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Neuropathology of mild cognitive
impairment in the elderly

Steven T DeKosky, Milos D Ikonomovic, Ronald L Hamilton,
David A Bennett, and Elliot ] Mufson

INTRODUCTION

The relationship of neuropathologic changes to the clinical status of people
with dementia is of paramount importance in devising appropriate therapeutic
interventions. Despite the fact that a central feature of the diagnostic criteria
for Alzheimer’s disease (AD) includes a history of insidious onset and a pro-
gression of cognitive decline, it was not until the mid 1990s, as large-scale
memory clinics obtained increased experience with people presenting early
with symptoms of mild dementia, that attention was directed at understanding
the processes occurring during the prodromal stages of dementia. Subse-
quently, individuals with mild memory loss, who were clinically followed
as their cognition deteriorated through stages of mild, moderate, and
severe AD, were neuropathologically confirmed postmortem as AD. These
neuropathologic findings, together with retrospective and prospective imaging
studies, led to a reexamination of our concepts of the neuropathologic changes
underlying the onset of early symptoms of cognitive impairment, as well as
the clinical definition of prodromal AD. Because it is believed that AD has an
extensive preclinical phase, it is important to identify people in an early stage
when brain pathology has been initiated but prior to significant clinical symp-
toms. During the past few years, the concept of mild cognitive impairment
(MCI) has developed as a possible prodromal stage of AD. Although the pre-
cise definition of MCI is being debated, recent evidence suggests that MCI falls
into several subtypes. Individuals with isolated memory loss, termed amnestic
mild cognitive impairment (aMCI), represent the most extensively analyzed
form of MCI in specialty clinics. The ‘conversion rate’ of aMCI people to AD
(the time at which they meet current formal criteria for AD) is 10-15% annu-
ally.! On the other hand, mild impairment defined by deficits in other cogni-
tive (and functional) domains is termed multiple domain MCI (mdMCI) and
may also occur as memory function declines below a defined threshold. In a
recent series of studies examining the onset of MCI in the Cardiovascular
Health Study (CHS) cohort, the risk factors for developing MCI included
apoE4 genotype (for aMCI), depression, racial and constitutional factors, and
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the presence of cerebrovascular disease.? In this population-based study, about
two-thirds of the MCI cases were mdMCI, and about one-third were aMCI.3
Thus, a MCI is not as common in population-studies, and may be a less
frequent manner of progressing to AD. This chapter provides an overview of
neurobiologic observations crucial to our understanding of the chemical,
pathologic, and molecular changes which occur in brain during the transition-
al period between normal aging and the clinical diagnosis of all forms of MCI
and AD.

CLINICAL PRESENTATION OF MILD COGNITIVE
IMPAIRMENT

Clinical and neuropathologic data necessary for the investigation of MCI have
been derived from two types of cohorts. First are large clinic populations,
which have (small numbers of) subjects who come to autopsy while still clini-
cally classified as MCI. For example, the Alzheimer Disease Center at
Washington University, St Louis, have reported autopsy results from their
cohort of cases, some of whom died with a Clinical Dementia Rating (CDR) of
0.5, indicative of MCI.*> A second source are volunteer cohorts of individuals
in a population study, such as the Nun Study® and the Religious Orders Study
(ROS),”8 in which all subjects agree to yearly cognitive and neurologic exami-
nation and brain autopsy at time of death. Because of their large size and
advanced age of their subjects, these cohorts enable the assessment of the
extent of pathologic and neurochemical changes in the brain associated with
cognitive changes in particular diagnostic categories, including normal cogni-
tion, MCI, and mild, moderate, and severe AD. In all of these cohorts MCI
marked a transitional state, with a decline of cognitive function that exceeded
the norms for the respective populations. However, the definitions of MCI
were somewhat different across cohorts. For example, a 0.5 CDR is used by
several groups as an indicator of MCI, whereas the ROS uses an actuarial deci-
sion tree that incorporates and can be overridden by clinical judgment, and
the Nun Study employs neuropsychologic testing patterns. Thus, the clinical
definition or diagnosis of MCI remains variable and perhaps controversial. In
this regard, Washington University utilized the CDR scale®!° to determine the
presence or absence of MCI (CDR 0.5) and referred to them either as very
mild AD or ‘early stage AD’.!! Because the CDR 0.5 represents a global cogni-
tive score, these studies were careful in characterizing the specific cognitive
domains that can be affected in MCI subjects, segregating them further into
groups where cognitive impairment is uncertain (CDR 0.5/uncertain demen-
tia), or detected selectively in the memory domain (CDR 0.5), in memory and
up to two other domains (CDR 0.5/incipient dementia of the Alzheimer’s type,
DAT), or in memory and no less than 3 CDR domains (CDR 0.5/DAT).!! Less
confident diagnosis of MCI was categorized as CDR 0/0.5, which proved not
to be distinct neuropathologically from CDR 0.5.>!2 The CDR 0.5 cases are
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comparable to MCI subjects from the ROS cohort or to ‘mild impairment —
memory impaired’ subjects from the Nun Study.®

Clinical evaluation of the ROS population relied on a battery of tests that
included MMSE (Mini-Mental State Examination) as a measure of global cog-
nitive function,'3 seven tests of episodic memory, and 13 tests of other cogni-
tive abilities (for details of the cognitive function tests in ROS, see Wilson et
al'*). Based on these tests, MCI subjects in the ROS were classified into aMCI
with impaired episodic memory and non-amnestic MCI without episodic
memory impairment.!> In the Nun Study, MCI were defined as subjects with-
out dementia, who had preserved global cognition (measured by MMSE) and
normal daily activities, but who were impaired in either memory or another
cognitive domain.® However, the authors recognized that their MCI subjects
represented a mixed group of individuals impaired in multiple areas of cogni-
tion, or domains other than memory, whereas only a small proportion of them
were impaired in the isolated memory domain.® Similarly, many MCI cases in
the ROS studies are most likely also mdMCI, with impairment in one or more
cognitive areas.

Amyloid plaque pathology in MCI

The neuropathology of MCI is now being investigated in large-scale studies.
Studies from Washington University in St Louis have provided evidence that
virtually all subjects with a CDR score of 0.5 (approximately equivalent to
aMCI) displayed sufficient numbers of amyloid beta (AB) plaques and
neurofibrillary tangles (NFTs) to meet neuropathologic criteria for AD at
autopsy.!! Using Khachaturian pathologic criteria,'® only 1 in 8 of those cases
with no evidence of cognitive problems (CDR = 0 at entry and at death)
showed neuropathologic evidence of AD. While this suggests that many MCI
cases are preclinical AD, it did not define the extent of pathologic changes at
the time the person was first diagnosed with MCI. Recent clinical pathologic
investigations!”!'® provided evidence that 60% of MCI cases met the neu-
ropathologic diagnosis of AD according to CERAD!® and NIA-Reagan®® crite-
ria. Similarly, Petersen and colleagues reported that most of their MCI cases
postmortem displayed significant neuropathologic changes similar to AD.!
Given that AD (and MCI) are being diagnosed earlier and earlier in the pro-
gression of dementia, perhaps it is time to rethink whether the amounts of
pathology needed to characterize a case as pathologic AD should be lower
than allowed by the current diagnostic standards.

Despite the fact that AP plaques symbolize one of the major neuropathologic
hallmarks of AD, their role in the initiation of AD dementia remains unclear.
Neuropathologic studies of cognitively normal elderly have found that some
already have considerable AB deposition in the brain.”>?! More importantly,
virtually all patients with MCI have AP plaques.>?2~2* Because AP deposition
is an early event in the course of AD, leading to other pathologies
(e.g. synapse loss, neuronal degeneration, and NFT formation) which corre-
late more closely with cognitive decline,?>2% it becomes increasingly important
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to define the extent of AP pathology during clinical changes from cognitively
intact to MCI to AD.

Postmortem analysis of subjects in the St Louis community cohort found
significant numbers of AP plaques in hippocampal and neocortical regions in
both CDR 0.5 and CDR 0/0.5 subjects.?’?8 The CDR 0.5 are not easily
distinguished from CDR 0/0.5 (questionable dementia), and were variably
considered as MCI or ‘early stage AD’ or ‘very mild dementia’.!!?” The scarce
pathology in cognitively normal (CDR 0) individuals, reported in these and
other studies, indicates that brains of healthy aged people are, in general,
spared from AP pathology and should be discriminated from ‘pathologic
aging’.?” The CDR 0.5 cases had substantial and widespread AP plaques in the
neocortex and to a lesser extent in the hippocampus, with a preponderance of
the diffuse type in the neocortex, and of neuritic types in the limbic regions °.
The pattern of AB plaque pathology across subjects with CDR 0 and CDR 0.5
led Price and colleagues to propose a continuum of AP plaque type that
changes during the conversion from normal (scarce diffuse plaques) to patho-
logic aging and MCI or ‘very mild dementia’ (many diffuse and neuritic
plaques).!? The two clinical groups were different, based on densities of dif-
fuse and neuritic AP plaques in the entorhinal cortex (ERC) and temporal
neocortex,?? supporting the theory that A plaques may be of diagnostic value
in MCL.*3°

The observations of extensive AR plaque pathology in MCI had been con-
firmed in other cohorts. The Baltimore Longitudinal Study of Aging?! included
two subjects with questionable dementia (CDR 0.5) who had moderate neurit-
ic plaque frequencies, and were assigned neuropathologic diagnoses of proba-
ble AD. A clinical pathologic investigation of cases from the Jewish Home and
Hospital in New York revealed that, compared with subjects with CDR 0, the
CDR 0.5 subjects with questionable dementia had significantly increased den-
sities of neuritic plaques in frontal, temporal, and parietal cortex, but not in
occipital cortex, ERC, hippocampus, and amygdala.?®> These data further sug-
gest that an increase in neocortical AB pathology parallels the earliest sign of
cognitive decline in AD. An immunohistochemical study of AP load in the
ERC from ROS subjects clinically diagnosed as MCI, not cognitively impaired
(NCI), or mild to moderate AD found that the MCI cases were intermediate
between the other two groups, with wide overlap and no statistically signifi-
cant difference.?* AB plaques were found in 83% of MCI, and the highest A
load measured in this study was in an MCI case with a neuropathologic diag-
nosis of possible AD. The wide range of AP content in subjects with MCI, and
the considerable overlap with cognitively normal and demented subjects, fur-
ther supported the suggestion of MCI as a transitional stage from normal aging
to AD. Furthermore, this indicates that some MCI subjects resist deteriorating
into dementia despite a considerable amount of plaque pathology in their
mesial temporal lobe. Alternatively, it is possible that the addition of plaque
pathology in other brain regions is more relevant for the clinical manifestation
of dementia.
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Biochemical measurements of AB,, and AB,,

Neocortical tissue obtained postmortem from subjects selected from the
Jewish Home and Hospital in New York was examined for soluble and insolu-
ble AB,, and AB,, levels and revealed significant variability of total amyloid
levels across CDR groups.>?> Compared to normal (CDR 0) controls, the CDR
0.5 subjects (questionable dementia) showed elevated levels of both A
species in the ERC, frontal, parietal, and visual cortex, similar to the
Washington University findings of increased AP plaques in their CDR 0.5
cases, although curiously not in the temporal lobe. Elevation of both AB,, and
AB,, levels correlated with the advancement of dementia. The authors con-
cluded that elevations in AP levels occurred very early in the disease progres-
sion, and this increase might influence the development of other types of AD
pathology.

In cerebrospinal fluid (CSF) samples and magnetic resonance imaging
(MRI) measurements taken from MCI and normal aged control subjects at
baseline and 1 year later, deLeon and colleagues combined ventricular volume
increases with measures of AP as well as phosphorylated tau (pTau231).33
Cross-sectionally, AB,, but not AB,, was increased, as was pTau231. One year
later, the only significant change was an increase in pTau231, and that
was only if the ventricular enlargement (implying greater CSF volume) was
considered in the calculations.

Tau/neurofibrillary pathology in MCI

Unlike AP plaques, which may not be present in the brains of some of the very
elderly,* NFTs are an expected finding in all aged brains, although they may be
few in number and restricted to the ERC or hippocampus.?*38 Considerable
amounts of pathologic tau (hyperphosphorylated tau aggregated into NFTs
and neuropil threads) have been reported in MCI. Price and colleagues®>
showed that ‘very mildly demented’/MCI cases (CDR 0/0.5 or 0.5) displayed
increased numbers of NFTs, particularly in the ERC and perirhinal cortex,
when compared with cognitively normal (CDR 0) controls. However, CDR 0
controls often display NFTs in the medial temporal structures. Whereas a sub-
group of these NFT-positive CDR 0 cases lacked AP deposits, in CDR 0.5 cases
NFTs were always accompanied by AP plaques, with the plaques being more
abundant in neocortical areas.’ It was suggested that the initial NFT pathology
can occur without the presence of AP plaques; however, advanced NFT densi-
ties are most likely to occur following AP plaque formation.> In a review of
their cases, Morris and Price®® noted that NFT distribution in these very mild
cases had not extended beyond the mesial temporal lobe, and suggested that
the presence of diffuse AP plaques in the cortex marked the onset of AD.
Examination of subjects from the Baltimore Longitudinal Study of Aging
found that CDR 0.5 cases manifested NFTs in the hippocampus and amygdala,
only scarce numbers of NFTs were seen in ERC or inferior parietal cortex,
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whereas other neocortical regions lacked NFTs.?! Similar findings were report-
ed for CDR 0 controls in this study, consistent with observations by Price and
colleagues.’ These observations suggest that, unlike Ap plaques, NFTs are less
likely to aid the distinction between normal aging and MCI. However, there is
a dramatic increase in entorhinal/hippocampal NFTs in the CDR 0.5 compared
to CDR 0.2

Clinical pathologic investigations of subjects derived from the Jewish Home
and Hospital in New York revealed a significant positive correlation between
NFT densities and CDR scores.” However, NFT density in the CDR 0.5 sub-
jects with ‘questionable dementia’ was not different from CDR 0 controls; both
groups had NFTs in the ERC and hippocampus. This study suggested that
NFT pathology increased with progression of dementia severity, but it was not
a reliable pathologic marker to distinguish MCI. Similarly, a study of
“oldest-old” subjects autopsied in the Geriatric Hospital of the University of
Geneva in Switzerland showed that Braak neuropathologic staging® correlated
highly with clinical CDR scores. However, it was difficult to distinguish
between CDR 0 and CDR 0.5 groups in this cohort.3®

In the ROS population, the status of tau pathology was examined in MCI
(MMSE 26.8 + 2, not different from controls), mild to moderate AD, and aged
control cases.*® This study reported correlation of granulovacuolar and fibril-
lar lesions with several measures of episodic memory. Neuropil threads (NT)
preceded the appearance of NFT, which in turn appeared prior to neuritic A
plaques. There were no statistically significant correlations between tau
pathology measurements and clinical classifications of NCI, MCI, and AD. A
quantitative stereologic investigation of phosphorylated tau pathology in the
parahippocampal gyrus from MCI, NCI, and AD subjects from the ROS cohort
demonstrated that MCI (MMSE 25.8 +2.9, not different from NCI) had a non-
significant increase in both NFT and NT densities compared to NCL.*! In
contrast, the AD subjects showed significantly increased NFTs compared to
controls, but not MCI, and were comparable to controls with respect to NT
pathology.*! Increasing NFT (but not NT) pathology correlated with impaired
performance on a measurement of episodic memory, suggesting that NFT
pathology plays a role in the clinical progression from NCI to MCI, and fur-
ther into AD. DeKosky and colleagues examined the relationship between the
extent of neuropathologic changes by NIA/Reagan criteria'® or Braak stage*?
and choline acetyltransferase (ChAT) activity levels in ROS subjects. Almost
half of the MCI group had intermediate likelihood (NIA/Reagan category) of
AD, with another 11% having high likelihood;'® 53% of persons with MCI
were Braak stage 111/1V and 18% were Braak stage V/V1.*> These observations
of significant AD pathology in MCI were confirmed in an enlarged cohort of
MCI subjects from the same ROS cohort.?

Further support for the hypothesis that NFT pathology influences MCI is
derived from a clinical pathologic evaluation of brain tissue harvested from the
Nun Study. This study reported a strong correlation between the progression
of NFT pathology, as defined by Braak staging, and cognitive impairment,
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especially in the younger age groups.® About half of MCI subjects (with intact
or impaired memory) were Braak stage I/I. This investigation pointed out the
variability of neuropathologic findings in mildly impaired people with or with-
out memory problems, at different stages of cognitive impairment at time of
death. After separating their MCI cases into a group with significant memory
impairment and those without much memory impairment, it was found that
23% of the non-memory impaired had Braak scores of 0 (no entorhinal NFTs).
On the other hand, in the memory impaired group, which is most comparable
to MCI in the literature, no cases lacked NFTs in the entorhinal/transento-
rhinal area.

An investigation of participants in a longitudinal study at the University of
Miami found that MCI patients (diagnosed as a selective impairment of mem-
ory function) showed considerably greater density of NFTs in the fusiform
gyrus and medial temporal areas compared with non-demented controls, while
AP plaques were variable.”> Additional studies of the quantitative changes in
tau pathology are needed to clarify whether this or other types of pathology
play a role in the clinical symptoms of MCI. Definition of MCI needs to be
carefully characterized in all such studies.

Neuronal cell pathology in MCI

Several studies have examined changes in neuronal numbers in MCI, focusing
either on the mesial temporal cortex or the cholinergic basal forebrain nuclei
(CBFN). The ERC, the major paralimbic cortical relay region for the transmis-
sion of cortical information to the hippocampus, was of interest because it
undergoes neurodegenerative changes in the earliest stages of disease progres-
sion. 2839447 Cases from the Washington University cohort showed no signif-
icant decrease in numbers of Nissl-stained neurons or ERC volume with age
in healthy non-demented individuals. Few or no differences were observed
between the healthy controls and what was termed ‘preclinical AD’, or cases
with normal cognition (CDR 0) but a good deal of accumulated plaques and
tangles at autopsy.!? However, neuronal numbers were significantly decreased
in the ERC (35%; 50% of cells in lamina II) and hippocampal CA1 (46% loss)
in very mild AD (CDR 0/0.5 or CDR 0.5); cell loss was even more profound in
severe AD. These findings suggest that cell atrophy and death have already
occurred at a time when patients begin to manifest clinical symptoms of AD.
The results of these studies are consistent with a previous report by Gomez-
Isla and colleagues using cases from Washington University, which showed
similar neuronal loss in the ERC (32%; 57% in lamina 11).28 Unbiased quanti-
tative stereology revealed significant loss of NeuN-immunoreactive neurons in
the ERC lamina II of MCI (63%) and mild to moderate AD (58%) in cases
derived from the ROS cohort.*” Moreover, there was also a reduction in lamina
I1 ERC volume in MCI (26%) and AD (43%), in agreement with previous find-
ings.!? ERC atrophy correlated with impairment on MMSE and clinical tests of
declarative memory.3%-#



8 ALzZHEIMER’S DISEASE AND RELATED DISORDERS ANNUAL

Cholinergic basal forebrain system dysfunction

The cholinotrophic phenotype of the CBFN neurons is altered during the pro-
dromal and earliest stages of AD. Quantitative stereologic studies revealed that
the number of nucleus basalis (NB) perikarya expressing either ChAT, the syn-
thetic enzyme for acetylcholine, or the vesicular acetylcholine transporter
(VAChT) was stable in MCI and mild AD.*® Moreover, other studies demon-
strated that ChAT activity in NB cortical projection sites is unchanged in mild
AD.'718 Taken together, these observations suggest that the enzymes underly-
ing basocortical cholinergic neurotransmission are preserved in MCI and early
AD, although cholinergic function is probably impaired as these neurons con-
tain NFTs.*’ The number of NB perikarya expressing either the high-affinity
nerve growth factor (NGF)-selective receptor trkA or the pan-neurotrophin
receptor p75NTR was reduced ~50% in MCI and mild AD compared with NCI,
and this deficit correlated significantly with impaired performance on the
MMSE and a few individual tests of working memory and attention.’*>! Many
cholinergic NB neurons appear to undergo a phenotypic silencing of NGF
receptor expression in the absence of frank neuronal loss during the early
stages of cognitive decline, as trkA (but not p75N™® mRNA) was reduced in
NB neurons in MCI and AD>? as well as in the cortex.>®> These alterations may
signify an early deficit in neurotrophic support during the progression of AD:
perhaps this related to the early declines in cholinergic function and the
sensitivity of the cholinergic system to cholinergic blockers.”*

NGF levels are preserved in the hippocampus and neocortex in MCI sub-
jects.”® ProNGF (the precursor molecule for NGF) is elevated 1.4 times above
controls in the parietal cortex in MCI, and 1.6 times above control levels in
mild AD.>® Thus, the perturbations in NGF signaling within the cholinotroph-
ic basal forebrain system in early AD may be initiated by defective NGF retro-
grade transport due to reduced receptor protein levels in cortical projection
sites, which ultimately affects NB neuronal survival, or due to alteration in the
ratio of cortical proNGF to trkA.>? The presence of cell cycle proteins within
NB neurons in MCI and mild AD cases from the ROS cohort®” suggests that
cortical NGF receptor imbalance may contribute to the selective vulnerability
of cholinergic NB neurons via deficits in trkA-mediated pro-survival signaling
and/or alterations in p75NTR-mediated signaling, which promotes unscheduled
cell cycle re-entry and apoptosis during the prodromal stages of AD.

Collectively, these data support the concept that MCI is associated with phe-
notypic changes (e.g. trkA, p75N™®), but not frank neuronal degeneration, in
the CBFN. Factors other than these particular markers of cholinergic neurons,
or dysfunction of other cell populations (e.g. ERC lamina II neurons), also
play a role in the differences in cognitive function.

Cholinergic enzyme changes in MClI

ChAT loss has been regarded as the hallmark neurotransmitter change in AD.
Most investigators have always presumed that loss of cholinergic function
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underlies much of the short-term memory loss in AD, and probably in MCI as
well. The observations that physostigmine and oral anticholinesterases have
beneficial effects for patients with AD suggest that the cholinergic basal fore-
brain system is altered despite the absence of ChAT enzyme deficits in AD. In
fact, a series of studies have shown that neocortical ChAT activity is preserved
in MCL.17:18:38:59 Thus, cholinergic enzyme deficits are probably not the pri-
mary cause of the memory loss in MCI, although these studies do not rule out
other types of cholinergic dysfunction early in the disease course. On the
other hand, DeKosky and colleagues found elevated ChAT activity in the hip-
pocampus and frontal cortex of subjects with MCL.!8 These results suggested
that cognitive deficits in MCI and early AD are not associated with ChAT
reduction in the hippocampus, and that select components of the hippocam-
pal and cortical cholinergic projection system are capable of compensatory
responses during the early stages of dementia. Increased hippocampal and
frontal cortex ChAT activity in MCI may be important in promoting biochemi-
cal stability, or compensating for neurodegenerative defects, which may delay
the transition of these subjects to AD. Interestingly, hippocampal ChAT activi-
ty was increased selectively in those MCI cases scored as a Braak III/IV stage,
suggesting that a compensatory up-regulation of ChAT occurs during the pro-
gression of entorhinal-hippocampal NFT pathology.*? This cholinergic up-
regulation is reminiscent of the cholinergic axonal plasticity response in the
hippocampus following denervation or loss of excitatory input from the ERC
lamina 11 neurons observed in animal models of AD® as well as in AD
brains.®!:%2 This neuronal reorganization may account for the increase in ChAT
activity observed in the MCI hippocampus, considering the fact that NFT
changes involved most of the ERC lamina II neurons by the time these
subjects developed MCI.'8*2 The reasons for the elevation of ChAT in frontal
cortex in MCI is less clear, but is most probably also the result of cholinergic
sprouting.

Acetylcholinesterase (AChE), the enzyme that hydrolyzes acetylcholine at
the synapse, did not show decline in cortical areas until at least moderately
severe levels of dementia were present.!” Positron emission tomography (PET)
studies, utilizing a ligand that labels AChE in vivo, suggested that there is only
mild loss of AChE in MCI® and mild AD.%* Notably, in the latter study the
loss in AD was less than that in Parkinson’s disease or Parkinson’s dementia.
The manner in which this cholinergic enzyme impacts cognitive decline in AD
remains an area of great interest. Studies utilizing AChE PET ligands in large
sample sizes can be expected to be undertaken in the future.

Other neurochemical markers

Levels of isoprostane, 8,12-iso-iPF2alpha-VI, a sensitive marker for in-vivo
lipid peroxidation (and thus of degree of oxidative stress), are elevated in
urine, blood, and CSF in AD, and correlate with cognitive and functional
scores as well as CSF tau and amyloid concentrations.®> To the extent that the
MCI cases had an intermediate level of the isoprostane, this study may
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indicate the degree of oxidative stress in the pathologic processes in MCI
brains. If confirmed, this method might have promise for diagnosis and as a
biomarker for the level of oxidative stress in AD.

Soluble alpha-synuclein (0-syn), a heat-stable protein that plays an impor-
tant role in neuronal plasticity, was significantly reduced in the frontal cortex
in AD patients compared with MCI and NCI patients from the ROS cohort;
there were no differences between MCI and NCI1.%° The immunoreactivity of
o-syn correlated with MMSE score and a global neuropsychologic z-score.
Similar results were found in a study examining the relation of Lewy bodies
identified with a-syn antibodies in the substantia nigra, limbic system, and
several neocortical regions in cases from the ROS.® About 10% of patients with
MCI and those without cognitive impairment had Lewy bodies; by contrast,
more than 20% of patients with dementia had Lewy bodies.

Both MCI and AD groups had markedly elevated expression of heme oxyge-
nase-1 (HO-1, an indirect marker of oxidative stress) in the hippocampus and
temporal neocortex.®” Astroglial HO-1 immunoreactivity in the temporal cor-
tex, but not hippocampus, correlated with the burden of neurofibrillary
pathology. These data strengthen earlier observations suggesting that oxidative
stress may be a very early event in the pathogenesis of AD.

Synapse counts in MCI

Evaluation of synapse numbers in biopsy-derived®® and postmortem® tissue
show a high correlation with cognitive impairment. Although there are no
published studies on the status of synaptic integrity in MCI, a preliminary
stereologic analysis of synapse counts in the hippocampus from ROS cases
showed remarkable variability.”’ In MCI, the number of synapses in two
regions of the hippocampus (CA1 and outer molecular layer of dentate gyrus)
was reduced on average, and the synaptic densities seemed to fall either in the
AD range or in the range of the controls. More cases will be needed to deter-
mine the precise nature of synapse loss in different regions of brain during the
progression of AD.

Subcortical (white matter) changes and cerebrovascular
disease

Subcortical white matter alterations and loss (subcortical atrophy leading to
hydrocephalus ex vacuo) are well-known correlates of AD. Thus, age-related
white matter changes, such as ubiquitin-immunoreactive granular degenera-
tion of myelin, may occur during the progression of AD and contribute to
cognitive (and motor) dysfunction. In an immunohistochemical study of ubig-
uitin and myelin basic protein (MBP) in frontal white matter of subjects from
the ROS cohort, MBP was significantly decreased (28%) in mild AD but not in
MCI compared with control brain white matter samples.”! MBP changes corre-
lated with both global and frontal function-specific tests of cognition, suggest-



NEUROPATHOLOGY OF MCI IN THE ErpERLY 11

ing that white matter pathology may contribute to age- and disease-associated
cognitive decline.

An examination of the relationship of macroscopic cerebral infarctions to
MCI in ROS demonstrated that one-third of MCI cases had cerebral infarc-
tions.® This was in contrast to nearly 50% of patients with dementia and less
than 25% of patients without cognitive impairment.

CONCLUSIONS

Neuropathologic and neurochemical studies are emerging to aid in the defini-
tion of the brain’s status during the earliest stages of symptomatic cognitive
impairment as well as presymptomatic AD. Initial conclusions suggest that
significant AP deposition, NFT formation, and neuronal cell loss (especially in
the mesial temporal lobe), and alterations in the NGF neurotrophin receptor
system, are evident, but without major differences between cases with a clini-
cal diagnosis of MCI at death and those clinically diagnosed as ‘mild’ AD.
Other significant markers, or system disruptions, are yet to be identified. In
addition, the synaptic and cholinergic plasticity, which may differ from indi-
vidual to individual, no doubt contribute to the variability of the pathologic
findings. Based upon the multiple markers thus far explored, variability in the
MCI cases is going to be multidimensional, and there is no indication that one
specific pathologic or biochemical variable will be an absolute quantitative
marker of MCI.

It does not appear possible to predict accurately the extent/severity of neuro-
pathologic changes based only on the cognitive status of an individual. In cog-
nitively normal cases with only small numbers of NFTs in the ERC and few or
no AP deposits anywhere, one cannot accept these as being AD or even incipi-
ent AD. However, we can, to some degree, feel confident that nearly all cases
with some cognitive impairment (even MCI) will show pathologic changes
with varying degrees of NFTs and AP plaques. MCI cases have a range of AD
pathology that includes NFTs in the ERC and AP deposits in the neocortex,
and show considerable overlap with the pathology found in ‘early AD’ to such
an extent that it is still impossible in a given case to accurately predict the
severity of clinical impairment based on the neuropathologic changes when
they are in low Braak stages (Sstage III) and contain less than a moderate
number of neuritic plaques in the neocortex.

There are several possible reasons for inconsistencies in the literature
describing the neuropathology of MCI, including insufficient sample size,
neuropathologic heterogeneity within and across diagnostic groups, selection
of the measure of pathologic changes, lack of a unified clinical definition of
MCI, and the possibility that the cognitive status at the time of death may
have progressed from the one that was determined during the last neuropsy-
chologic testing which served to establish the ‘final’ clinical diagnosis of MCI.
Thus, the antemortem interval from the last clinical diagnosis to death needs
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to be as short as possible. In most of the studies presented in this chapter, the
last clinical evaluation was performed within 1 year of death. A unified clinical
diagnostic and neuropathologic testing procedure, which would serve for
more consistent correlative investigations of cognitive status vs neuropatho-
logic changes, would also be of immense benefit for MCI research. For a vari-
ety of logistical reasons, that is not likely to happen. However, agreement
among groups which use different approaches would be powerful. The neu-
ropathologic distinction between MCI and cognitively normal aged people, or
those with early dementia, has also been difficult because a wide range of neuro-
pathologic changes were present in each of these clinical diagnostic groups,
with significant overlap. Brains of cognitively normal people often contain
substantial amounts of neuropathologic changes, including AP plaques and
NFTs,>*7273 similar to what is seen in MCI. Studies relying on quantitative
biochemical measurements or direct (stereological) counting of neuropatho-
logic changes might be of help in improving the clinical/pathologic correlates.

The search for the status of the brain in MCI will continue with postmortem
analyses as well as in-vivo studies. Recent results indicate that AP imaging in
vivo can be accomplished in AD.”* Preliminary data on cases with MCI sug-
gest that, like the synapse data, the means of AP load are midway between AD
cases and controls, but that the individual cases lie either in the range of nor-
mals or in the range of AD cases. On the other hand, recent MRI studies indi-
cate that MCI have reduced ERC and hippocampal volume’>7® and higher rate
of hippocampal volume loss.”” It is unlikely that a single marker, neuropatho-
logic or clinical, will emerge as a standard measure of MCI-specific pathology.
However, since there is great neuropathology overlap between MCI and AD,
the current data suggest that MCI is a prodromal form of AD.
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diagnosis of Alzheimer’s disease

Niki Schoonenboom, Harald Hampel, Philip Scheltens, and Mony de Leon

INTRODUCTION

Alzheimer’s disease (AD) is considered to be the most common type of demen-
tia.! Due to the aging of the population, the number of persons affected by AD
is expected to increase three-fold by 2050.2

The diagnosis of AD is made by exclusion and based on clinical criteria,
supported by neuropsychologic tests, neuroimaging, and extended follow-up.
In the early stage, it is difficult to differentiate AD from other types of demen-
tia, as the clinical symptoms are subtle and the diagnostic methods may be
normal. Furthermore, clinical overlap exists between the different types of
dementias, while volume changes of the hippocampus and medial temporal
lobe on magnetic resonance imaging (MRI) are not specific for AD.* With the
advent of novel therapeutic strategies,’ it became important to diagnose AD as
early as possible, as pharmacologic treatment needs to be started before exten-
sive and irreversible brain damage has occurred. Over the last decade, many
studies have set out to find an appropriate biomarker for the diagnosis of AD.®
This chapter starts with an overview as regards the most promising cerebro-
spinal fluid (CSF) biomarkers for the early and differential diagnosis of AD.
Next, the relationship of the biomarkers and atrophy on MRI is discussed.
Finally, limitations and topics for future research are presented.

3

Neuropathology

The basis for the research on biochemical markers are the neuropathologic
changes present in the various types of dementias.” Neuropathologic hall-
marks of AD — accumulation of extracellularly senile plaques (SPs) and
neurofibrillary tangles (NFTs), synaptic reductions, and neuron loss — gradual-
ly accumulate in time, and start long before the clinical picture of AD becomes
overt.8 SPs are divided into two types: diffuse and neuritic plaques. The neu-
ritic plaques are composed of the highly insoluble fibrillar protein amyloid f,,
(AB42). AP depositions tend to accumulate with age. NFTs are intraneuronal
accumulations of abnormally (hyper)phosphorylated tau protein. NFTs can be
found already in non-demented subjects in the hippocampus and entorhinal

17
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cortex (EC), the regions affected earliest in AD. SPs are found initially in the
neocortex, but in later stages they also affect the EC and the hippocampus.®1°
Patients with frontotemporal dementia (FTD) show heterogeneity in underly-
ing pathology,!! with tau deposits in some of them. Creutzfeldt—Jakob disease
(CJD) is characterized by spongiform changes, neuronal loss, gliosis and
immunostaining of the protease-resistant prion protein.!? Dementia with Lewy
bodies (DLB) is part of the ai-synucleinopathies, in which o-synuclein accu-
mulates in the intraneuronal Lewy bodies.!? Vascular dementia (VAD) is char-
acterized by ischemic lesions, lacunes, and extensive white matter changes.'*
Between the different types of clinically diagnosed dementias significant
neuropathologic overlap exists.!> Lewy bodies are present in AD, whereas
FTD, VAD and DLB plaques and tangles can be found. White matter changes
are found in all types of dementia, especially in AD.!6

CEREBROSPINAL FLUID AMYLOID [3,, AND TAU IN
ALZHEIMER'’S DISEASE VS CONTROLS

According to criteria established in 1998, a good biomarker has to have a
sensitivity of at least 85% for AD and a specificity of 275% to differentiate AD
from other types of dementia.” The most promising CSF markers to differenti-
ate AD from non-demented elderly are AB,, and tau. Below, each biomarker is
discussed separately. Next, the most valid studies will be summarized for the
combination of CSF AB,, and tau.

AB,,

In numerous studies it has been shown that AB,, is decreased in CSF of AD
patients compared with non-demented controls.®!” The decrease of AB,, con-
centration in CSF is thought to be the result of several mechanisms:

1. deposition of insoluble AB,, in the SP of the brain, which might be in part
the result of disturbance of the clearance of AB,,

2. decrease of production of AB,, by less (active) neurons, inevitably a result
of neurodegeneration

3. altered binding to AB,,-specific proteins (e.g. Apo E), resulting in masking
of the epitope, to which the antibodies of the assays are directed.

The decrease of CSF AB,, concentration in AD is about 50% of that recorded
in controls.!” The most commonly used assay is the commercial ELISA of
Innogenetics (Table 2.1). The median values of AB42, as measured in two large
case-control studies, are:

® AD =487 (394-622) pg/ml, controls = 849 (682-1063) pg/ml;'8
® AD =394 (326-504) pg/ml, controls = 1076 (941-1231) pg/ml.%°.
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Reference value for CSF AB,, obtained from a control population is set above
500 pg/ml.?° Sensitivity ranged from 69-100%, whereas specificity ranged
from 56-85% in a subset of studies.!*?!-2> Considerable variability in absolute
levels of AB,, exists among centers, even when using the same commercial
assay. Cross-sectional studies show little evidence of a relationship between
CSF AB,, and age, except for one study showing a U-shaped natural course in
normal aging, with an increase of CSF AB,, until 29 and over 60 years old.?
No'823 or only a weak?? cross-sectional relationship has been found between
CSF AB,, and disease duration or Mini-Mental State Examination (MMSE).
Only one study investigated and found an association between the number of
SPs and the CSF AP, concentration.*’

Tau

Many studies have demonstrated that tau is increased in CSF of AD patients;
concentrations are about three times higher in AD than in non-demented con-
trols. However, there is a large variation in the range of CSF tau concentration
in AD. Median and mean concentrations of CSF are 425 (274-713) pg/ml and
587 (365) pg/mL in AD, and 195 (121-294) pg/mL and 224 (156) pg/ml in
controls.®!® The increase of tau in CSF is supposed to be the result of release
from dying neurons containing a large number of NFTs. One study demon-
strated that CSF tau concentration was related to the number of NFTs in the
brain.?8

Again, the most commonly used assay for tau is the ELISA from
Innogenetics (Table 2.1). Mean sensitivity ranged from 55 to 81% at a mean
specificity value of 90% comparing AD with controls.!” Important is that CSF
tau increases with age,'*?° which stresses the need to compare only groups
from the same age category.’® Furthermore, CSF tau tends to be increased in
several other neurologic disorders, such as acute stroke?! and trauma,>? indi-
cating that the marker is not very specific. Reference values for tau in healthy
individuals are defined as <300 pg/ml (21-50 years old); <450 pg/ml (51-70
years old); and <500 pg/ml (71-93 years old).!® No correlation was found
between CSF tau and MMSE or disease duration.

