.8

Parenchymal Total CBF (ml/min/100ml) (n=587) 50.9 51.0 49.3
Basilar Artery Flow (ml/min/100ml) (n=618) 10.3 10.3 10.1
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Brain parenchymal fraction was significantly associated with presence of cerebellar 
cortical cavities (OR=0.84; 95% CI 0.74-0.94), which persisted after additional 
adjustments for IMT (OR=0.85; 95% CI 0.75-0.95) or supratentorial infarcts 
(OR=0.87; 95% CI 0.77-0.98), but lost statistical significance after additional 
adjustments for both IMT and supratentorial infarcts (OR=0.89; 95% CI 0.79-
1.01). No significant associations were found between cerebellar cortical cavities and 
large volume of WMH (OR=1.2; 95% CI 0.8-1.8) or parenchymal total cerebral 
blood flow (OR=1.0; 95% CI 1.0-1.0).

Table 2. Results of logistic regression analyses with vascular risk factors and cerebrovascular markers and 
measures on MRI as determinants of cerebellar cortical cavities, corrected for age and sex 

Odds Ratio 95% CI

Vascular risk factors  

Age (per year increase) 1.04 1.01-1.07

Sex (male sex) 0.6 0.3-1.3

Pack years of smoking (per year increase) 1.0 1.0-1.0

Present alcohol consumption (yes/no) 1.0 0.7-1.5

History of arterial hypertension (yes/no) 1.6 0.9-2.8

Diabetes Mellitus (yes/no) 1.4 0.7-2.8

Cholesterol level (per mmol/L increase) 0.8 0.6-1.1

High homocysteine level (highest quintile vs rest) 1.8 1.0-3.3

IMT (highest quintile vs rest) 2.0 1.1-3.7

Vascular Disease 

History of Cerebrovascular Disease 3.1 1.8-5.4

Cerebrovascular Markers and Measures on MRI 

Cortical Infarcts (yes/no) 2.9 1.6-5.4

Large Subcortical Infarcts (yes/no) 4.3 0.7-24.7

Lacunes of Presumed Vascular Origin (yes/no) 2.4 1.3-4.2

Grey Matter Lacunes (yes/no) 3.0 1.6-5.8

White Matter Lacunes (yes/no) 1.1 0.5-2.5

Supratentorial infarct (yes/no) 2.9 1.6-5.3

Brain stem infarct (yes/no) 5.1 1.9-13.6

White Matter Hyperintensities (highest quintile) 1.2 0.8-1.8

Brain Parenchymal Fraction (% of ICV) 0.8 0.7-0.9

Peak Blood Flow Total (ml/min) 1.0 1.0-1.0

Peak Blood Flow in Basilar Artery (ml/min/100ml) 1.0 0.9-1.1
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Presence of cerebellar cortical infarct cavities was significantly associated with a 
deterioration of physical functioning (OR=2.6; 95% CI -5.7- -0.9), while it was not 
associated with a deterioration of mental functioning (OR=1.1; 95% CI -2.7-0.8) or 
MMSE (OR=0.4; -0.5-0.4).
Twenty-four patients (3.8%) showed multiple cerebellar cortical infarct cavities, with 
a maximum of ten in one patient. In the 24 patients with at least two cavities, 84 
cavities were observed in total, 65 of which occurred together with at least one more 
cerebellar cortical infarct cavity within the same lobe on the ipsilateral side. Although 
patients with multiple cerebellar cortical infarct cavities showed a slightly higher 
incidence of lacunes of presumed vascular origin and a slightly lower incidence of 
brain stem infarcts, no significant differences were found.

