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INTRODUCTION

Border zone or watershed infarcts are ischemic lesions that occur in characteristic
locations at the junction between two main arterial territories. These lesions constitute
approximately 10% of all brain infarcts and are well described in the literature. Their
pathophysiology has not yet been fully elucidated, but a commonly accepted hypothesis
holds that decreased perfusion in the distal regions of the vascular territories leaves them
vulnerable to infarction. Two types of border zone infarcts are recognized: external
(cortical) and internal (subcortical). To select the most appropriate methods for managing
these infarcts, it is important to understand the underlying causal mechanisms. Internal
border zone infarcts are caused mainly by hemodynamic compromise, whereas external
border zone infarcts are believed to result from embolism but not always with associated
hypoperfusion. Various imaging modalities have been used to determine the presence and
extent of hemodynamic compromise or misery perfusion in association with border zone
infarcts, and some findings (eg, multiple small internal infarcts) have proved to be
independent predictors of subsequent ischemic stroke. A combination of several advanced
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techniques (eg, diffusion and perfusion magnetic resonance imaging and computed
tomography, positron emission tomography, transcranial Doppler ultrasonography) can be
useful for identifying the pathophysiologic process, making an early clinical diagnosis,
guiding management, and predicting the outcome.

Watersheds or border zones are areas that lie at the junction of two different drainage
areas. The vascular supply of the cerebral parenchyma can be envisioned in a similar
manner, with defined boundaries between different arterial systems. Cerebral infarcts in
border zones were first discussed in 1883 (1) and were defined as ischemic lesions in an
area between two neighboring vascular territories (2). These territories can be further
classified in two broad categories as (a) external (cortical) or (b) internal (subcortical)
border zones. Border zone infarcts constitute approximately 10% of all cerebral infarcts
(3). Various theories have been proposed to explain their pathogenesis. It is believed that
repeated episodes of severe systemic hypotension are the most frequent cause (3).
Susceptibility of border zones to ischemia was proved in an autopsy study of patients with
border zone infarcts (4). Various neuropathologic studies have shown neuronal necrosis
from hypotension in these regions and have advanced our understanding of the
preferential distribution of border zone infarcts (5,6).

The appearances of border zone infarcts depicted by standard imaging modalities are well
described. Advanced imaging techniques can help identify areas of misery perfusion
associated with these infarcts. Misery perfusion represents a chronic failure of cerebral
autoregulation associated with decreased cerebral perfusion pressures in the presence of
extracranial and intracranial atheromatous disease. The important information derived
from imaging can be useful for patient management and disease prognosis.

The article begins with a discussion of the anatomic locations, classification, and
pathophysiology of border zone infarcts. The existing literature about the causal
mechanisms of associated hemodynamic compromise is reviewed, and the imaging
appearances of the lesions are described in detail.

 Classification of Border Zone Infarcts

Border zone infarcts are grouped into two main categories based on their location in either
external (cortical) or internal (subcortical) regions at axial computed tomography (CT).
Various terms for these lesions have been used in the literature, with the most common
summarized in the Table 1.
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Table 1. Border Zone Infarcts

The external or cortical border zones are located at the junctions of the anterior, middle,
and posterior cerebral artery territories. Infarcts in the anterior external border zones and
paramedian white matter are found at the junction of the territories supplied by the
anterior and middle cerebral arteries, and those in the parieto-occipital areas (posterior
external border zones) are found at the junction of the territories supplied by the middle
and posterior cerebral arteries.

The internal or subcortical border zones are located at the junctions of the anterior,
middle, and posterior cerebral artery territories with the Heubner, lenticulostriate, and
anterior choroidal artery territories. Internal border zone infarcts thus may be designated
as infarcts of the lenticulostriate–middle cerebral artery, lenticulostriate–anterior cerebral
artery, Heubner–anterior cerebral artery, anterior choroidal–middle cerebral artery, and
anterior choroidal–posterior cerebral artery territories (7). Infarcts of the lenticulostriate–
middle cerebral artery border zone, which is supplied by the end branches of deep
perforating lenticulostriate arteries and medullary penetrators from the pial–middle
cerebral artery, are the most commonly seen at imaging.
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Color plate 1. Watershed infarcts occur at the border zones between major cerebral
arterial territories as a result of hypoperfusion. There are two patterns of border zone
infarcts: 1.Cortical border zone infarctions Infarctions of the cortex and adjacent
subcortical white matter located at the border zone of ACA/MCA and MCA/PCA
2.Internal border zone infarctions Infarctions of the deep white matter of the centrum
semiovale and corona radiata at the border zone between lenticulostriate perforators and
the deep penetrating cortical branches of the MCA or at the border zone of deep white
matter branches of the MCA and the ACA.