Combination of CSF A, and tau

Diagnostic accuracy, especially the specificity, increases when using the combi-
nation of CSF AB,, and tau comparing AD with controls, including patients
with depression or memory problems due to alcohol abuse.!” In Table 2.1 an
overview is given of class IA and 1A case-control studies, with neuropatho-
logic (IA) or clinical diagnosis (1A) as gold standard, and patient and control
groups included with a minimum of 30 individuals.?
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Isoprostanes

Oxidative stress is thought to play an important role in the cascade, resulting
in cell death in AD.3® A few studies have demonstrated that isoprostanes are
increased in CSF of AD patients, even at an early stage of disease.?”38 Further
studies are needed on how these proteins can be used in the diagnostic work
up for AD, especially to clarify the specificity of these markers.

CEREBROSPINAL FLUID MARKERS IN ALZHEIMER’S
DISEASE VS OTHER DEMENTIAS

Combination of CSF A, and tau

How good is the diagnostic accuracy when using the combination of A, and
tau in AD compared with other types of dementias? Although this topic is
much more relevant for clinical practice, only a few studies investigated these
two markers in large groups of patients. Most studies found a lower specificity
as compared to the studies mentioned in Table 2.1. There is substantial over-
lap in CSF AB,, and tau concentrations between different types of dementias.
A decreased concentration of CSF AB,, can be found in DLB, FTD, and
VAD.18:20.30.39 A high CSF tau is also not specific for AD: CSF tau is found to
be increased in a subset of FTD and VAD patients.!®° In most cases of DLB,
CSF tau concentration is normal.?® In CJD, CSF AB,, is decreased and CSF tau
is found to be very high, even higher than in AD.* The specificity of the com-
bined CSF A,,/tau analysis varies from 85%, comparing AD with FTD, to
67%, in AD vs DLB, and 48%, in AD vs VAD (Table 2.2).

Phosphorylated tau

Several investigators have developed assays to detect phosphorylated tau
(Ptaw) in CSE As NFTs have an abundance of abnormally phosphorylated tau,
it is to be expected that Ptau is increased in CSF from AD patients. Several
immunoassays have been developed that are specific for the phosphorylated
epitopes threonine 181 (Ptau-181),*! serine 199 (Ptau-199),*? and threonine
231 (Ptau-231).** Good results have been obtained comparing AD with other
types of dementia; in the majority of patients, Ptau is found to be normal in
DLB,* VAD,* FTD,?® and CJD.*® One study demonstrated an increase in diag-
nostic accuracy of Ptau-231 and Ptau-181 compared to Ptau-199 in differenti-
ating AD from other types of dementia.*’ The same authors found a decline of
CSF Ptau-231 during the course of AD in 17 patients.*® These data need to be
confirmed in another independent study, preferably with postmortem confir-
mation of diagnoses. A greater diagnostic accuracy of Ptau compared with
total tau is obtained in most studies.>>** In one study it has been shown that
the combination of CSF AB,, with Ptau-181 differentiated best early onset AD
(EAD) from FTD with a high specificity (93%) and a low negative predictive
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value (negative likelihood ratio=0.03).3% As there still exists overlap between
the different types of dementia, either clinically or biochemically, a combina-
tion of the three markers seems best for routine clinical practice, with at least
two of the three biomarkers positive as indicator for AD.>°

| 4-3-3 protein

The 14-3-3 protein gives, like tau, a reflection of (fast progressive) neuron
loss. It can be detected in CSF by the semiquantitative Western blot analysis.
When used in the proper context, with a high clinical suspicion and in combi-
nation with electroencephalography (EEG), MRI scan, and routine CSF analy-
sis, the measurement of 14-3-3 protein in CSF supports the diagnosis of CJD
with high diagnostic accuracy.’! False-positive results can be obtained in acute
stroke, brain tumor, encephalitis, or even (fast progressive) AD. Sensitivity
and specificity values of CSF 14-3-3 and tau have been reported to be the same
in one study (cut-off level for tau=1300 pg/ml).’> Recently, it has been shown
that the combination of 14-3-3 protein and AB,, gives the highest diagnostic
accuracy for CJD (sensitivity 100%, specificity 98%, positive predictive value
93%, negative predictive value 100%).

GOLD STANDARD

The majority of the above-mentioned studies have been obtained in groups of
patients where the diagnosis has been obtained clinically. The accuracy of the
clinical diagnosis in specialized settings is estimated at around 85%.>> By use
of clinical criteria, there is risk of circular reasoning: i.e. the diagnostic
performance of CSF markers cannot be higher than the accuracy of the clinical
criteria.!” The NINCDS/ADRDA (National Institute of Neurological and
Communicative Diseases and Stroke/Alzheimer’s Disease and Related
Disorders Association) criteria for AD have a high sensitivity but a moderately
high specificity. Illustrative is the specificity of only 23% of the
NINCDS/ADRDA criteria for the differentiation of AD from FTID in one retro-
spective neuropathologic study.”* Furthermore, 40-80% of the clinically diag-
nosed VAD patients have concomitant AD pathology.”> Only two studies were
published in which (in part) the neuropathologic diagnosis was used as gold
standard.?3° For the differentiation of AD from controls, similar sensitivity
and specificity were obtained for CSF tau and AB,, as compared to clinical
studies (Table 2.1).?> However, the specificity of FTD and DLB compared with
AD was not optimal, 69%.°

Most published studies were performed in specialized tertiary referral set-
tings with selected patient groups. Only a few studies were carried out with
consecutively recruited patients from a memory clinic; sensitivity was high,
but specificity was lower in this setting with ‘unselected’ patients.?>>” More
studies are needed in large primary and secondary referral centers to obtain an
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insight into how to use CSF AB,,, tau, and Ptau in an elderly population in
clinical practice. Population-based studies are under way to establish CSF
markers as potential biomarkers for routine diagnostic use

MILD COGNITIVE IMPAIRMENT

Mild cognitive impairment (MCI) is considered to be a transitional state
between normal aging and dementia. Around 10-15% of MCI patients
progress to Alzheimer-type dementia each year.>8 Several studies have shown
that a subgroup of MCI patients has low CSF AP, levels and/or high CSF tau
levels at baseline that are indicative for AD.!” Furthermore, there is evidence
that these markers can be used as predictors for the conversion of MCI to
AD.?%39 It is not clear yet which marker is changed first in the disease process,
as contradictory findings are reported by various studies describing either an
increased CSF tau®®® or a decreased CSF A,, at baseline.®":*? In two inde-
pendent studies a relationship between CSF tau with memory impairment was
found, whereas this was not the case for CSF AB,,.°>* Good results have been
obtained for CSF Ptau as an indicator of AD-related changes in the MCI
stage.*>?%% In one study it has been demonstrated that high CSF levels of Ptau
at baseline, but not CSF tau levels, correlated with cognitive decline and con-
version of MCI to AD.% A very recent study, following 78 MCI patients, shows
the best prediction for the development of AD using the combination of CSF
AB,, with Ptau.®” Most of the studies mentioned have been conducted retro-
spectively in research settings, and limited data are available about the fre-
quency of a biomarker profile typical for AD in a prospective setting that
reflects clinical practice. But, overall, the use of biomarkers in combination
with other diagnostic tools is very promising in recognizing MCI patients who
will develop AD in the future.

NEUROIMAGING AND CEREBROSPINAL FLUID
BIOMARKER STUDIES

Cross-sectional studies

Hippocampal size reduction, atrophy of the medial temporal lobe (MTL), and
the entorhinal cortex (EC) are sensitive markers for AD. Moreover, atrophy of
the hippocampus is found to be a good predictor in MCI for the development
of AD. However, these markers are not disease-specific and cannot be used as
primary evidence for AD.* By combining CSF and MRI markers, one could get
a better diagnostic accuracy. In addition, by investigating the relationship
between the two markers a better understanding of the agreement between the
two disease markers could be obtained: do they reflect the same pathologic
substrate at the same time? Only a few studies have investigated the cross-
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sectional relationship between CSF biomarkers and atrophy on MRI in small
groups of patients. One study showed a correlation between CSF AB,, and the
volume of the temporal lobes.®® We were unable to find a relationship between
atrophy of the MTL and CSF AB,,, tau, and Ptau in 62 mild-moderate AD
patients and 32 controls when considered as separate groups.®® Moreover,
both disease markers contributed independently to the diagnosis of AD. In
MCI patients, we found a relationship between CSF Af,, and atrophy of the
MTL, whereas CSF tau did not relate to MTA.%® These data corresponded to a
larger study reporting lower baseline CSF A, levels with lower brain volume
and larger ventricular volume in the spectrum of normal aging, MCI, and
AD.”® In contrast, higher CSF tau and Ptau were found with an increase in
ventricular widening during follow-up. In this light, CSF AB,, can be more
considered as a stage marker, indicating the presence of disease at a certain
time, whereas CSF tau is more a state marker, indicating the intensity of the
neuronal damage and degeneration.!”-"® However, these data give only infor-
mation about one time point in the disease, and until now it has not been pos-
sible to show progressive changes in CSF AB,, or Ptau concentrations, except
for one study.”! On the other hand, atrophy rates on MRI are good indicators
of disease progression in MCI and AD. The question is therefore: can both dis-
ease markers be used as markers of progression?

Longitudinal studies

The few studies investigating the change in CSF biomarkers were carried out
on AD patients. Little is known about the change of CSF AB42, tau, and Ptau
in MCI, whereas one would expect that in this early stage of disease the bio-
markers would be more prone to change than in later stages. One study inves-
tigated whether there was a longitudinal relationship between the change in
biomarkers with the change in hippocampal volume on MRI in a small group
of aged individuals with and without memory problems.* In a two time-point
longitudinal design, the MCI group, n = 8, showed an inverse relationship
between hippocampal volume reductions and elevations in CSF Ptau, whereas
CSF AB,, levels showed a positive relationship with hippocampal volume
reductions. However, there are several limitations of this study:

® a very small group was investigated

e it is not known whether these MCI patients will develop AD

e and the change in biomarkers could also be due to the intra-assay vari-
ability, as very small changes are detected.

Indeed, the authors did not find a significant change in CSF A,,, and Ptau
concentrations between two time points if they corrected for dilution of tau
due to ventricular enlargement; this ‘Ptau-231 load’ was increased in MCI at
follow-up.® These findings need to be replicated in larger groups of patients;
in addition, further studies are warranted for a better understanding of the
CSF flow and clearance dynamics of biomarkers.
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ADDED VALUE OF CEREBROSPINAL FLUID
MARKERS OVER OTHER DIAGNOSTIC TOOLS

In a recent review the position of CSF markers in the clinical assessment of
patients with MCI and early AD has been discussed.!” The authors suggest
that only after intensive screening of the patients by history, neurologic exami-
nation, routine laboratory tests (blood and CSF), and neuroimaging (comput-
ed tomography (CT), MRI, or single-photon emission computed tomography
(SPECT)) is there a place for CSF markers for the (early) diagnosis of AD. The
clinical diagnosis of AD should be based on the cumulative information of all
the different diagnostic tools, as in other areas of medicine. For the differential
diagnosis of AD, we state that the biomarkers are especially important for the
early-onset dementias, as there is clinical and radiologic overlap, especially
between EAD and FTID. In the older age group, the prevalence of AD is much
higher, and the usefulness of biomarkers to distinguish AD from other types of
dementia becomes less relevant. However, since the currently available med-
ications to enhance cognition are approved for mild to moderate AD, every
hint to the correct diagnosis should be taken into account irrespective of age.
The added value of CSF markers over other diagnostic tools has not yet been
investigated systematically, and is an aim for future studies.

LIMITATIONS OF RESEARCH ON CEREBROSPINAL
FLUID MARKERS

For the differentiation of AD from normal aging, depression, or other types of
dementia, overlap is seen in CSF A,,, tau, and Ptau concentrations between
the groups. One explanation is that the control or demented groups could
have neuropathologic findings indicative for AD, resulting in an AD biomarker
profile. It is also not yet clear whether the decrease of CSF AB,, and the
increase of (P)tau actually reflect the plaques and tangles in AD. Other expla-
nations are the use of different processing and storage conditions of CSF
between different centers,”? the use of different reagent antibodies, differences
in the definition of cut-off values, and intra- and inter-assay variability of the
assays used.!” Standardization of the (pre-) analytical methods will increase
the reliability of the results and improve collaboration with other
neurologic/biochemical research centers or memory clinics. Although it is not
difficult to obtain CSF by lumbar puncture, this method is considered to be
somewhat invasive for an outpatient clinic, especially in the USA. Therefore, a
sensitive serum or plasma marker for AD would be very valuable for use in
clinical practice.
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CONCLUSION

For the differentiation of AD from normal aging, depression, or alcoholic
dementia, the combination of CSF AB,, with tau gives a high sensitivity and
specificity of 285%, with minimal overlap in individual cases. In the pre-clini-
cal (MCI) stage of disease, CSF AB,,, tau, and Ptau could be used as predictors
for the development of AD. For the differentiation of AD from other types of
dementia, the combination of CSF AB,,, tau, and Ptau gives a good sensitivity
and a reasonable specificity, especially for the differentiation of AD from FTD
and less for AD vs DLB or VAD. For clinical practice, a high positive predictive
value and a low negative predictive value are important. With at least two
markers positive, the diagnosis of AD is very likely, while two markers nega-
tive could practically rule out diagnosis of AD. The CSF biomarkers must only
be used in combination with other diagnostic tools, including clinical history
and examination, imaging, and neuropsychologic work-up.

Guidelines for the use of CSF AB42, tau and Ptau in clinical
practice

1. When there is doubt about the diagnosis AD, with non-conclusive MRI or
neuropsychological findings.

2. In patients with early-onset dementias (disease onset before 65 years old),
as the differential diagnosis here is wider and more complicated; in particu-
lar, the differentiation of EAD from FTD is relevant.

3. In patients suspected for CJD, in combination with CSF 14-3-3 protein,
MRI scan, and EEG.

Topics for future research

e Investigate the additional value of the biomarkers CSF AB,,, tau, and Ptau
to other diagnostic methods, i.e. MRI parameters and/or neuropsychologic
examinations.

e Investigate the diagnostic value of the biomarkers in primary and second-
ary referral settings, preferably with neuropathologic or prolonged clinical
follow-up.

e Investigate which markers could be used for tracking the progression of
the disease, especially in the MCI stage of disease. Promising markers are
C- and N-terminally truncated AP peptides, oxidative stress markers or
inflammatory markers.

e® Develop new tests for a sensitive marker that can be determined in blood
or urine.

e Standardize (pre-analytical) laboratory methods between research centers.
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Executive control function in ‘mild’
cognitive impairment and Alzheimer’s
disease

Donald R Royall

INTRODUCTION

The term ‘mild cognitive impairment’ (MCI) has been applied to non-
demented elderly persons with isolated cognitive and minimal functional
impairment.! It is widely held that MCI progresses towards dementia, presum-
ably that of Alzheimer’s disease (AD).?

For the purposes of MCI case finding, cognitive ‘impairment’ is most often
defined by a performance 1.0-1.5 standard deviations below an age-specific
norm. When applied to memory test scores, this definition results in the selec-
tion of cases with an increased risk of dementia conversion. In an evidence-
based review of MCI, the American Academy of Neurology cited six papers
reporting conversion rates ranging from 6-25% per year.?

Although memory impairment has been the major focus of MCI research, it
is increasingly clear that non-amnestic MCI syndromes also exist.> Whether
non-amnestic MCI progresses to AD is debatable. AD pathology —i.e. neuro-
fibrillary tangles (NFTs) and paired-helical filament tauopathy” — is hierarchi-
cally distributed in space, and presumably time.* The hippocampus is affected
relatively early in this progression. This explains both the significance of isolated
memory impairment as a harbinger of future AD, and the fact that memory
impairment is almost universally present among cases with AD, as opposed to
certain non-AD dementias. However, the hierarchical distribution of AD pathol-
ogy also suggests that non-amnestic MCI is not likely to be AD related.

Impairment of executive control function (ECF) is likely to be common
among persons diagnosed with MCI. First, ECF impairment is present both
early in AD, but particularly in non-AD dementias. Secondly, it is increasingly
clear that ECF impairment is common in medically ill and community-
dwelling older persons at risk to be diagnosed with MCI.

“Senile plaque (SP) and B-amyloid are more randomly distributed and not always co-
localized with NFT. However, regional NFT counts are more strongly correlated with
AD’s clinical features than are SP and fully mediate SP’s unadjusted associations with
cognition in multivariate models.

35
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However, ECF, rather than memory loss, appears to a major predictor of
functional outcomes. Thus, the issue of ECF impairment has implications for
dementia case-finding that go well beyond ‘MCT'. In contrast to memory or
other non-executive cognitive impairments, the presence of ECF impairment
suggests disability, and thus ‘dementia’ as well. The recognition of ECF impair-
ment as being ‘essential’ to dementia would have far-ranging consequences for
the epidemiology of that condition.

This chapter examines the issue of ECF impairments in both AD and MCI
and considers the following questions:

Is ECF impairment present in AD?

Is ECF impairment reported in ‘MCI”?

Is ECF impairment likely to be present in ‘amnestic’ MCI?
Can ECF impairment be observed in the absence of disability?
Is isolated ECF impairment a true ‘dementia’?

IS EXECUTIVE CONTROL FUNCTION IMPAIRMENT
PRESENT IN ALZHEIMER’S DISEASE?

There is good reason to suspect that ECF impairment is present from the out-
set of clinical AD. First, frontal cortical AD pathology is more strongly related
to cognitive impairment than are lesions in other regions of interest (ROIs).
Plaques and tangles counted in the frontal cortex explain almost twice as
much variance in cognition than do the same lesions in other ROIs.? Frontal
lobe synaptic density is the strongest reported pathologic correlate of cognitive
impairment in the AD literature.® In contrast, hippocampal AD pathology is
relatively weakly associated with cognition, and may have no association with
clinical dementia, independent of frontal lesions.’

A few multivariate models have been published that specifically associate
regional AD pathology with clinical features of dementia. Geddes et al” factor-
analyzed the regional distribution of NFTs. Two factors were identified. The
tirst contained only mesiotemporal ROI, affected before Braak stage IV. This
factor was significantly associated with memory impairment, but not demen-
tia. In contrast, dementia was more closely associated with pathology in neo-
cortical ROJ, including the frontal cortex. Royall et al® modeled the individual
contribution of regional tauopathy with clinical ‘dementia’, defined by a
Clinical Dementia Rating (CDR) scale” score = 1.0. The hippocampus was the
only ROI whose pathology had no unadjusted association with dementia.
‘Dementia’ was most strongly associated with pathology in only four ROI,
including the dorsolateral prefrontal cortex (Brodmann area (BA) 9/10), the
angular gyrus (BA 39), the posterior cingulate (BA 23), and the superior tem-
poral gyrus (BA 22). Each is retrogradely labeled by an excitotoxic lesion to
the dorsolateral prefrontal cortex,' suggesting that they (and the anterior cin-
gulate, not available to Royall et al®) comprise a single system focused on the
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executive control of complex behavior.!' Diminished cerebral blood flow
(rCBF), by functional magnetic resonance imaging (fMRI), in the same ROI,
distinguishes AD, and apolipoprotein E (APOE) €4 homozygotes, from non-
demented elderly controls.!?

Dementia can be diagnosed before the appearance of NFTs in neocortical
ROIs.!? However, this may require comorbid pathology.!! In dementia cases,
Braak stage is inversely related to the severity of comorbid ischemic cere-
brovascular disease (ICVD)'* and only a fraction of demented persons have
only AD pathology at autopsy.!> Moreover, the ischemic lesions with the
strongest associations to cognition may be too small to image by computed
tomography (CT) or MRI. Thus, ‘mixed’ cases may be misascribed to ‘AD’.'¢
However, since clinical dementia can also be specifically associated with
‘strategic’ infarcts involving the very same neocortical ROls as AD,!” and since
neocortical function can be vicariously affected by subcortical frontal system
lesions (i.e. through diaschisis)'® it seems likely that clinical ‘AD’ is associated
with frontal system dysfunction regardless of whether neocortical ROIs have
been directly affected by AD pathology, or indirectly affected by comorbid
ICVD."

Nevertheless, there are surprisingly few data on ECF impairment in AD.
Older studies either ignore this domain entirely, or use measures that have
little sensitivity to ECE Some more recent studies include executive measures.
Lowenstein et al.2° failed to find significant associations between some ECF
measures — i.e. verbal fluency, digit-symbol substitution, or Weschler Adult
Intelligence Scale (Revised) (WAIS-R) similarities — and the Direct Assessment
of Functional Status (DAFS) in AD cases. Willis et al.?! reported that ECF
measures add variance to functional outcomes above that attributed to ‘gener-
al’ cognitive measures, but the additional variance explained was relatively
small. Chen et al.?? reported signifiant associations between Mattis Dementia
Rating Scale (mDRS) ‘initiation /perseveration’ (I/P), mDRS ‘conceptualiza-
tion’, and the number of categories achieved on the Wisconsin Card Sorting
Test (WCST:CAT) and Blessed Dementia Scale: Activities subscale (BDS-A).
Boyle et al.?? report that the mDRS I/P explains 17% of variance in IADL
(Instrumental Activities of Daily Living), and 9% of variance in ADL
(Activities of Daily Living), independent of ‘apathy’ as measured by the
Frontal System Behavior (FrSBe) scale.

In contrast, Marson et al.>* report that mDRS I/P explained 36% of the vari-
ance in a ‘rational reasons’ standard of medical decision-making among AD
patients. Similarly, the same group reported that verbal fluency explained 58%
of variance in an ‘Appreciating Consequences’ standard.?

These studies suggest that although ECF impairment can be demonstrated
in AD, its association with functional status varies widely with both the specif-
ic ECF measure employed and the functional outcome under consideration.
IADL may be more strongly related to ECF than ADL, but ECF is most
strongly related to ‘higher’ functional capacities, such as decision-making.
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IS EXECUTIVE CONTROL FUNCTION IMPAIRMENT
REPORTED IN MILD COGNITIVE IMPAIRMENT?

Very few studies have specifically addressed ECF impairment in the context of
MCI. Nagahama et al.?¢ factor-analyzed WCST performance in a small number
of AD and MCI cases. Both groups were more executively impaired than nor-
mal controls, but they were not discriminable from each other on the basis of
their perseverative errors. The MCI group actually made significantly more
non-perseverative errors than the AD group. Similarly, Ready et al.?” studied
the rate of change in ECF-related behaviors (i.e. apathy, ‘executive dysfunc-
tion’, and disinhibition) in AD and MCI. Apathy and ‘executive dysfunction’
both increased over time, but MCI could not be distinguished from AD on the
basis of these changes. Thus, it appears that ECF impairments comparable to
AD can develop in the absence of a clinical diagnosis of ‘dementia’.

To some extent, this is an artifact of dementia case definitions themselves.
These emphasize the clinical detection of AD at the expense of non-AD condi-
tions.?® By definition, isolated ECF impairment cannot be classified as ‘demen-
tia’ by either the DSM (Diagnostic and Statistical Manual)?° or the NINCDS
(National Institute of Neurological and Communicative Diseases and
Stroke),?° due to the absence of memory impairment. Conversely, clinical AD
is unlikely to cause ECF impairment unless and until the hippocampus is
affected at about Braak stage III.

This constraint forces researchers to place isolated ECF impairment into
“non-demented” diagnostic categories (e.g. Age-Associated Cognitive Decline
or Cognitive Impairment: No Dementia). A more subtle bias is the failure of
clinicians to consider dementia when the clinical features of AD (i.e. aphasia,
amnesia, and agnosia, which reflect a widespread cortical disease process) are
not present. For example, Schillerstrom et al*! tested ECF in N = 50 medical
inpatients referred for psychiatric consultation (mean age = 44.9 + 16.7 years).
Although 62% were executively impaired (including 100% of cases diagnosed
with dementia), only 22% were diagnosed by the psychiatrists as having cog-
nitive impairment. In the absence of AD’s clinical features, the consultants
failed to recognize ECF’s contribution to the other cases’ behavioral changes.

Schillerstrom et al.>! used the Executive Interview (EXIT25)3? to identify
patients with ECF impairment. The EXIT25’s threshold for impairment (i.e.
15/50) is not age-adjusted. Instead, it was set to detect functional incapacity.
The EXIT25 has previously been shown to be a significant independent pre-
dictor of IADL?? and level of care?33* among elderly retirees. Dymek et al.>
have reported that the EXIT25 independently accounted for 56% of the vari-
ance in the capacity of patients with Parkinson’s disease to understand the cir-
cumstances and choices associated with their treatment, and 45% of the
variance in a ‘rational reasons’ standard of the capacity to give informed con-
sent. EXIT25 scores are also associated with medication adherence in medical
patients.?%37 Allen et al.?” report that, at a cut-point of 15 /50, the EXIT25
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perfectly distinguishes between elderly patients who can, and cannot, be
taught to competently use inhalers.

However, the mean EXIT25 score for non-institutionalized, affluent, well-
educated elderly retirees is about 12.5 /50.% Thus, although statistically ‘nor-
mal’ for their age, 38% will fail the EXIT25 at 15/50, compared with 25% of
community-dwelling young adults with schizophrenia,®® 19.9% of cancer
patients presenting for radiotherapy,®® 42% of consecutively admitted medical
inpatients,*® and 59% of medical outpatients with type 2 diabetes mellitus.*!
Thus, ECF impairment sufficient to interfere with many aspects of healthcare
delivery is likely to be quite common in medical settings. Moreover, in each of
the studies cited above, Mini-Mental State Examination (MMSE) scores*? were
within the normal range (i.e. <24/30). In the absence of formal ECF testing, the
lack of impairment in other domains can blind clinicians to the possibility of
disabling ECF impairment.

IS EXECUTIVE CONTROL FUNCTION IMPAIRMENT
LIKELY TO BE PRESENT IN ‘AMNESTIC’ MILD
COGNITIVE IMPAIRMENT?

Some authors distinguish between ‘amnestic’ MCI, in which the cognitive
impairments are limited to memory function, and more generalized ‘mild’ cog-
nitive impairments. Nonetheless, it is likely that many ‘amnestic’ MCI cases
actually do have both comorbid ECF impairments and disability. Depending
on the measures employed, 25-35% of ‘amnestic’ MCI cases can be shown to
have equally severe ECF impairment.*® Such cases could arguably meet crite-
ria for ‘dementia’ were either their disability or their ECF to be more rigorous-
ly assessed. For example, whereas the slope of change in the memory test
scores of non-demented retirees is specifically associated with conversion to
cortical-type dementias,** and is accelerated by the APOE &4 allele,* simulta-
neous changes in ECF mediate memory’s unadjusted association with changes
in functional status.*

Aging is associated with disproportionate effects on the rate of change in
ECE*" Therefore, ECF impairment is so common in old age as to be statistical-
ly ‘normal.’ Thus, although only 4% of non-institutionalized retirees may have
ECF impairment at an age-specific threshold of 1.5 standard deviations below
the mean, 38%*® have impairment at a level that perfectly distinguishes
patients who do, or do not have the capacity to learn to use an inhaler?” or
accurately self-assess their financial decision-making capacity.*’

At present, MCI cases are most often distinguished from dementia solely on
the basis of a CDR score. However, this measure has not been validated as a
measure of disability, and may select for MCI cases which cannot be distin-
guished from dementia on the basis of their IADL.*°



40 ArzHEIMER’S DISEASE AND RELATED DISORDERS ANNUAL

CAN EXECUTIVE CONTROL FUNCTION
IMPAIRMENT BE OBSERVED IN THE ABSENCE OF
DISABILITY?

Many studies have confirmed ECF’s independent effects on functional out-
comes in ‘non-demented’ elderly persons (Table 3.1). However, some authors
fail to find significant associations, and the partial variance in functional
outcomes attributable to ECF can be surprisingly small.’! There may be many
reasons for this.

First, ECF’s modest independent association with functional status must be
considered in the context of cognition’s general failure to explain functional
outcomes. Memory, attention, and verbal functions explain far less variance in
functional outcomes.’! Secondly, the association between cognition and func-
tional outcome may be non-linear, and not amenable to linear multivariate
regression techniques used by the articles in Table 3.1.>? Thirdly, ECF is a
multidimensional construct.’ Not all ‘executive’ domains may be equally capa-
ble of explaining functional outcomes.!>! To the extent that subsets of execu-
tive functions disproportionately account for the variance in functional
outcomes, they will also be particularly likely to define dementing processes.
Fourthly, the association between cognition and disability may vary with the
functional outcome in question. The specific disabilities indicative of demen-
tia have never been clearly articulated. However, ECF generally explains more
variance in IADL than in basic ADL, and is a particularly powerful predictor of
‘higher’ decision-making capacity.>>!

Finally, the conclusions about longitudinal processes (such as cognitive
aging or dementing illness) that can be validly drawn from cross-sectional data
are severely limited.”> A growing body of longitudinal studies clearly docu-
ment cognitive decline in persons who cannot be diagnosed with dementia at
baseline. A few such studies include ECF measures. These generally document
stronger associations with functional outcomes than the cross-sectional
models presented in Table 3.1.70* Non-verbal and executive measures may be
particularly relevant to functional outcomes.>*°

IS ISOLATED EXECUTIVE CONTROL FUNCTION
IMPAIRMENT A TRUE ‘DEMENTIA’?

Isolated ECF impairment cannot be classified as ‘dementia’ by either the
DSM?° or the NINCDS.?® However, the role of memory as the sine qua non of
dementia’s cognitive impairments can be questioned. Not only does ECF
explain more variance in functional outcomes than do other cognitive
domains,’! but pathology in the CNS ROIs that subserve ECF is more strongly
associated with clinical dementia than that in other ROIs.>!7
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Recent studies suggest that ECF impairment is the one cognitive deficit that
is common to dementia across diagnoses.’’~°! I have proposed the concept of
(type 2) dementias ‘without cortical features,’ to distinguish isolated cognitive
impairment from the amnestic ‘cortical’ dementia syndrome associated with
AD.%263 Type 2 dementias can be discriminated from AD on the basis of simple
bedside measures,’>%%%% and have a distinct differential °%-%7 mortality,%® and
longitudinal course.>?

Type 2 dementia is arguably an authentic dementia in that it is an acquired
syndrome of disabling cognitive impairment in a clear sensorium. As such, it
meets the ‘California Rules’ for dementia diagnosis.®® Since other cognitive
domains, notably memory impairment, contribute little variance to functional
outcomes independently of ECF, the absence of memory impairment in type 2
disorders has little to say about the ‘severity’ of the condition (at least when
judged from the perspective of its effects on functional capacity). Moreover,
the demonstrable functional impairment associated with executive dyscontrol
argues against the idea of ‘mild’ executive impairment. Indeed, the association
appears causative in longitudinal analyses.*®

Isolated executive impairment is at least as common as ‘amnestic’ MCI and
may be much more common than clinical ‘type 1’ dementia.>? Very few studies
have specifically tested the prevalence of ECF impairment in the community.
However, those that are available suggest a prevalence rate of 25-50% in older
persons.’%7! Almost half of these have isolated ECF impairment.”! The differ-
ential of type 2 dementia is heterogeneous and includes many potentially
reversible, non-AD conditions.®® The label ‘MCT obscures their lack of associa-
tion with AD pathology, misleads us towards inappropriate therapeutic strate-
gies, and blinds us to their disabling cognitive declines.

CONCLUSION

ECF impairment is common in ‘non-demented’ populations, and may also
contribute significantly to the dementia risk of ‘amnestic’ MCI. However, the
robust specific association between ECF and disability, coupled with the close
association between frontal system lesions and clinical dementia, argue against
the straightforward classification of isolated ECF impairment as ‘dysexecutive
MCT'. Instead, this condition is worthy of consideration as an authentic
dementia syndrome. In fact, ECF impairment may be essential to the clinical
diagnosis of dementia, irregardless of its cause. If so, then type 2 dementia
may be the most prevalent manifestation of dementing illness, albeit one
which has not been well served by current dementia definitions.
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Glycosaminoglycan mimetics in
Alzheimer’s disease

Francine Gervais, Denis Garceau, Paul S Aisen, and Serge Gauthier

INTRODUCTION

Amyloid beta (AB) protein forms fibrillar deposits and organizes in the central
nervous system as senile plaques. Plaques are one of the core neuropathologic
hallmarks of Alzheimer’s disease (AD). The amyloid cascade hypothesis pro-
poses that AP is causally related to the neurodegeneration associated with AD
and is considered a promising target for the development of a disease-modify-
ing therapeutic approach for the disease. The severity of the disease correlates
better with the presence of soluble oligomeric forms of A rather than with
the presence of amyloid deposits.!?> The oligomers have been shown to be
highly neurotoxic.? Reducing the oligomerization process and inhibiting A3
fibril formation may favor the metabolic clearance of Af and prevent the
neurotoxicity and inflammation associated with oligomerization and senile
plaque formation.

The conversion of soluble to fibrillary AR is a nucleation-dependent
process>* influenced by A concentration, pH, and the presence of nucleation
seeds such as proteoglycans and apolipoproteins. Interfering in the association
of AP with proteoglycans has been shown to inhibit the formation of AP fibrils
and may lead to the reduction of senile plaques by controlling the earliest
stage of the amyloidogenic process.

Proteoglycans bind to several types of amyloidogenic proteins. The glycos-
aminoglycan (GAG) chain of these proteoglycans appears to be involved in
the pathophysiology of amyloid by inducing and promoting conformational
transitions in the amyloidogenic protein.’ In AD, several types of proteogly-
cans associate with fibrillary AP in amyloid plaques and with neurofibrillary
tangles.®” The interactions of AR with proteoglycans are mainly mediated
through the binding of the highly sulfated GAG chains to AB. In this way, the
multiple and complex GAG moieties of the proteoglycans bind to amyloido-
genic proteins, promote fibrillogenesis, and stabilize fibrils. Moreover, binding
of GAGs to AP protects fibrils from proteolytic degradation and attenuates Af3-
induced neurotoxicity.*® GAGs exert their fibrillogenesis-promoting effect
through their binding to specific sites within amyloid proteins. GAG binding
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to AP between two neighboring protofilaments would stabilize the tertiary
structure of AP protein, acting as a scaffold for the assembly of fibrils.*?

A series of low molecular weight (MW) charged non-carbohydrate com-
pounds have been developed to mimic the anionic properties of GAGs and are,
therefore, referred to as ‘functional GAG mimetics’. These compounds have
been tested for their ability to block the fibrillogenesis of a number of different
amyloidogenic proteins, such as AA (amyloid A), AB, and IAPP (islet-associat-
ed polypeptide). GAG mimetics have been shown to block the development of
AA amyloid in vivo using animal models of secondary amyloidosis.!*!! A sim-
ilar approach using low-MW heparin has been reported to inhibit develop-
ment of AA amyloidosis in mice.!> GAG mimetics were found to prevent the
binding of heparan sulfate to AP in vitro and to interfere in heparan sulfate-
accelerated AP fibrillogenesis. Moreover, these compounds have been shown
to protect primary neuronal cells against A, -induced toxicity.!> To date,
GAG mimetics exhibiting anti-amyloid activities appear to be specific for each
amyloidogenic protein, i.e., compounds capable of blocking the development
of AA amyloidosis do not show in-vitro binding and/or anti-fibrillogenic
activity against AB or IAPP fibril formation.!!

One specific compound, 3-amino-1-propanesulfonic acid (3APS), has been
identified as a potential therapeutic candidate and is undergoing clinical devel-
opment. 3APS was found to bind preferentially to soluble AB, to maintain AP
in a soluble form, and to reduce AP deposition in vivo.