DISCUSSION

The current study shows cerebellar cortical infarct cavities on MRI in 10% of patients 
with history of arterial disease. The cavities were significantly associated with age, 
IMT, hyperhomocysteinaemia, cerebral infarcts, and intracranial atrophy, but not 
with WMH or white matter lacunes of presumed vascular origin. Also, they were 
associated with a decrease in physical but not mental functioning.
Cerebellar cortical infarct cavities were associated with markers of atherosclerosis, 
including high IMT and hyperhomocysteinaemia[31]. This suggests a large vessel 
origin of cerebellar cortical cavities similar to symptomatic cerebellar infarcts[7]. As 
such, cerebellar cortical cavities may be the chronic counterpart of small cerebellar 
infarctions, which have been well studied in the acute symptomatic stage of infarction. 
In these studies, small cerebellar infarcts were found to have the same origin as large 
cerebellar infarcts, most frequently being artery-to-artery and cardiogenic emboli 
and rarely cryptogenic[10,32]. Nevertheless, small cerebellar infarcts are only rarely 
detected in the acute stage, except when occurring in combination with other 
symptomatic infarcts[11].  The current study now suggests that most cerebellar infarcts 
could be small and escape clinical attention during the acute stage of infarction.
A significant association was found between cerebellar cortical cavities and imaging 
markers of cerebrovascular disease, including cortical infarcts and lacunes of 
ischaemic origin in deep grey matter. In addition, the strong association of cerebellar 
cortical cavities with brain stem infarcts suggests that both may result from large 
vessel disease involving the same vertebrobasilar circulation territory (figure 2). Also, 
the high frequency of multiple cerebellar cortical infarct cavities within the same 
anatomical area probably results from thromboemboli within the same perfusion 
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territories. Although cerebellar cortical cavities were significantly associated with 
lacunes of presumed vascular origin in deep grey matter, this association did not hold 
true for lacunes in white matter. Indeed, lacunes in grey matter have been found to 
be merely related to atherothromboembolic closure of proximal perforating arteries 
while lacunes in white matter more often represent small vessel disease[5,33,34].
Likewise, no association was found between cerebellar cortical cavities and WMH in 
the cerebrum, another MRI marker of small vessel disease[35,36].
Although we anticipated a relationship between cerebellar cortical cavities and a 
diminished blood flow related to e.g. atherosclerotic plaques and stenosis, no association 
was found between cerebellar cortical cavities and total cerebral blood flow or basilar 
artery flow. Nevertheless, most cerebellar cortical cavities occur in the posterior lobe of 
the cerebellum[15], which is largely perfused by the PICA arising from the vertebral 
arteries, the flow of which was not assessed in the present study[37,38].
A final interesting observation of the present study was the significant association 
between cerebellar cortical cavities and brain atrophy, which persisted after correction 
for supratentorial infarcts. We hypothesise that this association could be mediated by 
concomitant supratentorial cerebrovascular laesions below the detection limit of 1.5T 
MRI, such as cerebral microinfarcts[39]. Cerebral cortical microinfarcts are associated 
with brain atrophy in addition to cortical and subcortical macroinfarcts[40]. Thus, 
cerebral cortical microinfarcts have shown similar associations with cerebrovascular 
markers on MRI as we find with cerebellar cortical cavities, which might suggest 
common risk factors or a shared pathophysiology of macroinfarcts, cerebral cortical 
microinfarcts and cerebellar cortical infarct cavities.
Observation of cerebellar cortical infarct cavities may have the following implications. 
First, our study shows a significant reduction in physical functioning in patients 
with cerebellar cortical infarct cavities. In addition, identification of these cavities 
increases the visible burden of brain infarcts on MRI, and recent studies indicate that 
the total burden of (larger and smaller) infarcts may explain patients’ (functional) 
status, including cognitive performance and prognosis[1,41]. Second, in daily clinical 
practice, cerebellar cortical infarct cavities add insights to the temporal and spatial 
(territorial) distribution of brain infarcts, and contribute to the risk evaluation of the 
individual patient. In case of cerebellar cortical infarct cavities, patient’s cerebrovascular 
risk factors should be evaluated and optimisation of preventive therapy be considered.
Strengths of our study include the large cohort of patients in which cerebellar cortical 
infarct cavities were studied. In addition, our cohort of patients with arterial disease 
presumably increased the yield of patients with cerebellar cortical infarct cavities 
and other manifestations of cerebrovascular diseases. Then again, most patients 
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were included because of large vessel disease, and this could have weakened the 
association between cerebellar cortical infarct cavities and individual risk factors 
for especially large vessel disease. Another limitation is that we could not correlate 
cerebellar cortical infarct cavities with atrial fibrillation due to lacking data. From a 
technical point of view, the detection of the smallest cerebellar cortical infarct cavities 
(‘microcavities’) may have been limited by the use of 1.5T MRI imaging, and could 
have been potentially increased with the use of higher MRI field-strengths instead, as 
has recently been demonstrated for cortical microinfarcts in the cerebrum at 3T and 
7T[39,41,42]. Nevertheless, because the cerebellar cortical infarct cavities are filled 
with CSF, there is often a relative large intrinsic MRI contrast between CSF within 
the cavity and the surrounding brain tissue, which render these cavities relatively easy 
to detect in comparison to small infarcts with only gliosis.

CONCLUSION

Small cerebellar cortical infarct cavities on MRI appear to be far more common than 
previously assumed and can be considered as a marker for atherothromboembolic 
disease of the brain.
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ABSTRACT

Objectives

Cerebellar cortical infarct cavities are a newly recognised entity associated with 
atherothromboembolic cerebrovascular disease and worse physical functioning. 
We aimed to investigate the relationship of cerebellar cortical infarct cavities with 
symptomatic vertebrobasilar ischaemia and with vascular risk factors.

Methods

We evaluated the MR images of 46 patients with a recent vertebrobasilar TIA or 
stroke and a symptomatic vertebral artery stenosis ≥50% from the Vertebral Artery 
Stenting Trial (VAST) for the presence of cerebellar cortical infarct cavities ≤1.5 cm.  
At inclusion in VAST, data were obtained on age, sex, history of vertebrobasilar TIA 
or stroke, and vascular risk factors. Adjusted risk ratios were calculated with Poisson 
regression analyses for the relation between cerebellar cortical infarct cavities and 
vascular risk factors.                                                                                                                        

Results

Sixteen out of 46 (35%) patients showed cerebellar cortical infarct cavities on the initial 
MRI, and only one of these 16 patients was known with a previous vertebrobasilar 
TIA or stroke. In patients with symptomatic vertebrobasilar ischaemia, risk factor 
profiles of patients with cerebellar cortical infarct cavities were not different from 
patients without these cavities.

Conclusion

Cerebellar cortical infarct cavities are seen on MRI in as much as one third of patients 
with recently symptomatic vertebral artery stenosis. Since patients usually have no 
prior history of vertebrobasilar TIA or stroke, cerebellar cortical infarct cavities should 
be added to the spectrum of common incidental brain infarcts visible on routine 
MRI. 
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INTRODUCTION

