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Abstract
Cerebral white matter lesions (WML) are common in the aging brain and are associated
with dementia and depression. They are associated with vascular risk factors and small
vessel disease, suggesting an ischemic origin, but recent pathology studies suggest a more
complex pathogenesis. Studies using samples from the population-representative Medical
Research Council Cognitive Function and Ageing Study neuropathology cohort used
post-mortem magnetic resonance imaging to identify WML for further study. Expression
of hypoxia-related molecules and other injury and protective cellular pathways in candi-
date immunohistochemical and gene expression microarray studies support a role for
hypoxia/ischemia. However, these approaches also suggest that immune activation, blood–
brain barrier dysfunction, altered cell metabolic pathways and glial cell injury contribute
to pathogenesis. These abnormalities are not confined to WML, but are also found in
apparently normal white matter in brains with lesions, suggesting a field effect of white
matter abnormality within which lesions arise. WML are an active pathology with a
complex pathogenesis that may potentially offer a number of primary and secondary
intervention targets.

DEFINITIONS AND CLINICAL
SIGNIFICANCE
Cerebral white matter lesions (WML), sometimes referred to as
white matter hyperintensities (WMH) are recognized in life as
bright areas of high signal intensity in T2-weighted and diffusion
tensor magnetic resonance imaging (MRI) (56). They are very
common in the aging brain, with an in-life prevalence of over 90%
in the over-65 age group, the volume of lesions increasing with age
group in the over-60s (15, 42).

Although often an incidental finding, they are clinically signifi-
cant. They are associated with dementia, reduced information pro-
cessing speed, depression and impaired motor function, and they
are associated with Alzheimer’s disease (3, 8, 16, 35, 36, 61, 80,
85). The presence of WML may also be a risk factor for progres-
sion of mild cognitive impairment to dementia (11, 18). Volume
and confluency of WML are important, so that the presence of
confluent lesions is a predictor of their subsequent progression
(56). WML may be subclassified by location into those within the
white matter of the centrum semiovale (deep subcortical lesions,
DSCL) and periventricular lesions (PVL). DSCL, with a tendency
to become confluent, may extend into the periventricular zone, so
that such subclassification may not be clear-cut (65), but there is
some evidence that DSCL and PVL may have different clinical
associations (38).

WML IN THE COGNITIVE FUNCTION
AND AGEING STUDY (CFAS)
The Medical Research Council CFAS (for review see (89) ) is a
longitudinal population-based study of cognitive impairment
and frailty in the elderly in England and Wales (http://
www.cfas.ac.uk). Based around six urban and rural centers, the
sample was recruited from individuals identified from family
practitioner registers and aged over 65 years at study commence-
ment. The study has a brain donation program and is one of a
limited number of international studies combining neuropathol-
ogy with selection criteria that can generate truly population-
representative analyses (93).

An initial CFAS study, based on the first 209 cases, combined
WML with other forms of small vessel pathology (53). A further
study, based on 456 consecutively donated cases, allowed assess-
ment of the population prevalences of pathologies (50). This article
reported PVL in 87% of non-demented (at death) and 95% of
demented donors, with an odds ratio for dementia of 4.3 [95%
confidence interval (CI) 1.9–9.8]. DSCL were also frequent,
although less common than PVL, being found in 60% of non-
demented and 73% of demented donors, with an odds ratio for
dementia for severe deep lesions of 3.3 (95% CI 1.6–6.8). This
study was sufficiently powered to allow calculation of attributable
risk (AR) for specific pathologies. AR estimates the amount of
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dementia at death in the sample, determined by each of the factors
in the model and is dependent on both the risk and prevalence of
the factor. However, WML were not treated as separate single
variables for AR analysis. Rather, the presence of confluent DSCL
was included as a component of a global estimate of significant
cerebral small vessel disease (SVD). Multivariate analysis esti-
mated the AR for dementia associated with this index of SVD to be
12%. In combination with the presence of a macroscopic infarct
the AR associated with SVD rises to 21% in this cohort.