3APS PREFERENTIALLY BINDS SOLUBLE AP

The ability of 3APS to bind AR was determined by electrospray mass spec-
trometry (Figure 4.1). 3APS was found to bind equally well to both A, and
AB,,, with more than 50% of the peptide bound to 3APS. The fact that the
compound binds well to both AP peptides also indicates that this compound
does not bind the carboxy-terminal region of the peptide, but most likely
interacts in the central region of the peptide known to contain the GAG bind-
ing site. Additionally, 3APS does not bind fibrillar AB. Furthermore, 3APS was
found not to bind to any of the major plasma proteins.

3APS REDUCES AMYLOID DEPOSITION IN VIVO

The TgCRNDS transgenic (tg) mouse model'* was used to determine the abili-
ty of 3APS to interfere with the development of senile plaques. TgCRNDS8
hAPP mice express a double mutant (K760N/M671L and V717F) human
BAPP695 (hAPP) transgene under the regulation of the Syrian hamster prion
promoter (developed by the Centre for Research in Neurodegenerative
Diseases, University of Toronto, ON, Canada). This hAPP mouse model is
described as an early-onset model of brain amyloidosis, since thioflavine S



GAG MivEeTIcs INAD 65
A
901.6
100
ABy_4o + 3APS
% Binding = 51.0%
966.1 985.2
/ /7 998.2
0
B
100 901.2
A
0 Bi-a0
9415
0 T T T T T T T T T T T T T T T T I 1
C
100 - 938.6
93425 ABy_4o + 3APS
966.8 L
g Binding = 52.6%
% ] _971.2 994.
° 929.8 _ 994 2/999‘01022 ,
9123 9255 2_1031.0
0 IL T T T T T T T T T T T T T T T T T T T T T T 1
D 938.6
100 938.6
943.0 AB1_42
% _947.4
- 947.8
_955.0 968.6
O T T T T 1 T I T T T T T T T T T T T T T T T T T 1
860 880 900 920 940 960 980 1000 1020 1040 1060 1080
m/z
Figure 4.1

Binding of 3APS to AB,, or AB,, as determined by electrospray mass spectrometry.
Solubilized AB in water was mixed with 3 APS at a 1:10 ratio (AB:3APS). (A) AB,,
20 pmol/L and 3APS 200 umol/L; (B) AB,, 20 umol/L. (C) AB,, 20 umol/L and 3APS
200 umol/L; (D) AB,,20 umol/L. Only the +5 charged region of the spectrum is
shown. Clusters result from a variable number of sodium ions associated with the

corresponding species.

(ThioS)-positive brain amyloid deposits appear as early as 10 weeks of age.
The total amount of brain amyloid in the TgCRNDS8 mice is greater than that
seen in late-onset hAPP mice, such as the PDAPP mouse model. In the latter
model, a 14-fold increase in total AP brain concentration is seen between the
ages of 12 and 18 months, where AP reaches a concentration of 22 ug/g wet
brain.!> By comparison, Tg¢CRND8 mice have been reported to have a 90-fold
increase in their total AP brain concentration between the ages of 10 and 25

weeks, to reach levels of ~31 pg/g wet brain.!®
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Adult TgCRNDS8 mice (9+1-week-old) were given a single daily subcuta-
neous (sc) injection of 30 mg/kg or 100 mg/kg of 3APS for a period of 8 weeks
(sc injections were used for convenience; oral administration of 3APS resulted
in a brain pharmacokinetic profile similar to that seen with sc injections). At
the termination of the treatment, mice were transcardially perfused, brains
were excised, and the extent of cortical amyloid deposits was assessed by
histochemistry following staining with ThioS. Stained sections were evaluated
by image analysis (Image Pro Plus). To determine the number of plaques as
well as the percent area of the analyzed region occupied by plaques, analysts
were blinded to the identification of each treatment group.

Amyloid was not present at the initiation of the treatment of adult mice (base-
line: 9-week-old). Adult mice treated with 100 mg/kg/day of 3APS for 8 weeks
showed a significant reduction in amyloid deposition in the cortical brain
region. As shown in Figure 4.2A, the number of plaques (i) and the percent cor-
tical area occupied by plaques (ii) were significantly reduced by more than 30%
(p = 0.028) in the animals treated with 100 mg/kg/day. Results obtained in the
30 mg/kg/day treatment group also showed an inhibitory effect on amyloid
deposition that did not reach statistical significance but suggested a dose-
dependent response to treatment. Figure 4.2B shows representative images of
ThioS-stained sections of cortical regions of mice treated with the vehicle (i) or
with 100 mg/kg/day of 3APS (i) or with the vehicle (ii) for 8 weeks; a marked
decrease in the number and size of senile plaques is seen in the treated mice.

3APS was also found to have a profound dose-related effect on AP plasma
concentration, with a 37% and 61% reduction in AB,, at 30 mg/kg/day and
100 mg/kg/day, respectively. AB,, plasma levels were reduced by 31% and 66%
in animals receiving 30 mg/kg/day and 100 mg/kg/day of 3APS, respectively
(data not shown). TgCRNDS8 mice have 12 times more total AP in their
plasma than PDAPP mice (2000 ng/ml vs 160 = 29 ng/ml).!” The high AR
levels and the early onset, which characterize the TgCRNDS8 model used here,
emphasize the significance of the 30% reduction obtained in such a short
treatment duration.

The significant decrease in amyloid deposition and the substantial reduction
in AB,, and AB,, plasma concentrations seen in treated adult animals led us to
determine whether the soluble and insoluble fractions of AB,; and AB,, were
both affected during treatment. To determine the level of brain AB,, and ApB,,
soluble and insoluble fractions, a second set of 9-week-old TgCRNDS8 animals
were treated with 3APS for 9 weeks. Mice used for this experiment were the
TgCRNDS8 N5 generation of a cross between B6 and FVB strains. This cross
resulted in a greater total AP plasma concentration (6000 ng/ml) than that
found in the N2 generation, which was used in the first experiment
(~2000 ng/ml). To maintain a 3APS:A ratio similar to that reached in the first
experiment, mice were treated with 500 mg/kg/day of 3APS for 8 weeks (3APS
pharmacokinetic profile shows linearity between 100 mg/kg and 500 mg/kg).
Brain homogenates were evaluated for their soluble and insoluble AB,, and
AB,, contents by ELISA. As seen in Figure 4.3, 3APS affected both soluble and
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Figure 4.2

3APS treatment reduces murine cortical AR plaque formation. Mice were treated
with 3APS for 8 weeks. Brain sections were stained with ThioS and amyloid burden
was evaluated. (A) Effect of 3APS on the number of ThioS™ plaques per entire neo-
cortical section (i) and percent of cortical surface area occupied by plaques (ii).

(B) ThioS staining of representative histological brain sections of TJCRND8 mice
following an 8-week treatment period with 100 mg/kg/day of 3APS (i) compared
with non-treated mice (ii). RS: retrosplenial cortex; CC: corpus callosum.

insoluble AP fractions in the brain, reducing the soluble and insoluble
fractions of both AB,; and AB,, by almost 40% and 25%, respectively. These
results are consistent with the earlier findings using image analysis. 3APS was
previously shown to cross the blood-brain barrier to exert its activity.'!> When
both brain soluble AB,, levels and 3APS brain concentration at steady state
were compared, 3APS was found to be in a 24-fold excess compared to soluble
AB,, levels.

Preclinical toxicology studies showed that 3APS did not have any significant
detrimental side effects when administered at high doses to dogs and rats (data
not shown). This pharmacologic profile made 3APS an attractive anti-amyloid
therapeutic candidate for AD. The ultimate proof-of-concept of the beneficial
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Effect of 3APS on the level of soluble and insoluble AB,, and AB,, in brain
homogenates of animals treated for 9 weeks. Soluble AB,, (A) and AB,, (B) and
insoluble AB,, (C) and AB,, (D) recovered from perfused brain homogenates of
control (0 mg/kg/day) or treated animals (500 mg/kg/day 3APS) for 9 weeks. AR
levels were determined on brain homogenates by ELISA: 3APS did not interfere in
the ELISA assay. Open circles represent values from individual animals; bars
represent mean values. All values are expressed per gram of wet brain. Statistical
analysis was done using the Mann—Whitney rank sum test.

effect of targeting the amyloid cascade remains the demonstration of clinical
efficacy in patients with AD. Results obtained in a phase 2 clinical trial
demonstrate that targeting soluble AR with a new class of compounds
represented by 3APS shows promise for the treatment of AD.
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3APS IN PATIENTS WITH MILD-TO-MODERATE
ALZHEIMER’S DISEASE

Phase 2 clinical study design

The phase 2 clinical study was designed to assess the safety, tolerability, and
pharmacokinetic profile of 3APS in patients with mild-to-moderate AD (Mini-
Mental State Examination (MMSE) 13-25). 3APS was administered to patients
in a 3-month randomized, double-blind, placebo-controlled fashion. Groups
of patients received 3APS orally at 50 mg, 100 mg, or 150 mg twice daily
(bid). Patients were allowed to be on acetylcholinesterase inhibitor treatments.
Those patients on symptomatic treatment had to be on stable therapy for at
least 3 months prior to study entry. To better define and characterize the phar-
macologic effects of 3APS, patients were evaluated for the presence of 3APS in
cerebrospinal fluid (CSF), and its effect on AB,; and AB,, levels in the CSF
and plasma. Patients were also evaluated for their cognitive function and glob-
al performance — ADAS-Cog (Alzheimer’s Disease Assessment Scale —
Cognitive), CDR-SB (Clinical Dementia Rating — Sum of the Boxes), and
MMSE - at baseline and after 3 months of treatment.

At the end of the 3-month treatment period, all patients were offered entry
into a 33-month-long open-label extension study. In this ongoing study,
patients are given 150 mg 3APS bid. 3APS safety and efficacy continue to be
investigated and patients are evaluated for their cognitive function and global
performance.

Phase 3 study design

Results obtained in the phase 2 study have led to the initiation of a phase 3
study to investigate the safety and clinical efficacy of 3APS as a disease-
modifying treatment in a multicenter, randomized, double-blind, placebo-
controlled, and parallel-designed phase 3 study. This study is designed to
enroll a total of 950 patients suffering from mild-to-moderate AD (MMSE
16-26). The patients are randomized into three groups to receive either place-
bo, 3APS 100 mg bid, or 3APS 150 mg bid for 18 months. Patients have to be
on acetylcholinesterase inhibitor therapy with or without memantine therapy
(NMDA receptor antagonist) for at least 4 months prior to study entry. The
two primary endpoints to determine the clinical efficacy of 3APS consist of
evaluating the change from baseline of cognitive functions and global perform-
ance as determined by ADAS-cog and CDR-SB scores following 18 months of
treatment. Structural magnetic resonance imaging (MRI) will be used as a
supportive evidence of disease-modifying treatment.
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DISCUSSION

This chapter summarizes initial findings with 3APS, a novel low-MW anionic
GAG mimetic. The results obtained in vitro and in vivo in TgCRNDS8 mice
provide proof-of-concept that preferential binding to the soluble form of AB by
a low-MW anionic compound effectively blocks the deposition of AR and
favors its clearance from the brain. The effect is believed to be due mainly to
the ability of compounds like 3APS to bind soluble AP and to disrupt AP
protein—protein interactions, thereby reducing the potential of AP to organize
as fibrillary senile plaques. 3APS also decreased brain and plasma soluble
AB,, and AB,, concentrations, suggesting that it may affect the production or
clearance of AB. We are now determining whether 3APS can also alter hAPP
processing and/or AP clearance.

The two characteristic neuropathologic hallmarks of AD are the amyloid
plaques and the neurofibrillary tangles (NFTs), which consist of intracellular
inclusions of hyperphosphorylated tau. There is strong supporting evidence
that the AP amyloidogenic process can be considered the triggering factor in
the onset of AD and that tau hyperphosphorylation, NFT formation, and neu-
ronal cell death are downstream consequences of Ap fibrillogenesis.!®19 3APS
intervenes early in the amyloid cascade, since it targets soluble rather than
fibrillar AB. Clearance of AP by 3APS prior to its organization as fibrils could
prevent and/or clear early tau pathology formation, as recently shown by
Oddo et al?° using Af immunotherapy. This finding supports the notion that
by binding A in its soluble form, 3APS could have an impact on the two
neuropathologic lesions found in the brain of patients with AD. Acting early
rather than late in the disease progression would also bring greater benefit to
patients. AB amyloid deposits are also associated with the appearance of neu-
ritic dystrophy, a chronic neuronal cell injury characterized by enlarged dis-
torted axons and dendrites. Clearance of AR by immunotherapy was recently
shown to lead to a rapid reversal of neuritic dystrophy.?! The reduction of A
levels induced by 3APS prior to the organization of the amyloid protein in
plaques may consequently induce the repair of damaged axons and dendrites
and prevent any further damage caused by pre-deposited AP.

The compound’s efficacy in reducing the amyloid burden in transgenic
mouse brain led us to initiate the development of 3APS as a potential disease-
modifying agent to stop the progression of AD in patients with mild-to-
moderate AD. The phase 2 study was firstly designed to ensure the safety and
tolerability of 3APS. In parallel, this phase 2 study allowed us to determine the
pharmacokinetic profile of 3APS and its ability to penetrate the brain, as well
as its pharmacologic effect on the amyloid protein in the CSF of patients.
Results gathered during this phase 2 study showed that, as seen in animals,
3APS penetrates the brain and can reduce the level of amyloid protein in the
CSE The demonstration of the clinical efficacy of 3APS in patients with
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mild-to-moderate AD will be obtained in the phase 3 study. The study design
will also allow us to determine whether an anti-amyloid approach targeting
the soluble form of AP can lead to a disease-modifying treatment for AD.
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Immunotherapy for Alzheimer’s disease

David Wilkinson

INTRODUCTION

One of the most long-standing debates in Alzheimer’s disease (AD) research
concerns the relative importance, or the relative temporal relationships, of -
amyloid plaques and abnormally phosphorylated tau proteins, both of which
are seen as histopathologic hallmarks of the disease. At present the pendulum
has swung towards amyloid being the main protagonist. The amyloid cascade
hypothesis states that overproduction, decreased clearance, or enhanced
aggregation of the amyloid B-42 protein (AB,,) derived from an abnormal
cleavage of the transmembranous amyloid precursor protein (APP) results in a
cascade of events, culminating in cell death and dementia (Figure 5.1). A
number of strategies are being explored as ways of preventing the oligomeriza-
tion and aggregation of AB,, or of increasing its removal from the CNS.

Attention has also been given to considering the process by which amyloid
accumulation has its deleterious effects. One of these strategies has developed
from the retrospective interpretation of a number of uncontrolled epidemio-
logic studies that suggest a protective effect of anti-inflammatory drugs. The
belief that anti-inflammatory approaches would be the best way of treating, or
of primary prevention of AD, was given weight by the finding that treatment
with the NSAID (nonsteroidal anti-inflammatory drug) ibuprofen for 16 weeks
reduced cortical plaque burden by 60% in one study of transgenic mice.!
However, the early enthusiasm created from the epidemiologic data? has been
undermined by the failure of a number of prospective studies using both non-
selective and selective cyclooxygenase-2 (COX-2) inhibitors.? The hypothesis
has not been satisfactorily disproved by these trials, as there is doubt that
cyclooxygenases are involved in the selective reduction of AB,,.

It is also doubtful that they act through activating the peroxisome prolifera-
tor-activated receptor (PPAR)-Y, as the potent PPAR-y agonist pioglitazone had
a much more modest effect on reducing ApB,, levels in the same animal model.
The effect of NSAIDs may be on y-secretase, thus inhibiting production of
AB,, and increasing AB,5. Unfortunately, the NSAIDs used in the trials were
not thought to have this effect; however, one drug, R-flurbiprofen, is currently
being evaluated.

73



74 ALzZHEIMER'S DISEASE AND RELATED DISORDERS ANNUAL

Environmental ———Increased production ~<——— Genetic
and decreased
clearance of ABy; =-.._

AB4y ATau
oligomerization Altered kinase/
and deposition l phosphatase
activities
Diffuse plaques PHF-tau
AP deposits 1‘_AB40 1

| ? I
i 2] Neuritic Neurofibrillary
d plaques Z —
e R e
'S / > e -y
o Neuronal ot Ta —"}"" X
Oxidative stress dysfunction B N
. Y bk e B
[Ca**] disturbance and death
Chronic inflammation (it transmitter
Glutamate toxicity deficits)
Apoptosis
Structural damage 1

Dementia

Figure 5.1
The amyloid cascade hypothesis

This failure of NSAID clinical trials has added strength to the view which
argues that stimulating the natural inflammatory processes in the brain may be
a better way of preventing deposition of, or the removal of, accumulations of
unwanted proteins. Although to some a counterintuitive view this theory
captured the imagination of the AD community, with huge interest in the first
trials of the Elan (AN1792) vaccine in 2003. Unfortunately, an unexpected
meningoencephalitis in 6% of subjects prevented the studies completing.
Subsequently, a number of reports, many with a hint of schadenfreude, seemed
to be writing off AD vaccines. However, these obituaries were a little prema-
ture, and a number of strategies are being developed to further explore this
approach.

The immunotherapy approach relies heavily on our knowledge of microglia,
which are the tissue macrophages of the central nervous system (CNS).
Microglia associate with fibrillar AP, extending processes onto the plaque,
where they undergo a phenotypic activation. Microglial activation is accompa-
nied by a wide range of proinflammatory molecules that mediate the fulminat-
ing activation of these cells and the associated astrocytosis. Since activated
microglia are seen in the earliest stages of any CNS disease, they are seen as a
potential destructive force, promoting CNS inflammation. Consequently, many
therapies for CNS neurodegenerative and inflammatory diseases have been
directed at suppressing microglial function. Any inflammatory process can
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have both beneficial and malign effects; activation may be necessary to destroy
unwanted pathogens or apoptotic cells, but if unprovoked it could have the
potential to be toxic. There is evidence to suggest that microglia play an
important role during the development and maintenance of CNS function that
may go beyond simple defense against pathogens.* Molecular analysis of
microglial phenotypes and function has shown that microglia are a unique
CNS-specific type of tissue macrophage that are highly heterogeneous within
the healthy CNS. They are not only exquisitely tailored to specific regions of
the CNS but also to specific pathologic insults. Consequently, the wholesale
suppression or activation of microglia is likely to be an ineffective strategy,
with the potential to promote damaging outcomes.

The early attempts at vaccination may in retrospect appear to have lacked
finesse, but they have given a unique opportunity to explore the relevance of
amyloid to normal brain function and insight into whether strategies that
remove it are harmful. Even if the removal of amyloid is not associated with
improved function, it will still add to our understanding of the disease
process.

ACTIVE IMMUNIZATION WITH AMYLOID B PEPTIDE
IN PDAPP MICE

The first publication on a vaccination approach for AD was the paper from
Schenk and the Elan Corporation, demonstrating the positive effects of vacci-
nation in transgenic mice.’ This landmark paper used the PDAPP transgenic
mouse which overexpresses mutant human APP — in which the amino acid
valine at position 717 is replaced by phenylalanine — and develops, very pre-
dictably by age and brain region, extracellular amyloid deposition resembling
the plaques seen in AD as well as astrocytosis and neuritic dystrophy.

The researchers took the mice at 6 weeks, just prior to the development of
plaques, and gave them monthly intraperitoneal injections of AB,, until they
were 13 months old. Dramatic histologic pictures showed that plaque deposi-
tion and the accompanying gliosis and neuritic dystrophy were prevented as
compared with mice injected with PBS (adjuvant alone) or serum amyloid P
protein, or controls left untreated (Figure 5.2).

The researchers then immunized mice from 11-18 months (an age at which
they would have substantial plaque deposits) and showed in the Ap,,-
immunized mice that not only had the plaque density not increased but also
that levels of cerebral AB,, were lower than in 12-month-old untreated mice.
The implication was that immunization not only prevented deposition but
also caused removal of established plaques.
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Figure 5.2

Hippocampal AB plaques in
13 month old mice injected
with PBS (A) and AB,, (B)
at 6 weeks. (A) shows
abundant AB deposition in
the outer molecular layer of
the hippocampal dentate
gyrus of a PBS trreated
animal. (B) shows no
detectable AB in this region
of an AB,,-immunized

PBS mouse Reproduced with
permission from Schenk

et al.®

AN1792

BENEFITS OF ACTIVE IMMUNIZATION IN MICE

The beneficial effect of clearance of plaque from the mouse brain was provided
by two further transgenic models. Janus et al,® using repeated intraperitoneal
injections of AB,, in the TgECRNDS8 mouse, showed that as well as decreased
plaque burden (a 50% reduction in plaques but no reduction in total AP levels
in the brain) the mice showed improved behavior in the Morris water maze, a
commonly used test of reference memory. Morgan et al,” using two different
transgenic mouse models and subcutaneous injections of AB,,, showed a par-
tial reduction in plaques associated with improved performance in the radial-
arm maze, a test of working memory. Later, these mice, at an age when they
show memory deficits, were performing superiorly to control transgenic mice
and at the same level as non-transgenic mice.

Neither of these mice models demonstrated the complete removal of AB,,,
but by whatever mechanism — whether by partial clearance or modulation
of some particularly toxic AP species is not clear — they seemed to show
cognitive benefits.
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PASSIVE IMMUNIZATION IN MICE

A similar but slightly less pronounced reduction in cerebral AR burden in
PDAPP mice was obtained by weekly injections of a variety of monoclonal and
polyclonal antibodies, although not all were effective.® In fact, only those rec-
ognizing the amino (N) terminus of AB,, were able to prevent the formation
of AB fibrils and invoke plaque clearance, and it was clear the entire 1-42
residues were not necessary. High affinity of the antibody for the Fc receptors
on the microglia seemed more important than the affinity for Af itself, and
complement activation was not necessary for plaque clearance. One hypothe-
sis of how the beneficial effects of immunization are mediated is through the
transport of anti-AP antibodies across the blood-brain barrier, where they bind
to the Fc receptors on the microglia, inducing phagocytosis of the AP deposits
in the brain.? Several authors have also shown substantial increases in plasma
AP after passive immunization, suggesting an alternative method of plaque
removal based on dialysis of soluble AR from brain to periphery, which is
called the peripheral sink hypothesis. This has been supported by the finding
that the monoclonal antibody 266, which does not bind to plaques, was still
associated with amyloid reduction after passive administration.!® Several
studies have shown that immunization with a variety of antibodies to different
epitopes of AB,, can produce high antibody titers but only those to the N
terminus, which bind to plaque in vitro, were associated with plaque clear-
ance.’ Antibody 266 is unique in its ability to reduce amyloid burden without
binding to plaques and may be effective because of it unusually high affinity
for soluble AB, producing a net flux of AP from the brain to the periphery,
which over time would decrease the amyloid load.

AB IMMUNOTHERAPY AND TAU

One criticism of the transgenic mouse models used so far is that they do not
adequately model AD, which is characterized by both AP plaques and neuro-
fibrillary tangles. A study using a triple transgenic model (3xtg-AD) that
develops both of the hallmark lesions in relevant brain regions showed that AP
immunotherapy not only reduces extracellular AR plaques but also intra-
cellular AP and most notably the clearance of early tau pathology.!!

The researchers found that tau immunotherapy with the anti-tau monoclon-
al antibody HT7 had no discernible effect on tau pathology and no effect on
amyloid pathology either. Interestingly, although the AP deposits were cleared
within 3 days post-injection, the tau lesions were not reduced until 5 days. A
deposits returned by 30 days, but the tau pathology only returned to previous
levels by day 45. The removal of tau was dependent on the proteasome, as
blocking its function prevented the immunotherapy-mediated clearance.
It was concluded that AP interferes with proteasome activity, so that
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immunotherapeutic removal of AP, by removing this interference, allowed the
normal clearance of tau to take place. This would explain the delay in tau
removal and its return not occurring until after AP returned, which also sup-
ports the amyloid cascade hypothesis. The clearance of tau also depended on
the phosphorylation state, as late-stage hyperphosphorylated tau aggregates
were unaffected by the AP antibody treatment.

These results suggest that AR immunotherapy may effectively clear A and,
provided that it is administered early in the disease course, tau pathology as
well.

CLINICAL STUDIES

Phase |Ib

The animal data and safety data in volunteers provided the rationale for studies
in patients and the first dose-finding and immunogenicity study was started in
April 2000 in the United Kingdom.!? This was a phase 1b, randomized, double-
blind, multiple-dose, dose escalation study conducted at four study sites and
involved 80 patients with mild-to-moderate AD. Twenty patients were enrolled
in each of four dose groups and randomly assigned to receive treatment in a 4:1,
active:control ratio. In each dose group, treatment was administered as a 1 ml
intradeltoid injection of 50 ng or 100 pug QS-21 (a surface-active saponin used as
immunogenic adjuvant) alone or in combination with 50 pg or 225 ug AN-1792
(human aggregated AB1_42) at Weeks 0, 4, 12, and 24.

After an interim data review to assess tolerability and immunogenicity, the
study protocol was amended to add an optional extension phase (up to a total
of 84 weeks after the first injection) that permitted patients to receive addi-
tional study injections at weeks 36, 48, 60 and 72. In the extension phase, the
formulation of active and control immunizations was modified by the addition
of 0.4% polysorbate 80 (PS-80) to improve product stability.

The primary objective of the study was safety and tolerability; the secondary
objective of the study was to determine the immunogenicity of four dose com-
binations of AN1792 plus QS-21 in order to inform the protocol of a larger
phase 2a study. Serology testing was performed using a reagent that could
detect three kinds of immunoglobulins: 1gG, IgM, and IgA. However, the
reagent was not specific and, therefore, the anti-AN1792 titer detected in this
study was classified simply as an Ig titer.

The study was not powered for efficacy, but four exploratory parameters
were measured. Within each overall treatment group, the baseline characteris-
tics were comparable among individual dose groups.

Donepezil HCI was the most frequently reported concomitant medication.
All 80 patients received at least two injections of study treatment. A total of 73
(91.3%) patients received all four injections scheduled for the original proto-
col phase (59 AN1792 + QS-21 patients and 14 QS-21 patients). Of the
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64 patients who entered the protocol extension phase, 57 (89.1%) received
seven injections and 33 (51.6%) received all eight injections.

Responders were defined as patients with an antibody titer 21:1000 at
4 weeks after an injection and/or a titer 21:5000 at any time point after an
injection.

Of the 51 AN1792-treated patients who entered the protocol extension, 29
(56.9%) were considered anti-AN1792 Ig antibody responders at some point
during the study (Table 5.1).

A notable increase in the proportion of responders was observed after
Injection 5 for all dose groups except AN1792 50 ug + QS-21 50 pg. A greater
proportion of patients treated with the 225 ng dose of AN1792 were respon-
ders than those treated with the 50 pug dose of AN1792; therefore, AN1792
225 ug + QS-21 100 pug were chosen as the doses for the subsequent phase 2a
study that started in October 2001.

There were 19 adverse events (AEs) reported as related to study treatment
(18 active, 1 placebo): the most common were injection site pain, confusion,
and hostility. There were 4 severe treatment-related AEs: worsening of demen-
tia in a patient on placebo; and hostility, hallucinations, confusion, encephali-
tis in patients on AN1972. The patient with meningoencephalitis was only
diagnosed at postmortem 1 year after withdrawal from the study with what
was thought to be a primary CNS neoplasm.

Histopathologic findings

The postmortem findings in this patient were the first analysis of human
neuropathology after immunization with AN1792 and, as such, are worth

Table 5.1 Anti-AN 1792 antibody responders through week 84
(injections 1-8)?

Number of patients for AN1792 (QS-21)

50 ug 50 ug 225 ug 225 ug Total
(50 ug) (100 pg) (50 pg) (100 ug)
Injection n=10 n=15 n=15 n=11 n=>51
1 0 (0.0) 0 (0.0) 0 (0.0 0 (0.0) 0 (0.0)
2 0 (0.0 0 (0.0) 1 (6.7 0 (0.0) 1 0
3 2 (20.0) 2 (13.3) 4 (26.7) 0 (0.0) 8 (15.7)
4 2 (20.0) 2 (13.3) 5 (33.3) 2 (18.2) 11 (21.6)
5 0 (0.0 5 (33.3) 8 (53.3) 3 (27.3) 16 (31.4)
6 2 (20.0) 5 (33.3) 9 (60.0) 4 (36.4) 20 (39.2)
7 2 (20.0) 6 (40.0) 10 (66.7) 6 (54.5) 24 (47.1)
8 2 (20.0) 7 (46.7) 9 (60.0) 5 (45.5) 23 (45.1)
Overall 2 (20.0) 7 (46.7) 13 (86.7) 7 (63.6) 29 (56.9)

@ Antibody titers were measured before each injection.
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considering.!® She had four injections of AN1792 50 pg over 24 weeks with
some suggestion of improvement, but 1 month after her fifth injection she
rapidly declined. The diagnosis at that time was of an infiltrating primary
brain tumor and, in accordance with the family’s wishes, she was treated pal-
liatively and died 1 year later after a pulmonary embolism. In comparison with
7 non-immunized cases, there were a number of unusual findings. Despite the
presence of the diagnostic neuropathologic features of AD, there were exten-
sive areas of neocortex that were entirely devoid of amyloid plaques (Figure
5.3). These areas contained tangles, neutropil threads, and cerebral amyloid
angiopathy (CAA), as in the non-immunized cases, but lacked the plaque-
associated dystrophic neurites (Figure 5.4). These areas also contained AP
immunoreactivity associated with microglia. These findings strongly resem-
bled the findings in the mouse models and suggested that the immune
response had had similar effects in humans. There was also a T-lymphocyte
meningoencephalitis and infiltration of the white matter with macrophages
which appeared to be a side effect of immunization that had been seen in the
subsequent phase 2a study. Similar findings were seen in a case from the phase
2a study who died after being diagnosed with meningoencephalitis following
two injections of AN1792: T-lymphocytic infiltrate, focal depletion of diffuse
and neuritic plaques, persistence of CAA, and collapsed plaques surrounded
by active microglia.'* A third case from a patient who did not have encephali-
tis has recently been published and shows similar, if slightly patchier, clear-
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Figure 5.3

Reduced cortical plague density compared with non-immunized Alzheimer disease
patients. Reproduced with permission from Nicoll et al.’3
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Figure 5.4

Apparent AB plaque removal in the temporal cortex. (A) Non-immunized
Alzheimer disease control. (B) Encephalitis case,

ance of amyloid, with only minimal T-cell infiltration or white matter involve-
ment.!> Again, there was no apparent reduction in the amyloid angiopathy or
neurofibrillary tangles (Table 5.2).

Following our first case report!? it was argued that any brain inflammatory
process can cause the phagocytosis of amyloid,'¢ as is the case after hemor-
rhagic stroke for instance.!>'%17 However, in our case, the clearance was wide-
spread and uniform, not patchy, and there were no hemosiderin deposits
indicating any previous hemorrhagic lesions. Both microglial activation and T-
cell infiltration can cause an acute picture that might be called encephalitis,
and clearly it is important to know which is responsible. T lymphocytes,
themselves, are unlikely to be involved in AR removal, whereas microglia are,
and hence the next generation of immunotherapeutics are being designed to
avoid the T-cell reaction, assuming that is the cause. If it is the microglial
response that is responsible for the inflammatory process, it will be important
to know. However, the appearances in subsequent cases and the findings of A}
clearance in the absence of T-cell infiltration seem to argue for the encephalitis
being a separate process from the AP removal and also that this is a specific
effect of immunization.

From the phase 1b study, a further case of a patient who died from a
cardiac aneurysm after only 4 months of immunotherapy has also been
reported (Nicoll, pers comm). This patient also showed no evidence of
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Table 5.2 Summary of neuropathologic findings

Phase 1b study: encephalitis case'3

e T-lymphocytic infiltrate: CD4+

e Extensive areas of neocortex with few plaques

e Persistence of neurofibrillary tangles, neuropil threads, and cerebral amyloid angio-
pathy (CAA)

e A immunoreactivity associated with microglia

e Macrophage infiltration of cerebral white matter

Phase 2a study: encephalitis case'*

e T-lymphocytic infiltrate: CD4+, CD8+, CD3+, CD5+, CD7+
e Focal depletion of diffuse and neuritic plaques

e Persistence of CAA

e Collapsed plaques surrounded by active microglia

Phase 2a study: non-encephalitis case!”

e Absence of white matter changes and minimal lymphocytic infiltrate
e Focal depletion of diffuse and neuritic plaques

e Persistence of neurofibrillary tangles and neuropil threads

e AP immunoreactivity associated with microglia/macrophages

meningoencephalitis and yet had signs of active phagocytosis of AB, as the
considerable number of plaques that were still present were surrounded by
abundant microglia containing amyloid. The inference drawn could be that
amyloid removal was occurring, but that the patient had died before it had
reached the level found in the other cases.

It is interesting to speculate on why the clearance of amyloid may have had
no effect on the neurofibrillary tangles. It may be that there had not been
sufficient time for the removal of tau following the plaque clearance, or more
likely, as these patients died many months after their last injections, that, as in
the 3xtg-AD mice, the hyperphosphorylated tangles were unaffected by the
disinhibition of proteasome activity resulting from the removal of amyloid.

Phase 2a

The phase 2a study raised a number of further issues. In this multicenter
safety and pilot efficacy study, 372 patients with mild-to-moderate AD were
randomized to receive monthly injections of AN1792 225 ug + QS-21 100 ug
or QS-21 100 pg alone. Dosing was discontinued after 4 reports of meningo-
encephalitis but follow-up continued and eventually 18 of 298 (6%) patients
treated with AN1792 compared with 0 out of 74 on placebo were diagnosed.'®
There was no obvious relationship to the number of injections, with 16/18
occurring after the second injection, one case (the most severely affected
patient) after the first injection, and one case (who initially had a favourable
outcome) after the third injection. This was the patient described above who
died with no evidence of encephalitis at postmortem.
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Interestingly, there was no consistent correlation between the occurrence of
meningoencephalitis and antibody titers, which were undetectable in three
cases. Most cases occurred within 3 months of the first injection and none
after 6 months, unlike the case in the phase 1b study. Twelve patients recov-
ered within weeks, whereas 6 patients remained with disabling sequelae, 1 of
whom died suddenly of inhalation several months after the encephalitis.
Although it was clear that the immunization was associated with the
meningoencephalitis, whether it was due to the T-cell response or whether it
was due to microglial activation was unclear. Although modest, the efficacy
outcomes were also interesting. An analysis of cognitive outcomes — including
ADAS-cog (Alzheimer’s Disease Assessment Scale — Cognitive), MMSE (Mini-
Mental State Examination) and executive function — at 12 months in the 59
patients who had demonstrated an antibody response of any size, when com-
pared to patients on placebo, showed no significant differences. Only one sub-
set of the Wechsler Scale, the verbal delayed recall test, was significant with
some trends in others. When the antibody responses were broken down into
low and high, there seemed to be a slower rate of decline in the low-titer
group and slight improvement in the high-titer group as compared with those
patients with no response and those on placebo. There was also a reduction in
CSF tau in those with an antibody response but no difference in A levels.

In a small subset of patients from one center in this study, a difference in
cognitive response appeared to be correlated to the ability of antibody pro-
duced to bind to amyloid plaques. In this cohort, 20 of the 30 patients immu-
nized developed antibodies against AP, as determined by a tissue amyloid
plaque immunoreactivity (TAPIR) assay. This assay was statistically correlated
with ELISA titers, but predicted therapeutic outcome more successfully. The
differences between TAPIR and ELISA scores may reflect differences in epitope
recognition and affinity of the binding reaction with AP plaques, which may
indicate the need to select therapeutically relevant epitopes within the AB,, for
future development of immunotherapy.'

The final twist in this study was demonstrated by the MRI (magnetic reso-
nance imaging) scan results. It had been planned to make brain volumetric
measurements at baseline, 12 months, and 15 months. After the dosing was
stopped, the final scan was dropped, but the data from the 288 patients who
had paired scans included 45 responders and 57 on placebo. The scans were
rated blind, and it was found that the responders had a greater loss of brain
volume than the controls. What is more, there was a direct correlation with
antibody titer. Patients who had higher titers showed greater loss of whole
brain and hippocampal volume. Ventricular enlargement was also greater in
patients with higher titers, all measures being highly significant except the
hippocampal volume. Some patients lost as much as 60 ml of brain volume
considerably, which was more than the expected loss of around 5 ml per year
in AD patients (which was the finding in the control group). Overall, patients
with higher titers had a better outcome and also the largest drop in CSF tau.
These apparently beneficial effects were achieved despite the greater loss of
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brain volume and greater ventricular enlargement normally regarded as indica-
tive of atrophy associated with progression of the disease.