Although brain infarcts are typically associated with clinical stroke syndromes, they 
may remain clinically silent or present with non-specific clinical findings[1,2]. In 
addition, recent infarction may be missed on CT, and, if performed beyond the 
stage of diffusion restriction, even on MRI[3]. Afterwards, central liquefaction and 
cavitation of infarcted brain tissue ensues, and many infarcts only present later in 
life as an incidental infarct cavity on CT or MRI[4].  In the cerebrum, subcortical 
infarct cavities of small size (lacunes of presumed vascular origin) have been associated 
with an increased risk of future stroke and cognitive decline[4,5]. In the cerebellum, 
small cortical infarct cavities (≤ 1.5 cm) have been recently found to be far more 
common than subcortical lacunes[6,7]. Such cerebellar cortical infarct cavities are 
easily distinguishable on routine MRI because of the characteristic sparing of adjacent 
subcortical white matter as well as their typical location along cerebellar fissures[6,7]. 
They have been found on 1.5T MRI in almost 10% of patients with arterial disease 
(including cardiovascular disease, peripheral arterial disease, aortic aneurysms, and 
cerebrovascular disease), and have been associated with atherothromboembolic 
disease and worse physical functioning[8]. Nevertheless, the relationship of cerebellar 
cortical cavities with symptomatic vertebrobasilar  ischaemia (TIA or stroke) has not 
yet been established. 
The present study aimed to evaluate the relationship between cerebellar cortical infarct 
cavities, symptomatic vertebrobasilar ischaemia and vascular risk factors. Therefore, 
we evaluated MRI scan(s) of patients with a recent vertebrobasilar TIA or stroke and 
a symptomatic stenosis of the vertebral artery ≥50% from the randomised Vertebral 
Artery Stenting Trial (VAST)[9,10].   

MATERIALS AND METHODS

Patients

The present study is a post-hoc analysis of the Vertebral Artery Stenting Trial 
(VAST), a prospective multicentre randomised clinical trial in which patients with 
a vertebrobasilar TIA or stroke in the last six months and a vertebral artery stenosis 
≥50% were randomised to stenting and best medical treatment or to best medical 
treatment alone. The methods of VAST have been described previously[9,10]. The 
VAST was approved by the ethics committee of the University Medical Centre Utrecht 
in The Netherlands and all patients provided written informed consent. At inclusion 
in VAST, for all patients data were obtained on age, sex, history of vertebrobasilar 
TIA or stroke, vascular risk factors (hypertension, hyperlipidaemia, current smoking, 
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diabetes mellitus, and history of heart disease or peripheral arterial disease), cerebellar 
symptoms at initial vertebrobasilar TIA or stroke (vertigo, diplopia, dysarthria, or loss 
of coordination of extremities or trunk),  and cerebellar signs on physical examination 
(dysarthria, nystagmus, or ataxia). 
A total of 115 patients have been included in VAST from June 2008 to April 2013. 
For the present study we evaluated the 46 patients included in the University Medical 
Centre Utrecht, The Netherlands, in whom a MRI scan of the brain had been 
performed at presentation before inclusion in the VAST and before digital subtraction 
angiography (with or without vertebral artery stenting).  

Image analysis

MRI scans of the brain were re-evaluated for cerebellar cortical infarct cavities (≤1.5 cm) 
by a European Board Certified neuroradiologist with special expertise in the cerebellum 
and stroke imaging (LDC). Cavitation was defined as the intralaesional presence of 
fluid intensity on T1- and T2-weighted images. Signal nulling within a lesion on 
FLAIR was interpreted as cavitation, while its absence was not necessarily indicative of 
absent cavitation due to the low sensitivity of FLAIR-weighted images in the posterior 
fossa[7]. Acute DWI-positive brain infarcts were re-evaluated by the same observer 
(LDC) on 44 out of 46 MRI’s in which the protocol included a DWI sequence. An 
isolated infarction in one of the temporal or occipital lobes was considered an anterior 
circulation infarction if this had occurred in the presence of a dominant (‘foetal-type’) 
ipsilateral posterior communicating artery. Acute infarcts in the posterior circulation 
were specified according to location in- or outside the cerebellum. Whenever follow-
up MRI exams of acute cerebellar infarcts were available, evidence of cavitation over 
time was evaluated.  

Statistical analyses

The frequency of baseline characteristics was compared between patients with and 
without cerebellar cortical infarct cavities with Poisson regression analysis and 
described as prevalence ratios with corresponding 95% CIs.  In multivariable analysis 
adjustments were made for age and sex. Statistical analyses were performed with SPSS 
20.0 (IBM Corp., Armonk, NY, USA). 

RESULTS

Forty-six patients could be included. Sixteen of them (35%) showed evidence of 
cerebellar cortical infarct cavities (figure 1) performed at the initial MRI scan. No 
significant association was found between cerebellar cortical infarct cavities and 
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vascular risk factors, nor with a history of vertebrobasilar TIA or stroke, nor with 
cerebellar symptoms or signs. Only one of 16 patients with cerebellar cortical infarct 
cavities had suffered from a previous vertebrobasilar stroke. None of these patients 
had a history of vertebrobasilar TIA.  
On DWI, 32 (73%) of 44 patients showed acute infarction in the posterior circulation 
(figure 1 and 2), notably ten (23%) patients with acute infarction in the cerebellum, 
six (14%) with acute infarction outside the cerebellum, and another 16 (36%) patients 
showed an acute infarction both in- and outside the cerebellum. Of all 26 patients 
with acute cerebellar infarctions, 24 (92%) showed evidence of cerebellar symptoms 
at initial vertebrobasilar TIA or stroke, and 14 (54%) showed evidence of cerebellar 
signs on physical examination at inclusion. 