WML are clinically identified by MRI, and a routine sampling
approach for histology is likely to underestimate the burden of
WML in pathology studies. The CFAS approach has been to use
post-mortem MRI to identify lesions and allow directed sampling
for further histopathologic study (24). Formalin-fixed 1-cm thick
coronal brain slices were examined from three levels of each brain,
corresponding to Newcastle coronal brain map reference levels
10/12, 19/20 and 24/25. Slices were placed in a Perspex stack and
imaged in a 1.0T machine to produce a single MRI image of each
slice half way through its depth (Figure 1). Scans were then rated
using a modification of the Sheltens’ semiquantitative scale (67),
developed to score WMH in MRI in life. This approach identified
PVL with a sensitivity of 95% and specificity of 71%, and DSCL
with a sensitivity of 86% and specificity of 80%. The ability of
post-mortem MRI to identify subcortical vascular pathology has
been confirmed in other studies by comparison with extensive
histologic assessment, and is more sensitive than a routine histo-
logic sampling approach (51). Post-mortem MRI assessment in
CFAS showed that 94% of brains scanned contained WML, with
PVL and DSCL present in 81% and 64% of scanned brains,
respectively. Severe DSCL assessed in this way are independent
risk factors for cognitive decline and their inclusion in a
multivariable model improved the incorrect prediction of dementia
status from 25% to 17% (23). The population-based neuro-
pathologic approach in CFAS has therefore shown that WML are

frequent, that they are independent risk factors for dementia and
that post-mortem MRI of brain slices can be used to identify and
quantify lesions.

WML are related to vascular risk factors (8, 43, 56, 62, 78, 86)
and to insulin resistance in non-diabetics (37). Lack of a relation-
ship to carotid artery stenosis suggests that WML are not due to
extracranial thromboembolic events (60). White matter attenuation
is also recognized as a co-pathology with Alzheimer’s disease (10,
77). However, the pathogenesis of WML remains poorly defined. A
difficulty in the neuropathologic study of WML is that, unless
severe, they are difficult to recognize and therefore to sample at
brain dissection (54). Post-mortem MRI-guided sampling has
therefore been used in CFAS to identify WML (both DSCL and
PVL) and non-lesional control white matter for further histologic
and pathogenic studies. Controls in these studies have been divided
into those from cases with lesions (controls–lesional) and those
without lesions (controls–non-lesional). This has been important
in assessing the wider white matter environment in which lesions
exist, and as discussed later, implies a more widespread pathology
of white matter in individuals with WML. It should be noted that,
while the lesion frequency and dementia associations presented
earlier are population-based in their approach, the studies of
lesion histopathology/pathogenesis have taken a more conven-
tional case-control design, nested within the CFAS population-
neuropathology cohort.

GLIAL PATHOLOGY OF WML
WML may consist of infarct-like areas of white matter loss, or
areas of myelin attenuation and pallor. WML and Binswanger’s
disease where white matter pathology is severe and diffuse, have
been associated with increased microglial and macro-glial pathol-
ogy, including astrogliosis, regressive changes in astrocytes and
apoptosis of oligodendrocytes and astrocytes (1, 41, 68). Axonal
loss is an area that still requires thorough investigation, ideally
using rigorous stereological approaches.

Use of immunohistochemistry for myelin basic protein (MBP)
in the CFAS cohort demonstrated loss of myelin in both DSCL and
PVL, the sharply demarcated area of MBP loss in PVL being
associated with a dense feltwork of subependymal glial fibrillary
acidic protein (GFAP)-positive processes (76). PVL are also char-
acterized by loss of ependymal cells, leaving gaps in the
ependymal lining of the ventricle. This breakdown of the ventricu-
lar lining has been postulated to play a role in white matter changes
(68). With the dense band of myelin loss and gliosis in PVL, it is
possible that exposure to back-diffusion of cerebrospinal fluid
(CSF) might contribute to lesion pathogenesis in this location.