The patients from this Swiss cohort!® also had a scan after 2 years and were
found to have a slight recovery in their loss of whole brain volume, although
the increase in volume of 2.8% in this small group (n = 11) is at the margins of
the normal variation of this measurement and the comparison group of 3
patients without antibody response were not matched at baseline. This might
indicate the return of amyloid, although the degree of volume loss would seem
to be much greater than could be explained by removal of amyloid alone.
Further autopsy cases may elucidate this point.

Conclusions from the clinical studies

A number of conclusions can be drawn from the two clinical studies and the
resulting autopsies. Immunization with AN1792 + QS-21 elicited a positive
antibody response to AB,, in more than 50% of an elderly study population,
with histopathologic findings strikingly similar to those seen in PDAPP mice
(see Table 5.2). In the phase 1b study, patients on active treatment showed
significantly less decline on the disability assessment for dementia (DAD) at
week 84 than placebo patients, although no difference on cognitive scales
Figure 5.5. In the phase 2a study, patients with higher antibody responses
appeared to show advantage on cognitive outcomes, although with an
increased brain volume loss at 1 year, than placebo patients. However, immu-
nization with human aggregated AB,, appears to trigger a sterile meningo-
encephalitis in some patients, unrelated to their antibody response.

FURTHER STRATEGIES

Approaches other than immunization with the whole AB,, peptide have been
explored (Figure 5.6). As mentioned earlier, the capture of soluble A by anti-
body 266, a high-affinity capture antibody, can reduce plaque by the peripher-
al sink mechanism. Antibodies against epitopes near the amino (N) terminus
(AB1-5, AB1-10, AP3-5, AB5-11) bind with AB,, and clear amyloid in
vivo.”20 These epitopes are not the same ones associated with the T-cell
response, which are from the mid region or carboxy (C) terminus. This may
allow the development of N-terminus peptide conjugates, which may avoid
the development of encephalitis.” It is also possible to use passive immuniza-
tion with monoclonal antibodies to the same epitopes of AB,, that bind to
plaques and trigger Fc-mediated clearance. IgG2a antibodies have the greatest
affinity for the phagocytic Fc receptors and provide the highest level of clear-
ance. Plaque clearance seems independent of complement activation, as IgG1
antibodies, which cannot fix complement, were as effective as IgG2b, which
can. Complement involvement in plaque clearance is likely to be more
pronounced at higher doses of antibody, which would increase the density of
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AN1792 slowed decline in disability assessment for dementia (DAD).
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antibody bound to plaques. It has been shown that activation of phagocytic
cells through Fc receptors results in production of the anti-inflammatory
cytokine interleukin (IL)-10 and the inhibition of the proinflammatory IL-12.
Antibodies against A may therefore resolve the chronic inflammatory
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response associated with AP plaques by clearing AB and through an anti-
inflammatory cytokine response. This possibility has been tested in a very
small pilot study in 5 patients using passive immunization with intravenous
1gG prepared from plasma pools of donors.?! IgG is used in other chronic neu-
rologic conditions such as chronic inflammatory demyelinating polyneuropa-
thy and it has been shown that human IgG contains antibodies to AB. The
patients in this study had intravenous IgG over 6 months and showed a 30%
reduction in cerebrospinal fluid (CSF) AP and an increase of 233% in serum
AP but no change in AB,, levels in either compartment. There was an associat-
ed increase in cognitive scores. The lack of change in AB,, may suggest no
alteration in plaque density, and the beneficial effects could be related to
altered cytokine production by microglial cells via Fc receptors. Nasal vaccina-
tion with beta-amyloid peptide has also been explored in transgenic mice, as
have oral vaccines, but as yet these have not been tested in humans.??

CONCLUSIONS

Immunotherapy is a fascinating approach to the treatment of AD. Although
the initial Elan/Wyeth studies of AN1792 had to be halted, they provided a
proof-of-concept, with enough encouragement from the outcome measures to
further the research into safer conjugated vaccines and monoclonal antobod-
ies. Elan has a passive immunization program with a monoclonal antibody
already in clinical trials, and results are awaited with interest. The immuniza-
tion approach has concentrated resources on the amyloid cascade as the main
cause of AD. The findings in the postmortem studies of persistent CAA also
favor amyloid as the core problem in the development of dementia. A is nor-
mally eliminated from the brain, along with extracellular fluid, by bulk flow
along the perivascular pathway. Age-related fibrosis of cerebral cortical and
meningeal arteries leads to impaired drainage of AP along the perivascular
pathway and, together with the production of AP by smooth muscle cells and
perivascular cells, is responsible for accumulation of Aff as CAA. Reduced
elimination leads to increased concentration of soluble AP in the extracellular
fluid of the brain parenchyma, and the increased concentration of soluble A}
leads to the formation of insoluble AP plaques.?? The failure of normal clear-
ance mechanisms seems to be fundamental to the accumulation of AB, which
in turn may inhibit the clearance of tau. Should a safe and effective immuniza-
tion strategy be developed it would clearly be most beneficial in the early
stages, where it would have most effect before significant plaque deposition
had already resulted in abnormal axonal regeneration pathology. The increased
loss of brain volume associated with the high antibody titers in the phase 2a
study is of concern, but further animal studies may help to explain whether it
is through loss of amyloid, astrocytes, or some other cause. If amyloid imaging
can be used quantitatively, this may also help in future studies.
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Cholesterol, copper, and statin therapy
in Alzheimer’s disease
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Suhair Stipho-Majeed, Sherry Johnson-Traver, Paul Volodarsky, Chuck
Ziolkowski, Jeff Lochhead, Patrick Browne

INTRODUCTION

Investigation of a possible role for cholesterol in Alzheimer’s disease (AD) was
a solitary endeavor during the late 1980s and most of the 1990s. The initial
data linking AD neuropathology with coronary artery disease (CAD) and
cholesterol among the non-demented met with significant resistance, requir-
ing nearly 4 years for publication.!

These findings prompted studies identifying AD-like amyloid beta (AB)
immunoreactivity in the brains of cholesterol-fed rabbits as the best small
animal model of human CAD.? This resulted in formulation of the hypothesis
that chronically increased circulating cholesterol leads to increased central
cholesterol and accumulations of AB.># In the first study assessing a possible
mechanism, Bodovitz and Klein showed in 1996 that cholesterol caused a shift
of amyloid precursor protein (APP) metabolism from alpha to beta products in
cultured cells.” In the following years, multiple groups reported that dietary
cholesterol increased AP pathology in a variety of mouse models of AD, and
that lowering cholesterol levels reduced AP production. In 1999, the first
double-blind, randomized placebo-controlled clinical trial testing the possible
benefit of a cholesterol-lowering statin (atorvastatin) in the treatment of AD
(Alzheimer’s Disease Cholesterol-Lowering Treatment trial; ADCLT) was
funded, and the initial report of epidemiologic data suggested that prior use of
cholesterol-lowering statins may be associated with a reduced risk of AD later
in life. The ADCLT initiated recruitment in 2000 and, since then, there has
been an explosion in the number of studies investigating the link between
cholesterol and AD. This includes eight epidemiologic studies investigating
statin use and risk of AD, six short-duration randomized or open-label statin
clinical trials in AD patients, and six AD-related clinical trials of statins in
non-demented patients, in addition to 20 review articles on the subject.5-!> A
number of these reviewers suggest that cholesterol and statins have drawn
sufficient attention to warrant clinical trials to test for clinical benefit in
AD! 18 and mild cognitive impairment (MCD).1?

89
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SUB-ANALYSIS OF THE ALZHEIMER’S DISEASE
CHOLESTEROL-LOWERING TRIAL

Primary assessment of the clinical data obtained in the ADCLT was reported
early in 2004.2° We herein provide secondary assessment of data from the
ADCLT (mild-to-moderate AD), report similar data from clinically evaluated
individuals willing to donate their brain after demise (controls, MCI, and AD),
and review the literature in relation to our current findings.

The data presented herein for the AD population are based on biochemical
measures of blood samples and Mini-Mental State Examination (MMSE)
scores obtained at the screening visit for individuals later randomized into the
ADCLT and AD patients participating in the Brain Bank Program. Separate
informed consent was sought and obtained from individuals participating in
the Brain Bank Program at Sun Health Research Institute who obtain yearly
clinical evaluation predicated on donation of their brain at demise. These indi-
viduals were evaluated clinically for cognitive function and establishment of a
diagnosis of AD, MCI, or cognitively normal for attained age. A consensus
diagnosis was required for those individuals deemed to be exhibiting MCI,
employing the criteria of Petersen et al.>!?2 MCl is a stage of cognitive ability
considered a forerunner to dementia.

Blood samples were collected for chemical assessment at the first clinical
evaluation visit. In each individual (Brain Bank and ADCLT) we established
circulating levels of cholesterol (total and HDL (high-density lipoprotein)),
ceruloplasmin (copper chaperone??), and AB. AP levels were measured by
ELISA, as described previously?* for blood samples obtained at the initial clini-
cal visit from Brain Bank subjects and at screen for ADCLT participants (pre-
sented cross-sectional data). Samples were run in multiple assays with a high
assay-to-assay correlation (0.8-0.9). AP levels were measured using a two-step
sandwich immunosorbent assay employing a DELFIA-based platform, as
described previously? for screen and quarterly evaluation in the ADCLT (lon-
gitudinal data). Cross-sectional AP levels are express in fmol/ml and longitudi-
nal A levels are expressed in pg/ml. The correlation between cross-sectional
data for screen values for ADCLT subjects and screen values for ADCLT
participants in the longitudinal data for AR was r* = 0.4 (p<0.01).

The MMSE was administered as a measure of global function to evaluate dis-
ease progression in the ADCLT and the Brain Bank Program.?® Rey’s AVLT
(Auditory Verbal Learning Test) was administered to each Brain Bank Program
participant as part of their routine clinical evaluation of memory
performance.?” Executive function and visiospatial performance were meas-
ured using the Clock Draw Test?® in Brain Bank Program participants. The
capacity to identify differing odors by matching a particular aroma with a pro-
vided list of choices was assessed in Brain Bank Program participants using a
smell identification test.?
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Brain Bank control individuals were stratified according to performance on
the MMSE and the Rey AVLT-A7 (Auditory Verbal Learning Test — delayed
recall). The AVLT-A7 is a sensitive clinical instrument that assesses verbal
memory. These controls were grouped based on their MMSE and the AVLT-A7
scores: high-function control group (MMSE = 30 and AVLT-A7 = 12-15), and
a low-function control group (MMSE = 28-29 and AVLT-A7 = 5-11).%

Based on these clinically defined groupings of controls,?” we discuss cross-
sectional data from 42 controls (two groups), 21 MCI subjects, and 13 sub-
jects with AD from the Brain Bank population. The MMSE, the Rey AVLT, and
the Clock Draw Test were administered to each Brain Bank participant, and
the University of Pittsburgh Smell Identification Test (UPSIT) was adminis-
tered to a subset of these individuals. Screen values of MMSE scores, and
cholesterol, ceruloplasmin, and AP levels are provided from 72 ADCLT indi-
viduals in this cross-sectional evaluation. Assessment of the AVLT-A7, Clock
Draw Test, and UPSIT were not performed in the ADCLT. Data from a total of
148 individuals are presented: 18 high-function controls, 24 low-function con-
trols, 21 MCI, and 85 AD (13 Brain Bank and 72 ADCLT) patients. We also
discuss longitudinal data for the 63 ADCLT patients providing evaluable data
(completing the first of four quarterly visits ).

There was no difference in age or years of education between the control,
MCI, and AD groups (Figure 6.1). Any Brain Bank subject with a diagnosis of
a dementing disorder other than AD or taking a statin medication was exclud-
ed. Prior or ongoing statin use precluded participation in the ADCLT. This is
important, as performance on the MMSE and AVLT instruments is education
sensitive. A significant reduction in performance on the AVLT-A7, but not the
MMSE, was detected in the MCI population (Figure 6.2). A significant reduc-
tion in ability on the MMSE and a further significant deterioration on the
AVLT-A7 was identified among AD patients compared with subjects diagnosed
MCI (see Figure 6.2). Consistent with these observations it was noted, while
following changes in cerebrospinal fluid (CSF) A levels in the transition from
MCI to AD, that MCI patients converting to AD tended to have reduced
delayed verbal recall at baseline.>°

We found in a cross-sectional study of controls, MCI, and AD patients,? that
scores on the Clock Draw Test, measuring executive function and visiospatial
performance, was similar in both control groups, significantly reduced in the
MCI population compared with controls, and not significantly different
between the MCI and AD groups (see Figure 6.2). The AD patients had mild
disease (mean MMSE score of 20), and had they been more severely affected
the difference between MCI and AD may have been more pronounced and
significant.

In these studies,?> we also identified that the ability to discern differences on
the UPSIT was similar for the control and MCI groups, but was significantly
reduced in AD patients (see Figure 6.2). It has been suggested that this is
merely a consequence of memory loss in the disorder, but it is of interest that
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Figure 6.1

Age and education for the study groups. There was no difference in age and edu-
cation in years for the Brain Bank populations of clinically evaluated individuals.
There are two groupings of control: those with MCl and those with AD, including
the age and education of AD patients (at screen) participating in the ADCLT.

this capability is retained among MCI patients showing significant deteriora-
tion in memory assessed by the AVLT-A7.

We also found® that circulating levels of AB, ,  were significantly increased
in the low-function control group compared with high-function controls, and
that they were further significantly increased in MCI compared with low-func-
tion controls. In AD, the levels of AB, ,; were not different from controls, but
were on average significantly lower than levels among individuals with a diag-
nosis of MCI (Figure 6.3). Circulating levels of AB, ,, did not vary significant-
ly between the four groups, but were highest in the MCI group (not shown).
These data for levels of AP are for the most part consistent with previous
reports. As we reported in plasma, one study indicates that decreased CSF
AB,_,, levels occur during the transition from MCI to AD.>* Another study
identified a decrease in CSF AP, _,, in the transition from MCI to AD, but no
change between control and MCI3! A third study suggested there are
increased CSF AB, ,; levels when comparing control with MCI.>* More recent-
ly, a reduction in CSF A, ,, levels in the transition from MCI** to AD (35
mild, 26 severe) has been identified.3>

A study investigating plasma, rather than CSF identified no difference in
AB,_,, or AP, ,, levels between controls, MCI, or AD.** Control individuals
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Mean group performance (= SEM) on the MMSE, AVLT-A7, Clock Draw Test, and
UPSIT (smell identification test). The MMSE and AVLT-A7 were set by definition for
the high- and low-function control groups. No difference on the Clock Draw Test
or UPSIT was observed between the control groups. A significant deterioration on
the MMSE and UPSIT was identified in AD compared with MCl and controls.
Stepwise significant decreased performance on the AVLT-A7 occurred between
control and MCI, and MCl and AD. A significant decreased score on the Clock
Draw Test occurred between controls and MCl and AD, but was similar between
MCl and AD.

were administered the CDR (Clinical Dementia Rating) and Blessed Dementia
Scale, but were not stratified according to performance. A more recent study
determined the plasma levels of only AB, ,, in 88 MCI patients and 72 con-
trols. No difference was seen between the two populations, but, when stratify-
ing by sex, increased plasma A, ,, levels were identified in women with MCI
and not men compared with controls.?> Consistent with these observations,
we found no difference in plasma AB, ,, between the two control groups strat-
ified according to clinical performance, MCI, and AD, although AB1_42 levels
tended to be higher in the MCI group compared with all other groups. We did
not stratify the data according to sex of the participants, as noted above.
Consistent with findings in CSE, we found that there were significant increases
in plasma AP, ,, between high- and low-function controls and again between
low-function controls and individuals with MCI, which decreased to the levels
observed in high-function controls among patients with AD (see Figure 6.3).
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Mean group levels (* SEM) of circulating total cholesterol, ceruloplasmin, and

AB, 40 for Brain Bank control, MCl, and AD subjects, including screen values for AD
patients participating in the ADCLT. Levels of total cholesterol and ceruloplasmin
increased between high-function and low-function controls and remained elevated
in MCl and AD. Levels of AB,_,, increased between high-function and low-function
controls and again between low-function controls and MCI; levels decreased in AD
compared with MCI.

CHOLESTEROL IN ALZHEIMER’S DISEASE

Epidemiologic surveys suggest an association between risk of AD and presence
of atherosclerotic heart disease,>**! as well as a link between a high fat/choles-
terol diet and increased risk of AD.*>~* Cholesterol levels are increased in the
blood of AD patients,***%*" and increased cholesterol has been observed in
the AD brain as a function of ApoE allotype.*°° A half-dozen clinical studies
suggest a link between cholesterol and AD:?%-%% one study reports a three-fold
increased risk of AD with elevated serum cholesterol, even after adjusting for
age and presence of the apolipoprotein E4 allele;>* another study indicates that
it is persistently elevated cholesterol levels in midlife that increases the risk of
AD.?% We have found that circulating total cholesterol levels are significantly
increased in low-function controls compared with high-function controls
(Figure 6.3).%° Total cholesterol levels were similarly elevated in the low-
function control, MCI, and AD populations compared with the high-function
control population (Figure 6.3).%
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Nevertheless, increased cholesterol synthesis in AD brain has not been
reported; in fact, the level of mRNA for the rate-limiting enzyme in cholesterol
synthesis (HMG CoA reductase) is unchanged in AD brain compared with
age-matched controls,”” which suggests a normal capacity to produce choles-
terol and tends to support the premise that increased brain cholesterol
promoting AP synthesis emanates from the blood.

Animal and culture studies

Initial studies in cholesterol-fed New Zealand White rabbits identified promi-
nent neuronal accumulations of A, as well as numerous other neuropatholog-
ic findings similar to features observed in AD brain.’®-%3 Transgenic mouse
models of AD have been shown to accumulate AP earlier or in greater abun-
dance, or both, if administered excess cholesterol in the diet.2*:°%-67 In the
PS/APP mouse model of AD, dietary cholesterol has been shown to increase
brain cholesterol and AP levels.?* Mice with the APP695 Swedish mutation fed
a high cholesterol diet experience increased brain AP, without an increase in
brain cholesterol.®® In the same mouse model, dietary cholesterol has been
shown to increase both cholesterol and AP levels in the brain.®” Likewise,
mice with the APP v717f mutation fed a high fat/cholesterol diet exhibited ele-
vated brain A; this cholesterol-induced effect was more robust in males com-
pared with females,® and was accelerated if apolipoprotein E was present.®

In-vitro studies have demonstrated that cholesterol is capable of shifting the
metabolism of APP to production of amyloidogenic peptides.®®-73 It has gener-
ally been shown that cholesterol increases B-secretase and possibly y-secretase
activity to produce increased intracellular Ap from newly synthesized APP8-7#
The effect of cholesterol on APP metabolism is dose-related and not mediated
via the low-density lipoprotein (LDL)-receptor.%® Galbete et al showed that
cholesterol causes a 60% decrease in APPs and a slight decrease in APP
mRNA."! In contrast, a recent study’” in transgenic mice suggested that a
cholesterol diet enhances brain A burden without a clear increase in brain
cholesterol, and also reported that statins alter brain cholesterol distribution,
indicating the medication may indirectly induce changes in AP, possibly by
BBB (blood-brain barrier) interaction via nitric oxide (NO) and apolipo-
protein E.”

Analogous cell culture studies have demonstrated that inhibition of the rate-
limiting step of cholesterol synthesis with statin drugs reduces the level of AB
produced.®®70.7276.77 In contrast, reducing cholesterol synthesis below a criti-
cal level can induce neuronal death.”® The foregoing, coupled with evidence
that AP can inhibit central cholesterol synthesis, provided the rationale for
choosing atorvastatin (BBB impermeable) to test in the investigator-initiated
ADCLT, and why it might be ill-advised to introduce a statin inhibiting central
cholesterol synthesis in AD patients rampantly producing Af.7°
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Similar to culture studies, the BBB permeable cholesterol-lowering drug
BM15766 administered to transgenic mice (PS1/APP) causes reduced levels of
cholesterol and AP in the brain.8° Similarly, simvastatin (BBB permeable)
administered to guinea pigs maintained on a control diet reduced Af levels
below those occurring naturally.”” Administration of atorvastatin (BBB imper-
meable) to PS1/APP has been shown to reduce AP deposition in brain without
reducing brain cholesterol levels.8! A recent study provides contrasting evi-
dence when testing the effect of the BBB-permeable lovastatin on brain Af} lev-
els in Tg2576 mice.’? This statin reduced circulating cholesterol in both males
and females, but caused an increase in AP in the brains of females but not
males — without altering the levels of full-length APP, sAPPalpha (secreted
APP after o-secretase metabolism), or presenilin 1 (PS1).82 More recently,®
studies tested the effect of lovastatin and pravastatin (BBB-impermeable statin)
on AP and cytokine levels in 3-month-old TgCRND8 mice (mutant human
APP) — after 1 month of treatment, both statins reduced total AB peptides and
increased sAPPalpha, but only lovastatin increased tumor necrosis factor-alpha
(TNFa) and interleukin 1-beta (IL-1B) and enhanced cerebral inflammation.
This suggested that use of a BBB-impermeable statin may be safer in the treat-
ment of AD,® a clear consideration in choosing atorvastatin for testing in the
ADCLT."™

Other mechanisms for how cholesterol may promote AB production and
accumulation and how statin therapy might elicit benefit in the treatment of
AD are proposed. These include lipid-independent pleiotropic effects of
statins.®* One group of authors proposed that altered membrane transbilayer
cholesterol distribution is the primary influence on AP production, rather than
increased total cholesterol.'* A number of investigators suggest that oxysterols
and ester derivatives could mediate the effect of cholesterol’s involvement in
AD, suggesting genotypic differences in 24-hydroxylase, ACAT (acyl CoA:
cholesterol acyltransferase), or ABC-A1 (cholesterol transport complex) as
candidates for investigation.!!85-87

One group showed pravastatin pretreatment of human glioma cells reduced
IL-6 and free radicals produced by AB, ,, as an alternate mechanism by which
statins may be of benefit in AD.8® Another consideration in choosing atorvas-
tatin for testing in the ADCLT was evidence that medication reduced circulat-
ing free radical markers and cholesterol in non-demented individuals, but
atorvastatin produced no difference in circulating superoxide dismutase or
glutathione peroxidase activity compared with placebo in the ADCL.®

Another hypothesis is that herpes simplex virus-1 (HSV-1) and ApoE4 con-
fer increased risk of AD, and statins could reduce the risk by reducing the
spread of HSV-1 via lipid raft domain pathways.® Yet another group suggests
statin therapy could be of benefit in AD by increasing apolipoprotein E levels,
as there is gain of function during regeneration with increased levels of the
lipoprotein.® This is probably not the case, as neither AD statin trial measuring
apolipoprotein E content found increased levels. The study of simvastatin,
lovastatin, and pravastatin identified decreased cholesterol, but no change in
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circulating apolipoprotein E content with each statin.’! In the ADCLT, ator-
vastatin significantly decreased circulating apolipoprotein E levels, starting at
3 months.?> This is consistent with the previous suggestion that statin therapy
may be of benefit as a result of the reductions of apolipoprotein E levels pro-
duced.”?

Statin medications induce modest increases in HDL-cholesterol among non-
demented individuals treated to reduce elevated cholesterol levels. Michikawa
proposed that the mechanism by which statins may produce benefit in AD is
by increasing HDL-cholesterol.!> In contrast to this suggestion, data from the
ADCLT? indicate that, rather than increasing HDL-cholesterol, atorvastatin
initially produces no change and eventually significantly reduces HDL-choles-
terol levels (Figure 6.4).

Most recently, Pedrini et al provided evidence that statins can stimulate the
non-amyloidogenic processing of APP as a result of inhibition of the iso-
prenoid branch of cholesterol synthesis, and that this mechanism involves the
Rho/Rho-kinase pathway,”® suggesting a lipid-independent pleiotropic effect.
These authors also opined that the benefit of statin therapy in AD may be due
to reduced peripheral AP levels produced.” This is a controversial issue, as
there are conflicting clinical evidence. Controlled-release lovastatin reduces
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Figure 6.4

Normalized circulating HDL-cholesterol and ceruloplasmin levels at screen and all
visits for evaluable individuals (n = 63) participating in the ADCLT. The levels of
HDL-cholesterol were decreased in the atorvastatin group compared with placebo
at the 1-year time point only. A trend for a significant reduction in ceruloplasmin
levels occurred in the atorvastatin (Lipitor) group.
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circulating AP levels in non-demented individuals,®* and in a dose-related
manner.”” In contrast, no difference in circulating AB levels were observed
when comparing non-demented individuals taking and not taking a statin.”®
In another study, non-demented subjects received either simvastatin or ator-
vastatin; both statins reduced circulating cholesterol but produced no change
in circulating AB,_,, or AB,_,, levels.”” Likewise, no change in circulating
AB, ,, or AB, ,, levels were produced in non-demented hyperlipidemic
patients administered pravastatin.”®

In AD, reduced AP levels are noted in the CSE, but only in mildly affected
patients treated with 80 mg of simvastatin/day.”® Open-label treatment of AD
patients with simvastatin (20 mg/day) for 12 weeks failed to alter AP levels in
plasma.'% Similarly, no reductions in circulating AP levels, but benefit on
cognitive indices, were produced by atorvastatin in the ADCLT:? in fact,
slight gradual increases in the circulating levels of both AB, , and AB, ,, were
identified (Figure 6.5).

Epidemiologic studies

Since the initial epidemiologic investigation assessing the effect of statin use
on later risk of AD, there have been 8 additional studies — most reporting
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Figure 6.5

Mean plasma AB,_,, and AB,_,, levels at screen and all visits for all evaluable
individuals (n = 63) participating in the ADCLT. Sight gradual increases observed
in the atorvastatin (Lipitor) group compared with placebo were not significant.
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some benefit with cholesterol-lowering therapy. Wolozin et al showed benefit
associated with the use of lovastatin and pravastatin, but not simvastatin or
non-statin therapy.'°! Jick et al showed benefit associated with cholesterol-
lowering therapy, and not specifically with statin use.!%? At this point in time
the Cache County data were assessed for reduced risk of AD associated with
BBB-impermeable vs BBB-permeable statin use compared with non-statin
users. The report of this first wave of assessment that suggested benefit of
statin use, principally associated with those BBB-impermeable medications,
met with clear opposition to publication.

Shortly thereafter, a study indicated that there was a significantly lower like-
lihood of prescribing statins to demented individuals.!?®> The same year, Yaffe
et al reported a modest reduction in the risk of AD associated with statin use
in a study of women,'®* and Rockwood et al'®®> provided evidence of a possible
association between statin use and reduced risk of AD. A second assessment
wave of the Cache County data indicated a less than significant reduction in
the risk of AD with statin use, but suggested more promise among individuals
treated with a BBB-impermeable statin; publication of this data continued to
encounter opposition.

More recently, Zamrini et al reported the results of a nested case-control
study of newly diagnosed AD (n = 309) and non-AD controls (n = 3088),
assessing odds ratios (ORs) between AD and statin use. They identified a 39%
reduced risk of AD in statin users compared with non-statin users (OR 0.61,
95% CI 0.42-0.87).1% A retrospective cohort study of intelligence and cogni-
tion assessed at a young age and again in the 1980s indicated there were detri-
mental effects of neuroactive drugs and polypharmacy, but a significant
beneficial effect with statin use.!?” A very recent epidemiologic study'® identi-
fied no association between statin use and a reduced incidence of probable AD
using a time-dependent proportional hazards statistical assessment model, but
if analyzed as a case-controlled study a false-positive protective effect was
obtained, suggesting that the statistics may have been inappropriate in previ-
ous studies that showed a positive effect. Similarly, the finally published form
of the Cache County data indicated that there was no significant reduction in
the risk of AD with statin use, but allowed for the possibility that some benefit
could be provided with longer-term statin therapy.'®

Clinical trials

While the ADCLT was ongoing, a number of investigators initiated studies
testing a variety of statins for their effect on AB metabolism in both AD
patients?19%100.10.111 and non-demented individuals,’*7 and one study
assessed cognitive performance in non-demented individuals in relation to
statin use and observable changes in MRI scans.!!? Only the Simons et al 2002
study”® and the ADCLT included a sufficient number of participants treated
with a single statin to assess the therapy for any clinically identifiable
beneficial effect on cognition.
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The design of the ADCLT has been detailed previously.>*!13 Briefly, 72 mild-
to-moderately affected AD patients were eligible to be randomized to either
placebo or 80 mg/day of atorvastatin for a 1-year period. Sixty-seven partici-
pants received study medication, but only 63 individuals completed the first
quarterly visit (13 weeks) and provided evaluable data (32 atorvastatin, 31
placebo). We evaluated change in performance on the MMSE,?® ADAS-cog
(Alzheimer’s Disease Assessment Scale — Cognitive),''* NPI (Neuropsychiatric
Inventory),""> CGIC (Clinical Global Impression of Change Scale),!'® ADCS-
ADL (Alzheimer’s Disease Cooperative Study - Activities of Daily
Living),'!'"!18 and the GDS (Geriatric Depression Scale),''® during the trial,
and collected blood to assess change in cholesterol and AP levels produced.
We have reported the initial clinical results of the ADCLT, where atorvastatin
treatment, in the setting of continued cholinesterase inhibitor use, provided
significant benefit on the ADAS-cog at 6 months (p = 0.003) and marginally
significant benefit at 1 year (p = 0.055), while providing a trend for benefit on
the CGIC and NPI and actual improvement on the GDS (p < 0.04) after 1 year
of therapy.8%!!13 The observed benefit on the MMSE produced by atorvastatin
treatment did not reach significance at any time point, and there was no signif-
icant change identified on the ADCS-ADL. As expected atorvastatin treatment
significantly reduced total, LDL, and VLDL (very low density lipoprotein)
cholesterol levels.

As part of the rationale for the ADCLT, a mechanism was suggested that
cholesterol coming from the blood in the wrong form (free) and in the wrong
compartment (extraneuronal) influenced APP metabolism. Cholesterol is pro-
duced in ample quantities within brain cells and packaged for appropriate use
therein (i.e. rafts). After synthesis, APP is transported by vesicle to the mem-
brane for incorporation, such that the eventual extracellular N-terminal end of
APP is protected inside the vesicle and the intracellular C-terminal end of APP
remains in the intracellular milieu. This allows for appropriate orientation of
APP upon ‘docking’ of the vesicle with the membrane. Because -secretase has
been shown to reside inside APP-containing vesicles, coupled with evidence
that excess free cholesterol stagnates vesicle transport, reduced vesicle motility
would promote B cleavage of APP within the vesicle. As noted above, choles-
terol exerts its effect on the metabolism of newly synthesized, perhaps vesicu-
larized APP It is also proposed that excess free cholesterol could inhibit
o-secretase metabolism of APP already inserted into the membrane, thus
acting in the wrong form and in the wrong compartment.

As part of this mechanism it was proposed that cholesterol produced suffi-
cient AP so as to overwhelm clearance pathways, culminating in central accu-
mulation of the toxin. In addition, or alternately, this excess cholesterol could
also exert direct effects on the cerebrovasculature or AP efflux to attenuate
clearance and promote accumulation.

A significant problem arose as we embarked on the statin studies in humans.
The ADCLT was based on data from the cholesterol-fed rabbit model of AD,
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and, as the ADCLT started, we found that dietary cholesterol no longer caused
the accumulation of AP in the rabbit brain. In this same time frame, we finally
became USDA (United States Department of Agriculture) accredited and initi-
ated rabbit studies ‘in house’. As we later discerned, the cholesterol-fed rabbits
not exhibiting accumulations of Af} were being administered distilled drinking
water rather that local tap water as had been routine in past experiments. It
was eventually disclosed that it was copper ion in the tap water that promoted
the accumulation of AB. Cholesterol continued to cause the overproduction of
AP but was cleared to the blood, where levels were increased, among animals
maintained on distilled drinking water.!?? In animals fed dietary cholesterol
and administered distilled drinking water with copper ion added (0.12 ppm),
AP accumulated in the brain, and levels were only slightly increased in the
blood. This clearly suggested that much of the AP in blood was produced in
the brain and that copper ion introduced via the drinking water inhibited A
clearance from the brain.!?%!2! This is consistent with findings in mouse
models of AD, where the equilibrium of AB between brain and blood may vary
with the level of its deposition in the brain.!22123

Significant memory deficits were observed in the cholesterol-fed rabbits on
copper-supplemented distilled water, with central AR accumulations, com-
pared with cholesterol-fed rabbits on unaltered distilled water, where there
were increases of AB in the blood and not the brain.!?! Over 95% of the copper
in human blood is transported by ceruloplasmin.!?* Circulating levels of
ceruloplasmin are positively correlated to levels of copper in the blood.!2>-12¢
Increased levels of ceruloplasmin have been reported in AD brain compared
with controls,'?”'?8 and both copper and ceruloplasmin levels have been
shown to be elevated in the blood of patients with AD compared with con-
trols.'?” This is consistent with our previous studies,?® which showed that cir-
culating ceruloplasmin levels were significantly and comparably increased in
the AD, MCI, and low-function controls compared with the high function
controls (see Figure 6.3). Copper ion has gained attention in AD because it
may play a role in promoting production or toxicity of AB.!130-135

Ceruloplasmin levels did not vary significantly in the placebo group during
the ADCLT (see Figure 6.4). In contrast, circulating ceruloplasmin levels grad-
ually decreased in the atorvastatin group, so that after 1 year of treatment
there was a trend for reduced levels (p = 0.07) compared with levels identified
at baseline (see Figure 6.4). An increase in circulating Af levels rather than a
decrease with atorvastatin treatment was envisioned as a possibility in the
ADCLT. This was based on the circulating ceruloplasmin levels identified in
our cross-sectional studies of Brain Bank subjects (see Figure 6.3), coupled
with our findings in cholesterol-fed rabbits. Slight gradual increases were
observed (see Figure 6.5). Accumulation of AP is presumed to be a result of
overproduction, but reduced clearance of the peptide is a likely contributing
factor. Support for reduced clearance as a reason for central accumulation of
AP comes from recent immunotherapy studies in transgenic mouse models of
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AD, where introduction of A antibodies into the blood, which need not enter
CNS proper, assist in the removal of AB from the brain.!?*13¢ The mechanism
by which atorvastatin treatment produced clinical benefit in AD patients
remains elusive, but reduced influx of cholesterol into the brain, which results
in reduced AP production and enhanced efflux of existing A, tends to be
supported by data obtained in the ADCLT.

In 2002 Simons et al?” reported the results of a randomized, double-blind
placebo-controlled clinical trial of 44 AD patients treated with the BBB-perme-
able simvastatin (80 mg/day) or placebo for 26 weeks. Participants with an
MMSE of 12-26 were recruited and 37 completed the study (20 simvastatin
and 17 placebo). The groups were further stratified for analysis to those with
mild (26-21) or more moderate (20-12) disease. When considering both the
mild and moderate AD groups together, simvastatin treatment produced a sig-
nificant decrease in circulating LDL-cholesterol, and, as noted above, a reduc-
tion in CSF AP, ,, levels occurred among the mild but not the moderately
affected participants. A significant benefit on MMSE performance, but not the
ADAS-cog, was identified in the simvastatin-treated group compared with
placebo at the end of the 26-week trial.