 Pathophysiology of Border Zone Infarcts

Border zone infarcts involve the junction of the distal fields of two nonanastomosing
arterial systems (8). The conventional theory implicates hemodynamic compromise
produced by repeated episodes of hypotension in the presence of a severe arterial stenosis
or occlusion. The lower perfusion pressure found within the border zone areas in this
setting confers an increased susceptibility to ischemia, which can lead to infarction. This
causal role of severe arterial hypotension has been well described and confirmed by the
results of experimental studies in animals (9,10). The typical clinical manifestations of
syncope, hypotension, and episodic fluctuating or progressive weakness of the hands are
also supportive of this theory of hemodynamic failure (11,12). Radiologic studies also
support the hypothesis that border zone infarcts distal to internal carotid artery disease are
more likely to occur in the presence of a noncompetent circle of Willis.

In sharp contrast with this widely prevalent interpretation, several pathologic
investigations have emphasized an association between border zone infarction and
microemboli, and embolic material has been found within areas of border zone infarction
in autopsy series (13). Preferential propagation of emboli in the border zone regions also
has been found in experimental studies (14).

Border zone infarction may be better explained by invoking a combination of two often
interrelated processes: hypoperfusion and embolization (15). Hypoperfusion, or decreased
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blood flow, is likely to impede the clearance (washout) of emboli. Because perfusion is most
likely to be impaired in border zone regions, clearance of emboli will be most impaired in
these regions of least blood flow. Severe occlusive disease of the internal carotid artery
causes both embolization and decreased perfusion. Similarly, cardiac disease is often
associated with microembolization from the heart and aorta with periods of diminished
systemic and brain perfusion. This theory, although it seems reasonable, remains unproved
and has been challenged on many accounts.

Color plate 2. This coronal section of the cerebral hemispheres demonstrates the result of a
severe global hypoxic-ischemic insult. It is from a person who was resuscitated after
experiencing a large pulmonary embolus with severe hypoxia and hypotension. She lived
several months following the event, first in coma, then in a vegetative state. This section
shows marked thinning of the majority of the cortical ribbon (compare to normal) and
atrophy of the deep gray structures. The lateral ventricles are secondarily enlarged; this
passive enlargement of the ventricles as a result of loss of brain tissue is known as
hydrocephalus ex vacuo.

EXTERNAL WATERSHED (BORDER ZONE) INFARCTION

 Anterior external border zone infarcts
o Imaging Appearance

The external, cortical border zones are located between the anterior, middle, and posterior
cerebral arteries and are usually wedge-shaped or ovoid. However, their location may vary
with differences in the arterial supply. It is sometimes difficult to determine whether a
person has sustained a border zone infarct on the basis of the location of the infarct in
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relation to the vessels on a CT or MR image (16,17). Because of this extensive anatomic
variation, minimum and maximum distribution territories of each vessel have been
defined. It is not uncommon to describe a cortical infarct as a “territorial” infarct if it lies
completely within the expected or possible maximum area of a vascular territory or as a
“potential” infarct if it is outside these maxima (18). Furthermore, the location of cortical
border zones may vary because of the development of leptomeningeal collaterals (8). The
anatomy of cortical border zones can be complex, with marked variability due to individual
differences in the territories supplied by the major arteries of the brain.

Color plate 3. The bilaterally symmetric dark discolored areas seen superiorly and just
lateral to the midline represent recent infarction in the watershed zone between anterior
and middle cerebral arterial circulations. Such watershed infarctions can occur with
relative or absolute hypoperfusion of the brain.
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Figure 1. Coronal fluid-attenuated inversion recovery MR images show the distribution of
external (cortical) border zone infarcts at the junctions of the anterior cerebral artery and
middle cerebral artery territories (A) and the middle cerebral artery and posterior
cerebral artery territories (B). (C) Diffusion-weighted MR images show a cortical border
zone infarct at the junction of the anterior cerebral artery and middle cerebral artery
territories. Angiography of the right-sided common carotid and internal carotid arteries in
the same patient showed normal vessels with no occlusion or stenosis.

