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White Matter Dementia: Origin, Development, Progress,

and Prospects

Christopher M. Filley, M.D.

The term white matter dementia (WMD) was introduced in 1988 to highlight the role of white matter in the development of
dementia. As the concept has been refined with new insights into the structure and function of normal and abnormal white
matter, research has expanded to consider normal cognition, network connectivity, novel treatment ideas, and the etiopath-
ogenesis of neurodegenerative dementia. Emerging data are also identifying new opportunities for dementia prevention by
avoidance of acquired vascular and traumatic white matter insults. The idea of WMD promises to continue as a useful
construct informing the study of dementia and the understanding of brain-behavior relationships.
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The notion that disruption of brain white matter can lead to
cognitive dysfunction is not new in clinical neuroscience,
and indeed the classic European neurologists of the 19th cen-
tury were well aware of the importance of myelinated systems
in the organization of the higher functions. White matter
was seen by these pioneering neurologists as implicated in
a variety of focal neurobehavioral syndromes, famously
summarized in the classic paper of Norman Geschwind on
disconnection syndromes in 1965.' Yet with respect to de-
mentia, a strong emphasis in the 20th century on the ce-
rebral cortex as the critical site of the higher functions has
led to a “corticocentric” bias® that limits a complete ap-
preciation of the organization of cognition in the context of
dementing disease. The cerebral cortex accounts for only
the outermost 1-4 mm of the cerebral hemispheres, and
even with the inclusion of the deep nuclei and cerebellar cor-
tex, gray matter comprises only about half of the brain volume.

In 1988, the concept of white matter dementia (WMD)
was introduced to call attention to the capacity of white
matter disorders to impair cognitive function to the extent
that dementia results.® The intent of this proposal was not to
diminish the importance of gray matter in the higher func-
tions but to expand the scope of dementia research to in-
clude a consideration of myelinated tracts that link cortical
regions into distributed neural networks subserving various
cognitive domains. In the years since then, white matter has
been increasingly appreciated as crucial for its role in normal
and abnormal cognition, with a host of important clinical im-
plications. Dementia resulting from white matter involvement
has progressed from an obscure curiosity to an accepted clin-
ical phenomenon, and the study of dementia in the context of
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white matter disorders has become commonplace. This
review will summarize the origin and development of the
concept of WMD, review recent progress, and consider the
future of this unique approach to the problem of dementia.

THE BEGINNING: TOLUENE LEUKOENCEPHALOPATHY

The first and still most convincing example of WMD was
encountered by my colleagues and I at the Denver General
Hospital in the early 1980s. We became aware of adolescents
and young adults with heavy and prolonged inhalant abuse
who presented with a remarkable clinical picture of de-
mentia, cerebellar ataxia, corticospinal dysfunction, and
various brainstem and cranial nerve abnormalities.* This
striking clinical profile was observed in otherwise healthy
young people exposed to high inhaled levels of toluene, the
major solvent in spray paint favored as an inhalant, for pe-
riods often lasting many years.* The syndrome of toluene
leukoencephalopathy was found to be a chronic disorder
distinct from the state of acute intoxication producing in-
ebriation and euphoria, and care was taken to examine pa-
tients in a state of abstinence to avoid confounding the data
with the acute effects of toluene. Of all the lasting neurologic
deficits produced by toluene abuse, dementia proved to be
the most disabling.* Magnetic resonance imaging (MRI),
which was just beginning to be used in neurology, disclosed
diffuse cerebral and cerebellar white matter damage in these
patients,” and the extent of cerebral injury was found to
correlate with the severity of dementia.® As autopsy brains
became available, widespread cerebral myelin loss was well
documented,>” and the selectivity of white matter damage
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compelled the conclusion that toxic white matter disease,
related to the lipophilicity of toluene, was the cause of
dementia.*® These foundational observations, based on
the tragic and still under-appreciated problem of inhalant
abuse, inaugurated thinking about how dementia can arise
solely from neuropathology in the half of the brain occu-
pied by white matter.®

FURTHER INVESTIGATION AND CHARACTERIZATION

In addition to toxic disorders, white matter is vulnerable to
a wide range of other neuropathological insults: vascular,
traumatic, demyelinative, metabolic, genetic, inflammatory,
infectious, neoplastic, and hydrocephalic.” These categories
encompass a large portion of neurology, and patients with
clinically significant white matter involvement can appear at
any age and in many medical settings. MRI has been critical
to improved understanding of the disorders within these
categories, enabling detailed, noninvasive in vivo depiction
of white matter lesions as never before in the history of
neuroscience. As white matter disorders are typically diffuse
or multifocal, the presence of dementia most likely implies
the simultaneous involvement of tracts within multiple
distributed neural networks. Since both white and gray
matter contribute to these networks, however, and co-
existent gray matter pathology is often present, it can be
questioned how a dementia syndrome specific to white
matter damage may be delineated. Yet a distinct profile of
WMD began to be discernible as cognitive aspects of the
many white matter disorders were investigated, and a gen-
erally consistent pattern of deficits and strengths became
steadily more clear. As now conceptualized, the profile of
WMD consists of cognitive slowing, executive dysfunction,
sustained attention deficit, impaired memory retrieval, visuo-
spatial impairment, and psychiatric dysfunction, with relatively
preserved language, normal extrapyramidal function, and
normal procedural memory.’