Table 1. Presence of cerebellar cortical infarct cavities in relation to selected baseline characteristics

 Cerebellar  
cavities present 

Cerebellar  
cavities absent

Relative  
Risk

Relative  
Risk

 n=16 n=30 Unadjusted adjusted 

 n (%) n (%) (95% CI) (95% CI)

Age (mean, SD) 64.6 (10.5) 63.9 (8.6) 1.0 (0.9-1.1) 1.0 (0.9-1.1)

Male sex 12 (75) 23 (77) 1.0 (0.7-1.4) 1.0 (0.7-1.3)

Hypertension 8 (50) 21 (70) 0.7 (0.4-1.2) 0.7 (0.4-1.2)

Hyperlipidaemia 13 (81) 27 (90) 0.9 (0.7-1.2) 0.9 (0.7-1.2)

Diabetes 3 (19) 2 (7) 2.8 (0.5-15.1) 2.9 (0.6-14.1)

Current Smoking 7 (44) 10 (33) 1.3 (0.6-2.7) 1.3 (0.6-2.7)

Heart Disease 3 (19) 8 (27) 0.7 (0.2-2.3) 0.6 (0.2-2.2)

Peripheral Arterial Disease 0 2 (7)  

History of Stroke 1 (6) 3 (10) 0.6 (0-5.5) 0.6 (0-9.3)

History of VB Stroke 1 (6) 2 (7) 0.9 (0.1-9.6) 1.0 (0.1-15.6)

History of TIA 2 (13) 2 (7) 1.9 (0.3-12.1) 1.9 (0.2-14.6)

History of VB TIA 0 0

Cerebellar symptoms 14 (88) 28 (93) 0.9 (0.8-1.2) 0.9 (0.8-1.1)

Cerebellar signs 5 (31) 13 (43) 0.7 (0.3-1.7) 0.7 (0.3-1.7)

Data are numbers and percentages, unless otherwise specified 
CI indicates confidence interval; SD indicates standard deviation.
The first two columns show the frequency of baseline characteristics in patients with and without 
cerebellar cortical infarct cavities. Relative risks were estimated by Poisson regression analysis and 
described as prevalence ratios with corresponding 95% confidence intervals between brackets, before 
(third column) and after multivariable analysis adjustments for age and sex (last column). Hypertension 
was defined as known hypertension or taking antihypertensives. Hyperlipidaemia was defined as known 
hyperlipidaemia or fasting total cholesterol >5 mmol/L. Diabetes mellitus was defined as known diabetes 
or any glucose level >11 mmol/L.
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Figure 2. Top row: 56-year-old female with acute infarction (< 1 cm) in the left anterior lobe of the 
cerebellum on T2WI (A), FLAIR (B), and DWI (C). Bottom row: The same MRI sequences two years later 
(D-F) show a cerebellar cortical infarct cavity replacing the acute infarct on imaging, proving the ischaemic 
origin of cerebellar cortical infarct cavities in vivo. This cerebellar infarct was detected in the acute stage 
together with concomitant infarctions elsewhere in the posterior circulation (left midbrain and thalamus, 
right occipital and deep temporal lobe, not shown).

Figure 1. 56-year-old female with a cerebellar cortical infarct cavity in 
the cerebellum on the left side (A, T2WI) at the time of presentation 
with an acute left pontine infarction (B, DWI), the former indicative of 
prior infarction in the posterior circulation.

Three patients with evidence of acute cerebellar infarction underwent follow-up MRI-
scanning after an interval exceeding 6 months, and developed cerebellar cortical infarct 
cavities replacing the initial DWI positive acute cerebellar infarctions (figure 2).

A B
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DISCUSSION

Our study indicates that cerebellar cortical infarct cavities are present in as much as 
one third of patients with recently symptomatic vertebral artery stenosis ≥50%. Only 
one out of 16 patients with cerebellar cortical infarct cavities showed a positive prior 
history of TIA or stroke. Thus, many cerebellar infarctions remain initially occult 
and only present as an incidental finding on MRI after infarct involution. In order 
not to miss recent cerebellar infarctions, a high clinical index of suspicion and a low 
threshold for performing MRI studies is required, preferentially within the shortest 
delay as possible, thus within the stage of restricted diffusion on MRI. 
In contrast to one out of three patients in the present study, cerebellar cortical infarct 
cavities were only observed in one out of ten patients with various arterial disease 
in a previous study[7,8]. The higher number of cerebellar cortical infarct cavities 
observed in patients with vertebral artery stenosis ≥50% and recent vertebrobasilar 
TIA or stroke suggests that cerebellar cortical infarct cavities and vertebrobasilar 
TIA or stroke are interrelated. Since all patients included in the present study had 
symptomatic vertebrobasilar TIA or stroke, this may also explain why no differential 
risk factor profiles were found between patients with and without cerebellar cortical 
infarct cavities. To further support this hypothesis, we followed the longitudinal 
evolution of acute cerebellar infarcts on MRI in patients of whom follow-up MRI 
scans were available. In all three patients with follow-up MRI scans after an interval 
exceeding 6 months, cerebellar infarcts were seen to evolve into cerebellar cortical 
infarct cavities, adding imaging evidence to the ischaemic origin of cerebellar cortical 
infarct cavities[8].
Strengths of our study include the well-defined inclusion criteria of patients with 
recently symptomatic vertebral artery stenosis ≥50%, and a careful documentation of 
vascular risk factors and medical history. Limitations of our study include the post-
hoc analysis of only a limited number of patients, which precluded the correlation 
of cerebellar cortical infarct cavities with ipsilateral or contralateral vertebral artery 
stenosis.  The number of patients who underwent follow-up MRI was also limited. 
In addition, since symptomatic vertebral artery stenosis and cerebellar cortical infarct 
cavities appear to be interrelated, potential cause-effect relationships of individual 
vascular risk factors may have been obscured due to external validation issues. 
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CONCLUSION

This study shows that cerebellar cortical infarct cavities are seen on MRI in as much 
as one third of patients with recently symptomatic vertebral artery stenosis. They 
are indicative of prior atherothromboembolic infarction in the posterior circulation, 
and should be added to the spectrum of common incidental brain infarcts visible on 
routine MRI.
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SUMMARY

Cerebellovascular disease refers to a group of cerebellar conditions, most often 
ischaemia, related to diseases of the blood vessels supplying the cerebellum.  In part I, 
we assess cerebellar infarcts in relation to vascular territories in the cerebellum. In part 
II, we investigate cerebellar infarct cavities, which are a common incidental finding 
on MRI.

