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PREFACE

The significant increase in human longevity translates into a significant increase
in the number of people with dementia around the globe. Due to its relentlessly
progressive course and lack of any effective treatments, neurodegenerative
dementing disorders pose an enormous economic and social burden on society
as well as a great emotional burden. During the last two decades, our knowledge
about molecular mechanisms of the various neurodegenerative dementias has
grown remarkably, giving us unprecedented insight into the fundamental
mechanisms of these incurable disorders.

This volume of the International Review of Neurobiology focuses on dementia and
related diseases. The volume contains various chapters on pathogenesis, clinical
features, genetics, neuroimaging and molecular pathogenesis of the neurodegen-
erative dementias. The first chapter by Caserta et al. addresses the very important
topic of normal aging and highlights its salient features. The next three chapters
discuss the role of cerebrovascular disease in cognition. First, Roger E. Kelley
provides a comprehensive update on subcortical ischemic cerebrovascular
dementia, and then J. C. de la Torre discusses the role of cerebrovascular and
cardiovascular pathology in Alzheimer’s disease. These two excellent chapters
are followed by another detailed chapter by Dalaker et al., explaining the neuro-
imaging of cognitive impairment in vascular disease. These authors provide our
readers with the latest developments on this subject, highlighting recent advances
in neuroimaging of cognitive decline caused by cerebrovascular disorders.
The focus of this volume then switches to mild cognitive impairment (MCI),
and the next three contributions cover various aspects of this significant clinical
issue. Jak et al. discuss the role of neuropsychology and neuroimaging in better
understanding of clinical subtypes of MCI. The next two chapters explore vari-
ous imaging procedures used to study MCI. Griffith ef al. discuss the role of pro-
ton MR imaging in the study of dementing disorders including MCI, and then
Noble and Scarmeas provide readers with an interesting perspective on the
application of PET imaging for the diagnosis of Alzheimer’s disease and MCI.

The next section of this volume covers Alzheimer’s disease and other progressive
neurodegenerative dementias. First, Luque and Jaffe discuss the underlying molec-
ular and cellular mechanisms of dementia of the Alzheimer’s type. This interesting
chapter is followed by another superb update on the genetics of Alzheimer’s disease
by Lars Bertram. The next three chapters discuss other neurodegenerative
dementias. Bozoki and Farooq present an excellent discussion concerning the
neuropsychology and neuroimaging of frontotemporal lobar degeneration.

XV
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Next, Lippa and Hanson give an update on Lewy body dementia. This extensive
review is followed by Robottom and Weiner’s chapter on the dementia in Parkin-
son’s disease, presenting readers with the most recent findings on this subject.

The final section of this issue of the International Review of Neurobiology concen-
trates on important subjects which we as neurologists encounter on a daily
basis. First, Minagar and colleagues discuss various causes of dementia in younger
individuals and present the readers with a systematic approach for the diagnosis
of this uncommon presentation. Then, Glen Finney and Anahid Kabasakalian
discuss the pathogenesis and clinical features, as well as the diagnostic procedures
for investigating normal pressure hydrocephalus and other reversible dementias.

In summary, various contributors to this issue of the International Review of
Neurobiology have attempted to improve the readers’ knowledge concerning a
broad spectrum of dementing disorders. Each contribution provides the inquisi-
tive reader with the latest developments in our understanding of that particular
topic. The editor and the very knowledgeable contributors to this issue hope
that this volume of the International Review of Neurobiology stimulates the readers’
scientific curiosity and promotes basic and clinical research in the dementia.

Finally, I would like to acknowledge the excellent contributions of the various
authors to this issue of the International Review of Neurobiwlogy. Without their effort
and dedication, compiling this volume would have never become a reality.
I would also like to thank Ms. Narmada Thangavelu and Mr. Charles Prem
Kumar Neelakandan from Elsevier for their time and effort expended to process
and complete on this of the journal.

ALIREZA MINAGAR
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Brain aging is characterized by numerous physiological, structural, functional,
and neurocognitive changes. The interplay of these various processes is complex
and characterized by large interindividual differences. Although much is not
understood about how we age, there are numerous studies detailing the nature
of the changes in the brain as we age. This chapter will review some of the
functional, neuropsychological, neuroimaging, and immunological processes
known to occur in normal or “healthy” aging. Large epidemiological studies of
older adults have shown health status in the elderly is a function of the negative
consequences and impairment in functional performance caused by medical
co-morbidities. Immunological function declines with age, such that adaptive
immunity is reduced to previously encountered pathogens, and there is a weak-
ened adaptive immune response to novel pathogens. Structural and functional
neuroimaging studies of cognitively intact older adults have consistently shown
volume loss and loss of white matter structural integrity, particularly in prefrontal
cortex, which may be associated with cognitive decline. While data are incom-
plete, one consistent finding has been a decline in cognitive domains, such as
arithmetic/numerical ability and perceptual speed. Alternatively, other cognitive
functions such as verbal ability, word knowledge, and semantic memory remain
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2 CASERTA et al.

quite preserved even to old age. Factors identified for healthy cognitive (brain)
aging are multifactorial, and likely incorporate biological systems as well as
cognitive reserve.

I. Introduction

The percentage of the population over age 65 is growing rapidly in the United
States. In 2000, it was 12.4% and in 2050 it 1s projected to be 20.6% (Health,
United States, 2005). Many people in this older age group are healthy but it is well
known that functional disability increases with age. There are many theories
of aging including “programmed aging” and the “wear and tear” theories.
The former regards aging as being regulated by an internal clock and is seen as
an extension of development, which is highly regulated and timed process. How-
ever, the interplay of disease, environment and genetics is evident not only in
epidemiological studies of aging and longevity, but also in functional assessments of
the elderly, and in such concepts as cognitive reserve and neural compensation.

Structural and functional imaging studies of intact older individuals have
delineated specific areas where there is loss of brain volume and also a reduction
in the lateralization of brain activity during cognitive performance in elderly
individuals. However, not all of these changes are detrimental to maintaining
performance levels and it is not yet clear which changes are precursors to further
cognitive decline and which may be true compensatory mechanisms.

Il. Epidemiology of Aging: Risks and Implications

Through the year 2000, approximately 35 million of people living in the USA
were over 65 years. It is estimated that by 2050, this number will more than
double to 82 million with 20% of the US population age 65 years or older (see
Table I; Ferrucci et al., 2008). With the life expectancy in old age increasing, and
death rates reported to decrease, these numbers may be an underestimate of what
is to come (Minino et al., 2007). While older adults are generally healthy and
independent and are active in various roles contributing significantly to their
families and society, the increase in concurrent medical conditions causing excess
morbidity and mortality as well as disability and decline in functional per-
formance negatively impact a significant number of the elderly (Ferrucci et al.,
2008). Health status in the elderly is a function of the negative consequences
and impairment in functional performance caused by medical co-morbidities.
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TABLE 1
AcTUAL AND PROJECTED GROWTH OF THE OLDER US PoruratioN, 1900-2050 (MILLIONS)

>65 Years >85 Years

Year Total population (all ages) Number  Percent of total ~Number  Percent of >65 years

1900 76.1 3.1 4.1 0.1 3.2
1950 152.3 12.3 8.2 0.6 4.9
2000 276.1 34.9 12.6 4.4 12.6
2050 403.7 82.0 20.3 19.4 23.7

Note: This table from Ferrucci et al. (2008) is used with permission.

Any and all diseases occurring in the elderly cause excess disability and decre-
ments in function in a variety of domains but mostly in independent function. For
example, chronic health conditions such as hypertension, hyperglycemia, muscu-
loskeletal disorders, coronary artery disease, cancer, and mixed states of anxiety
and depression affect a significant number of the elderly (see Table II). By race
and ethnicity these numbers vary among minority men and women when com-
pared with that in White men and women. The proportion of these with cognitive
impairment and dementing illness is also rising. Similarly, preexisting anxiety and
depression may increase the risk of developing cognitive impairment (Backman,
2008; Loebach et al., 2002).

In large epidemiologic studies such as the Canadian Study of Health and
Aging, the authors evaluated the occurrence of an adverse event (symptom, sign,
or disease), or the accumulation of a number of such co-morbid events, and
modeled the events as a logistic function of chronologic age in a population
(Graham et al., 1999). In those who were cognitively normal, a linear relation
between the log of the odds of events and chronologic age was present for the
majority of symptoms and signs. Thus, the dynamics of aging are a complex
process of accumulation of deficits (morbidity), whereby decline from some
previously healthy level of synergistically associated symptoms and signs results
in distinct patterns of disease.

But these studies are only part of the larger picture. It is a familiar epidemio-
logic concept that individuals vary not only in whether they develop a disease but
also in the ages at which disease occurs and the rates at which pre-morbid changes
progress to any specific disease. Available reports of genetic epidemiologic studies
on diseases of aging are adding a new dimension—trait genomics—to assess the
presence or absence of a disease (or occurrence of an adverse event) or evaluating
the level of a given risk factor at one point in time (NIA Aging and Genetic
Epidemiology Working Group, 2000). Moreover, two very specific types of age-
specific traits are survwal traits (the age at which a specified outcome has occurred
or has not occurred) and rale-of-change traits (the rate at which individuals’
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TABLE 1T
AGE-ADJUSTED" AND AGE-SPECIFIC MORTALITY IN THE UNITED STATES, 1950 AND 2004 AND
PERCENT CHANGE

Cause of death Age (years) 1950 2004 Change
Diseases of the heart
Males
All ages 697.0 267.9 —61.6
65-74 2292.3 723.8 —68.4
75-84 4825.0 1893.6 —60.8
85+ 9659.8 5239.3 —45.8
Females
All ages 484.7 177.3 —63.4
65-74 1419.3 388.6 —72.6
75-84 3872.0 1245.6 —67.8
85+ 8796.1 4741.5 —46.1
Cerebrovascular disease
Males
All ages 186.4 50.4 —73.0
65-74 589.6 121.1 —79.5
75-84 1543.6 402.9 —73.9
85+ 3048.6 1118.1 —63.3
Females
All ages 175.8 48.9 =722
65-74 522.1 96.6 —81.5
75-84 1462.2 374.9 —74.4
85+ 2949.4 1303.4 —55.8
Malignant neoplasms
Males
All ages 208.1 227.7 9.4
65-74 791.5 907.6 14.7
75-84 1332.6 1662.1 24.7
85+ 1668.3 2349.5 40.8
Females
All ages 182.3 157.4 —13.7
65-74 612.3 627.1 2.4
75-84 1007.7 1023.5 1.6
85+ 1299.7 1340.1 3.1

Note: This table from Ferrucci et al. (2008) is used with permission.
“Data for “all ages” are age-adjusted using the US 2000 standard population.

characteristics change over a specified age interval). Many age-related conditions
like dementing illness are likely to be highly polygenic, posing difficulties for
identifying genes with these effects inclusive of the survival traits associated with
longevity free of neurocognitive impairment. Moreover, there may well be a
genotype that delays or accelerates onset of several diseases could affect disease
expression and survival significantly. Thus, many important pathologies of aging
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may be completely redefined in the era of neurogenomics. Recent neuroimaging
findings substantiate the neurogenomics data by way of pathologic finding in
age-related changes, such as vascular stiffening and loss of muscle mass that
were considered “normal” aging until recently. Genetic factors may also influence
not just physiologic functions at one time point but also their rates of change
with age.

Thus, with the changing health status of the elderly population, there is an
ever increasing role for epidemiology. Epidemiological studies will have a major
impact on not just informing the public health entities on the impact on future
demand for health services but also, in the era of neurogenomics, on prevention of
cognitive decline and disease states such as AD.

lll. Normal Aging and Functional Performance

The biophysiological changes that occur as part of normal aging can impact
and limit functional performance in the elderly. The extent of impact to functional
performance in the elderly is dependant on numerous factors, including cognitive
status, physical disability, and medical illness (Njegovan et al., 2001), as well as,
emotional factors, quality of life, and numerous protective factors (Vaillant, 2002).
The concept of expressing functional performance in terms of a person’s ability
to carry out routine activities of daily living (ADLs) was first introduced by Katz
et al. (1963) and expanded by Lawton and Body (1969) to include more complex
functions called instrumental activities of daily living (IADLs). ADLs include
basic self-care activities such as bathing, dressing, eating, transferring, ambulation,
and toileting: IADL:s include shopping, managing finances, cooking, cleaning, and
telephone use. The US Centers for Disease Control database tracks changes in
functional performance in the elderly.

The association between cognitive impairment and functional performance
has been studied extensively. A number of studies have demonstrated a relation-
ship between cognitive status and functional performance independent of social,
demographic, or medical factors (Hertzog and Wallace, 1997; Moritz et al., 1995;
Royall ez al., 2005). Predicting and measuring change in ADLs and IADLs with
regards to advancing age has been the focus of many studies. Katz (1965)
hypothesized that older persons with progressive cognitive decline lost ability to
perform ADLs in the opposite order to which the skill(s) were acquired in
childhood. Additionally, functional performance of IADLs was more likely to
deteriorate prior to ADLs during the course of cognitive decline associated with
pathological process. Although many studies have looked at changes in functional
performance, and more specifically cognitive decline in the elderly with a disease
process, few studies have looked at the correlation between normal physiological
cerebral aging and cognitive decline (see below).



6 CASERTA et al.

The Freedom House Study (Royall et al., 2005) compared independence in
TADL:s to executive functioning in 547 non-institutionalized people (community
dwellers) aged 70 and older. Royall’s group concluded that decline in memory
had no independent association with decline in functional performance, specifi-
cally IADLs. However, decline in executive function did correlate with a subject’s
ability to independently perform IADLs. Other studies have observed changes
in functional performance led to changes in independence, socialization,
self-perception, and quality of life (Keller ez al., 1999).

A. QuaLITy OF LIFE AND PROTECTIVE FACTORS

The term “successful aging” first appeared in medical journals in 1961 (Motta
et al., 2005). Today the term is used to describe the absence of significant disease
and disabilities, maintenance of high levels of physical and cognitive function, and
the preservation of social and productive activities (Motta et al., 2005). The
Harvard Study of Adult Development is considered the landmark study of adult
development and has provided key predictors to “successful aging.” This research
followed 824 individuals from three separate prospective, longitudinal studies,
selected as teenagers from various facets of mental and physical health, through-
out their lives. The three groups consisted of 268 Harvard sophomores, a sample
of 456 Inner City youths, and 90 women from Stanford—all selected as teenagers
and followed throughout their lives. The research focused on (1) adaptation to
stress, mental health, and defense mechanisms; (2) the effects of habits—especially
alcoholism and affective disorders upon physical health and mortality; (3) the
effect of childhood risk factors upon adult adaptation; (4) the unfolding of adult
development; and (5) the natural history of alcohol and substance abuse (Valliant,
2002). Although the findings are numerous, key findings suggest the following
factors predictive of healthy or “successful aging”: being a non-smokers; adaptive
coping styles, mature defense styles, and optimism; absences of alcohol abuse;
maintaining a healthy weight; stable marriage or relationships; some physical
activity; social engagement; and education. Education, including attainment and
childhood intellectual ability, is also thought to provide a cognitive reserve in later
life (Whalley et al., 2004), protecting from cognitive decline associated with normal
aging, as well as, cognitive decline associated to disease process.

B. CENTENARIANS
The number of people living beyond the age of 100 is growing throughout the

industrialized world (Motta et al., 2005). Several studies of centenarians have been
conducted to determine their level of independence, clinical condition, and
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cerebral deterioration and whether centenarians are the prototype for “successful
aging.” The Italian Multicenter Study on Centenarians (IMUSCE) is one such
study (Motta et al., 2008). The IMUSCE was an epidemiological study which
identified 1173 centenarians ranging in age from 100 to 109 years. A sub-sample
of 346 centenarians was studied to determine the functional performance and
cognitive status. The sub-sample was further divided into groups based on physical
health and MMSE scores. True independence in all functional performance
(IADLs) was seen in only six centenarians (1.7%): while 21 centenarians (6.1%)
presented with slight dependence in functional performance. Additionally, 68
centenarians (19.67%) had only a moderate dependency in IADLs and 251
(72.6%) were severely dependent. Of the six independent functioning centenarians
and the 21 centenarians with only slight dependence in IADLs, all have had
significant changes in their level of social and productive activities, thus they cannot
be considered prototypes of successful aging based on the current definition.

IV. T- and B-Lymphocyte Loss of Function in the Aging Inmune System

With age, innate immunity progresses to a chronically active state secondary to
exhaustion of the more evolutionary recent adaptive (specific) immune system
(Franceschi et al., 2007). This is in large part due to age-associated reduction of
T-cells due to thymic involution (Aspinall 2000; Aspinall and Andrew, 2000; Linton
et al., 2005), as well as fewer bone marrow carly progenitor B cells (Allman and
Miller, 2005). In early life, naive T-cells are activated by contact with antigens and
then differentiate into effector or memory cells. Because the quantity of T-cells in
healthy individuals is stable over the lifespan, peripheral T-cell turnover of preex-
isting populations in the thymus is required to replace cells to the system in relatively
young individuals and to prime T-cells to new antigens (Fann et al., 2005; Pawelec,
2005; Weng, 2006). Thus in the elderly there is an increase in the number of
antigen-experienced cells and a decrease in the number of naive T-cells in the
circulation, which results in accumulation of incompetent memory lymphocytes
(Cossarizza et al., 1997). These cells likely clonally expand and became effector
memory T-cells that were competent at one time, but then lost their antigen-specific
function due to their age. This phenomenon is believed to be owed to life-long
antigenic stress from immunosurveillance against persistent viruses (antigens),
especially cytomegalovirus (CMV) (Solana et al., 2006).

The net result of these age-associated phenomena are (1) reduced adaptive
immunity to previously encountered pathogens and (2) weakened adaptive
immune response to novel pathogens due to a reduction in the diversity of the
antigen-recognition repertoire with age by approximately 10® in young adults to
10% in the elderly (Goronzy et al., 2005). Moreover, CD8" T-cells in the elderly



8 CASERTA et al.

display significantly decreased ability to secrete interferon-gamma (IFN-7) when
stimulated by cognate antigen in comparison to younger age groups (Ouyang
et al., 2003a,b). Also, naive CD4" T-cells from old humans and mice show
decreased responsiveness to TCR stimulation and altered profiles of cytokine
production versus naive CD4" T-cells from young hosts. Likewise, the helper
function of naive CD4" T-cells for antibody production by B cells is also
decreased (Swain et al., 2005). The decline in responsiveness of naive CD4™"
T-cells 1s due to the chronologic age of the cells themselves, and not of the
individual host (Swain e al., 2005), suggesting that long-term maintenance of
naive CD4" T-cells through homeostatic cytokines may not have a positive
impact on their function. Indeed, naive CD4" T-cells that have undergone
homeostatic cell divisions proliferate less and secrete less IL-2 in response to
antigen than do naive CD4" T-cells that have not undergone homeostatic
division as is seen in the young (Swain e/ al., 2005).

Unlike naive lymphocytes, memory CD4" T lymphocytes are long lived and
relatively competent with age. These antigen-experienced T-cells, when isolated
from healthy elderly humans and healthy old mice, respond normally to antigen-
induced proliferation i vitro (Kovaiou et al., 2005) and those generated at a young
age respond well to antigens over time. Conversely, naive CD4" T-cells derived in
old age respond poorly (Haynes et al., 2005). Together, these studies point to an
age-associated defect in memory CD4" T-cells which may originate from defects
of aged naive CD4" T-cells that have reduced clonal diversity and proliferation
potential. Interestingly, changes of the ratio of memory to effector CD4" T-cell
subsets with age have also been implicated in deficient adaptive immune
responses to viral infections and vaccines (Kang et al., 2004).

An additional important age associated defect in T-cell function is accumula-
tion of CD28~CD8" T-cells and the loss of naive CD8™ T-cells. These T-cells are
absent in newborns while composing some 85% of circulating CD8" T-cells in
the elderly. The accumulation of CD28~CD8™ T-cells was also shown in patients
with viral infections such as CMV (Almanzar ef al., 2005). CD28~CD8" T-cells
may signify terminal differentiation from the CD28*"CD8" subset after repeated
antigenic stimulation. Functionally, these cells have a reduced proliferative
response to TCR stimulation but exhibit normal or even enhanced cytotoxic
capacity and are resistant to apoptosis (Azuma et al., 1993). Furthermore, several
studies have demonstrated the virtual disappearance of naive CD8" T-cells in the
elderly associated with a significant increase in the proportions of differentiated
effector memory and effector CD8™ T-cells in comparison to younger individuals.
Interestingly, most of these cells in the elderly do not have short telomeres. Taken
together, these data suggest that, over the course of life, these T-cell populations
have undergone a process of end-stage differentiation and that persistent infection
with common pathogens, such as CMYV, induces chronic stimulation of specific
T-cells that leads to terminal differentiation to senescent cells with an altered
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functional capability (Effros et al, 2005; Fann et al, 2005; Pawelec, 2005;
Tarazona et al., 2000). Further, it seems that clonal expansion of CD28~CD8"
T-cells seems directly responsible for increased infection rates and the common
failed response to vaccines in the elderly (Almanzar et al, 2005). Decreased
adaptive immunity also involves changes in the B-cell repertoire not unlike
those observed in the T-cell pool (Ghia et al., 2000; Szbo et al., 1999; Weksler,
2000). The quality of the humoral immune response is decreased with age owing
to low serum immunoglobulin concentrations and low numbers of antigen-
specific, immunoglobulin-secreting plasma cells. Further, antibody specificity,
1sotype and affinity changes are typical features of old age. For example, immu-
noglobulins produced in aged mice have lower affinity and are less protective
versus those of young animals (Yang et al., 1996). This may be secondary to aging’s
adverse effects on the germinal centre reaction in secondary lymphoid tissues
(Zheng et al., 1997) and leads to a diminished quantity of germinal centers in
response to tetanus toxoid stimulation (Kraft et al., 1987). The quantity of B
cells also decreases in the elderly (Franchesci et al., 1995). At the cellular level,
alteration in immunoglobulin generation (through class switching) in B cells is
observed in aged individuals (Frasca et al., 2005), which may contribute to the
decline of the adaptive immune response in the elderly.

V. Neuropsychology of Aging

The literature is replete with data indicating a broad spectrum of neuropsy-
chological functions decline with normal aging (e.g., Craik and Salthouse, 2000;
Woodruff-Pak, 1997). What is less clear is the line separating normal aging from
cognitive dysfunction and dementia (e.g., Morris and Cummings, 2005; Morris
et al., 2001; Petersen, 2003; Raz, 1996, 2000). Various terms and criterion have
been used to separate normal aging from abnormal, such as age associated
memory impairment (AAMI; Crook et al, 1986), aging-associated cognitive
decline (Levy, 1994), benign senescent forgetfulness (Kral, 1962), cognitive
impairment no dementia (CIND; Graham et al., 1997), mild cognitive disorder
(World Health Organization, 1978), mild cognitive impairment (MCI; Morris
et al., 2001; Petersen et al., 1999), mild neurocognitive disorder (Gutierrez et al.,
1993), and questionable dementia (Hughes et al., 1982), among others (see also
Craik and Salthouse, 2000 for a review). Further complicating the division
between normal and abnormal aging processes is the variability in neuropatho-
logical and neuropsychological functions between and within samples (e.g., see
Craik and Salthouse, 2000; Woodruff-Pak, 1997 for reviews). A summary of
neuropsychological changes associated with aging is provided below.
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A. CHANGES IN NEUROPSYCHOLOGICAL FUNCTION IN NORMAL AGING

It has long been recognized that some cognitive processes decline with age
while others appear less affected, giving rise to the traditional dichotomy between
the so-called “crystallized” abilities (e.g., accumulated knowledge and expertise)
versus those termed “fluid” abilities (e.g., fluid reasoning, working memory,
visuoperceptual abilities, processing speed, etc.) (e.g., Craik and Salthouse,
2000; Woodruff-Pak, 1997 for review). Within this framework, crystallized abil-
ities have been considered generally stable with increasing age, while fluid abilities
decline with increasing age, some thought to begin declining as early as in one’s
20s (Babcock, 1930; Craik and Salthouse, 2000; Lezak, 1995; Wechsler, 1958;
Woodruff-Pak, 1997 for review). Until recently, however, much of the previous
knowledge regarding age-related cognitive decline have been criticized for lack of
longitudinal data, with most derived from cross-sectional studies or other studies
having small samples and/or short follow-up time frames (e.g., Baltes and Mayer,
1999; Hertzog et al., 2003; Schaie, 1996).

Changes in normal aging are now being understood from longitudinal data
from several sources, including the Berlin Aging Study (Baltes and Mayer, 1999),
Mayo’s Older Americans Normative Studies (MOANS; Ivnik e al., 1992), Seattle
Longitudinal Study (Schaie, 1996), and Victoria Longitudinal Study (Dixon and
de Frias, 2004; Hertzog et al., 2003). Combined, these studies provide longitudinal
data of individuals beginning in participants’ 20s up to 100 years old and beyond
(e.g., Singer et al., 2003). While data are incomplete, one consistent finding has
been a decline in select cognitive domains beginning as early as the middle to late
20s. Alternatively, other cognitive functions remain quite preserved even to very
old age (Singer et al., 2003). Schaie (1994) found the average performances of
arithmetic/numerical ability and perceptual speed beginning to decline at around
age 25 years old. Alternatively, a general decline in performance on tasks of
inductive reasoning, verbal ability, and episodic memory did not become apparent
until the fifth or sixth decade of life. While episodic memory is known to decrease
with age, some research suggesting as early as the third or fourth decade of life,
other research suggests the decline may be much less precipitous and is gradual, at
least until the seventh decade of life (Backman et al., 2000). Similarly, Singer et al.
(2003) found performance on tasks of processing speed, episodic memory, and
verbal fluency declined from 70 to 100 years old. Alternatively, word knowledge
has consistently demonstrated resilience to aging, remaining quite stable from
one’s 70s through 100+ years old (e.g., Lezak, 1995; Singer et al., 2003). Executive
functions (rapid problem solving, verbal fluency, inhibition, and flexibility) show
early and considerable age-related declines (Mittenberg et al., 1989; Parkin, 1996).
Indeed, Mittenberg et al. (1989) found performance on neuropsychological tests of
executive skills, thought to measure frontal lobe functioning, exhibited more age-
related decline than other tests in a comprehensive battery. Further complicating
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understanding age-related decline in cognitive function are data establishing
individual variability in cognitive performance can vary considerably over 1-3
year time periods, although group level change tends to be more modest, at least
to the sixth or seventh decades of life (e.g., Dixon et al., 2004; Ivnik et al., 1999).
Recent data suggest increased individual variability in cognitive function predicts
mortality (MacDonald ¢ al., 2008).

In summary, the cognitive decline observed in normal aging reflects the com-
plex brain changes that occur with increasing age. The decline of cognitive abilities
1s a complex tapestry of selective areas of preservation while other interrelated areas
decline all against a backdrop of biological and physical changes. Indeed, consider-
able research suggests two over-arching cognitive abilities that decrease with age,
processing speed, and working memory, can account for a majority of variance in
the age-related declines across a variety of cognitive skills (e.g., see Meyerson ¢t al.,
1990; Mitchell, 1993; Salthouse, 1996). As an example, Hertzog ¢t al. (2003) found
deficits in episodic memory could be accounted for by declines in working memory
and perceptual speed. Thus, declines in episodic memory, numerical ability/arith-
metic, verbal fluency, and problem solving are, themselves, moderated by the
decline in processing speed and working memory. It has been proposed that the
decline in processing speed may be associated with the structural integrity of
cerebral white matter, but rather than being linear, reflects a threshold phenome-
non, in which age-related declines after white matter dysfunction exceeds a critical
level (Boone et al., 1992; DeCarli e al., 1995; Raz, 2000).

B. StavING OFF COGNITIVE DECLINE

Acrobic exercise has shown to decrease cognitive morbidity in aging, but a
more comprehensive picture including cognitive reserve and cognitive engage-
ment is likely accounting for preventing cognitive morbidity (e.g., Milgram et al.,
2006; Stern, 2006). Research has also found older adults routinely use informal
techniques to improve memory (e.g., increase use of external memory aides and
organizational skills) in compensating for daily cognitive challenges (Dixon et al.,
2001). See discussion relating cognitive reserve to structural and functional
neuroanatomy below.

V1. Imaging Studies in Aging

The changes that occur with aging in the brain are complex and are asso-
ciated with large interindividual variability. There is, however, a pattern of
selective loss and preservation delineated in numerous studies. The structural



12 CASERTA et al.

and functional deterioration in specific brain areas is thought to be responsible
for the reported cognitive decline that occurs with age while the substrates of
“cognitive reserve” are less well defined.

Longitudinal studies using structural MRI from age 3 to 70 years old have shown
anincrease in cortical gray matter until, about, age 5 followed by a gradual decline in
volume until age 70 (Pfefferbaum et al., 1994). White matter growth accelerates
during adolescence and then plateaus in the third decade. Several studies have
indicated significant gray matter tissue volume loss (Blatter ef al., 1995; Brickman
et al., 2005; Sullivan et al., 2004; Thompson et al., 2003) while others have shown
greater white matter loss in aging (Guttmann ef al., 1998; Jernigan et al., 2001).

In general, brain atrophy has been reported consistently in aging and it is
more pronounced in the frontal brain areas (DeCarli et al., 1994; Raz et al., 1997;
Resnick et al., 2003; Saloat et al., 1999; Tisserand et al., 2002). Other brain areas
affected by aging are the temporal lobes with relative sparing of the parietal and
occipital lobes (Bartzokis et al., 2001; Good et al., 2001; Raz et al., 1997, 2005). The
question of whether this loss is primarily due to gray matter or white matter
volume loss remains controversial (see Sullivan and Pfefferbaum, 2007).

Although controversial, hippocampal volume is thought to remain relatively
stable with age (Shamy e al., 2006; Sullivan et al., 1995, 2001, 2005) and remains
intact in size in healthy elderly adults without concurrent hypertension (Raz et al.,
2005). There is age-related dilation of the temporal horns and this has been inter-
preted as hippocampal volume decline. It appears that volume loss and CSF expan-
sion occur in diseases such as Alzheimer’s, but not in normal aging. The relative
resilience of hippocampal volume to aging makes hippocampal deviations from
normal size a sensitive indicator of pathology, especially of the Alzheimer type.

Studies of normal aging have benefited immeasurably by the introduction of
quantitative DTI, which has successfully revealed evidence of microstructural
disruption of regional white matter even in regions appearing normal on volume
imaging. MR diffusion-weighted imaging (DWI) and D'TT allow quantification of
microscopic water movement. In regions with few or no physical boundaries, such
as CSF 1n the ventricles, water movement is random, that is, freely diffusing, and
1s therefore isotropic. By contrast, the path of a water molecule in white matter is
constrained by physical boundaries, such as the axon sheath, causing the move-
ment to be greater along the long axis of the fiber than across it and is anisotropic,
typically measured as fractional anisotropy (FA) and ranging between O and 1 on a
normalized scale (Pierpaoli and Basser, 1996). D'TT is therefore sensitive to the
detection of tightly packed fibers in locally parallel orientation, characterizing
white matter tracts in the brain. One of the most robust findings regarding age-
related differences in FA has been the finding of low FA in frontal white matter
(Sullivan et al., 2001). This finding has been supported by postmortem investiga-
tions and animal models of aging (for review see Sullivan and Pfefferbaum, 2007)
and suggests that decreased brain white matter in older individuals may be a
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consequence of myelin sheath changes and/or accumulation of fluid in fiber
tracts. These types of changes may be reflected as increased white matter hyper-
intensities observed on T2-weighted MRI images in over 90% of older adults.

Beyond the structural changes summarized so far, there have been numerous
functional imaging studies that have described cognitive changes with aging.
These studies using positron emission tomography, PET, and functional magnetic
resonance imaging, fMRI, have revealed how the neural correlates of different
cognitive functions change as a function of aging. Most studies show a reduction in
the lateralization of brain activity during cognitive performance in elderly indivi-
duals. For example, in a study utilizing word pair encoding, older adults showed
weaker activity in several left prefrontal cortical (PFC) areas while several PFC
regions showed increased activity (Anderson et al., 2000). During episodic memory
retrieval, age-related decreases were typically found in the right PFC and right
parietal regions, while age-related increases in activation were found in left PFC as
well as bilateral anterior cingulate and cuneus/precuneas regions (Anderson et al.,
2000; Gabeza et al., 1997, 2002). Some investigators postulated that the age-related
asymmetry reductions found in multiple studies reflect a compensatory mecha-
nism. Older adults engage both hemispheres for tasks that younger adults usually
use one hemisphere for, to compensate for neurocognitive deficits.

In a longitudinal study of 25 healthy older adults assessing changes in PET
rCBYT cerebral blood flow over an 8 year period among healthy older adults found
no significant declines in verbal and figural recognition memory accuracy over an
8 year period (Beason-Held et al., 2008). There were regional increases and
decreases in brain activity were found over time in these individuals, particularly
PFC regions. These data support the cross-sectional studies described previously
where altered patterns of cerebral activity were found in old relative to young
individuals and extend these findings to show that changing brain function
continues throughout later life in cognitively stable individuals.

Although it is clear older adults demonstrate deficits relative to younger adults
in various aspects of learning and memory by neuroimaging correlates, several
studies have suggested there is differential susceptibility to age-related changes
and dementia related to variables like education, IQ), and engagement in leisure
activities (Gold et al., 1995; Hultesch et al., 1999; Scarmeas et al., 2001; Stern et al.,
1994). These studies provide epidemiological evidence for the presence of cogni-
tive reserve (Stern, 2006). Cognitive reserve suggests individual differences in how
tasks are processed might provide some protection against age-related changes or
progressing brain pathology. Our understanding of how cognitive reserve might
be reflected by brain networks is ongoing. Stern and his colleagues (2005)
identified network activation changes which involve the right hippocampus,
posterior insula, and right and left operculum as well as the inferior parietal
lobe and association cortex, left posterior cingulated, and right and left calcarine
cortex. Young individuals activation patterns in these networks were different
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from older individuals performing the same task at the same level (Stern e al.,
2005). These authors suggest that cognitive reserve consists of two separate
components: neural reserve and neural compensation. Neural reserve may result
from innate differences and/or be modulated through life events such as educa-
tional experience. The substrate for this may be neural networks that are highly
efficient or have greater capacity in the face of higher demand. Neural compen-
sation on the other hand is defined as a change in neural network use such that
different brain networks are used in a specific task, due to the physiological effects
of aging or brain pathology. The study of the neural substrates of cognitive reserve
1s in its infancy, but imaging techniques assessing both functional and structural
changes in the brains of older adults are progressing rapidly.
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It has become increasingly apparent, especially with the advent of MRI brain
scanning, that a large number of patients develop signal intensity changes in the
subcortical white matter and periventricular region as they age. This appears to
be accelerated by risk factors for small vessel cerebrovascular disease such as
hypertension, smoking, diabetes mellitus and hyperlipidemia. The major question
becomes when such changes become clinically significant. It is obvious that
subcortical lacunar-type infarction can be identified by the clinical presentation.
For example, typical examples of so-called “lacunar syndrome” include pure
motor hemiparesis, pure sensory stroke, sensorimotor stroke, clumsy hand-
dysarthria, and hemiataxia-hemiparesis. The issue becomes a measure of impact
on functional ability. This is influenced by several factors. Baseline IQ and
educational level, as well as expectations of age, certainly play a role. A person
who develops cognitive impairment and long tract signs in their 50s or 60s is
certainly going to be recognized as more impaired than an 80 year old individual
who is retired and primarily is engaged in recreational activity. It would be
expected that a person born with limited intellectual capacity and/or limited
educational opportunity would be less likely to be identified as impaired than
a person who has achieved substantial economic achievement through their
innate talents.

The concept of tissue loss or lesion load becomes important when determining
how pronounced the ischemic cerebrovascular changes translate into functional
impairment. Correlative pathology may include cortical atrophy and ventricular
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dilatation. Loss of either cortical or subcortical tissue function is expected to be
related to functional compromise. In addition, there are potential features such as
the coexistence of small vessel cerebrovascular disease and Alzheimer’s disease.
Small vessel cerebrovascular disease might also play a contributing factor in
patients susceptible to Dementia with Lewy Bodies or patients susceptible to
fronto-temporal dementia or any other dementing process. Thus, the concept of
tissue loss or lesion burden of disease becomes increasingly important as we
recognize the potential for multifactorial issues, including genetic factors, to
contribute to the phenotypic expression.

The relationships between cognitive impairment, dementia and subcortical
vascular lesions are poorly understood. There have been several papers on the
different aspects of cerebral insults and their impact on cognition, the various
kinds of dementia and different methods of analyzing the impact of the various
insults to the brain. This chapter is an attempt to review all pertinent information
currently available on the poorly understood condition of “subcortical ischemic

cerebrovascular dementia.”

I. Terminology

It is felt that the term “Subcortical Ischemic Cerebrovascular Dementia” better
describes the various categories of cognitive impairments related to ischemic
changes in the brain which has been identified previously as Vascular Dementia,
Vascular Cognitive Impairment or Disorder, Multi-infarct Dementia, and so on.
However, there are no clear guidelines or accepted criteria for defining the complex
category of SICD.

Il. Various Classifications of “’Vascular’” Dementia

These are some of the commonly used criteria to define the dementia asso-
ciated with vascular lesions in the brain (Wetterling, et al., 1996):

1. DSM-IV Ciriteria for Vascular dementia

2. NINDS-AIREN criteria for the diagnosis of probable vascular dementia
(Roman et al., 1993)

3. ICD-10 research criteria (DCR-10) for dementia

4. Hachinski ischemic score
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lll. Cognition and Aging

Changes appear in the normal brain with aging which contribute to mental
decline. It has been estimated that after the age of 65, 6.4% of patients show
evidence of some cognitive impairment and this figure increases steadily with age
(Ankri and Poupard, 2003). With aging, vascular lesions are seen commonly in the
brain and opinions vary as to whether these lesions are clinically significant or not
with regards to cognitive changes (Fig. 1). It has also been the subject of discussion
about the location and volume of these lesions and whether that may have an
impact on cognition.

Also with aging, the risk of vascular disease increases and the prevalence has been
shown to be 0.3% during 65-69 years of age and as much as 5.2% at age 90 years
(Chabriat and Bousser, 2006). The Rotterdam study showed that the prevalence
of “vascular” dementia is higher in women, despite the higher incidence in men,
because of increased longevity in women by 10 years (Lobo et al., 2000).

Asymptomatic lacunar-type infarcts have been found to be present in 11-28%
of normal elderly persons in multiple studies (Longstreth et al., 1998; Price et al.,
1997; Vermeer et al., 2003). Atrial fibrillation (Ott et al., 1997) hormonal treatment
(estrogen + progesterone) of women after age 65 (Shumaker et al., 2003), diabetes
mellitus (Leibson ef al., 1997) and smoking in persons above age 60 years (Juan
et al., 2004) have all been shown to have higher risk for “vascular” dementia.

FRONT L

Fic. 1. Subcortical white matter hyperintensities, seen on FLAIR (transaxial) MRI brain scan,
which demonstrates mild (A) and somewhat more advanced (B) periventricular findings. On noncon-
trast C'T brain scan (C), there is prominent hypodensity in the periventricular region. These findings
have been referred to as Binswanger’s disease in the past, but more recently the term leukoaraiosis has
been preferred because of the nonspecific clinical correlates of such findings.
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Atrial fibrillation has also been shown to be an independent risk factor for
cognitive impairment even in the absence of a stroke (Kilander et al., 1998;
O’Connell ¢t al., 1998). With the presence of hypertension, the greatest risk factor
for stroke, the increased risk of cognitive impairment has been shown with
different studies and patient cohorts (EVA Group, 1999; Launer e al., 2000).

Stroke has been proved as a significant risk factor for cognitive impairment
and dementia with as many as 25% of patients at 3 months and up to 50% within
a year developing some degree of clinically significant cognitive impairment
(Desmond et al., 2002; Mackowiak-Cordoliani et al., 2005; Tang et al., 2004;
Tatemichi TK et al., 1994). A reported range of 25-80% of elderly subjects with
dementia has Alzheimer’s disease coexisting with the vascular lesions. This makes
the assessment of pure cerebrovascular lesions difficult ( Jellinger, 2008).

IV. Subcortical Strokes and Cognitive Impairment

It has long been believed that the small vessel or lacunar strokes in the white
matter of the brain contribute minimally to the changes in cognition. However, a
review of the NINDS-AIREN criteria (Roman ef al., 1993) demonstrates that it
includes multiple basal ganglia and white matter lacunes and extensive periven-
tricular white matter lesions on neuroimaging as causes of probable
dementia. Ischemic lesions in the brain can occur in various locations. However,

‘vascular”

with the current level and techniques of neuroimaging, it is not possible to
visualize all the microinfarcts.

Areas of white matter ischemia, such as microinfarcts, often termed lacunes
have been shown to be independent predictors of development of dementia
(DeGroot et al., 2000; Kovari et al., 2004; Pasquier et al., 2000; White et al.,
2002) particularly impairments with executive functions. Lacunes, when present
in certain specific locations like the thalamus and basal ganglia, can cause
cognitive disturbances (Fig. 2). Conversely, their presence in the deep white
matter of the frontal, temporal, or parietal lobes does not seem to do so. Silbert
et al. (2008) reported that an increase in total and periventricular white matter
signal intensity changes, over time, correlates with progressive gait impairment
while the progression of the total volume hyperintensity changes in the subcortical
region is associated with memory decline in elderly subjects who are relatively
intact from a cognitive standpoint.

The hippocampus is extremely sensitive to hypoperfusion which results in
sclerosis. Both sclerosis and lacunes in the hippocampus can lead to decline in
cognition (Bastos-Leite et al., 2007; Fein et al., 2000; Kril et al., 2002) but this decline
appears to be less than that seen in patients with Alzheimer’s disease (Du ¢t al.,
2002). Age appears to be the best and strongest predictor of the presence of white
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F16. 2. Coronal T2-weighted MRI brain scan which reveals bilateral lacunar-type infarcts (arrows)
in the thalamic region.

matter lesions in elderly subjects and whereas these white matter lesions maybe
present in the elderly persons with normal cognitive function (Breteler e al., 1994;
Carey et al., 2008; Liao et al., 1997; Lindgren et al., 1994; Longstreth et al., 1996;
Soderlund et al., 2003; Ylikoski et al., 1993), although elderly patients with demen-
tia have been noted to have an increased load of lesions. There exists conflicting
data as to whether these white matter lesions indeed contribute to cognitive decline.
Some studies (Bracco et al., 1993; Gold et al., 2007; Schmidt et al., 2002) were not
able to find any definite evidence that these white matter lesions are responsible
for the cognitive impairment in these subjects whereas some others including
the subcortical ischemic vascular dementia (SIVD) program project (Chui, 2007;
Mosley et al., 2005; Prins et al., 2005) have found that an increasing load of white
matter lesions, over time, is associated with progressive cognitive decline (Fig. 3).