Platelet-derived growth factor α receptor (PDGFαR) and the
+13 isoform of microtubule-associated protein-2 (MAP-2+13) are
both markers of oligodendrocyte precursor cells (OPC), although
PDGFαR is not OPC-specific, also being present in reactive
astrocytes, endothelial cells and neurons (49, 70). Using these
markers, OPC were identified in the CFAS cases (Figure 2A) (76).
Some of the oligodendroglial cells showed a T-shaped pattern of
cytoplasmic labeling for MAP-2+13, considered to be the morphol-
ogy of pre-myelinating oligodendrocytes. These cells were more
frequent in PVL, particularly at lesion margins, suggesting that
there may be some attempt at repair, although it may be surmised
that the astrogliosis in PVL might inhibit the efficacy of this

Figure 1. Magnetic resonance imaging scan of fixed brain slices. Left:
high signal in the white matter identifies a periventricular lesion (arrow)
and a deep white matter lesion (star). Right: slice at occipital level
showing periventricular areas of high signal.
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process, given that gliosis can impair remyelination (91). We also
identified OPC at a low frequency in control white matter. OPC
may be important in remyelination, repair and plasticity in white
matter in adults, although repair mechanisms may be impaired by
age and by pathology (6, 13, 52, 71). So, whether impaired repair
is a significant contributor to age-related white matter degenera-
tion remains unclear at present. The paucity of OPC in DSCL is
interesting and is reminiscent of findings in established multiple
sclerosis (MS) plaques. Potentially, this difference may correlate
with the greater prominence of hypoxia in the pathogenesis of
DSCL (see later; and as postulated in late MS lesions) with a
selective effect on oligodendroglial lineage components.

The role of the astroglial response remains to be determined and
is likely to be complex (58, 59, 79). In MS white matter, for
example, astrocytes have complex roles that can be either benefi-
cial or harmful, or both, to white matter preservation and repair
(91), so that it will be necessary to dissect their multifaceted
responses. Astrocytes may be important for repair in white matter
(95), and damage to the glia may impair their protective functions.
Regressive changes and expression of apoptosis markers have
been found in astrocytes in aging white matter pathology (41).
Our recent studies in CFAS found expression of the DNA
damage marker 8-hydroxy deoxyguanosine in glia, particularly
oligodendrocytes and microglia, and of senescence markers in
astrocytes (96). In addition to myelination, remyelination and
myelin maintenance (reviewed in (7)), oligodendrocytes have
important roles in the metabolic support of axons, and impairment
of this support may be important in neurodegeneration (27, 44).
The demonstration of damage to astrocytes and oligodendrocytes
suggests that loss of glial function may be an important contributor
to WML.

EVIDENCE OF A HYPOXIC/ISCHEMIC
ENVIRONMENT IN WML
Based on pathologic and biochemical findings, WML have been
interpreted as ischemic in origin, representing areas of infarction
or incomplete infarction (20, 21). As noted earlier, they share
risk factors for vascular disease and in CFAS, epidemiologic
results have been included as a component or manifestation
of SVD. White matter is vulnerable to ischemia, particularly
oligodendrocytes and myelinated axons (57). WML are associated
with impaired cerebral vasomotor reactivity (2). Histologic studies
demonstrate thickening of arterioles, perivascular widening (34,
84), capillary loss and an association with perivenous collagenosis
(9), suggesting that there is vascular insufficiency and consequent
hypoperfusion. Fernando et al sought direct evidence for a hypoxic
environment in WML in a CFAS study (25). In addition to con-
firming thickened arterioles, the study examined the expression of
hypoxia response molecules. Hypoxia inducible factor 1α, 2α,
neuroglobin and matrix metalloproteinase-7 were up-regulated in
WML, particularly in DSCL, providing evidence for a hypoxic
environment in DSCL, with a difference from PVL where there is
less evidence for hypoxia.

WML AND ACUTE VS. CHRONIC
ISCHEMIA/HYPOXIA
The implication of studies that associate WML with vascular risk
factors, local arterial disease and evidence of hypoxia-related
markers in lesional tissue challenges current understanding of
cerebral hypoxic/ischemic injury. Fundamentally there is a discon-
nection between the concepts of chronic ischemia now invoked in