The WMD profile differs from that of cortical dementia,'®
and from that of subcortical dementia, which is most closely
associated with pathology in deep gray matter regions.'"'?
Two key studies supported these distinctions. The first was a
comparison of multiple sclerosis (MS) with the cortical de-
mentia of Alzheimer’s disease (AD) that disclosed process-
ing speed and executive function deficits in the former, and
greater impairment in memory and language in the latter."®
The second was a comparison of MS with the subcortical
dementia of Huntington’s disease (HD) documenting normal
procedural memory in MS and significant impairment of this
domain in HD."* Combined with many other observations,'>2*
these studies helped establish that white matter disorders
may exert a unique effect upon cognition that is reflected
in the clinical profile of WMD.? Although many patients in
clinical practice prove to have overlapping neuropathol-
ogy that affects both white and gray matter structures, the
accumulated evidence for a distinct profile associated with
white matter involvement gains considerable strength from
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the combined analysis of the many white matter disorders
that have been studied.

From the time of the first exploration of this topic, it was
apparent that white matter disorders may produce subtle
cognitive impairment that, while clinically meaningful, does
not reach the level of dementia. Indeed, most patients with
white matter disorders are more likely to have a cognitive
syndrome that is less apparent than overt dementia. The
range of impairment is well illustrated by the syndrome of
toxic leukoencephalopathy, in which mild, moderate, and
severe levels of leukotoxicity each have relatively consistent
clinical, MRI, and neuropathological features.® While this
wide spectrum of severity introduces more difficulty in es-
tablishing white matter-behavior correlations, the clinical
importance of the early recognition of cognitive loss—before
dementia sets in—is readily apparent. Thus a great deal of
work in many disorders has appeared on the less obvious
cognitive impact of limited white matter pathology.” In
this context, recent advances in neuroimaging have been
critical because it became possible to examine the possi-
bility of disease within the normal-appearing white matter
(NAWM), and, in a number of disorders, the NAWM was
found to harbor white matter pathology that is clinically
significant. Our work focused on SLE, an inflammatory
cause of WMD, and indeed, magnetic resonance spec-
troscopy (MRS) disclosed evidence of myelin damage in
the NAWM that correlated with neuropsychological def-
icits expected from white matter dysfunction.?® From these
and other data, the concept of mild cognitive dysfunction
(MCD) was coined to operationalize what is proposed
as a precursor syndrome to WMD.2¢

ADVANCES IN WHITE MATTER NEUROBIOLOGY

The importance of white matter with respect to cognition
has recently been supported by evidence from the study of
evolution. Since the time of Paul Broca and Charles Darwin
in the 19th century, human brain size has been linked with
intelligence, but data acquired with modern brain imaging
have strengthened this association. Much recent evidence
has led to the conclusion that brain size is correlated with
general mental ability, consistent with a trend in other spe-
cies that can be traced back 570 million years.?” The number
of brain neurons is a plausible explanation for this correla-
tion, and the singular intellectual capacities of humans can
be related to the greater number of brain neurons compared
with any other species.>” White matter, however, cannot be
dismissed. Comparative neuroanatomy studies have revealed
that white matter volume has actually enlarged more than
cortical gray matter over the course of evolution by a factor
of 4:3, driven by the need for thick, myelinated fibers that
provide rapid communication between neuronal cell bodies
increasingly separated by the expansion of the cerebral
cortex.>® Thus, white matter is highly expanded in Homo
sapiens, supporting its importance in human cognition.
Further analysis disclosed that the combination of high
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neuronal numbers and well-developed white matter is unique
in humans. By comparison, elephants and certain whales
have larger brains than humans, almost as many cortical
neurons, and greater white matter volume,?® but their
white matter tracts are thinly myelinated and therefore less
adept at enhancing information transfer over intracranial dis-
tances that surpass those in the human brain.?? These
observations have prompted the conclusion that the most
intelligent brains feature not only the most neurons but also
the most efficient white matter.*’

The structure of white matter has been greatly advanced
by the detailed study of its neuroanatomy in the rhesus
monkey using the modern technique of radioisotope tract
tracing.>® As a consequence, traditional teaching of white
matter structure in standard neuroanatomy textbooks is
being refined to highlight the remarkable intricacy of white
matter tracts as they link cortical and deep gray matter re-
gions throughout the brain. This information may at some
point enable the integration of white matter and its role in
connectivity into clinical settings where damage to white
matter is presumed to be neurobehaviorally relevant. Just
as clinicians now consider the cognitive impact of isolated
cortical lesions, they may soon be able to include an analysis
of individual tract disruption and its effects.