In the ADCLT we showed that at the first quarterly visit (13 weeks) there
was deterioration in the MMSE (decreased score) and the ADAS-cog
(increased score) similar to that seen in the placebo group, but by the second
quarterly visit (26 weeks) there was improvement on the MMSE to the level of
performance at entrance and improvement on the ADAS-cog to a level superi-
or to the performance at trial entrance, whereas the placebo group deteriorat-
ed another point on each instrument.?%8%!13 This is consistent with an
open-label study of 19 AD patients treated with simvastatin (20 mg/day) for
12 weeks, where there was an increase in ADAS-cog score (compared with
baseline).!% Our results are in part consistent with the results of Simons et
al?® for AD patients treated with simvastatin (80 mg/day) or placebo for 26
weeks. In both the ADCLT and Simons et al study the MMSE scores were
almost identical prior to randomization and after 26 weeks of active treatment.
In contrast, the placebo group deteriorated nearly 3 points on the MMSE in
Simons et al’s study, but only 1.5 points in the ADCLT. This resulted in a sig-
nificant difference on the MMSE between the two groups at 26 weeks in the
Simons et al study, but in the ADCLT the magnitude of the difference between
the groups on the MMSE at 26 weeks was not sufficient to be significant. In
contrast to the finding of Simons et al, keeping in mind the ADAS-cog is an
error score, 26 weeks of atorvastatin treatment in the ADCLT produced an
improvement on the ADAS-cog (-1.5 points) compared with baseline, whereas
the placebo group deteriorated (2.5 points) compared with baseline. This pro-
duced a significant difference between the groups on the ADAS-cog (p =
0.003) at 26 weeks in the ADCLT. This was not the case in Simons et al study,
where scores on the ADAS-cog deteriorated 4.1 points in the simvastatin-treat-
ed group and 3.4 points in the placebo group.”® The difference in deterioration
on the MMSE and ADAS-cog for the placebo groups between the ADCLT and
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Simons et al study are somewhat curious in that participants had similar base-
line performances and were of similar age at trial entrance. It will also be
interesting to see if similar differences are observed for simvastatin and ator-
vastatin in the ongoing multicenter AD treatment trials that are independently
testing each medication, the CLASP and LEADe trials, respectively.
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Insulin resistance in Alzheimer’s
disease — a novel therapeutic target

Suzanne Craft, Mark A Reger, and Laura D Baker

INTRODUCTION

The search for risk factors that increase the risk of Alzheimer’s disease (AD)
has converged on a cluster of disorders characterized by vascular, lipid, and
metabolic abnormalities, such as cardiovascular disease, hypertension, and
type 2 diabetes mellitus (T2DM). A common pathophysiology uniting these
diseases is derangement of insulin metabolism, characterized by the inability
of insulin to efficiently promote glucose uptake into muscle (insulin resist-
ance), with concomitant peripheral insulin elevations (hyperinsulinemia).
Although much attention has been paid to the metabolic consequences of
insulin resistance, peripheral hyperinsulinemia has additional deleterious
effects on systems that do not habituate to increased insulin. For example, as
will be discussed, peripheral hyperinsulinemia has effects on inflammation
and brain insulin levels that are of special relevance to the pathogenesis of AD.
There are probably several pathways leading to the final common expression
of AD pathology.! Insulin resistance and peripheral hyperinsulinemia com-
prise one potential pathway, and as such do not apply to all AD patients. It is,
however, a pathway with relevance to a rapidly growing segment of our
population. Peripheral hyperinsulinemia and insulin resistance are mutually
reinforcing (each can cause or exacerbate the other) and may result from a
number of causes, including genetic vulnerability and/or environmental fac-
tors such as diet and inactivity. They are also increasingly common conditions,
in part due to the complexity of insulin signaling pathways, and in part due to
pervasive changes in diet and physical activity occurring at an unprecedented
rate in Western societies. In this chapter, we discuss mechanisms through
which insulin resistance and peripheral hyperinsulinemia may induce AD
pathogenesis, and the manner in which greater understanding of these
mechanisms may lead to the development of novel therapeutic strategies.
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INSULIN ACTION IN THE BRAIN

Until recently, insulin’s actions in the brain were unclear. Although peripheral
insulin readily crosses the blood-brain barrier (BBB) by a saturable, receptor-
mediated process,>™* controversy persists as to whether insulin is synthesized
within the central nervous system (CNS). Nonetheless, insulin is clearly active
in the CNS, and the presence of insulin in the brain has been irrevocably con-
firmed using experimental methods of biochemical assay and mRNA detec-
tion.”™ Insulin receptors are located in the synapses of astrocytes and
neurons,'? and are found in high concentrations in the choroid plexus, olfac-
tory bulb, piriform cortex, amygdala, hippocampus, hypothalamic nucleus,
cerebellum, and cerebral cortex.!1-16

In-vitro and in-vivo studies provide strong evidence for a link between
insulin action and memory. Numerous insulin receptors are found in brain
regions that play a critical role in the formation of new memories including
the hippocampus and medial temporal cortex. Insulin improves passive-avoid-
ance learning following intracerebroventricular administration in rats,'”> and
verbal recall following intravenous infusion (maintaining euglycemia) in
humans.!’~2 Interestingly, memory processes may exert reciprocal effects on
insulin actions as well. Zhao and colleagues reported learning-induced
increases in insulin receptor expression and tyrosine phosphorylation, impli-
cating effects not only on insulin receptor distribution but also on insulin sig-
naling in the hippocampus of rats who received training on a water maze
task.?!

Although normal actions of insulin may be beneficial for memory function,
chronic peripheral hyperinsulinemia and insulin resistance may have a nega-
tive influence. Persistently elevated peripheral insulin levels have deleterious
effects on BBB insulin receptors and, consequently, transport of insulin into
the CNS.2223 In animal and human studies, peripheral insulin abnormalities,
commonly associated with T2DM, are linked to impaired learning in animal
and in human studies.?* Impairments in verbal memory, in particular, have
been noted for adults with chronic hyperinsulinemia without hyperglycemia,?
and for adults with impaired glucose tolerance with concomitant increased
hippocampal atrophy.2® The results of these studies suggest that acute eleva-
tions in insulin play a salutary role in normal memory function, whereas per-
sistent elevations are probably detrimental. Together, these divergent effects of
acute and chronic hyperinsulinemia on memory provide further evidence for a
clear link between insulin action and memory function.

Potential mechanisms underlying this link between insulin and memory
include insulin’s ability to modulate cerebral energy metabolism, critical
neurophysiologic processes, and CNS neurotransmitter levels integral for
cognitive function. Insulin does not appear to have a direct effect on transport
of glucose into the brain, but rather on metabolism of cerebral glucose in
selective brain circuits. In fact, low-dose peripheral insulin administration is
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associated with increased glucose metabolism, as measured by positron emis-
sion tomography (PET) using ['8F]fluorodeoxyglucose (FDG), particularly in
cortical regions. This finding implicates a contributory role of insulin in the
regulation of brain glucose uptake.?” Regional differences in glucose
metabolism may relate to the distribution pattern of insulin-sensitive glucose
transporter isoforms (GLUTs),?®%? such as GLUT 4 and GLUT 8, which each
have distinct kinetic properties to permit precise region-specific metabolic
regulation. In rats, GLUT 4 is expressed in motor areas, hippocampus, pitu-
itary, and hypothalamus.?°-33 GLUT 8 expression has been documented in
hippocampus, hypothalamus, and cerebral cortex.?8 Co-localized distributions
of insulin-containing neurons, insulin receptors, and GLUTs 4 and 82°3? in
these areas suggest a role for insulin in region-specific regulation of glucose
metabolism, particularly in medial temporal lobe structures that support
learning and memory:.

In addition to this glucoregulatory role, insulin affects physiologic processes
at the cellular and molecular levels within the same brain regions that are
essential for new memory formation.>* For example, insulin modulates com-
ponents of the long-term potentiation cascade, affecting processes associated
with neurotransmitter release at presynaptic terminals, as well as activities at
postsynaptic sites involving NMDA (N-methyl-p-aspartate) and GABA (y-
aminobutyrate) receptors.>*3> At the molecular level, insulin activates specific
signaling pathways that are associated with memory formation. Thus, insulin’s
role in CNS function involves a host of mechanisms, extending from region-
specific glucose regulation to actions that impact neurochemical and neuro-
physiologic cellular processes in brain areas known to support memory
function.

INSULIN ABNORMALITIES AND ALZHEIMER’S
DISEASE RISK

Population-based epidemiologic studies link impaired insulin function to
increased risk of developing AD in older adults. Although not undisputed, this
link is supported by studies that clinically evaluated diabetes, hyperinsulin-
emia, and insulin resistance using standard diagnostic procedures such as oral
glucose tolerance testing, as well as neuroimaging techniques to more effec-
tively differentiate AD from vascular dementia. When insulin abnormalities
and AD pathology are carefully characterized in this way, risk of either AD or
vascular dementia is clearly increased for older adults with diabetes and
insulin resistance. This association is supported by two large prospective, pop-
ulation-based cohort studies, the Rotterdam Study>® and the Honolulu-Asia
Aging Study.” Interestingly, Leibson and colleagues®® found that even though
hyperinsulinemia increases risk for dementia overall, it increases risk for AD
to an even greater extent. Mayeaux and colleagues provide additional confir-
mation for this link between diabetes, hyperinsulinemia, and AD risk. In their
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prospective community-based study, memory scores declined faster over time
and the risk of AD doubled among hyperinsulinemic adults, a group that con-
stituted 39% of the total sample of 683 older adults.?® Finally, the results of
other cross-sectional and prospective studies support an association between
increased fasting plasma insulin levels and increased AD prevalence and inci-
dence, as well as evidence to suggest faster memory decline regardless of dia-
betic status. Overall, the implications of these data are that insulin resistance,
independent of diabetes, may increase risk of developing AD.*

INSULIN ABNORMALITIES AND ALZHEIMER’S
DISEASE PATHOLOGY

The manner in which insulin abnormalities may contribute to the symptoms
and pathogenesis of AD have been examined in a variety of experimental mod-
els. Hoyer and colleagues were the first group to suggest that desensitization
of the neuronal insulin receptor plays a role in AD.*! In support of this theory,
they have demonstrated a reduction in insulin receptors and tyrosine kinase
activity markers in AD brain.*?

Animal and in-vitro studies have documented relationships between insulin
and mechanisms with clear pathogenic implications for AD. In vitro, insulin
modulates levels of the amyloid beta (AB) peptide, the aggregation of which is
a fundamental neuropathologic hallmark of AD. For example, insulin pro-
motes release of intracellular AP in neuronal cultures, affecting both its short
(AB40) and long (AP 42) forms and accelerating their trafficking from the Golgi
and trans-Golgi network to the plasma membrane.*> Thus, low brain insulin
may reduce the release of A from intracellular to extracellular compartments.
A growing understanding of the importance of impaired AP clearance, as
opposed to increased AP production in late-onset AD, has created intense
focus on mechanisms regulating AP degradation. Insulin may modulate AP
degradation by regulating expression of insulin-degrading enzyme (IDE), a
metalloprotease that catabolizes insulin.** IDE is highly expressed in brain as
well as in liver, kidney, and muscle,* and may play a critical role in AP clear-
ance in brain.**%047 IDE has also been implicated in the regulation of intra-
cellular degradation of A, as compared with the neutral endopeptidase
neprilysin.*® Several studies have provided evidence that IDE gene polymor-
phisms may be related to hyperinsulinemia, AD, and AP levels. Association of
AD with a locus on chromosome 10 in the region of the IDE gene has been
identified in several, but not all, studies.**>* Furthermore, decreased IDE
activity, levels, and mRNA have been observed in AD brain tissue, and IDE
knockout mice have reduced degradation of AB and insulin in brain.>>-57
Thus, low CNS insulin may reduce IDE levels in brain and thereby impair AP
clearance. Conversely, excessively high insulin levels may act as a competitive
substrate for IDE and inhibit its degradation of Ap.
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Low brain insulin levels in AD may be due in part to chronic peripheral
hyperinsulinemia, which may also interfere with peripheral AP clearance.
Chronic peripheral hyperinsulinemia has been associated with a pattern in
which brain insulin levels are initially higher, then decrease as transport of
insulin into the brain is down-regulated.”® Consistent with this pattern, it has
been shown that genetically obese Zucker rats have reduced insulin binding to
brain capillaries®® and reduced hypothalamic insulin levels®® in comparison
with lean controls. Additionally, in an elegant study in which insulin resist-
ance was induced in dogs through diet, brain uptake of labeled insulin was
reduced and peripheral insulin clearance was inhibited.®! We have document-
ed that patients with AD have lower cerebrospinal fluid (CSF) insulin levels,
higher plasma insulin levels, and reduced CSF-to-plasma insulin ratios com-
pared with healthy controls.®? High plasma insulin levels may interfere with
degradation of AP transported out of the brain, thereby obstructing a peripher-
al AB-clearing ‘sink’. Concomitantly, low brain insulin levels reduce release of
AP from intracellular compartments into extracellular compartments, where
clearance is believed to occur. Thus, for some patients with AD, high peripher-
al insulin levels and low brain insulin levels would result in reduced clearance
of AB both in brain and in the periphery.

Support for the validity of this model is provided by a recent study that
induced insulin resistance in the T2576 mouse model of AD with a high fat
diet. Diet manipulation resulted in a metabolic profile of high peripheral
insulin, and low brain insulin and IDE levels, compared with Tg2576 mice fed
a normal diet.®® Diet-induced insulin resistance caused twofold increases in
AB,, and AB,, in brain, and earlier, larger AP deposits compared with non-
insulin-resistant mice. Furthermore, insulin-resistant mice had impaired learn-
ing on a water maze test. These results are consistent with recent evidence that
insulin regulates IDE and AP through a phosphatidylinositol-3-kinase-depend-
ent signaling mechanism.** Treatment of primary hippocampal neurons with
insulin produced a 25% increase in IDE expression. Together, these results
suggest that insulin resistance can precipitate the neuropathologic and
behavioral features of AD, and that raising brain insulin levels may reduce
neuropathologic changes related to AD.

One mechanism that may affect both insulin and IDE function is excessive
or chronic glucocorticoid elevation. The antagonistic effects of the glucocorti-
coid cortisol on insulin-mediated glucose transport have been well-document-
ed. Hypercortisolemia appears to interfere with intracellular signaling
mechanisms and to reduce the population of insulin receptors capable of
undergoing tyrosine phosphorylation, in addition to reducing expression of
insulin receptor substrate 1 (IRS1).%* Glucocorticoids have been shown to
reduce expression and activity of IDE. Glucocorticoid receptor fragments bind
to IDE and inhibit its insulin-degrading capacity in vitro.®> Glucocorticoid
treatment has also been associated with a reduction in the insulin-degrading
capacity of hepatocytes in culture.%® Furthermore, glucocorticoids can inhibit
the ability of insulin to bind to IDE, a process thought to be essential for
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normal signaling to occur.®” Peripheral administration of the glucocorticoid
dexamethasone reduced insulin transport into CNS in an in-vivo dog model.®®
In a recent study, we showed that inducing hypercortisolemia for 1 year in
aged macaques reduced IDE levels and increased AP, levels in brain® (Figure
7.1). Taken together, these results suggest that hypercortisolemia may interfere
with insulin’s ability to regulate IDE levels in brain, either by decreasing CNS
insulin availability or impeding its signaling efficacy. This possibility has
important implications for models of AD pathogenesis, given that increased
peripheral glucocorticoid levels have been consistently documented for
patients with AD,’*7* in older adults with the apoE-e4 allele,” and in an
animal model of AD.”® In addition, we have shown that IDE protein levels are
reduced in the brains of AD patients with the €4 allele, who are most likely to
have hypercortisolemia® (Figure 7.2).

Another potential mechanism involving insulin that has clear pathogenic
implications for AD involves the hormone’s ability to influence phosphoryla-
tion of tau, the constituent protein in the neurofibrillary lesions associated
with AD, and to promote tau binding to microtubules through its actions on a
downstream target in the insulin signaling pathway, glycogen synthase kinase
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Figure 7.1

Western blots for insulin-degrading enzyme (IDE) (A) and amyloid beta (AB) (B)
protein levels in the inferior frontal cortex. Image displays representative bands
from three different subjects in both the placebo and glucocorticoid-treated
groups. Graphs present the mean IDE (A) and AB,, and AB,, levels (B) = SEM in
primates exposed to 12 months of high-dose glucocorticoid (5.78 mg/kg/day
hydrocortisone acetate) or placebo. Reduced IDE levels in the inferior frontal cortex
are associated with glucocorticoid treatment (*p < 0.05). AB,, was increased and
AB,, levels decreased in the glucocorticoid-treated animals (p < 0.05).
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Quantitative Western blot analysis of hippocampal insulin-degrading enzyme (IDE)
(A) and neuron-specific enolase (NSE) (B) protein expression. Representative
immunoblots contain 100 ng (IDE) or 4 nug (NSE) of protein per lane from three
normal and/or three Alzheimer’s disease (AD) subjects without (e4—) and with
(e4+) the APOE-€4 allele. Graphs represent quantitative differences in expression of
IDE protein in normal and AD subjects (A) and of NSE protein in AD subjects (B)
with and without the €4 allele. Each bar represents the mean = SEM. IDE protein is
reduced in AD patients with an APOE-g4 allele compared to patients without the
€4 allele (***, p=0.0008), to normal adults with the 4 allele (***, p =0.0004),
and to normal adults without the €4 allele (**, p =0.0011). No differences in NSE
levels were observed for the AD groups (p = 0.89).

(GSK)-3.77 GSK-3 phosphorylates tau in vitro’®’” and in non-neuronal cells
transfected with tau.88! The activity of GSK-3 and its isoforms GSK 3ot and f3,
can be down-regulated in response to insulin or insulin-like growth factor-1
(IGF-1) through the activation of the phosphatidylinositol 3-kinase pathway.
Schubert and colleagues®? recently found that neuron-specific insulin receptor
knockout (NIRKO) mice exhibit a complete loss of insulin-mediated activa-
tion of this pathway, significantly reduced Akt and GSK 3f phosphorylation
and, consequently, increased phosphorylation of tau in excess of threefold.
Recent work also implicates insulin receptor substrate 2 (IRS2) proteins in the
pathogenic AD process. Normally, IRS2 protects the aging brain from phos-
phorylated tau accumulation. However, IRS2 knockout mice showed a marked
increase in tau phosphorylation and in tangle production.®3 Other pathogenic
mechanisms involving insulin, listed earlier, include its influence on
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neurotransmitter levels, cerebral glucose metabolism, and cell membrane
physiology, particularly in brain regions supporting learning and memory.
Finally, interactions involving insulin abnormalities and oxidative stress,
inflammation, and impaired neurogenesis®* are likely culprits contributing to
pathogenic processes of AD.

A MODEL OF PERIPHERAL HYPERINSULINEMIA,
INSULIN RESISTANCE, AND ALZHEIMER’S DISEASE
PATHOGENESIS

In the preceding sections, we have reviewed evidence supporting the notion
that high plasma insulin levels and peripheral insulin resistance can affect
CNS insulin levels, cognition, and AB,, in the CNS. From such evidence a
model can be constructed to describe how this metabolic profile contributes to
the pathogenesis of AD.

The first component of our model concerns the effects of chronic peripheral
hyperinsulinemia and insulin resistance on brain insulin levels. Peripheral
hyperinsulinemia and insulin resistance down-regulate brain insulin uptake at
the BBB, resulting in long-term reduction of brain insulin levels.’®-%! This phe-
nomenon has been modeled in vivo in dogs with diet and glucocorticoid-
induced insulin resistance®®® and was also observed in diet-induced
insulin-resistant Tg 2576 mice (G Pasinetti, pers comm). Furthermore, we
presented evidence above that patients with AD have lower CSF insulin levels,
higher plasma insulin levels, and reduced CSF-to-plasma insulin ratios com-
pared with healthy controls.®? Given that insulin promotes the release of intra-
cellular AB,% and regulates expression of IDE levels,** abnormally low brain
insulin levels may result in increased intraneuronal accumulation of AR and
reduced levels of a protease that plays a major role in its clearance. Lowered
brain insulin also has effects that may not be directly related to AP regulation,
such as decreased neurotransmitters and energy availability, increased oxida-
tive stress and tau hyperphosphorylation, and reduced capacity for injury
repair, synaptic remodeling, and neurogenesis.

A second component of our model relates to the effects of peripheral hyper-
insulinemia in AD, which may inhibit the clearance of AB,, from the brain
into the periphery.®® The obstruction of this peripheral ‘sink’ can presumably
occur either by blocking AP transport from brain, or by interfering with AP
clearance in peripheral sites, and as a result may promote excessive brain A,
accumulation. There may be several sites of peripheral AP clearance. For
example, the liver has been proposed as one of the primary clearance sites.8”
Low levels of insulin promote A clearance in a liver cell line under normal
metabolic conditions.®8 Hepatic insulin resistance such as has been associated
with prolonged hyperinsulinemia and glucocorticoid elevations may thus
interfere with this process. Conversely, chronic or extreme insulin elevations
may inhibit peripheral AP clearance, in part because high insulin levels
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compete for the attention of IDE, the protease believed to play a major role in
AP degradation, that is highly expressed in peripheral sites such as liver, kid-
ney, and muscle. Insulin resistance also inhibits IDE activity, further contribut-
ing to decreased AP clearance. Thus, the combined effects of insulin resistance
and hyperinsulinemia in liver and other peripheral sites may reduce AP uptake
and degradation, leading to the high levels of plasma AfB,, documented in
some AD patients.?’ Recent findings suggest that plasma AP levels are elevated
in prodromal and early disease stages. Obstruction of AP clearance through
peripheral channels may ultimately result in excess accumulation in brain.
Direct and indirect support for this possibility has been provided by several
studies,”®”! including an in vivo model in which hyperinsulinemia and insulin
resistance were induced with high fat feeding in the Tg 2576 mouse model of
AD, and were shown to increase brain AP levels.%

To summarize our model, as shown in Figure 7.3, peripheral insulin resist-
ance and hyperinsulinemia lead to a depletion of brain insulin levels. As a
result, intraneuronal AP release is inhibited and IDE levels are lowered,

4 Central nervous system N
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Low IDE
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@ /&\ Muscle
High insulin and
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Figure 7.3

Model of peripheral hyperinsulinemia, insulin resistance, and Alzheimer’s disease
(AD) pathogenesis. IDE, insulin-degrading enzyme; AB, amyloid beta.
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promoting intraneuronal AP accumulation and other negative effects of CNS
insulin depletion. The accumulation of A is compounded by obstruction of
its clearance through the periphery. Peripheral hyperinsulinemia and insulin
resistance reduce AP uptake and clearance in liver and other peripheral sites,
causing a rise in peripheral AP levels. Plasma AP elevations interfere with
clearance from brain to periphery, or enhance AP transport into brain.

IMPLICATIONS FOR TREATMENT

The preceding model suggests that restoring normal peripheral and brain
insulin levels in persons with AD may improve cognition, and modulate Ap.
Any long-term treatment strategy in persons with AD must avoid significantly
increasing insulin in the periphery. We have described two therapeutic options
that fulfill this criterion: treatment with the insulin-sensitizing PPARYy
(peroxisome proliferator-activated receptor gamma) agonist rosiglitazone, and
selective supplementation of CNS insulin with an intranasal administration
technique.

PPARY agonists as insulin-sensitizing, anti-inflammatory
agents

PPARY is a ligand-activated nuclear transcription factor that lowers plasma
insulin and free fatty acid (FFA) levels and improves insulin sensitivity. In the
periphery, PPARY is expressed highly in adipose tissue, where it plays a crucial
role in adipogenesis, triglyceride storage, and regulation of FFA levels.
Individuals with heterozygous loss of function mutations within the PPARYy
ligand-binding domain have insulin resistance, early-onset T2DM, and
dyslipidemia.®? Thiazolidinediones, used clinically to treat T2DM, are potent
synthetic PPARy ligands. Their antidiabetic action is correlated with their
PPARY potency.®? Given the greater expression of PPARY in fat relative to
skeletal muscle, changes in insulin sensitivity may reflect activity in
adipocytes, where PPARY activation:

1. increases fatty acid influx into adipocytes, thereby reducing fatty acid avail-
ability for muscles

2. decreases expression of tumor necrosis factor alpha (TNFo)

3. shifts fat from visceral to subcutaneous depots.®?

Each of these actions can improve insulin sensitivity and reduce inflammation.
Consistent with this notion, the thiazolidinedione rosiglitazone protects rats
against acute inflammatory responses.’* In humans with coronary artery
disease, rosiglitazone reduces markers of endothelial cell activation and levels
of acute-phase reactants such as C-reactive protein and fibrinogen.®>

In brain, PPARY has been detected in neurons and astrocytes,’® where it
influences cell survival, often through anti-inflammatory actions. In rats,
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PPARY agonists reduce inducible nitric oxide synthase (iNOS) expression
and post-glutamate toxicity in cerebellar granule cells,®"*® reduce
lipopolysacharide-induced iNOS and cyclooxygenase-2 (COX-2) expression in
cortical neurons® and glia,'® and reduce microglial activation.!°! As noted,
inflammation is a likely pathogenetic factor in AD. Amyloid plaques are asso-
ciated with activated microglia and neurotoxic proinflammatory products,'®
and A stimulates the secretion of neurotoxic proinflammatory products and
activation of astrocytes. Interestingly, expression of PPARY is increased in the
temporal cortex of AD patients.!?> PPARY agonists inhibit AB-stimulated
monocyte differentiation into macrophages, activation of microglia, and AB-
stimulated expression of cytokine genes and COX-2.!%* Thus, PPARY activa-
tion may interfere with proinflammatory processes observed in AD. PPARY
effects on B-amyloid processing and deposition are more controversial. For
example, it has been reported that proinflammatory cytokines stimulate the
secretion of AP partially by increasing B-secretase activity, and that PPARY acti-
vation inhibits proinflammatory effects on -secretase activity and AP produc-
tion.'%% Other investigators found minimal effects of PPARY activation on
reduction of AP burden associated with nonsteroidal anti-inflammatory
drugs.1%%197 Finally, thiazolidinedione agonists increase glucose metabolism in
astrocytes, although effects may not be mediated by PPARYy activation.!®8 Since
astrocytes provide energy substrates to neurons, increased astrocytic glucose
metabolism may attenuate the effects of hypometabolism associated with AD.
Thus, PPARY agonists are promising therapeutic agents for AD for their
demonstrated effects on insulin sensitivity, inflammation, and cerebral energy
metabolism.

Intranasal pathways to the CNS

Intranasal insulin administration represents a second approach to restoring
normal brain insulin levels in persons with AD. In the upper nasal cavity,
olfactory sensory neurons are directly exposed, whereas their axons extend
through the cribriform plate to the olfactory bulb. Following intranasal
administration, drugs can be directly transported to the CNS, bypassing the
periphery. Several extraneuronal and intraneuronal pathways from the nasal
cavity to the CNS are possible. The extraneuronal pathways appear to rely on
bulk flow transport through perineural channels to the brain or CSE In a
recent autoradiographic study, IGF-1, a peptide closely related to insulin, was
administered intranasally to rats.'® Within 30 minutes, IGF-1 signals traveled
through channels connecting the nasal cavity with the olfactory bulb and ros-
tral brain regions, with robust signals evident in hippocampus and amygdala.
A second pathway was identified in channels associated with the peripheral
trigeminal system that connects the nasal cavity with the brainstem and spinal
cord. In a third extracellular pathway quick access to the CSF is obtained after
absorption into the submucosa along the olfactory nerve and cribriform
plate.'®-!1!1 The CSF drains along the olfactory nerve and approaches the
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submucosa in the roof of the nasal cavity before reaching the nasal lymphatics.
Large-molecular-weight molecules are commonly cleared from the CNS along
this pathway into the deep cervical nodes, which receive afferent lymphatics
from the nasal passages.'!?!!3 These extracellular pathways provide direct
access to the CNS within minutes of intranasal administration.

Additionally, an intraneuronal pathway delivers drugs to the CNS hours or
days later. Anterograde axoplasmic transport within olfactory sensory neurons
has been demonstrated. For example, the lectin conjugate wheat germ agglu-
tinin-horseradish peroxidase (WGA-HRP) delivered intranasally is endocy-
tosed by olfactory neurons and transported to the olfactory bulbs and CNS
within 6 hours in mice. 14117

Intranasal drug administration

Although there is a recent emphasis on the use of these pathways for drug
delivery, their existence has been known for many years. Viruses and microor-
ganisms, 18120 metals, 21122 dyes, 2312 amino acids,'?> and proteins!!7:126:127
have been shown to enter the CNS via nasal routes for decades. There are a
variety of drugs that either cannot permeate the BBB to reach targets in the
CNS, or which penetrate the BBB but can have harmful effects in the periph-
ery. Recent investigations have defined drug characteristics that determine
whether a specific agent can be transported to the CNS via intranasal routes.
Substances with lower molecular weights are more likely to be transported to
the CNS along intranasal pathways. A common approach to determining
whether a specific drug can be transported to the CNS is measurement of the
drug in CSF or brain following intranasal administration, while controlling or
adjusting for drug transport to the periphery. Such research demonstrates that
a significant number of therapeutic compounds are successfully delivered
to the CNS following intranasal administration, including insulin,!!?
neurotrophic factors,!?8 antibiotics,'?” antivirals,'3° adrenergics,'3! antineo-
plastics,!3%133 estrogen and progesterone,'3*13% vasopressin,!*¢ cholecysto-
kinin,!3” corticotropin-releasing hormone,!'® DNA plasmids,’*® and

cocaine.!3.

Intranasal insulin effects in the CNS

Insulin, a peptide with a molecular weight of about 5800 kDa is delivered
directly to the CNS following intranasal administration. Kern and col-
leagues!!® administered 40 1U of insulin intranasally in young, healthy adults.
CSF and blood was sampled every 10-20 minutes for 80 minutes following
administration. Insulin treatment resulted in increased CSF insulin levels
within 10 minutes of administration compared with placebo with peak levels
noted within 30 minutes. CSF insulin levels had not returned to baseline by
the end of the 80-minute study. Blood glucose and insulin levels did not
change, demonstrating that the effects in CSF are not due to transport from
the nasal cavity to systemic circulation. This is consistent with a large litera-
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ture that demonstrates insulin’s poor transport from the nasal cavity into
blood.!* Although elevated CSF insulin levels do not conclusively demon-
strate that brain insulin levels are similarly elevated, animal studies have
shown significant drug uptake to brain regions such as the amygdala.!*!
Functional and cognitive studies of the acute and chronic effects of
intranasal administration also support insulin’s transport to the CNS. Sixty
minutes of intranasal insulin treatment (20 IU every 15 minutes) induced
changes in auditory-evoked brain potentials (AEPs) compared with pla-
cebo.'*? A recent study of the chronic effects of intranasal insulin treatment
reported that 2 months of daily administration (4 X 40 IU/day) significantly
improved verbal memory and enhanced mood in young healthy adults.!** A
second study of the chronic effects of intranasal insulin administration repli-
cated declarative memory facilitation in healthy males, although details of this
study are not published at this time.!** Insulin treatment did not alter plasma
glucose or insulin levels in either study. Additionally, we demonstrated that
intranasal insulin acutely improves verbal memory in persons with AD with-
out affecting plasma insulin or glucose levels'*> (Figure 7.4). These results
also supported differences in insulin response related to presence or absence of
the APOE-¢e4 allele; in prior studies using intravenous insulin administration,
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Figure 7.4

Effects of intranasal insulin treatment on verbal memory. Graph presents the per-
cent change in total word list recall on the Buschke Selective Reminding Task com-
pared with placebo in normal controls and memory-impaired (Ml) subjects with
and without the APOE-€4 allele. Word list recall for Ml subjects without the €4
allele was significantly improved with 40 IU of insulin compared with saline treat-
ment (p=0.0323). Word list recall for Ml subjects with the €4 allele was significant-
ly lower with 40 IU of insulin compared with saline treatment (p = 0.0044). ).
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AD patients without the €4 allele required higher doses of insulin to facilitate
memory than did subjects with an APOE-¢4 allele.”

Increasing insulin levels in the CNS may have direct and indirect effects on
insulin regulation in the periphery. Obesity, a condition closely linked to
insulin resistance and diabetes, may represent an antecedent risk factor for
AD.'® Eight weeks of intranasal insulin administration (4 x 40 1U/day)
decreased body fat and weight.!*” Thus, intranasal insulin administration may
help regulate peripheral insulin levels that are often abnormally high in AD.

This novel approach to delivering insulin to the CNS has also been conduct-
ed with IGF-1. Insulin and IGF-1 are highly homologous, have similar recep-
tor structure, bind to each other’s receptors, and initiate the same signaling
pathways.!*® Liu, Frey, and colleagues have shown that intranasal IGF-1
reduces infarct volume, reduces apoptosis, and improves neurologic function
in rats with middle cerebral artery occlusion.'**-1>! A recent report demon-
strates that intranasal IGF-1 treatment is effective even when delayed for up
to 6 hours after occlusion.!”! Together, these studies reinforce intranasal
approaches to delivering insulin and related peptides to the CNS.

SUMMARY AND FUTURE DIRECTIONS

In this chapter, we have reviewed evidence that CNS insulin levels and activity
are decreased for patients with AD. This decrement occurs in conjunction
with peripheral hyperinsulinemia and insulin resistance. As a result, the nor-
mal activities of insulin in the brain, which influence memory, A regulation,
tau phosphorylation, neurotransmitter availability, and energy metabolism, are
perturbed. Such perturbation may create a neurobiologic environment favor-
ing AD pathogenesis.

This model supports the development of novel therapeutic approaches
focused on augmenting or normalizing insulin levels without concomitantly
raising peripheral insulin, through the use of insulin sensitizing agents such as
the PPARY agonists, or through intranasal insulin administration. Critical
information is needed regarding the safety, feasibility, and potential efficacy of
these novel approaches, which can be obtained in future large-scale clinical
trials.
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Atypical antipsychotics in dementia

Lesley M Blake and Jacobo Mintzer

INTRODUCTION

Alzheimer’s disease is a complex disorder characterized by both cognitive and
behavioral alterations, including symptoms of psychosis such as delusions and
hallucinations.! The prevalence of psychosis in Alzheimer’s disease varies
among studies, but it is generally thought to be between 30 and 60%.%7° The
consequence of the presence of psychotic symptoms in these patients is severe,
causing added stress to the patient, as well as adding to the burden of the dis-
ease for family and caregivers.” Patients with psychosis of Alzheimer’s disease
are also more likely to have disruptive aggressive behaviors, further adding to
caregiver burden,® and decreasing quality of life.

Patients with psychosis of Alzheimer’s disease tend to have more severe cog-
nitive and functional deficits compared to those with Alzheimer’s disease with-
out psychosis who were matched for other clinical characteristics.®!!
Psychotic symptoms have been associated with a more rapid decline in cogni-
tion and function,*!213 and are a predictor of early long-term care place-
ment.'*1> The following is a briel summary of the key issues to be considered
when evaluating and considering treatment for patients suffering from
psychosis of Alzheimer’s disease.

PSYCHOTIC SYMPTOMS IN ALZHEIMER'’S DISEASE

The mechanism leading to psychosis in patients with Alzheimer’s disease is
unknown, but clear differences exist between psychosis of Alzheimer’s disease
and other types of psychotic disorders such as schizophrenia.'® Specifically, the
hallucinations in psychosis of Alzheimer’s disease tend to be visual rather than
auditory, whereas the reverse is true in schizophrenia. Schneiderian first-rank
symptoms (such as voices commenting on a patient’s behavior) are very rare in
Alzheimer’s disease. The delusions experienced by patients with Alzheimer’s
disease are typically paranoid, simple, and non-bizarre compared to those
of schizophrenic patients, which tend to be complex and more bizarre. In
Alzheimer’s disease, psychotic symptoms tend to be more prominent in the
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middle phase of the illness, and may persist for several years.'>!” However,
they may disappear in the more advanced stages of the illness. This could be
related to actual diminution of symptoms or may be related to the fact that
patients with severe dementia may not be able to articulate or act on their
hallucinations and delusions.

The Diagnostic and Statistical Manual of Mental Disorders, 4th edn (DSM-
1V)!8 describes criteria for the diagnoses of the dementing illnesses, and rec-
ommends additional coding if delusions are a prominent feature of the illness,
but does not define criteria as such for this subcategory. Jeste and Finkel!°
proposed criteria to aid in the diagnosis of psychosis of Alzheimer’s disease as
a distinct syndrome. These criteria may apply to the psychotic symptoms asso-
ciated with other dementias, such as vascular dementia or dementia with Lewy
bodies. They also help distinguish the psychotic symptoms of Alzheimer’s dis-
ease from those of other causes, such as delirium or drug-induced psychotic
symptoms in Parkinson’s disease.

Although the mood stabilizers valproate and carbamazepine could be useful
in managing the behavioral symptoms of dementia,?**! antipsychotic medica-
tions are recommended as a first-line treatment for the management of the
behavioral disorders of Alzheimers disease.?> The use of conventional antipsy-
chotics has been limited due to concerns over their side-effect profiles, includ-
ing risk of sedation, hypotension, anticholinergic effects, and both short-term
and long-term extrapyramidal side effects. Concerns about the potential risks
of using these medications in the elderly nursing home population was one of
the factors leading up to the passage of the nursing home reform provisions of
the Omnibus Budget Reconciliation Act of 1987.

The newer antipsychotic agents, combined serotonin (5-hydroxytryptamine,
5-HT) and dopamine agents, appear to have a more benign side-effect profile,
but still need to be used with caution in the elderly cognitively impaired popu-
lation. Elderly patients with dementia are at particular risk for drug-related
adverse events. Physiologic changes of aging affect both the pharmacokinetics
and pharmacodynamics of drugs.?> Changes occur in the absorption, distribu-
tion, metabolism, and elimination of medications, resulting from the physio-
logic changes in gastrointestinal mobility, hepatic blood flow, and renal
function, as well as the changes in the composition of lean and fat body mass.
There also are alterations in neurotransmitters and receptor sensitivity, which
can alter the magnitude of drug effects, and increase the risk of adverse events.