Figure 2. A. Immunohistochemistry for +13
isoform of microtubule-associated protein-2
identifies a process-bearing oligodendrocyte
precursor cells (arrow). B. Clasmatodendritic
astrocytes labeled for fibrinogen (arrows).
C. Double-immunohistochemistry for glial
fibrillary acidic protein (GFAP) (red) and CD68
(brown). The clasmatodendritic astrocyte
labels for GFAP (arrow), but not CD68,
antibody to which shows granular labeling of
microglial processes. D. Amoeboid microglia
in a deep subcortical white matter lesions.
E. Ramified microglial labeled for major
histocompatibility complex class II in a
periventricular lesion (arrows). Magnification
bars all 50 μm.
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human clinical practice and research and the canon of published
work into the pathogenesis and consequences of hypoxic/ischemic
injury based on experimental neuroscience (46). This literature has
predominantly focused on neuronal vulnerability, has used rela-
tively acute experimental models, and is heavily dominated by
research in species with a very high ratio of grey : white matter
compared with the human brain. The introduction of the term
“incomplete infarction” (20) into the literature was necessitated by
this problem despite the term having no real pathogenic validity or
definition. Canonically, brain ischemia is perceived to be an acute
phenomenon that preferentially affects neurons (more precisely
neuronal perikarya) and initiates an injury cascade that either kills
cells or is sublethal such that they are able to fully recover. In
WMLs, the tissue is not infarcted, oligodendroglia may be the
major ischemic target, and the severity of tissue attenuation falls
along a gradient from normality to severe loss of tissue elements.
The concept of selective oligodendroglial vulnerability is estab-
lished in pediatric neuroscience (39) and may be relevant to WML
in older people; however, as discussed earlier, the relative propor-
tion of oligodendroglial vs. axonal damage is not yet well-
characterized. The anatomy of human white matter is likely to
contribute to its susceptibility to formation of WML based on one
or both of its potential to be a watershed region for arterial perfu-
sion and through local arterial and arteriolar pathology associated
with systemic hypertension in older people. There remains,
however, no established experimental model that provides valida-
tion of the concept that varying degrees of chronic misery perfu-
sion, remaining above the threshold that would lead to tissue
infarction, account for the patchy distribution, tendency to pro-
gression and variable severity of tissue attenuation that character-
ize this human pathology.

BLOOD–BRAIN BARRIER
(BBB) LEAKAGE
There is evidence that the BBB, which resides at the level of the
endothelium, is impaired in brain aging, neurodegeneration and
vascular dementias, including white matter disease, although
studies have produced varying findings (22, 64, 87, 94). BBB
disruption has a number of potential adverse effects on tissue.
Leakage of plasma proteins such as fibrinogen, thrombin and
plasmin may promote neuroinflammation, cell and vascular injury,
affect the extracellular matrix and cause tissue edema, while red
cell extravasation may lead to hemoglobin and iron release and
consequent oxidative stress through Fenton chemistry (92).
Studies in CFAS have shown increased iron in WML; however, this
is associated with alterations in iron metabolism-related genes and
proteins (29). Polymorphism of the hemochromatosis gene may
also be a risk factor for WML (28). These results in CFAS suggest
that altered iron metabolism can be a mechanism for increased
tissue iron, with consequent oxidative stress.

The presence of clasmatodendritic astrocytes is histopath-
ologic evidence for BBB leakage in WML (25, 76, 81).
Clasmatodendritic astrocytes are rounded, weakly eosinophilic
cells that show immunoreactivity for plasma proteins (Figure 2B).
They have therefore been considered to reflect BBB leakage,
perhaps representing a homeostatic response (17). Their morphol-
ogy is not typical of a reactive astrocyte. Indeed, they rather resem-
ble amoeboid microglia, but they label for GFAP and not with

microglial markers (Figure 2C). Studies in CFAS also demon-
strated extravasation of albumin that was widespread in the aged
white matter, but enhanced in WML (74).

This report also described the expression of the proteins
claudin-V, zona-occludin-1 and occludin, which form the tight
junction complexes that are part of the structural basis of the BBB
(74). Tight junction protein reduction has been observed in a
number of disorders, and is thought to be associated with BBB
dysfunction (14, 40, 55, 66, 87). Staining for these proteins dem-
onstrates linear profiles along vessels, representing the intercellu-
lar junctions. Quantification of gaps in staining was used to assess
tight junction disruption. Changes in BBB permeability in white
matter in the CFAS cohort were not associated with altered tight
junction protein expression. Such an approach has detected
changes in tight junctions in human autopsy-derived material in
MS (40, 45), but whether the lack of tight junction protein changes
in CFAS white matter reflects technical insensitivity or a real
pathophysiologic difference from MS is presently unclear. BBB
alterations can occur without tight junction protein alterations (32)
and junctional proteins are subject to molecular alterations such as
phosphorylation (87). These more subtle regulatory aspects of
BBB remain to be investigated.