Price et al. (2005) report that despite the presence of white matter abnormal-
ities, executive dysfunction is not seen until at least 25% of the white matter in the
hemisphere is involved. Furthermore, when 50% of the hemisphere is involved,
executive dysfunction exceeds the memory impairment. This forms the basis of
research criteria proposed for subcortical vascular dementia (Erkinjuntti et al.,
2000). Understandably, there is no correlation between the MMSE score and
white matter lesion load as the MMSE assesses the memory and cognitive
functions and not the executive functions.

Carey et al. (2008) found that the presence of lacunes even when not producing
any clinical deficits could cause decline in cognition and supports the view upheld
by many others that in SIVD there is a disruption in the connecting pathways of
the subcortical areas and the frontal cortex.
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FiG. 3. Pronounced subcortical hyperintensities in the subcortical white matter, specifically the
centrum semiovale, in a patient with progressive gait and cognitive impairment. This is a FLAIR
(transaxial) MRI brain scan with two adjacent sections.

V. Pathophysiology of Cognitive Impairment in Subcortical Vascular Lesions

It has been proposed that various mechanisms contribute to impaired vascu-
larity in the brain that occurs with age. Hypoperfusion related to atherosclerosis
and arteriosclerosis, hypotension related to reduction in cholinergic effects,
changes in the autonomic regulation of blood pressure, cortical hypometabolism,
cardiac causes such as congestive heart failure with resultant systolic dysfunction
and cardiac emboli and major surgical procedures have all been cited as causes
for cognitive changes that occur in the older population (Baron et al., 1986; Carey
et al., 2008; Nagata et al., 2000; Roman, 2004).

The effects from the above-mentioned factors occur both in the cortical and
subcortical areas. However, since the subcortical areas are mostly perfused by
penetrating and deeper branches of the primary feeding arteries, the deleterious
effects are most noticeable with increasing involvement of these vessels (Fig. 1).
Age appears to be a significant contributing factor to the evolution of this process
along with other risk factors for occlusive cerebrovascular disease. These are most
readily detected as periventricular white matter lesions on neuroimaging, specifi-
cally MRI, in the elderly. It is also important to understand that all white matter
lesions or hyperintensities seen are not infarcts and may potentially include causes
such as astrocytic swelling as well as actual infarction (Sahlas et al., 2002).



SUBCORTICAL ISCHEMIC DEMENTIA 27

However, in a recent neuropathological study of these white matter hyperinten-
sities (Young et al., 2008), these lesions were associated with loss of vascular
integrity which was interpreted to reflect a vascular origin.

It appears that any disruption in the limbic circuit, which has the anterior
medial thalamus as the key component, results in memory impairment mainly
involving the short term and working types (Carrera and Bogousslavsky, 2004;
Swartz and Black, 2006).

Cholinergic factors have been cited as one of the possible mechanisms respon-
sible for cognitive impairment, either causing hypotension from ineffective auto-
nomic control related to aging or from disruption of the neurotransmitter pathways
by ischemic lesions in the white matter. The treatment of Alzheimer’s disease with
cholinesterase inhibitors was based on the assumption that acetylcholine (Ach) is
involved in memory and learning processes. Cholinergic pathways hyperintensities
scale (CHIPS) developed by Bocti et al. (2005) provides a reliable rating scale based
on white matter hyper intensities in the cholinergic pathways on MRI and their
correlation to cognition in patients with Alzheimer’s disease.

Whether the CHIPS scale can also be reliably used for patients with dementia
from other causes as it relates to white matter ischemic lesions is not yet proved.
N-acetyl aspartate (NAA) is a marker of neuronal integrity as measured with MRS
and decreased levels are noted in the parietal and frontal cortices in subcortical
1schemic cerebrovascular dementia (Capizzano et al., 2000; Kattapong et al., 1996;
McKay et al., 1996). It is thought that this correlates with the subcortical white
matter lesions and supports the theory that altered metabolism plays a role in the
pathogenesis.(Baron et al., 1986; Nagata ¢ al., 2000) Another possible mechanism
of subcortical ischemia causing cognitive deficit is interruption of the association
fibers that connect the deep white matter with areas crucial for cognition (Chui,
2007). Tullberg et al. (2004) reported that there is an inverse relation between the
glucose metabolism in the dorsolateral frontal lobe and the white matter lesion
load, which supports this concept.

Altered cortical blood flow has been demonstrated with Xe-133 inhalation
techniques and indicates that blood flow is primarily reduced in the ipsilateral
fronto-parietal cortex with the presence of subcortical ischemic areas and
reflects the subsequent changes noted in cognition and executive function
(Hojer-Pederson and Friz-Peterson, 1989). Reduced volumes of the cortical
gray matter and hippocampi have also been shown, by autopsy, in patients with
subcortical ischemic cerebrovascular dementia (Chui, 2007; Schuff ¢t al., 2002).

Comparisons have also been drawn to the lesions of MS which also causes
cognitive impairment with subcortical white matter lesions. Reduced magnetization
transfer ratio(MTR) has been shown to correlate with myelin and axonal content in
MS and also correlates with the level of cognitive impairment (Rovaris et al., 2000,
2002; Schmierer ¢ al., 2004). Evaluation of the MTR in subcortical ischemic
cerebrovascular dementia showed a reduction of MTR 1in the cortices (Leuchter
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et al., 1994), again supporting the theory that remote effects in the cortices, resulting
from possible disruption of the connecting tracts and circuits, may be responsible
for the cognitive changes.

VI. Treatment and Prevention

Options for treatment of subcortical ischemic cerebrovascular dementia are
presently quite limited. However, the overlap in pathological mechanisms between
subcortical ischemic cerebrovascular dementia and Alzheimer’s type dementia, with
similar findings of subcortical white matter hyper intensities on MRI brain scan
(Brickman et al., 2008), suggests the potential for agents of some benefit in AD to be
of similar benefit in subcortical ischemic dementia. Such agents include the cholin-
esterase inhibitors used in AD, vasodilators like nimodipine (a calcium-channel
blocker) as well as some antioxidant agents. Results are somewhat favorable with
the drugs used in AD and include donepezil, galantamine, and rivastigmine.

Donepezil showed significant improvement in two trials with a reduction in
the cognitive decline over a period of 24 weeks (Black ez al., 2003; Wilkinson ez al.,
2003) and galantamine showed some improved efficacy over placebo in another
study over 12 months (Erkinjuntti et al., 2002). Rivastigmine was also found to
have some benefit in cognition, but this was in a relatively small open-label trial.
The calcium-channel blocking agent nimodipine was tested in patients with
“multi-infarct” dementia and, although initial observation appeared promising,
subsequent studies were not (Pantoni ez al., 2000, 2005).

In view of the limited role of medications in treatment of subcortical ischemic
cerebrovascular dementia, the focus is mainly on prevention. Prevention of this
entity involves aggressive modification of the risk factors for stroke. Various
studies have proved that control of hypertension results in a decrease in incidence
of dementia up to 34% (Forette et al., 1998; PROGRESS Collaborative Group,
2001; Tzourio et al., 2003) and also a reduction in the incidence of stroke by as
much as 35-44% (Chui, 2007). However, it is sobering to know that as many
as 70% of Americans who have hypertension are unaware of their diagnosis and
up to 60% are under-treated (Chobanian et al, 2003). This places them at
enhanced risk of stroke and other complications.

Control of other risk factors for stroke, such as diabetes mellitus, hyperlipid-
emia, atrial fibrillation, and so on, is also crucial for primary prevention (AHA/
ASA Stroke Council, 2006). Evidence from various studies has shown the efficacy
of antiplatelet agents in stroke prevention. However, there is not presently
evidence-based support that the use of such agents translates into protection
against dementia per se. However, by the same token, effective stroke prevention
would be expected to lessen the contribution of cerebral ischemia to what might
well be a multifactorial dementing process.
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Presently, compelling evidence indicates that Alzheimer’s disease (AD) is a
vascular disorder with neurodegenerative consequences and should be treated as
such. A substantial body of evidence including epidemiological, pharmacotherapeu-
tic, and neuroimaging studies support the concept of AD as a vascular disorder or
vasocognopathy that initiates as brain hypoperfusion, creating a neuronal energy
crisis. The neuronal energy crisis provokes the cellular and molecular changes that
characterize this dementia. In this brief review, the many vascular-related risk factors
to AD including some that are preventable or amenable to treatment are discussed.
Considerable human data now point in a new direction for guiding future research
into AD. This new research direction should open a window of opportunity for
decisive management and treatment of this devastating disorder.

l. Infroduction

Cerebral energy supply can be interrupted after cardiac arrest or stroke, two
conditions that result in global or local brain cell death. However, brain energy
supply can dwindle slowly over long periods of time following non-fatal carotid
artery stenosis or cardiac disease, two major disorders that result in brain hypo-
perfusion. Brain hypoperfusion (not an ischemic process) does not necessarily kill
or damage nerve cells right away by significantly arresting energy nutrients
delivered via the circulation but may chronically “gnaw” at nerve cells over a
long period of time by destabilizing their normal function (Fig. 1).
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FiG. 1. Functional and pathological states deranging brain neurons resulting in degenerative

processes. Healthy, functional neurons (A) can either (B) die (solid arrow), (C) undergo metabolic-
structural damage (dashed arrow), (D) undergo metabolic only damage (dotted arrow). In the (C) state,
intracellular damage can be assessed histologically by noting nuclear or cytoplasmic changes in
organelles (chromatolysis, eosinophilia, nuclear shift, pyknosis, etc.). In the (D) state, bio-molecular
markers reflecting neuronal distrenss are needed to evaluate extent of metabolic dysfunction. Neuronal
metabolic dysfunction following chronic brain hypoperfusion is likely the first step in the pathologic
pathway to cytostructural damage, atrophy, and death and how such dysfunction may explain
cognitive disability, as in pre-clinical Alzheimer’s disease.

Since cerebral hypoperfusion now appears to be a major precursor of Alzhei-
mer’s disease (AD) (Aguero-Torres et al., 2006; Breteler, 2000; de la Torre, 2000,
2004a,b; de la Torre and Mussivand, 1993), the issue of glucose and oxygen
availability and delivery via the circulation becomes a key element in the puzzle to
understand the cellular-molecular cascade that leads to AD. The main reason to
focus on glucose uptake and utilization by brain cells is that this molecule is the
primary energy substrate for the brain which also consumes 20% of the total
oxygen supply used by the body (Fig. 1A).

We became interested in the role of cerebral energy metabolism on AD in the
early 1990s, when the subject was only of cursory, rare interest, following our
series of experimental brain hypoperfusion studies and a review of the clinical
dementia literature at the time (de la Torre and Mussivand, 1993). These experi-
mental studies led us to propose the vascular hypothesis of AD as the likely cause
of this disorder (de la Torre and Mussivand, 1993).
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Since then, compelling evidence from a variety of clinical and basic studies has
convince us that AD should be treated as a vasocognopathy (de la Torre, 2004)
(a vascular-related, cognitive disorder) and we shall explore some of this evidence
in our review here to determine whether proof of concept is met.

Il. Risk Factors to AD

The most compelling evidence for a vascular connection to AD comes from
independent epidemiological studies. Findings from the Rotterdam Study, the
Kungsholmen project, EURODEM, FINMONICA, the PROCAM study, the
Framingham study and the Honolulu-Asia study, among others, indicate that
over two dozen risk factors, all vascular related, have thus far been recognized for
AD (Table I) (Breteler, 2000; Aguero-Torres et al., 2006; de la Torre and
Mussivand, 1993). These epidemiological studies have led to the conclusion that
most of the AD cases analyzed have a vascular involvement, and that pure
dementia types (including vascular dementia) in older subjects constitute only a
minority of dementia cases (Aguero-Torres ¢t al., 2006; Breteler, 2000). It is highly
improbable that chance alone could explain the reduction of cerebral blood flow
(CBF) induced by several dozen different risk factors found linked to AD (Table I).
Ifindeed, a variety of vascular risk factors for AD exists and is highly important in
promoting this dementia, then the question of the role of amyloid beta (A3) needs
to be asked. Do risk factors eventually also promote the excessive production of
A in brain or does A promote the varied risk factors? The second possibility
seems rather unlikely due to the spectral nosology of each risk factor described
thus far (Table I), so building on the assumption that vascular-dependent risk
factors for AD do lower cerebral perfusion and eventually promote AS produc-
tion, we have introduced the role of ¢ritically attained threshold of cerebral hypoperfusion
(CATCH) (de la Torre, 2000). CATCH develops when a vascular risk factor or
factors further diminishes cerebral CBF in an individual who already has devel-
oped declining cerebral perfusion due to advanced age and a poor vascular
reserve. The reason is that CBF normally declines with age by about 21% from
age 21 to 60 (Leenders ez al., 1990). Below this normal-age related CBF decline, a
“CATCH brain blood flow level” can result from advancing age when it co-exists
with one or more vascular risk factor as listed in Table I.

The speed at which CATCH is attained depends on the person’s state of health,
lifestyle, genetics, gender, diet, environmental exposure, and other confounding
factors. Once CATCH is activated, energy hypometabolism and oxidative stress
result from continuous brain hypoperfusion and from reduced glucose and oxygen
delivery to neurons and glia (de la Torre, 2000) (Fig. 1B). The main reason for the
high glucose/ Oy uptake in the normal brain is the massive amounts of ATP needed
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TABLE I
SUMMARY OF FINDINGS FROM EPIDEMIOLOGICAL STUDIES (SEE TEXT) OF VASCULAR-RELATED
Risk FACTORS TO ALZHEIMER’S DISEASE

Alzheimer’s disease vascular risk factors

Brain-related risk_factors
Aging
Ischemic stroke
Silent stroke
Head injury
Transient ischemic attacks
Migraine
Lower education
Hemorheologic abnormalities
Depression
Circle of Willis atherosclerosis

Heart-related risk_factors
Congestive heart failure
Valvular discase
Hypertension
Hypotension
Thrombotic episodes
High serum homocysteine
Atrial fibrillation
Presence of ApoEe4 allele
Carotid atherosclerosis
Coronary artery bypass surgery

Peripheral risk factors
High serum cholesterol
High intake of saturated fat
Diabetes mellitus 11
Hemorheologic abnormalities
Alcoholism
Smoking
Menopause

Highly prevalent conditions such as stroke, hypertension, atherosclerosis and heart disease are
common precursors to AD.

to maintain neuronal signaling during active ion channel flux. Ton flux is the
basis for propagation of action potentials and neurotransmission. Impaired brain
energy production also upregulates the A3 rate-limiting enzyme BACE]L, thus
promoting AJ overproduction (Velliquette ef al., 2005) (Fig. 1B). Consequently,
when mitochondrial function in neurons is disrupted by failing glucose/ Oy supply
for energy production, rapid damage to brain cells occurs. Brain hypoperfusion is
the pathogenic trigger that pushes the neuronal energy crisis and the cascade of
molecular and cytopathologic changes that characterize AD (Fig. 2).
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A Initial neuronal energy crisis
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I16. 2. (A) A fundamental principle in cell biology is seen by the use of chemical energy in the form
of ATP derived from glucose/oxygen delivery to assemble, disassemble and alter protein structure.
Since proteins work to keep a neuron healthy, defects in their synthesis, assembly, folding, or cleavage
can impair the normal intracellular and extracellular secretory transport pathway and damage brain
cells. Normal neuronal energy metabolism in the brain includes optimal ATP production by mito-
chondrial oxidative phosphorylation, RNA transcription and protein synthesis, cell signaling, neuro-
transmission, axonal transport of molecules between cytoplasm and nerve ending via microtubules.
Normal brain has little or no A accumulation. Following initial cerebral hypoperfusion, reduced ATP
synthesis can result in non-specific protein and oxidative stress changes that may lead to MCIL.
Theoretically, overexpression of A peptides and specific neurodegenerative pathology may be lacking.
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Risk factors for AD are either the result of genetic susceptibility (e.g., carrying
an ApoE &4 allele) or environmental exposure of a person’s health to an event that
can introduce, accelerate, or further compromise cognitive dysfunction. At the
present time, only environmental risk factor exposure is modifiable or preventable
but in the future, genetic engineering of potential risk susceptibilities to AD could
become a realistic therapeutic target for AD.

Vascular risk factors to AD as shown in Table I have been extensively
reviewed (Aguero-Torres et al, 2006; Breteler, 2000; de la Torre and
Mussivand, 1993; Sjogren et al., 2006; Sparks et al., 2005) and only some recently
reported risk factors will be briefly discussed here.

One example of a potentially modifiable vascular risk to AD of increasing
research interest is hypercholesterolemia and dietary fat intake. A steady amount
of research has confirmed a link between high levels of cholesterol and the
development of AD (Sjogren et al., 2006).

Hypercholesterolemia acts as a precursor of atherosclerosis, cardiovascular
disease, and diabetes. For obvious reasons, high serum cholesterol levels have
generated a rapid-growing market for lipid-lowering drugs prescribed to patients
at risk of cardiovascular or cerebrovascular conditions. Statins that lower choles-
terol levels have been suggested as useful in both prevention and treatment of AD
but this conclusion needs further verification (Sparks et al., 2005). The mechanism
by which statins may provide a benefit against cerebrovascular disease including
AD remains speculative and is likely multifactorial. In 1998, it was suggested, on
the basis of murine studies, that the health benefits of statins did not merely aim at
lowering lipids (Laufs et al., 1998). Statins were shown to protect against injury by
a mechanism involving the selective upregulation of endothelial nitric oxide
synthase (Laufs et al., 1998), the enzyme that generates nitric oxide in blood
vessels and 1s involved with regulating vascular function. Further research along

(B) Persistent reduction of glucose and oxygen delivery to ischemic-sensitive neurons following chronic
brain hypoperfusion leads to critical ATP depletion and promotes oxidative stress, reactive oxygen
species and abnormalities in protein synthesis activating their disassembly, misfolding (generating
unfolded protein response, UPR), and abnormal cleavage. Altered protein synthesis can subsequently
form molecules that can ravage nucleic acids, protein kinases, phosphatases, lipids, and harm cell
structure. ATP cutback also hastens ionic pump dysfunction, signal transduction breakdown, neurotrans-
mitter failure, faulty cleavage of amyloid precursor protein (APP) leading to BACE-1 upregulation and
AB overproduction and microtubule damage from tau hyperphosphorylation. Retrograde axonal
transport (curved arrow) of trophic and growth factors (e.g., NGF, BDNF) essential for neuronal survival
is diminished due to energy-starved motor protein deficiency. This selective neuronal energy crisis is
caused by blood flow supply not meeting cell energy demand in highly active brain regions whose vascular
reserve capability has reached a critical threshold. About 75% of ATP energy is used on signaling
(action potentials, postsynaptic potentials, etc.). Reduced ATP synthesis is the precursor of the molecular
cascade that leads to Alzheimer’s disease (AD) and to the region-specific neurono-glial death pathway.
Key: | = reduction or loss; + = impaired reaction.
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these lines has demonstrated that statins improve endothelial function, increase
nitric oxide bioavailability, provide antioxidant properties, inhibit inflammatory
responses, exert immunomodulatory actions, regulate progenitor cells, and stabi-
lize atherosclerotic plaques (Endres et al., 1998) and several studies have shown a
benefit for statins in the treatment of AD (Wolozin et al., 2000).

Another important modifiable risk factor to AD is metabolic syndrome (MeS).
MeS is a cluster of factors that can lead to the development of cardiovascular
disecase. MeS is characterized by abnormal insulin, glucose, and lipoprotein
metabolism as well as by hypertension and obesity (Grundy et al., 2005). These
factors are frequently found in people with either excess abdominal body fat or a
decreased ability of the body to use insulin, which is known as insulin resistance
(Grundy et al., 2005).

MeS has been found to be associated with AD even when diabetic patients are
excluded from analysis (Vanhanen et al., 2006), suggesting that obesity associated
with cardiovascular dysfunction or hypercholesterolemia is sufficient to initiate
cognitive impairment that later can convert to AD. The number of people
with MeS increases with age and is estimated to affect 40% of people beyond
the age of 60. People with uncontrolled diabetes mellitus type 2 and those with
heart disease or prone to stroke are most likely to develop MeS (Martins e al.,
2006).

Since obesity and lack of exercise are two conditions that can lead to MeS,
correcting these by lifestyle changes that include a healthy diet and physical
activity could help prevent or reverse MeS. The cardiovascular risk factors
associated with MeS contribute to the development of atherosclerosis that can
lead to a heart attack or a stroke. People with the MeS are also more likely to
develop type 2 diabetes mellitus (Martins ef al., 2006). Insulin resistance is central
to type 2 diabetes and is also implicated in the pathogenesis of AD (Vanhanen
et al., 2006). This has prompted ongoing clinical trials in AD patients to test the
efficacy of improving insulin-like signaling with dietary omega-3 fatty acids or
insulin-sensitizing drugs as well as by exercise regimens.

It 1s well established that hypertension can increase the risk of stroke and heart
problems and decrease life expectancy (de la Torre, 2006). Many studies including
the Framingham and the Honolulu-Asia Aging studies have implicated impaired
cognitive function to hypertension in geriatric patients (Elias ez al., 1993). It has
also been known for some time that hypertension in the elderly is a potential risk
factor to AD (de la Torre, 2009). What is not clear is how hypertension increases
the incidence of AD, particularly in those not-treated with antihypertensives.
People with hypertension are six times more likely to have a stroke that can
lead to AD (Ivan et al., 2004). It is calculated that reducing the number of cases
affected by stroke which are amenable to prevention or treatment, would have a
major impact in lowering the incidence and societal costs of Alzheimer’s disease
which is now estimated to affect 25 million people worldwide.
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Some forms of cardiac disease that result in impairment of cardiac output or
function with consequent reduction of cerebral perfusion have been found to
increase AD risk (Alves and Busatto, 2006).

Since 20% of cardiac output goes to the brain and 80% of carotid artery flow
goes to each ipsilateral middle cerebral artery, it is no surprise that vascular lesions
of the gray and white matter are frequently associated with cardiac disease and
carotid artery stenosis, both vasculopathies that can induce cognitive impairment
and probably AD (Alves and Busatto, 2006; de Leeuw et al., 2004; Ivan et al., 2004;
Miklossy, 2003).

Moreover, cerebral hypoperfusion can result in white matter lesions and
cortical watershed microinfarcts in the absence of atherosclerosis or amyloid
angiopathy (Miklossy, 2003), and may induce microinfarcts in the hippocampus
prior to the onset of AD (de Leeuw et al., 2004).

We firmly believe that AD onset can be delayed or possibly prevented if the
heart can be kept healthy and brain hypoperfusion can be treated by restoring
normal blood flow. The upshot would be a major research breakthrough in AD
prognosis if either feat is successfully achieved. Consequently, diet, exercise, and
management of many vascular risk factors amenable to treatment may be the key
to significantly reducing the incidence of this dementia in the future.

B. PrecLINICAL DETECTION OF AD

The most important factor in developing a useful blueprint for AD treatment
is identifying such candidates at the preclinical stage before any incapacitating
cognitive damage has occurred. The reason is that once cognitive meltdown has
begun (which implies serious neuronal damage and tissue atrophy), AD pathology
may be most difficult to reverse or arrest.

Considering AD as a vascular disorder characterized by brain hypoperfusion,
techniques that can detect regional CBF reduction during mild cognitive im-
pairment (MCI), a condition often seen prior to AD, or even before any memory
deficits are measured, will be crucial to predict AD candidates.

In our judgment, three of the most important neuroimaging tools to screen
AD candidates before major clinical symptoms have developed are single-photon
emission tomography (SPECT), injected [18F]fluorodeoxyglucose (FDG) using
positron emission tomography (PET), and transcranial Doppler (TCD) ultraso-
nography. SPECT and TCD can detect with a good degree of sensitivity and
specificy, persons showing regional brain hypoperfusion at the MCI stage, many
who later convert to AD (Johnson et al., 1998; Ruitenberg et al., 2005).
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Preclinical detection of AD as a group is now possible using FDG-PET
although the technique is considerably more expensive and labor intense than
SPECT or TCD. Individuals at risk of AD but who do not express any cognitive
deficits show local hypometabolic reductions of the cerebral metabolic rate of
glucose after FDG in brain regions that will later develop atrophy and neurode-
generation (de Leon et al., 2001). Since measures of glucose metabolic rate and
CBF are coupled (Silverman and Phelps, 2001), FDG-PET studies are proof of
concept that regional brain hypoperfusion precedes Alzheimer clinical symptoms,
A production, and neurodegenerative changes. FDG-PET can also track AD
progression (de Leon e al., 2001).

Existing or developing coronary artery disease in the elderly patient may
worsen age-related cerebral hypoperfusion in the elderly person (de la Torre,
2006). Most patients with ischemic heart disease will present themselves in general
practice. Therefore, the community management of ischemic heart discase has
already become increasingly important and the role of the primary care physician
even more pivotal.

Inasmuch as normalization of diminished cardiac output from any cause may
prevent or reverse MCI (a high risk for prodromal AD) (de la Torre, 2006, 2008,
2009), simple, safe, and reliable diagnostic screens should be applied to older
patients in an effort to reduce the consequences of cardiac-to-brain related AD
risk factors. We have recommended the use of cost-effective, safe, and reliable
noninvasive tools such as echocardiography (Fig. 3) and carotid Doppler ultra-
sound to be used in the elderly individual found to complain of memory difficul-
ties (de la Torre, 2008). Employment of noninvasive screening techniques using
carotid artery ultrasound and echocardiography (CAUSE) (de la Torre, 2008,
2009) in the detection of medically or surgically correctable conditions that reduce
heart or carotid artery blood flow to brain is anticipated to delay or prevent the
progression to Alzheimer’s or vascular dementia (VaD) in many of those affected.
These office procedures involve no needles, no radiation, and no contrast agents
that may cause allergic reactions.

Carotid artery ultrasound is a safe, cost-effective, and reasonably reliable
way to determine the clinical action that may prevent potential or continuing
cognitive decline. Such clinical action could significantly impact on the preva-
lence of incident dementia rate. Echocardiographic measurements can provide a
relatively simple, safe, reliable, and cost-effective evaluation of impaired cardiac
function that may indicate a dangerously reduced level of cerebral perfusion that
can lead to AD.

Echocardiography is also useful in guiding therapy over time. This is possible
by measuring the effect of therapy on multiple parameters of cardiac function,
including diastolic filling and ventricular performance, two major determinants of
preload and therefore of cardiac output (Ahmed ¢t al., 2007). These measurements
have demonstrated considerable prognostic value in symptomatic and
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FiG. 3. Echocardiography image (top) is obtained by placing the ultrasound probe on the surface of
the chest over the heart. Image shows all four chambers of the heart, useful for detecting chamber
enlargement. Valvular disease, hypertension, arrhythmias, left ventricular function, ejection fraction,
and cardiac output can be determined and measured. These cardiac measurements offer a noninva-
sive, cost-effective and reliable approach that can identify often correctable or treatable early lesions of
the heart which may contribute to chronic brain hypoperfusion and possibly AD in the elderly patient
with mild memory complaints. Key: RVOT = right ventricular outlet tract; LVOT = left ventricular
outlet tract; LV = left ventricle; MV = mitral valve; LA = left atrium.

asymptomatic patients with either preserved or abnormal cardiac function
(Ahmed et al., 2007). Such techniques can generally rule out cardiac pathology
and extracranial vessel disease. Cardiac pathology and extracranial vessel disease
have been shown to be major contributors to cerebral hypoperfusion and stroke
(Alves and Busatto, 2006) and their attrition may result in a significant impact on
lowering the prevalence of Alzheimer’s and VaD.

C. TREATMENT OF AD
There is presently no effective treatment for AD. Five drugs are available in

the US market for prescriptive use in AD: Cognex (tacrine), Aricept (donepezil),
Excelon (rivastigmine tartrate), Reminyl (galantamine hydrobromide), and
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Namenda (memantine). The first four above act to slow the synaptic breakdown
of acetylcholine, one of the neurotransmitters important in memory and learning.
Reminyl also targets both AD and “mixed” dementia, that is, AD complicated by
cerebrovascular pathology.

A fifth drug, memantine, is a relatively newer medication for the treatment of
Alzheimer’s disease that works ostensibly by antagonizing the N-methyl-D-
aspartate receptors. Nonprescriptive treatments for AD in present use are nonste-
roidal anti-inflammatory agents (NSAIDs), ginkgo biloba, estrogen, vitamin E,
and prescriptive statins. All these treatments, whether prescriptive or over-the-
counter, at best, provide only very modest control of symptoms generally at the
early stages of AD and offer little to no cost-benefit ratio at the later stages of the
disease (Loveman et al., 2006). Their modest benefit to AD patients must be
weighed against their frequent side-effects, particularly the anti-cholinergic agents
which include nausea, vomiting, dizziness, headaches, and depression. Moreover,
since most clinical trials on the effectiveness of these medicines were sponsored by
industry or industry-paid researchers, a prominent shadow for positive bias has to
be considered (Sismondo, 2008).

It should be noted that the common link binding practically all the medicines
and therapies available or tested experimentally for AD so far is their ability to
muldly increase cerebral perfusion (de la Torre, 2004b). However, since cerebral
perfusion is only slightly improved, the beneficial effect of medicines such as those
listed above is transient and limited. Interestingly, most of the products that
improve AD symptoms also improve the symptoms of VaD. This activity by
medicaments with differing pharmacokinetics and pharmacodynamics, lend
additional support to the concept of brain hypoperfusion in AD and VaD and
reinforce potential therapeutic targets aimed at patients who initially present with
mild cognitive dysfunction and who display declining perfusion to the brain.
New technologies, whose primary goal is to significantly increase cerebral perfu-
sion in such patients, could delay, reverse, or prevent the neuropathological
process that can lead to dementia.

ll. Conclusions

There 1s now compelling evidence that Alzheimer’s disease is a vascular
disorder with neurodegenerative consequences and should be treated as such.
A large body of evidence including epidemiological, pharmacotherapeutic,
and neuroimaging studies support the concept of AD as a vascular disorder
(a vasocognopathy; de la Torre, 2004a) that results in brain hypoperfusion and
consequent neuronal energy crisis that provokes the cellular and molecular
changes that characterize this dementia. Cerebrovascular and cardiovascular
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conditions responsible for reducing carotid artery and cardiac blood flow to the
brain may be crucial clues in better understanding the physiopathology of AD.
This shift in thinking acknowledges the notion that current complacency on the
state of the art has created the gridlock which ignores that something is wrong in
our ability to clinically manage AD after a century of research. In this brief review,
the many vascular-related risk factors to AD including some that are preventable
or amenable to treatment are discussed. Considerable human data now point in
a new direction for guiding future research into AD. A more data driven new
rescarch direction should open a window of opportunity that can lead to new
technologies, create new subfields by revolutionizing the field of dementia and
provide decisive management of this devastating disorder.
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Cerebrovascular disease (CVD) is increasingly recognized as a common cause
of cognitive impairment and dementia, alone or in conjunction with other neuro-
degenerative discases, primarily Alzheimer’s disease. The term vascular cognitive
impairment (VCI) has been proposed as an umbrella term to recognize the broad
spectrum of cognitive changes associated with vascular pathology, mainly charac-
terized by executive impairment together with particular noncognitive features.
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Magnetic resonance imaging (MRI) has become the most important neuroim-
aging methodology for assessing and monitoring the pathological changes involved
in the onset and progression of vascular neurological diseases. Conventional MRI
sequences are usually not sufficient to provide full details about the different degrees
of brain damage underlying vascular disorders. However, newer and more
advanced nonconventional MRI techniques have the capacity to detect invisible
brain damage that would otherwise not be detected. This review outlines some of
the most important neuroimaging techniques commonly used in the diagnosis,
assessment, and monitoring of cognitive impairment in vascular diseases. More
detailed applications of these techniques, specifically for VCI, are discussed.

I. Introduction

A. STRUCTURAL BRAIN IMAGING

Although computed tomography (CT) is still important in many clinical
settings, magnetic resonance imaging (MRI) is becoming the imaging method of
choice, offering better tissue specificity and sensitivity with respect to relative
pathology. Therefore, this section—which discusses structural imaging—will
refer only to MRI studies.

1. Conventional MRI Techniques

T2-weighted imaging (WI) is highly sensitive in detecting vascular lesions.
Upon gliotic transformation, that is, tissue scarring, these appear as local hyper-
intensities of T2 prolongation in the white matter (WM). There are different and
various techniques for identifying T2 hyperintense lesions; among them, the most
often recommended are conventional spin echo (CSE), turbo spin echo (TSE),
and fluid-attenuated inversion recovery (FLAIR) (Zivadinov and Bakshi, 2004).
FLAIR is a MRI sequence for optimized detection of brain parenchymal patho-
logic water content. It is particularly helpful in the evaluation of periventricular
and cortical/juxtacortical lesions, where cerebrospinal fluid (CSF) may mask the
visualization of these lesions on T2-WI (Zivadinov and Bakshi, 2004; Zivadinov
and Cox, 2007). In the last decade, continuous technical improvements in MRI
hardware and software have led to the development of new pulse sequences that
are more efficient and sensitive. Among them, TSE or FSE, proton density (PD)
and fast-FLAIR have already demonstrated their usefulness in a wide variety
of neurologic diseases. Better lesion-to-CSF contrast is achieved with PD because
of the relatively lower signal intensity of CSF on this sequence and improved
lesion-to-tissue contrast. TSE showed greater sensitivity than CSE in detecting
areas of T2 prolongation.
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On noncontrast T1-WI, most ischemic lesions are iso- or hypointense in WM.
T1-hypointense lesions are an important MRI metric of neurodegeneration in
patients with different neurological disorders. They represent a more advanced
pathological substrate of the lesions—mainly axonal loss, Wallerian degeneration,
and gliotic changes (Zivadinov and Bakshi, 2004; Zivadinov and Cox, 2007).

Even though these techniques are highly sensitive to tissue damage, they are
usually not capable of discerning among the possible different pathological origins
of the damage (demyelinating, vascular, tumoral). Therefore, both in clinical and
research practice, they have to be supplemented with the clinical history of the
subject and, most of the time, with other newer nonconventional MRI techniques.

2. Nonconventional MRI Techniques

Magnetization transfer imaging. Magnetization transfer imaging (MTI) is an
advanced MRI technique that has been widely used to evaluate characteristics
and evolution of damaged tissue and normal appearing brain tissue (NABT).
It is based on the interactions and energy exchange between protons that are
unbound in a free water pool with those where motion is restricted due to binding
with macromolecules (Horsfield et al., 2003). MTT uses an off-resonance radio
frequency (RF) pulse to saturate protons in macromolecules and water molecules
that are bound to macromolecules and are normally not visible due to their very
short T2* relaxation times. During pulse sequence acquisition, the saturated
protons may enter the free pool of protons, primarily water, or may transfer
their magnetization to free water protons. As a consequence, a decrease in the
MRI-visible signal is produced in areas characterized by an abundance of macro-
molecules affected by magnetization transfer. Tissue damage is usually reflected
by a reduction in this exchange of protons and thus a decrease in the magnetiza-
tion transfer ratio (MTR). Decreases in MTR indicate a reduced capacity of
free water to exchange magnetization with the brain tissue matrix with which the
water comes into close contact. MTRs can be used to detect changes in the
structural status of brain parenchyma that may or may not be visible with
conventional MRI techniques. Therefore MTT enables semi-quantitative, repro-
ducible characterization of tissue and pathologic entities which could substantially
improve the specificity of MRI (Fig. 1).

Diffusion-weighted imaging. Diffusion-weighted imaging (DWI) and diffusion-
tensor imaging (DTI) are advanced MRI techniques that allow the measurement
of tissue water diffusion-related motion and, as a consequence, provide information
about orientation of water motion within the tissue (Rovaris et al., 2005). These
techniques take advantage of the direction-dependent mobility of protons which is
mainly due to the underlying structure of the brain tissue. The free, random
diffusion is restricted by cellular boundaries in different directions to a varying
degree, for example, diffusion along a myelinated nerve fiber is much easier than
the diffusion perpendicular to it. Similarly, the apparent diffusion coefficient (ADC)
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F1G. 1. Magnetization transfer imaging: sample scan with (A) and without (B) magnetic transfer
pulse. A relative magnetization transfer ratio map (C) is generated.

1s lower in highly structured tissues such as WM and gray matter (GM) than in pure
water. ADC values depend on the orientation of the tissue relative to the measure-
ment. Conventionally, the average ADC i1s calculated from three (DWI) or more
than three (DTI) linearly independent directions that provide information on the
overall diffusivity in the tissue. Pathological processes that modify tissue organiza-
tion can cause abnormal water motion, thereby altering ADC values. Ischemic
events can alter diffusion parameters of brain tissue i vivo, resulting in a decrease of
water diffusivity measurable with different DWI and DTT indices. These measures
include mean diffusivity (MD), fractional anisotropy (FA), entropy and subsequently
tractography outcomes (Fig. 2). It is important to emphasize that, in most instances,
very acute stages of ischemic events can be detected through this technique within
the first hour of onset. On the other hand, such changes are often not recognized on
other MRI sequences. The increased sensitivity of DWI in detecting acute ischemia
1s thought to be the result of the water shift restricting motion of water protons
intracellularly (cytotoxic edema), whereas conventional T2-WI shows signal
alteration mostly as a result of vasogenic edema. However, the exact origin of the
decreased ADC measurements observed in early ischemia has not been fully
established. The diminished ADC value also could be a result of decreased temper-
ature in the malperfused tissues or a combination of all these factors (Busto et al.,
1987; Crain et al., 1991).

Regardless of the cause, decreased apparent ADC is a very sensitive indicator
of an early ischemic brain event at a stage when ischemic tissue remains poten-
tially salvageable (Wolpert et al., 1993).

Atrophy measures. The measurement of brain atrophy is of growing clinical
relevance as a biomarker of the disease process, especially when correlated
with other anatomical and functional information from conventional and non-
conventional MRI. Various tools are available for semiautomatic evaluation of
brain volume, longitudinal studies and intra-/intergroup cross-sectional analysis,
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Fic. 2. Diffusion tensor imaging: Mean diffusivity (A), fractional anisotropy (B), and color-
fractional anisotropy (C) maps are presented. The maps are defined as functions of the eigenvalues
(i.e., the invariants of the diffusion tensor at each voxel); in the RGB (red-green-blue) FA map, the
corresponding eigenvectors are also displayed through color coding. A streamline tractographic
reconstruction (D) is displayed; fibers are reconstructed according to a linear algorithm following the
direction of maximum FA until a threshold value is exceeded.

such as SIENA and SIENAX of the FSL library (http://www.fmrib.ox.ac.uk/fsl/),
FreeSurfer (http://surfer.nmr.mgh.harvard.edu/), and SPM (http://www.{mrib.
ox.ac.uk/fsl/ http://www.fil.ion.ucl.ac.uk/spm/) (Fig. 3). Voxel-based analysis
methods are of growing interest, giving the opportunity to perform local atrophy
measurements and possibly displaying a stronger correlation with functional
estimates. A high resolution 3D T1-weighted scan is necessary for the analysis
and patient age, disease duration, total brain volume or any other presumably
significant parameters are typically taken into account as covariates for the
statistical analysis. A large subject cohort is indeed necessary for gaining sufficient
statistical power, especially considering the sophisticated geometric preprocessing
necessary for group analysis.

Atrophy is now proposed to be included as a secondary endpoint in longitu-
dinal trials aimed at monitoring disease progression and therapy efficacy, as
complementary information to conventional MRI in various diseases such as

multiple sclerosis (MS) and Alzheimer’s disease (AD) (Whitwell, 2008).


http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
http://surfer.nmr.mgh.harvard.edu/
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FiG. 3. Brain segmentation with statistical parametric mapping (SPM) software: (A) 3D-T1 image,
(B) cerebrospinal fluid, (C) gray matter, and (D) white matter segmentation maps are displayed.

B. FuncTioNAL IMAGING

1. Perfusion-Weighted Imaging

Perfusion-weighted imaging (PWI) techniques are sensitive to microscopic
levels of blood flow, defined as the amount of blood flowing into a voxel in a
certain temporal span and measured in ml blood/min/gr tissue. This index may
be altered in disease conditions and accurate monitoring is clinically relevant,
improving our understanding of the pathophysiology of the disease.

With respect to other techniques that noninvasively investigate cerebral blood
flow, such as positron emission tomography (PET), single photon emission
computed tomography (SPECT), and xenon-enhanced computed tomography
(Xe-CT), PWI shows some advantages by not using ionizing radiations, allowing a
better spatial resolution and a better signal-to-noise-ratio (SNR). In addition, PWI
1s typically acquired over a short time, needing only a few extra minutes after
a conventional MRI exam.

Contrast-enhanced relative cerebral blood volume (rCBV) is the most
used perfusion imaging technique for parameter mapping. In this and other techni-
ques, both the ready availability and the T2* susceptibility effects of gadolinium,
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rather than the T'1 shortening effects, make it a suitable agent for use in PWI. Aslong
as the bolus transit through the tissue takes only a few seconds, high temporal
resolution imaging is required to obtain sequential images during the wash-in and
wash-out of the contrast material and for processing and calculation of hemody-
namic maps (including mean transit time (M'T'T), time to peak (T'T'P), time of arrival
(T0), negative integral (N1). An important neuroradiological indication for MRI is
the evaluation of incipient or acute stroke via PWI and DWI. DWI can demonstrate
the central effect of a stroke on the brain, whereas PWI visualizes the larger second
ring delineating blood flow and blood volume. Echo planar and, potentially, echo
volume techniques (such as PRESTO) together with appropriate computing power
offer real time images of dynamic variations in water characteristics reflecting
perfusion, diffusion, oxygenation, and flow; qualitative and in some instances
quantitative maps of regional organ perfusion can thus be obtained (Fig. 4).

2. Nuclear Medical Imaging

The general principle behind nuclear medicine imaging is the following: a
radioactive biologically active substance is chosen in such a way that its spatial
and temporal distribution in the body reflects a particular body function or

F1G. 4. Perfusion-weighted imaging (PWI): Time to peak (A), mean transit time (B), relative
cerebral blood flow (C), and relative cerebral blood volume (D) maps are displayed. These and other
possible maps that characterize entity and timing of tissue perfusivity are powerful and sensitive tools
for summarizing the dynamic changes conveyed by PWI scans.



56 DI PERRI et al.

metabolism. To study the distribution without disturbing body function, only
traces of the substance are administered to the patient.

The radionucleides (radioactive tracers) are unstable nuclei that decay by
emission of gamma rays or positrons (followed by annihilation gamma rays).
Distribution of the radioactive tracer is inferred from the detected gamma rays,
trough instruments known as gamma camera, and mapped as a function of time
and/or space. The most often used radionuclides are Tc-99 m in “single photon”
imaging and F-18 in “positron” imaging (Saha, 2006).

Currently used nuclear neuroimaging techniques are SPECT and PET. They
are both variations on the principle of gamma camera detection of emitted y-rays.
Tomographic reconstruction is used to construct three-dimensional images.
Metabolic activity measures, receptor-binding studies, regional blood flow, and
drug treatment response can be performed by using radiolabeled ligands.
Some applications of PET include evaluation of stroke (blood clot or bleeding
in the brain (Lovblad et al., 1997; Sobesky et al., 2005), study of dementia imaging
(Silverman, 2004) and evaluation of brain tumors (Tian e al., 2004).