PART I Infarcts and vascular territories in the cerebellum

In chapter 2, we critically appraise the existing classification system for small cerebellar 
infarcts, which makes use of presumed watershed or border zones in between the 
three main cerebellar perfusion territories, i.e. the PICA territory (stemming from 
the vertebral artery) and the AICA and SCA territories (stemming from the basilar 
artery). Nevertheless, many small cerebellar infarcts do not fit into this classification 
system, which hinders its use in clinical practice. To overcome this limitation, we 
propose the classification of small cerebellar infarcts according to anatomical location 
in the cerebellum. This is expected to improve clinicoradiological correlation because 
of a recently found topographical organisation of cerebellar functions, with motor 
functions primarily situated in the anterior lobe and cognitive functions in the 
posterior lobe[1,2]. This may allow for a more reliable and reproducible way of 
classifying small cerebellar infarcts. Still, the ultimate goal remains to link infarcts 
with the responsible diseased artery by direct imaging of involved perfusion territories 
in individual patients, which has therapeutic consequences, for instance to define if a 
stenosis should be considered symptomatic. This brings us to the objective of chapter 
3, that is to develop the first imaging technique to visualise cerebellar arterial perfusion 
territories in vivo. In order to visualise the cerebellar PICA perfusion territories, we 
studied 14 healthy subjects with super-selective ASL MRI. By labelling both vertebral 
arteries, we were able to distinguish the territories supplied by one vertebral artery 
(PICA) from those supplied by both vertebral arteries (AICA and SCA) and from 
the contralateral vertebral artery (contralateral PICA). We demonstrated the high 
variability in the extent of the PICA and created a probabilistic perfusion territory 
map, showing that the medial posterior inferior cerebellar surfaces were invariably 
perfused by the PICA, with widely variable extent towards the lateral angle of the 
cerebellum as well as towards the anterior and superior cerebellar surface. Further 
studies need to investigate this technique in patients with vertebrobasilar disease. In 
chapter 4, we analysed the 1.5T MRI, including 3D T1-weighted datasets, of 636 
patients (mean age 62 ± 9 years, 81% male) with arterial disease from the SMART-
Medea study. We investigated the precise topographical patterns of cerebellar infarcts 
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in three dimensions, determined their size and proportional involvement of grey and 
white matter, and applied the functional topographical classification of cerebellar 
infarcts as described in chapter 2. Unlike cerebellar infarcts studied in the symptomatic 
stage, small cerebellar infarcts proved to outnumber large cerebellar infarcts by a 
factor of almost 20. We found that the overwhelming majority of cerebellar infarcts 
comprised small infarct cavities within the cerebellar cortex, and such cerebellar 
cortical infarct cavities will be the subject of part II of this thesis. The described 
topographical patterns of these cortical infarct cavities seem to correspond to cortical 
end-arterial territories. While small cerebellar infarcts involved the cerebellar cortex 
in isolation, large cerebellar infarcts involved the cerebellar cortex in combination 
with a variable degree of subjacent white matter involvement. No infarcts involved 
subcortical branches of white matter in isolation. In addition, we found that most 
cerebellar infarcts occur within the posterior lobes of the cerebellar hemispheres. 
In chapter 5, we aim to introduce recently acquired advances in cerebellar infarct 
imaging into the neurovascular and radiological community. To achieve this goal, 
we summarise the MR imaging findings of cerebellar infarcts and incorporate recent 
advances from the present thesis with previously existing insights with the intention 
to increase diagnostic confidence and accuracy while assessing the brain for infarcts 
in the cerebellum. 

PART II Cerebellar infarct cavities 

In chapter 6, we describe a radiological-pathological post-mortem validation study 
in which we examined 40 whole cerebella with 7T MRI for the presence of cerebellar 
ischaemic cavities. The observed cavities were characterised according to size and 
cortical or subcortical location, and were afterwards correlated with pathological 
findings. Twenty-two cavities were seen on ex vivo MRI in 8 out of 40 examined 
cerebella. Twenty out of 22 cerebellar cavities were located in the cortex and were 
therefore named cerebellar cortical infarct cavities. Only two cavities were located 
in the deep cerebellum, indicative of lacunes of presumed vascular origin, while no 
cavities were located in the immediate subcortical (or juxtacortical) white matter. 
All cavities that were retrieved on histopathologic examination were compatible 
with cavities of ischaemic origin with surrounding gliosis. In addition, we translate 
our findings towards lower field-strengths (1.5T) in vivo. In chapter 7, we report 
on cerebellar cortical infarct cavities on 1.5T MRI in 636 patients with vascular 
disease from the SMART-Medea study, in which we correlated cerebellar cortical 
infarct cavities with vascular risk factors, MRI markers of cerebrovascular disease, 
and mental and physical functioning. We found one or more cerebellar cortical 
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infarct cavities in ten percent of patients with vascular disease. In addition, we found 
a significant relationship with markers of atherosclerosis and imaging markers of 
atherothromboembolic cerebrovascular disease. Presence of such incidental infarct 
cavities was associated with a worse physical but not mental functioning compared to 
patients without these cavities. In chapter 8, we establish the relationship of cerebellar 
cortical infarct cavities with symptomatic vertebrobasilar ischaemia. Therefore, we 
evaluated 46 patients with a recent vertebrobasilar TIA or stroke and a symptomatic 
vertebral artery stenosis ≥50% from the Vertebral Artery Stenting Trial (VAST)[3,4].  
Cerebellar cortical infarct cavities were observed in about one third of patients with 
recently symptomatic vertebral artery stenosis. Only one of 16 patients with cortical 
infarct cavities had suffered from a previous vertebrobasilar stroke, while none of these 
patients had a known history of vertebrobasilar TIA.  