In addition to BBB leakage, there may be other disruptions to
tissue fluid homeostasis and movement in WML. Fernando et al
(25) demonstrated widened perivascular spaces. It is possible
that this reflects increased retention of tissue fluid related to
impaired perivascular fluid drainage, a subject discussed in depth in
the accompanying review by Weller et al (88).

INFLAMMATION IN WML
The presence of microglia in WML, and increased intercellular
adhesion molecule 1 (ICAM-1) expression in endothelium, suggest
immune activation in WML (25, 76), and BBB disruption may also
suggest an inflammatory response (64). The commonly used
marker CD68 can identify white matter microglia in their ramified
and more activated states, through to the amoeboid macrophages
that are seen in DSCL (Figure 2D). Microglia, however, vary in
their activation pattern with potentially different functions, for
example, adopting more of an antigen-presenting cell or innate
immune phenotype (69). Microglia can express major histocom-
patibility complex (MHC) class II (Figure 2E), and can also
express co-stimulatory molecules, such as integrin B7 and CD40
(63), which are necessary for antigen presentation and signalling in
an immune response. In further characterizing the microglial
response in WML, Simpson et al examined these markers in the
CFAS cohort (72). While the number of CD68-positive microglia is
higher in the DSCL, the number of MHC class II-positive cells is
greater in the PVL, suggesting that the nature of the microglial
response differs between DSCL and PVL. MHC class II expression
in PVL, supported by expression of the accessory molecules B7
and CD40 suggests that the microglial phenotype differs between
PVL and DSCL, with more immune activation in the former and
a more innate pattern in the latter. In PVL, higher levels of
minichromosome maintenance protein 2, which is a marker
of cells that are licensed to replicate (although not proof of
replication) (90), further suggested that PVL provide a more
proliferation-permissive environment. The pathogenesis of
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immune activation in PVL is uncertain. BBB breakdown may be a
contributor. Clasmatodendritic astrocytes are more frequent in
PVL than DSCL, suggesting higher levels of BBB disruption in
PVL (76). Leakage of plasma immunoglobulins and other elements
in serum can activate microglia (47). Other factors, such as denu-
dation of the ependyma with consequent CSF exposure may also be
relevant.

The work on WML to date has not taken into account more
refined phenotyping of microglia, for example into classical (M1)
and alternative (M2) activation states (5), nor have interactions
with glia been investigated. However, these studies suggest that
immune mechanisms are important in the pathogenesis of WML,
and that mechanisms may differ according to location.

A MICROARRAY APPROACH TO WML
The application of genome expression studies provides an oppor-
tunity to move beyond candidate approaches to pathogenesis, with
the opportunity to identify novel cellular pathways. Whole genome
microarray technology combined with pathway analysis has found
application in autopsy tissue from a wide range of neurologic
disorders, including neurodegenerative diseases and MS, with the
potential to identify novel mechanisms and biomarkers (12, 19).
It has also been used, in conjunction with laser capture
microdissection, to investigate the changes in the transcriptome of
astrocytes with progression of Alzheimer-type pathology (75).
Gene expression analysis of WML and controls, using RNA iso-
lated from whole-tissue, revealed alterations in 502 genes in DSCL
compared with controls, with 331 up-regulated and 171 down-
regulated (73). Pathway analysis showed that immune-regulatory
genes were a key pathway to show differential expression. The
genes affected included those involved with antigen presentation
(including up-regulation of MHC class II), complement, lympho-
cyte activation, proinflammatory cytokine signaling and
phagocytosis. Increased expression of hypoxia-related genes was
also noted. These pathway changes were consistent with evidence
of immune mechanisms and hypoxia from previous candidate his-
tologic studies. However, the study also revealed significant altera-
tions in a number of other cellular pathways, including cell cycle,
proteolysis and ion transport. These alterations, supported by vali-
dation studies, suggest that hitherto uninvestigated cellular mecha-
nisms may be operating in the pathogenesis of WML, providing
novel targets for investigation.