An old observation on the neuroanatomy of white matter
receiving renewed attention is the presence of myelinated
fascicles within gray matter. Small myelinated tracts are
known to course through deep and cortical gray matter, as
recognized by Cecile and Oskar Vogt nearly a century ago.>
With respect to cognition, the intracortical myelin is attract-
ing the most study, mainly in work on MS, in which the entity
of “cortical MS” is being investigated. Neuropathological
studies have indeed documented cortical demyelination
in MS, which appears later in the disease than classic de-
myelinative plaques within large tracts.>?> Whereas the
characterization of MS as a WMD has been challenged on
the basis of cortical involvement that could explain de-
mentia, this debate may find resolution in the realization
that the primary neuropathological process in MS is de-
myelination, which occurs first within large white matter
tracts and later in the cortex.3? Thus the cortical features of
cognitive loss in MS may plausibly be explained by cortical
demyelination, whereas the profile of WMD is more appro-
priate for the early stages of MS.

The focus on the neuroanatomy of white matter has taken
its most visible form in the genesis of the concept of the
“connectome.” This term, which refers to all the connections
among the roughly 100 billion neurons in the brain, includes
not only synaptic contacts but the linking of gray matter regions
by white matter tracts.®>® Thus both the microconnectivity
of gray matter and the macroconnectivity of white matter
contribute to the connectome, in essence providing a struc-
tural description of the human brain.>® Under the auspices of
the publicly funded Human Connectome Project, large-scale
neuroimaging studies with diffusion tensor imaging (DTI) are
underway to map out the extraordinary complexity of white
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matter connectivity in human brains.®* This approach prom-
ises to complement the study of cortical function with posi-
tron emission tomography and functional MRI by clarifying
the structural connections between cortical regions and
advancing the understanding of distributed neural networks
subserving cognition.

Finally, with respect to the physiology of white matter,
fascinating new work is appearing on the notion of plasticity
within this region of the brain.®® Long considered an ex-
clusive capacity of the gray matter, where synaptic changes
are widely thought to underlie learning and memory,>°
plasticity can also be observed in white matter. This idea was
actually first proposed by 19th-century neuroanatomists who
could see white matter but had no electrophysiology with
which to study synapses, and white matter plasticity is now
being observed with modern investigative techniques.®”
Structural changes in myelin are being recognized to occur
in response to environmental stimulation, and the phe-
nomenon of activity-dependent myelination appears to
involve glutamatergic axo-oligodendroglial synapses that
mediate axonal myelination in response to proximal volleys
of action potentials.3”*® White matter plasticity can be
demonstrated in normal individuals, such as musicians
whose corpus callosum connectivity increases as a conse-
quence of years of training and experience,®® or in left
hemisphere stroke patients with Broca’s aphasia, in whom
melodic intonation therapy leads to expansion of the right
arcuate fasciculus in parallel with improvement in lan-
guage function.*® Studies such as these not only expand our
knowledge of a brain region previously thought to have a
merely supportive role in brain function but also open up
new vistas—to be discussed below—for considering possi-
ble treatments for a wide range of disabling neurologic
disorders.

TREATMENT OPPORTUNITIES

The wide spectrum of neuropathology that can involve
white matter implicates a large portion of general neurology
with respect to the treatment of white matter disorders.
Many standard treatments are available for these disor-
ders,* and while treatment efficacy is highly variable, the
clinician confronted with patients with disorders such as
toluene leukoencephalopathy, MS, cobalamin deficiency,
and Binswanger’s disease will naturally proceed with estab-
lished therapeutic measures in the hope that cognitive
dysfunction or dementia can be meaningfully addressed.
A focus on white matter as the site where the treatment is
intended to exert its effect organizes rational treatment and
follow-up, and MRI can be used as a helpful marker of
treatment efficacy, much as this modality is now used in the
ongoing evaluation of MS.

Regardless of neuropathology, however, heightened con-
sideration of the white matter as a specific therapeutic target
raises many new possibilities for treatment. The idea of
WMD serves to focus attention squarely on the tissue in
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which neuropathology takes root and invites consideration
of all modalities that could potentially effect restoration of
white matter as early as possible. The desirability of early
treatment is underscored by the likelihood that plasticity is
more robust before neuropathology becomes chronic and by
much evidence that the additional burden of axonal loss wors-
ens the outcome associated with myelin damage alone.***3
Emerging possibilities for the treatment of white matter
disorders could therefore help reduce the burden of de-
mentia that results from long-term consequences of myelin
damage or dysfunction. This field is rapidly growing, and
many new ideas are under study or being hypothesized.