o Causal Mechanisms

The mechanism of external border zone infarction has been widely debated. Many studies
have documented hemodynamic abnormalities in the anterior watershed or frontal cortical
border zone. However, in many studies, no evidence of such hemodynamic impairment was
found (19). In other studies, substantially fewer severe stenoses or occlusions of major
vessels than border zone infarcts were found (20). The cerebral or carotid vessels may
appear entirely normal or show mild or moderate narrowing without hemodynamic
compromise. Isolated cortical border zone infarcts may be embolic in nature and are less
frequently associated with hemodynamic compromise. Microemboli from the heart or
atherosclerotic plaques in major arteries may preferentially propagate to cortical border
zones, which have lower perfusion than other areas of the vasculature, and, thus, a limited
ability to wash out these emboli. Many patients with cortical border zone infarcts have
concomitant smaller cortical infarcts. These findings support the hypothesis that an
embolic mechanism plays a crucial role in the pathogenesis of external border zone
infarcts.
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o Clinical Course

Patients with external border zone infarcts have a more benign clinical course and a better
prognosis than those with internal border zone infarcts, although the severity of clinical
signs and symptoms and the score on the National Institutes of Health Stroke Scale at the
time of admission might not differ substantially between the two patient groups. The
external border zone is closer to the cortical surface, where penetrating arteries originate,
and thus it has a better chance of developing a collateral supply through leptomeningeal or
dural anastomoses. However, when external border zone infarcts occur in association with
internal border zone infarcts, there is a higher probability of hemodynamic impairment,
and the prognosis may not be good (21).

Figure 2. Bilateral border infarcts.. A 60 yo male brought unconscious to casualty with
possible cardiac event. On admission MRI Diffusion show bilateral fronto parietal and
parieto occipital cortical restricted diffusion. Similar restricted diffusion in caudate nuclei.
Area of involvement corresponds to cortical as well as internal border zone infarcts.

 Posterior External (Cortical) Border Zone Infarcts

Anterior external border zone infarcts are more common than posterior ones because of
the high prevalence of internal carotid artery disease. Vertebrobasilar system disease with
superimposed fetal circulation (ie, a fetal-type posterior cerebral artery) may lead to
posterior external border zone infarcts. Unilateral posterior external border zone infarcts
have been related to cerebral emboli either of cardiac origin or from the common carotid
artery, whereas bilateral infarcts are more likely to be caused by underlying hemodynamic
impairment (vascular stenosis) (27).

Professor Yasser Metwally
www.yassermetwally.com

www.yassermetwally.com



Figure 3. Axial diffusion-
weighted MR image and
apparent diffusion
coefficient map show
bilateral posterior
cortical border zone
infarcts.

INTERNAL WATERSHED (BORDER ZONE) INFARCTS

 Imaging Appearance

Internal border zone infarcts appear in multiples, in a rosarylike pattern. In one report,
this pattern was described as a series of three or more lesions, each with a diameter of 3
mm or more, arranged in a linear fashion parallel to the lateral ventricle in the centrum
semiovale or corona radiata (19). Internal border zone infarcts are classified on the basis of
their radiologic appearance as either confluent or partial (8). Partial infarcts are usually
large, cigar shaped, and arranged in a pattern resembling the beads of a rosary, parallel
and adjacent to the lateral ventricle. The duration of hemodynamic compromise has been
postulated as the cause of the varied radiologic appearances, with a brief episode of
compromise leading to a partial infarct, and a longer period of compromise, to confluent
infarcts (22). Confluent internal border zone infarcts may be manifested by a stepwise
onset of contralateral hemiplegia. They also may be associated with a poorer recovery than
is typical for partial infarcts.
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Figure 4. FLAIR and MRI T2 images showing examples of Internal border zone infarcts