EVIDENCE FOR A FIELD EFFECT OF
ABNORMAL WHITE MATTER
Although WML might be regarded as ischemic foci, there is evi-
dence from the CFAS studies that they are present in a background
of abnormal white matter. This has some parallels with MS where
apparently normal white matter that does not show abnormality on
standard MRI can have subtle abnormalities, including increased
microglial reactivity, and is different from control tissue from
normal subjects. These changes may be relevant to the dynamic
nature of MS and to new lesion formation (30, 48, 82, 83). In the
CFAS WML studies, microglial activation, identified by MHC
class II up-regulation, was increased in control white matter from
cases with lesions compared with control white matter from indi-
viduals without WML (72). More recently, we have shown that

oxidative DNA damage, identified by immunohistochemistry for
8-hydroxydeoxyguanosine, is also increased not only in DSCL but
also in control white matter from lesional cases (manuscript
in submission). Gene expression microarrays also show that
“control” white matter from cases with lesions differs from that in
cases without lesions. Thus, 419 genes were differentially
expressed in lesional control vs. non-lesional control white matter.
The pathways affected are similar to those altered in the lesions
themselves (73). The abnormal state of apparently normal white
matter in brains that have lesions is supported by imaging abnor-
malities revealed by more sophisticated techniques, such as diffu-
sion tensor imaging and magnetic resonance spectroscopy (26). In
a number of respects therefore, normal-appearing white matter
from cases with lesions more closely resembles the lesions them-
selves than it does white matter from non-lesional cases, and this
suggests that WML exist or arise in white matter that shows a field
effect of diffuse abnormality. This abnormality includes immune
activation and alterations of a variety of cellular pathways, as
detailed in the microarray section earlier. At present, it is unclear
whether this is secondary to the effects of lesions or whether the
lesions develop in the context of pathologic white matter creating
a pre-lesional environment. Indeed, this might predict the presence
of small, subclinical early lesions not detectable on routine MRI.
In either case, these findings indicate that lesions are present
within a background of abnormal white matter, and suggests that
abnormal white matter function may be widespread in individuals
with lesions and that there are dynamic pathologic processes at
work.

MODEL OF PATHOGENESIS AND
FUTURE PERSPECTIVES
While ischemia and hypoperfusion are important, these studies
suggest that other factors also contribute to the pathogenesis of
WML, including inflammation, BBB alterations and possibly age-
related alterations to glial function (Figure 3). In addition to loss of
myelin and axons, altered functions of astrocytes, oligodendroglia
and microglia have emerged. Thus, WML are not simply the tomb-
stone markers of an episode of ischemia, but reflect an active and
complex pathogenesis, while the “field effect” of changes in sur-
rounding white matter indicate that active pathologic process are
widespread in white matter in those with lesions. The active nature
of this pathology has translational implications and opportunities:
(i) targeting WML pathogenesis is of value for ameliorating
dementia in a population setting; (ii) WML have potentially modi-
fiable risk factors; and (iii) the pathogenesis presents a number of
potential targets for intervention, such as myelin support, glial
support and modulation of neuroinflammation.

While studies to date have begun to define the cellular and
molecular pathologies of WML and its surrounding white matter
environment, the mechanisms by which they lead finally to axonal
dysfunction and disconnection remain to be defined. This uncer-
tainty includes the significance of the field changes in surrounding
white matter for the generation of new lesions and for white matter
dysfunction. Interactions of ischemic drivers of pathology with the
effects of cortical neurodegeneration on white matter axons and
with the effects of age-associated changes are further areas to be
defined.
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A particular area of interest will be interactions among cell
types, for example astrocytes and microglia in the development
of neuroinflammation. The ability of reactive astrocytes to
promote endothelial repair in white matter injury provides evi-
dence for the importance of interactions in the gliovascular unit
(33, 95). The role of genetic polymorphisms as risk factors
is also an area of interest. In addition to their roles as risk
factors for vascular disease and neurodegeneration, polymor-
phisms may affect cellular mechanisms. APOE genotype, for
example, may affect BBB integrity and neurovascular unit
function (4, 31).

These questions suggest a need for further studies, including
better models to address pathogenic mechanisms experimentally,

but also further longitudinal aging population-based studies,
ideally combining functional imaging in life with post-mortem
investigation.

CONCLUSION
In a population/community setting, as opposed to tertiary clinic
practice, dementia may involve combinations of pathologies each
of which may offer therapeutic and preventative opportunities.
WML are important, independent contributors to dementia,
and involve active processes that can potentially be targeted
therapeutically.
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