EFFICACY AND SAFETY OF ATYPICAL
ANTIPSYCHOTICS IN DEMENTIA

There are currently six atypical antipsychotic medications which are approved
for use in the United States: clozapine, risperidone, olanzapine, quetiapine,
aripiprazole, and ziprasidone. None of these medications are currently
approved by the Food and Drug Administration (FDA) for use in patients with
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behavioral disorders of dementia, but approval for some drugs in the treat-
ment of psychosis of Alzheimer’s disease could come as soon as early 2005.
The following is a review of the available information on the use of atypical
antipsychotics in dementia.

Clozapine

The prototypical atypical antipsychotic drug is clozapine. Clozapine exhibits a
modest dopamine (D,) receptor blockade, a somewhat greater serotonin
(5-HT,) receptor blockade, and a pronounced cholinergic muscarinic (M)
receptor blockade. It tends to be highly sedating, very anticholinergic, and
potentially cardiotoxic. It can significantly lower the seizure threshold, and
may produce leukopenia,?* requiring close monitoring of complete blood
counts. There are no published placebo-controlled, randomized studies of
clozapine in the treatment of behavioral disturbances of dementia such as psy-
chosis. One small retrospective study which focused on patients with demen-
tia?> found that there was an improvement in irritability and social interest,
and no leukopenia was reported. However, 4 of the 18 patients discontinued
clozapine due to delirium, somnolence, and restlessness. Another study?®
showed improvement in hallucinations and delusions. Clozapine may have a
use for controlling treatment-resistant psychotic symptoms in patients with
dementia, or in those with severe tardive dyskinesia or extrapyramidal
symptoms, but its side-effect profile precludes its use as a first-line drug.

The recommended starting dose of clozapine is 6.25-12.5 mg/day, with
increases of no more than 6.25-12.5 mg once or twice a week. Maintenance
doses should generally be 50-100 mg/day.>”

Risperidone

Risperidone has a higher affinity for 5-HT, than D, receptors, but lacks affinity
for muscarinic receptors. It is the most studied atypical antipsychotic in the
treatment of elderly patients with dementia. The efficacy in the treatment of
psychosis of Alzheimer’s disease has been evaluated in case series, open stud-
ies, and large, multicenter, placebo-controlled studies. Early case studies?®?” of
elderly patients with dementia indicated that risperidone therapy reduced
delusions, aggression, and agitation in these patients, and improved participa-
tion in social activities, without producing severe extrapyramidal symptoms.

Further case series and open-label, retrospective, and pharmacoepidemio-
logic studies also suggested that risperidone is effective for the control of
agitation and aggression in patients with dementia.>*=>> The results of these
studies are summarized in Table 8.1.

The efficacy of risperidone (0.5-2.0 mg/day) in treating psychosis and
aggression in elderly patients with dementia was also studied in 4 large, multi-
center, double-blind, placebo-controlled studies.>*=3° The first, and largest
study, was done in US long-term care facilities.?® A total of 625 patients were
treated with fixed doses of risperidone (0.5, 1.0, or 2.0 mg/day) or placebo for
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Table 8.1 Uncontrolled studies of Risperdal (risperidone) in the
management of behavior disorders of dementia

Study Design n Dose

Brennan et al* Case series 8 1.0-2.0 mg/day

Frenchman and Prince?! Retrospective chart review 60 1.0 mg/day (median)
Frenchman®? Retrospective chart review 65 1.1 mg/day (mean)
Gareri et al*? Open-label trial 13 1.0 or 2.0 mg/day
Goldberg and Goldberg**  Open-label trial 109 0.25 to >1.0 mg/day
Zarate et al®® Retrospective chart review 122 1.6 mg/day (mean)

Outcome

Decrease in agitation according to clinical impression
Improvement in target symptoms in 94% of patients
Improvement in behavioral symptoms in 85% of patients
Significant decrease in NPI at endpoint

Clinical impression of improvement in 81% of patients
Improvement in CGI in 85.2% of patients

NPI, Neuropsychiatric Inventory, CGI, Clinical Global Impression.

12 weeks. At endpoint, the patients who had received 1.0 or 2.0 mg/day of
risperidone had a significantly greater improvement in scores on the
Behavioral Pathology in Alzheimer’s Disease (BEHAVE-AD)* rating scale total
score and the psychosis and aggressive subscales than did those patients on
placebo. Significant improvements were seen on all of the paranoid/delusional
ideation items of the psychosis subscale. Improvement was seen as early as the
second week of treatment. Similar improvement was found in the Cohen-
Mansfield Agitation Inventory (CMAI)*! aggression scores.

The second study was undertaken in Europe and looked at the effects of 12
weeks of active treatment with flexible doses (0.5-4.0 mg/day) of risperidone,
haloperidol, or placebo on aggression and agitation in 344 elderly patients
with dementia.?” The mean dose at endpoint was 1.1 mg/day of risperidone,
and 1.2 mg/day of haloperidol. Reductions in the BEHAVE-AD total score
were significantly greater with risperidone than with placebo at week 12.
Aggression cluster scores for the BEHAVE-AD and CMAI were significantly
lower for the patients on risperidone than those on placebo at endpoint and
week 12. There was also a significantly greater reduction in the BEHAVE-AD
aggression score with risperidone than haloperidol at week 12.

In the third study,®® which was done in Australia and New Zealand, 345 eld-
erly patients with dementia and behavioral disorders, residing in long-term
care, were randomized to receive either a flexible dose of risperidone (mean
dose 0.95 mg/day) or placebo. Outcome measures included the CMAI and the
BEHAVE-AD. There was a significant reduction in the CMAI total aggression
score for the patients receiving risperidone compared with those on placebo. A
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similar improvement was seen in the CMAI non-aggression subscale, and for
the BEHAVE-AD total and psychotic subscale.

A further nursing home study, carried out in the United States, enrolled 473
patients with dementia and behavior disorders.>® The patients were assigned
to either flexible dose risperidone (mean dose 1.03 mg/day) or placebo for an
8-week treatment period. Both groups improved significantly on the BEHAVE-
AD psychotic subscale; however, no statistically significant difference between
risperidone and placebo was observed. In a protocol-specified analysis among
patients with more advanced dementia, Mini-Mental State Examination
(MMSE) 5 to 9, there was a statistical trend for improvement on the BEHAVE-
AD psychosis subscale for risperidone over placebo. The results of these stud-
ies are summarized in Table 8.2.

There also are data indicating that risperidone may be effective in the treat-
ment of other behavioral disturbances of dementia such as alterations in the
sleep—wake cycle. A post-marketing surveillance study*? was done involving
4499 patients with behavioral and psychotic symptoms of dementia. In this
study, the patient’s sleep—wake cycle was rated by their physicians on a 4-point
scale, where 0 denoted no sleep disturbance, and 4 denoted very severe sleep
disturbance. At baseline, the mean score was 2.3, indicating moderate-to-
severe sleep disturbance, and after 8 weeks of treatment with risperidone at a
mean dosage of 1.6 mg/day, the mean score was 1.0. This was a statistically
significant improvement from moderate—severe disturbance to mild distur-
bance. It was suggested that the D, antagonism of risperidone improved
dementia-related disruption of circadian rhythms, and that the 5-HT,, antago-
nism improved sleep structure.

Despite the concerns about the possibility of frequent and severe adverse
events occurring in elderly patients, clinical studies have reported that

Table 8.1 Double-blind placebo-controlled trials of risperidone for
the management of the behavioral disorders of dementia

Study n Design Dose

Katz et al® 625 0.5, 1.0, 2.0 mg/day 12 weeks

DeDeyn et al*’ 344 1.1 mg/day (mean) 12 weeks

Brodaty et al®® 345 0.95 mg/day (mean) 12 weeks

Mintzer et al* 473 1.03 mg/day (mean) 8 weeks

Outcome

Significant improvement in BEHAVE-AD and CMAI compared to placebo

Significant improvement in BEHAVE-AD and CMAI (aggression) compared to placebo
Significant improvement in BEHAVE-AD and CMAI compared to placebo

Significant improvement in BEHAVE-AD (psychosis) in patients on risperidone and
placebo

BEHAVE-AD, Behavioral Pathology in Alzheimer’s Disease; CMAI, Cohen-Mansfield Agitation Inventory.
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313235364344 and was better

risperidone was well tolerated during the trials.
tolerated than conventional antipsychotics.?”-**

Several studies have reported a low rate of extrapyramidal side effects in eld-
erly patients being treated with risperidone.313236:37:43-45 A 1 year open-label
study of 330 patients with dementia who were treated with risperidone (mean
modal dose 0.96 mg/day) showed a cumulative incidence of new-onset tardive
dyskinesia of 2.6%, and a decrease in dyskinesia severity among patients who
had dyskinesia at baseline.* Another study where patients received risperi-
done (mean dose 3.7 mg/day) showed a rate of tardive dyskinesia of 4.3% at
12 months, a rate much lower than the expected rate of 26.0% with conven-
tional antipsychotics.*?

In a double-blind study of patients with dementia, where the patients were
receiving 0.5-2.0 mg/day of risperidone, no cases of tardive dyskinesia were
noted.3® Furthermore, among patients receiving 0.5 and 1.0 mg/day, there were
no differences in extrapyramidal side effect ratings between these patients and
those patients on placebo. Similarly, in a 12-week double-blind study in patients
with dementia,>” the rate of extrapyramidal symptoms (EPS) in the risperidone
group did not differ significantly from that in the placebo group.

In a 12-week open-label trial of risperidone in elderly patients with psychot-
ic disorders** there was a transient increase in the Extrapyramidal Symptom
Rating Scale (ESRS) scores, but this was followed by a decrease in scores, such
that there was a significant decrease in scores from baseline at the endpoint.
Studies comparing risperidone and haloperidol have shown a lower incidence
of tardive dyskinesia at 9 months;* significantly lower ESRS scores at 3
months,?” and a lower incidence of extrapyramidal side effects among elderly
patients treated with risperidone.?!

Risperidone has a low muscarinic receptor-binding affinity,*® and the low
incidence of clinically significant anticholinergic side effects seen with risperi-
done in the elderly is consistent with this.?>=37## Several studies have report-
ed some sedation in elderly patients receiving risperidone,>=3"%0 but the
incidence was low, and it seemed to be a dose-related and time-limited effect.
Sedation has been reported to be associated with a rapid increase in risperi-
done dosing, and may be less of a problem during longer-term therapy.*” One
study (with a mean dose of 2.4 mg/day) reported that 15% of patients had
some somnolence,** and another study, with a mean risperidone dose of
1.1 mg/day, reported that somnolence occurred in 12.2% of patients.?” In the
fixed-dose study,?® patients who received 0.5, 1.0, and 2.0 mg/day of risperi-
done had a reported incidence of somnolence of 10.1%, 16.9%, and 27.9%,
respectively. Finally, a low incidence of sedation (3.3%) was seen among
patients receiving a mean risperidone dose of 1.6 mg/day.>

Falls are common in nursing home residents, and falls associated with med-
ication use are a frequent cause of hospital admission.*® In a post-hoc analysis
of a large double-blind trial of patients with dementia,** there was a significant
reduction in fall rates among patients treated with risperidone 1.0 mg/day
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compared with placebo. In another large double-blind study, the incidence of
falls among patients with dementia who received risperidone was no different
from that of patients receiving placebo.?” Orthostatic hypotension has been
related to falls,>* and is of particular concern in the elderly. In risperidone
studies, orthostasis occurred in fewer than 10% of patients,>=3"** and many
patients were on concomitant antihypertensive medications.>

In some trials conducted in patients with dementia, a higher incidence of
cerebrovascular adverse events (CAEs) was noted to occur with risperidone
than with placebo. There was no relationship between dosage of risperidone
and the incidence of CAEs, but the majority of patients experiencing CAEs
had one or more pre-existing risk factors for cerebrovascular events, including
prior history of stroke, atrial fibrillation, and hypertension.’® A retrospective
cohort study’! evaluated the relative risk of stroke with risperidone use in the
elderly with dementia, compared to olanzapine, haloperidol, benzodiazepines,
and acetylcholinesterase inhibitors. The authors concluded that risperidone
does not pose a greater risk for stroke-related events than treatment with the
other medications. Further information related to this safety issue is antici-
pated as more data become available.

Some adverse events that are of concern in younger patients using antipsy-
chotics do not seem to be as relevant in the elderly. Risperidone has not been
reported to cause significant weight gain in the elderly.”> Although risperidone
may increase prolactin levels, no significant clinical correlation between
prolactin levels and adverse events has been noted.>?

Olanzapine

Olanzapine produces moderate blockade of D,, 5HT,, and M, receptors. Its
half-life is about 30 hours, and it can be dosed once a day, preferably at bed-
time. Its most frequent side effects include sedation, postural hypotension,
anticholinergic reactions, and weight gain. A placebo-controlled, flexible-dose
study in 238 outpatients, which included patients with dementia complicated
by psychosis or agitation, showed no benefit with olanzapine therapy.>?
However, the primary objective of the study was to evaluate the tolerability of
olanzapine relative to dose, and low doses (mean dose 2.7 mg/day) were used.
Olanzapine was subsequently found to show benefit in doses of 5 and 10 mg/
day in a 6-week, double-blind, placebo-controlled study of 206 nursing home
residents with Alzheimer’s disease and behavioral disturbances.’* The study
examined the efficacy and tolerability of fixed doses of olanzapine
(5, 10, or 15 mg/day). The proportion of patients showing a 50% or greater
decline in the Neuropsychiatric Inventory (NPI)°> was significantly more for
patients on 5 and 10 mg/day of olanzapine than for patients on placebo or
15 mg/day of olanzapine. Furthermore, the patients on 5 and 10 mg/day of
olanzapine showed a significant improvement in the sum of the
agitation/aggression, hallucinations, and delusional items of the NPI, com-
pared with placebo.
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Adverse events seen in this study included pain, accidental injury, somno-
lence, and abnormal gait. Somnolence and abnormal gait were the only
adverse events that had a significantly higher incidence in the olanzapine
group than in the placebo group and were dose-related effects. There was a
significantly higher rate of adverse events that could be related to anticholiner-
gic side effects in the 15 mg/day olanzapine group than in the placebo group.
The frequency of EPS was no greater in the olanzapine group than in the
placebo group.

Nineteen patients in this study who were randomized to olanzapine met the
criteria for dementia with Lewy bodies. There was a reduction in psychotic
symptoms in those patients on 5 and 10 mg/day, but not on 15 mg/day of olan-
zapine.”® There was no increase in Parkinsonism noted. In an open trial of
olanzapine in 8 patients diagnosed with dementia with Lewy bodies, doses of
2.5-7.5 mg/day were prescribed. Two patients showed clear improvement, 3
patients had minimal improvement, and 3 patients could not tolerate the drug
due to worsening cognition and extrapyramidal side effects even on the lowest
doses.>”

The suggested initial dose of olanzapine in patients with dementia is
1-5 mg/day (average 2.5 mg/day), with a maintenance dose of 5-15 mg/day.?

Quetiapine

Quetiapine is a dibenzothiazepine derivative with a higher affinity for 5-HT,
receptors than D, receptors. It inhibits histaminic (H,) and o,-adrenergic
receptors but has minimal affinity for muscarinic receptors. It is largely pro-
tein bound and is metabolized by cytochrome 34A to inactive metabolites. Its
half-life is approximately 7 hours, and twice a day dosing is usual.

In an open trial of quetiapine in 151 older patients with psychosis, approxi-
mately half of whom had Alzheimer’s disease, the most common side effects
were dizziness, sedation, postural hypotension, and agitation.’® EPS occurred
in 6% of patients, and included akathisia, tremor, and nuchal rigidity. The
dose range of quetiapine was 25-800 mg/day, with a median dose of 100
mg/day. There was at least a 20% reduction from baseline in total scores on the
Brief Psychiatric Rating Scale (BPRS),* in 52% of all subjects.

Data from a subset of 78 patients diagnosed with Alzheimer’s disease from
this study were retrospectively analyzed. The effect of quetiapine on hostility
in patients with psychosis related to Alzheimer’s disease was evaluated using
the BPRS factor V score (mean of hostility, suspiciousness, uncooperativeness,
excitement), the BPRS hostility item, and a BPRS hostility cluster score (mean
of anxiety, tension, hostility, suspiciousness, uncooperativeness, excitement).
Significant improvement in hostility was seen during the 52 weeks of the
study. The median quetiapine dose was 100 mg/day.®°

A 10-week double-blind placebo-controlled trial compared the efficacy and
safety of quetiapine, haloperidol, and placebo in 284 nursing home residents
with Alzheimer’s dementia. Doses of quetiapine ranged from 25-600 mg/day,
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and of haloperidol from 0.5 to 12 mg/day. No difference was seen on measures
of psychosis across the 3 treatments, whereas both antipsychotics significantly
improved the BPRS agitation factor compared with placebo.®! Patients in the
quetiapine group had statistically significantly better functional status, as
assessed by the Multidimensional Observation Scale for Elderly Subjects
(MOSES), Physical Self-Maintenance Scale (PMS), and BPRS anergia factor,
and fewer extrapyramidal side effects or anticholinergic adverse events com-
pared with the haloperidol group. Clinically relevant adverse events included
somnolence, postural hypotension, dizziness, weight gain, and weight loss in
all groups. Fewer patients in the quetiapine group experienced accidental
injuries than patients treated with haloperidol or placebo. The incidence of
falls was similar between treatment groups.

A further 10-week, fixed-dose, multicenter, double-blind, placebo-controlled
study of quetiapine in 333 nursing home patients with agitation associated
with dementia compared the efficacy and tolerability of quetiapine at the doses
of either 100 or 200 mg/day with placebo.®? Improvement in the Positive and
Negative Syndrome Scale — Excitement Component (PANSS-EC) and Clinical
Global Impression (CGI) was seen in the 200 mg/day group compared with
the placebo group (significant in the observed case analysis; nearly significant
in the last observation carried forward analysis). The incidence of adverse
reactions was similar in all treatment groups, except for somnolence, which
was more common in the quetiapine groups. The ESRS was low, and similar in
all treatment groups.

A post-hoc analysis was performed on data from 260 patients in the above
study who were diagnosed with Alzheimer’s disease.®® Treatment with 200
mg/day of quetiapine resulted in a significantly greater reduction in PANSS-EC
and in CGIC (Clinical Global Impression of Change) scores compared with
placebo (on both the observed cases and last observations carried forward
analyses). The incidence of adverse events was comparable among treatment
groups. No CAEs were reported in any group during treatment. The incidence
rates of postural hypotension and falls were similar among groups, and the
rate of somnolence was low with quetiapine and was not a dose-related effect.

A 5-week open, comparative study of quetiapine (25-125 mg/day) or
haloperidol (0.5-4 mg/day) was undertaken in 28 patients with a diagnosis of
Alzheimer’s disease and behavioral disorders. Both quetiapine and haloperidol
reduced delusions and agitation, as measured by the NPI. Compared to
haloperidol, quetiapine improved depression, anxiety, and aberrant motor
behavior. Actimetry was used to monitor circadian rest—activity cycles.
Patients on quetiapine had quieter, more consolidated sleep.®

A recent double-blind, placebo-controlled, 26-week three-arm study com-
pared quetiapine to the cholinesterase inhibitor rivastigmine or placebo in
patients with Alzheimer’s disease and agitation.®® The target dose of rivastig-
mine was 3-6 mg twice daily and the target dose for quetiapine was 25-50 mg
twice daily. No difference was observed in any of the treatment arms for agita-
tion and neither of the two interventions was superior to placebo. Patients
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who had scores greater than 10 on the Severe Impairment Battery®® were
assessed with this instrument at 6 and 26 weeks. Patients on rivastigmine had
a 3.1 point decline, patients on quetiapine exhibited an 11.3 point decline,
whereas patients on placebo had a 3.3-point improvement (week 26). The
authors concluded that quetiapine may exacerbate cognitive deficits
in patients with Alzheimer’s disease. The expected decline on the Severe
Impairment Battery in 26 weeks in untreated patients is 10-20 points,% within
the range observed in those on quetiapine. Patients on rivastigmine had less
marked decline, as expected for a cholinesterase inhibitor-type cognitive
enhancing agent. The unexpected improvement in the placebo group remains
unexplained. The target dose for quetiapine was probably too low, as demon-
strated in other recent clinical trials. The study is important in demonstrating
that lower doses of quetiapine are insufficient to produce an anti-agitation
response.

The recommended starting dose of quetiapine in elderly patients is between
100 and 200 mg, with the optimal target dose being 200 mg/day.?” According
to one study, quetiapine can be safely titrated up to 200 mg in 8 days, increas-
ing the dose in 25 mg intervals on a daily basis.

Aripiprazole

Aripiprazole is a potent partial agonist at D, dopamine receptors, putatively
acting as a functional antagonist at D, receptors in a hyperdopaminergic envi-
ronment and a functional agonist at D, receptors in a hypodopaminergic envi-
ronment. It is a serotonin antagonist at 5-HT,, and a partial agonist at 5-HT, ,
receptors. It has a moderate affinity for alpha,-adrenergic and histamine (H,)
receptors and no appreciable affinity for cholinergic muscarinic receptors.%”

The efficacy and safety of aripiprazole in patients with Alzheimer’s disease
and psychosis was evaluated through a 10-week placebo-controlled study of
208 outpatients. The patients received placebo or 2-15 mg/day of aripiprazole
on a flexible dosing schedule.

There was a significant difference in the decrease of BPRS core and psychosis
subscale scores in the aripiprazole group compared with the placebo group,
and a non-significant decrease in the NPI psychosis subscale score.
Aripiprazole was well tolerated in general; the most common adverse events
reported were urinary tract infection (8% vs 12% placebo), accidental injury
(8% vs 5%), somnolence (8% vs 1%), bronchitis (6% vs 3%), and extrapyrami-
dal side effects (5% vs 4%).

A second 10-week placebo-controlled trial involved 256 nursing home or
assisted living facility residents. Patients randomized to aripiprazole received
flexible doses of 2—-15 mg/day, with a mean dose at endpoint of 8.6 mg.
Symptoms of psychosis, evaluated by the NPI-NH (Neuropsychiatric
Inventory — Nuring Home Version) psychosis subscale, improved in both the
aripiprazole and placebo groups, but there was no statistically significant
difference between groups. Aripiprazole treatment resulted in significant
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improvement in the total NPI-NH and BPRS scores compared with placebo.
The incidence of adverse events was similar in the two groups, with somno-
lence being the only adverse event showing a greater than 10% difference in
incidence between the two groups. EPS-related events were reported in 4% of
patients on placebo, and 5% on aripiprazole.®®

The starting dose of aripiprazole in the elderly patient with dementia is from
2 to 10 mg/day, with a target dose of up to 30 mg/day.

Ziprasidone

Ziprasidone has a higher affinity for 5-HT, receptors than for D, receptors and
minimal anticholinergic effects.”® There is a greater degree of Qtc prolongation
than with the other newer agents,’! and the drug is contraindicated in persons
with a Qtc interval longer than 500 ms, and in combination with other drugs
that prolong Qtc or inhibit the metabolism of ziprasidone. A case series of 10
patients with behavioral disturbances related to dementia who were treated
with ziprasidone showed marked clinical improvement in their mean NPI
scores.”? There are currently double-blind, placebo-controlled studies under
way that are looking at the efficacy and safety of ziprasidone in patients with
dementia, but none are published as of now.

ATYPICAL ANTIPSYCHOTICS AS A TREATMENT
CLASS OF AGENTS IN DEMENTIA

To date, most researchers and clinicians agree that atypical antipsychotic
agents such as clozapine, risperidone, olanzapine, quetiapine, and aripiprazole
are useful in treating patients with behavioral syndromes of dementia, includ-
ing psychosis and agitation of Alzheimer’s disease. There are no definitive
guidelines to aid the clinicians in the choice of the specific agent to be used.
Most available data show all studied agents to have a modest but reliable bene-
ficial effect. Issues that need to be considered when prescribing such com-
pounds include comorbid medical illnesses, concurrent medications, and past
experience with medications.

Safety of these classes of compounds is an important consideration.
Metabolic abnormalities have been reported with the use of atypical anti-
psychotics. The American Diabetes Association, the American Psychiatric
Association, the American Association of Clinical Endocrinologists, and the
North American Association for the Study of Obesity published a consensus
paper on this issue.”> Using the available evidence, the panel observed that
clozapine and olanzapine, which produce the greatest weight gain, are also
associated with the greatest increase in total cholesterol, low-density lipopro-
tein (LDL) cholesterol, and triglycerides, and with decreased high-density
lipoprotein (HDL) cholesterol. Risperidone and quetiapine appear to have
intermediate effects on lipids, whereas the risk of diabetes is unclear. Some



146 AvrzHEIMER'S DISEASE AND RELATED DISORDERS ANNUAL

studies show a greater risk — others do not. Aripiprazole and ziprasidone have
limited data, but the available clinical trials do not show a greater risk of
obesity, hyperlipidemia, or diabetes. There is very little evidence about the
absolute or relative risk of metabolic effects of these agents in the elderly
patients with dementia.

Concern about CAEs with atypical antipsychotics in patients with dementia
has led to warnings about an increase in adverse events with risperidone, olan-
zapine, and aripiprazole. It is difficult to fully evaluate the risk in this popula-
tion, which already has a high rate of medical comorbidity leading to an
increased vulnerability to CAEs. Thus, it is prudent to prescribe these agents
only when the risks of untreated symptoms and the benefits of medications
outweigh the potential risks of adverse events, including CAEs.

The issue of limited data directly comparing atypical antipsychotics in
patients with dementia has been addressed in a 36-week, National Institute of
Mental Health-sponsored study, comparing risperidone, olanzapine, quetiap-
ine, citalopram, and placebo as treatment for patients with Alzheimer’s disease
with delusions, hallucinations, and/or agitation.”* The early results of this trial
have shown that risperidone, olanzapine, and quetiapine were tolerated and
effective in this population,” and further results which should be available
soon, may help guide the clinician to find the most effective psychotropic treat-
ment for dementia associated with hallucinations, delusions, and agitation.

The diagnostic categorization of the behavioral disturbances of dementia is
an ongoing process. The development of diagnostic criteria for psychosis of
Alzheimer’s disease!? is a step in this direction, and current efforts are under-
way to get FDA approval for atypical antipsychotics for treatment of this con-
dition. Much more research into the long-term benefits and risks of atypical
antipsychotics is needed, but, together with non-pharmacologic approaches
and caregiver support, the atypical antipsychotics play an important role in
the management of behavioral and psychological symptoms associated with
dementia.

CONCLUSION

There is no universally accepted treatment for the different behavioral syn-
dromes commonly seen in patients with dementia. Behavioral interventions
remain the first-line treatment for these patients. Atypical antipsychotics
provide a small, but reliable beneficial effect in the treatment of behavioral
symptoms, especially agitation and psychosis, in Alzheimer’s disease. These
compounds appear to have a relatively benign side-effect profile; however,
there is a risk of extrapyramidal side effects, somnolence, and orthostatic
hypotension, and possibly an increased risk for CAEs. They remain a useful
tool in the management of the patient with behavioral disorders of dementia.
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Treatment of vascular risk factors to
delay Alzheimer’s disease?

Frank-Erik de Leeuw, Raj Kalaria, and Philip Scheltens

INTRODUCTION

The potential link between vascular disease and Alzheimer’s disease (AD) has
gained considerable importance in recent years. There appears good evidence
from epidemiologic studies to suggest that vascular factors, including a history
of hypertension in mid life, high cholesterol, diabetes type 2 and hyperhomo-
cysteinemia, increase the risk of succumbing to cognitive dysfunction and
acquiring AD. Although risk may be reduced by treatment and management of
vascular disease prior to onset of cognitive impairment, there is a lack of
robust support for use of various agents to decrease incidence or impede pro-
gression to AD from the various large trials conducted thus far. The use of
antihypertensives may be the best recommended, although with the caution
that, in AD patients, blood pressure (BP) may already be low.

BACKGROUND

There is an increasing body of evidence that vascular factors such as history of
hypertension, high cholesterol, hyperhomocysteinemia, and diabetes increase
the risk of acquiring AD. There are, however, very few data on the treatment of
vascular risk in AD patients with the purpose of improving cognition or
impeding progression of decline other than preventing new vascular events.
The fact that treatment of vascular risk factors, and especially hypertension,
has a dramatic impact on the incidence of AD (in patients with pre-existent
vascular disease such as isolated systolic hypertension, but without pre-exist-
ing cognitive dysfunction) does not necessarily imply a beneficial effect of this
treatment in patients with pre-existing cognitive dysfunction or even demen-
tia. This chapter addresses this particular topic, based on a review of existing
published information, and provides a short historical introduction to high-
light the fact that vascular factors had been previously considered but were
forgotten for a long period of time until their rediscovery in recent years. We
also summarize findings on treatment effects of BP-lowering drugs, statins,
glucose, and homocysteine-lowering drugs on the course of AD.
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The notion of an association between vascular risk factors and dementia was
mentioned more than 100 years ago. At that time, it was thought most of the
dementias were caused by hardening of the arteries, causing slow strangula-
tion of blood flow to the brain. The term ‘arteriosclerotic dementia’ was intro-
duced. Alois Alzheimer and Emil Kraepelin, who put Alzheimer’s name to a
dementia syndrome in the young patient they described, were also aware that
prevalent dementias in those days (at the beginning of the 20th century) most
frequently occurred in persons over 60-70 years old. It was for this latter rea-
son perhaps, and the neuropathologic similarities between the dementias, that
Alzheimer’s disease came to be applied to both young and older demented
people. Thus, vascular causes of AD were realized in those early days;
however, they are now being reinvestigated because of advances in recognition
of different treatable components of vascular disease and its link with
cognitive function.!

BLOOD PRESSURE

Blood pressure is possibly the risk factor most studied in this context. Given
the association of increased BP levels with ischemic brain lesions, it is likely
that increased BP contributes to the development of more subtle cerebral
processes that result from small vessel disease,>> and lead to cognitive impair-
ment and dementia.* However, the evidence for this is far from clear. In a large
review from over 10 studies, including older normotensive and hypertensive
persons, Seux and Forette® found that in four of these studies there was no
relation between systolic or diastolic BP and cognition or dementia at all and,
in one study, a positive correlation between both systolic and diastolic BP and
cognition was evident. Nevertheless, the majority of the studies showed a clear
negative association between BP and cognition, indicating that higher BP was
associated with lower cognition. These studies also delineate that concurrent
examination of BP and cognition is conceptually wrong, since BP changes in
earlier life, rather than concurrent BP, may reflect the actual brain damage.
This pitfall has been illustrated in a study by Skoog,® and later confirmed by
other researchers.”® In the Gothenburg H-70 study, a longitudinal population-
based study of 70 year olds, repeated measurements on BP were available,
prior to the diagnosis of dementia. It appeared that those who developed
dementia at age 79-85 years old had a higher BP at age 70 years old compared
with those who did not. But, even more remarkable, was their finding of
decreased BP in the years preceding onset of AD. This was even more evident
in those AD patients with white matter lesions, as seen on computed tomogra-
phy (CT). Therefore, concurrent scrutiny of BP and cognition may obscure
true associations, especially if the process of cognitive decline has already
begun.

A more appropriate approach could be to investigate the relationship
between BP and cognition longitudinally, in which BP is measured years before
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the cognitive assessments. Such an approach was implemented in the
Framingham Study, with its decades of follow-up on people not treated for BP?
The study confirmed that those with the highest level of BP at baseline had the
lowest cognitive scores. A similar approach, with an even longer duration of
follow-up of 25 years, was within the framework of the Honolulu-Asia Aging
Study (HAAS).'® Among over 3700 men followed since 1965, the relative risk
(RR) for dementia was 3.8 (95% confidence interval (CI) 1.6-8.7) for those
with a diastolic BP of 90-94 mmHg at baseline, and 4.3 (95% CI 1.7-10.8) for
those with a diastolic BP of 295 mmHg compared with those with a diastolic
BP of 80-89 mmHg at baseline. Compared with those with a systolic BP of
110-139 mmHg at baseline, the risk for dementia was 4.8 (95% CI 2.0-11.0)
in those with systolic BP 2160 mmHg at baseline. This relationship was most
apparent in those patients who were never treated with BP-lowering drugs. A
similar relationship was found in both a Swedish and French study, both with
about 20 years of follow-up.!'!!?

Thus, the evidence from several large population-based prospective studies
with a long-term follow-up of more than 15 years suggests that BP levels
measured in mid life (usually 10-25 years before the onset of dementia) are
related to significantly increased risk for AD. Although spurious associations
are plausible in these cross-sectional studies on BP and cognition and demen-
tia, these prospective longitudinal studies seem to be unequivocal.

BP-lowering drugs and AD: prospective population-based
studies

In the large study (although not a randomized clinical trial) of the
Kungsholmen Project, about 1300 non-demented persons at baseline were fol-
lowed for an average period of 3 years.! It was shown that in the subpopula-
tion treated for hypertension with diuretics, incidence of AD was significantly
reduced compared with hypertensives who had no treatment (RR = 0.6, 95%
CI 0.3-1.2). In the Rotterdam Study, in which over 7000 individuals were
followed to record incidence of dementia, treatment of BP (irrespective
of the type) was related to a non-significant reduction in the incidence of AD
(RR =0.9,95% CI 0.6-1.4).14

The limitations of these studies were that information on drug use was not
available throughout the entire study period, the duration of treatment was
unknown, and, more importantly, confounding-by-indication may have played
an important role: e.g. due to the possibility that users of BP-lowering agents
were in better health compared with non-users (and as such this may have led
to a reduced incidence of AD among users). The overall results, however, seem
to be encouraging in suggesting that some treatment of hypertension impedes
progression of cognitive decline. Needless to say, these findings should be
confirmed in properly designed double-blind randomized clinical trials.
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BP-lowering drugs and AD: double-blind randomized
clinical trials

To date, at least four major randomized, placebo-controlled hypertension trials
have included substudies focusing on the course of cognition during treatment
and incidence of dementia. The first trial was the Systolic Hypertension in the
Elderly Program (SHEP),'> in which about 2000 patients aged =60 years old
with isolated hypertension (systolic BP 2160 mmHg and diastolic BP
<90 mmHg) were enrolled for placebo or active chlorthalidone treatment. All
participants underwent extensive neuropsychologic testing. The outcome was
disappointing; neither the evolution of cognitive function nor the incidence of
dementia was significantly different between the active and placebo groups. In
contrast, in the Syst-Eur placebo controlled randomized trial,'® in patients
with isolated systolic hypertension treated with the calcium antagonist
nitrendipine, a reduction of 7 mmHg in systolic and 3.2 mmHg in diastolic BP
over 3.9 years significantly reduced the incidence of AD by 50%. The absolute
risk reduction was 3 cases per 100 patient-years. A 2-year open-label exten-
sion of the trial showed similar results, with a 55% reduction in dementia inci-
dence for those receiving long-term therapy (p < 0.001).'7 This is the only trial
in which a significant decrease in the incidence of AD was apparent.

The PROGRESS study was a randomized, double-blind trial among 6105
people with a prior history of cerebrovascular events.'® Participants were
assigned to active treatment, which comprised perindopril for all participants
and indapamide for those with neither an indication for nor a contraindication
to a diuretic or matching placebo(s). Results from that study demonstrated a
reduction, over 3.9 years of follow-up, in risk of dementia from 7.1 to 6.3%
(non-significant) and in cognitive decline from 11 to 9.1%. It is possible that
the benefit was due to the prevention of recurrent stroke.

In the SCOPE study, candesartan-based antihypertensive treatment (an
angiotensin receptor Il antagonist) in elderly patients with mild to moderately
elevated BP conferred a reduction in cardiovascular events, cognitive decline,
and dementia.'® This was a prospective, double-blind, randomized trial of
almost 5000 patients aged 70-89 years old, with systolic BP 160-179 mmHg,
and/or diastolic BP 90-99 mmHg, and a Mini-Mental State Examination
(MMSE) test score >24. However, this study had a special design, such that, in
patients who needed BP-lowering drugs, these could be added, despite not
being assigned to the active treatment group. As a consequence, active antihy-
pertensive therapy was also extensively used in the control group (84%) and
the BP difference between cases and controls was only 3.2/1.6 mmHg, and
there was no demonstrable effect on cognition over a mean of 3.7 years.
Because of this atypical design, both the active and placebo groups exhibited
decreases in BP of about 20/10 mmHg: thus, both groups were, in effect,
treatment groups.
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What can be recommended to the patients?