Internal border zone infarcts must be differentiated from superficial perforator
(medullary) infarcts, which may have a similar appearance on MR images. Superficial
perforator infarcts, which are caused by the occlusion of medullary arteries from pial
plexuses, are smaller, superficially located, and widely scattered, whereas internal border
zone infarcts tend to localize in paraventricular regions (23). Superficial perforator infarcts
are associated with less severe vascular stenoses and a better prognosis than internal
border zone infarcts. Because of the difficulty of differentiating between the two types of
infarcts on radiologic images, they have sometimes been collectively described as
subcortical white matter infarcts, but that term is diagnostically nonspecific.
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Figure 5. Internal watershed infarction

o Causal Mechanisms

In contrast to external border zone infarcts, internal border zone infarcts are caused
mainly by arterial stenosis or occlusion, or hemodynamic compromise. The greater
vulnerability of internal border zones to hemodynamic compromise has been explained on
the basis of anatomic characteristics of the cerebral arterioles within these zones. The
internal border zones are supplied by medullary penetrating vessels of the middle and
anterior cerebral arteries and by deep perforating lenticulostriate branches. The medullary
penetrating arteries are the most distal branches of the internal carotid artery and have the
lowest perfusion pressure. The deep perforating lenticulostriate arteries have little
collateral supply, and there are no anastomoses between the deep perforators and the white
matter medullary arterioles. Therefore, the centrum semiovale and corona radiata are
more susceptible than other regions to ischemic insults in the setting of hemodynamic
compromise.
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Figure 6. Internal
watershed infarction

o Clinical Course

Internal border zone infarcts are associated with a poor prognosis and clinical
deterioration (21,22). Patients may undergo prolonged hospitalization, and they have an
increased likelihood of remaining in a disabled state during clinical follow-up. The results
of diffusion-weighted imaging studies suggest that patients with internal border zone
infarcts have an increased risk for stroke during the first few days after infarction (24).
Perfusion studies in patients with such infarcts have shown a far greater area of misery
perfusion than is reflected on diffusion-weighted images. Involvement of the adjacent
cortex also has been found on perfusion images (25). Thus, the typically small internal
border zone infarcts represent the “tip of the iceberg” of decreased perfusion reserve and
may be predictive of impending stroke. This hypothesis was tested further with
quantitative carbon 11–flumazenil positron emission tomography (PET), which showed a
decrease in benzodiazepine receptors, a finding suggestive of neuronal damage beyond the
region of infarction seen on MR images (26).

 Conclusions

Internal (subcortical) border zone infarcts, which typically appear in a linear rosarylike
pattern in the centrum semiovale, are caused mainly by hemodynamic compromise.
External (cortical) border zone infarcts are believed to be caused by embolism, sometimes
with associated hypoperfusion. External border zone infarcts usually follow a benign
clinical course, whereas internal border zone infarcts are associated with higher morbidity
and a higher risk for future stroke. Different therapeutic approaches may be required to
prevent early clinical deterioration in patients with different types of border zone infarcts.
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CORTICAL LAMINAR NECROSIS

Cortical laminar necrosis occurs as a consequence of oxygen or glucose depletion in the
watershed intracortical area in the third cortical layer, as in anoxia, hypoglycaemia, status
epilepticus, ischaemic stroke CNS vasculitis, neuro-lupus and drugs (46). Cortical
pseudolaminar necrosis, also known as cortical laminar necrosis and simply laminar
necrosis, is the (uncontrolled) death of cells in the (cerebral) cortex of the brain in a band-
like pattern, (46) with a relative preservation of cells immediately adjacent to the meninges.
Pathologically Cortical laminar necrosis represents cytotoxic oedema affecting a particular
layer of cerebral cortex (third grey matter layer) at the acute stage and is
neuropathologically characterized by delayed selective neuronal necrosis at the acute stage
followed by reactive change of glia and deposition of fat-laden macrophages. In particular
the characteristic high intensity on precontrast Tl-weighted images in Cortical laminar
necrosis, which generally begins to appear about 2 weeks after the ictus, becomes
prominent at 1-2 months and began to fade at 3-11 months, is due to the deposition of fat-
laden macrophages or methemoglobin representing intracortical microhemorrhages.

Chronic brain infarcts are typically seen as low-intensity lesions on T1-weighted and high-
intensity lesions on T2- weighted images due to prolonged T1 and T2 values (46). In some
infarcts, high-intensity lesions are observed on precontrast T1-weighted images.
Haemorrhagic infarcts show characteristic changes of the signal intensity, similar to those
of haemorrhage, due to deoxyhaemoglobin, methohaemoglobin, and haemosiderin (52,53).
Petechial haemorrhage may occur in cortical infarcts (cortical laminar necrosis) but cannot
explain the high-intensity laminar lesions in all patients on precontrast TI images (46,47).
In general high intensity on precontrast Tl-weighted images (T1 shortening) can be due to
methaemoglobin, mucin, high protein concentration, lipid or cholesterol, calcification and
cortical laminar necrosis (51). In ischaemic stroke, high intensity laminar lesions can be
cortical laminar necrosis, haemorrhagic infarcts (microhaemorrhage), or a combination of
the two.