To begin, a number of familiar centrally-acting drugs have
been shown to have some capacity to promote myelination.
Among these are the cholinesterase inhibitors,** atypical
antipsychotic drugs,*® selective serotonin reuptake inhib-
itors,*® valproic acid*® and lithium.*®> Anti-inflammatory
drugs are capturing increasing attention as inflammation
mediated by activated microglial cells appears to be in-
volved in many white matter pathologies including trau-
matic brain injury (TBI)*°. Thyroid hormones are known
to be important in myelination during development, and
these hormones may prove useful in adults with myelin
disorders.*” An interesting molecule found in the brain that
may help repair white matter after many types of injury is
neuregulin, which appears to induce N-methyl-D-aspartate
receptor-dependent myelination by oligodendrocytes.*®
Stimulation of oligodendrocytes to enhance myelination
with the neurotrophins nerve growth factor and brain-
derived neurotrophic factor has also been proposed,*®*°
and oligodendrocyte stimulation after ischemia has been
observed with the use of many diverse agents such as as-
pirin, cerebrolysin, thymosin B4, and sildenafil.>° The area
of remyelination has long been studied by neurologists
seeking to repair the effects of demyelination in MS and
related diseases, and among many new ideas, remyelination
is being studied with fingolimod (the first approved oral
medication for MS), the anticholinergic drug benztropine,
and an antibody against the transmembrane protein known
as leucine-rich repeat and immunoglobulin domain-containing
Nogo receptor interacting protein >, Stem cells may also
have a role in restoring white matter after pathological
insult, and strategies are being considered to mobilize oli-
godendrocyte precursor cells as a means of stimulating
endogenous repair, and to deliver myelinogenic stem cells
exogenously.”?

Exploiting the principle of white matter plasticity dis-
cussed above, a variety of stimulation paradigms can be
imagined. DTT has been used to show that young adults who
received training in working memory had higher fractional
anisotropy in the parietal white matter and the corpus cal-
losum.>® A DTI study of students who took a course to
prepare for the Law School Admissions Test showed that
reasoning training resulted in decreased radial diffusivity in
the frontoparietal white matter.>* Music therapy has only be-
gun to be explored,>*” but the potential for melodic intonation
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therapy to improve the integrity of the right arcuate fasciculus
in Broca’s aphasia*® is promising in this regard.

Finally, neuromodulation, meaning the stimulation of the
brain using devices applied internally or externally, is attract-
ing much attention. Deep brain stimulation (DBS) has an
established role in the treatment of motor dysfunction in
Parkinson’s disease and essential tremor, but because its
greatest efficacy may be achieved with white matter stim-
ulation sites, DBS is now being seen as a means of surgically
modulating distributed neural networks via both ortho-
dromic and antidromic stimulation of tracts connecting gray
matter regions.>® DBS has been applied to patients with AD,
and preliminary studies have shown that DBS in the fornix
for 12 months slowed atrophy of this tract while increasing
the volume of the hippocampus, from which the fornix
projects within the medial temporal declarative memory
system.”® External stimulation modalities such as repetitive
transcranial magnetic stimulation and transcranial direct
current stimulation (tDCS) have been used to study cortical
function, and thus far examination of white matter has been
limited.>” Structural white matter changes in descending
motor tracts correlate with improvements in motor im-
pairment after undergoing a treatment course of tDCS,58
but cognitive function in relation to white matter changes
remains to be investigated. Research into all of these areas
is preliminary, but the plasticity of white matter may imply
that nonpharmacological interventions of many varieties
may find a place in the rehabilitation of patients with damaged
white matter from any neuropathology.

WHITE MATTER IN NEURODEGENERATIVE DISEASE

A notable exception to the ten neuropathological cate-
gories that feature prominent or exclusive white matter
involvement® is neurodegenerative disease. AD, fronto-
temporal dementia, and related neurodegenerative diseases
are widely thought to involve primary loss of neurons in gray
matter regions, and white matter changes have been regard-
ed as secondary. Yet recent evidence has raised the pro-
vocative idea that even neurodegeneration can be triggered
by white matter pathology. The still frustrating lack of
disease-modifying treatment in the neurodegenerative dis-
eases may suggest that a fresh look at etiopathogenesis is
warranted, particularly in view of mounting evidence that
pathology in white matter may precede the cortical changes
that are routinely accepted as definitive in AD, the most
common degenerative dementia.? Four neurodegenerativc
disorders will be discussed to propose that white matter
pathology merits consideration in pathogenesis.

The first disease meriting discussion in this context is
Fragile X tremor-ataxia syndrome (FXTAS) *°. This recently
described inherited neurodegenerative disease is caused by
a trinucleotide (CGG) repeat expansion in the premutation
range [55-200] of the fragile X mental retardation 1 (FMRI)
gene, in contrast to the Fragile X syndrome (FXS), which is
caused by >200 CGG repeats.®® Both FXTAS and FXS affect
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cognition, but these diseases are clearly distinct. In addition
to different age at onset and clinical phenomenology, FXTAS
and FXS have unique molecular pathogenetic features; FXS
is related to transcriptional silencing with reduced or absent
FMRI protein, while FXTAS is characterized by increased
FMRI mRNA, which is thought to cause cellular injury via
a toxic gain-of-function.’® FXTAS is more common and
severe in men, in part related to the protective effect of
the second X chromosome possessed by women.>® Cognitive
dysfunction often occurs along with intention tremor, gait
ataxia, and other clinical manifestations in FXTAS, and de-
mentia is a disabling feature in many patients,®® as early
executive dysfunction and slowed processing speed are ac-
companied by memory retrieval deficit, impaired working
memory, and psychiatric dysfunction with sparing of lan-
guage.%® Autopsy of FXTAS has shown prominent white
matter pathology,®* and the middle cerebellar peduncle
(MCP) is involved to the extent that conventional MRI
discloses the “MCP” sign in about 60% of affected men.>”
Recent DTI and MRS studies have found that changes in
NAWM correlate with slowed cognition and executive dys-
function early in the course of FXTAS,®* suggesting that
white matter pathology may be an early pathogenetic event.