DISCUSSION

PART I Infarcts and vascular territories in the cerebellum

In chapter 2, we propose the classification of small cerebellar infarctions according 
to topographical classification in the cerebellum. This is expected to improve 
clinicoradiological correlation, since a topographical organisation of cerebellar 
functions has been increasingly recognised over the past decade, with motor 
functions primarily situated in the anterior lobe and non-motor (cognitive) functions 
in the posterior lobe.[1,2]  In addition, since the proposed classification method 
relies on easily recognisable anatomical landmarks, it may be considered as being 
reliable and reproducible. Still, the holy grail in stroke medicine remains to link 
infarcts with the responsible diseased artery by direct imaging of involved perfusion 
territories in individual patients, which has therapeutic consequences, for instance 
to define if a stenosis should be considered symptomatic. Therefore, our quest in 
chapter 3 is to visualise cerebellar perfusion territories in vivo, and this is achieved 
by applying territorial ASL to the vertebrobasilar circulation with labelling of both 
vertebral arteries separately. Since the PICA is the only artery stemming from the 
vertebral artery, ASL signal within the PICA territory is only observed with labelling 
of the ipsilateral vertebral artery, while there is a signal void of the same territory 
with labelling of the contralateral vertebral artery. Nevertheless, variant anatomy is 
common, e.g. the AICA can also stem from the vertebral artery. Interpretation of 
the ASL-dataset therefore needs close correlation with arterial anatomy, usually by 
acquisition of MR angiographical images. Of note is that the technique only allows 
separation of one of the three cerebellar perfusion territories, and this territory 
corresponds to the PICA territory in regular anatomy. Application of the described 
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technique allowed us to create a probabilistic flow territory map of the PICA perfusion 
territory based on 10 healthy subjects. Interestingly, this study shows how the PICA 
territory invariably involves the medial part of the posterior cerebellar surface, while 
its lateral extension is far more variable. Because of a reciprocal relation with the 
AICA, many infarcts which were previously considered to be “lateral PICA infarcts” 
might thus as well be AICA infarcts. Nevertheless, the technique has not yet been 
applied in patients with vertebrobasilar disease, and several limitations still preclude 
the use of this technique in daily clinical practice. In chapter 4, we investigate the 
prevalence and imaging patterns of incidental cerebellar infarcts. This approach varies 
substantially from almost any previous studies, which have focused on symptomatic 
infarcts with the almost exclusive use of routinely acquired transverse MR images. 
Unlike cerebellar infarcts studied in the symptomatic stage, small cerebellar infarcts 
proved to outnumber large cerebellar infarcts by a factor of almost 20. We also found 
that these small cerebellar infarcts leave cavities within the cerebellar cortex and spare 
subjacent white matter. Furthermore, the imaging patterns in which these cavities 
appear strongly suggests that they result from infarction of tiny end-arterial (cortical) 
territories. As these end-arterial (cortical) territories are by no other means discernible 
with imaging, the described infarct patterns provide insights in cortical end-arterial 
perfusion of the cerebellum. Finally, despite their small size, these cavities are very 
conspicuous on MRI due to a high intrinsic contrast between intracavitary fluid and 
surrounding tissues. Therefore, these cortical infarct cavities have the potential to 
become a (previously overlooked) marker of cerebrovascular disease, which will be 
investigated in part II of this thesis.