The drawback of both SPECT and PET is poor spatial resolution. In some
cases, PET may be more sensitive than SPECT, but PET scanners and tracers are
much more costly than SPECT scanners and are often only available in the largest
medical centers. A way of overcoming this limit, and thereby improving diagnos-
tic accuracy, is to combine the SPECT and PET scanners with a multidetector
computer tomography (MDCT) scanner. SPECT/CT and PET/CT combine a
nuclear image with high-resolution structural C'T images for accurate localization
of lesions and physiological processes (Saha, 2006). Recently, combinations with
MRI scanners have also been introduced to the radiological market.

Nuclear medicine imaging is an effective diagnostic tool in the early diagnosis,
treatment, and prevention of numerous medical conditions. The main advantage
of these techniques is their ability to show molecular function of pathological
organs. This allows diagnosing of certain diseases and various medical conditions
much sooner than with other medical imaging methodologies which provide
mainly structural information about an organ or body part.

C. MEeTaBoLic IMAGING

1. Magnetic Resonance Spectroscopy

In vivo magnetic resonance spectroscopy (MRS) offers information about
the biochemistry of a selected brain tissue volume. This can represent surrogate
markers for the pathology underlying the pathological process of different
neurological diseases (Narayanan et al., 2006).
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MRS is a quantitative method of detecting nonaqueous proton signals that
correspond to certain biological molecules in the brain. In most conventional and
nonconventional MRI techniques, the MR signal originates from water protons
and detailed images of the brain are created based on the different water content
in various brain tissues. The hydrogen nuclei (protons) that are not in water
(nonaqueous protons) are distributed throughout the hundreds of biologically
significant molecules of the living brain. These molecular radio-signals are not
visible on standard MR images because they are overwhelmed by the high signal
derived from the aqueous protons. Each nonaqueous molecule has a unique
radio-frequency specific to the chemical environment itself and distinct from the
frequency of water protons. The amplitude or strength of these radio-frequencies
is dependent on the concentration of the corresponding molecule in the volume of
interest, each at its own radio-frequency position.

The most commonly used MRS technique we refer to, proton (1H) spectros-
copy, measures the relative amplitude of the corresponding peak for each of
several biological molecules by suppressing the signal from aqueous protons
(Fig. 5). The best available and most important cerebral components that have
been studied are N-acetyl aspartate (NAA), choline (Cho), creatinine(Cr)/phos-
phocreatinine (PCr), myoinositol and lactate. NAA is considered an i vivo marker
of neuronal integrity and is often measured relative to Cr (which is thought to be
unaffected by neurodegeneration). The NAA peak in an MR spectrum is
a putative marker of neuronal and axonal integrity, and the Cho peak is largely
a marker of cell-membrane turnover. Decreases in Cho usually represent inflam-
mation and demyelinating processes, while decreases in NAA are markers of
axonal and neuronal injury. On this basis, a reduction in the NAA peak is
interpreted as representing neuronal/axonal dysfunction (Narayana, 2005) and
an elevated Cho peak represents heightened cell-membrane turnover, as seen
mainly in tumors. Therefore, MRS may provide unique information regarding
metabolic changes in the CNS, evaluation of the pathogenesis, severity and
progression of the neurological disease. Other metabolic peaks of increasing
interest in the study of neurologic disorders are the glutamate/glutamine peak,
representing a mixture of amino acids and bioamines used throughout the CNS
as excitatory and inhibitory neurotransmitters (Vrenken et al., 2005), and the
myoinositol peak, representing a sugar-like molecule thought to be a marker of
glial proliferation and now recognized for its importance in osmotic regulation of
brain tissue (Narayana, 2005).

High-resolution 'H MRS is expected to improve our understanding of the
metabolic alterations that accompany ischemia, particularly those related to acid-
base balance. '"H MRS can depict an increase in lactate concentration and
concomitant decrease in intracellular pH in the hyperacute ischemic stage when
conventional MRI signal abnormalities are minimal.
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FiG. 5. Multi-voxel sMR: a TE = 25 ms (A) and TE = 144 ms (B) scan are reported with the fitted
spectrum and estimated peak ratio reported for each voxel. A mixed Gaussian-Lorenztian peak shape
was chosen for the fit as the most general. Single-voxel sMR: a TE = 25 ms (C) and a TE = 136 ms
(D) scan are reported with the corresponding fit overlaid. The higher biochemical specificity of short TE
scans is evident at the expense of the less accurate fit due to an irregular baseline and to peak overlap.

Il. Vascular Cognitive Impairment

A. TERMINOLOGY

After AD, CVD is recognized as the second most common cause of acquired
cognitive impairment and dementia, alone or in conjunction with other neurode-
generative disorders (O’Brien, 2006).

Progress in the concept of vascular cognitive impairment (VCI) has been
seriously limited by difficulties in finding agreement with respect to terminology.
O’Brien et al. (2003) have proposed using VCI as an umbrella term, including all
aspects and degrees of cognitive impairment resulting from vascular brain dam-
age. Conversely, some authors favor regarding vascular dementia (VaD) and VCI
as two different entities (Roman et al., 2004). Although several definitions exist,
both DSM-IV and ICD-10 require the presence of memory impairment as an
absolute requirement, in addition to one or more other cognitive domains
being affected. This has been largely criticized, since the presence of memory
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impairment is known to be more prevalent in neurodegenerative disease, such as
AD, than in CVD. The use of a term of dementia that does not require memory
impairment and instead focuses on cognitive symptoms such as executive deficits
(known to be affected more in GVD) would possibly solve this dilemma. For the
purpose of this review, the term VCI will be considered to refer to all forms of mild
to severe cognitive impairment associated with and presumed to be caused by

CVD (O’Brien, 2006; O’Brien ¢t al., 2003).

B. CLASSIFICATION

The proposed classification by O’Brien et al. (O’Brien, 2006; O’Brien ef al.,
2003) distinguishes between sporadic and hereditary disorders that represent the
two main categories. The sporadic VCI is further divided into several clinical
subtypes: post-stroke dementia (PSD), VaD, mixed AD and VaD (mixed dementia)
and, finally, vascular mild cognitive impairment (VaMCI). The term VaD is
again subclassified into multi-infarct dementia, subcortical ischemic vascular
dementia (SIVD), strategic-infarct dementia, hypoperfusion dementia, hemorrhagic
dementia, and dementia caused by specific arteriopathies.

1. Classification of Sporadic Vascular Cognitive Impairment

Sporadic VCI is a clinical-pathological entity which includes several different
sporadic vascular disorders which are not yet fully defined, whose main feature is
their contribution to cognitive impairment.

Post-stroke dementia. PSD includes all types of dementia that happen after
stroke, irrespective of their cause (Leys et al., 2005). Their prevalence is likely to
increase in the future, because of the decline in mortality after stroke (Rothwell
et al., 2004) and the aging population. Community-based studies suggest that
having a stroke doubles the risk of dementia (Leys et al., 2005). PSD might be the
result of vascular lesions, AD, WM changes or a combination of these. The causes
of PSD differ among studies in relation to patient age, time after stroke, ethnicity
and criteria used. The risk factors are in general the same as for most vascular
disease (arterial hypertension, history of high cholesterol, diabetes, forms of heart
disease). Stroke-related variables associated with an increased risk of PSD are
stroke severity, cause, location, and recurrence (Leys et al., 2005). Most studies
have found that a more severe clinical deficit at onset is associated with a higher
risk of PDS (Tatemichi et al., 1992, 1990). The risk of PSD and its severity are not
influenced by the type of stroke (ischemic or hemorrhagic) (Barba et al., 2000;
Linden ez al., 2004) (Fig. 6).

Vascular dementia. Multi-infarct dementia, also known as cortical vascular
dementia, is the traditional term used for VaD and the consequence of multiple
large cortical infarcts (Hachinski et al., 1974). It is clinically characterized by a
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FiG. 6. Acute stage of left medium cerebral artery ischemic stroke: as shown on the images, the
ischemic acute stage is visible on DWI-weighted images earlier than on conventional MRI: (A) ADC
(B) eADC, and (C) conventional T2-weighted MRI scan.

relatively abrupt onset (days to weeks), a stepwise deterioration and a fluctuating
course. It is related predominantly to large vessel disease and cardiac emboli
events, being characterized by cortical-subcortical, arterial, territorial, and distal
field infarcts (watershed areas).

Subcortical ischemic vascular dementia. SIVD 1is attributed to small-vessel disease
and it is characterized by lacunar infarcts, ischemic WM lesions, and incom-
plete ischemic injury (Decarli, 2004; Wallin et al., 2003). The clinical onset is
variable (Babikian and Ropper, 1987) and the course is gradual, with or without
acute deficits. The early cognitive syndrome of SIVD is characterized by a
dysexecutive syndrome with slowed information processing. The dysexecutive
syndrome includes impairment in goal formulation, organizing, planning, execut-
ing, and abstraction (Cummings, 1994). Memory loss is usually milder than in
AD. In this subgroup of VaD, the onset is often more insidious and temporal
relations between cognitive syndrome, brain imaging findings and vascular dis-
case may not be clear (O’Brien et al., 2003).

Hemorrhagic dementia. Hemorrhagic dementia is usually due to uncontrolled
hypertension or vascular malformations, subarachnoid hemorrhage and
intracerebral hemorrhage, with or without vasospasm. Due to the extent of the
hemorrhage, patients often show additional neurological impairments such as
sensorimotor changes or gait impairment. One of the most common causes of
hemorrhagic dementia is subdural hemorrhage. Although it is primarily post-
traumatic, considering it a vascular injury makes subdural hematoma a common
and insidious cause of VCI in clinical practice (Starkstein ez al., 2005).

Much more common than epidural hemorrhages, subdural hemorrhages
generally result from shearing injuries due to various rotational or linear forces
(Maxeiner and Wolff, 2007). The disease is commonly seen in the elderly and in
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alcoholics, who have evidence of brain atrophy. Cerebral atrophy increases the
length the bridging veins have to traverse between the two meningeal layers (dura
and arachnoidea), hence increasing the likelihood of shearing forces causing
a tear. It is also more common in patients on anticoagulants, who can have a
subdural hematoma with a minor injury. Chronic subdural bleeds can develop
over a period of days to weeks, often after minor head trauma, though such a
cause 1s not identifiable in 50% of patients. They may not be discovered until they
present clinically months or years after a head injury and they are rather common
in the elderly (Kushner, 1998) (Fig. 7).

Strategic-infarct dementia. It is characterized by focal, often small, ischemic
lesions involving specific sites critical for specific higher cortical functions.
Cortical sites more often affected are the hippocampal formation, angular gyrus
and cingulate gyrus and thalamic infarcts (bilateral or monolateral).

Dementia caused by specific arteriopathies. Arteriopathies such as cerebral vasculitis,
that 1s, acute or chronic inflammatory changes of small, medium, and large
arteries or veins, can be cause of multiple ischemic lesions and lead to VCI.
They are often accompanied by systemic signs of fever, malaise, and weight loss.

Some rare arteriopathies such as inflammatory arteriopathy (e.g., polyarteritis
nodosa, temporal arteritis) and noninflammatory arteriopathy (e.g., moyamoya
disease, fibromuscular dysplasia) can cause multiple infarcts and lead to vascular
dementia as well. In cerebral amyloid angiopathy-associated vasculopathy, aneu-
rysm formation and stenosis in the leptomeningeal and cortical vessels cause
damage to the subcortical WM. In hereditary cystatin-C amyloid angiopathy,
patients have recurrent cerebral hemorrhages before the age of 40 that can lead
to dementia.

FiG. 7. Coronal and axial images of subdural hemorrhage on conventional MRI T2-weighted
sequence (A and B).



62 DI PERRI et al.

Hypoperfusion dementia. Hypoperfusion due to large vessel or cardiac disease can
affect the watershed areas of the brain and lead to vascular dementia. A correlation
between systolic blood pressure reduction and cognitive decline in women, which was
not accounted for by other factors, has been recently demonstrated (Zhu ¢t al., 1998).
Baseline blood pressure was not found to be significantly correlated to cognitive
decline with initial good cognition (Zhu et al., 1998). It has also been suggested (Skoog
etal., 1998) that age-related changes in brain structure may contribute to the decrease
in blood pressure in the very elderly, and that low blood pressure in dementia
disorders is mainly a secondary phenomenon. Some researchers, therefore, have
speculated that blood pressure reduction might be an early change in the dementing
process, but further studies are necessary to clarify this aspect.

Mixed AD and VaD (mixed dementia). Mixed dementia has for a long time been
underestimated as a common cause of dementia, particularly in the elderly.
In fact, its diagnosis is still mostly a challenge. It has been shown that different
vascular factors, including arterial hypertension and stroke, increase the risk of
AD. Frequently, CVD coexists with AD (Decarli, 2004; de la Torre, 2004). This
overlap 1s increasingly important in the elderly population since GVD 1is a
potentially preventable and treatable cause of dementia. The actual relationship
between AD and vascular pathology is still unclear. They may represent two
independent co-occurring pathologies which happen to share risk factors (Decarli,
2004). However, accumulating evidence shows that vascular changes may actual-
ly stimulate or exacerbate the formation of AD pathology. For example, vascular
disease might determine vessel wall thickening and reduce the efficiency of the
perivascular drainage system, leading to a reduced rate of elimination of amyloid
(Nicoll e al., 2004) through the drainage system. Some of the most challenging
clinical scenarios include VaD patients with an insidious onset or slow progression
and AD patients with evidence of vascular lesions upon brain imaging. Given that
reliable biological markers for recognizing AD and discerning it from mixed
dementia do not yet exist, neuroimaging plays an important role as a potential
marker. In fact, besides early episodic memory impairment and low concentra-
tions of CSF peptides with high tau protein concentrations, early and significant
medial temporal lobe atrophy on MRI and bilateral parietal hypoperfusion on
SPECT are strongly suggestive of AD (Erkinjuntti, 2007).

Vascular mild  cognitive impairment. VaMCI 1s a low degree of cognitive
impairment resulting from CVD which does not meet the criteria for dementia.
This entity has been relatively underestimated and understudied compared to the
nonvascular pre-Alzherimer’s (MCI) (Petersen et al., 1999). However, recent
studies have shown a higher percentage of VaMCI than VaD (Rockwood et al.,
2000) and a high tendency for converting into dementia in a relatively short time
(Wentzel et al., 2001).
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2. Hereditary Vascular Cognitwe Impairment

Understanding of the pathogenesis of vascular disease has improved greatly in
recent years, and many molecular genetic conditions related to this symptom have
been found. Among them, there is strong interest in cerebral autosomal dominant
arteriopathy with subcortical infarcts and leucoencephalopathy (CADASIL).

CADASIL is an inherited CVD due to mutations of the Notch3 gene at the
chromosome locus 19p13. The clinical spectrum includes recurrent ischemic
episodes, cognitive deficits, migraine and psychiatric disorders. The histopatho-
logical hallmark of CADASIL is accumulation of electron dense granules (GOM)
in the media of arterioles. CADASIL was initially thought to be a rare disorder,
but increasing numbers of families have been identified; therefore, it is likely that
CADASIL 1s still largely underdiagnosed (Federico et al., 2005). The course of the
disease is very heterogeneous, even in the same family; some patients remain
asymptomatic until their 70s, whereas others are severely affected from the age of
50 onward (Fig. 8).

Fic. 8. Axial FLAIR sequence displays sample images of CADASIL MRI pattern of conventional
MRI in a 32 y.o. patient.
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C. HistoraTHOLOGY OF VCI

Vascular disease produces either focal or diffuse effects on the brain and may
cause cognitive decline. Focal CVD occurs mainly secondarily to thrombotic or
embolic vascular occlusions. Common areas of the brain associated with cognitive
decline are the WM of the cerebral hemispheres and the deep GM nuclei, especially
the striatum and the thalamus. Hypertension is the major cause of diffuse disease
and, in many patients, both focal and diffuse disease forms are observed together.
The five most common pathological findings of VaD are white matter hyperinten-
sities (WMH), macroscopic, lacunar and/or microscopic infarcts and microbleeds.

1. White Matter Hyperintensities

WMH, as revealed by MRI-histopathological studies, are associated with evi-
dence of hypoxic tissue injury (Fernando ez al., 2006), with reduced capillary density
not only in the lesions but also in normal-appearing WM (Brown et al., 2007).
However, smooth periventricular lesions directly adjacent to the ventricles of high
T2 signal are considered by some researchers to be of nonischemic origin and consist
of areas of demyelination, subependymal gliosis and discontinuity of ependymal
lining (Fazekas et al., 1993).

The most important risk factor for WMH 1is age, but other known risk factors
are hypertension and decreased peak expiratory flow, elevated levels of glycated
hemoglobin (Murray et al., 2003), type 2 diabetes (Korf et al., 2006) and cigarette
smoking (Liao et al., 1997).

2. Macroscopic Infarcts

Infarctions involving areas of major cerebral arteries may result in large
territorial lesions with a variable amount of tissue loss. The infarcts develop in
typical stages of gliosis with increased water content. The intensity of gliotic
scarring is used in pathological studies to judge the degree and age of
the infarction (Jellinger, 2007). Hypertension, diabetes, hypercolesterolemia,
smoking, and heart disease are the most common risk factors for infarcts.

Multiple cortical infarcts are believed to be the neuropathological cause of
multi-infarct dementia (Hachinski ez al, 1974). In multi-infarct dementia, the
combined effects of different infarcts produce cognitive impairment by affecting
neural networks. The cognitive impact of large complete infarcts depends on
localization and the extent of the ischemic lesion.

3. Lacunar Infarcts

Lacunes (small infarcts in WM and deep GM structures with diameters
ranging from 3 to 15 mm) (Jellinger, 2007), represent different stages of ischemic
injury exhibiting loss of axons and myelin together with reactive changes (Ishii
et al., 1986). In pathological studies, they have been associated with cognitive
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decline independent of other dementia pathology such as AD (Gold et al., 2005).
Some studies have reported that subcortical lacunes and multiple widespread
infarcts are the most common morphologic substrates of VaD ( Jellinger, 2007).

Lacunes in SIVD are typically located in the caudate, globus pallidus, thalamus,
internal capsule, corona radiata, and in frontal WM (O’Brien ¢t al., 2003). Lacunar
state is a condition in which numerous lacunae are present, which indicates wide-
spread severe small-vessel disease. It is due to small-vessel disease affecting all the
small vessels of the brain. The amount of lacunes has been found to be a significant
predictor of cognitive status in the elderly and of executive dysfunction in patients
3 months after an ischemic stroke (van der Flier et al., 2005; Vataja et al., 2003).

4. Mucroscopic Infarcts

Recently, there has been increasing focus on the contribution of cortical micro-
infarcts (not visualized by current available neuroimaging techniques) to cognitive
decline both in normal aging (Kovari ¢ al., 2004), VaD and mixed dementia (Gold
et al., 2007a). Cortical microinfarcts might be as strong a predictor of cognitive
decline as is the presence of neurofibrillary tangles in AD (Gold et al., 2007b).

5. Microbleeds

Microbleeds (MBs), characterized histopathologically by the presence of
hemosiderin around small vessels (Fazekas e/ al., 1999), display themselves in
several ways, mainly as hypertensive arteriopathy or amyloid angiopathy
(Fazekas et al., 1999). MBs are often detected in demented individuals, such as
patients with AD (Hanyu et al., 2003), CADASIL (Dichgans et al., 2002), subcortical
vascular dementia (Won Seo ¢t al., 2007) or memory loss (Cordonnier ¢t al., 2006).
Cordonnier ez al. (2006) studied the prevalence of MBs in a large cohort of patients
(772 patients) attending a memory clinic. They found that 65% of patients with
vascular dementia exhibited MBs, vs 18% of AD patients, 20% of mild cognitive
impairment patients, and 10% of patients with subjective complaints. The
presence of MBs was associated with age, WMH, lacunar infarcts, and infarcts.
This finding of a relatively high proportion of MBs in AD and mild cognitive
impairment also provides further evidence for the involvement of vascular factors
in neurodegenerative diseases such as AD.

D. DiacnosTIic NEUROIMAGING CRITERIA IN VCI

Conventional imaging plays a central role in the diagnostic work-up in most
vascular disorders. It is suggested that MRI should be incorporated as an essential
part of clinical trials involving VCI (O’Brien et al., 2003; Schmidt e al., 2007), but
the pulse sequences, techniques and clinical outcome to be used remain a matter
of debate (Enzinger et al., 2005; Schmidtke and Hull, 2005).



66 DI PERRI et al.

Of the available diagnostic criteria for VaD, only two of them, the NINDS-
AIREN (Roman et al., 1993) and the State of California AD Diagnostic and
Treatment Centers (ADDTC) criteria (Chui et al., 1992), require radiological
findings of CVD in the form of infarcts or WMH.

E. THERAPEUTIC STRATEGIES

Therapeutic approaches can be divided into primary prevention (preventing
the occurrence of CVD), secondary prevention (Fig. 9) (preventing the exacerba-
tion of GVD), and symptomatic treatments (O’Brien, 2006).

Much is known about primary prevention, which mainly consists of preventing
the vascular disease leading to VCI by reducing the above-mentioned risk factors
(mainly hypertension, cigarette smoking, hyperlipidemia, etc.). However, the
degree to which primary prevention can affect nonstroke-related damage and, in
particular the development of WMH, is still mostly unclear. Secondary prevention
consists mostly of preventing recurrent vascular episodes, mainly strokes, by the use
of antiplatelet agents, carotid endarterectomy, anticoagulants for atrial fibrillation
and decreasing blood pressure (O’Brien, 2006).

Regarding symptomatic treatments, several different trials have been under-
taken, although they have been largely criticized, mainly because they have
focused more on AD than VCI (the AD group is much bigger, and the effect on
society would thus be more significant). One single study in VaD showed that
aspirin yielded better cognitive outcomes for treated as opposed to untreated
patients (Meyer et al., 1989). Many studies suggest that cholinesterase inhibitors
may prove beneficial in the treatment of VaD, both in cognitive and behavioral
symptoms, as they already have in the management of AD (Erkinjuntti et al., 2002;
Pratt and Perdomo, 2002).

F16. 9. T2w (A) and GRE axial images (B) in a case of amyloid angiopathy.
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With respect to neuroimaging, such treatment effects would be especially
interesting considering primary prevention strategies. The various neuroimaging
techniques have, as shown below, been able to detect both established CVD as
well as preclinical brain damage in healthy individuals possibly at risk. In this
respect, neuroimaging may serve as an important tool of the future in attempts to
reduce the prevalence of VCI.

ll. Updates on Neuroimaging Techniques in VCI

A. CONVENTIONAL STRUCTURAL MRI

Conventional MRI techniques play an important role both for diagnosis and
prognosis in VCI patients. Our knowledge of both incidental and disease-related
findings has greatly increased during the last decades and allowed a better
understanding of the pathological basis of VCI. However, VCI shows no patho-
gnomonic imaging features. Infarct location often does not correlate with the
cognitive profile, and neuroimaging can establish the chronology of lesions only
with certain limits and cannot offer information about the relative contribution of
neurodegenerative versus ischemic processes to the clinical presentation.

1. White Matter Hyperintensities

Apart from providing indications of ischemic lesions, MRI has, due to its
widespread availability, resulted in increased recognition that WMH on T2-WI
are common incidental findings in the brains of otherwise clinically healthy
individuals (Fig. 10) (Enzinger e/ al., 2006; Fazekas, 1989; Wen and Sachdev,
2004). In fact, epidemiological imaging studies show that WMH are extremely

FiG. 10. Normal findings in healthy individuals on conventional MRI: (A) axial FLAIR image,
(B) axial T2-weighted image.
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common in the elderly (de Leeuw et al, 2001; Liao et al, 1997; Wen and
Sachdev, 2004). In a population-based study, de Leeuw et al. (2001) showed
that, of 1077 subjects between 60 and 90 years of age, only 5% had no WMH
detectable on MRI. Other studies have shown up to 90% prevalence of WMH
(Sachdev et al., 2005). Most studies show that women have more WMH changes
than men (de Leeuw ¢t al., 2001; Sachdev et al., 2007; van den Heuvel ¢t al., 2004),
while some others show contradictory findings (Wen and Sachdev, 2004).

Accumulation of WMH around the ventricles, also called leukoaraiosis,
appears as a bright signal on T2-WI, indicating pathology involving increased
water content and gliotic scarring in the WM of the brain. The FLAIR sequence
1s commonly used for detection of these WMH. Typical WMH in subcortical
ischemic disease include extensive periventricular and deep WM signal abnorm-
alities, usually located in the genu and anterior limb of the internal capsule,
anterior corona radiata and anterior centrum semiovale (O’Brien ¢t al., 2003).

In nondisabled elderly living independently, age-dependent WMH have been
recently reported as relating to both global cognitive dysfunction and various specific
cognitive performances such as executive function, attention, and speed processing
(Verdelho et al., 2007). Despite evidence that age-related WMH influence cognitive
status, some studies report that there is no such relationship, suggesting that MRI
might be oversensitive when it comes to WMH, and that higher water content in the
brain does not necessarily result in loss of function (Schmidtke and Hull, 2005). The
association between WMH (especially low grade) and cognition in nondemented
individuals is at the present time complex and not fully understood.

In subjects affected by VaD, the NINDS-AIREN criteria (Roman e al., 1993)
require that WMH involve at least 25% of total brain WM. In order to be
significant, WMH must be diffuse and characterized by irregular periventricular
lesions extending into deep WM, sparing areas thought to be protected from
perfusion insufficiency (e.g., subcortical U-fibers and external capsule-claustrum-
extreme capsule). Studies on the relationship between WMH in VaD and cogni-
tive impairment have led to contradictory results (Cohen et al., 2002; Fernando
and Ince, 2004).This can be explained by the fact that the relationship between
WMH and dementia might be driven by a threshold effect (Libon ez al., 2008;
Wright et al., 2008), which implies that a certain amount of WMH is needed to
have clinical consequence. Once this threshold is reached, other factors might
contribute more to cognitive impairment than WMH volume (Sweet ¢t al., 2003).
In VaMCI patients, recent studies have also found an association between WMH
volume and deficits on cognitive tests (Debette e¢f al., 2007; Sachdev et al., 2006;
Yoshita et al., 2006), especially for executive dysfunction (Bombois et al., 2007).
Furthermore, periventricular WMH have been found to predict conversion to
VaD and mixed dementia, but not to increase the risk of developing other
dementias like AD, DLB, and fronto-temporal dementia (Bombois et al., 2008).
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2. Macroscopic, Lacunar, and Microscopic Infarcts

Cerebral infarction is focal brain necrosis due to complete and prolonged
ischemia that affects all tissue elements, neurons, glia, and vessels. As previously
described, they differ from each other with regards to their size and spatial
location. The clinical consequences vary as well, depending on the size and
location of the infarct, that is, a very small infarct in a core region such as the
rolandic area can lead to pronounced deficits with very poor outcome, whereas a
larger ischemic event in a not “eloquent” location can be of much less impor-
tance, that is, remain clinically silent. On conventional MRI such infarcts are seen
as hyperintensities on T2-WI regardless of their cause, and they can be detected as
soon as they enter into a subacute stage. For detecting the acute stage of an infarct
and, therefore, the therapeutical possibilities of limiting the structural damage and
neurological consequences, nonconventional techniques play a superior role.

The amount of lacunes has been found to be a significant predictor of
cognitive status in the elderly (van der Flier et al., 2005), in CADASIL disease
(Liem et al., 2007), as well as in the executive dysfunction of nondemented patients
(Carey et al., 2008) and 1n post-stroke patients (in the last ones in conjunction
with temporal lobe atrophy, WMH volume, education, and Mini-Mental State
Examination (MMSE)) (Vataja et al., 2003). However, an earlier study found no
association between either volume or localization of lacunes and cognition in
SIVD (Fein et al., 2000). The exact impact of lacunes on cognitive decline in SIVD is,
therefore, not yet established and fully understood.

3. Microbleeds

In patients with lobar intracranial hemorrhage, cognitive decline has been
shown to be more severe in subjects with larger numbers of MBs at baseline
(Werring et al., 2004). In a recent study, MBs appear to be primarily associated
with global cognitive impairment even in subjects with no history of neurological
disorder (Cordonnier et al., 2006; Werring et al., 2004).

4. Hereditary VCI

In hereditary VCI such as CADASIL, conventional MRI reveals extensive
cerebral WM lesions, subcortical infarcts and MBs. CADASIL is characterized by
WMH on T2-WI in the subcortical WM and basal ganglia. Two major types of
abnormalities were first observed by Skehan e al. (1995) and later confirmed by
other studies (Lesnik Oberstein et al., 2003). The most striking findings were large
confluent patches of high-signal change on T2- and proton density-weighted
images present throughout the white matter, especially in the anterior part
of the temporal lobes and the periventricular portion of the occipital lobes.
Additionally, small linear and punctuate lacunes were detected, present not only
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in the periventricular white matter but also in the brain stem, basal ganglia,
thalamus, external capsule, and corpus callosum (Skehan et al., 1995).

One of the main disabling symptoms of this disease is the cognitive
impairment, providing CADASIL as a pure VCI entity. A recent study by
Viswanathan et al. (2007) showed that, among the lesions observed on conven-
tional MRI in CADASIL, the overall lacunar lesion burden seems to have the
most important impact on cognitive function and disability. These findings
suggest that preventive strategies to decrease the risk of lacunar lesions as
observed on MRI may reduce disease-related impairment in CADASIL. These
results suggest that lacunar lesions may also play a key role in disability and
cognitive impairment in more common forms of small-vessel disease.

5. Brain Atrophy

Analyses estimating brain volumes have been widely used with respect to
ischemic pathology. In normal aging, a large epidemiological study found that
high WMH volume correlated with GM atrophy (Wen et al., 2006). Medial
temporal lobe atrophy (MTA) was recently demonstrated to predict cognitive
status after stroke alone (Firbank e al., 2007) or in conjunction with brain infarct,
WMH volume, and the subject’s educational level (Pohjasvaara et al., 2000).

In CADASIL, atrophy is currently investigated as an additional important
characteristic of the disease (O’Sullivan et al., 2007; Peters et al., 2006). Cerebral
volumetric assessment might thus be an additional aspect in understanding the
pathogenesis behind neuropsychiatric and neurobehavioral changes in ischemic
brain diseases. A limitation to keep in mind is that brain atrophy might develop
rather late in the course of some diseases and for the time being serves mostly to
characterize the natural development of the pathology.

B. NONCONVENTIONAL TECHNIQUES

1. Diffusion-Weighted Imaging and Diffusion-Tensor Imaging

Data from healthy individuals and patients with MCI and dementia, inde-
pendent of their cause, converge on highlighting a positive correlation between
cognitive performance and fractional anisotropy, and a negative correlation
between cognitive performance and mean diffusivity (Kapeller et al., 2004).
Moreover, correlations between diffusional measurements and behavioral
scores (e.g., side-alternating tapping speed) have been reported for normal
individuals.

Diffusion tensor variants have also been previously shown to yield a better
correlation with cognition than conventional MRI measures in VCI. DTT indices
have been proved to correlate much more strongly with cognitive function than
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WMH volume in patients with ischemic lesions. The correlation was strongest for
diffusivity of normal appearing WM (NAWM), and remained significant after
controlling for conventional MRI parameters, including brain parenchymal
volume and T1 and WMH volumes. Regarding conventional measurements,
brain volume predicted cognitive impairment best. Of special interest is the
finding that DWI/DTT was able to detect specific pathology in NAWM, demon-
strating the technique as a highly sensitive and early predictor of brain damage.
This is in line with a pathological study combining postmortem MRI and
histology (Brown et al., 2007), and shows the great potential of newer imaging
techniques. DWI might thus serve as a promising imaging technique for further
knowledge about vascular changes in the brain not visible on traditional MRI
scans and for exploring the mechanisms of cognitive dysfunction in these patients.

2. Magnetization Transfer Imaging

In many previous studies, WMH were not further evaluated than assessing the
total volume of WMH based on T2-WI. As a result some studies show only
correlations, if any, between the WMH volume on one hand and measures of
cognitive function or risk factors on the other.

Recently, MTT has demonstrated that age-related WMH are quite heteroge-
neous despite their similar appearance on T2-WI, which is assumed to reflect
histological differences in these lesions (Spilt et al., 2006). Thus, by taking into
account the heterogeneity of age-related WMH, both in terms of etiology and in
terms of the severity of tissue destruction, a better understanding of the causes and
consequences of these lesions and other tissue structure abnormalities leading to
VCI can be obtained. This might explain previous contradictory findings on the
clinical impact of WMH, since these lesions are not uniform.

C. MEetrasoLric IMAGING

1. Magnetic Resonance Spectroscopy

MRS has been shown to be superior to conventional MRI measurements in
predicting cognitive decline after stroke. In a longitudinal study (Ross et al., 2006),
reduced frontal WM NAA/Cr and NAA appear to be useful predictors of
cognitive decline over 12 months and 3 years in stroke/TIA and healthy aging,
respectively. MRS may therefore play a useful role in the early investigation of
individuals at increased risk of cognitive decline after stroke/TTA. Individuals
identified to be at risk for cognitive decline may potentially benefit from early
interventions. These MRS results were better predictors than hippocampal vol-
ume, whole brain or WMH volumes. As suggested by the authors, assessment of
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frontal NAA/Cr ratio might serve as a possible biomarker for identifying patients
at risk for cognitive decline after stroke/TTA.

D. FuncTioNaL IMAGING

Contrary to the case in neurodegenerative disorders, functional imaging has
played a minor role compared to structural imaging in the investigation of
cognitive impairment in CGVD. Despite this, its use has been recently growing.
It is therefore proposed by Nagata et al. (2007) that the old VaD criteria should be
revised especially due to new insight brought by nuclear imaging techniques.

1. Perfusion-Weighted Imaging

Zimny et al. (2007) studied 64 patients with dementia with different degrees of
cognitive impairment to assess the relationship between cognitive impairment
according to the MMSE and values of CBF, CBV, and MTT obtained in
perfusion CT (pCT). The results of this study showed that CBF and CBV
calculated with pCTT correlate with cognitive impairment in patients with demen-
tia and thus may play a role in monitoring disease progression or therapeutic
response (Zimny et al., 2007). This may be a good setting for developing new
studies using either pCT or perfusion MRI, the latter losing in spatial resolution
but gaining in tissue specificity.

2. SPECT and PET

Functional imaging studies in VCI have mainly focused on cerebral metabolism
and rCBF using techniques such as 18F-2-fluorine-2-deoxyglucose (FDG)-PET and
perfusion SPECT. The pattern of altered brain metabolism is more variable in
vascular disorders than in neurodegenerative, reflecting the heterogeneity of the
lesions involved. Still, a few studies have found that functional nuclear imaging can
distinguish VaD from differential diagnoses such as AD (Kerrouche e al., 2006;
Miclke et al., 1994; Nagata et al., 2000) and frontotemporal dementia (Lojkowska
et al., 2002). Functional imaging can be used to see the remote effect of different
ischemic lesions on higher cerebral functions. In the past few years, radiotracer
imaging has been used in many studies to address this issue.

For lacunar infarcts, Clarke et al. (1994) found that an isolated infarct in the left
anterior nuclei of the thalamus in a patient with clinical amnesia was associated
with reduced metabolism in the thalamus, amygdala, and posterior cingulate
cortex. These are all regions known to be involved in memory functions. Another
study found that not only symptomatic but also silent lacunes were associated with
global reduction of brain glucose metabolism (Takahashi ez al., 2000).

PET and SPECT have also evaluated the effect of WMH on cerebral metab-
olism (Clarke et al, 1994; Sultzer et al, 1995; Takahashi et al., 2000). In a
FDG-PET study of subjects with no signs of neurological disorders, Takahashi
et al. (2000) found that an increasing severity of incidental WMH, particularly
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periventricular lesions, was associated with reduced cerebral metabolism. Fur-
thermore, the periventicular lesions were associated with reduced performance on
tests for attention and speed. An FDG-PET study (Sultzer ¢t al., 1995) investigated
the effect of various ischemic subcortical lesions on cortical metabolism in patients
with VaD. This study, with relatively few subjects and heterogeneity in lesion
types, found that the type of subcortical pathology had a different influence on the
amount of reduced metabolism in the cortex. In general, reduced metabolism was
associated with the presence of WMH and lacunes. In addition, the severity of
WM lesions correlated with anxiety, depression and overall severity of neuropsy-
chiatric symptoms. Reed et al. (2004) performed a PET study investigating the
impact of subcortical ischemic lesions on neuropsychological status in ischemic
VaD, taking cerebral glucose metabolism, and both hippocampal and cortical
atrophy, into consideration. The results showed that the functional impact of
subcortical lesions, both lacunes and WMH, was strongest in the dorsolateral
frontal cortex. The MRI pathology correlated with hypometabolism here
and also with reduced executive function on neuropsychological tests. Hypome-
tabolism and dysexecutive function was also associated with cortical atrophy,
suggesting that this contributed to the clinical and imaging findings.

In SIVD, Yang ¢t al. (2002) reported that, rCBF measured by SPECT showed
a characteristic pattern with reduced metabolism in deep GM structures, superior
temporal, and ventral subcallosal gyri. This pattern correlated with cognitive
dysfunction. Taken together, the above studies suggest that vascular pathology
may affect cerebral metabolism in a way that contributes to the cognitive
dysfunction observed in VCI.

E. CORRELATIONS BETWEEN IMAGING FINDINGS AND PATHOLOGY

Regarding ischemic changes in WM, lesion size is found to correlate with
severity of pathologically confirmed tissue damage (Fazekas et al., 1993). A recent
combined neuropathological and MRI study found that both lacunes and WMH
identified by imaging showed good correlation with CVD ( Jagust ez al., 2008).

Nonconventional MRI techniques, such as DWI (O’Sullivan et al., 2004),
MRS (Ross et al., 2006), and MTT (Spilt et al., 2006), may increase both the
sensitivity and specificity of detecting histopathological changes that are not seen
by conventional MRI sequences.

IV. Conclusions

Neuroimaging plays an important role in the assessment of cognitive
impairment in vascular disease. Conventional MRI findings have been extensively
mnvestigated and correlated with cognitive function in vascular patients.
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Despite recent advances, many unsolved problems and questions remain to be
answered. In fact, conventional MRI findings of WMH are unspecific and might
not differentiate between various grades of histopathological damage. Higher field
strength MRI (3 T and more) and newer nonconventional techniques can provide
important contributions toward better understanding of the pathophysiology of the
disease and the relation between vascular lesions and cognitive function. Functional
imaging provides important knowledge about how the ischemic lesions affect brain
activity and may help clarify the brain’s plasticity- and receptor-dependent com-
pensatory mechanisms in patients with a variety of neurological disorders, including
vascular diseases. Nonconventional imaging goes beyond MRI-visible pathology,
providing more information about subtle brain damage in VCI. Its results suggest
that better understanding of the pathophysiological aspects of the disease may be
obtained in the future. These techniques are unique tools for i vivo assessment of
VCI and are useful in establishing diagnosis, monitoring disease activity, measuring
therapeutic effect, and explaining the development of disability in the short and
long term. They should be extensively taken into consideration for developing a
new and more unified classification of VCI. Further studies are warranted to clarify
the correlation between vascular brain damage and cognitive impairment.
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The original conceptualization of mild cognitive impairment (MCI) was
primarily as an amnestic disorder representing an intermediate stage between
normal aging and Alzheimer’s dementia (AD). More recently, broader concep-
tualizations of MCI have emerged that also encompass cognitive domains other
than memory. These characterizations delineate clinical subtypes that commonly
include amnestic and non-amnestic forms, and that involve single and multiple
cognitive domains. With the advent of these broader classifications, more specific
information is emerging regarding the neuropsychological presentation of indivi-
duals with MCI, risk for dementia associated with different subtypes of MCI, and
neuropathologic substrates connected to the clinical subtypes. This review pro-
vides an overview of this burgeoning literature specific to clinical subtypes of
MCI. Focus is primarily on neuropsychological and structural neuroimaging
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findings specific to clinical subtypes of MCI as well as the issue of daily function-
ing. Although investigations of non-amnestic subtypes using advanced neuroim-
aging techniques and clinical trials are quite limited, we briefly review these topics
in MCI because these data provide a framework for future investigations specifi-
cally examining additional clinical subtypes of MCI. Finally, the review comments
on select methodological issues involved in studying this heterogeneous popula-
tion, and future directions to continue to improve our understanding of MCI and
its clinical subtypes are offered.

I. Introduction

Mild cognitive impairment (MCI) is a clinical construct that describes indivi-
duals with mildly impaired performance on objective neuropsychological tests but
relatively intact global cognition and daily functioning (Petersen et al., 1999,
2001). MCI has been validated as qualitatively different from both normal
aging and dementia (Petersen, 2004; Smith and Ivnik, 2003) and is a risk factor
for the development of dementia. Because of its potential importance for early
identification and intervention in those at risk for the development of dementia,
the concept of MCI has received considerable research attention. However, the
definition has evolved considerably over time. As originally proposed by Petersen
and colleagues, MCI was characterized primarily as an amnestic disorder that
represented an intermediate stage between normal aging and Alzheimer’s demen-
tia (AD) (Petersen et al., 1999). More recently, broader conceptualizations of MCI
have emerged that also encompass cognitive domains other than memory
(Petersen and Morris, 2005; Petersen et al., 2001). These characterizations delin-
cate clinical subtypes that commonly include amnestic and non-amnestic forms,
and that involve single and multiple cognitive domains (Manly et al., 2005;
Petersen and Morris, 2005; Petersen et al., 2001; Tabert et al., 2006) against the
backdrop of intact daily functioning. With the advent of these broader classifica-
tions schemes, more specific information is emerging regarding the neuropsycho-
logical presentation of individuals with MCI, risk for dementia associated with
different subtypes of MCI, daily functioning, and neuropathologic substrates
connected to the clinical subtypes. The aim of this review is to provide an
overview of neuropsychological, neuroimaging, functional, and treatment find-
ings specific to clinical subtypes of MCI. In addition, methodological issues
involved in studying this heterogenecous population and future directions to
continue to improve our understanding of MCI and its clinical subtypes will
also be highlighted and discussed.
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Il. Neuropsychological Presentation

It is certainly of great interest to determine factors placing individuals at
highest risk for development of dementia so as to target them for early interven-
tion. To this end, a better understanding of who is at risk for developing MCI may
be an important first step. Presently, there are limited data about risk factors that
correspond to conversion from cognitively normal to specific clinical subtypes of
MCI; although, the existing evidence suggests that advancing age and lower
education levels do place individuals at higher risk for MCI (Kryscio et al.,
2006), particularly for non-amnestic subtypes (Bickel et al., 2006; Fischer et al.,
2007). For example, individuals with less than 9 years of education have an
increased likelihood of isolated language and visuospatial deficits, as well as
multiple domain amnestic MCI, whereas higher education was associated with
increased chance of having isolated memory and executive impairments (Manly
et al., 2005). The presence of the apolipoprotein epsilon 4 allele (APOE &4)
seems to more strongly influence transitions from normal cognition to amnestic
MCI and influence conversion to multi-domain MCI to a lesser degree (Kryscio
et al., 2006).