Next, the neurodegenerative disease multiple systems at-
rophy (MSA) has recently been conceptualized as a disorder
of white matter featuring primary oligodendrogliopathy,®*¢*
This adult-onset disease produces mainly progressive mo-
tor and autonomic dysfunction, but cognitive decline occurs
in some cases.®®> Most patients with MSA (80%) present
with the parkinsonian type, formerly known as striatonigral
degeneration, and a minority (20%) with the cerebellar type,
formerly known as olivopontocerebellar degeneration.®
When autonomic features dominate the clinical profile, the
term Shy Drager syndrome is sometimes used. A charac-
teristic MRI finding can often be seen in MSA—the “hot
cross bun” sign, representing involvement of transverse
ponto-cerebellar fibers®*—and microscopic white matter in-
volvement is confirmed by the presence of glial cytoplasmic
inclusions within oligodendrocytes that mainly contain
a-synuclein.®® White matter is heavily damaged in MSA,
with myelin loss, astrogliosis, and microgliosis, but it is
noteworthy that even before a-synuclein appears, oligo-
dendrocytes are damaged by oxidative stress as an early or
even an initial pathogenetic event.®*

A much discussed disorder in which identifiable white
matter pathology may initiate the pathogenesis of dementia
is chronic traumatic encephalopathy (CTE) ®°. This is a
condition in which repetitive mild TBI in early life is pro-
posed to produce a late dementia syndrome characterized by
progressive cortical tau deposition. Injury sufficient to cause
CTE may even involve subconcussive head blows®® as well
as concussion, but study of this issue remains in its infancy.
CTE closely resembles the older entity of dementia pugi-
listica in boxers, but the appearance of dementia and tau-
opathy in former American professional football players and
military combatants has expanded the range of individuals
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who may be at risk. CTE is presently a neuropathological
diagnosis, and controversy exists about how it may be di-
agnosed in life, how common it may be, and who may be at
risk.®” Nevertheless, because TBI of all severity is charac-
terized by the white matter lesion known as diffuse axonal
injury (DAI) 8, and disruption of white matter connectivity
is increasingly associated with neurodegeneration,®® the
putative origin of CTE in repetitive mild TBI strongly implies
that injury to white matter is important in the etiopatho-
genesis of this disorder. Even acknowledging the uncertainty
of the status of CTE, a focus on white matter, and the DAI to
which it is susceptible in mild TBI, justifies consideration of
whether repetitive mild TBI may in some manner eventuate
in dementia years later.

Last, the most prevalent neurodegenerative disease in
which white matter may be relevant is AD.”® Although the
amyloid hypothesis dominates thinking about AD patho-
genesis, cortical protein deposition may be a later event that
follows early white matter involvement. Neuropathological
studies have detected axonopathy and transport deficits in
the AD brain before amyloid deposition,”* and degeneration
of white matter has been documented in preclinical AD.”?
MRI studies have found vascular white matter lesions in up
to 90% of AD patients’® and decline in white matter integrity
before the appearance of AD dementia using DTIL.”® More-
over, all of these processes take place in the aging brain,
where it is likely that white matter retrogenesis is already
underway.”%”* In view of these and other similar observa-
tions, the “myelin model of AD” has been proposed, positing
that early damage to white matter leads to AD through failed
myelin repair mechanisms that produce cortical amyloid
and its relative tau as by-products.”® The early white matter
damage—from ischemia and trauma, most prominently—is
superimposed on white matter loss in aging, so that endog-
enous repair mechanisms of the brain are eventually over-
whelmed and cortical proteins accumulate.”® Amyloid and
tau are envisioned as homeostatic response proteins that
initially represent an adaptive response to white matter
damage’® but with time become toxic as continued white
matter insults lead to protein deposition that no longer re-
flects a reparative process. After the cortical toxicity becomes
established, the unchecked and steadily progressive de-
position of these proteins eventually leads to synapse and
neuronal cell body loss in the hippocampus and neocortex, at
which time the classic amnesia, aphasia, apraxia, and agnosia
of AD' become evident. The myelin model remains hypo-
thetical, but early involvement of white matter in AD is well
documented, and the model highlights this feature of the
disease as meriting further attention in view of the persistent
inability of antiamyloid agents to treat dementia.

PUBLIC HEALTH IMPLICATIONS

Of all the new directions implied by the idea of WMD, the
most exciting from a clinical perspective may be the pros-
pect of enhancing the prevention of dementia associated
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with cortical pathology. That is, by considering the possi-
bility that white matter injury occurs prior to cortical in-
volvement in AD, CTE, and perhaps other degenerative
diseases, it is conceivable that the preservation of white
matter may avert the later onset of cortical dementia.
Earlier sections have pointed out the remarkable plasticity
of brain white matter in response to environmental stimuli,
the potential of novel therapeutic modalities to repair myelin
at the earliest stages of neuropathology, and the possibility
that white matter damage may be a key upstream event in
the pathogenesis of irreversible neurodegenerative disease.
Taken together, these observations suggest that the pro-
tection of white matter in early to mid-adult life may have
profound implications for the still poorly understood de-
mentia epidemic facing our aging society. While continued
efforts to treat late-life degenerative dementia are of course
warranted, the WMD concept sets forth an agenda pro-
moting the prevention of dementia as an equally compel-
ling imperative.