The grey matter has six layers. The third is the most vulnerable to depletion of oxygen and
glucose (watershed intracortical zone). When a relatively mild ischaemic or hypoglycaemic
insult occurs, the vulnerable layers are selectively injured (selective neuronal vulnerability)
(64).

Because the third grey matter layer is the most vulnerable to anoxia and hypoglycemia,
Cortical laminar necrosis is a specific type of cortical infarction, usually seen in the setting
of anoxic encephalopathy. Other etiologies like hypoglycemia, status epilepticus and
immunosuppressive chemotherapy have been implicated. (55,56) The appearance of the
MR images in the setting of diffuse cortical laminar necrosis can be deceptive. Properly
windowed diffusion weighted imaging can be very helpful in detecting cortical laminar
necrosis, especially in the setting of anoxic-hypoxic encephalopathy in the early subacute
phase. (57) Cortical laminar necrosis in the setting of anoxic encephalopathy has a
universally poor prognosis, with most patients either progressing to brain death or
remaining in a persistent vegetative state. (56).
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Boyko et al. (51) described cortical laminar necrosis in brain infarcts as linear high on
precontrast TI imags signal based on the cortical surface and becoming less intense over
time (months). In hypoxic brain damage, Precontrast Tl-weighted images revealed a
laminar hyperintensity lesion in the cortex in the late subacute stage (21-28 days) which
tended to fade after 2 months but persisted up to 11 months (46). In laminar cortical
necrosis, cortical high intensity on precontrast Tl-weighted images generally begins to
appear about 2 weeks after the ictus, became prominent at 1-2 months and began to fade at
3 months, although it could persist up to 11 months. FLAIR images are more sensitive than
Tl weighted images to the cortical laminar lesions. Early cortical changes on day 1 showed
high intensity on T2- weighted images and low intensity on Tl-weighted images, which later
became high intensity on precontrast T1 images. This early change is due to prolonged Tl
and T2 values caused by acute ischaemic change (tissue oedema).

The cortical laminar necrosis, seen as a laminar high signal lesion on precontrast T1-
weighted images, was first described by Sawada et al. (55) in a patient with anoxic
encephalopathy. The cortical lesion is usually in the watershed region (watershed
intracortical zone) in this condition (46). Cortical laminar necrosis is also reported in
ischaemic stroke (46,47,48,49). Although Nabatame et al. {50} thought the high intensity on
precontrast T1-weighted images was due to methohaemoglobin in haemorrhagic tissue,
pathological studies revealed no haemorrhage (46,50,51). Takahashi et al. (54) reported a
patient with a cortical laminar lesion showing low intensity on T2-weighted images in the
chronic stage, which they thought due to haemosiderin.
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Color plate 4. Cortical laminar necrosis.

Color plate 5. Cortical laminar necrosis. Early
in the disease, gross findings will be
characterized by edema and swelling. Note the
swollen glistening appearance of the cerebral
cortex. Note the vague line between cortex and
subcortical white matter (arrows).
Histologically this line would correspond to an
early (laminar) band of cortical necrosis.
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Figure 7. A 60-year-old woman with an anti phospholipid antibody syndrome. All images 1
month after ictus. a A Tl weighted image shows a high-intensity right occipital laminar
lesion, with low intensity in white matter. b There is intense contrast enhancement of the
grey matter, none of the white matter. c A T2-weighted image demonstrates an isointense
laminar lesion, while the white matter shows very high intensity. d A proton-density image
demonstrates the high-intensity laminar cortical lesion.
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Figure 8. A 73-year-old man with speech disturbance. a At 1.5 months after the ictus, a
precontrast T1-weighted image demonstrates a high-intensity left parietal laminar lesion
(arrow). B, At 6 months, there is no high intensity and no contrast enhancement (C), but a
FLAIR image (D) still shows a high-intensity laminar lesion.
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Figure 9. Precontrast T1 image showing cortical laminar necrosis demonstrated as a
laminar linear cortical hyperintensity.
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