More research attention has been paid to the neuropsychological presentation
of MCI and use of neuropsychological testing to delineate distinct clinical sub-
types (e.g., amnestic vs non-amnestic and single domain vs multiple domain).
Even when stratified into clinical subtypes, MCI is still a heterogeneous concept.
Complicating factors include widely differing neuropsychological tests and diag-
nostic criteria used across studies in arriving at the MCI classifications as well as
inconsistency in how clinical subtypes are assigned. While Petersen advocated for
four subtypes, including single and multiple domain amnestic MCI and single and
multiple domain non-amnestic MCI, non-amnestic subtypes continue to receive
less attention in the literature and multiple domain classifications often do not
separate amnestic from non-amnestic presentations. Despite these challenges,
some converging evidence about the presentation of distinct MCI subtypes is
emerging.

Generally, multi-domain presentations seem to be more common than purely
amnestic presentations (Alexopoulos et al., 2006; Alladi et al., 2006; Lopez et al.,
2003; Manly et al., 2005; Rasquin et al., 2005); although, some studies have
identified single domains that are more common than multi-domains, and the
non-amnestic type is as frequent as the amnestic (Busse et al., 2006; Palmer et al.,
2008). Multi-domain MCI (mMCI) is the most common subtype in both stroke
and memory clinic samples (Rasquin et al, 2005). The prevalence of single
domain amnestic MCI (aMCI) ranges from 0.5 to 8% (Bickel et al., 2006; Das
et al., 2007; Di Carlo et al., 2007; Jungwirth et al., 2005; Lopez et al., 2003), mMCI
ranges from 0.5 to 16% (Bickel et al., 2006; Busse et al., 2003; Das et al., 2007,
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Di Carlo et al., 2007; Jungwirth et al., 2005; Lopez et al., 2003), and single domain
non-amnestic MCI ranges from approximately 3 to 15% (Bickel ez al., 2006; Busse
et al., 2003; Di Carlo et al., 2007). There is only limited information on prevalence
rates of multi-domain non-amnestic MCI, in which one group has identified less
than a 5% prevalence rate (Bickel et al., 2006). In addition to vastly different
methodological approaches to defining MCI, the prevalence rates also differ due
to varying sample origins, with hospital samples having generally higher preva-
lence rates across subtypes than community samples (Bickel ¢t al., 2006; Busse
et al., 2003). Presence of the APOE &4 allele may also contribute to differing
prevalence rates. Amnestic MCI presentations have a higher proportion of
individuals with the apolipoprotein &4 allele as compared to non-amnestic groups
(Gabryelewicz et al., 2007; Manly et al., 2005; Whitwell et al., 2007). Thus, if
genetic risk is not determined, samples are likely to have differing proportions of
individuals with the €4 allele and, therefore, different prevalence rates.

Certainly the prevalence rates are impacted by the definition of MCI applied
by each study. Basing amnestic subtype diagnoses on the presence of either verbal
and/or visual memory deficits results in a larger proportion of individuals identi-
fied as amnestic MCI than just relying on verbal memory alone (Alladi et al.,
2006). Varying the cutoff score for defining impairment also alters diagnostic
outcomes by up to 12%; use of a more stringent statistical cutoff for impairment
(1.5-2.0 SD below normative expectations) increases positive predictive power
compared to lower cut points (Busse et al., 2003); although, a more liberal cutoff
for impairment has been shown to have higher sensitivity and specificity for future
development of dementia (Busse et al., 2006). These sensitivity and specificity
determinations are problematical; however, as they are based on a quite limited
neuropsychological assessment.

Aside from the use in diagnosis and determination of objective cognitive
deficits in MCI, additional neuropsychological findings may help differentiate
MCI subtypes. Perhaps not surprisingly, Lopez and colleagues (2006) found that,
compared to aMCI and normal cognition, mMCI was characterized by poorer
language, psychomotor speed, fine motor control, and visuoconstructional func-
tioning. What is of note is that, although the mMCI group had memory deficits,
they were to a lesser degree than the deficits noted in the aMCI group (Lopez
et al., 2006). A substantial minority of the MCI cases did not have any memory
impairment (Lopez et al., 2006), further emphasizing that examining only amnes-
tic subtypes fails to capture the full spectrum of possible cognitive declines
associated with MCIL

Spatial navigation skills of those with multi-domain amnestic MCI tend to be
more similar to spatial navigation skills of AD patients than to non-amnestic MCI
subtype groups, with both the AD and multi-domain amnestic MCI groups
impaired on virtually all portions of a spatial navigation task (Hort e al., 2007).
However, the multi-domain amnestic MCI group was generally more impaired
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than other groups across all neuropsychological tests, so it is not clear that these
spatial navigation difficulties occurred in isolation from the other impaired func-
tions. Visuospatial skills specific to facial emotional processing have also been
found to be intact in those with single domain amnestic MCI but impaired in
those with multi-domain amnestic MCI, particularly in facial affect discrimina-

tion (Teng et al., 2007).

lll. Stability of Diagnosis

Multiple studies indicate that not all individuals diagnosed with MCI will
decline and progress to a dementia diagnosis. In fact, a proportion of individuals
appear to “improve” over time such that, at follow up, those initially identified as
MCI are later categorized as cognitively normal. Anywhere from 20 (Fischer et al.,
2007) to 40% (Bickel et al., 2006) of those with MCI appear to revert to the normal
range upon retesting. Single domain classifications appear particularly susceptible
to this instability, with single domain non-amnestic subtype often exhibiting the
least stability over time (Bickel et al., 2006; Busse et al., 2006; Fischer et al., 2007,
Jak et al., 2007). For example, one study reported that 50% of those with single
domain MCI were normal upon later retesting whereas only 12% of those with
multi-domain MCI “recovered” (Bickel et al., 2006). Additional sources of insta-
bility in the MCI diagnosis can manifest via individuals changing MCI subtypes
over time. Approximately 6% of those with MCI at baseline changed subtypes at
follow up (Fischer et al., 2007; Jak et al., 2007). In contrast, over a 3-year interval,
Zanetti and colleagues (2006) identified a more anticipated trajectory of their
MCI cohort; all MCI subtypes either converted to dementia (about a quarter) or
retained their MCI status (Zanetti e/ al., 2006).

IV. Conversion to Dementia

Perhaps the largest amount of information exists on likelihood of conversion
to dementia from various MCI clinical subtypes. Some evidence suggests that
those with multi-domain amnestic MCI appear to be at greatest risk for future
dementia (D1 Carlo et al., 2007; Palmer et al., 2008; Tabert et al., 2006), whereas
others indicate that amnestic MCI places one at highest risk for conversion to
dementia (Ravaglia ¢t al., 2006; Yaffe et al., 2006). Amnestic MCI subtypes do
seem to impart significant risk for future development of AD while multi-domain
presentations may be more common in those who eventually develop vascular
dementia (Fischer et al., 2007; Rasquin et al., 2005; Yafte et al., 2006; Zanetti et al.,
2006). Yaffe and colleagues (2006) found that, of those who progressed to AD,
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76% were initially diagnosed with aMCI, 11% initially presented with single
domain non-amnestic MCI, and 13% were initially identified as mMCI (Yaffe
et al., 2006). Conversely, of those who progressed to vascular dementia, 50% were
initially diagnosed with aMCI, 8% had single domain non-amnestic MCI, and
42% had mMCI (Yafle et al., 2006). Rozzini and colleagues (2007) reported that,
in a group of amnestic MCI individuals, poor global cognitive performance at
baseline and worsening executive functioning, but not worsening memory perfor-
mance, were associated with conversion to AD over a 1-year follow-up period.
Those with non-amnestic multiple domain subtype appear more likely to convert
to a non-AD dementia (Busse et al., 2006), with the single domain non-amnestic
MCI at particular risk to progress to a frontal dementia syndrome (Yaffe et al.,
2006). There are reports, however, in which detailed information about MCI
subtypes does not add significant benefit in determining who may be at greatest
risk for conversion to dementia (Maioli ez al., 2007; Ravaglia et al., 2006; Rountree
et al., 2007).

V. MCI and Health Variables

Understanding any additional health factors that may be more prevalent in
distinct MCI subtypes is also noteworthy as a way to further delineate risk profiles.
For example, cardiovascular risk factors, presence of the apolipoprotein &4 allele,
mood symptoms, and parkinsonian symptoms have all been investigated in MCI
subtypes. Recent research has shown that multi-domain or non-amnestic
MCI subtypes may be more likely to have cardiovascular risk factors than either
those with single domain amnestic presentations or those without MCI (Di Carlo
et al., 2007; Zanetti et al., 2006). Mariani and colleagues (2007) found that those
with single domain non-amnestic MCI had a higher frequency of ischemic heart
disease, transient ischemic attack (TIA) or stroke, a higher Hachinski ischemic
score, and more white-matter lesions on MRI compared to aMCI. Further, multi-
domain and single domain amnestic subjects exhibited similar clinical character-
istics; although, the multi-domain amnestic subtype did have a greater history of
TIA/stroke (Mariani et al., 2007). Amnestic MCI groups showed a higher preva-
lence of diabetes than controls whereas participants with non-amnestic MCI were
more likely to have hypertension than were controls (Verghese et al., 2008).

In contrast, Debette ¢t al. (2007) found that white matter changes may play a
role in cognitive decline in MCI as a whole, but they do not appear to be specific
to either amnestic or non-amnestic clinical subtypes. Because their amnestic and
non-amnestic characterizations were multi-domain, the authors found the rate of
cognitive decline and the presence of periventricular hyperintensities was more
prominent in those with baseline executive dysfunction (Debette et al., 2007).
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Mood symptoms also appear to be more common in those with multi-domain
MCI relative to those with single domain amnestic presentations (Gabryelewicz
et al., 2007; Zanett et al., 2006). Additionally, higher depression ratings are linked
to those whose cognitive symptoms progressed over the follow-up period (but not
to the point of dementia) and to those who converted from MCI to dementia as
compared to the stable group (Gabryelewicz et al., 2007). Hallucinations and sleep
disorders are more common in the non-amnestic than amnestic subtype (Rozzini
et al., 2008). Others have found, however, that mood symptoms are increased in
MCI cohorts as compared to cognitively normal samples, but with no significant
differences in mood symptoms emerging between specific MCI subtypes (Palmer
et al., 2007; Rozzini et al., 2008).

Other health factors seem to be associated with MCI in general but are not
necessarily specific to amnestic or non-amnestic presentations. For example,
lower serum folate levels (Maioli et al, 2007; Ravagla et al., 2006), history of
atrial fibrillation (Ravaglia et al., 2006), and higher serum HDL levels (Maioli ez al.,
2007) contribute to increased likelihood of conversion from MCI to dementia,
regardless of MCI subtype. Odor identification skills of MCI participants also fall
in between those of AD and healthy control groups, and MCI subtypes did not
differ on smell identification performances (Westervelt et al., 2008).

Most conceptualizations of MCI exclude Parkinson’s disease, given that the
historical conceptualization has been of MCI as a precursor to Alzheimer’s
disease or other non-Parkinsonian dementias. In addition, the motor symptoms
associated with Parkinson’s disease often produce demonstrable changes in a
person’s activities of daily living (ADL), which confound its utility in the classifi-
cation of MCI. Recently, however, there have been efforts to characterize the
transitional period between normal cognitive function and dementia in Parkin-
son’s disease (PD). The expanded clinical subtypes are particularly relevant to this
effort given the difference in presentation between dementias of different origins.
Data suggest that MCI in those with Parkinson’s is predictive of future dementia
in much the same way that it is for individuals with MCI without co-morbid PD.
Non-amnestic subtypes are particularly prevalent in Parkinson’s disease and the
presence of MCI in individuals with Parkinson’s disease does substantially raise
one’s risk of developing dementia as compared to those with PD and normal
cognition (Janvin et al., 2006). In contrast to AD, conclusions about amnestic
subtypes of PD MCI are more difficult to draw given the low prevalence of this
subtype. Boyle et al. (2005) found that those individuals with MCI had higher
levels of parkinsonian symptoms (though not Parkinson’s disease) than those who
were cognitively normal. Verghese ¢ al. (2008) found greater gait abnormalities in
those with aMCI as compared to those with non-amnestic MCI or controls while
others have noted that non-amnestic subtypes have higher rates of gait dysfunc-
tion than amnestic MCI (Boyle ¢ al., 2005). Those with mMCI may present with
more extra-pyramidal features than those with aMCI (Zanetti e al., 2006).
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VL. Daily Functioning and MCI

Embedded in the controversy surrounding the establishment of specific diag-
nostic criteria for MCI, there is much debate regarding whether impairment in
everyday activities should be included as a criterion. In its initial conceptualiza-
tion, MCI guidelines required that functional abilities remain intact (Petersen
et al., 1999) as this specific criterion helped distinguish MCI from dementia.
However, as Farias et al. (2006) note, cognitive and functional deterioration clearly
occurs over the course of MCI since such change eventually leads to conversion to
dementia for many individuals with MCI (e.g., Bruscoli and Lovestone, 2004;
Petersen et al., 1999). In light of this accumulating evidence, an international
working group proposed modified criteria for MCI, which includes “preserved
basic activities of daily living” and “minimal impairment in complex instrumental
functions” (Winblad et al., 2004, p. 243). Similarly, participants of the Interna-
tional Psychogeriatric Association Expert Conference on MCI did not require
intact ADL/instrumental activities of daily living (IADL) as a criterion but,
instead, defined MCI as “a syndrome defined as cognitive decline greater than
expected for an individual’s age and education level but that does not interfere
notably with activities of daily life” (Gauthier ¢t al., 2006, p. 1262).

Emerging information about the functional status of those with distinct
clinical subtypes of MCI may shed additional light on the continuum of functional
abilities spanning normal cognition to dementia. Supporting the notion that
functional decline occurs on a continuum, several groups have reported that
IADL decrements in MCI are intermediate to the subtle declines associated
with normal aging and the frank impairments required for a dementia diagnosis
(Farias et al., 2006; Giovanetti et al., 2008; Griffith et al., 2003; Peres et al., 2006).

Published reports comparing ADL and IADL performance between MCI
individuals and their cognitively normal counterparts have demonstrated that
those with MCI show greater IADL changes in areas including shopping, man-
aging medications, and handling finances (Mariani e/ al, 2008). In a study
examining IADL performance across different MCI subtypes, Tam et al. (2007)
reported that individuals with multiple domain MCI demonstrated impairment in
IADL relative to both amnestic MCI participants and cognitively normal older
adults. Corroborating this finding, Zanetti and colleagues (2006) demonstrated
that individuals with multi-domain MCI performed more poorly on measures of
ADL and IADL relative to amnestic MCI participants. In contrast, Farias and
colleagues (2006) demonstrated that the MCI with memory impairment group
showed somewhat more functional change relative to their MCI peers with no
memory impairment and cognitively normal older adults. Similarly, Wadley and
colleagues (2007) reported that amnestic, non-amnestic, and multiple domain
MCI subgroups all demonstrated greater difficulty with IADL performance
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compared to the cognitively normal group. However, unlike the other two MCI
groups, individuals with non-amnestic MCI did not differ from the cognitively
normal participants in terms of IADL performance. Notably, at least one study
(Boeve et al., 2003) did not find differences between amnestic MCI individuals and
cognitively normal older adults in terms of functional abilities. However, it should
be noted that the MCI participants who were included in this study were
characterized as MCI based, in part, on intact ADL.

Farias and colleagues (2006) administered self-report and informant-based
versions of the Daily Function Questionnaire (DFQ) and calculated a difference
score by subtracting patients’ DFQ from informants’ DFQ. DFQ difference
scores, which indicate a lack of awareness of deficits, were greater in demented
individuals relative to their cognitively normal counterparts and MCI subtype
groups (i.e., MCI with memory impairment and MCI without memory im-
pairment). However, the difference scores did not differ between MCI groups
and cognitively normal older adults. Based on these findings, Farias and
colleagues (2006) argued that individuals with MCI do not underestimate func-
tional changes as is often the case for demented individuals.

What seems clear from the above discussion is that changes in ADL and IADL
are not uncommon across the spectrum of MCI; although, it remains to be
determined whether many of these changes would be conceptualized as frank
“deficits” or “impairments.” Comparing the ADL and IADL changes of MCI to
overt dementia groups would be helpful in determining cutoff criteria for im-
pairment, or administering performance-based ADL and IADL measures with
normative reference standards would also help to delineate whether such changes
represent impairment.

VII. Neuroimaging

A. STrRUCTURAL MRI

In determining the clinical viability of the various clinical subtypes, many
would assert that different subtypes should have distinct neuropathology or
different courses of change in brain integrity. Certainly, structural neuroimaging
provides a non-invasive way to begin to examine brain changes associated with
MCI, and there is emerging evidence to support distinct neuropathological
profiles in clinical subtypes of MCI. Whitwell ¢t al. (2007) found that those with
amnestic presentations (single or multiple domain) had greater gray matter
atrophy in medial and inferior temporal lobes compared to controls. Those
with multi-domain amnestic MCI additionally showed loss in posterior temporal
lobe, parietal association cortex, posterior cingulate, anterior insula, and the
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medial frontal lobe, a pattern of atrophy similar to that found in AD (Whitwell
et al., 2007). In support of this finding, Seo and colleagues (2007) reported that
those diagnosed with single domain amnestic MCI showed cortical thinning in left
medial temporal lobe (MTL) only, whereas those identified as multi-domain
amnestic MCI showed cortical thinning in the left MTL, precuneus, and anterior
and inferior basal temporal, insular, and temporal association cortices. The
precuncus atrophy may be responsible for additional cognitive impairments
present in the multi-domain MCI subtype and may suggest that the multi-domain
presentations are a progression from single domain presentations since the areas
of thinning noted in the multi-domain subtype encompassed all those in the single
domain subtype and the extent of MTL atrophy was greater in the multi-domain
versus the single domain subtype (Seo ez al., 2007).

In contrast, Becker and colleagues (2006) did not support the multi-domain
subtype as the more advanced, transitional state between normal cognition and
AD. They found that hippocampal volumes in those with multi-domain MCI
were not statistically different from those of controls, but were significantly larger
than both the amnestic MCI and AD groups (Becker et al., 2006). Bell McGinty
and colleagues (2005) found that the amnestic MCI group had greater volume loss
in left entorhinal cortex and inferior parietal lobe as compared with multi-domain
MCI. However, the multi-domain MCI group may exhibit their neuropathologi-
cal changes in other areas, namely by smaller right inferior frontal gyrus, right
middle temporal gyrus, and bilateral superior temporal gyrus as compared to
amnestic MCI (Becker et al., 2006).

Although the data are conflicting as to whether multi-domain subtypes neces-
sarily have more extensive brain changes than single domain subtypes, current
research does support the idea that different clinical subtypes of MCI have distinct
neuropathology. Taken together, the available evidence suggests that those indi-
viduals with a more focal memory presentation have greater involvement of
mesial temporal structures while those with more widespread deficits had greater
involvement of association areas. Distinct MCI subtypes may represent different
ctiological paths to dementia, but the small sample sizes available in most of the
imaging studies to date make conclusions tentative at best.

Other advanced imaging techniques hold promise to further clarify the nature
and extent of brain changes associated with distinct clinical MCI subtypes though,
to date, use of techniques such as functional magnetic resonance imaging (FMRI)
and diffusion tensor imaging (D'TT) has focused globally on MCI or on amnestic
MCI, without significant investigation of non-amnestic subtypes. An overview of
the use of these imaging techniques in MCI is provided, nonetheless, as this
preliminary work is an essential framework for future examinations of clinical
MCI subtypes.
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B. DirrusioN TENSOR IMAGING

A growing body of research suggests that white matter pathology contributes
to age-related cognitive impairment and possibly potentiates the development of
dementia (Raz and Rodrigue, 2006; Sullivan and Pfeflerbaum, 2006). Although
studies have generally shown white matter changes to be accelerated and more
severe in AD (Pfefferbaum ez al., 2000; Rose ¢t al., 2006; Takahashi et al., 2002), to
date, few studies have employed DTT to examine early white matter changes in
older adults with MCI with exceptionally limited focus on DTI-derived white
matter changes in specific MCI clinical subtypes. Several studies have shown
reduced fractional anisotropy (FA), a proxy of white matter integrity, in the
posterior cingulum fibers, and this relationship seems to be stronger in the left
versus right hemisphere (Fellgiebel et al., 2005; Medina et al., 2006; Rose et al.,
2006; Zhang et al., 2007). Rose et al. (2006) demonstrated increased diffusivity in
the entorhinal and parieto-occipital cortices, and decreased FA in the limbic
parahippocampal white matter in patients with MCI. Moreover, Kantarci et al.
(2005) was among the first to show that increased mean diffusivity of the hippo-
campus in amnestic MCI predicted future progression to dementia.

Several studies have shown decreased integrity in the posterior region of the
corpus callosum (i.e., splenium) in those with MCI (Cho et al., 2008; Delano-
Wood et al., 2007; Ukmar et al., 2008), an area which is particularly sensitive to
degenerative processes (Naggara et al., 2006; Rose et al., 2000; Takahashi e al.,
2002). Although some studies have shown changes in the frontal white matter of
MCI patients (Bozzali et al., 2002; Medina et al., 2006; Naggara et al., 2006), other
studies have not identified any differences (Delano-Wood et al., 2007; Head ¢t al.,
2004; Medina et al., 2006; Ukmar et al., 2008). Although data are limited, results
suggest a pattern of retrogenesis (Bartzokis, 2004), by which microstructural
changes first occur in late-myelinating regions, spreading to early-myelinating
regions only after the disease process has progressed beyond a particular thresh-
old, which may initially manifest itself with the onset of MCIL.

C. FunctioNnaL MRI

Evidence to date indicates that functional brain decline precedes structural
decline in prodromal dementia, including adults with MCI. Therefore, functional
neuroimaging techniques may offer the unique ability to detect early func-
tional brain changes in at-risk adults and identify the neurophysiological markers
that best predict dementia conversion.
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Given that AD neuropathology preferentially targets the MTL early in the
course of the disease, thereby resulting in the hallmark episodic memory decline,
and amnestic MCI is thought to represent prodromal AD, the majority of FMRI
studies of MCI involve memory processing (particularly encoding) in amnestic
samples. No known FMRI studies have been published focusing on other clinical
subtypes of MCI. While several studies demonstrate increased blood oxygen
level dependent (BOLD) response in the MTL (Dickerson et al., 2004, 2005;
Hamalainen et al., 2007; Kircher et al., 2007; Sperling, 2007), others report
decreased MTL activity in MCI (Johnson et al., 2006; Machulda et al., 2003;
Mandzia et al., 2009). These discrepant findings have been interpreted as reflect-
ing bimodal functional activity whereby less impaired MCI subjects show
increased BOLD response in the hippocampus corresponding to a slight or
moderate neuronal dysfunction, and more impaired MCI subjects demonstrate
decreased BOLD response—similar to the levels observed in mild AD patients—
as the cortical neuronal networks become more severely impaired with greater
disease progression (Celone ¢t al., 2006; Dickerson et al., 2004, 2005; Hamalainen
et al., 2007; Johnson et al., 2006; Machulda et al, 2003; Masdeu et al., 2005;
Petrella et al., 2007a). However, this interpretation is primarily derived from cross-
sectional studies and can only adequately be tested with longitudinal designs.

Few longitudinal FMRI studies of MCI have been reported. Although these
studies are often limited by small sample sizes, they demonstrate promise for the
use of FMRI to detect early AD. Those MCI patients who converted to AD
showed a stronger relationship between brain activity in the left superior parietal
lobe and the left precuneus during an angle discrimination task in the context of
comparable performance (Vannini e/ al, 2007). Similarly, despite equivalent
memory performance, Dickerson e/ al. (2004) reported that MCI patients who
subsequently declined during a 2.5-year follow-up period demonstrated increased
right parahippocampal gyrus activity during picture encoding. In a more recent
study, the same research group reported increased hippocampal activation pre-
dicted greater degree and rate of cognitive decline during a 6-year follow-up
period, even after controlling for baseline level of impairment (Miller ¢t al., 2008).

Mandzia et al. (2009) reported that MTL activation during recognition was
posttively correlated with behavioral performance. However, unlike their healthy
peers, MCI adults did not show a strong relationship between MTL activity
during picture encoding and subsequent retrieval success, highlighting the com-
plexity of the relationship between BOLD signal and effectiveness of encoding
strategies. In contrast, Johnson et al. (2006) found reduced BOLD signal change in
the right hippocampus during picture encoding and in the posterior cingulate
during recognition of learned items in an amnestic MCI group despite compara-
ble performance to their healthy peers. However, when activation corresponding
only to successfully learned words was examined, an increase in hippocampal
activity was seen, suggesting that an increase in MTL activity may support
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successful memory encoding (Kircher ¢t al., 2007). Similarly, a positive correlation
between extent of parahippocampal and hippocampal activation and memory
performance was found in MCI but, in a paradoxical fashion, greater clinical
impairment, was also associated with recruitment of a larger region of the right
parahippocampal gyrus during encoding (Dickerson et al., 2004). Data from
Johnson et al. (2004) provided further evidence for hippocampal dysfunction in
MCI, suggesting that adults with MCI do not habituate to increasingly familiar
items in the same manner as healthy older adults who show expected reductions
in BOLD response to repeated items over time.

Despite the prevalence of studies examining medial temporal cortex function
supporting memory, other cortical areas have also been implicated in MCI. For
example, a reduction in functional activity in the posterior cingulate cortex (PCC)
during recognition and episodic retrieval of previously learned line drawings
(Johnson et al., 2006) and object working memory (Yetkin ¢t al., 2006), but not
during self-appraisal (Ries ¢t al., 2007), has implicated this region in the memory
retrieval difficulty seen in amnestic MCI. The degradation of PCC functioning in
MCI is not surprising given that PET metabolic alterations in the temporoparietal
cortices and in the posterior cingulate have been reported in MCI and AD
(Desgranges et al., 1998; Matsuda, 2001; Reiman et al, 1996) as well as in
nondemented young and middle-aged adults at genetic risk for AD (Petrella
et al., 2007b; Reiman et al, 1996, 2004, 2005; Wolf et al, 2003). Similarly,
dedifferentiation in the retrosplenial cortex during the retrieval of recent versus
remote autobiographical memories and during episodic versus semantic memory
retrieval has been reported in amnestic MCI (Poettrich et al., 2009), further
implicating the medial posterior cortex in MCI. Additionally, the neural sub-
strates of visual working memory (Yetkin et al., 2006), self-appraisal (Ries et al.,
2007), and emotional working memory (Dohnel e al., 2008) in MCI have also
been examined, and generally implicate a greater number of cortical regions.
However, results are varied and highlight the need for greater attention to other
cognitive processes in MCI in order to more fully understand changes in cortical
functioning that may signal impending cognitive decline.

VIIl. Treatment

One motivation to better understand the heterogeneous concept of MCI and
the risk it imparts for future development of dementia is to provide early inter-
ventions that could halt or at least slow progression of symptoms. To date,
unfortunately, there are no FDA-approved therapies for MCI. Further, aMCI
has received all the attention with regard to treatment trials with no trials
investigating other distinct clinical subtypes of MCI. Of the existing treatment
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TABLE I
CriNnicaL TriaLs IN AMCI

Agent N Duration Endpoint Outcome
Donepezil 269 24 weeks Symptoms Negative
Donepezil/Vitamin E 769 3 years AD Partially positive
Rofecoxib 1200 2-3 years AD Negative
Galantamine 995 2 years CDR 1 Negative

1062 2 years CDR 1 Negative
Rivastigmine 1018 3—4 years AD Negative

AD, Alzheimer’s disease; CDR, clinical dementia rating.

trials in MCI, most have used a “progression to AD” design with the focus on
slowing cognitive decline and delaying conversion to AD. As a whole, the trials
have been disappointing with one possible exception, the Alzheimer’s Disease
Cooperative Study (ADCS)-sponsored trial (Petersen et al., 2005) (see Table I).

The ADCS-sponsored study of Vitamin E and donepezil for MCI involved
769 subjects at 69 centers in the US and Canada over 3 years. There were three
treatment arms: Vitamin E 2000 IU/day, donepezil 10 mg/day, and placebo.
The primary trial endpoint was conversion to AD. Although conversion to AD
favored donepezil at 1 year, there were no differences among groups with regard
to conversion to AD at 3 years. However, possession of the APOE &4 allele was
noted to be associated with a threefold greater risk of conversion from aMCI to
dementia and, thus, clearly an important predictor of progression. When the
authors looked at the progression to AD for APOE &4 positive participants by
treatment group, they found that the effect of donepezil was greater in &4 positive
individuals and persisted for 2 years. While neither of the two active arms reduced
the risk of progressing to AD over the entire 36 months, donepezil reduced the
risk of progression to AD for the first 12 months in all subjects and up to 24
months in those who were positive for the APOE &4 allele. No treatment eflect
was noted for Vitamin E.

Other treatment trials have been less promising for halting conversion from
MCI to dementia over time. A large trial of rivastigmine, an acetylcholinesterase
inhibitor, was a double blind, placebo-controlled trial of 1018 patients that had
many of the same features as the ADCS trial, but was conducted in 14 countries
using multiple languages and translations of the neuropsychological instruments
(Feldman et al., 2007). At baseline, arms were not well matched with regard to
frequency of APOE &4 genotype, which was 46% in the placebo arm but only
37% in the rivastigmine arm. The study also had a lower conversion rate than
expected and had to be extended to 4 years; over that time, 21.4% of placebo
treated, but only 17.3% of rivastigmine treated, subjects progressed to AD.
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Although rivastigmine was favored, the results were not statistically significant,
and secondary assessments were also not significant. Investigation of the efficacy
of another acetylcholinesterase inhibitor, galantamine, also failed to reveal a
significant effect of galantamine on conversion to dementia in those with MCI
in either of two trials (Winblad e al., 2008).

Finally, another large randomized, placebo-controlled, double-blind study
examined the ability of the COX 2 inhibitor, rofecoxib, to delay disease progres-
sion in 1457 aMCI subjects (Thal ez al., 2005). Once again, there was a lower than
expected annual rate of conversion to AD. Conversion to AD actually favored
placebo in this trial but the authors dismissed the significance of this finding
because the secondary cognitive measures did not corroborate the primary
outcome.

In hindsight, several important factors likely influenced the results of these
studies, including, perhaps first and foremost, the variable rate of progression
from aMCI to AD. Sources of this variability likely include subject heterogeneity,
with regard to impairment level, culture, language, and APOE &4 carrier status, in
addition to even simple differences in implementation of enrollment criteria. MCI
patients may show increased awareness of, or lower tolerability for, adverse
events, resulting in higher discontinuation rates. Our current outcome measures
may be insensitive; for example, the conversion design dichotomizes a continuous
variable and most of the currently used efficacy measures follow an AD trial
model of decline. Rather than decline, however, MCI patients may show im-
provement on cognitive measures, no matter which treatment group they are
assigned to, because of at least some preservation in their ability to learn. Future
MCI trials may benefit from less heterogeneous recruitment with stricter entry
criteria and enriched populations, more sensitive cognitive and global outcome
measures that reflect subtle impairments in complex activities, novel imaging
outcomes, and longer trials.

IX. Conclusions

MCI remains a heterogeneous concept, though division of MCI into distinct
clinical subtypes serves as a promising approach to better understanding MCI as a
diagnostic entity and a risk factor for future cognitive decline. Evidence to date
suggests that multi-domain amnestic presentations are more prevalent than either
single domain amnestic or multi-domain non-amnestic presentations, though
relatively little attention has been paid to the latter subtype. Converging neuro-
psychological, daily functioning, and neuroimaging data suggest that multiple
domain presentations may place one at highest risk for future development of
dementia. The current literature also supports that knowledge of subtypes of MCI
informs the risk for future development of different types of dementia.
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Though knowledge of MCI subtypes appears helpful in predicting risk of
conversion to dementia, there remains a significant minority of individuals with
MCI, particularly single domain subtype that may revert to normal cognition
when followed over time. This instability in diagnosis as well as the varying
prevalence rates, rates of conversion to dementia, and general oft-conflicting
results in the literature, are likely due to ongoing challenges in operationalizing
the diagnostic criteria for MCI. The methods for documenting objective neuro-
psychological impairment tend to be a particularly variable and ill-defined aspect
of the MCI diagnostic process across studies (Portet et al., 2006). There is little
consensus about what neuropsychological tests (or how many) should be used to
document objective cognitive impairment, what level of performance is consid-
ered cognitively impaired, how diagnostic criteria for different clinical subtypes of
MCI are applied, what constitutes intact daily functioning, or about whether or
not functional abilities should be included in the diagnostic decision-making
regarding MCI. As this review highlights, the variable results in the current
MCI literature clearly illustrate the importance of (a) understanding the criteria
used to identify cognitive impairment in making the MCI diagnosis, (b) the value
of using comprehensive neuropsychological assessment when diagnosing MCI
subtypes, and (c) point to the need for further exploration of MCI subtypes,
particularly non-amnestic presentations. Investigations and interventions target-
ing only amnestic subtypes are potentially missing a sizable number of individuals
at risk.

Neuroimaging holds promise as a technique to better understand differences
between distinct MCI subtypes although all of the above-mentioned methodolog-
ical challenges together with small sample sizes and very limited attention paid to
non-amnestic subtypes make drawing firm conclusions from the existing imaging
literature challenging. To date, data do seem to support distinct neuropathology
in the different clinical subtypes of MCI. However, there is still much overlap in
structural imaging profiles and conflicting evidence making conclusions tentative
at best. Advanced imaging techniques, such as DTT and functional MRI hold
promise for detecting microstructural white matter damage or altered activation
patterns in older adults prior to the manifestation of the full dementia syndrome.
This early identification would identify the group in whom targeted therapies will
likely have the greatest clinical impact (see Fagan et al, 2005, for discussion).
Overall, results from recent DTT studies indicate that white matter changes are
evident in at-risk older adults and further validate the use of DTT to capture
subtle, early white matter changes before significant atrophy is present. However,
to date, very few studies have employed DTT in older adults with MCI, and even
fewer have investigated the relationship between clinical subtype of MCI and
white matter integrity.

Similarly, although FMRI techniques may prove to be instrumental in the
early detection of AD, interpretation of current findings in MCI is complicated by
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various methodological differences between studies. In general, functional
changes in the MTL and posterior medial cortex appear to signal cognitive
decline and dementia conversion. However, discrepant results across studies
may be due to differences in diagnostic classification of MCI adults. Specifically,
although the majority of studies reviewed classified their patients as amnestic
MCI, it is likely that the patient sample represented a more heterogeneous group
that may reflect different underlying neural pathology. This highlights the need
for future research aimed at integrating behavioral performance with measures of
functional activity that directly compare different MCI subtypes with these
sophisticated neuroimaging techniques.

Finally, results of intervention trials to halt the progression of MCI have
generally been disappointing. Future trials are needed that address both amnestic
and non-amnestic presentations, employ more stringent entry criteria, use more
sensitive cognitive and global outcome measures that reflect subtle impairments in
complex activities, and include novel imaging outcomes.
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With the anticipated increase in dementias due to the aging demographic
of industrialized nations, biomarkers for neurodegenerative diseases are increas-
ingly important as new therapies are being developed for clinical trials. Proton
MR spectroscopy ('H MRS) appears poised to be a viable means of tracking brain
metabolic changes due to neurodegenerative diseases and potentially as a bio-
marker for treatment effects in clinical therapeutic trials. This review highlights
the body of literature investigating brain metabolic abnormalities in Alzheimer’s
disease, amnestic mild cognitive impairment, frontotemporal dementia, vascular
dementia, Lewy body dementia, and Parkinson’s disease dementia. In particular,
the review addresses the viability of "H MRS to discriminate among dementias, to
measure disease progression, and to measure the effects of pharmacological
treatments. While findings to date are encouraging, more study is needed in
longitudinal patterns of brain metabolic changes, correspondence with changes
in clinical markers of disease progression, and sensitivity of "H MRS measures to
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treatment effects. Such developments will hopefully benefit the search for effective
treatments of dementias in the twenty-first century.

I. Introduction

The aging demographic of persons in the United States and other industrialized
nations creates the prospect for a future major healthcare crisis from providing care
to patients with dementia worldwide. Clearly, there is a great need for better
treatments to emerge for these neurodegenerative illnesses within the next decade.
A prime issue in clinical investigation of treating neurodegenerative diseases is the
need for better markers of the disease process that can be used as measures of
treatment efficacy (Mueller et al., 2006). The current review focuses on proton
magnetic resonance spectroscopy ('H MRS) as a marker of metabolic brain
changes in dementias and the potential for use as a biomarker in clinical trials.
Findings are discussed from studies of Alzheimer’s disease (AD), amnestic mild
cognitive impairment (MCI), frontotemporal dementia (FT'D), vascular dementia
(VAD), Lewy body dementia (LBD), and Parkinson’s disease dementia (PDD).

II. Metabolites in '"H MRS

A comprehensive review of the development and technology of "H MRS is
beyond the scope of the current review. Interested readers are referred to Ross
and Bluml (2001). Although phosphorus (*'P), carbon (**C), and fluorine (*’F) are
all forms of MRS (Mueller ¢t al., 2006), "H MRS is the most frequently encoun-
tered subtype in the dementia literature due to its superior MR signal sensitivity,
good spatial resolution, and its widespread availability (Jones and Waldman,
2004; Ross and Bluml, 2001). This review will thus focus exclusively on
(Mueller e al., 2006) "H MRS, and the metabolites commonly assessed in these
studies. The following metabolites are mainly of interest in dementias (see Fig. 1).

N-acelyleaspartate. N-acetyleaspartate (NAA), which resonates at 2.02 parts per
million (ppm), represents the largest proton metabolic concentration in the human
brain after HoO (Kwock, 1998; Valenzuela and Sachdev, 2001). NAA exists
primarily within neurons, axons, and their processes, and has been implicated in
several neuronal processes, including lipid and protein synthesis, mitochondrial
functioning, and osmoregulation ( Jones and Waldman, 2004). NAA is presumed to
represent neuronal density or integrity based upon comparison of in vivo and
in vitro studies (Cheng ¢ al., 2002; Valenzuela and Sachdev, 2001) and the preva-
lence of reduced NAA levels within a number of neuropathological conditions
(Chen et al., 2000). NAA may also serve as a marker of axonal metabolic fitness
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Fic. 1. Example spectra obtained from posterior cingulate gyrus at 3 T. ml, myo-Inositol;
s, scyllo-Inositol; Cho, Choline; Cr, Creatine; Glu, glutamate; NAA, N-acetyleaspartate.

(Valenzuela and Sachdev, 2001), as white and gray matter have comparable NAA
levels and white matter NAA is reduced in white matter diseases (e.g., multiple
sclerosis). Normalization of NAA levels in neurological disorders has been noted
(e.g., following stroke); however, it remains unclear whether NAA “recovery”
represents actual neuronal “recovery” or “regeneration” (Mueller et al., 2006).

Choline. The Choline (Cho) peak (3.2 ppm) represents a combination of several
choline-containing compounds, including free Cho, phosphorylcholine and gly-
cerophosphorylcholine, and to a small extent acetylcholine (Firbank et al., 2002;
Valenzuela and Sachdev, 2001). Free Cho acts as a precursor to acetylcholine,
while glycerophosphorylcholine is a product of breakdown of membrane phos-
phatidylcholine and acts as an osmoregulator (Firbank ez al., 2002). Cho 1s slightly
more concentrated in white versus gray matter (Mueller et al., 2006) and is likely
present in glia. The Cho peak is often viewed as a marker of membrane turnover
or inflammation in "H MRS studies (Mueller et al., 2006).

Creatine. 'The Creatine (Cr) peak (3.0 ppm) is composed of creatine and
phosphocreatine. Together, these metabolites buffer the energy use and energy
storage of cells (Valenzuela and Sachdev, 2001). Cr is thought to exist primarily in
glia and in neurons to a lesser extent (Firbank ez al., 2002) and is found in greater
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concentrations in human gray versus white matter (Mueller et al, 2006).
Cr concentration 1s often used as an internal standard because it is considered
to be relatively stable, showing slow increases with age (Firbank et al., 2002;
Valenzuela and Sachdev, 2001; however see Rosen and Lenkinski, 2007).

myo-Inositol. The myo-Inositol (ml) peak (3.56 ppm) represents the presence of
myo-Inositol, a sugar alcohol that is similar in structure to glucose, and myo-
Inositol phosphate (Valenzuela and Sachdev, 2001). These metabolites are located
primarily in glia, where they are speculated to function as osmoregulators, intra-
cellular messengers, and detoxifying agents (Valenzuela and Sachdev, 2001). mI is
highly concentrated in gliosing lesions (Firbank et al, 2002) and is one of the
products of myelin breakdown (Rosen and Lenkinski, 2007). Thus, the ml peak
is thought to represent an increase in glia density or an increase in glia size and
associated brain inflammation (Brand e/ al., 1993; Rosen and Lenkinski, 2007;
Strange et al., 1994; Valenzuela and Sachdev, 2001).

Scyllo-Inositol. The peak resonating at 3.342 ppm i1s thought to represent the
presence of scyllo-Inositol (sI), a product of mI metabolism (McLaurin et al., 2000).
The neurobiological function of sl as differentiated from mlI is unclear.

Glutamate-Glutamine. The GLX peak (2.1-2.4 ppm) represents both glutamate
(Glu) and glutamine (Gln), which cannot be individually distinguished on 1.5 T
(Mueller et al., 2006) "H MRS but is more reliably distinguishable at 3 T (Kantarci
et al., 2003; Schubert e al., 2004). Glu acts as the major excitatory neurotransmit-
ter in the brain, and Gln is thought to play a role in the regulation and detoxifica-
tion of glutamate (Valenzuela and Sachdev, 2001). Both Glu and Gln have been
implicated in neuronal function, metabolism, and plasticity (Antuono et al., 2001).
Cycling between Glu and Gln i1s believed to account for approximately 80% of
cerebral metabolism (Magistretti and Pellerin, 1999). Additionally, extracellular
glutamate is excitotoxic and is now a target of treatment in neurodegenerative
dementias (Riederer and Hoyer, 2006). However, the glutamate signal in brain
(Mueller e al., 2006) "H MRS is thought to primarily represent the intracellular
compartment (Kickler ¢t al., 2007).

ll. "H MRS Findings in Dementias

A. "H MRS FINDINGS IN ALZHEIMER’S DISEASE

Dementia due to AD is the most common dementia affecting older adults
(McMurtray et al., 2006). The neuropathology of AD consists of amyloid plaques
and neurofibrillary tangles that present in a characteristic pattern with early
nvolvement of the medial temporal lobes and hippocampus, with subsequent
spread to paralimbic and association cortical regions (Braak and Braak, 1991).
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Definitive diagnosis of AD requires microscopic neuropathological examination
and 1s most commonly made postmortem (Cummings et al., 1998). Thus, the
presence and pattern of cortical metabolic abnormalities are of potential clinical
value in identifying the underlying neuropathology of AD and discriminating this
disease from other dementias (Kantarci et al., 2008).