To expand this discussion, the observation has been made
in recent years that the burden of dementia may in fact be
declining in older people, at least those living in developed
countries.”” Whereas the widely held assumption that more
dementia cases will appear as the population ages is likely
true for low- and middle-income countries,”® the data from
high-income countries are startling and provocative. Epi-
demiological findings from the United States, England,
Holland, and Sweden have indicated that age-specific
prevalence or incidence rates of late-life dementia have
declined among people born later in the first half of the
20th century.”® The explanation for this surprising trend is
thought to derive from widespread public health benefits
resulting from reduced vascular risk, greater physical ac-
tivity, and improved educational opportunity enjoyed by
people living in countries where these lifestyle interven-
tions have become more common.”® The implications of
declining rates of dementia from preventive strategies are
potentially transformative; a recent estimate suggested that
up to one-half of all AD cases world-wide are related to
modifiable risk factors.””

The studies documenting declining rates of late-life de-
mentia in developed countries generally refer to unspecified
dementia, and, given the fact that most dementia in older
persons involves a combination of pathology that may in-
clude AD changes, vascular disease, and Lewy bodies,”® a
healthy life style may well benefit people with a wide spec-
trum of dementia syndromes. However, as AD remains the
single most common neuropathological correlate of de-
mentia in aging, the prospects for prevention of this disease
are particularly intriguing.”® From the perspective of the
WMD concept, it is remarkable that the mechanism of
dementia prevention in AD may center directly on white
matter.”” The growing body of data linking white matter
pathology to AD primarily implicates vascular disease,
which is the most common comorbid neuropathology in
brains harboring the neuritic plaques and neurofibrillary
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tangles of AD.”® While the pathophysiology of the events
leading from vascular disease to AD is not well understood,
one possibility is that vascular white matter disease inter-
acts with mitochondrial dysfunction,®® which is also known
to occur early in AD pathogenesis.?*

The public health perspective on dementia may thus re-
volve around the cerebral white matter as a primary site of
early injury that later culminates in degenerative dementia.
A number of environmental factors can be implicated in the
etiopathogenesis of dementia related to AD, CTE, and by
implication, other late-life dementias as well. To help pre-
vent dementia, the protection of white matter emerges as
a compelling public health objective. A wide range of risk
factors predispose to white matter disease, and all may be
addressed by medical or societal measures.

The first and most thoroughly studied problem in this
context is cerebrovascular disease (CVD). For purposes of
this review, this broad category involves the gradual appear-
ance of atherosclerosis and the subsequent development of
brain lesions including large artery territory infarction,
lacunar stroke, and, most critically, white matter hyper-
intensities (WMH). WMH are present in the great majority
of older people, and are strongly implicated in cognitive
dysfunction and dementia.”

Heading the list of CVD risk factors is hypertension, long
recognized as a major risk factor for CVD. Treatment of hy-
pertension is widely advocated to prevent CVD, and emerging
data are supporting the idea that not only stroke can be
prevented, but also dementia. One particularly noteworthy
study was a large European randomized controlled trial
(RCT) of hypertension control lasting about four years.%?
This trial, known as the SYST-EUR study, not only reduced
stroke incidence, as expected, but also lowered the in-
cidence of dementia by 55%; of special interest is that the
beneficial effect of treatment was apparent for AD as well
as vascular dementia.®? The SYST-EUR study is thus the
only RCT showing that a medication of any variety can po-
tentially reduce the incidence of AD. White matter has not
been specifically examined in SYST-EUR or other similar
studies as yet, but the well-publicized American Systolic
Blood Pressure Intervention Trial [SPRINT] includes nested
studies of cognition and MRI findings that are likely to add
valuable new data to the study of this question.®*

Diabetes mellitus, most notably type 2, is associated with
cognitive dysfunction and an increased risk of dementia.®*8°
The mechanism of cognitive decline is uncertain, but it is
known that patients with diabetes have an increased burden
of WMH, and that these lesions are associated with deficits
in processing speed, attention, and executive function,3*
closely matching the profile of WMD.? As diabetes nearly
doubles the risk of AD,®® an opportunity to reduce AD in-
cidence by treatment of diabetes-related WMH may appear
with further research.

Smoking has been shown to increase the burden of WMH
and produce microstructural white matter changes on DTI
and may increase the risk of both vascular dementia and
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AD.®° Given that more than 2 billion people around the world
consume tobacco products, mostly in the form of cigarettes,
and that this practice may extend for many decades, the role
of white matter pathology in cognitive decline associated with
smoking merits more attention as a potential target of treat-
ment intended to reduce dementia incidence.