No single trial provides exact answers to the questions of whether or not to
treat an AD patient with BP-lowering agents (with respect to cognition) and to
which level BP should be lowered. Available information points towards a
preventive effect for AD of BP-lowering drugs. However, this concerns only
patients without dementia, and may not apply to the patients with dementia
we see daily. Another complicating factor is that all studies that have investi-
gated cognition with respect to BP-lowering treatment comprised patients
with symptomatic (cardio)vascular diseases. In other words, do we recognize
patients with AD in these studies? For the moment, this seems not to be the
case. Extrapolating findings from the earlier-mentioned studies suggests that
treating BP may prevent progression of cognitive decline in patients with AD.
It may be wise to use this type of treatment only for those who are at the
beginning of the disease and are able to live relatively independently.
Obviously, caution should be taken in those patients who are already at a more
severe stage of the disease. It is reasonable to assume that use of BP-lowering
agents in patients that already experience a decrease in BP during the end
stage of the disease will harm the brain by inducing further hypoperfusion.

CHOLESTEROL

High cholesterol is an established risk factor for cardiovascular disease; much
less is clear with respect to cerebrovascular disease. However, there are some
indications from prospective studies that a history of high cholesterol may
play a role in the etiology of AD. In the aforementioned HAAS, cholesterol
levels were measured in late life and mid life (approximately 20 years before
late life).2° After adjusting for possible confounding factors, a strong linear
association was found for increasing late-life HDL (high-density lipoprotein)
cholesterol levels and an increasing number of neocortical neuritic plaques,
analyzed at autopsy (5th vs 1st quintile: count ratio = 2.30, 95% CI
1.05-5.06). Trends were similar for the mid-life HDL cholesterol levels.
Additional circumstantial evidence comes from a large pharmacoepidemiolog-
ic case-control study that found a reduced risk in the incidence of dementia in
not-otherwise-specified statin users.?! Other researchers have failed to
replicate these findings.?? These findings suggest the role for cholesterol in the
etiology of AD is equivocal, but the definitive answer must come from
prospective trials.

Cholesterol-lowering drugs and AD: trial

The most convincing proof for a role of cholesterol in the etiology of AD
would be a reduction of the incidence of dementia in the active treated group
of a double-blind clinical trial. In the PROSPER study, about 6000 individuals
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aged 70-82 years old were followed for a mean period of 3.2 years; half of
them were randomized to receive pravastatin.??> Cognitive function declined at
the same rate in both treatment groups. For example, there were no significant
differences between the two groups in the difference between the last on-treat-
ment and the second baseline value for the MMSE score (difference = 0.06,
95% CI-0.04 to 0.16, p = 0.26). It remains uncertain why cholesterol lowering
appears successful in the primary and secondary prevention of vascular events
and why cognitive status remains largely unaffected. One possibility could
be due to the trial design. Several cognitive rating scales were used here but a
complete dementia work-up was not carried out. Recently, a small random-
ized, placebo-controlled, double-blind trial provided evidence on the effects of
the daily administration of 80 mg simvastatin in 44 normocholesterolemic
patients with AD. The authors found that decreases in MMSE scores were sig-
nificantly retarded over time in the treated group compared with the control
group.?* Thus, it was suggested for the first time that treatment with a statin
reduces the deterioration of cognitive function; however, the underlying
mechanisms remain to be elucidated.

What can be recommended to the patients?

There is no clear evidence of any beneficial effect on cognition of cholesterol-
lowering drugs such as the statins. This was also the conclusion of the
Cochrane collaborators in a large meta-analysis of available data on this
topic.?> While further studies are being pursued, statins should currently be
given only for the prevention of new vascular events. Results from studies in
the elderly suggest that there is no lower threshold for cholesterol levels to be
treated with the purpose of reducing vascular risk.

DIABETES MELLITUS

Diabetes is a major risk factor for stroke, which is only partially mediated
through hypertension. There is conflicting evidence concerning the effect of
diabetes on cognitive function. In the Third National Health and Nutrition
Examination Survey (NHANES III), there was no apparent association
between diabetes and cognitive function. However these patients were
between 30 and 60 years of age;° in the elderly, diabetes has been associated
with cognitive impairment. In two large epidemiologic studies — one involving
the Mayo Clinic cohort and the other the Rotterdam Study — diabetes was
associated with an increased risk for incident AD.?"-*® In an analysis of over
6000 elderly persons, there was a positive association between diabetes
and dementia (odds ratio (OR) = 1.3, 95% CI 1.0-1.9). Furthermore, strong
associations were found between dementia and diabetes treated with insulin
(OR=3.2,95% CI 1.4-7.5).
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Glucose-lowering drugs and AD: trial

As for the other vascular risk factors, the definitive answer for the involvement
of diabetes in the pathophysiology of AD should come from prospective trials.
To date, no such trials, which also include extensive neuropsychologic testing,
have been done, but there is one that has just recently been launched, known
as the ADVANCE study.?” In this trial, BP lowering was combined with inten-
sive glucose lowering. Glucose lowering in these patients was also shown to
reduce microvascular disease. The secondary outcomes include dementia.

What can be recommended to the patients?

Although diabetes is an obvious risk factor for vascular disease and AD,
surprisingly little is known on the treatment of diabetes with respect to the
development of AD. It appears trials on this topic have not previously
been executed. Strict glucose control targeting a glycated hemoglobin A, . con-
centration of 7.0% seems fair for a patient at the early stages of AD, mainly for
the prevention of diabetic complications.

HOMOCYSTEINE

Perhaps, unsurprisingly, the link between homocysteine and cognition is tenu-
ous at best. A few studies have reported an inverse association between plasma
total homocysteine concentrations and simultaneously assessed cognitive
function,?°-3? whereas another study showed that plasma homocysteine was
not related to cognitive decline.?? In addition, it is unclear whether actual
homocysteine levels reflect lifetime homocysteine exposure, since plasma
homocysteine levels in subjects with cognitive impairment or dementia may
be elevated due to poor nutrition and vitamin deficiencies. To overcome this
problem, the relationship between plasma total homocysteine level and
incident dementia was investigated in the Framingham Study.>* The results
showed that increase in 1 SD homocysteine value (at baseline) was associated
with an RR for the development of AD of 1.4 (95% CI 1.1-1.9).
Hyperhomocysteinemia (plasma homocysteine, >14 pmol/L) was associated
with an almost doubled risk for AD (RR =1.9, 95% CI 1.2-3.0). The risk of
AD attributable to a plasma homocysteine level in the highest age-specific
quartile was estimated at 16%.

Homocysteine-lowering drugs and AD: trial

Fortunately, homocysteine can be lowered rather easily by supplementing
diets with folic acid. A common practice in the United States since 1998 is the
supplementation with folic acid of grain products. Indeed, previous studies in
persons not diagnosed with AD suggest that high-dose vitamin supplementa-
tion can reduce plasma levels of homocysteine by 25%, but this does not cor-
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respond to an attendant increase in cognition. In preparation for a large multi-
center trial to determine whether homocysteine reduction slows progression in
persons with AD, a feasibility study was conducted to determine the impact of
high-dose vitamin supplementation on fasting and post-methionine-loading
homocysteine in US subjects with AD.?> This was done in the presence of folic
acid fortification of grain products. The question was also asked whether high-
dose supplements reduced homocysteine levels in users of daily multivitamins.
Among 69 subjects, the high-dose vitamin regimen was associated with a
significant reduction in fasting and post-methionine-loading homocysteine.
Reductions were greater in the subgroup not using multivitamins, but were
also significant in the multivitamin users. Unfortunately, measures of cognitive
status were not incorporated in this study:.

To date, there is only one preliminary report on the effect of folic acid
supplementation on cognition among dementia patients.*® A small placebo-
controlled trial on the effects of folic acid 10 mg/day vs placebo in 11 patients
(although only 7 completed the study) with dementia and low-normal folic
acid levels was conducted. The magnitude of change between baseline and
second testing was not statistically significant between the two groups,
although the treated group did worse. Larger studies are necessary before
empirically administering folic acid to patients already suffering from
dementia.

What can be recommended to the patients?

Again, firm recommendations cannot be made for folic acid supplementation
(with or without vitamin B, or B ,) in treating cognitive decline in patients
with existing mild-to-moderate AD. Despite the promising results from the
prospective studies, results from the single small trial are disappointing.
Notwithstanding methodologic flaws in these studies, it is plausible that inter-
vention in an already ongoing disease is something completely different than
performing follow-up studies in which the relationship between the plasma
level of a certain risk factor and an outcome is investigated.

SUMMARY

1. High BP and cholesterol levels should be treated in those mild-to-moder-
ately affected AD patients in whom the treating physician finds it useful to
prevent cardiovascular events. The levels at which treatment should be
started are not defined in this setting, but it seems reasonable to keep in
line with general recommendations in order to prevent cardiovascular
symptoms (systolic BP 2140 mmHg and/or diastolic BP 290 mmHg; total
cholesterol 25.0 mmol/L (or LDL (low-density lipoprotein)-cholesterol
23.2 mmol/L)). Presumably, cognitive decline is inhibited by BP-lowering
agents and statins, in mild-to-moderately affected AD, but there
is only limited evidence. To date, too little is known as to which class of
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BP-lowering drugs should be used and to which level BP can be safely
reduced in elderly demented patients. Treating hypertension seems more
important than the choice of agent. For cholesterol, there are currently no
such indications.

2. Diabetes should be treated, targeting a glycated hemoglobin A, . concentra-
tion of 7.0-8% in patients with AD in order to prevent disabling diabetic
complications. There is no evidence of any beneficial effect on cognition of
strict glucose control in patients with AD.

3. Treatment of homocysteine with 5-10 mg folic acid (with or without vita-
mins B, and B,,) can effectively reduce homocysteine levels in AD patients.
To date, the effects on cognition are under scrutiny. One should never
begin treating without knowledge of the patient’s vitamin B, levels.
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Cognitive dysfunction in multiple
sclerosis

Julie A Bobholz and Angela Gleason

Our understanding of cognitive dysfunction in multiple sclerosis (MS) has
advanced significantly during the past few decades. Studies have suggested
that nearly half of all patients with this disease will experience cognitive
decline, making cognitive dysfunction one of the most common symptoms of
MS. This chapter will provide an overview of recent developments in under-
standing:

1. the characteristics of cognitive dysfunction, including pattern and course
2. the impact cognitive dysfunction has on daily living

3. mneurobehavioral and neuroimaging correlates of cognitive deficits

4. recently examined treatment options.

CHARACTERISTICS OF COGNITIVE DYSFUNCTION
IN MULTIPLE SCLEROSIS

Estimates of the prevalence of cognitive dysfunction in MS vary significantly
across studies,' although well-designed neuropsychologic studies in MS have
shown prevalence rates as high as 65%.! Although the development of MS-
related cognitive decline can occur anytime throughout the course of MS,
some researchers have found signs of decline relatively early in the disease. In
a recent investigation of patients diagnosed with probable MS (n = 67), 54% of
the sample showed evidence for discrete cognitive impairment on one or two
neuropsychologic tests, with impairment defined as performance one standard
deviation (1 SD) below the normative mean.* Lyon-Caen and colleagues’ sug-
gested that as many as 85% of patients with clinically definite multiple sclero-
sis of less than 2 years’ duration have some degree of cognitive impairment.

Pattern of cognitive deficits

Significant heterogeneity in cognitive dysfunction can be seen across patients
with MS, yet cross-sectional and longitudinal studies have consistently
identified deficits in areas of recent memory, working memory, information-

165
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processing speed, executive functions, verbal abstraction, and visuospatial per-
ception.!>%-8 This chapter reviews most recent developments in this area of
MS research.

Memory decline is one of the most frequently reported cognitive changes in
MS, affecting approximately 40-60% of individuals with MS.” In general,
explicit memory tends to be most affected with relatively spared semantic
memory, autobiographical memory (for personal semantic information), and
implicit memory. There has been debate in the literature regarding the extent
to which deficits in encoding or retrieval operations account for the memory
disturbance. In studies controlling for initial learning by requiring all subjects
to reach a certain criterion for performance on learning trials, patients with
MS generally show similar levels of delayed recall, although they require more
learning trials to initially reach criterion.!%!2 In a recent study, Thornton and
colleagues!?® used an encoding specificity paradigm to systematically study the
encoding and retrieval aspects of memory in MS. Results suggested that MS
patients were able to recall words that had associations within a pre-existing
semantic network (e.g. target word queen presented with retrieval cue king),
but were less able to recall words that required new associations during encod-
ing (target word cold presented with retrieval cue ground). The authors suggest
that memory deficits in MS may be related to deficits in binding of contextual
information during the encoding phase of learning. The deficit in initial acqui-
sition has also been proposed to be related to information-processing deficits,
as well as difficulties with efficiently encoding information,!*!> rather than
repetition of information per se.'® Arnett!” found that fewer patients with MS
scored in the impaired range on a measure of story memory when the stories
were presented at a slower rate.

In addition to impaired explicit memory, deficits in recall of autobiographi-
cal episodic information have also been demonstrated, with an estimated 60%
of patients with advanced MS (average time since diagnosis of 21.4 years)
showing a temporal gradient of greater memory impairment for recent
events.!8

Impaired attention and processing speed has been reported in several studies
examining cognitive dysfunction in MS.11%722 In addition, studies have
demonstrated deficits on measures of executive functions, including abstract
reasoning and concept formation skills.?>~2

In a well-designed, long-term, and controlled natural history study, Amato
and colleagues® compared 45 MS and 65 matched control subjects on a battery
of neuropsychologic measures over a 10-year interval. At the baseline exami-
nation, the MS sample showed deficits on tasks of verbal memory, abstract rea-
soning, and linguistic processes. At the end of the 10-year interval, additional
deficits were seen on tasks of attention and short-term spatial memory. The
prevalence of cognitive dysfunction increased from 26 to 56% over the 10-year
retest interval.
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IMPACT OF COGNITIVE DYSFUNCTION ON DAILY
LIVING

Research has suggested that cognitive dysfunction can have a devastating
impact on patients’ ability to maintain employment, independent living skills,
and social relationships. In the Amato longitudinal study described above, 17
of the 25 MS patients who were mild or moderately impaired on cognitive
examination had to modify or discontinue their work activity. Furthermore, 18
of the cognitively impaired subjects showed severe limits in social interactions
and required assistance in their personal lives. In contrast, only 2 members of
the cognitively intact group showed similar limitations.®

Employment

Unemployment is high in MS, with some estimates as high as 70-80% of
patients are unemployed 5 years following initial diagnosis.?®*” Considering
an estimated 60% of people are employed when diagnosed with MS, only
20-30% are working 10-15 years later. Yet, other studies have found that near-
ly half of the unemployed people with MS wish to return to work. The self-
reported reasons for unemployment include factors such as impact of fatigue,
stress in the workplace, and cognitive changes.?® In fact, individuals with
cognitive impairment are more likely to have problems with employment
compared to those without cognitive dysfunction.?3® With this data in mind,
accommodations in the workplace and adjustments in responsibilities will
increase the chance that MS patients continue working, and some employers
are already making these adjustments.>!

Driving

Several recent investigations have raised concern about driving safety in
patients with MS. Shawaryn and colleagues? found that performance on a
speeded, complex measure of working memory (Paced Auditory Serial
Addition Test; PASAT) was significantly correlated with overall performances
on a variety of computerized instruments designed to assess driving skill.
Similarly, another investigation found that accident rates on a driving simula-
tor test were significantly correlated with PASAT performance but not with
physical functioning in a sample of 31 patients with relapsing-remitting MS.3>
A recent review of archival records from the Department of Motor Vehicles
over the past 5 consecutive years found that patients with MS who demon-
strated cognitive impairment on neuropsychologic measures had a higher inci-
dence of motor vehicle accidents (54%) when compared with MS patients
without cognitive impairment (7%) and control subjects (6%).3* Although this
study involved a relatively small sample of patients (13 MS patients with
cognitive impairment, 14 MS patients without cognitive impairment, and 17
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healthy controls), it highlights the potential increased safety risk in cognitively
impaired drivers with MS.

Quality of life

Efforts to quantify the impact MS has on daily living and quality of life have
included the development of inventories such as the Health-Related Quality of
Life, Multiple Sclerosis Quality of Life, Functional Assessment of Multiple
Sclerosis, and the MS Quality of Life-54. Studies have shown that decreased
quality of life is associated with increased disease burden on the MS
Functional Composite,>® magnetic resonance (MR) brain lesions and
atrophy,*® and on measures of cognitive and emotional functions.>”38

CORRELATES WITH COGNITIVE DYSFUNCTION IN
MULTIPLE SCLEROSIS

Disease variables and gender

Disease variables such as disease duration and level of physical disability have
been inconsistently associated with cognitive dysfunction in MS.3%-*> Most
studies showing lack of correlation with disease variables have used cross-
sectional research designs. In contrast, Amato and colleagues found that, after
a 10-year study interval, extent of cognitive impairment was associated with
degree of physical disability, progressive disease course, and increased age.
Researchers have recognized that patients with secondary progressive dis-
ease show greater cognitive impairment on average than patients with relaps-
ing-remitting MS.** A recent retrospective cross-sectional study of 391
patients with clinically definite MS revealed greater relative risk for cognitive
impairment for patients with secondary progressive disease compared with
patients with relapsing-remitting disease across multiple cognitive domains.*
These differences were demonstrated across all six cognitive factors from the
Wechsler Adult Intelligence Scale — Third Edition (WAIS-III) and Wechsler
Memory Scale — Third Edition (WMS-III): verbal comprehension, perceptual
organization, processing speed, working memory, auditory memory, and visual
memory. Patients with primary progressive MS have also been shown to per-
form poorer on measures of verbal learning compared with patients with
relapsing-remitting MS.* The impact course has on cognitive dysfunction is
relatively consistent with investigations that have shown the greatest degree of
MR pathology in patients with primary and secondary progressive course.*’*8
Although MS more commonly affects women, MS-related cognitive dysfunc-
tion appears more prominent in men.*’ In a series of MS studies, Beatty and
colleagues®®:4950 reported that men performed more poorly than women on
neuropsychologic measures of verbal memory, nonverbal memory, processing
speed, verbal fluency, facial recognition, visual construction, and novel prob-
lem solving. These differences were not associated with age at diagnosis or



CoGNITIVE DYSFUNCTION IN MS 169

testing, disease duration, disease type, or severity of physical disability.
Furthermore, no significant sex differences were observed on measures of
attention, language (confrontation naming and vocabulary), verbal abstrac-
tion, visual spatial analysis (e.g. line orientation), or self-reported depression.
In a retrospective cross-sectional investigation, Chelune and Stone* also iden-
tified greater cognitive impairment among men with MS. Although there were
no significant sex differences in patients with relapsing-remitting disease, male
patients with secondary progressive disease were over 5 times more likely than
female patients to demonstrate impairment in auditory memory.*

Fatigue

The impact of fatigue has been considered using experimental designs that
study individuals while in a session of demanding tasks. For example, in a
study by Krupp and Elkins,’! individuals with MS showed performance
declines on cognitive measures repeated following administration of an effort-
ful cognitive task, whereas healthy control subjects showed improvement over
time. It should be noted that both groups rated greater mental and physical
fatigue across this 4-hour session, yet only the MS patients performed worse
cognitively over time. Another study found that MS patients seemed to show
cognitive fatigue during administration of the PASAT, as they demonstrated a
worse performance in the second half of the PASAT compared with the first
half of the measure. Healthy control subjects did not show this decline during
the test administration.’> Contrary to these findings, Parmenter and
colleagues® used a slightly different experimental design by examining 30 MS
patients who were seen during high- and low-fatigue periods. During times of
high fatigue, patients rated their perceived performance worse compared to
their low-fatigue period, yet their performance was comparable in each ses-
sion. There were no significant performance differences when patients were in
high- vs low-fatigue states. Beatty and colleagues®* examined cognitive per-
formance spanning a workday and found that, whereas patients’ self-rated
fatigue increased over the day, their actual performances on measures of cogni-
tive fatigue did not decline. With inconsistency across studies, our under-
standing of the impact fatigue has on cognitive functions remains unclear.

Mood/personality

Mood and personality disturbance is fairly common in MS, with an estimated
lifetime prevalence of major depression of approximately 50%.> Both neuro-
pathologic lesions and psychosocial issues are considered possible reasons for
increased risk for emotional or personality disturbance. Cognitive dysfunction
has also been correlated with changes in affect and personality functions. For
example, Benedict and colleagues®® found a relationship between personality
factors (elevated neuroticism and reduced empathy, agreeableness, and consci-
entiousness) in MS patients who also showed dysexecutive functioning on
cognitive measures. Feinstein and colleagues®” have shown an association
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between the presence of pathologic laughing/crying with decline in intelli-
gence quotient. Finding an association between depression and slowed
information-processing speed and poor executive functions, Arnett and col-
leagues’® suggested that these deficits may represent the core cognitive prob-
lems seen in depressed individuals with MS. Research efforts continue to
advance, as attempts to identify mediating variables for this relationship are
being considered. For example, Arnett and colleagues® offered data to suggest
that cognitive dysfunction was more likely to be associated with depression
when an individual’s style of coping was highly avoidant or lowly active cop-
ing. This area of research continues to grow and, with improved understand-
ing of this relationship, treatment efforts will be better guided.

Structural neuroimaging

Most studies that have examined correlates of cognitive dysfunction in MS
have focused on magnetic resonance imaging (MRI) measurements as indica-
tors of neuropathologic involvement. Studies have generally shown moderate
correlation between anatomical MR measurements but there has been some
debate as to which MR techniques are most sensitive to pathology — e.g. T2
hyperintensity, T1 hypointensity, magnetization transfer imaging, fluid attenu-
ated inversion recovery (FLAIR) — and which MR measurements best predict
cognitive dysfunction — e.g. lesion burden, atrophy. Furthermore, there have
been some data suggesting that cognitive performance is associated with
regional rather than global MR measurement.

In a 4-year study,®® MRI T2 lesion burden in the frontal and parietal regions
showed significant negative correlation with performances on tasks of com-
plex attention and working memory. Interestingly, this finding was evident at
baseline, 1-year, and 4-year follow-up examinations. Although this study, like
others, suggests an association between lesion burden and cognitive dysfunc-
tion, several recently published studies have compared MR measures and
found measures of atrophy to be best predictive of decline. Comparing MRI
markers, Bermel and colleagues®! found whole brain atrophy (as measured by
minimum distance between caudate divided by brain width at the same level)
is increased in MS subjects compared with healthy control subjects. This study
also demonstrated that whole brain atrophy showed stronger association with
cognitive dysfunction, compared with MRI measurements of T2 lesion load,
T1 hypointensity lesion load, and caudate volume. Benedict and colleagues®?
recently examined the association between cognitive performance and several
variables, including T1 hypointense lesion volume, FLAIR lesions, and meas-
urements reflecting atrophy. In regression analysis, brain atrophy accounted
for more variance in cognitive performance than lesion measurement. In this
study, third ventricle width was the primary MR variable, suggesting that atro-
phy of the thalamus may be key in predicting who experiences cognitive dys-
function. Recently, Edwards and colleagues® found that white matter volume
(p = -0.59, p < 0.0001) and corpus callosum size (p =—0.49, p < 0.002)
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correlated significantly with overall cognitive dysfunction. In contrast, gray
matter volumes did not correlate with cognitive performance.

Examination of regional MRI pathology with specific cognitive functions has
also led to some interesting findings. For example, Benedict and colleagues®*
reported significant associations between total T2 lesion burden and third ven-
tricle width with neuropsychologic measures. Measures of cortical bilateral
frontal atrophy accounted for a significant amount of variance in cognitive
performance on tests of verbal and spatial learning, attention, and conceptual
reasoning. This measure of frontal atrophy remained significant, even after the
effects of total lesion load and third ventricle width were considered. Similarly,
a recent study found that frontal lobe atrophy accounted for more variance
than lesion burden, whole brain atrophy, or central atrophy in predicting
learning consistency in patients with clinically definite MS.%° In contrast,
Nocentini and colleagues®® found that performances on measures of attention,
memory, planning, problem solving, and conceptual reasoning were compara-
bly correlated with MRI lesion burden in the frontal and nonfrontal regions.

Functional neuroimaging

Functional MRI (fMRI) is the newest imaging technique used in MS research.
Several fMRI studies assessing motor processes in MS have been reported®~"*
and the general pattern of findings suggests that patients with MS-related
injury or disability show functional reorganization or recruitment of cortical
regions during specific movements. Filippi and colleagues’® compared patients
with and without fatigue on a simple motor task and found that fatigue was
related to impaired interactions between functionally related cortical and
subcortical regions used typically in this motor task.

During the past few years, fMRI has also been used to study MS-related cog-
nitive dysfunction. Since the PASAT is considered a sensitive measure of cog-
nitive change in MS, a few fMRI studies adapted this measure for scanner use.
Staffen and colleagues” compared cortical activation patterns in MS and
matched control samples on a visual analog measure comparable to the PASAT.
Activation patterns differed during task performance, with MS patients show-
ing greater activation than controls in right frontal and left regions. There were
no behavioral measurements of performance in the scanner; therefore, find-
ings must be considered with caution. Mainero and colleagues’® used an audi-
tory version of the PASAT and had patients respond if the sum between items
was greater than 10, allowing for level of behavioral measurement. In this
study, MS patients who performed better cognitively showed greater fMRI acti-
vation than those who performed poorly. Activation patterns were also associ-
ated with lesion burden, suggesting that increased lesion burden was related to
greater recruitment of functional regions during task performance. This pat-
tern of increased activation or compensatory cortical activation during PASAT
performance has been also demonstrated during the earliest stage of MS."”
Other studies of working memory in MS including tasks such as modified
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Sternberg paradigms,’®7® n-back tasks,® and tasks with varied encoding and
rehearsal demands,! have also shown functional compensation during tasks,
with recruitment of regions such as frontal and parietal regions not typically
active in healthy control subjects. In contrast to these findings, Lazeron and
colleagues®? studied MS patients performing a modified version of the Tower
of London task using fMRI and failed to show different activation patterns
despite the poorer performance among MS patients compared with controls.
They suggest that the failure to find activation differences may reflect exhaus-
tion of adaptive mechanisms.

These studies raise questions regarding the possible effectiveness of thera-
pies promoting cortical plasticity or reorganization. In an interesting study by
Parry and colleagues,® activation recruitment during a modified Stroop task
could be modulated by rivastigmine, a cholinergic agonist drug. This study
also demonstrates the potential value of fMRI in studies evaluating potential
treatment interventions for cognitive dysfunction in MS.

TREATMENT OF COGNITIVE DYSFUNCTION IN
MULTIPLE SCLEROSIS

Research in the management of cognitive dysfunction has been limited.
Treatment interventions have included pharmacologic therapies (disease-
modifying and symptomatic agents), as well as rehabilitation interventions.
Amato and Zipoli 8 provide a comprehensive review of this literature.

Disease-modifying medications

Clinical trials with disease-modifying medications have reported some promis-
ing data that suggests treatment has a beneficial effect on cognitive functions
in MS. Fischer and colleagues® reported significant improvement in cognitive
functions in a clinical trial of interferon B-1a with relapsing MS. Comparison
of the baseline and 2-year neuropsychologic data suggested that the strongest
evidence of improvement in the treatment group were seen on measures of
information processing and learning/memory.

Barak and Achiron® completed a 1-year study examining the effects of
interferon B-1b on cognitive functions in relapsing-remitting MS. Compared to
a matched control group of neurologically disabled subjects, MS patients treat-
ed with interferon B-1b showed significant improvement on measures of com-
plex attention and visual learning/recall and no decline on the other tasks
administered. In contrast, the control group showed no improvement over the
study interval and deterioration on certain cognitive measures. This study is
consistent with previously reported findings, showing positive treatment effect
of interferon B-1b on a delayed visual memory measure.?” In contrast, data
presented by Selby and colleagues® did not show a treatment effect with
interferon B-1b over a 6-month interval.
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Glatiramer acetate had no significant effect on cognitive functions in a
multicenter, randomized, placebo-controlled study following 1- and 2-year
intervals.®

Symptomatic agents

A few studies have examined the impact of cholinesterase inhibitor therapy on
cognitive functions and have found positive treatment effects.’®°! Recently,
Krupp and colleagues® reported improved memory in MS patients treated
with donepezil, as part of a randomized, double-blind, placebo-controlled
clinical trial. Patients (n = 69) were assigned to either a treatment or placebo
group, then tested cognitively at baseline and after 24 weeks. Whereas
memory performance improved in the treatment group, other cognitive
measures did not improve with treatment.

A few studies have also shown positive effects from amantadine. Cohen and
Fischer®? found improved performance on the Stroop task when treated with
amantadine, whereas Geisler et al®* showed improved written speed on the
Symbol Digit Modalities Test with amantadine.

Patzold and colleagues® assessed changes in physical disability (Expanded
Disability Status Scale; EDSS) and the MSFC (Multiple Sclerosis Functional
Composite) in a sample of MS patients receiving methylprednisolone over a
20-day interval. The results of this controlled study suggested that all three
components of the MSFC — including the PASAT (Paced Auditory Serial
Addition Test) — were sensitive to changes in clinical activity, with significant
improvement noted following treatment. In contrast, the EDSS did not change
significantly.

In a double-blind pilot study assessing the effect of Prokarin on fatigue, the
Prokarin-treated group experienced significant improvements after 12 weeks
on the MSFC, including the PASAT.?® Results from this study are encouraging,
although the sample sizes were small. In contrast, results of a randomized,
double-blind, placebo-controlled, crossover trial of oral 4-aminopyridine with
54 progressive MS patients failed to show significant improvement in cogni-
tive functions.®’

Rehabilitation techniques

Cognitive rehabilitation techniques are designed to either restore functions or
develop strategies to compensate for cognitive dysfunction. There have been
some promising results to suggest that cognitive rehabilitation in MS is effec-
tive. Strategies aimed at adaptation and coping with cognitive dysfunction may
be helpful. For example, cognitive reframing of a problem enhances use of
compensation strategies. Patients can also have improved functions with the
use of organization, planning, and memory aids.”8-100

Jonsson et al.'®! compared cognitive performances by MS patients who were
randomly assigned to a treatment group (direct training program with
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compensatory strategies and therapy) with those assigned to a non-treatment
group. After 6 months, the group who received intervention performed signifi-
cantly better on a measure of visuospatial memory. Other researchers have
reported positive effects of computer-based retraining programs. 92103

Finally, cognitive-behavioral therapy has been shown to be effective in
improving cognitive functions.'®*1%> Typically, this form of therapy included
enhancement of insight with education, social skills training, behavioral
modification techniques, and relaxation strategies.

SUMMARY

This chapter highlights some of the most recent literature pertaining to cogni-
tive dysfunction in MS. With the past few decades of research in this area,
there is general consensus that cognitive dysfunction does occur in MS and
that the prevalence is fairly high. Given the impact cognitive dysfunction has
on daily living skills, efforts continue to identify correlates with cognitive
dysfunction and treatment options. Future research will build on this strong
foundation of knowledge, with the ultimate hope that healthcare providers
will have effective treatment options to offer these individuals.
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Cholinesterase inhibitors in the
treatment of dementia associated
with Parkinson’s disease

Murat Emre

INTRODUCTION

Parkinson’s disease (PD), the second most frequent neurodegenerative disor-
der after Alzheimer’s disease (AD), has been accepted to be mainly a disorder
of the motor system for many years. This was probably because of the original
description, i.e. that senses and intellect remain intact, but also probably
because the patients did not survive long enough in the initial decades follow-
ing the description of the disease. As more effective treatments became avail-
able and survival time for PD patients became longer, cognitive deficits and
dementia associated with PD (PD-D) have become increasingly more recog-
nized. We now understand that subtle cognitive deficits are already present in
newly diagnosed patient populations;! dementia is a frequently encountered
and a markedly age-dependent phenomenon among patients with PD. A meta-
analysis of cross-sectional studies revealed a frequency of 40%,*> whereas
prospective observational studies suggest that as many as 78% of patients may
become affected by dementia as the age and disease severity progress.’
Remarkable is the effect of age: in a population-based study, the prevalence of
dementia below 50 years old was found to be 0%; above 80 years old, it
reached 69%.% It seems that the combined effect of advanced age and severe
disease is detrimental: in an observational study, old patients with severe
disease at baseline had a 9.7-fold increase in incident dementia as compared
to young patients with mild disease.’

In the last two decades neuropathology and neurochemical deficits accom-
panying PD-D have been increasingly better understood. Morphologic and
biochemical studies have revealed prominent cholinergic deficits associated
with PD-D. As cholinergic treatment with choline esterase inhibitors (ChE-Is)
became available and widely administered in AD, these drugs were also inves-
tigated in PD-D. This chapter summarizes the cholinergic deficits found in
patients with PD-D and the results of treatment attempts with ChE-Is.
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CHOLINERGIC DEFICITS IN DEMENTIA ASSOCIATED
WITH PARKINSON’S DISEASE

Cholinergic deficits in PD-D were reported shortly after they were described in
AD, and they were then confirmed in subsequent studies. These included
decrease in the number of cholinergic cells in the basal forebrain cholinergic
nuclei, decrease in the amount of cortical cholinergic markers, both biochemi-
cally and in in-vivo imaging studies, and evidence for functional deficits.

Cholinergic cell loss

Loss of cholinergic cells in the nucleus basalis of Meynert (nbM) in patients
with PD-D were described by Whitehouse et al in 1983.° In parallel, Candy et
al described that neuronal loss from the nBM was greater in patients with PD
than those with AD.” Shortly thereafter, Nakano and Hirano described that
nbM was significantly depleted of its large neurons in Parkinson’s disease and
that this loss was not associated with AD-type pathology in the cerebral
cortex.®

Biochemical findings

In parallel to the morphologic findings, biochemical deficits in nbM and in
cerebral cortex were described, beginning from the early 1980s. Thus, choline
acetyltransferase (ChAT) activity was found to be decreased in the frontal cor-
tex and nbM of patients with PD, the decrease being greater in the frontal cor-
tex of PD patients with dementia.? Similarly Perry et al'® described that in PD
patients with dementia there were extensive reductions of ChAT and less
extensive reductions of acetylcholinesterase (AChE) in all examined cortical
areas from four different cerebral lobes, and ChAT reductions in temporal neo-
cortex correlated with the degree of mental impairment but not with the
extent of plaque or tangle formation. In addition, in PD but not in AD, the
decrease in neocortical ChAT levels correlated with the number of neurons in
nbM, suggesting that primary degeneration of these cholinergic neurons may
be related to declining cognitive function in PD.!° In a comparative study with
AD, the same group of researchers reported that amongst the various patho-
logic and chemical indices examined, only presynaptic cholinergic markers
(including the number of neurons in nbM) and serotonin S1-receptor binding
were related to dementia in PD.!! They also reported that reductions in ChAT
activity were generally more extensive in the neocortical (especially temporal)
as opposed to archicortical regions, nicotinic receptor binding in cortex was
reduced, and muscarinic binding was increased.'>!3 A relevant finding was
that nicotinic receptor binding was also reduced in striatum in patients with
PD, suggesting a reduced risk of parkinsonism with AChE-I through stimula-
tion of striatal cholinergic receptors.!'* Finally, in a comparative study of
patients with AD, DLB (LB variant and Diffuse Lewy Body Disease) and PD,
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mean midfrontal ChAT activity was found to be markedly reduced in PD and
DLB compared with normal controls and AD: the activity was reduced to
almost 20% of controls in DLB and PD, whereas in AD it was reduced to 50%
of the activity in normals.!