Reduction in NAA is the most frequent "H MRS finding in AD (Adalsteinsson
et al., 2000; Chantal et al., 2002; Christiansen et al., 1995; Ernst et al., 1997;
Heun et al., 1997; Parnetti ¢t al., 1997; Rose ¢t al., 1999; Schuff et al., 1997; Watanabe
et al., 2002). Single voxel "H MRS studies of AD have consistently found reduc-
tions in NAA/Cir in the hippocampus/medial temporal lobe (Chantal ez al., 2002,
2004; Dixon et al., 2002; Jessen et al., 2000; Schuff et al., 1997; Watanabe ¢t al.,
2002) and other temporal lobe regions (Frederick et al., 1997; Herminghaus
et al., 2003; Kantarci et al., 2000; Parnetti ¢t al., 1997), and the midline parietal
lobe/posterior cingulate (Antuono et al., 2001; Griffith ¢/ al., 2007a; Hattori et al.,
2002; Herminghaus ¢t al., 2003; Kantarci et al., 2000, 2002b, 2003; Martinez-
Bisbal et al., 2004; Rose et al., 1999), although two studies have failed to find
abnormal NAA measures in this latter region (Waldman and Rai, 2003;
Watanabe et al., 2002). Findings of reduced NAA have also been seen in the
temporal-parietal area (Chantal e/ al., 2002; Ernst et al., 1997; Parnetti et al., 1996),
occipital lobes (Kantarci et al, 2000; Moats et al., 1994; Shonk et al, 1995;
Waldman et al., 2002; Watanabe et al., 2002; Weiss et al., 2003), and frontal
lobes (Chantal et al., 2002, 2004; Christiansen et al., 1995; Herminghaus et al.,
2003; Parnetti e al., 1997). In keeping with the emerging understanding of NAA
as a marker for axonal viability as well as neuronal function (Valenzuela and
Sachdev, 2001), some studies have found reduced NAA in parietal lobe white
matter (Herminghaus et al., 2003; Moats et al., 1994) and subcortical white matter
(Catani et al., 2001; Hattori et al., 2002; Heun et al., 1997; Meyerhoff et al., 1994),
while others have not demonstrated this result (Catani e al., 2002; Watanabe et al.,
2002). Studies using a whole brain spectral or multispectral approach have
generally demonstrated reduced NAA in AD (Adalsteinsson et al, 2000;
Pfefferbaum et al., 1999), which is mainly observed in posterior gray matter
(Adalsteinsson et al., 2000; MacKay et al., 1996). Taken together, reports of
widespread reductions in NAA are highly consistent with the known progression
of neurofibrillary pathology of AD, which first is prevalent limbic cortical regions
but then progresses to primary sensory-motor and visual cortices in more
advanced stages (Braak and Braak, 1991).

A few studies to date have examined the pattern of changes in NAA over the
course of one year in AD. Two such studies have pointed toward relative declines
in NAA levels in AD patients (Adalsteinsson et al., 2000; Kantarci et al., 2007),
while two others found no significant within-subjects declines (Dixon et al., 2002;
Jessen et al., 2001) despite significantly lower NAA levels compared to older
controls at both time points in one study (Dixon et al, 2002). The indication
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of these few longitudinal studies is that NAA is potentially sensitive to the
progression of AD (Doraiswamy et al., 1998; Kantarci et al., 2007), although
more studies are desirable.

Some studies in AD patients have detected abnormal measurements of Cho
(Chantal et al., 2002, 2004; Jessen et al., 2000; Kantarci et al., 2000, 2003; Lazeyras
etal., 1998; MacKay et al., 1996; Meyerhoff et al., 1994), although results have been
inconsistent, with some studies finding reduced Cho levels in AD patients com-
pared to controls (Chantal et al., 2002, 2004; Jessen et al., 2000; Kantarci ez al., 2000,
2003) and other studies finding elevated Cho levels (Lazeyras et al., 1998; MacKay
et al., 1996; MeyerhofT et al., 1994). A longitudinal study found that that Cho was
elevated in AD patients versus older controls at baseline, but that the annualized
rate of change in Cho did not differ between these groups (Kantarci et al., 2007).
The reasons for differences in Cho findings across studies are unclear. Cho eleva-
tions may be a consequence of increased membrane turnover secondary to neuro-
degeneration. Alternatively, Cho levels may increase secondary to increased
membrane phosphatidylcholine catabolism, which may serve as a compensatory
mechanism against chronically reduced acetylcholine levels in AD (Kantarci et al.,
2007). Abnormal Cho levels in AD may also be due to reduced choline acetyl-
transferase activity secondary to cholinergic agonist treatment (Griffith et al., 2008c;
Kantarcietal., 2007). Alternatively, discrepant findings across studies may be due to
variations in "H MRS methods, with studies using "H MRS sequences with longer
echo times tending to find elevated Cho levels (Lazeyras et al., 1998; MacKay et al.,
1996), while those with shorter echo times finding lowered Cho levels (Chantal
etal., 2002, 2004; Kantarci et al., 2000, 2003). The location of the voxel of interest is
also likely to account for differences, with decreased Cho detected in the posterior
cingulate (Kantarci e/ al., 2000, 2003) and medial temporal lobe (Chantal et al.,
2002, 2004; Jessen et al., 2000), while increased Cho was detected in the posterior
gray matter (Lazeyras et al, 1998; MacKay et al., 1996) and gray matter of the
centrum semiovale (Meyerhoff et al., 1994).

Studies have frequently found abnormal elevations of mI in AD patients, most
often in the temporal-parietal area (Chantal ef al., 2002, 2004; Ernst et al., 1997;
Parnetti et al., 1996), posterior cingulate gyrus/mesial parietal lobe (Griffith et al.,
2007a; Herminghaus et al., 2003; Kantarci et al., 2000, 2002b, 2003; Lazeyras
et al., 1998; Martinez-Bisbal e al., 2004; Rose et al., 1999; Waldman and Rai,
2003), parietal white matter (Herminghaus et al., 2003; Moats et al., 1994), and
occipital lobes (Moats et al., 1994; Shonk et al., 1995; Waldman e al., 2002).
Abnormal ml levels are detected less often in the frontal lobes (Chantal et al.,
2002, 2004; Herminghaus et al., 2003; Parnetti e/ al., 1997) and subcortical regions
(Catani et al., 2001, 2002; Hattori et al., 2002; Heun et al., 1997) in AD, which is
in agreement with the known regional distribution of AD neuropathology.
One study performed at 3 T failed to detect ml differences in the posterior
cingulate in AD patients (Hattori e/ al., 2002), possibly due to higher magnetic
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field inhomogeneity and susceptibility effects compared to 1.5 T (Kantarci et al.,
2003). A longitudinal study conducted at 1.5 T found no difference in annual rate
of change in ml between AD patients versus older controls, although mlI levels
were elevated in AD patients at baseline (Kantarci et al., 2007). Because of the
robustness of findings involving decreased NAA and increased ml in AD patients,
and because these two metabolites appear to represent independent markers of
disease progression (Doraiswamy e al., 1998), some researchers have used the
ratio of NAA/ml to increase the sensitivity of 'H MRS to metabolite changes in
AD (Kantarci ez al., 2002b, 2003; Martinez-Bisbal ¢t al., 2004; Parnetti et al., 1997,
Rose et al., 1999; Waldman and Rai, 2003; Weiss et al., 2003). Reduced NAA/mlI
in AD versus healthy controls has been observed in the posterior cingulate
(Kantarci et al., 2002b, 2003), midline parietal lobe (Rose et al., 1999), and frontal
white matter (Parnetti ¢f al., 1997), but not frontal gray matter (Kizu et al., 2004).

The majority of (Mueller ¢t al., 2006) "H MRS studies in AD have used Cr in
the denominator of the metabolic ratio (Antuono et al., 2001; Bartres-Faz et al.,
2002; Block et al, 2002; Catani et al., 2001, 2002; Chantal et al., 2004;
Christiansen et al., 1995; Dixon et al., 2002; Doraiswamy et al., 1998; Ernst et al.,
1997; Frederick et al., 1997; Hattori et al., 2002; Herminghaus et al., 2003; Heun
etal., 1997; Jessen et al., 2000, 2001; Kantarci e al., 2000, 2002b, 2003; Kattapong
et al., 1996; Lazeyras et al., 1998; MacKay et al., 1996; Martinez-Bisbal et al., 2004;
Meyerhoff et al., 1994; Rose et al., 1999; Schuff et al., 1997; Shonk et al., 1995;
Waldman and Rai, 2003; Waldman et al.,, 2002; Weiss e al., 2003), due to its
presumed invariance in brain disease (Valenzuela and Sachdev, 2001). Findings in
AD have generally indicated no increases or decreases in Cr compared to controls
(Ernst et al., 1997; Pfefferbaum et al., 1999; Schuff et al., 1997). However, some
have documented decreased Cr levels in AD patients versus normal controls in
the left mesial temporal lobe, parieto-temporal cortex (Chantal ¢ al., 2002), and
occipital lobe gray matter (Moats et al., 1994).

The GLX peak has been investigated in a few studies of AD (Antuono et al.,
2001; Ernst et al., 1997; Hattori et al., 2002; Herminghaus e al., 2003; Moats ¢t al.,
1994), more recently with MRI scanners at field strengths other than 1.5 T
(Antuono et al., 2001; Hattori et al., 2002). These studies have mostly reported
reduced GLX levels in AD patients compared to controls in the posterior cingu-
late (Antuono et al., 2001; Hattori et al., 2002), occipital lobe (Moats et al., 1994),
and the dominant-hemisphere lateral temporal cortex (Herminghaus et al., 2003),
although two studies have failed to find GLX differences in patients with AD
(Ernst et al., 1997; Griffith e al., 2008c).

Our group has performed one of the only studies to date systematically
investigating sI in AD. We identified elevated sI/Cr in the posterior cingulate of
AD patients, with MCI patients showing a trend toward elevation (Griffith e al.,
2007a); a prior study demonstrating raised concentrations of sI has been reported
in the normal aging human brain (Kaiser ¢t /., 2005). The mechanism by which sI
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elevations occur in AD is unclear, although given that sI is a breakdown product
of ml metabolism, this finding may reflect the same processes involved in
increased ml. sI agonist treatment has been recently shown to inhibit AD-like
brain pathology in mice (Fenili ez al., 2007).

Utility of Mueller et al., 2006) 'H MRS for discriminating Alzheimer’s disease from
normal aging: "H MRS has been used to discriminate AD patients from cognitively
healthy older adults (Antuono et al., 2001; Dixon e al., 2002; Ernst et al., 1997,
Kantarci e al., 2002b; MacKay et al., 1996; Schuff et al., 1997; Shonk et al., 1995).
Although an early study concluded that reproducibility and inter-rater error
limited the utility of "H MRS as a clinical tool in AD (Heun ¢/ al., 1997), several
studies have since demonstrated that NAA can provide an adequate means of
discriminating normal controls from AD patients (Antuono et al., 2001; Schuff
et al., 1997; Shonk et al., 1995) or improve discrimination of AD using structural
neuroimaging variables (Dixon e/ al., 2002; Ernst et al., 1997; Kantarci et al.,
2002b; MacKay et al., 1996). Among (Mueller ¢t al., 2006) "H MRS metabolite
ratios, the NAA/ml ratio appears to best discriminate AD patients from normal
controls (Kantarci el al., 2007). The average accuracy of detecting AD with
"H MRS is 87.75% (range 80-100%), and the average accuracy of identifying
normal controls 1s 75.25 (range 73-78%) (Antuono et al., 2001; Ernst et al., 1997,
MacKay et al., 1996; Schuff et al., 1997). Estimated sensitivity of "H MRS to AD is
83%, with a specificity of 95%, positive predictive value of 98% and a negative
predictive value of 65% (Shonk ez al., 1995). Using a fixed specificity of 80%, one
study reported a sensitivity of 82% for the NAA/ml posterior cingulate (Kantarci
et al., 2002b). An early longitudinal study that reported 70% correct classification
of AD with '"H MRS at baseline and 68% after 1 year for NAA of the left
hippocampus (Dixon et al., 2002). These results are consistent with a more recent
longitudinal study examining the discriminatory value of NAA levels of
the posterior cingulate in AD patients (Kantarci e/ al., 2007).

'H MRS and neurocognitive, psychological, and IADL measures in AD: Several studies
have observed significant correlations between "H MRS and cognitive severity in
AD as measured by a common mental status measure, the Mini Mental State
Examination (MMSE) (Antuono et al., 2001; Dixon et al., 2002; Doraiswamy et al.,
1998; Ernst et al., 1997; Heun et al., 1997; Jessen et al., 2000, 2001; Parnetti ¢t al.,
1997; Rose et al., 1999; Waldman and Rai, 2003); although, other studies have
found no association between 'H MRS and MMSE (Block et al., 2002; Hattori
et al., 2002; Watanabe et al., 2002). Fewer studies to date have investigated the
relationships between other neurocognitive measures and 'H MRS in AD.
Pfefferbaum and colleagues (Pfefferbaum et al., 1999) reported negative correla-
tions of Cir with word recognition memory and negative correlations of Cho with
face recognition memory. Chantal and colleagues (Chantal e al., 2002) observed
significant positive correlations between NAA of the left medial temporal lobe and
verbal learning and recall. Negative correlations were detected between left
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parieto-temporal cortex Cr and a confrontational naming measure, and right
paricto-temporal cortex ml and a visual construction measure (Chantal et al,
2002). One longitudinal study observed that in AD patients the annual percent
change in NAA/Cr ratios was positively associated with annual change on a com-
monly used mental status measure, the Dementia Rating Scale (DRS), and negatively
associated with change in a dementia severity rating scale, the Clinical Dementia
Rating (CDR) (Kantarci et al., 2007). These correlations were of comparable magni-
tude with correlations observed between the rate of change in MRI ventricular
expansion and clinical progression measures (Kantarci ¢ al., 2007).

Other studies have investigated relationships between IADLs and "H MRS
measures in AD. In a sample of mild AD patients, our group has demonstrated
that NAA/Cr shows a positive correlation with a measure of financial abilities,
while Cho/Cr showed a negative correlation with this same financial measure
(Griffith et al., 2007c). Antuono and colleagues (Antuono et al., 2001) observed
a significant correlation between GLX ratios from the posterior cingulate and an
informant-report measure of daily activities in patients with AD, indicating more
functional impairment as the GLX ratios decreased.

Postmortem newropathologic correlates of in vivo 'H MRS in AD: A recent study
examined postmortem neuropathological correlates of antemortem 'H MRS
of the posterior cingulate and inferior precuneate gyri in healthy controls and in
low- or high-likelihood AD, who were classified based on standard neuropatho-
logic AD criteria (Kantarci et al., 2008). The NAA/Cr, ml/Cr, and NAA/mlI
ratios differed between the low-, intermediate-, and high-likelihood AD groups
after adjusting for age, sex, and time from 'H MRS to death. Moreover, NAA/mI
showed the strongest association with Braak neurofibrillary pathology staging,
suggesting that NAA and ml provide complimentary information regarding the
extent of disease involvement in AD patients. These results are consistent with a
prior study reporting a correlation between postmortem 'H MRS brain metabo-
lite measures and neurofibrillary tangles and senile plaques in brain tissue of AD
patients (Klunk e/ al., 1998). Thus, antemortem 'H MRS in patients with probable
AD appears to be a sensitive marker of underlying AD neuropathology.

B. 'H MRS FINDINGS IN AMNESTIC MItD COGNITIVE IMPAIRMENT

Amnestic MCI has emerged as the diagnostic classification to denote the
transitional phase between normal cognitive aging and AD (Petersen et al.,
2001). Diagnostic criteria for amnestic MCI include (1) subjective complaints of
memory loss, preferably confirmed by an informant, (2) objective impairment on
memory testing compared to age and educationally matched normative data,
(3) otherwise normal performance on other cognitive tests, and (4) generally
preserved activities of daily living (Petersen et al., 2001). Individuals with MCI
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progress to clinically probable AD more frequently than cognitively normal peers
(Ganguli et al., 2004; Petersen et al., 2001), with a rate of 10-17% annual progres-
sion compared to a rate of 1-2% per year in the general older adult population
(Ganguli et al., 2004; Griffith et al., 2006a; Petersen et al., 1999, 2000, 2001;
Storandst et al., 2002; Tierney et al., 1996).

Several cross-sectional (Mueller et al., 2006) "H MRS studies have been
performed to date in patients with amnestic MCI. Kantarci and colleagues
(Kantarci et al., 2000) examined metabolic ratios in the left temporal lobe, the
posterior cingulate, and the medial occipital lobe of MCI and AD patients.
Patients with MCI differed from controls only in significant increases of mI/Cr
in the posterior cingulate; compared to AD patients, MCI patients had signifi-
cantly lower cingulate mI/Cr ratios. The authors speculated that increased ml in
MCI patients reflected very early pathological changes (possibly gliosis) preceding
neuronal dysfunction, as would be indicated by decrements in NAA. Subsequent
"H MRS studies in MCI patients have confirmed ml increases compared to
controls in the posterior cingulate (Kantarci ef al., 2003; Rami et al., 2007a), left
hippocampus (Franczak et al., 2007), and other brain regions such as the bilateral
paratrigonal white matter (Catani ¢ al, 2001) and parieto-temporal cortex
(Chantal et al., 2004; Rami et al., 2007a). Other studies, however, have not
found differences between ml levels in AD and MCI (Catani e al., 2001;
Chantal et al., 2004; Garcia Santos ¢ al., 2008; Kantarci et al., 2003).

Other (Mueller ¢ al., 2006) "H MRS metabolic abnormalities in MCI patients
include a significant increase of Cho in the right frontal cortex and posterior
cingulate (Chantal ¢ al., 2004; Kantarci et al., 2003), in addition to Cho and NAA
decreases in the left medial temporal lobe (Chantal et al., 2004). NAA decreases were
also found in the right hippocampus in a small group of MCI patients (Franczak et al.,
2007) and were reduced in the posterior cingulate of MCI patients compared to
controls, but not as severe as seen in AD patients (Kantarci et al., 2003). In contrast,
Ackl et al. (2005) detected equally reduced NAA/Cr in the hippocampus of MCI
patients and AD patients, although posterior cingulate metabolic abnormalities were
observed only in the AD patients. Other studies have not detected any NAA changes
in MCI (Garcia Santos et al., 2008; Kantarci et al., 2002a). Thus, the cross-sectional
data generally indicates that metabolic brain abnormalities in MCI are transitional
between normal metabolism observed in healthy older adults and abnormalities
seen in AD. The pattern of findings generally concurs with the known early
neuropathology of AD (Braak and Braak, 1991; Markesbery et al., 2006).

To our knowledge, only two studies have investigated longitudinal metabolic
changes measured by "H MRS in MCI patients (Bartnik Olson et al., 2008;
Kantarci et al., 2007). Kantarci and colleagues (Kantarci et al., 2007) reported
declines in NAA/Cr of the posterior cingulate in MCI and AD patients on scans
occurring approximately 1 year apart. There was a similar rate of decline in NAA
for MCI patients who converted to AD versus those patients who remained stable.
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No changes were observed in ml/Cr. Interestingly, Cho/Cr levels declined
in MCI patients who remained stable, suggesting to these authors that a compen-
satory cholinergic mechanism explained the stability of these non-converter MCI
patients. This result appears consistent with the recent finding that MCI con-
verters exhibited elevated Cho/Cr compared to non-converters at baseline (Rami
et al., 2007b). In a second longitudinal study, Bartnik Olson and colleagues
(Bartnik Olson et al., 2008) found increases of ml concentrations in the posterior
cingulate gyrus occurring over an average interval of 11 months, but non-
significant interval increases in NAA or Cho concentrations. Discrepant findings
between these two longitudinal studies may be due to the fact that Bartnik et al.
used a method to model spectral components to quantify metabolite levels, while
Kantarci and colleagues used metabolic ratios as obtained automatically following
acquisition on a General Electric (GE) scanner.

'H MRS and neurocognitive measures in MCIL Kantarci and colleagues (Kantarci ef al.,
2002a) performed correlations between a global measure of cognition (DRS) and a
measure of auditory verbal learning (AVLT) with posterior cingulate 'H MRS ratios
of NAA/Cr, NAA/mI, and mI/Cr. All three ratios were significantly correlated with
the DRS and to a lesser extent with the AVLT. Ackl and colleagues indicated that
hippocampal NAA/Cr correlated with verbal fluency and confrontation naming,
but interestingly not with memory, in a mixed MCI and AD group (Ackl ez al., 2005).
Posterior cingulate 'H MRS correlated with a wider range of cognitive measures.
We very recently reported that visual executive function, as measured by clock
drawing, was negatively correlated with mI/Cr in amnestic MCI patients (Griffith
etal., 2007b). Furthermore, mI/Cr ratios accounted for 26% of the variance in clock
drawing scores after accounting for overall cognition, age, and other potential
confounding variables through stepwise multiple regression analysis.

'H MRS predictors of dementia in MCI: Studies have indicated that baseline
NAA/Cr can predict subsequent progression, or “conversion,” from MCI to
AD with high sensitivity and specificity. A recent study indicated that baseline
NAA/Cir of the occipital lobe was able to discriminate amnestic MCI converters
from non-converters over a mean follow-up period of 3 years, with 100% sensi-
tivity and 75% specificity (Modrego et al., 2005). Another recent study reported
that MCI patients who converted to dementia within a 1-year follow-up showed
reduced NAA/Cr of the left paratrigonal white matter compared to stable MCI
patients (Metastasio e al., 2006). A third study concluded that NAA/Cr ratios in
both the posterior cingulate gyrus and left occipital cortex predicted conversion
with a sensitivity of about 80% and a specificity of about 70%. In general, these
studies suggest that "H MRS may prove valuable in identifying patients with MCI
who are at risk for dementia conversion, although participant selection issues
limit the validity of the current studies, including the operational criteria for
MCI (Modrego et al., 2005) and extremely high conversion rates over 1 year
(Metastasio et al., 2006).
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C. 'H MRS FinNDINGS IN FRONTOTEMPORAL DEMENTIA

FTD refers to a heterogeneous group of clinical syndromes involving progres-
sive neurodegeneration of the frontal and/or temporal lobes, including gliosis,
neuron loss, and vacuolation of surface cortical layers (Coulthard et al., 2006;
Ernst et al., 1997).

Findings of metabolic profiles in FTD patients compared to controls have
shown metabolic abnormalities in many brain cortical regions. One study inves-
tigated (Mueller ¢/ al., 2006) "H MRS located in the temporal, frontal, and parietal
lobes and found lower ratios of NAA/Cr in the temporal and frontal lobe voxels,
in addition to an increased mI/Cir ratio in the frontal lobe voxel (Coulthard et al.,
2006). No "H MRS abnormalities were observed in the parietal lobes (Coulthard
et al., 2006). Other "H MRS studies suggest that the spatial distribution of brain
metabolic abnormalities of FTD patients differs from that of AD patients.
One such study found reduced NAA and Glx and increased ml in mid-frontal
gray matter in FTD patients versus AD patients and healthy controls, whereas a
trend toward significantly increased ml in the temporoparietal gray matter was
observed in AD versus FID patients (Ernst e al., 1997; also see Mihara et al., 2006).

Studies have reported the correspondence of '"H MRS abnormalities with
clinical and cognitive measures in patients with FT'D, highlighting the clinical
importance of these metabolic abnormalities. Clinical/functional measures (i.e.,
CDR and the MMSE) have been associated with NAA and ml in the frontal
region and ml and Glx in the temporopartietal region in a group of FTD and AD
patients and healthy controls (Ernst e/ al., 1997). Rami et al. (2008) also reported
associations of naming ability with NAA/Cr and Cho/Cr ratios in the left
temporal pole, but not the left temporoparietal region, after controlling for
MMSE scores across a sample of FI'D, MCI, and AD patients, and heathy
controls.

D. "H MRS FINDINGS IN VASCULAR DEMENTIA

VAD results from one or a combination of cerebrovascular mechanisms that
cause degenerative changes in the brain, including infarcts, white matter lesions,
and resultant atrophy (Wiederkehr et al., 2008). Diagnosis of VAD presents a
challenge clinically due to its etiological heterogeneity, variable clinical manifes-
tation, and co-occurrence with AD pathology (only 10% of dementia cases show
pure vascular pathology on postmortem brain examination) (Holmes et al., 1999;
Jones and Waldman, 2004).

"H MRS has revealed widespread brain metabolic abnormalities in VAD
patients. In one study, Herminghaus et al. (2003) measured spectra from voxels in
five brain regions: mid-parietal gray and white matter, mid-frontal gray and white
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matter, and the temporal gyrus mixed gray/white matter. Compared to healthy
controls, VAD patients exhibited global reductions in NAA/Cr ratios in all voxels,
along with elevations in mI/Cr ratios in parietal gray and white matter, frontal
white matter, and the temporal lobe, and elevations in Glx ratios in parietal gray
matter and the temporal lobe. In another study, Kantarci and colleagues
(Kantarci et al.,, 2004) reported that in the posterior cingulate VAD patients
had lower ratios of NAA/Cr, but normal ratios of mI/Cr and Cho/Cr, when
compared with healthy controls. These studies suggest that VAD involves multiple
neuropathological processes, even in regions distant from actual vascular pathol-
ogy (Kantarci et al., 2004), including neuronal dysfunction/loss, axonal damage,
myelin loss, and gliosis ( Jones and Waldman, 2004). Kantarci ¢ al. (2004) have
speculated that reductions in NAA in distal brain areas may be secondary to
retrograde Wallerian degeneration caused from brain regions showing actual
vascular neuropathology.

E. '"H MRS FINDINGS IN DEMENTIA WITH LEWY BODIES

The cardinal features of DLB include progressive cognitive decline, along
with fluctuations in alertness and attention, persistent visual hallucinations, and
spontaneous parkinsonian motor symptoms, including rigidity and the loss of
spontaneous movement (McKeith et al., 2005). Of note, DLB patients exhibit a
striking reduction in cortical acetylcholine activity relative to AD patients
(Tiraboschi et al., 2000).

A relative paucity of "H MRS studies has examined patients with DLB, and
their findings have been variable. Molina et al. (2002) initial study in this patient
population found decreased NAA/Cr, Cho/Cr, and Glx/Cr ratios in DLB
patients versus healthy controls in white matter from the left centrum semiovale,
but did not find significant metabolite differences in gray matter from the midline
parietal region. This study also found no correlations of any metabolite levels with
clinical measures (age at onset and disease duration) or measures of cognitive and
motor impairment, a result that is consistent with a prior neurochemical study
which failed to find a relationship between reductions in acetylcholine activity and
cognitive impairment in DLB (Tiraboschi et al., 2000). In contrast, a more recent
study found elevated NAA/Cr ratios in the left and right hippocampus in DLB
patients versus controls but did not find group differences in Cho/Cr ratios,
although their sample size was somewhat limited (z = 8 in both groups) (Xuan
et al., 2008). Kantarci et al. (2004) reported elevated Cho/Cr ratios in a voxel
encompassing the posterior cingulate gyrus of DLB patients versus healthy
controls, but did not find group differences in NAA/Cr or ml/Cr ratios.

The data on 'H MRS findings in DLB arc sparse and variable. In some
respects, these variable findings are similar to those of postmortem pathological
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studies on DLB, which have yielded inconsistent findings regard to neuronal loss
in DLB (Cordato et al., 2000; Gomez-Isla ¢t al., 1999). Moreover, methodological
differences, including differences in symptom severity of patients, voxel place-
ment, and (Mueller ¢ al., 2006) "H MRS acquisition parameters (e.g., short versus
long echo time), may also account for some of the variable results across
these studies.

F. "H MRS FINDINGS IN PARKINSON’S DISEASE DEMENTIA

Dementia observed in patients with Parkinson’s disease can manifest from a
variety of clinical and neuropathological entities, including diffuse Lewy body
pathology (Galvin et al., 2006), AD (Galvin et al., 2006), and isolated Lewy
body pathology of the substantia nigra (Galvin et al, 2006; Pletnikova et al.,
2005). A specific dementia in patients with Parkinson’s disease, termed PD with
dementia (PDD), involves the onset of a progressive dementing illness at least
1 year subsequent to the onset of the movement disorder (McKeith et al., 2005).
PDD is believed to be clinically (Benecke, 2003), cognitively (Aarsland et al., 2003),
neuropsychologically (Litvan et al., 1991), and neuropathologically (Kovari et al.,
2003) distinct from that of patients with DLB (Benecke, 2003) and patients with
AD and late motor complications (Dickson, 2000).

"H MRS findings indicate that PDD patients exhibit abnormal brain metab-
olism as compared against healthy controls and nondemented PD patients. Initial
"H MRS studies in PDD examined metabolite levels in the occipital cortex. These
studies found reductions in NAA levels in PDD patients versus nondemented PD
patients, but not healthy controls (Summerfield e al., 2002), and elevations in
lactate levels in PDD patients versus both nondemented PD patients and healthy
controls (Bowen ez al., 1995), although similar lactate abnormalities have not been
documented subsequently (Firbank ¢t al., 2002). More recent "H MRS studies by
our group have investigated metabolism of the posterior cingulate gyrus, which
shows neuropathological changes in postmortem PDD studies (Braak et al., 2004)
and abnormal blood flow (Osaki et al., 2005) and dopamine transmitter alterations
(Brooks and Piccini, 2006) in antemortem PDD imaging studies. Consistent with
these post- and antemortem studies, 'H MRS of the posterior cingulate gyrus in
PDD has revealed reduced NAA/Cr ratios in PDD patients versus healthy controls
(Griffith et al., 2008a,c) and nondemented PD patients (Griffith et al., 2008a),
in addition to reduced Glu/Cr versus healthy controls (Griffith et al, 2008c).
Whereas lower NAA levels presumably reflect compromised functional integrity
of neurons in the posterior cingulate gyrus and occipital lobe in PDD, lower
Glu reductions could plausibly reflect other aspects of the PDD disease process,
such as downregulation of glutaminergic cortical efferents from the basal ganglia to
the posterior cingulate gyrus (Griffith e al., 2008c).
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Of note, 'H MRS-derived NAA and Glu measures in the posterior cingulate
gyrus appear to be able to discriminate PDD patients from nondemented PD
patients. The NAA/Cir ratio has shown high sensitivity and reasonable specificity
in correctly discriminating individuals with PDD from PD and healthy controls
(Griffith et al., 2008a). Moreover, both NAA and Glu levels have shown modestly
strong correlations with mental status measures (MMSE and DRS scores) in PDD
(Griffith et al., 2008a,c). Future longitudinal "H MRS studies determining whether
these brain metabolic abnormalities precede the clinical manifestation of PDD
appear warranted.

G. Urirry oF "H MRS FOR DISCRIMINATING AMONG DEMENTIAS

Studies have sought to compare the sensitivity and specificity of brain
metabolic profiles in discriminating among neurodegenerative dementias. Most
all of these studies have compared patients with AD to another dementia, a
question that is of clinical value given the high prevalence of AD (McMurtray
et al., 2006). Ernst and colleagues (Ernst ¢t al., 1997) found that FTD patients
could be discriminated from AD patients and controls using a combination of
NAA and Cr values from the mid-frontal and left temporoparietal region, with
accuracy of detecting FTD of 92% and an accuracy of detecting AD of 82%.
Shonk et al. (1995) indicated that NAA/Cr of the occipital lobe detected
AD from FTD with a sensitivity of 82%, specificity of 64%, positive predictive
value of 74% and a negative predictive value of 80%. Other studies have found
no differences on (Mueller ¢f al., 2006) "H MRS between AD and FTD patients.
For example, a recent study found reduced NAA/Cr levels and increased
ml/Cr levels in the posterior cingulate gyrus in both FTD patients and AD
patients when compared with healthy controls (Mihara et al., 2006). Several
other studies have found that metabolite concentrations did not differ signifi-
cantly between FI'D and AD patients (Garrard et al., 2006; Kantarci e al., 2004;
Kizu et al., 2004).

Other studies have attempted to distinguish between VAD and AD using
"H MRS. Patients with VAD, when compared to patients with AD, show reduced
NAA/Cr ratios in frontal gray matter and subcortical white matter, and elevated
ml/Cr in frontal white matter (Herminghaus et al., 2003; Kattapong et al., 1996;
Martinez-Bisbal et al., 2004). In comparison, patients with AD show increased
ml/Cr in the posterior cingulate gyrus (Kantarci et al., 2004; Martinez-Bisbal
et al., 2004) and occipital lobe (Rai et al., 1999; Waldman et al., 2002), as well as
increased Cho/Cr of the posterior cingulate (Martinez-Bisbal ¢t al., 2004), when
compared with VAD patients. One study reported an 83% classification accuracy
for AD and 71% accuracy for VaD using NAA measures from whole brain gray
matter (MacKay et al., 1996), while a second study comparing patients with
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AD, VaD, MCI, and major depression reported that the NAA/mlI ratio had an
81.5% sensitivity and 72.7% specificity for discriminating AD from the other
groups (Martinez-Bisbal et al., 2004).

We are aware of only two studies to date that have compared 'H MRS
across patients with Parkinson-spectrum dementias to patients with other
dementias. Kantarci and colleagues (Kantarci et al., 2004) reported that patients
with DLB had normal NAA/Cr ratios when compared to patients with AD and
patients with FTD; patients with DLB also had normal mI/Cr ratios compared
to patients with FTD. No differences were observed between DLB patients and
patients with VAD. Griffith and colleagues (Griffith et al., 2008c) very recently
reported that patients with PDD showed abnormally low Glu/Cr ratios when
compared with patients with AD, while patients with AD showed a trend toward
higher mI/Cr ratios when compared with patients with PDD. The Glu/Cr ratio
was able to discriminate between AD and PDD at rates greater than chance.
No studies to date that we are aware of have compared (Mueller e al., 2006)
"H MRS between patients with DLB versus patients with PDD, although
both dementias show considerable clinical and neuropathological overlap
(Galvin et al., 2006).

H. Uttty ofF "H MRS FOR MONITORING TREATMENT EFFECTS IN DEMENTIAS

A few studies have used "H MRS to assess responses to pharmacological
treatment in AD patients. Krishnan et al. (2003) reported that NAA levels in
subcortical gray matter and periventricular white matter increased following
12 weeks of therapy with donepezil, a cholinesterase inhibitor. Jessen and collea-
gues ( Jessen et al., 2006) observed changes in NAA/Cr, Cho/Cr and mI/Cr ratios
associated with donepezil treatment; the "H MRS changes were also associated
with improvement on the Alzheimer’s Disease Assessment Scale-cognitive sub-
scale (ADAS-cog), a commonly used measure of treatment effects in AD.
In contrast, Bartha et al. (2008) found a decrease in NAA levels, along with a decrease
in ml levels, in the right hippocampus following 16 weeks of donepezil treatment.
In another study, 4 months of treatment with the cholinesterase inhibitor rivas-
tigmine was associated with an increase in NAA/Cr in the frontal lobe in AD
patients versus untreated AD patients; there was an association reported between
the metabolite changes and modest clinical improvement in the treatment
group (Modrego et al., 2006). A study investigating the effects of treatment with
xanomeline, a cholinergic agonist, have found associations between pre- and
posttreatment changes in NAA/Cr, Cho/Cr, and mI/Cr ratios and changes in
ADAS-cog scores (Frederick et al., 2002). These studies suggest that '"H MRS has
the potential to monitor disease modifying treatment effects that are correlated
with clinical outcome measures.



"H MRS IN DEMENTIAS AND MILD COGNITIVE IMPAIRMENT 121

The ability of "H MRS to quantify therapeutic effects in dementias other than
AD is unknown. One study investigated the effect of argatroban therapy, a potent
selective thrombin inhibitor, on brain metabolite levels in peripheral arterial
occlusive disease patients, two of whom were diagnosed with VAD (Kario et al.,
1999). Prior to argatroban therapy, patients with silent cerebrovascular disease
had decreased NAA/Cr in the deep white matter. However, NAA/Cr ratios
increased significantly in patients with silent cerebrovascular disease following
argatroban therapy, accompanied by improved scores on the MMSE and
improvements in activities of daily living in the two VAD patients. While this
study highlights the potential importance of "H MRS in the monitoring of
therapeutic effects, continued study in larger samples of VAD and with other
therapeutic agents is clearly needed.

IV. Discussion

The use of "H MRS as a clinical investigative tool in neurodegenerative
dementias has yielded a body of findings that could prove important for research
into the causes and treatments of dementias. While there have been some
methodological and technical advances in "H MRS over the years, there have
been relatively consistent findings in studies of AD, providing evidence of the
stability of this technique as a potential biomarker. The emergence of studies in
other dementias, and comparative studies across dementias, has also proved
worthwhile. Nonetheless, several important issues remain to be addressed.

Across "H MRS studies, some common findings have emerged that engender
confidence in the interpretation of brain metabolic abnormalities in dementias.
One such finding has been the nearly ubiquitous observation of reduced cortical
NAA in almost all of the major dementing illnesses (with the notable exception of
DLB in one study (Kantarci e/ al., 2004)). Reduction in NAA has been observed in
all major lobes of the brain as well as in the hippocampus. While NAA reduction
1s primarily observed in gray matter, white matter NAA abnormalities have also
been reported. These results reify the interpretation of NAA as a marker of
neuronal and axonal integrity in dementias. NAA ratios have also shown strong
correspondence with postmortem neuropathology in AD (Kantarci et al., 2008),
presumably because higher levels of AD neuropathology correspond to greater
loss of neuronal function. However, as reduced NAA is observed in dementias
such as FI'D, where there is no AD neuropathology, it is clear that NAA
abnormalities are not specific effects of AD neuropathology alone, but are
rather sensitive to any form of neuropathology that is detrimental to neuronal
functioning. The use of NAA in combination with other '"H MRS metabolites
(such as mI) might improve the specificity of "H MRS to detect specific forms of
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neuropathology (Kantarci ¢t al., 2008). An advantage of "H MRS is that data can
be collected on several metabolites simultaneously, and thus can be used to
determine metabolic profiles that could discriminate among dementias (Griffith
et al., 2008¢c; Kantarci et al., 2004).

The sensitivity of "H MRS to detect dementias has been investigated in a few
studies, showing generally good ability to discriminate between dementias and
normally functioning individuals. However, '"H MRS may hold the most promise
as a means to identify earlier (preclinical) patients at risk for dementia, or
completely asymptomatic individuals, who could then be the target for early
intervention studies. The emerging body of findings in patients with amnestic
MCI, some of whom progress to have clinically probable AD, indicates that
"H MRS might be sensitive to the metabolic effects of neurodegenerative diseases
prior to their clinical identification. An exciting area of development has been the
identification of "H MRS abnormalities in patients who are at genetic risk of AD
but who are otherwise completely asymptomatic, suggesting that brain metabolic
abnormalities predate identification of cognitive deficits in these patients (Godbolt
et al., 2006). Cortical "H MRS changes that occur in patients with PD and no
dementia (Griffith et al., 2008b) resemble those reported in PDD patients (Griffith
et al., 2008c), suggesting that '"H MRS may be helpful in determining risk of
dementia in PD.

Longitudinal studies are slowly emerging to support the use of "H MRS as a
means to track progressive brain metabolic changes. At least one study has
demonstrated that "H MRS can be reliably obtained within the same partici-
pants at different time points (Rose et al., 1999). A few longitudinal studies have
been conducted to date in AD and MCI, although other dementias have not yet
been investigated with longitudinal "H MRS. The findings of these longitudinal
studies suggest that change in NAA corresponds well with change in clinical
status of AD, and thus possibly could be used to measure disease progression
with less error than is seen with clinical instruments such as the ADAS-cog
(Mueller ¢t al., 2006). Some studies have employed "H MRS to measure treat-
ment effectiveness in AD and shown links to modest cognitive improvement with
improving metabolism. However, correspondence with clinical outcomes other
than cognitive change, such as status of daily functional activities, is desirable to
anchor "H MRS changes to real-world outcomes. Two cross-sectional studies
have reported a correspondence between '"H MRS and daily activities in AD
(Antuono et al., 2001; Griffith et al., 2007¢); these findings suggest that change in
"H MRS would correspond to declines in complex daily activities. Clearly, a
better understanding of the longitudinal course of brain metabolic abnormalities
in dementias, and the associations of these metabolic abnormalities with cogni-
tive and daily functional changes, is essential to pursuing 'H MRS as a measure
of treatment outcomes.
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The search for viable biomarkers of dementing illnesses is critical for develop-
ment of new treatments. Mueller and colleagues outlined their six criteria for a
viable biomarker of treatment effects in patients with dementias: (1) links between
the markers and treatment outcomes, (2) test-retest reliability; (3) sensitivity to
desired stage of treatment; (4) link to the biomarker and amyloid burden, (5) non-
invasiveness and tolerability; and (6) availability and cost (Mueller ez al., 2006).
In considering "H MRS in light of these criteria, the current state of the literature
suggests that several of the criteria are being approached. '"H MRS appears to
have some links to potential measurable outcomes, in that studies have reported
associations with cognitive functioning and instrumental daily activities, as well as
showing sensitivity to treatment effects. Test-retest reliability has been supported
in at least one study, although interscan variability may not be at the desired level
for reliable use in individual patients. Studies in 'H MRS of preclinical dementias
have shown that early metabolic changes are observable at the stage when
treatment is most desirable (Petersen, 2004). "H MRS is arguably among one of
the most widespread imaging modalities, in that many of the MRI scanners
commercially available have the capability of collecting 'H MRS data, although
subsequent data processing and interpretation require expertise. In our experi-
ence, 'H MRS is well tolerated in patients with mild to moderate stages of
dementia as well as individuals with movement disorders.

The link of "H MRS with amyloid burden, one of the Mueller et al. (2006)
criteria, is questionable. While amyloid deposition is clearly correlated with NAA
and ml levels in patients with AD, abnormalities in these metabolites are also seen
in non-amyloid neuropathologies such as FTD. "H MRS can likely play a role as
a marker of neuronal integrity with sensitivity to a number of neuropathologies
(i.e., Lewy bodies, tauopathies, cerebrovascular disease) rather than having a
specificity to amyloid. Given that questions have arisen as to the key role that
amyolid deposition plays in the dementing process in AD (Arends e al., 2000;
Dickson, 1997; Terry et al., 1991), the importance of an amyloid biomarker over a
biomarker of neuronal health is debatable.

Future directions in "H MRS of dementias should focus on developing stable
and reliable longitudinal techniques and applying these to investigate longitudinal
changes, especially in dementias other than AD as well as longitudinal comparative
studies of AD with other dementias. Measuring correspondence of change on
clinical and functional measures with changes in '"H MRS measures is also
needed. In addition, studies are needed to further investigate whether "H MRS
measures are sensitive to medication effects, such as cholinesterase inhibitor use,
in patients where these treatments are considered to be beneficial. The association
of '"H MRS measures with imaging of amyloid, such as comparison with the
Pittsburgh B Compound PET procedure (Klunk ¢t al., 2004), would be beneficial.
Lastly, as technological advances occur it would be worthwhile to expand from
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single-voxel approaches to 2D and 3D "H MRS imaging to better understand
the extent of "H MRS abnormalities in dementias. Such developments will
hopetully prove to benefit the search for effective treatments of dementias in the
twenty-first century.
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I. Background

Dementia is a common disorder among the elderly, becomes more prevalent
with advancing age, is typically medically refractory, reduces life expectancy, and
diminishes quality of life for patients and their caregivers. Worldwide 600 million
people are over the age of 60 and that number is expected to double by 2025
(UN, 2003). Of those over age 60, approximately 26 million people have dementia
of any type (Wimo et al., 2007), and as the population ages, this is projected increase
to 80 million by the year 2040 (ADI, 2006). The costs of care are staggering, with a
current annual worldwide health cost estimated at $300 billion (Wimo et al., 2007).