PART II Cerebellar infarct cavities 

In chapter 6, we describe a radiological-pathological post-mortem validation study 
in which we examined 40 whole cerebella with 7T MRI for the presence of cerebellar 
cavities. Although these cavities may have been previously assumed to be of ischaemic 
origin, this study now offers a scientific basis to support this assumption. We also 
establish that cerebellar infarct cavities predominantly occur in the cortex, and we 
distinguish these cavities from cerebellar lacunes (of presumed vascular origin)[5] 
occurring in the deep regions of the cerebellum. The study comes with the limitation 
that cerebellar specimens were received without knowledge of patient characteristics. 
Nevertheless, we translate the imaging findings of cerebellar cortical infarct cavities 
towards lower field-strengths (1.5T) in vivo, allowing for the study of cerebellar 
infarct cavities in large patient cohorts. In chapter 7 we found cerebellar cortical 
infarct cavities in 10 percent of patients with vascular disease and mean patient age 
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of 62 years, and found a significant relationship with markers of atherosclerosis 
and thromboembolic cerebrovascular disease. Furthermore, we found a significant 
association between cerebellar cortical cavities and brain atrophy, which persisted after 
correction for supratentorial infarcts. We hypothesise that this association could be 
mediated by concomitant supratentorial cerebrovascular laesions below the detection 
limit of 1.5T MRI, such as cerebral microinfarcts[6,7]. The latter have shown similar 
associations with cerebrovascular markers on MRI as we find with cerebellar cortical 
cavities[7], which might suggest common risk factors or a shared pathophysiology of 
macroinfarcts, cerebral cortical microinfarcts and cerebellar cortical infarct cavities. 
Compared to cortical microinfarcts in the cerebrum, cerebellar cortical infarct 
cavities have to the advantage to be easily visible on routine clinical MRI scans. 
In clinical practice, observation of cerebellar cortical infarct cavities may have the 
following implications. First, patients with cerebellar cortical infarct cavities show 
a significant reduction in physical functioning. In addition, identification of these 
cavities increases the visible burden of brain infarcts on MRI, and recent studies 
indicate that the total burden of (larger and smaller) infarcts may explain patients’ 
(functional) status, including cognitive performance and prognosis. Furthermore, 
cerebellar cortical infarct cavities add insights to the temporal and spatial (territorial) 
distribution of brain infarcts, and contribute to the risk evaluation of the individual 
patient. In case of cerebellar cortical infarct cavities, patient’s cerebrovascular risk 
factors should be evaluated and optimisation of preventive therapy be considered. In 
chapter 8, we further establish the relationship of cerebellar cortical infarct cavities 
with vertebral artery disease and prior history of vertebrobasilar TIA or stroke. As 
already suggested by our study in chapter 4 and 7, cerebellar cortical infarct cavities 
are found to be strongly associated with vertebral artery disease, as the cavities were 
observed in one third of patients with symptomatic vertebral artery disease as opposed 
to 10 percent of patients of similar age with arterial disease in general. More in-
depth correlation of cerebellar cortical infarct cavities with ipsilateral or contralateral 
vertebral artery disease was precluded by the relatively low number of patients in 
this study with vertebral artery disease on the one hand and the high percentage 
of patients with bilateral vertebral artery disease and/or bilateral cerebellar cortical 
infarct cavities on the other hand. Finally, despite their ischaemic origin, only one 
of 16 patients with cerebellar cortical infarct cavities was known with a prior history 
vertebrobasilar TIA or stroke.  This underlines how the vast majority of cerebellar 
infarcts remains occult at time of the index event. As was already known, cerebellar 
infarcts may remain clinically silent or present with non-specific clinical findings, such 
as nausea and dizziness[8,9]. In addition, acute cerebellar infarcts are easily missed 
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on CT. Moreover, because of availability issues, MRI scans are often impeded and 
only performed beyond the acute stage of diffusion restriction. In this time interval, 
infarcts may undergo fogging, even on MRI. Therefore, many recent cerebellar 
infarcts are missed not only on clinical grounds but as well on radiological grounds on 
both CT and MRI. Nevertheless, these infarcts may precede more devastating strokes 
and timely diagnosis is therefore crucial. The present thesis, on the contrary, shows 
how a very high number of cerebellar infarcts still remain unnoticed initially and are 
only detected as an incidental finding later on in life instead. Similar to small cerebral 
cortical infarcts[10], these small cerebellar cortical infarcts may be important for the 
estimation of future cardiovascular and cerebrovascular disease risk in individual 
patients.

Recommendations for future research and clinical practice:
• In future studies cerebellar territorial imaging should be assessed in patients with 

vertebrobasilar disease 
• In future studies the exact location of cerebellar infarcts will have to be related to 

the cerebellar perfusion territories
• In future studies cerebellar cortical infarct cavities should be correlated with 

cortical microinfarcts in the cerebrum
• In future studies the cerebellar infarcts (small and large) will have to be related with 

the prognosis of individual patients with respect to future risk of cardiovascular 
disease and cerebrovascular disease

• In clinical daily practice special attention should be paid to the cerebellum 
because small cerebellar infarcts can be easily overlooked and may precede a 
major stroke 