Obesity in midlife, most evident in the abdomen and de-
fined as a body mass index of 30 or higher, has been shown to
increase the incidence of dementia and AD.®%%7 As obesity
has also been associated with a higher burden of WMH®®
and microstructural white matter changes on DTL?® a con-
tribution of white matter pathology to dementia mediated
by obesity may offer a path to prevention by addressing this
very common disorder.

Hyperlipidemia is a common condition for which many
millions of people take statin drugs on a daily basis. This
disorder is related to CVD, and to a heightened risk of both
vascular dementia and AD.®>°° Whereas MRI studies have
not identified a higher burden of WMH in association with
elevated lipids, DTI has shown that elevated cholesterol
influences the microstructural integrity of white matter
tracts.”! More investigation of the role of white matter dis-
ease as a mediator of late-life dementia is warranted.

The metabolic syndrome has been introduced as a clinical
construct combining multiple interrelated cerebrovascular
risk factors that may be present in the same individual.
Varying definitions of this syndrome have been proposed,
but a typical cluster of disorders implied by this descriptor
includes hypertension, type 2 diabetes mellitus, abdominal
obesity, and hyperlipidemia. As can be expected from the
entities subsumed under the metabolic syndrome, cognitive
impairment and AD have been found to be associated in
many studies.®> Whereas an excess burden of WMH has not
been detected with the metabolic syndrome, DTT has shown
abnormal white matter microstructure in these patients,””
and DTI abnormalities have been correlated with slowed
processing speed.”?

Diet is increasingly recognized to play a role in the
pathogenesis of dementia. While this is a complex issue with
many confounds, a Western diet with higher intake of red
meat, high-fat dairy products, and refined grains has been
associated with cardiovascular disease and obesity.”* Con-
versely, adherence to a Mediterranean diet—one high in fish,
olive oil, fruit, vegetables, and whole grains—has been ten-
tatively shown to lower the risk of AD.?® Interestingly, the
Mediterranean diet has been shown to reduce WMH bur-
den,”® implying that further study of white matter as a me-
diator of cognitive function in relation to diet may prove
revealing. A related issue is the consumption of alcohol,
which may exert varying effects depending on the level of
ingestion; whereas excess alcohol intake may lead to WMD
via a toxic effect on myelin,” moderate alcohol consumption
appears to be protective against AD."”

Physical activity is closely linked with vascular health,
and has been found to improve aerobic fitness, with in-
creased cerebral blood flow, oxygen extraction, and glucose

268 neuro.psychiatryonline.org

utilization.®> Cognitive benefits in attention and processing
speed may also accrue from physical activity.®®> Physical in-
activity, in contrast, increases the risk of AD,®® and recent data
suggest that physical activity may reduce the risk of de-
mentia.”® With respect to the possible contribution of white
matter to pathogenesis, a systematic review found substantial
support for a beneficial effect of physical fitness or activity on
global white matter volume and burden of WMH."®

Depression is a very common mood disorder, particularly
in older individuals, and has been recently associated with
dementia and AD.””'%5190 WMH are often found in patients
with late-life depression,'® and it may be that vascular risk
factors contribute to the development of dementia by dam-
age to white matter tracts. The fact that depression is re-
versible in most cases may not only lead to the restoration of
normal mood in affected patients, but also to better adher-
ence to medical regimens designed to minimize the further
advance of WMH.

Sleep disorders have recently been the subject of much-
needed attention in behavioral neurology and neuropsychi-
atry. An emerging literature is documenting a relationship
between white matter disruption and sleep disturbances.
Obstructive sleep apnea, for example, is associated with an
increased burden of WMH,'%? and sleep-disordered breath-
ing is linked with deficits in executive function, attention, and
memory, particularly in the presence of the APOE ¢4 allele.!
An increased burden of WMH has recently been docu-
mented in subcortical ischemic vascular dementia patients
with sleep disturbance.'®* Furthermore, it is of interest that
shorter sleep duration and poorer sleep quality have been
correlated with higher cortical amyloid as measured by
Pittsburgh compound B,'%% and that, in rodent studies, sleep
has been found to clear amyloid from the brain.'°® These data
are consistent with a reparative function of cortical amyloid,”°
such that once the offending insult is addressed, the protein
subsides as it is no longer needed.

Cognitive inactivity is being conceptualized as similar to
physical inactivity in that both may be detrimental to the
brain. For many years, evidence has supported a protective
effect of education with respect to AD,””'% and recent data
have indicated that occupational engagement and a socially
integrated life style in adulthood may also exert some pro-
tective effect against AD.'°” These observations implicate
the notion of cognitive reserve, by which is meant that people
with higher education and occupational attainment can cope
with incipient brain disease for a longer time.””"%>'%” In view
of recent observations documenting white matter plasticity,>> >
which may be relevant in both normal®® and clinical pop-
ulations,?® intrinsic white matter repair mechanisms may
contribute to cognitive reserve, and cognitive activity may
come to be seen as a useful means of counteracting white
matter pathology of many varieties.