Despite the high prevalence of dementia among the elderly, the diagnostic
workup can be complicated, time consuming, and difficult to interpret, particu-
larly in the primary care setting. In this manuscript, we will review the biologic
basis of positron emission technology (PET) in the diagnostic workup of Alzheimer
disease (AD) and its symptomatic prodrome, mild cognitive impairment (MCI),
as well as outline current recommendations for use PET, and identify its main
limitations to improve appropriate selection of patients.

A. NEUROBIOLOGY OF ALZHEIMER DISEASE

Abnormal accumulation of beta-amyloid (Af3) peptide is widely believed to be the
underlying mechanism of pathologic and clinical changes seen in AD (Cummings,
2004). Changes typically begin in the transentorhinal and entorhinal cortex as well as
the hippocampus (Delacourte ¢t al., 1999), and thus earliest impairments occur with
episodic memory deficits. Despite extensive neuropathologic changes, some patients
may remain asymptomatic in a prodromal state of AD (Dubois et al., 2007). Alterna-
tively, some patients develop cognitive complaints and have objective cognitive
impairment but no functional decline in level of activities of daily living, and these
are classified as MCI (Petersen e al., 2001). As disease progresses, other brain
structures become involved, initially temporal cortex and later parietal and frontal
association cortices, and finally primary motor and sensory cortices and the neocor-
tex (Delacourte et al., 1999). Symptomatically, patients progress from episodic mem-
ory loss to additional, progressive deficits in visuospatial and semantic abilities, mood
and behavioral disorders, and an eventual vegetative state.

B. EPIDEMIOLOGY OF ALZHEIMER DISEASE

Alzheimer disease (AD) 1s the most common type of dementia, representing
60-70% of all patients with dementia. The prevalence increases with age from
approximately 3-5% for those under 75, 15-18% for those age 75-84 years, and
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45% for those older than 85 years (Alzheimer’s Association, 2008; Gurland et al.,
1999; Hebert et al., 2003; Mayeux, 2003b). In the US alone, an estimated 5.2
million have AD in 2008 and this may increase to 13.2 million by 2050
(Alzheimer’s Association, 2008). Sporadic AD represents 98% of all AD cases and
is likely due to a complex interaction of environmental, vascular, and genetic risk
factors (Mayeux, 2003a; Tang et al., 1998).

The epidemiologic data for patients at risk for late onset AD are equally
daunting. In the US alone, 25 million persons are over the age of 65 (18 million
aged 65—74 years, 12 million aged 75-84 years, and 4 million aged 85 years and
over) (He et al., 2005). Before developing AD, many patients may transition
through amnestic MCI (Petersen et al., 2001), or memory complaints with com-
mensurate objective neuropsychological test deficits, but without appreciable
impact in general cognition or daily independent function.

MCI portends to a significantly increased annual risk of conversion to AD
compared to others in their age group (Manly et al., 2008; Petersen et al., 2001).
In a multiethnic urban American population, amnestic MCI (including single or
multiple domain impairment) is prevalent in 3.8% of nondemented elderly aged
65-75 and in 6.3% of those over 75 years of age (Manly et al., 2005). Overall, most
studies suggest that MCI patients have an annual conversion rate (i.e., progres-
sion) to AD of approximately 10-15% per year (Morris et al., 2001; Petersen et al.,
1999). Recently, age-stratified data from our center have suggested that of normal
elderly individuals, the annual conversion rate from normal cognition to amnestic
MClIis 1.1% of those aged 65—69 years, 2.1% aged 70-74, 2.2% aged 75-79, and
3.4% aged 80 years and above. Moreover, among those with amnestic MCI, the
annual conversion rate to AD 1s 3.2% of those aged 6569, 4.5% aged 70-74,
9.7% aged 75-79, and 11.1% aged 80 years and above (Manly et al., 2008).

C. ["*F]2-FLUORO-2-DEOXY-D-GLUCOSE

Positron emission tomography (PET) enables imaging of biological activity,
and thus can identify abnormal biological activity in a host of diseases. Regional
differences in brain glucose metabolism using PET have been explored in demen-
tia, and ['*F]2-fluoro-2-deoxy-D-glucose (FDG-PET) has become the most widely
investigated radioligand since the first descriptions of cerebral metabolism in
dementia over two decades ago (Benson et al., 1981; Farkas e al, 1982;
Friedland et al., 1983; Phelps ¢t al., 1982). Glucose hypometabolism identified in
FDG-PET is thought to represent two findings: (1) local decreases in synaptic
activity or synaptic dysfunction in neurons affected by Alzheimer type pathologi-
cal changes and (2) decreased synaptic activity in regions receiving projections
from these primary, diseased neurons (Friedland et al., 1985; Hoffman et al.,
2000; Matsuda, 2007; McGeer et al., 1986a,b, 1990a,b; Mielke et al., 1996).
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Thus, abnormalities in regional cerebral metabolism are thought to reflect the
pattern of neuropathologic development of AD with early prominent AD changes
in the medial temporal cortex and its projections to cingulate and parieto-
temporal association cortices (Brun and Englund, 1986); although, all of these
structures may become pathologically involved with disease progression (Braak
and Braak, 1991).

Similarly, patients with MCI, with many in the earliest stages of AD change,
may only have glucose hypometabolism in the medial temporal cortex (de Leon
et al., 2001; Nestor et al., 2003). MCI patients with additional glucose hypometa-
bolism in the parietal association cortex may be at greater risk for subsequent
conversion to AD (Chetelat ez al., 2003; Moscont et al., 2004).

Despite the relatively lengthy history of FDG-PET in dementia, its clinical
utility was not fully appreciated until relatively recently. The last American
Academy of Neurology Practice Parameter for the diagnosis of dementia was
released in 2001, at a time prior to any reports of PET operating statistics from
large studies. In that report, PET was thought to “have promise for use as an
adjunct to clinical diagnosis,” but further studies were required “to establish the
value that it brings to diagnosis over and above a competent clinical diagnosis.”
(Knopman et al., 2001). Since then, several studies have been reported including
one later that year, which included 284 patients undergoing dementia workup,
with 138 having neuropathological diagnosis (Silverman et al, 2001). The
authors used a typical AD pattern of parietal and temporal hypometabolism,
with or without frontal involvement, with a sensitivity of 94% (91/97; 95% CI,
89-99%) and a specificity of 73% (30/41; 95% CI, 60-87%) relative to neuro-
pathologic diagnosis (Silverman et al., 2001); other studies have found similar
values of specificity and sensitivity of PET for AD, depending on comparisons
with clinical or pathologic definitions of disease (Hoffman et al, 2000;
Patwardhan et al., 2004).

In an attempt to clarify the sensitivity and specificity of PET, one meta-
analysis of articles published through 2003 found significant faults in the gener-
alizability of these studies overall (Patwardhan et al., 2004). Namely, the authors
noted that control patients may have dissimilar medical comorbidities, and that
most of the studies were performed in specialty or tertiary referral centers, and
may operate quite differently when used in primary care settings. Despite these
limitations their best estimate suggested the summary sensitivity of PET was
86% (95% CI: 76-93%) and summary specificity was 86% (95% CI: 72-93%)
(Patwardhan et al., 2004), and subsequent individual studies have found similar
results (Jagust et al,, 2007). Furthermore, in each of these studies, we cannot
know whether individuals with an AD PET pattern, but without either clinical
or pathologic correlate, would have eventually developed clinical AD. Thus,
these patients may underestimate the specificity of FDG-PET (fewer false
positives).
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D. PrrrssurcH Comrounp B-PET

Recent approaches to PET imaging in dementia have attempted to obviate
the examination of glucose metabolism and its inherent limitations and focus on
radioligands which bind with amyloid in the brain. One of the most promising
and well studied of these ligands used amyloid binding dye thioflavin-T derivative
[M-methyl-''C]-2-4-methylaminophenyl)-6-hydroxybenzothiazole, better known
as Pittsburgh Compound B (PiB)-PET, which binds to amyloid plaques and
amyloid fibrils, but not neurfibrillary tangles. The first report of PiIB-PET in humans
suggested PiB affinity is generally inversely correlated with glucose metabolism on
FDG-PET (Klunk, 2004) (c.g., regions with greater amyloid burden may be
identified in regions with relative preservation of glucose metabolism); the highest
degree of amyloid binding was associated with prefrontal cortex, and to a lesser
degree in parietal, occipital, and temporal cortex (Klunk et al., 2004; Mintun et al.,
2006). Subsequent studies have also suggested that relatively normal prefrontal
glucose metabolism on FDG-PET despite high prefrontal amyloid binding on
PiB-PET has led some to hypothesize additional mechanisms than just amyloid
underlying neuronal dysfunction in AD (Edison ez al., 2007).

PiB binding has been demonstrated to be highly prevalent among larger
studies of AD patients, and to a lesser degree but with a similar pattern among
MCI patients (Kemppainen et al., 2007). PiB binding may be present in as high as
22% of elderly individuals with healthy aging, and cortical PiB is significantly
associated with episodic memory test performance among MCI and normal aged
patients (Pike et al., 2007), and facial and word recognition in all subjects (Edison
et al., 2007). One study of cognitively normal elderly and MCI subjects found no
within-group relation between learning and memory testing and PiB binding
(Jack et al., 2008). To date, the relatively limited number of studies preclude
definitive prediction of progression from MCI or a normal state to clinical AD
based on PiB-PET, but MCI patients with an AD PiB-PET pattern may be more
likely to progress to AD based on one study with relatively brief follow-up
(Forsberg et al., 2008).

Data regarding the sensitivity and specificity of PiB-PET in the diagnosis of
AD 1is somewhat limited. One study found increased PiB binding in 89% of
patients with clinically probable AD (Edison et al., 2007); another found 100%
sensitivity, with specificity dependent upon the age of the patient, ranging from
73 to 96% (Ng et al., 2007). As with FDG-PET, the cause for the relatively low
specificity (high false positives for AD) in some subjects is unclear, but could be
related to several reasons. First, presymptomatic individuals could lead to false
positive findings; autopsied brains of cognitively normal elderly can have patho-
logic AD changes in 25-67% of subjects (Crystal et al., 1988; Morris et al., 1996;
Mortimer et al., 2003; MRC-CFAS, 2007). Second, PiB amyloid binding is found
in other cerebral amyloidoses including cerebral amyloid angiopathy (CAA)
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(Lockhart et al., 2007). Although the data are limited, the CAA pattern of PiB-
PET signal may be distinguishable from AD; CAA may have a greater degree of
occipital amyloid identified on PiB-PET than AD patients ( Johnson e al., 2007).

Il. Application of PET to Primary and Specialty Care Settings

Given the data from these studies outlined above, it is worth considering the
application and utility of PET in clinical practice. Prior to outlining the approach
to its use, the current typical sequence leading to the workup and diagnosis of
dementia bears review, to contextualize the potential role of PET within the
diagnostic workup.

A. DiagNosTIC WORKUP OF DEMENTIA IN PRIMARY CARE

For the workup of dementia patients, current recommendations for primary
care physicians are to provide cognitive screens to only those with reported or
suspected cognitive decline, or in the oldest old (Brodaty et al, 1998; US
Preventive Services Task Force, 2003). Without disease modifying treatment,
the current ratio of benefit to harm of screening for dementia is unclear, and
thus not recommended unless dementia is suspected (US Preventive Services Task
Force, 2003). These practices may delay recognition relative to community
screening programs (Barker et al., 2005), but expanding current screening prac-
tices may be impractical for a busy primary care physicians, already conscious of
cost concerns (Geldmacher, 2002). When concern for progressive cognitive im-
pairment is raised in the primary care setting, one of several brief cognitive
screening tests for dementia is often used. The best-studied cognitive screening
tool is the Folstein Mini-Mental Status Examination (MMSE) (Folstein et al.,
1975; US Preventive Services Task Force, 2003), but scoring and interpretation
may be somewhat dependent on education and age. If cognitive impairment is
identified, other non-cognitive screening tests are recommend for the purposes of
excluding uncommon causes non-degenerative cognitive decline (Knopman et al.,
2001). These tests include MRI (to rule out space occupying lesions, subclinical
cerebral infarcts, and other conditions) and laboratory evaluations of thyroid
function, vitamin B12 level, and syphilis serology. These tests have few limitations,
are reproducible, and are relatively simple to perform and interpret by non-
specialists.

Depending on individual practice, some primary care physicians may arrest
the workup at this point and begin treatment. Others may refer to a specialist after
screening, or even sooner—at the time of suspected cognitive impairment but
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prior to screening laboratory evaluation. The current structure of diagnostic
workup is likely impractical for every patient with probable AD to be seen by a
specialist. Although data are limited, US community primary care physicians
refer 44% of their patients to specialists for diagnosis or confirmation (Fortinsky
et al., 1995). In comparison, more than 80% of community primary care physi-
cians in Germany and academic primary care physicians in Canada make
specialist referrals, most often neurologists or physicians specializing in both
psychiatry and neurology (Pimlott ¢t al., 2006; Riedel-Heller et al., 1999). Potential
dementia specialists include neurologists (on average, 4.5 neurologists serve
100,000 US population) (World Health Organization, 2005), gerontologists (2.4
per 100,000), and geriatric psychiatrists (0.5 per 100,000) (Wimo et al., 2007);
behavioral neurologists and neuropsychiatrists comprise a small minority of
general psychiatrists and neurologists. Thus, any increase in referrals to specialists
would likely overwhelm the current system.

The statistical rigor and cost-effectiveness of a non-selective community-based
screen using most of these diagnostic tools has not been widely reported. It has
been argued that FDG-PET can be a cost saving measure for the diagnosis of AD
in geriatric populations, in comparison to a conventional workup of clinical
evaluation and exclusion of potential mimicking diseases (Silverman et al.,
2002). However, this study considered the population of having 51% prevalent
disease (Silverman et al., 2002), which would only be applicable to a highly
selected, screened population within a primary caregiver’s office, or would require
an unselected population with all patients over 90 years of age, based on current
epidemiologic estimates.

B. DiagnosTic WORKUP OF DEMENTIA IN SPECIALTY CARE SETTINGS

In contrast to screening tests used largely for exclusionary purposes, confir-
matory tests used in the diagnostic workup of patients with dementia are typically
used as sensitive measures to rule in a diagnosis in a patient with moderate to
highly probable disease. These tests include initial clinical evaluation, often by a
specialist, with supportive testing, decided on a case by case basis, including
neuropsychological testing, cerebrospinal fluid markers, and functional imaging
such as FDG-PET. Each of these is costly, time consuming and requires a large
amount of manpower to complete (McMahon et al., 2003). As noted elsewhere,
the additional diagnostic benefit of these diagnostic tests when done in expert
settings 1s unclear, and these tests may have greater potential diagnostic usefulness
when the diagnosis is less certain, as may be the case in primary care settings
(Knopman, 2001).
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ll. Appropriate Use of PET

Before delving into the statistics of available studies regarding PET, the use of
sensitivity, specificity, and related statistical tools also bears brief review. From the
Table 1, Sensitivity = A/(A + C) is the probability of having a positive test result
among all those with disease. The complement of sensitivity is the false negative
proportion = C/(A + C). Specificity = D/(B 4 D) 1s the probability of having a
negative test result among those without disease. Similarly, the complement of
specificity is the false positive proportion = B/(B 4+ D). Drawn from Table I are terms
that are often cited to guide clinicians’ use for practical matters, and perhaps
incorrectly so: the predictive value terms. The positive predictive value = A/(A + B) is
the probability of having the disease given a positive test result. Similarly, the
negatwe predictive value = D/(C + D) is the probability of not having the disease
given a negative test result. These predictive values are often applied incorrectly;
their usefulness is dependent upon the prevalence of disease within a given
population, which may be unknown to the clinician. Furthermore, if data are
derived from case-control studies, the predictive value tools cannot be used unless
an equal sampling fraction of controls is established, and this is often difficult.

In place of these predictive value tools, some have suggested using likelihood
ratio statistics (Grimes and Schulz, 2005), but these have not become as widely
reported, despite their relative ease of using an appropriate table or computer
program. The benefit of the likelihood ratios is that they incorporate statistics
regarding all disease states and test results, without depending on prevalence.
Instead, using Bayesian statistics these ratios allow the user to apply a likelihood
ratio to a pretest probability (either according to known disease prevalence or
clinical probability based on additional data) to derive a posttest probability.
Thus, again from Table I, the Likelihood ratio for disease if test positive = sensitivity/
(1-specificity) and the Likelihood ratio for disease if test negative = (1l-sensitivity)/
specificity. One can also consider the likelihood ratio positive to be the ratio of
true positives to false positives, and the likelihood ratio negative as the ratio of false
negatives to true negatives. The likelithood ratios in and of themselves have little
inherent meaning but become relevant when applying them to individual
patients.

TABLE I
THE 2 X 2 TABLE
Disease No disease
Positive test result A B

Negative test result C D
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Although the likelihood ratio calculations are relatively straightforward, their
application can be exacted by using Bayesian statistics, but these can be perceived
as cumbersome. An alternative strategy is the use of the likelihood ratio table
(Fig. 1), or perhaps more simply by remembering a few important numbers
(Grimes and Schulz, 2005). Here we present all three methods of practical
application of likelihood ratios.

A. UsING LIKELIHOOD RATIO TABLES

When considering the FDG-PET meta-analysis outlined above (Patwardhan
et al., 2004), which identified the composite sensitivity = 86% and specificity = 86%
for AD, then the Likelihood ratio positive = 0.86/(1-0.86) = 6.1 and the
Likelihood ratio negative = (1-0.86)/0.86 = 0.16. Once these have been calcu-
lated, we then look to Fig. 1A, a typical likelihood ratio table. To use the likelithood
ratio table, begin with the pretest probability at the left. Using a straightedge,
tracing from the pretest probability through the likelihood ratio will derive the
posttest probability. Presumably, a posttest probability will need to be sufficiently
high or low to make a clinical decision. Arguably, given that tertiary referral
centers may be correct in clinical AD diagnosis approximately 90%, then any
posttest probability at or above this would be satisfactory; a suitable threshold
value for a low likelithood posttest probability can be determined on a case by case
basis but presumably should be less than 5%.

Consider an example of a 50% pretest probability, which could be prevalence
of AD in a nonagenarian population (or alternatively a primary physician’s
clinical suspicion based on interview alone) and thus the pretest probability
without further information or diagnostic tests. In this scenario, a positive FDG-
PET with likelihood ratio positive = 6.1 would increase the posttest probability to
about 90%, while a negative test result with likelihood ratio negative = 0.16
would decrease the posttest probability to 10%. Alternatively, we could consider a
single, larger study of PET in AD as outlined above (Silverman et al., 2001) which
identified sensitivity = 94% and spectficity = 73%, and thus a likelihood ratio
positive = 3.5 and likelihood ratio negative = 0.08. Beginning with a 50% pretest
probability, our posttest probability with a positive test increases to only about
70% while a negative test decreases the probability to about 5%.

Exploring the likelihood ratio table, one can clearly see that an uncertain
pretest probability is the best scenario for use of a diagnostic tool with sufficiently
high likelihood ratio positive (ideally over 10) or low likelihood ratio negative
(ideally 0.1 or less). Very high or low pretest probabilities will not be appreciably
affected, regardless of the likelihood ratio test characteristics (Grimes and Schulz,

2005).
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Finally, in the Fig. 1B-D, we have applied the likelihood ratios derived from
two studies of FDG-PET statistics (Patwardhan e al., 2004; Silverman et al., 2001)
to visually demonstrate the utility of applying likelihood in several different
scenarios. In this figure, we derived the pretest probability in each Fig. 1B-D
from age-stratified prevalence statistics of AD (Alzheimer’s Association, 2008;
Gurland et al., 1999; Hebert et al., 2003; Mayeux et al., 2003b) in an effort to
demonstrate the utility of FDG-PET without additional screening or further
workup. Clearly, the degree of certainty in diagnosis does not appreciably improve
from this single test until applied to those older than 85 years of age.

B. UsiNG A LIkKELIHOOD RaATIO “MNEMONIC”

Should a likelihood ratio table not be immediately available, and if one
chooses not to pursue the potentially difficult calculation steps outlined below, a
simpler way has been suggested, requiring the user to remember a few numbers
(Grimes and Schulz, 2005). Positive likelihood ratios 2, 5, and 10, approximately
increase the posttest probability by 15% increments individually. That is, a
likelihood ratio positive of 2 increases the posttest probability by an absolute
difference of 15%, 5 by 30%, and 10 by 45%. Conversely, a likelithood ratio
negative of 1/2 (0.5) decreases the posttest probability by an absolute difference of
15%, 1/5 (0.2) by 30%, and 1/10 (0.1) by 45%. Using this method considering
one of the examples above, a likelihood ratio positive of 6.1 is similar to 5, which
would increase a pretest probability of 50% absolutely by 30% to 80%. Similarly,
a likelihood ratio negative of 0.08 is similar to 1/10 which would decrease a
pretest probability of 50% absolutely by 45%, yielding a posttest probability of
5%, as estimated by the likelihood ratio tables. Overall, comparing this simplified
methodology to the results above using the likelihood ratio tables, yields similar
but less precise results.

C. UsING BAYESIAN CALCULATIONS

Aside from using likelihood ratio tables or the mnemonic as suggested above,
one can determine the exact posttest probabilities through a series of calculations,
bearing in mind that pretest probabilities may be imprecise and based on clinical
judgment. These calculations are

1. Calculate the pretest odds = pretest probability /(1-pretest probability)
2. Posttest odds = Pretest odds X likelihood ratio
3. Posttest probability = Posttest odds/ (posttest odds +1)
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Returning to the 50% pretest example using sensitivity and specificity for PET
derived from the meta-analysis (Patwardhan e al., 2004), for a positive test

Pretest odds = 0.50/(1—0.50) = 1 (“1:1 odds™)
Posttest odds =1 x 6.1 = 6.1
Posttest probability = 6.1/(6.1 + 1) = 86%

For a negative test

Posttest odds =1 x 0.16 = 0.16
Posttest probability = 0.16/(1 + 0.16) = 14%

From this example we can see that the likelihood ratio table, menomnic, and
calculations yield similar results for a test with 86% sensitivity and specificity,
regarding a positive test result (posttest probability using the likelihood ratio table,
90%; mnemonic, 80%; calculation, 86%) and a negative test result (posttest proba-
bility using the likelithood ratio table, 10%; mnemonic, 5%; calculation, 14%).

D. Concrusions FROM USING THE LIKELIHOOD Ratios rFor PET anp AD

Based on these analyses, FDG-PET should be used only in a highly selected
group of patients. Presumably, one would pursue a diagnostic workup until such a
time that there is a high degree of certainty of either dementia or normal
cognition. At this point FDG-PET should be reserved for patients having either
(a) undergone an otherwise exhaustive diagnostic workup with a specialist in
cognitive disorders or (b) partial workup with a primary care physician after
having identified a cognitive disorder, but both yielding a still-uncertain diagnosis.
This approach has been justified in expert centers attempting to distinguish
ambiguous clinical cases of AD and frontotemporal dementia; FDG-PET
changed the diagnosis in 26% of cases in which the examiner was uncertain or
not completely confident in the diagnosis, versus 5% change of clinically certain
cases after additional information provided by FDG-PET (Foster et al., 2007).
Current reimbursement practices in the United States reflect just such application
of FDG-PET, and its use is restricted to consideration of a differential diagnosis of
AD versus other neurodegenerative illnesses.

At this point, available data for either FDG-PET or PiB-PET in MCI are
limited and preclude accurate derivation of a likelithood ratio test statistics.
Neither study is currently indicated for suspected MCI patients, either as a
diagnostic tool or as a prediction tool for progression. Should future studies reveal
additional data regarding specificity and sensitivity of these imaging modalities, or
any other MCI/AD diagnostic tool for that matter, one can apply such data to
this formula and recapitulate this argument.
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IV. Summary

Despite a relatively lengthy history of FDG-PET in the evaluation of demen-
tia, it should still be used judiciously, and only in patients with a relatively
uncertain cognitive diagnosis despite initial workup and evaluation, or if the
etiology of their dementia is unclear. The use of FDG-PET as a blind screening
tool is not recommended; although, screening in elderly at greatest risk for
dementia (age > 90) is worth considering. Newer PET radioligands such as
amyloid binding tools (PiB among them) show promise as a future diagnostic
tool, but are not commercially available at this time and cannot be recommended
for routine use based on available data. FDG-PET, PiB-PET, and other support-
ive diagnostic tests may have greater roles in diagnosis and monitoring disease
should be an era of disease-modifying therapies and prevention strategies for AD
develop.
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The pathogenesis of dementia of the Alzheimer’s type (DAT) remains elusive.
The neurodegeneration occurring in this disease has been traditionally believed to
be the result of toxicity caused by the accumulation of insoluble amyloid-beta 42
(AB) aggregates, however recent research questions this thesis and has suggested
other more convincing cellular and molecular mechanisms. Dysfunction of
amyloid precursor protein metabolism, AB generation/aggregation and/or
degredation/clearance, tau metabolism, protein trafficking, signal transduction,
heavy metal homeostasis, acetylcholine and cholesterol metabolism, have all been
implicated etiologically especially as to production of neurotoxic by-products
occurring as a result of a specific process derangement. In this paper, these and
other research directions are discussed as well as their implications for future
therapies. The relationship of the proposed abnormal molecular and cellular
processes to underlying genetic mutations is also scrutinized, all in an attempt
to stimulate further insight into the pathogenesis of, and thus therapeutics for this
increasingly prevalent disease.

l. Introduction

Over 100 years ago, Alzheimer described a patient with memory disturbance
and a brain pathological picture which included miliary bodies (plaques) and
dense bundles of fibrils (tangles). These observations remain the clinical
and pathological hallmarks of dementia of the Alzheimer’s type (DAT). DAT is
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the most common form of dementia and accounts for 50-60% of dementia
presentations. Presently there are approximately 5.1 million patients in the
USA with DAT; and it is estimated that in the next 20 years, there will be an
additional 15 million cases. DAT incidence increases with age. Before age 60, the
incidence 1s about 5%; but after age 85, it increases to 50%. The annual cost
attributed to DAT in this country is $148 billion. The clinical symptoms of DAT
include alterations of abstract thinking, skilled movements, emotional expression,
executive function, and memory. The majority of DAT cases are sporadic, but
around 10% are inherited. Autosomal dominant cases are related to mutations in
the amyloid precursor protein (APP) (chromosome 21), presenilin 1 (PS1) (chro-
mosome 14), and presenilin 2 (PS2) (chromosome 1) genes. Similar pathology
with a dementing process often occurs in Down syndrome (trisomy 21).

The pathogenesis of DAT remains perplexing. Dysfunction in APP metabolism,
AP42 (AP) degradation and clearance, signal transduction, tau metabolism, protein
trafficking, acetylcholine and cholesterol metabolism, and homeostasis of heavy
metals may be involved (Bertram and Tanzi, 2008). DAT neurodegeneration may
be linked to dysfunction of the degradation process of Aff or other proteins, or Af
generation with production of toxic by-products may be responsible, and aggregate
formation may be a benign phenomenon. On the other hand, Af aggregates may be
primarily toxic interfering with the degradation of various proteins by interfering
with chaperone function. Protein folding, protein-protein interaction, and protein
membrane association are all thermodynamically driven processes utilizing enzymes
known as chaperones. The importance of chaperones for proteosomal degradation
has been corroborated in the endoplasmic reticulum (ER) where newly synthesized
proteins that are abnormal or misfolded are removed by a quality control mechanism
termed ER-associated degradation (Tai and Schuman, 2008; Zhang et al., 2004).

Il. Cellular Pathogenesis and Investigational Strategies

DAT histological brain changes are especially prevalent in the frontal and
temporal lobes and include neuronal loss, extracellular deposition of Af as “senile
plaques,” and the intracellular accumulation of neurofibrillary tangles composed
of microtubule-associated protein tau arrayed as paired helical filaments. One
of the earliest neuropathological changes is the presence of a large number of
reactive astrocytes at the site of Af deposition. Aff deposition also leads to
degeneration of the microvascular basement membrane and thus alteration in
blood-brain barrier permeability (Berzin et al., 2000) (Fig. 1).

As previously noted, it is unclear whether the process of formation and accu-
mulation, precursors occurring during that process, the actual accumulated Af,
and/or abnormal degradation initiates a series of neurotoxic events including
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F1G. 1. Neuropathology of Alzheimer’s disease. (A) Low power amyloid plaques, (B) high power
amyloid plaque, (C) neurofibrillary tangles, silver stained, and (D) electron micrograph of neurofibrillary
tangles composed of hyperphosphorylated tau (Courtesy of Sisodia and St. George-Hyslop, 2002; with
permission from Nature Publishing Group).

hyperphosphorylation of tau that triggers neuronal dysfunction and cell apoptosis
(the “amyloid cascade”). Although new ligands for positron emission tomographic
(PET) imaging of Af in vivo (Pittsburgh Compound-B) are available, their diagnostic
value is questionable due to this conundrum. However, the accumulation of
amyloid plaques is the earliest feature that can be detected in presymptomatic
individuals with a PS1 mutation or with trisomy 21. Although, it is not clear how
Ap specifically induces neurodegeneration, the accumulation of intracellular tau
does appear to be neurotoxic.

It was originally thought that plaque formation occurred over long periods
of time and long before the dementia became apparent. However, Meyer-
Luehmann et al. (2008) using a DAT mouse model provided evidence that
amyloid plaques form extremely rapidly, actually within 24 h, and their size and
final characteristics stabilize within a week. In the early stages of the disease,
microplaques can damage neighboring axons and dendrites within days. Among
the features of the DAT degenerative process are damage to synaptic connections
associated with accumulation of amyloid 8 oligomers, and neuritic dystrophy—
the formation of tortuous neuronal elongations with eventual loss of selective
groups of neurons. These processes have been strongly linked to DAT cognitive
impairment.

Defects in axonal transport have been described in animal models of DAT
including transgenic mice overexpressing APP, and those containing mutant PS1.
However, the mechanism is not fully understood (De Vos et al., 2008). Af appears
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to disrupt the axonal transport of a variety of cargoes including mitochondria by
associating with and thus damaging the mitochondria (Hiruma et al., 2003;
Manczak et al., 2006). Mutant PS1 impairs axonal transport by causing a reduction
in kinesin-I driven motility via interaction with glycogen synthase kinase-3f to
produce phosphorylation of kinesin light chains with release of kinesin-I from
membrane-bound organelles (Pigino ez al., 2003).

Disturbance of glutaminergic neurotransmission and consequent excitotoxicity
has been implicated in the progression of DAT (Matos ¢t al., 2008). In DAT patients,
increased glutaminergic excitotoxic activity appears to occur due to Af interference
with glutamate uptake by astrocytes, leading to increased activation of NMDA
neuronal receptors. Memantine is a noncompetitive NMDA receptor antagonist
that appears to protect neurons from glutamate mediated excitotoxicity without
interfering with the physiological NMDA receptor activation needed for cognitive
functioning. Although there is no data showing memantine has a beneficial effect in
mild DAT, this drug is well tolerated and may be a useful adjunct in moderate to
severe disease defined as a mini-mental status exam (MMSE) score of less than 15.

Amyloid f aggregation disturbs the cellular proteosome by inducing oxidative
stress with subsequent mitochondrial and proteosomal dysfunction (Hamacher
et al., 2007). Mitochondrial dysfunction appears to be an early causative event in
neurodegeneration. Mutations of mitochondrial fusion GTPases, mitofusin 2,
and optic atrophy 1, are neurotoxic and produce oxidative stress which disrupts
the cable-like morphology of functional mitochondria. This causes impairment
of bioenergetics, interfering with mitochondrial migration and triggering
neurodegeneration (Knott et al., 2008).

Sortilin related receptor (SorLLA) belongs to a family of sorting receptors that
mediate various intracellular processing and trafficking functions (Yamazaki et al.,
1996). SorLA/LR11 mediates re-internalization of APP, during which APP is
transported from the cell surface to an endocytic compartment where it is cleaved
into A by f3 secretase and y secretase. SorLA/LR 11 is highly expressed in the brain
and binds to ApoE and APP, sequestering APP in the Golgi apparatus and thus
preventing APP generation into Af (Andersen et al., 2006). In all studies to date,
there 1s no consistent evidence of a SorLLA association with DAT, possibly due to
allelic heterogeneity. Studies i vitro suggest that SorLLA expression is reduced in the
brains of DAT patients, even in the preclinical state. SorL.1-knockout mice show
increase in brain Af level. Although there is convergence of data from genetic and
biochemical studies, more data are needed to better evaluate this association.

Transferrin (TF) is a major circulating glycoprotein involved in the metabolism
of iron and is highly expressed in the brain. Iron misregulation promotes neurode-
generation via generation of reactive oxygen species (ROS) (Brewer, 2007). Iron is
increased in the brains of DAT patients where it is associated with plaques and
tangles. Iron may play a role in the aggregation of hyperphosphorylated tau into
insoluble paired helical filaments (Yamamoto et al., 2002), and iron may also regulate
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the translation of APP. Thus iron levels could modulate the generation of both
plaques and tangles. Besides the binding of metals to A, TT has been shown to
modulate several physiochemical properties of Aff including the rate of aggregation.

The ability of neurons to regulate the influx, efflux, and subcellular compart-
mentalization of calcium is compromised in DAT. This appears due to age-related
oxidative stress, and impaired metabolism/accumulation of Af oligomers. Aff can
promote cellular calcium overload via oxidative stress and by forming pores in the
membrane, rendering neurons vulnerable to excitotoxicity and apoptosis
(Bezprozvanny et al., 2008). Mutations of presenilin genes that cause early onset
DAT also cause ER (endoplasmic reticulum) calcium overload by impairing the
normal ER calcium leak-channel function of the presenilins. A perturbation in
calcium homeostasis may be involved in early DAT by altering APP processing
and thus Af production. Calcium activated neural proteinases (CANPs or cal-
pains) are key enzymes in the intracellular signaling cascade and thus may mediate
calcium dependent neural degeneration. Pharmacological modulation of the
CANP system could be a potential therapeutic strategy in Alzheimer’s disease
(Saito et al., 1993).

De Luigi et al. (2002) studied the presence of circulating cytokines and the
ability of blood cells to release them in response to inflammatory stimuli in
patients with different forms of dementia. A significant increase in circulating
interleukin-1f was found in moderate DAT. Chronic inflammation as found in
head trauma is an important risk factor for DAT, and the inflammatory process
affects glial-neuronal interactions. The activation of the glial inflammatory pro-
cess, either caused by genetic or environmental insults to neurons, produces glial
derived cytokines and other proteins that results in neurodegeneration. Interleu-
kin 1 is key in initiating and coordinating neuronal synthesis and in the processing
of APP, resulting in the continuous deposition of Af. It also promotes astrocytic
synthesis and release of inflammatory and neuroactive molecules such as S1004,
which is a neurite growth promoting cytokine. This cytokine can stress neurons
fostering neuronal cell dysfunction, causing apoptosis by increasing intraneuronal
free calcium concentrations. This neuronal injury effect activates microglial cells
which then overexpress inteleukin 1, thereby producing feedback amplification
and self-propagation of this cytokine cycle (Griffin ¢ al., 1998).

lll. Molecular and Genetic Studies Resulting in Therapeutic Strategies

Amyloid f is generated by endoproteolysis of the APP. This is achieved by
cleavage of APP by a group of enzyme complexes: «, f3, and y secretases. Three
enzymes with a secretase activity belong to the ADAM enzyme family (desinte-
grin and methaloproteinase enzymes): ADAM9, ADAMI10, and ADAMI17
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(i.e., tumor necrosis factor converting enzyme). The f site APP cleaving enzyme-1
(BACEL), f secretase, is a type I integral membrane protein from the pepsin
family of aspartyl proteases. Gamma secretase is an intramembranous complex of
enzymes composed of presenilin 1 or 2, nicastrin, anterior pharynx defective-1,
and presenilin enhancer 2, with the presenilin being the active site (Wolfe et al.,
1999; Yu et al., 2000).

There are two pathways in the cleavage and processing of APP. One is non-
amyloidogenic. APP is cleaved by a secretase at amino acid position 83, the
carboxy terminus, producing a large amino terminal ectodomain (sAPPq). This is
secreted into the extracellular medium where it is in turn cleaved by v secretase
producing a short peptide, p3. The cleavage by « secretase is in the middle of the
APP region, and therefore there is no Af production. The amyloidogenic pathway
leads to A generation. Initially the § secretase cleaves at amino acid position 99,
releasing sAPP f into the extracellular space. Meanwhile the C99 fragment stays in
the membrane where it is cleaved by v secretase between residues 38 and 43,
liberating a peptide which is 40 amino acids in length (Af40). Only a small
proportion (10%) composes the 42 residue, the Af peptide (Af42). Af is more
hydrophobic and thus prone to form fibrils, and is abundant in senile plaques
(Jarrett et al., 1993; Martin, 1999; Suh and Checler, 2002; Younkin, 1998). Muta-
tions in the APP gene linked to early-onset DAT produce a product that is preferen-
tially cleaved to release Af 42 (Selkoe, 2001; Sisodia and St. George-Hyslop, 2002)
(see Fig. 2).

Non-amyloidogenic Amyloidogenic

sAPPa

SAPPS

Presenilin 1or 2
Nicastrin
PEN2

ADAM9,
10o0r17

C83 APP  APP C99 AICD

FIG. 2. Pathways in the cleavage and processing of APP (Courtesy of Lakerla et al., 2007; with
permission from Nature Publishing Group).
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Presently, the major investigational therapeutic strategies are focused on inhi-
biting brain Af production, aggregation, and/or increasing Af brain clearance.
Secretase modulators are being studied as Aff production inhibitors based on the
observation that A production is abolished in BACE1 knockout mice and the
DAT phenotype does not develop. BACEL inhibitors have been developed to
reduce brain Af accumulation in DAT transgenic mice. Rajendra ¢t al. (2008)
focused not only on inhibition of f secretase active site binding, but also on
inhibiting the localized active enzyme at the subcellular level. He synthesized a
membrane-anchored version of f§ secretase transition-state inhibitor by linking it to
a sterol moiety. This targeted the inhibition of active f§ secretase found in endo-
somes, reducing the enzyme activity more readily than free inhibitor alone. Simi-
larly 7 secretase inhibitors specific to the APP cleavage site have been developed
because of the concern of blocking v secretase activity on other substrates such as
the notch protein. Testing in transgenic mice is underway and appears successful in
blocking the DAT phenotype, while inhibitors of Aff accumulation show no effect
on phenotype development again suggesting that effects of the process or the actual
precursors may be the etiologic factors of DAT neurotoxicity (Schilling et al., 2008).

Drugs that stimulate « secretase thus shifting the APP cleavage to a non-
amyloidogenic pathway also reduce Af production. Among these, Bryostatin, a
protein kinase G activator used for cancer treatment, increases « secretase activity
and reduces Aff accumulation in DAT transgenic mice models. Removal of Aff by
immunization is based on the observation that active immunization with fibrillar
AP reduces Af deposition in DAT transgenic mice. In similar fashion, using a
passive antibody technique against Af also reduces Af deposition. It is postulated
that Af antibodies bind to Af plaques and induce Af clearance by microglia.
However, a vaccine trial in humans was halted when 6% of patients developed
encephalitis apparently due to T cell response to the C-terminus of the vaccine
peptide. Presently monoclonal antibodies are being studied as well as nanobodies
in attempts to increase Af clearance.

Inhibitors of Af fibrillization are among peptides that interfere with the
assembly of Af into oligomers which eventually form protofibrils and fibrils.
Two peptides have been shown to prevent the interaction AS-Af and Af-ApoE
without inducing an immune response (Permanne et al., 2002; Sadowski et al.,
2004). Glycosaminoglycans bind Af and can promote aggregation of AS. The
drug NC-531 (Tramiprosate or Alzhemed) is a glycosaminoglycan mimetic
designed to do the opposite and block Aff aggregation. However, phase III clinical
trials did not demonstrate a therapeutic effect for this compound. Scyllo-
cyclohexanediol inhibits Af 42 fibril assembly, and tetracyclines as well as
rifampin inhibit amyloid formation i vitro. Terenflurbil (Flurizan) is an allosteric
modulator of 7y secretase, inhibiting its activity. It is a stereoisomer of a nonsteroidal
anti-inflammatory that does not have cyclo-oxygenase (COX) activity. Again
however, a phase III trial failed to show clinical benefit.
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Copper and Zinc ions can induce Af aggregation. The chelator, clioquinol
(PBT-1), reduces brain deposition of Af in DAT transgenic mice. Clinical trials
were stopped when compound impurities produced toxicity. However, PBT-2
(a second generation metal protein attenuating compound which does not contain
iodine) is now undergoing clinical trial. In a DAT transgenic mouse model,
preliminary results suggested improvement in a subset of cognitive measures, as
well as reduction in cerebrospinal fluid and brain Af. Apomorphine and its
derivatives promote the oligomerization of Af but inhibit the fibrillization.
Structural activity demonstrated that 10, 11-dihydroxy substitutions in the D
ring of apomorphine are required for the inhibitory effects. Methylation of
these hydroxyl groups reduces the inhibitory potency. The ability of these
molecules to inhibit Af formation appears to be linked to their tendency to
undergo rapid auto-oxidation, suggesting that auto-oxidation products act
directly or indirectly on A and inhibit fibrillization. This paradigm offers the
potential for designing more efficient inhibitors of Afi amyloidogenesis i vivo
(Lashuel et al., 2002).

Nonsteroidal anti-inflammatory drugs (NSAIDs) reduce brain A accumula-
tion in DAT transgenic mice. This effect may be due to inhibition of COX or via
direct effect on 7y secretase. However, clinical trials with typical NSAIDs and
COX-2 inhibitors (celocoxib and refecoxib) as well as other anti-inflammatories
including prednisone and hydroxychloroquine, in established DAT showed no
posttive effects on cognition levels. It is postulated that this failure was due to the
lack of ability to reverse already established pathology, and that the intervention
has to be in the early stages of mild cognitive impairment (MCI). Statins also
reduce brain A accumulation in DAT transgenic mice. However, prospective
studies showed no association between the use of statins and the risk of DAT
development, nor were there any changes in CSF A levels. Large, extended,
randomized clinical trials are needed to determine if any benefit can be obtained
with this drug class.