• In clinical daily practice the presence of small cortical cerebellar infarcts may help 
in the decision making in individual patients because these infarcts add insights 
to the temporal and spatial (territorial) distribution of brain infarcts.
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Het doel van deze thesis is om cerebellovasculaire aandoeningen beter in kaart te 
brengen door middel van medische beeldvorming met MRI. Cerebellovasculaire 
aandoeningen zijn ziekten van het cerebellum (de kleine hersenen) veroorzaakt door 
afwijkingen in de vascularisatie (bloedvoorziening). Meestal gaat het over infarcten, 
waarbij een deel van de hersenen door gebrek aan zuurstof en voedingsstoffen afsterft.
Tot nog toe onderzocht men voornamelijk cerebellaire infarcten op beeldvorming 
(CT en MRI) bij symptomatische patiënten, met andere woorden bij patiënten met 
klachten die veroorzaakt zijn door het infarct. Hierbij onderscheidt men een TIA 
(“transient ischaemic attack”) voor voorbijgaande klachten en een ischemisch CVA 
(“cerebrovascular accident” of “stroke”) in geval van persisterende klachten. De laatste 
decennia is echter geleidelijk aan gebleken dat patiënten vaak silentieuze infarcten 
doormaken. Dit zijn herseninfarcten die initieel niet worden opgemerkt omdat de 
infarcten asymptomatisch zijn of discrete dan wel atypische klachten veroorzaken, 
waarbij mogelijkheid van een herseninfarct niet overwogen wordt. 
Afgestorven hersenweefsel bij een infarct regenereert niet, maar laat op beeldvorming 
vaak littekens  na die toevallig of “incidenteel” opgemerkt worden wanneer 
beeldvorming in een andere context gebruikt wordt, zoals bv. voor een schedeltrauma 
of geheugenverlies. Deze incidentele infarcten werden voorlopig vooral onderzocht 
in het cerebrum (de grote hersenen), waar ze hoofdzakelijk bestaan uit lacunaire 
infarcten (kleine diep gelegen infarcten), kleine corticale (of hersenschors)infarcten 
en (corticale) micro-infarcten. Laatstgenoemde incidentele microinfarcten in 
het cerebrum worden sinds een aantal jaren volop onderzocht nadat recent werd 
aangetoond dat ze op (hoge veldsterkte) MRI kunnen worden aangetoond. 
Het hoofddoel van de huidige thesis is om incidentele infarcten in het cerebellum in 
kaart te brengen, met name om hun oorzaken te achterhalen, hun incidentie te bepalen, 
hun radiologische karakteristieken te beschrijven en eventuele voorkeurslocalisaties 
aan te tonen.  Bovendien beogen we een techniek te ontwikkelen om het correcte 
stroomgebied  te identificeren waarin een klein cerebellair infarct optreedt. 
Uit het onderzoek van deze thesis blijkt dat in het cerebellum incidentele infarcten 
veel frequenter zijn dan symptomatische infarcten, en dat (zeer) kleine cerebellaire 
infarcten (≤ 1.5 cm) veel vaker voorkomen dan grotere cerebellaire infarcten (> 
1.5 cm). Kleine cerebellaire infarcten komen typisch voor in de cerebellaire cortex 
(schors) en presenteren zich als kleine uitsparingen (caviteiten) in de cortex die 
gevuld zijn met hersenvocht en de onderliggende witte stof sparen. We doopten deze 
incidentele infarcten daarom ook als “cerebellaire corticale (infarct)caviteiten”. Ze zijn 
in vergelijking met eerdergenoemde cerebrale microinfarcten, waar ze mogelijk aan 
verwant zijn,  (veel) gemakkelijker te herkennen op MRI (zelfs op lagere veldsterkte) 
en evenzeer op CT door het groot contrast tussen hersenvocht en hersenweefsel.          
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In een grote populatie (636 patiënten) met klinisch vaatlijden en gemiddelde leeftijd 
van 62 jaar bleken deze caviteiten voor te komen in maar liefst één op tien patiënten, 
en de aangedane patiënten bleken fysiek slechter te functioneren dan patiënten zonder 
caviteiten. De caviteiten kenden een associatie met markers van atherosclerose en met 
thrombo-embolische herseninfarcten, dit zijn infarcten die ontstaan door vernauwde 
slagaders en/of bloedklonters die met de bloedstroom mee naar de hersenen migreren. 
Deze laatste associatie was de drijfveer om een kleinere groep patiënten te onderzoeken 
met een vernauwde vertebrale arterie en een symptomatisch infarct in het achterste 
stroomgebied, waartoe het cerebellum behoort. In deze patiëntenpopulatie bleken de 
corticale (infarct)caviteiten in het cerebellum in één op drie patiënten voor te komen, 
zonder klinisch te zijn opgemerkt geweest.                                                           
Tot slot ontwikkelden we een innovatieve techniek om voor het eerst de cerebellaire 
arteriële bevloeiingsgebieden in kaart te kunnen brengen. We maakten dit mogelijk 
door de beide arteriae vertebrales afzonderlijk te merken met arterial spin labelling 
MRI, een techniek die toelaat om zonder een contrastmiddel perfusie in de hersenen 
te meten. Gezien de PICA (de arteria cerebelli posterior inferior), een van de drie 
voornaamste gepaarde cerebellaire arteries, in normale anatomie uitsluitend wordt 
bevloeid door de ipsilaterale arteria vertebralis  kan haar stroomgebied worden 
onderscheiden van de AICA en SCA gebieden, die van de arteria basilaris afstammen 
en bijgevolg bloed ontvangen uit beide arteriae vertebrales. 
Met deze thesis streven we naar een beter begrip en meer verfijnde diagnostiek van 
cerebellaire infarcten. Gericht zoeken naar kleine silentieuze cerebellaire infarcten 
vergroot in aanzienlijke mate de mogelijkheid om vasculaire events in de hersenen te 
identificeren. Het laat ook toe betrokkenheid van één of meerdere bevloeiingsgebieden 
te bepalen, wat  relevant is voor het achterhalen van de oorzaken van herseninfarcten 
in de dagelijkse patiëntenzorg.
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3D three-dimensional 
AcomA  anterior communicating artery
AFIP Armed Forces Institute of Pathology
AICA  anterior inferior cerebellar artery
AIRP American Institute for Radiologic Pathology
AP anteroposterior
BA  basilar artery 
BMI  body mass index
CBF  cerebral blood flow
CCC cerebellar cortical (infarct) cavities
CI  confidence interval
CoW  circle of Willis 
CSF  cerebrospinal fluid 
CT  computed tomography 
DWI  diffusion-weighted imaging 
ESNR  European Society of Neuroradiology
FFE fast field echo
FH  feet-head
FLAIR  fluid-attenuation inversion recovery 
FOV  field-of-view 
GHF  great horizontal fissure 
HRQoL health-related quality of life
ICV  intracranial volume
IR  inversion recovery
LICA  left internal carotid artery
LVA  left vertebral artery
IMT  intima-media thickness
MCS  mental component summary scale
MMSE Mini-Mental State Examination
MNI Montreal National Institute
MR magnetic resonance
MRA MR angiography 
MRI magnetic resonance imaging
PcomA posterior communicating arteries 
PCS physical component summary scale
PD proton density
PF primary fissure 
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PICA posterior inferior cerebellar artery 
PSF posterior superior fissure 
RICA right internal carotid artery
RL right-left
RSNA Radiological Society of North America
RVA right vertebral artery
ROI region of interest 
SCA superior cerebellar artery
SD standard deviation
T  Tesla
T1WI T1-weighted imaging
T2WI T2-weighted imaging
TE echo time 
TI inversion time 
TR repetition time 
TSE turbo spin echo
VA vertebral artery 
WMH white matter hyperintensities
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