TBI is the last item to be considered as a public health
issue and deserves special consideration given the remarkably
high prevalence of mild TBI and recent alarm about CTE.
The recent conflicts in the Middle East and the heightened
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awareness of concussion in football and other contact sports
have fueled widespread concern about the long-term effects
of mild TBIL.%®6%198 Efforts to prevent or lessen the se-
verity of TBI are of course uncontroversial in general, but
the specific interventions to accomplish this goal entail a
host of imposing challenges involving questions of involvement
in military conflict, appropriate transportation policies, safety
in sport, and many others. These issues will require the
collaboration of medical, public health, and societal enti-
ties, and their resolution must be seen as incremental and
consistently subject to controversy. Still, a focus on white
matter damage in the form of DAI®®®%198 may provide a
foundation for moving forward in the quest to reduce the
burden of late-life dementia that increasingly finds its
antecedents in early life injury.

SUMMARY AND FUTURE DIRECTIONS

The concept of WMD originated in clinical research on
toluene leukoencephalopathy,* ® and emerged at a time when
seminal work on disconnection syndromes' and subcortical
dementia''? had recently appeared. While not intending to
question the established role of gray matter in the patho-
genesis of dementia, the proposal of WMD was meant to
complement thinking about how dementia arises by in-
cluding white matter in the discussion. The arrival of MRI
made possible the detailed and systematic study of white
matter disorders, and correlations of white matter pathology
with neurobehavioral and neuropsychological data revealed
that gray matter pathology was not alone in producing
cognitive decline.” Meanwhile, as behavioral neurology and
neuropsychiatry advanced to the consensus that cognition
is subserved by multiple distributed neural networks,'°!*
inclusion of white matter gained further credibility because
all such networks include white matter connections.

In the nearly 30 years since the WMD idea was proposed,
a great deal has been learned about white matter, and how
damage or dysfunction sustained in this component of the
brain can lead to significant neurobehavioral consequences.
Based on the well-appreciated role of focal white matter
lesions in disconnection syndromes,® clinical research pro-
ceeded to consider white matter in the pathogenesis of
dementia, a task facilitated by the typically diffuse or multifocal
neuropathology of white matter disorders.” While the concept
of WMD has been both refined and expanded, the funda-
mental notion that white matter is relevant for the patho-
genesis of dementia has been abundantly confirmed.

Many questions remain, however, and with further in-
vestigation the field appears to be poised for major new
developments that will build on the WMD foundation.
These advances will likely involve descriptive studies re-
lating to the diagnosis and characterization of WMD in
comparison to other forms of dementias, and the profile of
WMD may be revised as further data are gathered. Simi-
larly, the proposed precursor syndrome of MCD, which is
probably relevant to many more patients than those with
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WMD, will be clarified by increased understanding of early
white matter pathology and its neurobehavioral conse-
quences. As is true of any pathologic condition, early di-
agnosis is high priority, and investigations of the MCD
concept promise to help identify potentially devastating
disorders years or even decades before they are destined to
become symptomatic.

The conduct of these studies will depend heavily on the
use of white matter neuroimaging, which has been critical
from the beginning and will no doubt continue to permit
ever more precise depiction of white matter wherever it
is found in the brain. Longitudinal data will be most in-
formative, as it is abundantly evident that white matter le-
sions, or in many cases microscopic NAWM involvement,
may develop long before clinical manifestations appear. A
detailed understanding of the sequence from MCD to WMD
may thus be possible. With observations such as these, the
study of white matter will likely yield provocative insights
about the pathogenesis of many poorly understood disor-
ders, as well as new possibilities for effective prevention and
improved treatments. The consideration of white matter
structure and function may inform a wide range of urgent
questions, including strategies for the treatment of a host of
neurologic disorders at a time when full recovery may be
achievable, the maintenance of normal cognition, and the
prevention of dementias including AD and CTE.

The idea that white matter is important for cognition
does not represent a radical new idea,' but the tendency for
corticocentric myopia in much of neuroscience? can obscure
the role of myelinated fibers in considering the problem
of dementia. Indeed, the fact that most dementia remains
incurable—including the cortical dementia of AD that con-
tinues as such a formidable threat to medicine and society—
calls out for a new paradigm that may reveal new avenues
to an effective response. WMD and MCD are concepts that
may stimulate such novel thinking, and they can serve in a
theoretical sense to broaden the clinician’s perspective in
approaching dementia and its origins.

In the broadest sense, dementia must arise from dys-
function in or damage to neurons in the brain. However, the
details of where, when, and how the cognitive disturbance
arises are crucial. Just as neuronal cell body pathology
within cortical and subcortical gray matter is important, so
too is disease involving the segments of neurons within the
white matter and their supporting structures. Axons, my-
elin, oligodendrocytes, astrocytes, microglia, and blood
vessels all play vital roles in human cognition, and all need
to be investigated within and between the cerebral hemi-
spheres, in the cerebral cortex, and in the brainstem and
cerebellum. Such a challenge may seem daunting, but white
matter cannot be ignored, and the means of studying its
macro- and microstructure are steadily more sophisticated
and available. As has been true for behavioral neurology
and neuropsychiatry from their inception, brain-behavior
relationships in all their complexity show the way forward
to a more complete understanding.
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