Nitric oxide may be involved in DAT neurodegeneration. By using redox
proteomic techniques, 10 proteins have been associated with an increase of nitro-
tyrosine immunoreactivity in the brains of DAT patients. Of these proteins,
a-enolase has been shown to be oxidized in the brains of DAT patients (Calabrese
et al., 2007; Castegna et al., 2002). It is one of the subunits of enolase which catalizes
the reversible conversion of 2-phosphoglycerate to phosphoenolpyruvate in glycoly-
sis. This, in addition to the increase of nitration of the triosephosphate isomerase that
interconverts dihydroxyacetone phosphate and 3-phosphoglyceraldehyde in glycol-
ysis, may explain the altered glucose tolerance and metabolism seen in DAT
patients. Neuropeptide h3 (a phosphatidylethanolamine-binding protein), hippo-
campal cholinergic neurostimulating peptide, and raf-kinase inhibitor protein have
various functions in the brain. In vitro, they upregulate levels of choline acetyltrans-
ferase in cholinergic neurons following N-methyl D-aspartate (NMDA) receptor
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activation. The activity of this enzyme is reduced in DAT patients. Together with
cholinergic deficits, the nitration of neuropolypeptide h3 and the subsequent loss of
neurotrophic action on cholinergic neurons of the hippocampus and basal forebrain
may be part of the explanation of cognitive decline in DAT (Giacobini, 2003; Rossor
et al., 1982).

The polyphenolic molecule, curcumin, shows promise in reducing nitrosative
brain injury and delaying the onset of neurodegenerative disorders. It is a strong
antioxidant that inhibits lipid peroxidation intercepting and neutralizing ROS
and reactive nitrogen species (RNS) and increasing haeme-oxygenase I expression
in astrocytes and neurons. Dietary curcumin suppressed indicators of inflamma-
tion and oxidative damage in the brains of DAT transgenic mice (Butterfield ez al.,
2002; Scapagnini et al., 2006). However, antioxidants including vitamin E did not
show any effect on the rate of progression of MCI to DAT in large studies.
Drugs that reduce tau phosphorylation by inhibiting tau such as CDKJ5 (cyclin-
dependent kinase 5) and GSK-3f (glycogen synthase kinase 3f3) are being tested.
Since tau phosphorylation results from the action of multiple kinases and
phosphatases, these drugs may not effect normalization of tau phosphorylation.

Despite the identification of mutations in three genes associated with early-
onset DAT (i.e., the APP, PS1, and PS2 genes) and one genetic risk factor for
sporadic DAT (the gene for apolipoprotein E), our understanding of the patho-
logical genetic mechanism remains elusive. There are additionally over 500
different gene candidates which may be involved in DAT pathogenesis, and at
least 20 loci with modest but significant effects on the risk for this disease (Bertram
and Tanzi, 2008). The APP gene is located at chromosome 21q21.3. Twenty-nine
mutations in 78 affected families have been identified. These mutations are close
to the f§ and 7 secretase APP cleavage sites (Goate et al., 1991). The PS1 gene is
located at chromosome 14q24.3 and 166 mutations have been identified in 362
families. These mutations are associated with an increase in the Af42/Ap40
ratio, and are located throughout the gene for the PS1 molecule where v secretase
complexing occurs (Sherrington ez al., 1995). PS2 localizes to chromosome 1q31-42.
Ten mutations have been identified in 18 affected families. There is an increase in
the AB42/AB40 ratio, similar to the effects of PS1 gene mutations. The mutations
are found throughout the gene, and thus 7y secretase complexing is affected
(Levy-Lahad et al., 1995; Rogaev et al., 1995).

Roberson et al. (2007) studied a hybrid mouse expressing mutant APP
and having the tau gene inactivated. The elimination of tau did not alter the
accumulation of senile plaques but did prevent the memory loss, behavioral
disturbances and sudden death associated with this DAT-like phenotype. The
complete elimination of tau was not necessary, a reduction of 50% producing
significant improvements. On the other hand, soluble Af assemblies cause mem-
ory loss and bind to dendritic spines. It would appear that soluble Af assemblies
and not the precipitated senile plaques are the cause of impaired cognition, but
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the exact mechanism remains ill-defined (Lacor et al., 2004). Roberson appropri-
ately sounded a note of caution in extrapolating mouse data into human patho-
physiology in which other compensatory mechanisms may be playing a role
(Avila et al., 2004).

Bertram and Tanzi (2008) discussed 10 different selected genes potentially
implicated in DAT. Angiotensin converting enzyme (ACE) has been shown
in vitro to degrade naturally secreted Af and this could explain the increased
risk of DAT in carriers of the ACE I allele; however, the relevance i vivo needs to
be demonstrated. CH25H (cholesterol 25-hydrolase) which is responsible for the
synthesis of 25-hydroxycholesterol, is a potent regulator of transcription of genes
mnvolved in cholesterol and lipid metabolism. There seems to be an association
between variants of CH25H and DAT. One study (Papassotiropoulus ez al., 2005)
suggested an increased DAT risk associated with a certain CH25H haplotype
(containing the rs13500 risk allele) leading to an increase in GSF lathosterol
(a metabolite precursor of cholesterol) as well as a higher brain Af load with
lower levels of Af in the CSF of non-demented elderly subjects. Both CH25H and
lipase A (LIPA) as well as APOE are involved in cholesterol metabolism, and Af8
production and clearance have been shown to be regulated by cholesterol. Drugs
that inhibit cholesterol synthesis lower Af in cellular and animal models.
Nicotinic acetylcholine receptors are widely expressed in the brain, and the
f2 (CHRNB2) subunit is particularly abundant and forms a heteropentameric
receptor (a4f2) with the a4 subunit. The CHRNB2 gene which encodes the
nAChR f2 subunit maps to chromosome 1q21. Two independent genetic associ-
ation studies have investigated the potential involvement of this gene in DAT risk.
Wu ¢t al. (2004) found that Af directly inhibits the a4 2 receptor complex, and
that nicotine possibly by activating the NACHR can mitigate the toxic effects
of A, as well as influencing tau phosphorylation i vitro and in vivo (Oddo
et al., 2005).

Grb-2-associated binder 2 (GAB2) is a highly conserved scaffolding/adaptor
protein involved in signaling pathways and in particular in the transduction of
cytokine and growth-receptor signaling (Liu and Rohrschneider, 2002; Sarmay
et al., 2006). GAB2 is expressed ubiquitously, although in greatest amounts in
white blood cells, the prefrontal cortex, and the hypothalamus. All 10 GAB2 gene
single nucleotide polymorphisms (SNPs) showed significant association with DAT.
A protective role is predicated for all the minor alleles. All 10 of the SNPs display a
high LOD score (logjo ratio of probability data occurring if loci linked, to
probability data occurring with unlinked loci), and therefore probably point to a
single underlying signal effect. Of the 10 associated markers, only one,
rs11385600, is predicted to map within the coding region for GAB2 where it
does not appear to produce a change in amino acid sequence. It has been
suggested that changes in GAB2 expression could potentially affect glycogen
synthase kinase 3 (GSK3)-dependent phosphorylation of tau, and thus formation
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of neurofibrillary tangles. Moreover, growth factor receptor-bound protein
2 which binds GAB2 has been reported to bind tau, APP and PS1 and
2 (Nizzari et al., 2007).

Laminins are intermediate filament proteins that are a component of the nuclear
lamina. Alternative splicing produces two different isoforms, laminin A (LMNA)
and C. Mutations in LMNA have been found to cause a number of different
disorders. The LMNA gene maps 1.5 Mb distal to the CHRNB2 gene on
chromosome 1, and close to the presumed DAT linkage region at 1q22-g25.
Only one group has reported an association between variants of LMNA and DAT
(Grupe et al., 2007), the LMNA association ranked second in terms of genetic
effect size of all non-APOE-4 related genes with an OR (odds ratio) of 1.35.

Macrotubule-associated protein tau (MAPT) is found in NFTs. The gene
that encodes MAPT has been suspected of harboring disease causing mutations,
but the search for such mutations in DAT has been unsuccessful. However, MAPT
mutations were found to cause another form of dementia, frontotemporal lobar
degeneration with parkinsonism linked to chromosome 17 (FTDP-17). Despite the
lack of MAPT mutation associations in DAT, it is likely that tau dysfunction still
contributes to an increased risk of developing DAT (Ballatore e/ al., 2007).

Prion protein (PRP) is a membrane tethered glycoprotein that is highly
expressed in all regions of the brain, mostly in neurons. Its physiological functions
are not clear. Mutations of prion protein gene (PRNP) are a major determinant of
familial and sporadic prion diseases such as Creutzfeldt-Jakob disease. Most prion
diseases produce a rapidly progressive neurodenegeneration with spongioform
brain changes and amyloid plaques that consist of misfolded PRP aggregates.
There are more than two dozen different amino acid substitution mutations
identified, which are transmitted in an autosomal dominant fashion with 100%
penetrance. Aff positive plaques in DAT brains often contain PRP deposits.
Recent evidence from studies using APP-PRNP double transgenic mice suggests
that PRP might actually promote plaque formation in DAT by increasing Af
aggregation (Schwarze-Eicker et al., 2005).
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Alzheimer’s disease (AD) 1s a genetically complex disease whose pathogenesis
1s largely influenced by genetic factors. Three decades of intensive research have
yielded four established AD genes (APP, PSEN1, PSEN2, APOE), and hundreds of
potential susceptibility loci, none of which has been unequivocally shown to
modify disease risk using conventional methodologies. The results of genome-
wide association studies (GWAS) are now adding to an already vast and compli-
cated body of data. To facilitate the evaluation and interpretation of these
findings, we have recently created a database for genetic association studies in
AD (“AlzGene”; available at http://www.alzgene.org). In addition to systemati-
cally screening and summarizing the scientific literature for eligible studies,
AlzGene provides the results of allele-based meta-analyses for all polymorphisms
with sufficient genotype data. Currently, these meta-analyses highlight over 20
different potential AD genes, several of which were originally implicated by a
GWAS. First follow-up analyses in a large collection of over 1300 AD families
reveal that—in addition to APOE—genetic variants in ACE, CHRNB2, GAB2, and
TF show the most consistent risk effects across a wide range of independent
samples and study designs. The chapter highlights these and other promising
findings from the recent AD genetics literature and provides an overview of the
powerful new tools aiding researchers today to unravel the genetic underpinnings
of this devastating disease.
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I. Introduction: The Genetic Dichotomy of Alzheimer’s Disease

Similar to many other adult-onset disorders, Alzheimer’s disease (AD) shows a
genetic dichotomy of cases with Mendelian inheritance (“simplex AD”) versus
cases governed by an array of different genetic and nongenetic risk factors
(“complex AD”; Bertram and Tanzi, 2005; Tanzi, 1999). Simplex AD is rare
(<5%) and usually shows an early (<65 years) or often times very early (<50
years) age of onset and, owing to its typical familial accumulation and inheritance
pattern, is also known as “carly-onset familial AD” (EOFAD). Currently, muta-
tions in three genes are known to cause EOFAD, all leading to altered cerebral
levels of the amyloid-g peptide (Af), the main constituent of senile plaques, and
one of the neuropathological hallmarks of the disease (Tanzi and Bertram, 2005).
The mutated genes leading to EOFAD are APP (amyloid precursor protein;
Goate et al., 1991), PSENI (presenilin 1; Sherrington et al., 1995), and PSEN2
(presenilin 2; Levy-Lahad et al., 1995; Rogaev et al, 1995), and all three are
intimately involved in the production of AS, which is liberated from APP via
two enzymatic cleavage events, mediated by (- and «y-secretase. The latter is a
protein complex consisting of various components, in which the presenilins
form the ~y-secretase active site. Even though EOFAD represents only a tiny
fraction of all AD cases, the knowledge gained from uncovering its genetic
underpinnings has been instrumental in our current understanding of the forces
leading to AD across all onset ages and have corroborated the “amyloid hypoth-
esis.” This hypothesis posits that a dysregulation of the production/function of AS
is the initiating event in the pathogenetic cascade eventually leading to neurode-
generation and dementia (Glenner and Wong, 1984; reviewed in Hardy and
Selkoe, 2002; Tanzi and Bertram, 2005). Finally, many of the currently most
promising therapeutic approaches in the AD field aim to directly intersect
or reverse the pathological build-up of A3, which for the first time would allow
a causal treatment of AD as opposed to the merely symptomatic options available
to date.

Despite its relatively high heritability (Bergem et al., 1997; Gatz et al., 2006;
Meyer and Breitner, 1998)—that is, the proportion by which phenotypic varia-
tion 1s determined by genetic variation—the genetic make-up of complex AD,
which, owing to its later onset age (> 65 years), is also known as “late-onset AD”
(LOAD), has proved to be much more difficult to decipher. This is at least in part
due to problems that generally aggravate epidemiological research in many
neuropsychiatric diseases, for example, small genetic effect sizes and reduced
penetrance of the involved genetic factors, a considerable degree of phenotypic
variability and co-morbidity with other late-onset disorders, the lack of extended
pedigrees for LOAD cases, and the absence of disease-specific biomarkers
(Kennedy et al, 2003). The identification of susceptibility genes is further
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complicated by gene-gene interactions that are difficult to predict and model, and
a sizeable but difficult to detect and measure environmental component.
Notwithstanding these challenges, several chromosomal regions thought to
harbor novel LOAD genes have been identified via whole genome linkage
analyses, some, for example, on chromosomes 9, 10, and 12, overlapping across
different samples (Bertram ez al., 2000; Blacker et al., 2003; Ertekin-Taner et al.,
2000; Hamshere et al., 2007; Kehoe et al., 1999; Li et al., 2002; Myers et al., 2000;
Pericak-Vance ¢t al., 2000). Furthermore, well over 1000 “candidate gene”
studies—that 1s, studies that focus on certain genes based on some prior hypothesis
regarding their potential involvement in the disease process—have been published
over the past two decades claiming or refuting genetic association between putative
AD genes and aflection status and/or certain endophenotypes (Bertram et al., 2007).
Currently, nearly 150 AD genetic association papers are published each year,
at increasing pace. However, with the exception of one genetic variant, the
g4-allele of the apolipoprotein E gene (APOE; Saunders et al., 1993; Strittmatter
et al., 1993) none of these candidates has been proved to consistently influence
disease risk or onset age in more than a handful of samples (Bertram and
Tanzi, 2008). Instead, most studies of “novel AD genes” have been followed by a
large number of conflicting reports, challenging prior claims that they may play an
important role in contributing to disease risk. For geneticists as well as clinicians the
growing number of (mostly conflicting) genetic association findings in AD has
become increasingly difficult to follow, evaluate, and interpret.

Il. Genome-Wide Association Studies in AD

An alternative to the traditional candidate gene approach is afforded by
recent advances in large-scale genotyping technologies which now enable
researchers to perform comprehensive and largely hypothesis-free genome-wide
association studies (GWAS; Craddock et al., 2008; McCarthy et al., 2008). Four
groups have reported the results of AD GWAS to date (Table I; Bertram et al.,
2008a; Coon et al., 2007; Grupe et al., 2007; Li et al., 2008). The first (Grupe et al.,
2007) tested roughly 17,000 single nucleotide polymorphisms (SNPs) in or very
near genetic coding regions (“cSNPs”). The only polymorphisms found to consis-
tently associate with AD risk across the different samples were located in close
proximity to APOE, and most likely reflect linkage disequilibrium (LD) with the
g4-allele. Although a number of additional loci were highlighted as potential AD
genes by the authors, none showed the same consistency of effect or same level of
statistical significance as the e4-related variants. The second study (Coon e al.,
2007) tested ~500,000 SNPs in roughly 1100 unrelated AD cases and controls.



0L1

TABLE I
OVERVIEW OF ALL PusLisHED GWAS IN AD

No. AD cases No. controls
GWA study Design Population No. SNPs (total)* (total)* “Featured” genes

Grupe et al. (2007) Case-control USA and UK 17,343 380 (1428) 396 (2062) APOE*, ACAN, BCR, CTSS,
EBF3, GALP,
GWA_14¢32.13,
GWA_7p15.2, LMNA,
LOC651924, MYH13,
PCK1, PGBD1, THEMS,
TNK1, TRAR2, UBD

Coon ¢t al. (2007) and Case-control USA, Netherlands 502,627 446 (861) 290 (550) APOE*, GAB2

Reiman et al. (2007)
Li et al. (2008) Case-control Canada 469,438 753 (1071) 736 (985) APOE*, GOLM],

GWA_15¢21.2,

GWA_9p24.3
Bertram (2008) Family-based USA 484,522 941 (2708) 404 (1242) APOE* ATXNI, CD33,

GWA_14431,

Modified after content on the AlzGene Web site (http://www.alzgene.org; current on October 31st, 2008). Studies are listed in order of publication date.
“Featured Genes” are those genes/loci that were declared as “associated” in the original publication, note that criteria for declaring association may vary across
studies.

“Indicates that surrogate markers were used for APOE.

“Numbers of “AD cases” and “controls” refer to sample sizes used in initial GWA screening, whereas “total” refers to initial sample plus any follow-up
samples (where applicable); please consult AlzGene Web site for more details on these studies.
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Again, with the exception of a single SNP in strong LD with APOE-¢4, no other
genome-wide significant signals were observed. In a follow-up paper (Reiman
et al., 2007), the same group reported evidence of association with variants in the
gene encoding GRB2-associated binding protein 2 (GAB2) on chromosome
11q14, which only became evident after their samples were stratified for APOE-
&4, that is, when AD cases and controls were divided into carriers and non-carriers
of the e4-allele. A third group (Li e al., 2008) tested nearly ~470,000 markers and
reported association with variants in golgi membrane protein 1 (GOLMI) on
chromosome 9q22 and two currently uncharacterized loct on chromosomes 9p
and 15q. Finally, our own group (Bertram et al., 2008a) recently reported the
results of the first GWAS using family-based samples (~1400 DNAs from over
400 families), as opposed the three previously summarized studies which were
solely based on case-control datasets. Applying the same 500 K marker array as in
Coon et al. (2007) and Li et al. (2008) we found—in addition to APOE-¢4—
evidence for a number of potential AD loci (Table I). Although the findings
from these first GWAS hold the promise of pinpointing novel pathways and
mechanisms potentially important in AD pathogenesis, it will be important to
await consistent replication by independent investigators.

While these and several of the forthcoming GWAS have the potential to
significantly advance our understanding of the genetics and pathogenetic
mechanisms of AD and other neurodegenerative disorders, it needs to be empha-
sized that in many ways genome-wide screens are actually not so different from
conventional candidate gene association analyses. Both search for significantly
different allele or genotype distributions or transmissions in subjects affected by
the disease/phenotype as compared to presumably healthy individuals. The two
approaches differ mostly on a quantitative level: instead of testing a few tens of
markers (or less), GWAS simultaneously screen a few hundreds of thousands of
markers (or more). The major qualitative difference between a GWAS and candi-
date gene analysis is that the former investigates the whole genome in a more or
less unbiased fashion, whereas the latter only investigates a limited number of
specific loci proved or thought to be involved in disease predisposition or progres-
sion (e.g., in AD many of these loci are involved in the production, trafficking, or
removal of A). On the downside and owing to their sheer number of polymorph-
1sms tested, GWAS actually substantially compound the problem that has plagued
genetic studies of complex phenotypes in the past, that is, to determine which of
the many reported putative risk alleles are “real” as opposed to which merely
reflect statistical artifacts. The first essential step in differentiating these two
alternatives is to provide independent replication of the association (McCarthy
et al., 2008), just as for any result emerging from “old-fashioned” candidate gene
analyses.



172 LARS BERTRAM

lll. Systematic Field Synopsis and Meta-Analyses: The AlzGene Database

In an attempt to facilitate the interpretation of association findings regardless
of the technology used for initial detection, we have recently created a publicly
available database, “AlzGene” (http://www.alzgene.org), which systematically
collects, summarizes and meta-analyzes all genetic association studies published
in the field of AD, including GWAS (Bertram et al., 2007). After thorough (and
ongoing) searches of the available scientific literature, studies published in peer-
reviewed journals that are available in English are included in the database. Key
variables (such as ancestry, type of AD diagnosis, sample size, onset age, and
genotype distributions) are extracted from the original publications. Furthermore,
published genotype data from independent case-control samples are systemati-
cally meta-analyzed. Because this approach quantitatively synthesizes all of the
published genotype data for each polymorphism, it facilitates the overall interpre-
tation of association findings: rather than relying on the either “positive” (that is,
statistically significant) or “negative” (that is, insignificant) outcomes of individual
studies, it produces a summary risk estimate (called the odds ratio) that takes into
consideration all data at once and accounts for within and between study
variation.

Currently, AlzGene includes more than 1100 individual studies and show-
cases the results of over 200 individual meta-analyses. In these, more than 20
genes that are not related to the well-established APOE-¢4 allele show nominally
significant risk effects (Table II). Interestingly, about one fourth of these were
originally implicated by one of the four published GWAS, although independent
replication by other groups is still lacking for most of these findings. As can be seen
in Table II, the average allelic summary odds ratio (OR), for non-4POFE-related
effects are very modest (~1.2 for “risk” alleles and ~0.8 for “protective” alleles)
compared to an OR of ~3—4 for a single copy of the APOE-¢4 allele. These
modest effect sizes are in good agreement with those found in other large-scale
studies on the genetics of complex diseases (Allen et al., 2008; Ioannidis et al., 2001;
Lohmueller ez al., 2003) and have important (and well known) implications for the
design of future genetic association studies in AD, as sample sizes will need to be
vastly increased to detect or exclude ORs of 1.25 or below with sufficient
confidence. For instance, to detect an allelic OR of 1.25 with 80% power at a
P-value of 0.05 sample sizes between ~1400 and 6000 combined cases and
controls are needed for disease allele frequencies ranging from 0.50 to 0.05,
respectively (Bertram, 2008). Sample sizes need to be increased approximately
fivefold to detect such modest effects with the same power at P-values below
5 x 107% that is, one proposed threshold for declaring genome-wide significance
(Hoggart et al., 2008; McCarthy et al., 2008).
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TABLE II

AlzGene OR No. No.

Locus/Gene Polymorphism (95% CI)* P-value No. AD controls Samples” Ethnicity
APOE €2/3/4 3.81 (3.38-4.29) <1 x107% 2325 3574 23 CAU
CHRNB2 154845378 0.67 (0.50-0.90) 0.007 576 787 4 ALL
GAB2 rs10793294 0.69 (0.54-0.88) 0.0025 2073 1836 5 CAU
CH25H rs13500 1.44 (1.08-1.93) 0.01 1549 1506 6 ALL
SORLI SORLI-18ex26 0.70 (0.50-0.98) 0.04 743 913 3 CAU
CALHM1 132986017 1.42 (1.27-1.59) 1.2 x 1077 2043 1361 5 ALL
CST3 5" UTR-157 1.28 (1.05-1.56) 0.02 804 571 3 CAU
ACE rs1800764 0.79 (0.68-0.92) 0.002 818 747 4 CAU
PGBDI1 rs3800324 1.25 (1.04-1.51) 0.02 2736 2964 6 ALL
MAPT/STH rs2471738 1.24 (1.01-1.53) 0.04 1734 1411 6 ALL
SORCS1 rs600879 1.24 (1.04-1.48) 0.02 1361 1495 4 ALL
hCG2039140 rs1903908 1.23 (1.06-1.44) 0.007 1368 1497 4 ALL
TFAM 12306604 0.82 (0.72-0.94) 0.003 1059 792 5 ALL
ILIB rs1143634 1.18 (1.03-1.34) 0.02 1011 1244 5 ALL
F rs1049296 1.18 (1.04-1.33) 0.01 1916 4058 9 ALL
TNK1 rs1554948 0.86 (0.80-0.93) 0.0002 2743 2984 6 ALL
LOC439999 498055 1.15 (1.03-1.29) 0.02 2787 2498 7 ALL
GAPDHS rs4806173 0.87 (0.75-1.00) 0.05 1687 1775 4 ALL
DAPK1 rs4878104 0.88 (0.82-0.95) 0.002 2753 3036 7 ALL
PRNP rs1799990 0.88 (0.81-0.96) 0.03 2280 2943 10 CAU
GWA_14932.13 rs11622883 0.88 (0.80-0.97) 0.01 2685 2893 6 ALL
GALP rs3745833 1.13 (1.00-1.29) 0.05 2739 2975 6 ALL

(Continued)



LT

TABLE II  (Continued)

AlzGene OR No. No.

Locus/Gene Polymorphism (95% CI)* P-value No. AD controls Samples” Ethnicity
LOC651924 rs6907175 0.89 (0.82-0.96) 0.005 2359 2522 6 ALL
NEDD9 rs760678 0.89 (0.81-0.97) 0.01 3452 3245 8 ALL
MTHEFR rs1801133 1.11 (1.02-1.21) 0.02 2887 4663 24 ALL
ENTPD7 rs911541 1.10 (1.01-1.21) 0.03 3429 3743 4 ALL
BDNF 156265 1.09 (1.02-1.18) 0.015 5299 4671 15 CAU
ILIA rs1800587 1.09 (1.00-1.18) 0.04 5296 5321 25 ALL

List of loci, in descending order of genetic effect size, containing at least one polymorphism showing nominally significant (P-value <0.05) summary ORs in
AlzGene on October 31st, 2008. To be considered as “Top Result,” summary OR needs to be significant across samples from all ethnic backgrounds (“ALL”) or

in Caucasians only (“CAU”). Whenever nominally statistically-significant results are observed for both, that is, ALL and CAU, only the analysis that has the

largest genetic effect size (OR deviating the most from 1) is reported here. Note that AlzGene is continuously updated, so results displayed online may differ from

the results above; consult the AlzGene Web site for up-to-date numbers and additional meta-analyses in these and other loci (http://www.alzgene.org) (see also

Table I).

“Summary ORs and 95% confidence intervals (CI) are based on random-effects allelic contrasts comparing minor versus major alleles at each

polymorphism.,

’Number of samples refers to the number of independent case-control samples used in the meta-analyses; multiple samples may be reported in the same

publication and are considered separately if they are independent, that is, non-overlapping. Samples overlapping across publications are only used once, usually

by including the datasets with the largest number of available genotypes,
‘Results are based on comparing €4- versus €3-alleles at this locus.
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IV. Strengths and Limitations of the AlzGene Approach

The strengths of AlzGene are obvious: assuming that the literature searches,
inclusion criteria, data management, and data analysis procedures actually provide a
correct and exhaustive account of the available literature, AlzGene is the single most
comprehensive resource for the status of genetics research in AD available to date. In
our original data freeze (Bertram et al., 2007) we could show that literature searches
in AlzGene outperformed those of several other literature/genetics databases, and
that the results of our meta-analyses were in very good agreement with estimates
published previously in nearly two dozen individual papers. Similar observations
were made in related database projects from our group (Allen et al., 2008; Bagade
et al., 2006). Published meta-analyses, however, have one important disadvantage:
by nature of their design, they run the risk of becoming outdated quickly, possibly as
soon as new data from one or two additional studies are published. Provided that
sufficient funding remains available, AlzGene does not have this caveat. Also, any
meta-analysis in the database can be updated literally within days after the publica-
tion of novel data. Another strength of AlzGene is that it is not limited to meta-
analyses on certain genes or networks of genes (e.g., those that are in the same
pathway or gene family), but considers all published loci simultaneously, making the
comparison of results across studies, genes, pathways, chromosomal regions, and so
on extremely easy. Finally, as outlined above, all loci containing at least one
polymorphism nominally significant by meta-analysis are separately highlighted
on the database’s homepage in a section called “Top Results.” Thus, consulting
this section of the AlzGene Web site will provide the user with a complete—and
essentially real itme—snapshot of the “most promising” AD candidate genes, based
on the systematic evaluation of literally hundreds of individual studies and thousands
of data points. As such, the “Top Results” list could help prioritize future genetic
association studies (e.g., for further independent replication, or fine mapping), and
guide functional genetics and molecular studies investigating the potential pathoge-
netic mechanisms underlying the genetic associations.

While AlzGene undoubtedly represents a leap forward in managing and
displaying the data gathered within the domain of AD genetics research, its overall
approach, too, comes with some strings attached. First and foremost, despite our
comprehensive and systematic searches of the scientific literature, we cannot
exclude the possibility that some AD association studies were overlooked or
entered erroncously. This can be partly alleviated with the help of database users
who are explicitly encouraged to alert the curatorial team of any errors or omis-
sions, which will be fixed as soon as possible. Other limitations include our
restriction to allele contrasts in the meta-analyses (which allows no inference
of the true underlying mode of inheritance and is usually less powerful than
genotype-based tests), the non-consideration of haplotype-based genotype data or
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imputed single-locus genotypes (possibly missing important associations), the exclu-
sive focus on “main effects” (and the inherent inability to account for gene-gene and
gene-environment interactions), and the lack of adjustment for certain co-variates
such as age or gender (which is impossible to do systematically without access to
subject-level raw data). Further, protection from bias, in particular publication bias
and other sorts of reporting biases, is particularly difficult to ensure or assess, and is
likely to affect some of the meta-analysis results. Finally, the single most important
caveat of the AlzGene approach is that the number of “true” associations is almost
certainly going to be smaller than the number of nominally significant findings listed
at any time on the AlzGene Web site (see also: Ioannidis, 2005; Wacholder et al.,
2004). This has a number of causes, including multiple testing, linkage disequilibrium
among associated variants, undetected publication or other reporting biases, as
well as study-level technical artifacts that may have gone unnoticed or may be
impossible to detect. Furthermore, most of the “positive” meta-analysis outcomes
currently do not reach very high levels of statistical significance (see Table II), only
two attaining the threshold for genome-wide significance, for example, a P-value
<5 x 10~®. While this, too, could be due to a number of factors including small
effect size and insufficient power even after combining all of the available data, it is
important to emphasize that the possibility of a false-positive finding always exists,
even for the highest ranked “Top Result.” Eventually, genuine risk effects can only
be “proved” by the accumulation of sufficient unbiased and high-quality genotype
data (e.g., originating from case-control and family-based designs, see below) in
favor of the presumed association in combination with functional genetics and
biological evidence suggesting a direct biochemical effect of the associated variant
(McCarthy et al., 2008). Of course, such evidence can be difficult to come by. For
instance, despite the unambiguous role of the APOE-¢4 allele in increasing the risk
for AD (see above), the precise mechanism underlying this association remains
only poorly understood (Tanzi and Bertram, 2005). Notwithstanding these limita-
tions, there is good reason to believe that the variants and loci highlighted in the
“Top Results” section of AlzGene and related databases currently represent our
best bets as to which of the hundreds of putative candidate genes might genuinely
contribute to disease susceptibility and pathogenesis. As such, they probably
warrant follow-up with high priority.

V. Assessment of Case-Control Associations Using Family-Based Methods

A first round of genetic follow-up of the most promising of these associations
was recently completed in a number of projects from our group (Bertram et al.,
2008b; Schjeide et al., 2009a,b). In particular, we assessed whether or not any of
the AlzGene “Top Results” and/or any of the loci pinpointed by the two
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high-density case-control GWAS (Li e al., 2008; Reiman et al., 2007) showed
assoclation in a total of four family-based datasets comprising nearly 4200 DNAs
from over 1300 independent AD families. This was an important question as many
of the investigated variants had been thoroughly tested across relatively large
numbers of independent case-control datasets, but only a handful were also
previously assessed in family-based samples, which may be genetically different
from unrelated, population-based cases and controls. Family-based methods have
the additional advantage of being robust against bias due to undetected population
stratification and phenotype misspecifications (Laird and Lange, 2006), which may
have affected some of the case-control meta-analysis results. After combining the
results across all four datasets, we observed nominally significant association with
variants in ACE, CHRNBZ2, GAB2, TF, and an as yet unidentified locus on chromo-
some 7p15.2 (Table III). Two of these loci, that is, ACE and TF, were also found to
be associated with A3 levels in CSF in an independent collection of AD cases and
controls (Kauwe et al., 2009). The independent convergence of (1) significant meta-
analysis results across case-control samples, (ii) replication of these associations in
AD family samples, and (iii) in the case of ACE and TF; a significant genotype-
dependent correlation with one of the few established biomarkers in AD, strongly
implies a genuine disease-risk modifying role of these loci, arguably more so than
for any of the other hundreds of suggested AD candidate genes besides APOE.
Functionally, all of these potential new AD susceptibility loci are interesting
and, if confirmed, may not only lead to a better understanding of the pathogenetic
mechanisms driving neurodegeneration, but may also help to pinpoint novel
treatment options for AD. ACE encodes angiotensin converting enzyme-1
(ACE-1), a ubiquitously expressed zinc metalloprotease that is involved in blood
pressure regulation. Several epidemiological studies suggest that high mid-life
blood pressure may increase the risk for AD in later life (Takeda et al., 2008).
More recently, ACE-1 activity has been reported to be increased in AD brains
proportionately to parenchymal Af load (Miners et al., 2008). The interpretation
of ACE’s role in AD pathogenesis is complicated by the observation that it is able
to degrade naturally secreted AS3 in vitro (Hu et al., 2001), which would predict an
increased risk in individuals with reduced ACE-1 levels/activity, that is, opposite
to what would be expected from the epidemiological data and the genetic associ-
ation results. CHRNB?2 encodes the neuronal beta-2 nicotinic cholinergic receptor
(82nAChR). Nicotinic acetylcholine receptors (nACcRs) are widely expressed in
the CNS, where the #2nAChR subunit is particularly abundant, forming hetero-
pentameric receptors with F4nAChR subunits (@4(32; Kalamida et al., 2007).
Pathologically, the reduction of nAChRs and the loss of cholinergic neurons in
disease-relevant brain regions is one of the major neurochemical hallmarks of
AD (Oddo and LaFerla, 2006), and several studies have suggested that an
age-dependent decrease in protein and/or mRNA levels of the a432-subtype
(in particular $2nAChR) occurs in the cortex and hippocampus of healthy
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TABLE IIT
ASSESSMENT OF CASE-CONTROL ASSOCIATIONS IN AD FamILy DATASETS

Case-control (AlzGene) Family based (combined family datasets)
Gene SNP Ethnicity Model OR (95% CI) P-value No. Fams OR X° P-value”
ACE rs4291 CAU Tvs. A 0.87 (0.76-0.99) 0.03 425 0.94 14.6 0.07
CHRNBZ2 154845378 ALL Tvs. G 0.67 (0.50-0.90) 0.007 170 0.79 17.4 0.03
GAB2 rs7101429 CAU Gvs. A 0.74 (0.59-0.93) 0.008 432 0.76 24.4 0.002
GWA_7p15.2 rs1859849 ALL Cvs. T 1.11 (0.97-1.29) 0.1 335 1.26 17.5 0.03
F rs104296 ALL G2 vs. C1 1.18 (1.04-1.33) 0.01 295 1.17 21.1 0.007

Comparison of the association evidence of AlzGene “Top Results” (current on October 31, 2008) and family-based analyses (Schjeide et al., 2009a,b). Note
that the meta-analyses for rs1859849 in GWA_7p15.2 are currently only marginally significant (P-value 0.1), but were nominally significant at the time of
genotyping in the Schjeide et al. (2009a) project. For up-to-date meta-analysis results on these variants, please consult the AlzGene Web site (http:/www.alzgene.
org). ALL = combining samples of all ethnic groups; CAU = combining samples of Caucasian ethnicity only; No. Fams = No. informative families; “OR”
= summary odds ratio; “95% CI” = 95% confidence intervals.

“Test statistics are based on combining one-tailed P-values for each variant across all four samples using Fisher’s combined probability test, which results in
an 8 d.f. test. Single-locus analyses with variants in ACE only show marginally significant effects (P-value 0.07), while haplotype-based analyses yielded P-values
<0.05 (see Schjeide et al.(2009a) for more details).
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individuals (Tohgi ¢t al., 1998), which could be exacerbated in carriers of the AD
risk allele. GABZ2 encodes GRB2-associated binding protein 2 (Gab2) which is a
member of a family of evolutionarily highly conserved scaffolding/adapter pro-
teins that are involved in multiple signaling pathways, and in particular in the
transduction of cytokine and growth receptor signaling (Liu and Rohrschneider,
2002; Sarmay et al., 2006). Gab2 is ubiquitously expressed, but is found at
particularly high levels in white blood cells, prefrontal cortex, and hypothalamus.
It was suggested that changes in Gab2 expression could potentially affect Gsk3-
dependent phosphorylation of tau and the formation of neurofibrillary tangles
(Retman et al., 2007). Moreover, growth factor receptor-bound protein 2, which
binds Gab2, has been reported to bind both tau (Reynolds ez al., 2008), APP, and
presenilin 1 and 2 (Nizzari ef al., 2007), and these interactions have been proposed
to regulate signal transduction. 7F encodes transferrin which is the major circu-
lating glycoprotein involved in iron metabolism and is highly expressed in the
brain. There 1s a vast body of literature suggesting that iron dysregulation
promotes neurodegeneration, possibly via the generation of reactive oxygen
species (Brewer, 2007). In AD, iron has been found to be increased in the brains
of AD patients (Loefller et al., 1995), where it is associated with plaques and NFTs
(Smith et al., 1997). More recently, it was suggested that iron may also play a role
in the aggregation of hyperphosphorylated tau into insoluble paired helical fila-
ments, one of the core ingredients of NFTs (Yamamoto et al., 2002). Thus it is
conceivable, although not yet experimentally proved, that the AD-associated
amino acid changing variant in 7F (Pro570Ser) may interfere with all or some
of these roles in AD pathogenesis. Finally, the ckromosome 7p15.2 association signal
maps close to a predicted gene, NT 007819.514, encoding a protein of 358
residues, whose N-terminus exhibits a strong homology to a family of ubiquitin-
like proteins, for example, human ubiquitin C. Thus, the predicted protein
possibly plays a role in protein degradation.

Figure 1 summarizes the potential pathogenetic implications of these and several
other of the currently most compelling AD susceptibility genes. Note that this
summary represents only a snapshot of the presently available data, and that the
set of genes thought to be involved in predisposing for LOAD today is likely going to
change over time. For a more detailed review on the functional implications of these
and other compelling AD candidate genes see Bertram and Tanzi (2008).

VI. Conclusions

Despite intensifying efforts to unravel the genetic underpinnings of AD, suc-
cesses to date have been modest. This situation is expected to change dramatically
with the advent of novel, genome-wide analysis tools that are becoming increasingly
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F1G. 1. Potential pathogenetic roles of AD susceptibility genes. Simplified summary of the potential patho-

physiologic implications of the currently most promising AD susceptibility loci, including those of recent
GWAS. Note that none of the genetic associations (except APOE) can be considered unequivocally
established; the same is true for any of the proposed potential functional implications. Highlighted
effects are likely further influenced by currently unknown gene-gene interactions and the contribution
of nongenetic factors as well as inflammatory reactions (which themselves are likely genetically con-
trolled). For didactic purposes, not all presumed or established functional implications have been
indicated, for example, GAB2’s role on APP metabolism via binding of Grb2. GWA 14q indicates
GWAS locus identified by Bertram et al. (2008a). For a more detailed discussion of the potential role of
these and other AD candidate genes see Bertram and Tanzi (2008).

popular, but it remains to be seen whether GWAS will live up to these expectations.
In the interim, systematic bioinformatics approaches synthesizing the results from
both candidate gene and genome-wide analyses will help researchers to keep track
of the myriad of genetic association findings to come. One such approach, the
AlzGene database, is now available, and already highlights a number of promising
AD loci by means of systematic, unbiased meta-analysis.

As should be clear from the above discussion, AlzGene does not aim to deliver
the last piece in the puzzle that AD genetic epidemiology research is trying to
solve. Rather, it attempts to provide a tool that can help researchers of many
disciplines decide which piece of the puzzle to try next. In the best case scenario, it
will also help to sharpen the overall picture of the genetic forces driving AD
predisposition and pathogenesis. Eventually, only the concerted efforts of genet-
ics, genomics, proteomics, and clinical disciplines will give rise to new diagnostic
and therapeutic targets that, hopefully in the not too distant future, will benefit the
millions of patients afflicted with this devastating disorder.
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Frontotemporal lobar degeneration (FTLD) is a diagnostic term that encom-
passes three distinctly different syndromes, united by historic as well as pathologic
commonalities. We briefly review the origins of the current classification scheme
for diagnosing the three major subtypes—frontotemporal dementia, semantic
dementia, and primary progressive aphasia, highlighting the differences between
subtypes as well as from Alzheimer’s disease (AD). We briefly examine current
understanding regarding the histopathology and genetics of FTLD but note that
there is a poor correspondence of these features with specific subtypes of FTLD.
For clinicians and clinical researchers, this implicates the need for other diagnos-
tic strategies. Neuropsychological and neurobehavioral testing currently offers the
most sensitive and specific method for identifying subtypes, and discriminating
FTLD from other forms of dementia. Multiple studies from the relevant literature
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are reviewed, highlighting those findings that are likely to be most valuable to
physicians. Finally, we analyze some of the major findings from the large body of
work on neuroimaging of FTLD, again focusing on those studies that potentially
help discriminate FTLD subtypes or assist with the discrimination of FTLD
from AD.

I. Introduction

Frontotemporal dementia used to be considered a rare disorder-one almost
never seen by the average clinician. The typical patient with “Pick’s disease” (PD)
as it was known synonymously was about 65 years old, socially inappropriate,
frequently hyperoral and became progressively more demented over a period of
5-7 years before dying.

In 1882, Arnold Pick described the clinical features of a patient with circum-
scribed lobar atrophy with an aphasic dementia. His initial cases had only gross
examination without any histological data. The clinical pattern and its relation to
focal atrophy were the basis of the syndrome. In 1911, Alzheimer described the
now-characteristic hallmark inclusion bodies, called Pick’s bodies. Other histolog-
ical findings such as ballooned achromatic neurons (Pick cells), gliosis, and
superficial cortical spongiform changes were also identified in these patients.
These histopathological findings were associated with the circumscribed frontal
and anterior temporal atrophy which Pick described in 1882, and the clinical
syndrome came to be known as Pick’s disease.

We have come a long way from these early findings. We now know that Pick’s
initial patients belong to a group of related dementias. The preferred term for this
rather heterogeneous group is frontotemporal lobar degeneration (FTLD), and it
is believed to be the second most common type of dementia in individuals younger
than 65 years (Ratnavalli et al., 2002). It remains clinically under-recognized both
due to its frequent misdiagnosis as psychiatric disease or Alzheimer’s disease (AD),
as well as limited recognition of the different entities within the FTLD spectrum.
Opverall, estimated prevalence ranges from 6 to 12% of dementias (Kertesz, 2006).

Currently, FTLD is divided into three main subgroups; frontotemporal
degeneration (FI'D), primary progressive aphasia (PPA) (also referred to as
progressive nonfluent aphasia; PNFA), and semantic dementia (SD) (Neary
et al., 1998). Each subtype of FTLD has distinguishing features and characteristic
progression that help to distinguish it from “garden variety” AD. In addition,
both neuropsychological testing and neuroimaging have extended the clinician’s
ability to distinguish FTLD from AD as well as other related dementias.
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A. DiacNosis or FTLD

Clinically and pathologically, FTLD is distinct from AD, although the distinc-
tion is sometimes clinically challenging (Klatka et al., 1996; Mendez et al., 1993).
A proportion of patients who meet the criteria for AD have FTLD confirmed at
autopsy, occasionally co-occurring with AD pathology. A recent pathologic study
examining the overlap of FTLD and AD clinical phenotypes described coexisting
histopathological AD in almost one fourth of FTLD cases (Liscic et al., 2007).
Autopsy-proved FTLD cases, alone or in combination with AD, can meet the
National Institute of Neurological and Communicative Disorders and Stroke, and
the Alzheimer’s Disease and Related Disorders Association (NINDS-ADRDA)
clinical criteria for AD during life (McKhann et al., 1984; Snowden et al., 2001),
suggesting a lack of specificity in the criteria for both diseases. Despite these
concerns (or perhaps because of them), several groups have put forward criteria
for the clinical diagnosis of FTLD. The sophistication of these classifications and
rating scales for F'I'LD has evolved since the 1980s.

B. CriNicaL CRITERIA

Gustafson and Nilsson (1982) studied 57 patients for differential diagnosis
between dementias. They used three rating scales for identification of Alzheimer’s
disease, Pick’s disease, and multi-infarct dementia. The rating scale for PD
contained nine items, including assessment of early loss of insight, early signs of
disinhibition, echolalia, mutism, and amimia.

Lund-Manchester groups (1994) published criteria in 1994 which required the
presence of at least two of the following features: loss of personal awareness,
strange eating habits, perseveration, and mood change. In addition, patients had
to have one or more of the following: frontal executive dysfunction, reduced
speech, and preserved visuospatial ability. Finally, the authors of the criteria
cited several important supporting features, including onset before age 65, a
family history of FTD, early urinary incontinence, motor neuron disease, and
(in the late stages) akinesia, rigidity, and tremor.

Neary and colleagues (Neary et al., 1998) incorporated most of the above features
and added some others. However, the authors subdivided patients into three
separate clinical presentations: frontotemporal dementia (characterized primarily
by personality change and disordered social conduct), PNFA (in which patients
have difficulty with initiation but not comprehension of speech; see Section 11.B),
and semantic aphasia (distinguished by impaired understanding of word meaning
and/or object identity). The general term FTLD was used to refer to any of the
three syndromes.
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ECAPD Consortium, 1998. The European Concerted Action on Pick’s disease
(ECAPD) was based on the review of 50 cases of pathologically verified disease for
which adequate clinical, neuropsychological, and neuroimaging data were avail-
able. This resulted in the definition of provisional criteria for definite, clinically
probable and clinically possible Pick’s disease which emphasized the importance
of impairment of language and praxic skills.

The Work Group on Frontotemporal Dementia and Pick’s Disease (McKhann et al.,
2001). An international group of clinical and basic scientists developed these
consensus criteria in July 2000. Intended for clinicians rather than researches,
these criteria were considerably simpler than the Neary criteria and lumped
together all patients under the terminology of I'I'D, although the authors did
note that patients would have either a “behavioral presentation” or a “language
presentation.”

C. HiSTOPATHOLOGY

Originally, Pick’s disease was classified pathologically as type A (with Pick’s
bodies), type B (with only swollen neurons), and type C (with only gliosis)
(Constantinidis et al., 1974). However, in common usage, Pick’s disease referred
to patients with atrophy and disinhibition and Pick’s bodies on histopathology.
It resulted in the impression that Pick’s disease was a rare entity and difficult to
diagnose before autopsy. Later, it was found that patients with lobar atrophy only
rarely have Pick’s bodies and often do not show the typical histologic picture on
autopsy (Constantinidis e al., 1974). Therefore, the term FTLD came into use and
a new label was given to clinical Pick’s disease; those cases without the typical
histologic picture were called frontal lobe degeneration (FLD) (Gustafson, 1987;
Neary et al., 1988). A similar clinical picture was described under the label of
“dementia lacking distinctive histology” (DLDH) (Knopman et al., 1990).

There are a few histological features including neuronal loss, gliosis, and
superficial linear spongiosis, which are common to all histological subtypes of
FTLD. Pick cells occur with variable frequency in all variants. These are called
ballooned neurons because of their swollen appearance under light microscopy.
These cells show neuronal achromasia and express phosphorylated neurofila-
ments. Spongiform changes are seen in layers IT and III of the cortex. Various
distinct features such as Pick’s bodies, astrocyte plaques (common in Corticobasal
Degeneration), tufted astrocytes (common in Progressive Supranuclear Palsy),
and ubiquitin-positive tau-negative inclusions (common in Amyotrophic Lateral
Sclerosis) known as motor neuron disease type inclusions or MNDI, have been
described but can also occur with each of the FTLD variants and are non-specific.
However, MNDI are found in more than half of the FTD cases on autopsy and
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Fic. 1. Classification of Pick’s disease based on histopathologic features. It is important to note that
all three major clinical phenotypes have been documented with each of the pathologic subtypes.

now form the largest single pathological variety of Pick’s complex (Hodges et al.,
2004; Kertesz et al., 2005; Munoz ¢t al., 2003) (Fig. 1).

D. GENETICS

FTLD is a “presenile” dementia with a strong genetic component (Chow et al.,
1999; Stevens et al., 1998). The first genetic correspondence, a linkage to chromo-
some 17 q21-22, was discovered in a large family with variable symptomatology
of frontotemporal dementia, aphasia, parkinsonism, and amyotrophy
(Wilhelmsen et al., 1994). Later, the clinical features and pathology of 12 families
resembling sporadic cases were described and the term “dominant inherited
chromosomal 17-linked frontotemporal dementia with Parkinsonism” (FTDP-
17) was accepted as a definite entity in a consensus conference (Foster et al., 1997).
The tau protein was suspected as the candidate gene for mutation and several tau
mutations have been identified since then which occur only in familial cases
(Hutton et al., 1998). However, tau-positive pathology is not the only substrate
of the disease, as the ubiquinated MNDI patients demonstrate (Hodges et al.,
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2004; Jackson et al., 1996). The phenotypic and pathologic variations of these
mutations closely match sporadic disease and provide strong evidence for the
cohesion of Pick’s complex.

Like histopathology, genetic testing is also not specific for the subtypes of
FTLD, with significant syndromic overlap within single mutation types. Tau
protein mutations were first reported for the phenotypes of the FTDP-17 com-
plex, which varied widely (some patients with parkinsonism, some with prominent
aphasia, some with obvious amyotrophy. Several tau mutations have been dis-
covered so far (Clark et al,, 1998; Hutton et al., 1998; Spillantini et al., 1998).
Different tau mutations differently alter the biochemical properties of tau iso-
forms, but so far these mutations do not predict the clinical presentation. In
addition, the tau protein is not abnormal in all forms of FTLD. The amount of
hyperphosphorylated tau in FTLD can be low and sometimes even absent.

Il. Classification of FTLD Subtypes and Their Features

A. FRONTOTEMPORAL DEGENERATION

FTD is the most common diagnostic subgroup of FTLD; over half of FTLD
patients fall in this category (Hodges ez al., 2003). FTD also has the earliest age at
onset, often between 55 and 65, and almost never after age 75 (Johnson et al.,
2005; Rosso et al., 2003). FID is characterized by personality and behavioral
changes. The initial manifestations can be subtle and difficult to diagnose begin-
ning with apathy and disinterest which is often misdiagnosed as depression
(Kertesz, 2003). These patients later develop lack of insight and disinhibition,
impulsive and inappropriate behavior, poor financial judgment, changes in lbido
and inappropriate sexual behavior, blunting of appropriate behavioral response
and at the extreme, self-destructive behavior (McKhann et al, 2001). Their
dietary habits may change, resulting in overeating or eating of only certain
types of food. The overall appearance and personal hygiene of these patients is
frequently affected as they show little personal concern for their actions. These
patients can have problems with their memory, and formal memory testing can be
abnormal, but they can track day-to-day events and do not have a typical
amnestic syndrome (McKhann ez al., 2001). Frontal lobe functions are impaired
in these patients but some can continue to perform well on formal measures of
frontal tasks early in the disease course. Orientation and episodic memory is also
relatively preserved; problems of forgetfulness are mainly due to inattention and
poor organization of incoming information (Kertesz, 2003). Language is not
affected early in the course of this disease; however, most patients eventually
develop decreased verbal output and often progress to mutism in later stages
(Kertesz, 2003).
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B. PRIMARY PROGRESSIVE APHASIA OR PROGRESSIVE NONFLUENT APHASIA

The term PPA was first used by Mesulam (1982) to describe a group of six
patients who developed a slowly progressive aphasic disorder that “began in the
presenium” (before age 65). These patients present with language difficulty
characterized by a combination of word finding difficulties, abnormal speech
patterns, decreased comprehension, and impaired spelling. In the early part of the
disease these patients are able to perform their daily activities and have normal
memory and visuospatial function. Mesulam’s original description stressed the
lack of a generalized dementia, and his criteria eventually included a stipulation
that the patient’s language difficulties should remain the only feature for at
least 2 years before more generalized deficits develop (Weintraub et al., 1990).
Language deficits ultimately progress to mutism, however, these patients instead
of developing a severe dementia in the advanced stages of their disecase may have
relatively preserved memory and can function well in the community, further
helping to distinguish them from patients with AD (Kertesz, 2003). While the
typical PPA patient does not have florid psychiatric features the way many FID
patients do, some can develop the behavioral problems seen in patients with other
forms of FTLD in the later part of the disease and the distinction may become
difficult in advanced cases, when both mutism and inappropriate behavior are seen.

C. SEMANTIC DEMENTIA

Snowden et al. described a distinct, fluent form of PPA that is different from
the more common nonfluent type and called this semantic dementia (Snowden
et al., 1989). In this condition patients slowly and progressively lose the meaning of
words; however, fluency remains intact and they are able to carry on a (somewhat
empty) conversation. They have difficulty naming and comprehending even
single nouns (Hodges et al., 1992; Kertesz, 2003). These patients differ from the
fluent aphasia of AD as they have relatively preserved episodic and autobiograph-
ical memory with a rather selective loss of semantic memory. These patients retain
information that has immediate relevance to their environment or to their person;
however, they lose the meanings of other common things. Some of these patients
have visual agnosia (Kertesz, 2003). Patients with SD ultimately become non-
fluent and even mute. They also develop behavioral problems in the later part of
their disease.

We note that some authors categorize PPA and SD together as the language
and aphasic variant of FTLD. In this nosologic schema, FTD represents the
frontal variant of FTLD and PPA/SD together represent the temporal/parietal
variant (Kertesz, 2003).
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In addition, there is controversy regarding the separate existence of a fluent
form of PPA distinct from both the more common dysfluent PPA and SD (Adlam
et al., 2006). In this schema, PPA is thought to present in both fluent and nonfluent
forms. Some patients who meet the criteria for fluent PPA show nonverbal and
verbal deficits in conceptual knowledge and other tasks that depend upon such
knowledge, provided that the measures used allow for the vital impact of concept
and typicality. If more emphasis is placed on the prominent language disorder,
these individuals can be classified as fluent PPA; if more emphasis is placed on the
multimodal pattern of deficits, these individuals can be seen as having SD.

lll. Neuropsychological Assessment

A. DistiNGUISHING FTLD rrom AD

1. Comments Regarding the MMSE and FTLD

Although neuropsychologists typically disdain the Folstein Mini Mental State
Exam (MMSE; Folstein et al., 1975) as being far too cursory to be useful, it is
commonly used by clinicians as a screening tool for the presence of dementia and
therefore worthy of comment in this chapter. The MMSE is heavily weighted
toward verbal skills and gives relatively short shrift to executive processing. As
such, compared with AD, it may underestimate dementia severity for FTD and
overestimate it for PPA/SD. Clinicians are especially cautioned not to consider a
normal-range MMSE score in a patient with suspected FID as indicating the
absence of disease. A recent study (Osher ¢ al., 2007) which compared FTD and
PPA (but did not include AD), found that MMSE scores over time did correlate
with changes on a measure of activities of daily living (the Activities of Daily
Living Questionnaire or ADL-Q); Johnson et al., 2004). However, PPA patients
showed relatively greater declines, suggesting that the MMSE overestimates
dementia severity for PPA patients but that the score may accurately measure
functional impairment in FTD (Fig. 2).

2. FID

Attempts to distinguish FTD from AD based only on neuropsychological
testing have a long and controversial history. Numerous papers on this topic,
spanning several decades, have failed to agree on whether it is possible to do this
reliably. One group (Gregory et al., 1997) failed to find differences between patient
groups in memory, attention, language, and executive abilities, while another
(Pasquier et al., 1995) did not find any difference in letter and category verbal
fluency (a frequently used bedside test for evaluating frontal lobe function).
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Neuropsychological profiles in FTLD subtypes and AD
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FIG. 2. Factor analysis of a multitest neuropsychological battery demonstrated five major cognitive
factors. Between- and within-group analyses of the factors demonstrate that each patient group is
associated with a specific profile of neuropsychological impairment, in which each group is significantly
worse than the others on at least one factor (data from Libon et al., 2007).

Conversely, several more recent studies have found the opposite; that a double
dissociation between AD and FTD exists and can be identified with careful
neuropsychological assessment. Perri and colleagues (2005) performed a stepwise
discriminant analysis on a number of neuropsychometric variables and deter-
mined that subjects with AD were significantly worse on the Rey figure copy
(a measure of visuospatial praxis) and significantly better on letter fluency than the
FTD group, such that a combination of these two tests plus a measure of apathy
(see Section IV) was sufficient to distinguish the two diseases with approximately
83% sensitivity and 82% specificity.

Also in 2005, a group from the UK (Thompson e al., 2005), observing that
patients with FTD tend to make different types of mistakes from those with AD,
developed a way to assess qualitative performance and error types on their
neuropsychometric battery. They found that “FTD patients displayed features
associated with frontal lobe dysfunction, such as concrete thought, perseveration,
confabulation, and poor organization, which disrupted performance across the
range of neuropsychological tests.” They advise that keeping track of the #ypes and
not just the number of errors made in performing neuropsychological tests can
greatly enhance discrimination of these patient populations.
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Nonetheless, while this chapter finds that FTD and AD can be discriminated
neuropsychologically, they agree with the findings of the first two studies cited,
that actual scores did not differ significantly between groups, especially on the
classic tests of executive functioning. They attribute this to the idea that AD
patients are failing at executive tasks “for non-frontal reasons.” That is, executive
tasks are complex and actually make demands on multiple cognitive domains
(particularly memory and visuospatial abilities) that are weak in AD.

This is similar to the findings from the most recent group to weigh in on the
matter. This year, a relatively large study (40 FITD, 77 AD, and 91 normal
controls) (Giovagnoli et al., 2008) was unable to find a significant difference
between the patient groups with regard to executive functions. In this study, the
AD patients were significantly more impaired than the FTD group in episodic
memory, selective attention, visual perception, visuomotor coordination, and
constructive praxis, whereas no differences were found in executive, intellective,
and linguistic abilities between the two patient groups. Logistic regression ana-
lyses revealed that episodic memory significantly predicted the diagnosis of AD
while no executive deficit was able to predict the diagnosis of FTD. The authors
hypothesize that this may be due to a more widespread distribution of executive
functions in the brain than is currently acknowledged, with other brain regions
providing an extended network of functions that are interrelated with prefrontal
cortex.

Another reason for the failure of some groups to find differences between
FTD and AD may be that not all studies distinguished between FTD and SD in
their samples; that is, they included both types of patients in their testing. Because
FID and SD overlap with AD deficits in very different ways, the net effect may
have been to “cancel out” the differences between groups. This is the hypothesis
of a study which in fact did find a double dissociation between AD, FTD and SD
groups in their study (Perry and Hodges, 2000).

3. PPA

In contrast to the relatively difficult AD-FTD distinction neuropsychologi-
cally, distinguishing between AD and PPA is more straightforward. PPA patients
maintain relatively normal episodic memory function—the hallmark decline of
early AD, while developing progressively worsening language impairments. The
original report on this clinical syndrome was published in 1982 by Mesulam, who
reported on six patients with progressively worsening language impairment in the
absence of dementia (Mesulam, 1982). Some years later, his lab published a
follow-up study (Weintraub et al., 1990) further characterizing three patients
with sequential neuropsychological assessments. They demonstrated progressive-
ly worsening decline on measures such as the Token Test, sentence repetition and
the Boston Naming test. Importantly, cognition was stable over time on measures
such as spatial and temporal orientation, design recall, line orientation, and face
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recognition. Another report on the longitudinal neuropsychological profile of
PPA (Grossman et al., 1996) concurred with the original description; they too
found that individuals became progressively less fluent, naming and repetition
declining over several years. Ultimately, their patients became mute. Grossman
hypothesizes that the critical feature of PPA appears to be a grammatical im-
pairment which interferes with speech production. This distinguishes them from
SD, in whom speech may also appear nonfluent at times owing to word-finding
pauses, as well as those with FT'D who may have a paucity of speech output due to
abulia or apathy.

4. SD

In 1975, Elizabeth Warrington described three patients with a combination of
visual associative agnosia (difficulty recognizing objects based on their visual
features), anomia, and impaired comprehension of word meaning (Warrington,
1975). The diagnostic term “Semantic Dementia” was coined by Snowden and
colleagues, in their description of a different three patients in whom they found
not only a progressive fluent aphasia (in contradistinction to the slowed, agram-
matic and effortful speech characteristic of PPA), but also deficits in word com-
prehension and in knowledge of objects and people (Snowden et al., 1989). That is,
spontaneous speech is characterized by anomia in the context of relatively normal
phonology and grammar. As the disease progresses, patients will more and more
replace specific terms with more nondescript words such as “thing” or “that.”

Neuropsychologically, the hallmark of SD is an associative agnosia and/or
prosopagnosia (inability to recognize faces), coupled with a “loss of memory for
words” which is quite different from the impairment of episodic memory seen in
early AD. In addition, orientation to time and place, simple calculation and
drawing skills are all preserved in SD. In the study by Perry ez al. cited above,
subjects with SD showed severe deficits in semantic memory (Pyramid Palm trees
and the Graded Naming test) with preservation of attention and executive
function, while the AD subjects had very little trouble on those same semantic
memory tasks but were grossly impaired in episodic memory, as measured by the
logical memory portion of the Wechsler Memory Scale-R and the Rey figure
recall.

A final point of distinction between SD and AD regards the temporal gradient
of their amnesia. In general, SD patients do not have a significant impairment of
episodic or recent memory, but several authors have found that autobiographical
memory for remote events can be significantly impaired in SD (Hou et al., 2005;
Nestor et al., 2002). This is distinct from the relatively intact remote memories of
most early AD patients, and speaks to the presumed extrahippocampal localiza-
tion of the damage in SD. Overall, the consensus opinion seems to be that, like
PPA, the neuropsychological profile of SD is sufficiently different from that of AD
to make discrimination relatively straightforward on this basis alone.
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B. DistinguisHING FTLD SuBTYPES

Given how tricky it is to distinguish FTD from AD on the basis of neuropsy-
chological testing alone, one might expect that the distinctions among the thee
phenotypes of FTLD would be nearly impossible, yet this turns out not to be the
case. The entities are sufficiently dissimilar to one another that it turns out to be
more straightforward to tell them apart than to distinguish them from other
dementias (i.e., AD or vascular dementia).

1. FTD vs PPA

In contrast to the relatively small distinction between executive processing
deficits in AD vs FTD, those between FTD and PPA are considerable, as patients
with PPA have essentially normal executive processing ability. PPA also seems to
have more intact episodic memory function than FID (Libon et al., 2007), which
1s somewhat surprising because early F'TD is not generally acknowledged to have
significant declines in episodic memory function. Quite recently, Marra et al.
published a study comparing both neuropsychological and neurobehavioral char-
acteristics of 22 FID and 10 PPA patients (Marra et al., 2007). The latter results
are given in Section IV. Their findings on the neuropsychological profiles corrob-
orate the Libon et al. group’s documentation of better (normal-range) scores on
immediate and delayed recall measures and executive processing. In turn, their
group of FTD patients did significantly better on letter fluency. Surprisingly, the
two groups were about nearly equal on a test of category fluency (both groups
performed poorly).

2. FTD vs SD

In addition to being dramatically worse on tasks that hinge on semantic
knowledge, SD patients are also clearly worse than I'I'D patients on naming
and other language-based tasks. An early study comparing FID and SD (Hodges
et al., 1999) found that patients with SD were significantly worse on a category-
fluency task, while being quite closely matched on the letter-fluency version of
that task. The study by Libon et al. (2007) replicated this finding. In a related
study, subjects with SD showed severe deficits in semantic memory with preser-
vation of attention and executive function. Subjects with FTD showed the reverse
pattern. The double dissociation in performance on semantic memory and
attention/executive function clearly separated the temporal and frontal variants
of FTD (Perry and Hodges, 2000).

3. SD vs PPA

The overarching difference between these two dementias neuorpsycho-
logically is the difference between a pure speech/language impairment (PPA)
and a relatively pan-modal agnosia (SD) which includes (but is not limited to)
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language-based expression. In a recent review article on the distinctions between
SD and PPA, Hodges and Patterson write the following: In SD, repetition is
almost invariably perfect, but the definitions offered are either generalized and
lacking in detail (e.g., “Hippopotamus, can you say that?,” “Yeah, hippopota-
mus,” “What is a hippopotamus?,” “A big animal”) or simply absent (“I think I’ve
heard of a hippopotamus but I can’t say what it is”). Patients with PPA typically
show the opposite pattern (i.c., an advantage for defining over repeating these
long words) (Hodges and Patterson, 2007).

In addition, and somewhat surprisingly, surface dyslexia (selective difficulty in
reading words that have irregular pronunciation, such as “colonel” or “chamois™)
seems to be much more characteristic of SD than PPA. While both types of
patients have difficulty with all verbal fluency tasks, PPA patients are compara-
tively worse at letter fluency than SD patients, while being indistinguishable from
them on category-fluency (Libon e/ al., 2007).

IV. Neurobehavioral Assessment

A. FID

By far the most challenging of the FTLD subtypes to care for is the individual
with FTD, also known as behavioral-variant I'T'D. This is due not to the cognitive
impairment that develops, but to the challenging set of aberrant behaviors.
Neuropsychiatric symptoms are usually the earliest manifestation of this subtype,
and such patients are often referred to psychiatrists with working diagnoses of
depression, bipolar disorder and even late-onset schizophrenia. Because the
cognitive impairments early on are rather subtle, careful neuropsychological
testing 1s necessary (as described in detail earlier ) to determine that such indivi-
duals actually have a dementia rather than a purely psychiatric condition. Up
until about 10 years ago, when these patients finally did get to the neuropsychol-
ogist, there was a paucity of instruments to delineate and quantify the often florid
behavioral problems. Two efforts to better characterize these behavioral changes
resulted in a measurement instrument called the frontal behavioral inventory
(FBI), a 24-item questionnaire aimed at assessing the most commonly seen
psychopathologies present in F'I'D (Kertesz et al., 1997), and a shortened form
of the Neuropsychiatric Inventory (Cummings et al., 1994), called the NPI-Q
(Kaufer et al., 2000), which contains 12 items that must be assessed as to presence/
absence and if present, the severity (mild, moderate, or severe).

The authors compared three groups of patients, those with FI'D, those with
AD and those with “depressive dementia” (aka pseudo- or psychodementia).
They found that the FITD group scored much higher on the FBI then either
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Fi. 3. Frequency of behaviors and mean frequency by severity product score for all individual
Neuropsychiatric Inventory (NPI) behaviors across groups. Significant differences (p < 0.05) between
groups are indicated by the special characters (data from Rosen ¢t al., 2006).

group of “controls.” Individual item analysis showed loss of insight, indifference,
distractibility, personal neglect and apathy as the most frequent negative symp-
toms, and perseveration, disinhibition, inappropriateness, impulsivity, and irre-
sponsibility as the most significant positive symptoms. In their (admittedly small)
group, using a cutoff score of 27 on the FBI resulted in only a single false positive.

The Marra et al. group which administered a large neuropsychological battery
also compared AD, FTD, and PPA by use of the NPI-Q), They determined that
aggression/agitation and apathy were both significantly more elevated in FITD
than in either of the other two groups and concluded that, if a behavioral measure
like the NPI-Q was included along with the neuropsychological evaluation, one
could readily distinguish all three groups by their profiles—something that was
nearly impossible based on the neuropsych data alone (Fig. 3).

B. PPA

Conversely, individuals with PPA have traditionally been considered to have
little or no behavioral disturbances early on (Weintraub et al., 1990), though more
recent studies have demonstrated the evolution of neuropsychiatric symptoms,
particularly after a few years of illness (Banks and Weintraub, 2008; Marczinski
et al., 2004). The earlier of these studies utilized the FBI and found that while
initial evaluations failed to demonstrate scores above the cutoff value for PPA, by
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the end of the third year the PPA group met criteria for FTD. The more recently
published study by Banks and Weintraub uses the NPI-Q), This study, which
compared individuals with FTD and those with PPA and divided the subjects into
short-duration (<5 years) and long-duration (>5 years) symptoms, found that the
number of symptoms in long-duration PPA patients did not significantly differ
from patients with FTD regardless of their disease duration. However, when
comparing the short- and long-duration PPA patients, a trend toward decreased
depression and increased disinhibition and nocturnal behavior was noted.

C. SD

Patients with SD are widely perceived by behavioral neurologists to have
behavioral problems that are about midway on the continuum between FTD and
PPA, however, formal investigations of behavioral deficits in SD have been rare.
In 2001, Snowden and colleagues published a comparison of SD with both
apathy-predominant and disinhibition-predominant FTD (Snowden et al.,
2001). Using semi-structured interviews, they found that a pervasive lack of
emotional response was characteristic of FID but in SD was limited to the
capacity to show fear. They found a tendency toward social-seeking (preference
for being with others), and somewhat exaggerated responses to sensory stimuli, in
contrast to social-avoidance and reduced pain responses typical of FTD. Con-
versely, SD patients seemed to show more frequent compulsive repetitive beha-
viors such as clock-watching, adherence to daily routines and verbal stereotypies.

A few years later and utilizing the NPI rather than interviews, Rosen ¢t al.
compared SD with FTD and PPA. He measured the mean frequency by severity
product score across all 12 behavioral domains and confirmed this empirically
(Rosen et al., 2006). In his post hoc comparisons between groups, he found similar
degrees of elation/euphoria as the FTD group, but much less apathy (suggesting a
generally more upbeat/outgoing profile than that of FI'D). The SD group also
had significantly more disinhibition and abnormal motor behavior than those
with PPA. Furthermore, he found that these behavioral abnormalities increased
in severity with disease duration in SD.

V. Neuroimaging of FTLD

Historically, structural neuroimaging of degenerative dementias has not played a
critical role in diagnosis. Characteristic changes consist primarily of atrophy in
certain regions, and this is often rather subtle in early stages of disease, although at
later stages the atrophy can result in a “knife blade” appearance of the effected gyri
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(Graff-Radford and Woodruff, 2007). The utility of brain imaging lay in determining
whether additional neuropathology was seen (e.g., ischemia, subdural hematoma).
The advent of sensitive, automated methods for quantifying regional atrophy has
provided a new and better way to evaluate this distinguishing feature of FTLD. In
addition, functional studies which are used to measure neurochemical breakdown
products, regional cerebral blood flow or cerebral metabolism can help to diagnose
FTLD at the earlier stages, and can distinguish FTLD from AD. Functional imaging
with SPECT or PET can achieve a >90% sensitivity of detecting FTLD (Mendez
et al., 2007). It 1s also becoming possible to distinguish the different types of FTLD
with these more advanced imaging techniques. Nonetheless, there is still a need for
larger randomized studies to determine the sensitivity and specificity of functional
imaging modalities in the diagnosis of FTLD, its phenotypes and their differential
from other types of dementia especially AD.

A. DIrrerReNTIATION OF FTLD rroMm AD

1. Structural and Volumetric MRI Studies

Structural MRI and MR-volumetric analysis of different brain regions can help
discriminate FTLD from AD. Structural MRI in patients with FTLD often reveals
atrophy in the frontal and temporal lobes, which can be quite asymmetric. The
ventricles may be enlarged and the head of the caudate may be atrophic. These
findings vary depending on the stage of the disease. Initially, prominent mesial
temporal lobe and hippocampal atrophy were demonstrated to be a key diagnostic
finding on volumetric MRI studies in AD (Jack et al., 1997), whereas selective
frontal volume decreases were suggestive of FTLD (Fukui and Kertesz, 2000).
Therefore, it was thought that simply measuring hippocampal volume would
determine whether an individual had AD or FTLD. Unfortunately, more recent
studies suggest that hippocampal/mesial temporal atrophy alone does not reliably
distinguish AD from FTLD (Bocti ¢t al., 2006; Galton et al., 2001). However, a
severe or asymmetrical pattern of amygdala atrophy (along with hippocampal
atrophy) suggests FTLD (Barnes e al., 2006), as does a topographical pattern of
atrophy involving the frontal lobes and anterior temporal regions (Bocti ¢t al., 2006).
Directly comparing frontal versus temporal volume changes over time is another,
and more sensitive approach to distinguishing disease states (Chan et al., 2001a),
though this approach requires two scans taken a year apart (Fig. 4).

2. MR Spectroscopy

Proton magnetic resonance spectroscopy (MRS) allows i vivo noninvasive
estimation of brain metabolites. MRS analysis reveals peaks which correspond to
different compounds and metabolites in brain tissue. Two of these compounds are
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FiG. 4. Distribution of cerebral atrophy in a patient with AD (A) and frontotemporal dementia

(FTD) (B). Both patients had similar interscan intervals (11 months) and annualized rates of global
cerebral atrophy (approximately 4%). Areas of volume loss are highlighted in red. Note the generalized
distribution of atrophy in AD and the preferential anterior volume loss in FTD (Reprinted from
Neurology 57, Chan, D., Fox, N. C., Jenkins, R., Scahill, R. I., Crum, W. R., and Rossor, M. N.
(2001a) with permission from Lippincott, Williams and Wilkins).

relevant in the work up of patients with dementia, N-acetyl aspartate (NAA) which
is predominantly intracellular, and myoinositol (MI) which is predominantly
found in glial cells. NAA is a marker of neuronal activity and MI is a marker of
gliosis. MRS can help to differentiate FTLD from AD as these disorders are
accompanied by relatively distinct neurochemical abnormalities. Ernst ez al. found
that patients with FTLD had a statistically significant increase in myoinositol (MI)
and decrease in MN-acetyl (NA) and glutamate in the frontal region, which was
distinct from AD. The NA concentration in a frontal region of interest allowed the
best discrimination of FILD from AD and controls. In the temporoparietal
regions, changes in MI concentration occurred prior to observable changes in
NA concentration, indicating that glial proliferation may be more readily
detected than neuronal loss in the early stages of FTLD (Ernst et al., 1997).

3. Positron Emission Tomography

Functional imaging methods have significantly improved our ability to detect
carly changes and to distinguish neurodegenerative diseases. PET imaging has
become the most commonly used and promising modality to differentiate FTLD
from other dementia syndromes, including AD.

The cerebral metabolic rate of glucose in different areas of brain can be
measured with '®F-FDG PET, and the pattern of hypometabolic regions can be
used to differentiate various types of dementia (Foster et al., 2007; Ibach et al.,
2004; Silverman et al., 2002). This metabolic decline occurs quite early in the
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course of disease, making PET a relatively sensitive imaging tool for discerning
both the presence and the type of neurodegeneration. In fact, the Centers of
Medicaid and Medicare recently approved reimbursement of clinical '*F-FDG-
PET for the indication of distinguishing AD from FTLD. FTLD patients have
prominent hypometabolism of the frontal and anterior temporal cortices as
compared with AD patients who show decreased metabolism in the posterior
cingulate and parietotemporal cortices (Diehl-Schmid et al., 2007; Ishii et al., 1998;
Jeong et al., 2005a; Mosconi et al., 2008). PET statistical parametric mapping
studies in patients with FTLD have shown hypometabolism in other areas of
brain such as the anterior cingulate, uncus, insula, and subcortical regions
including basal ganglia (Jeong et al., 2005a). Moreover, hemispheric metabolic
asymmetry is common in patients with FTLD (Garraux et al., 1999; Jeong et al.,
2005a) (Fig. 5).

The novel PET tracer ''C-PIB has a high affinity for fibrillar A-beta protein
which is a pathological hallmark of AD and is not a part of the FTLD spectrum
(Klunk ¢t al., 2003). Because of this, ''C-PIB can help to discriminate AD from
FTLD. Engler et al. conducted a study of 10 patients with FTLD using PIB. Eight
of these FTLD patients showed significantly lower PIB retention as compared to

FiG. 5. Representative cortical '*F-FDG PET patterns in NL, AD, DLB, and FTD. 3$D-SSP maps
and corresponding  scores showing CMRglc reductions in clinical groups as compared with the NL
database are displayed on a color-coded scale ranging from 0 (black) to 10 (red). From left to right: 3D-
SSP maps are shown on the right and left lateral, superior and inferior, anterior and posterior, and right
and left middle views of a standardized brain image (Reprinted by permission of the Society of Nuclear
Medicine from Mosconi, L., Tsui, W. H., Herholz, K., Pupi, A., Drzezga, A., Lucignani, G., Reiman, E. M.,
Holthoff, V., Kalbe, E., Sorbi, S., Diehl-Schmid, J., Perneczky, R., et al. (2008)).
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AD in different brain regions. In fact PIB uptake in these FTLD patients did not
differ significantly from healthy controls in any region (Engler et al., 2008).

Another novel PET tracer, which is relatively a small molecule, is called
FDDNP. It is an @ vivo chemical marker for cerebral amyloid and tau proteins.
Initial FDDNP studies of FTD show binding in the frontal and temporal regions
but not in the parietal regions suggesting that FDDNP labels regional tau tangles
and thus can differentiate FID from AD according to the binding patterns
(Silverman et al., 2002). However, these are preliminary studies and further
pathological correlation and larger scale studies are warranted to confirm the
utility of this promising modality in clinical practice.

4. Single Photon Emussion Computed Tomography

Unlike FDG-PET, which is a marker of cell metabolism, SPECT is based on the
brain uptake of a technetium 99m-based lipid-soluble radionucleotide (ethyl cystei-
nate dimer or hexamethylpropylene amine oxime) which stays within vascular
channels and is therefore a marker of brain perfusion. It has been shown to
differentiate FTLD from AD with high sensitivity. Charpentier e al. demonstrated
that 100% of patients with FTLD and 90% of AD patients could be correctly
classified by using a SPECT-image-derived algorithm that included analyzing
regions of interest in frontal and temporoparietal lobes (Charpentier e al., 2000).
Sjogren et al. demonstrated the successful utility of SPECT in differentiating FTLD
from other forms of dementia including AD using an anterior to posterior ratio of
technetium uptake to classify these patients, with a sensitivity of 87.5% and a
specificity of 78.6% (Sjogren et al., 2000). Many investigators have also found that
there is a reduction in tissue metabolism in the posterior cingulate cortex of patients
with AD. Bonte ¢t al. highlighted the significance of this “posterior cingulate sign” in
the diagnosis of FITLD by using SPECT RCBF studies to distinguish AD from
FTLD based on presence or absence of this sign (Bonte et al., 2004).

B. DIFFERENTIATION OF DIFFERENT SUBTYPES OF FTLD

1. Structural and Volumetric MRI Studies

MRI studies can help differentiate subtypes of FTLD, as they exhibit different
patterns of regional atrophy on volumetric analysis, although reported sensitivity
and specificity of these techniques has varied greatly. Typically, FTD is associated
with bilateral frontal atrophy, SD is associated with predominantly left anterior
temporal lobe atrophy and PPA is associated with left perisylvian atrophy (Chan
et al., 2001b; Gorno-Tempini e/ al., 2004; Rosen et al., 2002). It has been shown
that there is more frontal lobe gray matter atrophy in FID compared with SD
cases (Rosen et al., 2002). Patients with SD show bilateral, typically asymmetrical,
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atrophy of the anterior temporal lobes. As the disease progresses this degenerative
process evolves caudally to the posterior temporal lobes or rostrally to the
posterior, inferior frontal lobes, or both. Utilizing volumetric MRI methods,
Chao et al. demonstrated that patients with SD had both white matter and gray
matter atrophy in the temporal lobes, and that therefore adding temporal white
matter volume to temporal gray matter volume significantly improved the
discrimination between SD and FTD (Chao et al., 2007).

Gorno-Tempini ¢t al. in their voxel-based morphometry MRI study showed
that all of their patients with PPA had atrophy of the left perisylvian region,
anterior temporal lobes bilaterally and the basal ganglia bilaterally (Gorno-
Tempini et al., 2004). Their study also showed distinctive patterns for PPA,
SD, and logopenic progressive aphasia. PPA was associated with left inferior
frontal and insular atrophy, SD with anterior temporal damage and logopenic
progressive aphasia with atrophy of left posterior temporal cortex and inferior
parietal lobule (Gorno-Tempini e al., 2004). Mummery ef al. conducted a voxel-
based morphometry study of SD patients and identified well-circumscribed
regions of atrophy in individual patients including the bilateral temporal poles
(Ieft more than right), the left inferior temporal gyrus, the left middle temporal
gyrus, the left amygdaloid complex, and the ventromedial frontal cortex
(Mummery et al., 2000). The degree of semantic deterioration correlated with
the extent of left anterior temporal damage and not with that of adjacent
ventromedial frontal cortex.

An excellent recent summary of the “triple dissociation” between the three
subtypes of FTLD can be seen in the recent study by Schroeter, et al. (2007). This
group undertook a large quantitative meta-analysis of 267 FILD patients (and
351 control subjects) across 19 MRI and PET studies. Their results indicated
specific neural networks for each of the three clinically defined subtypes that did
not overlap. The study further related each subtype’s clinical features to its neural
substrate, demonstrating a close structure-function correlation for the diseases
(Schroeter et al., 2007) (Fig. 6).

2. MRI Dyffusion Tensor Imaging

Historically, most neuroimaging studies have focused on gray matter changes
in the brain, as FTLD has traditionally been regarded as a gray matter disease.
More recently, white matter changes in FTLD have received some attention, both
because there is a greater understanding of the interplay between gray and white
matter degeneration, and because of the evolution of MRI diffusion tensor
imaging, a technique that detects microstructural alterations in white matter by
measuring the directionality of molecular diffusion. Borroni et al. found a differ-
ence in the pattern of white matter loss in early stages of frontal and temporal
variants of FID which might be helpful to differentiate these two variants of
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FiG. 6. Results of the quantitative meta-analyses (using activation likelihood estimates) for the three
subtypes of FTLD individually, and for FTLD all subtypes pooled. Left side is left (Reprinted from
Neurolmage 36(3), Schroeter, M. L., Raczka, K., Neumann, J., and Yves von Cramon, D. (2007) with
permission from Elsevier).

FTLD (Borroni et al., 2007). Another study using tensor-based morphometry has
reported white matter atrophy in temporal lobes of patients with SD (Studholme
et al., 2004).
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3. MR Spectroscopy

NAA and creatine (Cr) on MRS have been reported to differentiate not only
AD from FTLD, but the different types of FITLD as well. Coulthard et al.
performed a study on FTLD patients showing that MRS can reveal regionally
selective abnormalities in patients with FTLD. MRS was performed on the
temporal, parietal, and anterior cingulate cortices of five patients with established
SD, and two patients with FT'D. All the patients with FTLD had reduced NAA/
Cr in frontal and temporal lobes and not in parietal lobes; however, the patients
with FTD had increased MI/Cr in their cingulate cortices differentiating then
from SD (Coulthard et al., 2006).

4. Positron Enussion Tomography

FDG studies in patients with SD have shown temporal cortical hypometabo-
lism with the left temporal lobe often being more severely effected (Diehl ez al.,
2004; Hodges et al., 1999). Other studies in patients with PPA showed left
temporal and perisylvian defects early in the disease course and parietal and
frontal region abnormalities occurring later on (Chawluk et al., 1986; Kempler
et al., 1990; Tyrrell et al., 1990). Grossman et al. reported a group of patients with
PNFA who had global left hemisphere hypometabolism and more specific
hypometabolism in the left inferior frontal, superior, and middle temporal gyri
(Grossman et al.). Nestor et al. conducted a study on patients with problem of
progressive dysfluency using '"F-FDG PET and analyzed with the technique of
statistical parametric mapping. They identified seven patients with PPA who
showed hypometabolism in several regions, most notably in the left anterior
insula/frontal opercular region (Nestor et al., 2003). They also assessed regional
atrophy with MRI voxel-based morphometry and this analysis revealed only a
small area of atrophy in the left peri-Sylvian region.

FTID can coexist with MND (FITD/MND) and the clinical features of this
entity are somewhat different from FI'D patients. Garraux e/ al. reported that
FTD/MND showed hypometabolism in the bilateral frontal, anterior temporal
lobes, and in putamen. When compared with FTD, FID/MND patients had
more hypometabolism in medial temporal regions (Garraux et al., 1999). Another
study by Jeong et al. showed that patients with FTD/MND showed glucose
hypometabolism only in the frontal region, whereas most patients with FIT'D
had hypometabolism in the frontal and temporal areas. Moreover, FTD/MND
patients had a more symmetric pattern of hypometabolism than FTD (Jeong
et al., 2005b). In addition to the above findings, FTD/MND patients also had
hypometabolism in the basal ganglia region and thalamus. A key finding from
these studies was that asymmetric degeneration is not a feature of FID/MND as
compared to FTD which is well known for asymmetric hemispheric degeneration
(Garraux et al., 1999; Jeong et al., 2005b).
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5. Single Photon Emussion Computed Tomography

SPECT has been shown to differentiate between the frontal and temporal
variants of FTD (Perry and Hodges, 2000). Utilizing a region of interest ap-
proach, both Talbot and Newberg (Newberg et al., 2000; Talbot et al., 1995b)
conducted SPECT studies and found hypoperfusion in bi-frontal and left tempor-
oparietal region and in the left dorsolateral prefrontal cortex and left subcortical
nuclei in patients with PPA. Neary et al. found hypometabolism confined to frontal
lobes in patients with FTD/MND (Neary et al., 1990). Another study by Talbot
et al. using ROI analysis of SPECT mages found no significant differences
between FTD and FTD/MND (Talbot et al., 1995a).

VI. Summary

The accurate diagnosis of FTLD in all of its guises is very important for the
development of new therapeutic options and disease modifying therapies. Clinical
diagnosis is based on the recognition of all the core and necessary neurologic,
neuropsychological, and neuropsychiatric features of FTLD. However, patients
often lack all the core features at the initial assessment, and subtle personality or
behavioral changes can be caused by a range of other disorders, making diagnosis
difficult (Mendez and Perryman, 2002; Mendez et al., 2007). Furthermore, there is
no single hallmark genetic mutation or susceptibility locus that can be tested to
provide the diagnosis in most cases. Therefore, careful neuropsychological and
neurobehavioral assessment should be performed in all suspected cases to increase
the reliability of discrimination between AD and FTLD, esp. FTD. Several
authors have come to the same conclusion (Marra ¢t al., 2007; Perri et al., 2005).
Furthermore, neuroimaging plays a significant role in diagnosis, not only in
excluding alternative pathologies, but as a positive, “rule-in” test in which the
characteristic features of frontal and anterior-mid temporal atrophy and hypo-
metaboloism should be evaluated. New and improved methods for evaluating
these features are on the horizon, and adoption of a quantitative volumetric
approach to MR as well as the addition of PET or SPECT to the clinical
evaluation algorithm will add greatly to our diagnostic acumen.
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