In-vivo and functional deficits

Reductions in cortical cholinergic activity in patients with PD-D were also
demonstrated in vivo, and clinical studies suggested subtle, subclinical deficits
already in non-demented patients. In a double-blind cross-over study, Dubois
et al'® compared the effects of a subthreshold dose of scopolamine on memory
in 32 control subjects and 32 PD patients who had no signs of intellectual or
memory impairment. Controls showed no impairment of memory after scopol-
amine, whereas the same dose resulted in a significant reduction of memory
performance involving visual recognition. This selective vulnerability in
patients without apparent cognitive impairment, to a subthreshold dose of
scopolamine, suggested the existence of an underlying deficit in central
cholinergic transmission.!® The same group of investigators,'” subsequently
reported that, as compared to patients who were matched for all the variables
of parkinsonism and levodopa therapy, but not receiving anticholinergics, PD
patients who were on anticholinergics performed significantly worse in tests
believed to assess frontal lobe function, whereas there was no significant dif-
ference between the two groups for intellectual, visuospatial, instrumental,
and memory functions. The authors suggested that impairment in ascending
cholinergic activity may play a role in the impairment of functions subserved
by subcortical-frontal circuits in these patients.!” Recently, in-vivo imaging of
cortical cholinergic function using positron emission tomography (PET)
revealed that, compared with controls, mean cortical AChE activity was lowest
in patients with PD-D (-20%), followed by patients with PD without dementia
(=13%) and AD (-9%). Thus, reduced cortical AChE activity seemed to be
more characteristic of patients with PD-D than of patients with mild AD, both
groups having similar severity of dementia.'8

EFFECTS OF CHOLINESTERASE INHIBITORS ON
DEMENTIA ASSOCIATED WITH PARKINSON'’S DISEASE

Although cholinergic deficits accompanying PD-D were described shortly after
those accompanying AD and cholinergic treatment strategies, i.e. ChE-Is
became widely available for treatment of AD, there was an initial hesitation to
use them in PD-D because of the fear that motor functions may be worsened,
due to the disturbed dopaminergic/cholinergic balance in PD, in favor of the
latter. These fears were partly overcome by an initial study with tacrine that
described rather dramatic improvements and no worsening in motor functions
in patients with PD and cognitive impairment.!? Since then, a number of
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studies have been reported with all commercially available ChE-1. These stud-
ies are summarized in Table 11.1

Tacrine

Seven PD patients with cognitive impairment and psychotic symptoms were
treated with tacrine over eight weeks in an open-label study.'® Rather dramatic
improvements were reported; importantly, motor symptoms did not seem to
worsen and a few patients even showed improvement in their motor function.
The dramatic beneficial response described in this study was not replicated to
the same extent; nevertheless, this was an important study that paved the way
for further trials. In another study, 7 out of 11 patients were treated with
tacrine and 4 with donepezil over 26 weeks in an open-label fashion. Patients
under both treatments showed improvement in their cognitive functions, there
was no deterioration in motor scores, and 5 patients even demonstrated some
motor improvement.?

Table I |.1 List of studies with cholinesterase inhibitors in dementia
associated with Parkinson’s disease

Reference n Design Treatment
duration (weeks)

Tacrine

Hutchinson 1996 7 Open 8
Werber 200120 7/11 Open 26
Donepezil

Aarsland 2002% 14 RCT cross-over 10+10
Bergman 200222 6 Open 6
Fabbrini 200223 8 Open 8
Minett 2003 15 Open treat/withdraw/treat/ 20/6/12
Kurita 2003%! 3 Chart review 2-52
Leroi 2004 16 RCT 18
Brashear 200427 20 RCT 12+33 (OL)
Rivastigmine

Reading 20013° 15 Open/washout 1473
Bullock 2002%° 5 Chart review 20-52
Giladi 20033 28 Open/washout 26/8
Emre 200432 541 RCT 20
Galantamine

Aarsland 20038 16 Open 8

RCT = randomized controlled trial; OL = open label.
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Donepezil

There have been seven reported studies with donepezil in patients with PD
and either dementia, or cognitive impairment, or psychotic symptoms such as
visual hallucinations and delusions. One of the studies was a small case series
of 3 patients, describing improvement in visual hallucinations;?! three of the
studies were open studies with small numbers; and three of the studies were
small, randomized, placebo-controlled studies, either with a parallel group or
cross-over design. In the open studies, which included 6-15 patients and last-
ed 6-20 weeks, psychotic features, including visual hallucinations, improved
in all patients and cognitive function, as measured with the MMSE (Mini-
Mental State Examination), was reported to improve in one study and
remained unchanged in the other two studies. Motor symptoms seemed to be
unaffected in two studies, but worsening was reported in 2 out of 8 patients in
the third study.?>~2* One study suggested that hallucinations consistently
improved on treatment and worsened after withdrawal; the authors recom-
mended avoiding an abrupt withdrawal of medication, which may produce
acute cognitive and behavioral decline.?*

The three randomized controlled studies with donepezil involved 14-23
patients and treatment duration was 10-18 weeks; one of the studies included
a 33-week open-label extension period.?>=?7 In all three studies, there was an
improvement in cognitive functions, mostly on MMSE. Visual hallucinations
were assessed only in one study and were not improved. Motor symptoms did
not worsen in two studies and in the double-blind phase of the third study, but
during the open-label extension of the latter there seemed to be a deterioration
of motor function, UPDRS (Unified Parkinson’s Disease Rating Scale) total and
subscores were worse than baseline, and 8 out of the 15 patients remaining in
the extension phase reported worsening of parkinsonism.?’

Galantamine

There has been only one reported study with galantamine in patients with PD-
D. In this open-label study, 16 patients were treated with galantamine over 8
weeks. ‘Global mental functions’ improved in 8 and worsened in 4 patients;
tests such as MMSE, clock drawing, and verbal fluency showed improvements
that favored galantamine. Hallucinations improved in 7 out of 9 patients who
had hallucinations at baseline. Parkinsonism, as assessed clinically, was
reported to be improved in 6 patients; however, a mild worsening of tremor
was observed in 3 patients.?®

Rivastigmine

There have been three earlier reports of rivastigmine use in PD-D. One study, a
case series involving 5 patients which reported improvement in cognitive and
functional abilities as well as resolution of behavioral problems such as visual
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hallucinations.?® The other two3%3! were open label studies that comprised 15

and 28 patients, and the duration of treatment was 14 and 26 weeks, respec-
tively. In both studies, cognitive functions, as measured by MMSE in one and
in addition with ADAS-cog (Alzheimer’s Disease Assessment Scale —
Cognitive) and CGI (Clinical Global Impression) in the other, significantly
improved from baseline. Visual hallucinations were assessed only in one study
and showed significant improvements. In both studies there was no worsening
of motor symptoms.3°-3!

Recently, the first large, randomized, controlled, multicenter study ever con-
ducted with a ChE-1 in PD-D was published.?? This study, known as EXPRESS,
included 68 centers from 12 countries. Altogether, 541 patients with a diagnosis
of PD, according to UK Brain Bank criteria, and dementia due to PD, according
to DSM 1V (Diagnostic and Statistical Manual of Mental Disorders — 4th edn),
were randomized to rivastigmine or placebo with a ratio of 2:1. In order to
differentiate from patients fulfilling the current criteria for DLB, patients were
required to have at least 2 years’ interval between the onset of their motor and
cognitive symptoms. Patients with exposure to ChE-I or anticholinergics within
the last 3 months before entry into the study and patients with evidence for
other neurodegenerative disorders or any unstable systemic disease were exclud-
ed. Primary efficacy parameters included ADAS-cog for cognitive functions and
ADCS-CGIC (Alzheimer’s Disease Cooperative Study — Clinical Global
Impression of Change Scale) for global assessment of change in the overall
status of patients. Secondary clinical efficacy parameters included MMSE for
screening and staging, ADCS-ADL (Alzheimer’s Disease Cooperative Study —
Activities of Daily Living) for the assessment of daily living, NPI
(Neuropsychiatric Inventory) for the assessment of neuropsychiatric symptoms,
a computerized test battery for the assessment of attention (Clinical Dementia
Rating (CDR) power of attention tests), and two tests for the assessment of
executive functions including verbal fluency from D-KEFS (Delis—Kaplan
Executive Function System) test battery and Ten-Point Clock Drawing Test.
Safety parameters included recording of adverse events, laboratory evaluations,
vital signs including pulse, blood pressure and body weight, ECG (electro-
cardiography) and UPDRS Part III for the assessment of motor functions.

Out of the 541 patients entered in the study, 410 patients completed and 131
patients prematurely discontinued. Discontinuations were more in the
rivastigmine group (27.3% vs 17.9% under placebo); this was also the case for
discontinuations because of adverse events (17.1% vs 7.8% under placebo);
Both primary efficacy endpoints showed statistically significant improvements
in favor of rivastigmine. On ADAS-cog, patients on rivastigmine showed a 2.1
improvement at 26 weeks, from a baseline value of 23.8, whereas patients on
placebo deteriorated by 0.7 points (from a baseline score of 24.3), yielding a
2.9 points or 11.7% treatment difference from baseline (p < 0.001). The mean
scores for the ADCS-CGIC at week 24 were 3.8 in the rivastigmine and 4.3 in
the placebo group (score 4 indicating no change, lower scores indicating
improvement, and higher scores indicating worsening from baseline);
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comparison of outcomes across all response categories revealed a statistically
significant difference in favor of rivastigmine (p = 0.007). More patients on
rivastigmine improved (40.8% vs 29.7% on placebo) and more patients on
placebo deteriorated (42.5% on placebo vs 33.7% on rivastigmine). Considering
the number of patients who had a clinically relevant change (marked or
moderate change), a similar picture emerged: 19.8.% of patients had marked or
moderate improvement on rivastigmine vs 14.5% of patients on placebo,
whereas 23.1% of patients had marked or moderate worsening on placebo vs
13% on rivastigmine. On all secondary efficacy parameters, there were statisti-
cally significant differences in favor of rivastigmine. Thus, neuropsychiatric
symptoms, as measured with NPI, showed an improvement on rivastigmine
and no change from baseline on placebo, power of attention improved on
rivastigmine and worsened on placebo, and improvement from baseline was also
seen on the Ten-Point Clock Drawing test, verbal fluency, and MMSE on
rivastigmine, whereas patients on placebo worsened as compared with baseline
scores. On ADCS-ADL, patients on rivastigmine showed a minimal worsening,
whereas patients on placebo had significantly more deterioration (Table 11.2).
Adverse events were significantly more frequent on rivastigmine. Main
adverse events were those related to the gastrointestinal system — nausea and
vomiting being the most frequent ones (29.0% vs 11.2% nausea, and 16.6 % vs
1.7% vomiting on rivastigmine and placebo, respectively). Worsening of
parkinsonian symptoms was more frequently reported as an adverse event on
rivastigmine (27.3% vs 15.6% on placebo), mainly driven by worsening of
tremor (10.2% on rivastigmine vs 3.9% on placebo). The objective measures of
motor symptoms, however, as assessed by UPDRS part 111 did not reveal any

Table 11.2 Primary and secondary efficacy parameters in the
EXPRESS study?

Scale Rivastigmine Placebo p-value
Primary

ADAS-cog 2.1 -0.7 <0.001
ADCS-CGIC 3.8 43 0.007
Secondary

ADCS-ADL -1.1 -3.6 0.02
NPI 2.0 0.0 0.02
CDR power of attention 31.0 -142.7 0.009
MMSE 0.8 -0.2 0.03
Verbal fluency 1.7 -1.1 <0.001
Ten-Point Clock Drawing 0.5 -0.6 0.02

4 The numbers indicate changes from baseline at week 26. For ease of understanding, improvements from baseline
are shown as positive, and deteriorations as negative values, except for ADCS-CGIC, for which there was no base-
line value, as this scale itself assesses change from baseline. For ADCS-CGIC, scores below 4 indicate improve-
ment and above 4 indicate worsening. For written-out versions of scales, see text (Emre et al, 2004).
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significant differences or trends between the two treatments. There were no
clinically relevant changes on vital signs, body weight, ECG, or laboratory
parameters.

CONCLUSIONS

Parkinson’s disease is frequently associated with dementia: up to 40% of
patients with PD may be affected, especially at higher ages and in the later
stages of the disease. There are prominent cholinergic deficits accompanying
dementia associated with PD. A number of small, mostly open studies with all
available ChE-Is and one large, randomized, controlled study with rivastig-
mine revealed beneficial effects of ChE-Is in these patients. The large, random-
ized, placebo-controlled EXPRESS study demonstrated that rivastigmine
improves deficits in all key symptom domains, including cognitive dysfunc-
tion and behavioral symptoms; these benefits are reflected in the overall status
and functioning of patients. This study also revealed that there was no wors-
ening of motor functions under rivastigmine, except for 10% of patients
reporting a worsening of their tremor as an adverse event. Taking together all
the available evidence, especially the results of the EXPRESS study with
rivastigmine, it can be concluded that ChE-Is represent an effective approach
in the treatment of dementia associated with PD.
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Modern applications of
electroencephalography in
dementia diagnosis*

CJ Stam

INTRODUCTION

What use is electroencephalography (EEG) in the diagnosis of dementia? This
question seems deceptively simple, but despite many years of research and
hundreds of papers published on this topic the role of the EEG in the diagno-
sis and assessment of dementia is still controversial. The widely differing opin-
ions on the usefulness of the EEG in dementia are reflected in the way the
EEG is dealt with in the various consensus texts on dementia diagnosis. For
instance, while a Scandinavian consensus text recommends to record an EEG
in all subjects with suspected dementia, the US text does not even mention
EEG as a possible laboratory test.!:> Given this lack of consensus and the enor-
mous and rapidly growing literature on the topic, the clinician is faced with
the difficult questions of whether the EEG will be of any use in assessing
patients who present with cognitive complaints and what is the optimal way to
use the EEG in this category of patients. This chapter is intended to address
this question, and to suggest a practical approach to the use of EEG in demen-
tia diagnosis. First, EEG findings in normal aging and various types of demen-
tia are discussed. Next, a practical approach to EEG diagnosis in dementia is
presented. Finally, new developments and future perspectives are briefly
addressed.

ELECTROENCEPHALOGRAPHIC CHANGES IN
NORMAL AGING AND DEMENTIA

Normal aging

Dementia is primarily a disorder of the elderly. Therefore, EEG abnormalities
in dementia have to be distinguished from physiologic EEG changes due to

“Based upon a didactic lecture presented at the 14th meeting of the European
Neurological Society, Barcelona, Spain, June 2004.
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normal aging.? Especially in the very old, this raises the question of what
should be considered ‘normal’ or ‘healthy aging’. Normal aging could be con-
sidered a statistical concept, referring to findings and characteristics in the
majority of subjects in a certain age category, even when these findings might
reflect subtle abnormalities. Healthy, or successful aging on the other hand,
refers to optimal functioning and the absence of disease. These two different
notions should be kept in mind when considering age-related EEG changes.

Aging affects physiologic EEG rhythms, most notably the alpha rhythm.
The peak frequency of the alpha rhythm decreases with aging, from the nor-
mal value around 10 Hz to 8 Hz. It is unclear whether the ‘normal’ slowing of
the alpha rhythm reflects a physiologic change in the elderly or is due to the
increasing prevalence of subclinical brain disease and, in particular, dementia
in this population. In clinical practice, slowing of the alpha rhythm below
8 Hz should always be considered abnormal in adult subjects at any age.
Furthermore, the peak frequency in individual subjects is assumed to be fairly
constant over time. Slowing of the alpha rhythm in an individual subject by
more than 1 Hz is abnormal, even if the frequency is still within the normal
range. Also, asymmetries of the alpha peak frequency are not a feature of nor-
mal aging but suggest brain pathology, in particular vascular disease. The reac-
tivity of the alpha rhythm is also slightly diminished with aging. However,
clear absence of reactivity to eye-opening is always abnormal. The amount of
alpha activity decreases with aging, and the alpha rhythm becomes more con-
spicuous at posterior temporal sites and less pronounced at occipital sites.

Changes in other physiologic EEG rhythms with aging are less outspoken in
the elderly. The prevalence of the mu rhythm decreases, whereas the amount
of low-amplitude beta activity increases in the elderly. Activity in the theta
band constitutes a special problem. In children and young subjects some
amount of theta activity is normal, roughly up to an age of 25-30 years old.
Interestingly, the disappearance of theta in the EEG of adults coincides with
the completion of myelinization of long-range association fibers. With aging,
the relative amount of theta starts to increase again. Here it is quite difficult to
draw the line between normal aging and early brain pathology. This issue is
further complicated by the fact that detection of moderate amounts of low-
amplitude theta activity by visual analysis is difficult and unreliable. Spectral
analysis of the EEG can be of some help here. As a rule of thumb, a relative
theta power of more than 15% at the occipital electrodes should be considered
abnormal.* Another possible confounding factor that should be taken into
account is the influence of the level of arousal during the EEG recording.
Drowsiness, which occurs rapidly and frequently during EEG recordings in
the elderly and can be recognized by slow eye movements, is associated with
an increase in the relative power in the theta band, especially at the central
electrodes. This should not be confused with pathologic theta.

Aging is not only associated with changes in physiologic EEG rhythms but
also with the emergence of new phenomena, that are assumed to have little or
no pathologic meaning. The most important example of such a phenomenon
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is the intermittent theta and delta activity in the temporal regions, often more
conspicuous on the left side. Over the age of 60 years old, such activity is
found in 36% of EEG records. When the temporal theta activity fulfills certain
criteria, it is designated as benign temporal theta of the elderly (BTTE) and is
assumed to fall within normal limits.> To qualify as BTTE, the following 8
requirements have to be fulfilled:

the subject should be over 60 years of age;

the activity should be localized in the anterior temporal areas
the activity is more outspoken on the left side

the background activity should be normal

the amplitude should not exceed 60 UV

the activity should be reactive

the activity should occur as isolated waves and not as long trains
the activity should occur in less than 1% of the EEG record.

PN AW =

When temporal theta and delta activity does not fulfill these requirements it
should be considered abnormal, and may possibly reflect vascular brain
damage.

Another feature that can be seen in the EEG of healthy elderly and that can
easily be mistaken for an EEG abnormality is the so-called ‘sleep onset FIRDA
(frontal intermittent rhythmic delta activity). This consists of short bilaterally
synchronous bursts of theta and delta which occur at transitions in the level of
arousal. In contrast to the usual FIRDA, the sleep-onset FIRDA is not consid-
ered to reflect brain dysfunction. Finally, runs of sharply formed rhythmical
theta activity, with a sudden start and end, can occur in the elderly without
pathologic significance. These runs are indicated by the acronym SREDA (sub-
clinical rhythmical electrical discharges of adults) and may be associated with
drowsiness. SREDA should be differentiated from the rare but clinically impor-
tant non-convulsive status epilepticus (sometime called ‘petit mal status’),
which may present as a acute confusional state and which is associated with
continuous epileptic seizure activity on the EEG.” This is a severe condition
that requires treatment with antiepileptic drugs.

Alzheimer’s disease

Alzheimer’s disease (AD) is the most frequent cause of dementia in the
Western population. EEG changes in AD have been described in many studies
over the years; reviews can be found in Boerman et al, Jonkman, and Jeong.®8
The changes can be characterized by the general concept of ‘non-specific dif-
fuse slowing’: there is a decrease of fast frequencies (beta and alpha band) and
an increase in slow frequencies (theta and delta). Loss of fast frequencies
occurs relatively early, whereas the increase in delta is a relatively late phe-
nomenon. The peak frequency of the alpha rhythm decreases, although this is
not a very early finding. Increase in relative theta power may be the earliest
and, from the point of view of diagnosis, the most sensitive change. Reactivity
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of the alpha rhythm to eye-opening also decreases, but this is difficult to quan-
tify, and always occurs in the context of significant slowing of the background
activity. Complete absence of reactivity is a rare and late finding. Intermittent
slow-wave activity in the temporal regions occurs frequently in AD, but not
in all patients, and may reflect concurrent vascular pathology rather than
intrinsic AD pathology. Focal abnormalities and asymmetries of physiologic
rhythms are not typical of AD, and may point to vascular pathology. Specific
abnormalities such as sharp and triphasic waves or FIRDA occur infrequently
in AD, and should always raise suspicion of metabolic or toxic encephalo-
pathy.

Whereas slowing is the predominant feature of EEG changes in AD, another
characteristic is the loss of synchronization between EEG signals recorded
over different brain regions. Synchronization of EEG channels is assumed to
reflect functional interactions between the underlying brain regions, and such
interactions are probably affected in AD, which has been designated a ‘discon-
nection syndrome’.” Functional connectivity is usually assessed by coherence
analysis, which is a normalized measure of correlation between EEG channels
as a function of frequency.!® Most authors report a decrease of EEG coherence
or related measures in AD, especially in the alpha band, but other bands have
also been implicated.!!=2!

What causes the EEG changes in AD is not exactly known, although a few
principles can be indicated. First of all, it is important to stress that the EEG
does not directly reflect neuronal loss or brain atrophy. If a large number of
neurons are lost, but the remaining neurons function normally, the EEG will
reflect the normal function of these remaining neurons. This notion is cap-
tured by the phrase ‘dead neurons tell no tales’. Consequently, the EEG abnor-
malities in AD and other neurodegenerative disorders must reflect abnormal
functioning of the remaining neurons. There is evidence that a loss of acetyl-
choline, which is the most important excitatory neuromodulator in the cortex,
may be responsible for the slowing of the EEG in AD.?? Cholinergic projec-
tions to the cortex originate in the nucleus basalis of Meynert, which shows a
clear loss of neurons in AD.?> EEG slowing is related to neuron loss in the
nucleus of Meynert and cholinergic deficiency in the cortex. In support of this
hypothesis, treatment with drugs that activate cortical cholinergic receptors is
associated with acceleration of the EEG.>*?> This phenomenon could be
used to identify patients who are more likely to respond to treatment with
cholinesterase inhibitors.?® Animal studies confirm the relationship between
cholinergic deficiency to nucleus basalis lesions and EEG changes®’ and sug-
gest that loss of cholinergic activity might also be responsible for the reduction
of coherence, at least in the higher-frequency bands.?® Disruption of interneu-
ronal synchronization has also been ascribed directly to the amyloid plaques.?’
Some studies have attempted to relate the EEG changes in AD to the APOE
genotype. The E4 allele, which is associated with an increased risk of AD, has
been related to more severe EEG slowing®® and a loss of coherence.?! Finally,
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the ubiquitous loss of coherence in AD may also be due to the loss of neurons
and axons connecting the involved brain areas.

Many studies have attempted to assess the diagnostic value of the EEG in
AD. The reported values for the sensitivity and specificity differ widely, which
may be due to differences in the populations examined (stage and severity of
dementia; using healthy subjects or subjects with subjective memory com-
plaints as controls) and differences in the various measures used to quantify
the EEG abnormalities. Also, many studies involve small groups, and do not
provide information on the reproducibility of the results in independent
groups. Jonkman has attempted to summarize the available information, tak-
ing these limitations into account.” In this review, the total accuracy (percent-
age of correctly classified subjects) varied between 51 and 100%, with a
median value of 81%. The best results are reported for slow-wave activity in
REM (rapid eye movement) sleep, but this is obviously not a very practical
approach.?? On the other hand, the sensitivity of the EEG in the early stages of
AD can be quite low. Up to 50% of patients with early AD may have normal
EEGs,*? although this may be different for presenile AD, where early EEG
changes are more likely. So far, various types of quantitative EEG analysis have
not been shown to be superior to visual assessment of the EEG in AD.”** Two
studies used a simple visual scale, the ‘grand total EEG score’ or GTE, to assess
the value of the EEG in dementia with promising results.>>3¢ In the popula-
tion-based study of Strijers et al, the GTE had a sensitivity of and a specificity
comparable to MRI (magnetic resonance imaging) assessment of hippocampal
atrophy.®®> The study of Claus et al showed that in cases of diagnostic doubt,
an abnormal EEG makes a diagnosis of AD significantly more likely.>®

The EEG can also be used in the differential diagnosis of AD and other
causes of cognitive dysfunction. Depression can be associated with cognitive
complaints, but, in contrast to AD, does not give rise to significant EEG
abnormalities. According to Jonkman, the total accuracy of the EEG in differ-
entiating between AD and depression with cognitive complaints is between
69% and 84%.” AD and toxic metabolic encephalopathy (with delirium) can
both give rise to diffuse EEG abnormalities. However, the EEG abnormalities
are usually more severe in toxic metabolic encephalopathy. Features such as
triphasic waves, epileptiform abnormalities, and FIRDA argue in favor of a
metabolic/toxic disorder rather than AD. A simple rule of thumb is the follow-
ing: ‘If the EEG is more affected than the patient, this argues for toxic meta-
bolic encephalopathy; if the patient is more affected than the EEG, this argues
for a neurodegenerative disorder such as AD or FTD.” Another frequent clini-
cal problem is the differential diagnosis of AD and vascular dementia. This dif-
ferentiation is made more difficult by the fact that AD and vascular problems
may occur together. The EEG does not allow an absolute distinction between
the two, but some EEG features are considered to be suggestive of vascular
pathology:
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1. asymmetries of physiologic rhythms, in particular the alpha and the mu
rhythm

2. focal abnormalities, especially in the temporal regions

3. paroxysmal diffuse abnormalities

4. sharp waves and epileptiform abnormalities.

The EEG in AD may have prognostic as well as diagnostic significance.?”-3

According to Rodriguez et al,>® EEG changes predict the occurrence of incon-
tinence, loss of activities of daily live, and survival. A loss of beta activity and,
to a lesser extent, alpha activity is associated with a less favorable prognosis in
AD, even after correction for such factors as disease duration, severity, and
age.*® However, in concluding this section, we should remark that the crucial
problem when assessing the value of the EEG in dementia diagnosis is not to
determine its sensitivity and specificity, or prognosis, but to find out when and
how it may aid in clinical decision-making. We will attempt to address the
question later in this chapter.

Other degenerative dementias

As is the case with AD, other neurodegenerative disorders that can give rise to
dementia may also be associated with normal EEGs in the early stages. This is
especially true for frontotemporal dementia, where the EEG can remain
normal quite long although this view has recently been challenged.*! In an
advanced stage, mild abnormalities, usually in the form of low voltage, irregu-
lar theta, can be found over the frontal and temporal regions, while the alpha
rhythm is still preserved. At the group level, quantitative analysis can aid in
differentiating AD from frontotemporal dementia.*? In supranuclear palsy, the
EEG abnormalities are comparable to those in AD. Huntington’s disease is
often characterized by a so-called ‘low voltage’ EEG, with an amplitude of the
background activity lower than 10 uV. According to Markand,*” this EEG
pattern is rare in healthy subjects, but can be found in 33% of patients with
Huntington’s disease.

Parkinson’s disease is associated with dementia in 20-30% of patients. In
non-demented Parkinson patients, the EEG is normal. In demented Parkinson
patients, EEG abnormalities can be found with a pattern comparable to AD.**
When EEG abnormalities do occur in non-demented Parkinson patients, they
may have some predictive value for the later occurrence of dementia.*> A
dementing disorder closely related to both AD and Parkinson’s disease is
dementia with Lewy bodies (DLB). Some authors have suggested that DLB can
be differentiated from AD by the occurrence of more severe EEG abnormalities
in DLB.* However, in a recent large study, no significant EEG differences
between AD and DLB could be found.*” Of interest, in this last study the
clinical diagnosis of DLB did not correlate very well with the neuropathologic
findings. In fact, there is some doubt as to whether DLB can really be differen-
tiated from Parkinson dementia.
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Vascular dementia

Vascular dementia is a somewhat problematic entity because it involves
various types of pathology (vascular white matter changes, lacunar infarcts,
and multiple cortical infarcts) and their possible relationship with cognitive
dysfunction. The basic concept of vascular dementia has three fundamental
elements:

1. demonstrated vascular lesions;
2. adementia syndrome
3. a causal connection between 1 and 2.

In clinical practice, it is often difficult to establish this causal connection with
certainty. In the case of two or more large cortical infarcts, the EEG can be
expected to show focal abnormalities (focal flattening, slowing, periodic dis-
charges with or without sharp waves, and epileptiform abnormalities); in a
more chronic stage, these abnormalities tend to diminish. In the case of diffuse
vascular white matter changes, the EEG can show relatively non-specific slow-
ing as well as intermittent temporal slow waves. As indicated in the section on
AD, there are some EEG abnormalities that favor vascular pathology over AD:

1. asymmetries of physiologic rhythms, in particular the alpha and the mu
rhythm, and asymmetric response on photic stimulation (Farbrot’s
phenomenon)

2. focal abnormalities, especially in the temporal regions

3. paroxysmal diffuse abnormalities

4. sharp waves and epileptiform abnormalities.

Creutzfeldt—Jakob disease

Creutzfeldt—Jakob disease is a rare cause of dementia, that is, however, impor-
tant in the present discussion because it is associated with characteristic EEG
changes which may have diagnostic significance.” The EEG changes depend
upon the stage of the disease. In the first phase there are predominantly non-
specific abnormalities. There may be a disorganization of the background
activity, with an increase in theta and delta activities. In the second stage, the
characteristic periodic discharges can be found. These discharges are usually
di- or triphasic, last 200-500 ms, and have amplitudes up to 300 uV. The
interval between the periodic discharges may vary between 0.5 and 2 seconds.
Often the discharges are associated with myoclonic movements, which some-
times have a fixed temporal relation to the discharges. Sometimes the periodic
discharges are at first unilateral, and can be classified as PLEDs (periodic later-
alized epileptiform discharges). Later in the disease, the discharges usually
occur in a bilaterally synchronous fashion, and should be classified as PSIDDs
(periodic short-interval diffuse discharges). In the third and final stage of the
disease, the PSIDDs persist, and the amplitude of the background activity
between the discharges decreases until only the periodic discharges remain.
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In general, it can be stated that absence of periodic discharges after a dis-
ease duration of 3 months or longer makes a diagnosis of Creutzfeldt-Jakob
disease unlikely, but does not exclude it. According to Zerr et al,* the periodic
discharges have a sensitivity of 66% and a specificity of 74%. The 14-3-3 pro-
tein in the liquor has a higher sensitivity and specificity, but the EEG is still
considered to be important for the diagnosis.* In a recent study involving 206
autopsy confirmed cases, Steinhoff showed that, in subjects with suspected
Creutzfeldt—Jakob disease, periodic discharges in the EEG have a sensitivity of
64% and a specificity of 91%.7°

THE ELECTROENCEPHALOGRAM IN DEMENTIA
DIAGNOSIS: A PRACTICAL APPROACH

As became clear in the previous section, the literature on EEG in dementia —
only a fraction of which has been reviewed — is somewhat overwhelming, but
it is surprisingly difficult to extract practical guidelines from it. In this section,
we attempt to give some practical guidelines based on the experience of the
Alzheimer Center of the VU University Medical Center in Amsterdam, the
Netherlands. At the Alzheimer Center, new patients with cognitive complaints
and suspected dementia undergo a 1-day, comprehensive evaluation consisting
of a clinical examination, a neuropsychologic examination, blood tests, MRI of
the brain, and an EEG recording. All findings are discussed in a multidiscipli-
nary meeting that takes place one and a half weeks later. The multidisciplinary
team consists of a neurologist, a psychiatrist, a geriatrician, a nurse, a psychol-
ogist, and a clinical neurophysiologist. The findings of the laboratory tests,
including the EEG, are discussed in relation to the clinical findings and in
relation to each other; a final diagnosis is reached by consensus. In case of
doubt, the patient is examined again after 6 months. This approach, where
EEG findings are interpreted in relation to other relevant information and not
as absolute facts, has proven quite fruitful. The following guidelines are
derived from this experience.

When to record an EEG in suspected dementia?

Two strategies can be followed in determining in whom to record EEGs: a
selective and a non-selective approach. In the selective approach, advocated
for instance by Walstra et al.>! EEGs are recorded only when the history and
clinical examination suggest the presence of a disorder which requires EEG
evaluation. This might be the case in suspected epilepsy, toxic metabolic
encephalopathy, or Creutzfeldt—Jakob disease. The advantage of this approach
is that it makes minimal use of EEG resources, and presumably has a high
yield of relevant EEG findings. Alternatively, EEGs can be recorded on a rou-
tine basis in all subjects evaluated for dementia. This is the approach followed
at the Alzheimer Center. The disadvantage of this approach is that it implies a
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considerable demand on facilities for recording EEGs. On the other hand, it
turns out that the EEG findings that are most interesting, and that have the
most pronounced consequences for clinical decisions, are often unexpected. In
other words, the EEG can provide relevant information, even in patients in
whom a clear indication for recording an EEG on the basis of the history and
clinical examination apparently did not exist.

Two examples of unexpected but relevant EEG findings are

e unexpected epileptiform abnormalities;
e frequent apneas, suggestive of obstructive sleep apnea syndrome (OSAS).

Some patients who do not have a clear history of (temporal) epilepsy, and who
are not being treated with antiepileptic drugs may present with (temporal)
epileptiform abnormalities. This finding has two implications: first, it requires
a thorough search for underlying structural abnormalities such as mesiotem-
poral sclerosis or cortical dysplasia, which may not be obvious on routine
MRI; secondly, even if there are no obvious clinical seizures but only memory
complaints, treatment with antiepileptic drugs should be considered. In some
patients such treatment may actually cure the ‘dementia’.>> Another unexpect-
ed but relevant finding is that some patients with cognitive complaints have
significant (duration longer than 10 seconds) apneas during the EEG record-
ing. In such patients there is often a pronounced tendency to fall asleep during
the recording, and apneas usually appear in non-REM 1. The end of the apnea
is usually characterized by an arousal reaction in the EEG. These patients may
suffer from OSAS which is known to be associated with cognitive complaints.
Also, a relationship between APOE E4 and sleep apnea in AD has been
suggested.’ These patients need to be referred to a specialist sleep center for
further diagnosis (24-hour polysomnographic recordings) and treatment.

Other examples of such unexpected relevant EEG findings can be given,
but the main point is clear: they will be missed if the EEG is only recorded in
selected cases. Because some of the unexpected findings have clear clinical
consequences, this argues for recording EEGs in all cases of suspected
dementia.

How to record the EEG in dementia?

Recording of the EEG in a patient with cognitive complaints basically follows
the same procedure as a routine EEG. There are, however, a few points to be
considered. First, some of the provocation tests used in routine recordings
such as hyperventilation and photic stimulation are less relevant for the evalu-
ation of dementia, and can be skipped. On the other hand, it may be useful to
include a simple cognitive test during the EEG recording, such as serial sub-
traction of 7 from 100 or a simple memory task. Such a test may provide infor-
mation on the reactivity of the EEG during cognitive processing, but its use is
still a bit experimental.>* Another issue to be considered is the level of arousal.
As indicated before, even slight drowsiness can be associated with an increase
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in theta activity. Because relative theta power is one of the earliest and most
sensitive indicators of early AD, it is extremely important not to confuse
drowsiness-related theta activity with pathologic theta activity. During the
EEG recording, care should be taken that the patient is well awake during at
least part of the recording. On the other hand, it is also useful to allow the
patient to fall asleep during another part of the recording, because this may
provoke such abnormalities as epileptiform activity and sleep apnea.

How to analyze the EEG?

The cornerstone of clinical EEG is still the visual analysis of the EEG record.
This is also true when the EEG is used for the evaluation of dementia. There is
no evidence that quantitative analysis is superior to visual assessment.
However, visual assessment can be made more accurate and reproducible with
the use of simple semiquantitative scales such as the GTE.>>3¢ EEG evaluation
for dementia should take into account subtle abnormalities, such as minor
slowing of the alpha frequency, diminished reactivity, and an increase in low-
voltage theta. On the other hand, confusion with normal age-related EEG
findings such as BTTE, sleep-onset FIRDA, and SREDA should be avoided. If
quantitative analysis is performed, care should be taken that the epochs used
for the analysis are not taken from periods with drowsiness, and the results of
quantitative analysis should only be used as an adjunct to visual assessment
and not as a replacement. Relying solely on sophisticated quantitative analyses
of the EEG is courting disaster.?> Perhaps the most practical approach is to
perform a simple frequency analysis and to determine the alpha peak frequen-
cy at O, and O, and the relative theta power at the same electrodes. This
simple analysis can be performed with most modern digital EEG machines.

How to interpret the EEG findings?

EEG interpretation involves two different levels. At the first level, the EEG is
described without taking into account any other information than the age and
level of arousal of the patient. The EEG should be classified as normal or
abnormal for age, and, if abnormal, the nature, distribution, and severity of
the abnormalities should be indicated, preferably using a semiquantitative
scale. At the second level, the EEG findings should be interpreted in the con-
text of the clinical information, but also the findings on other laboratory tests.
At this level it is important to consider whether the EEG supports the clinical
diagnosis, or suggests alternative possibilities, whether the EEG provides
information on prognosis, and whether any unexpected EEG findings may be
clinically relevant. The second level of interpretation is obviously the more
difficult one, because it requires knowledge of both electroencephalography
and the clinical aspects of dementia, but it is indispensable to take full advan-
tage of the contribution of the EEG to the diagnostic process. Assessment of
the clinical meaning of the EEG findings can be based upon the clinical



MODERN APPLICATIONS OF EEG IN DEMENTIA Diagnosis 201

information provided by the referring clinician on the EEG form, but the most
optimal solution is for the clinical neurophysiologist to take part in the multi-
disciplinary team in which all the findings are discussed. As an aid in the clini-
cal interpretation of EEG findings, a schematic overview of the relationship
between EEG phenomena and major categories of dementia is given in Table
12.1.

When to repeat the EEG?

Many patients who are referred to memory clinics these days have only mild
complaints. Even after extensive evaluation, it is not always possible to make a
final diagnosis. Such patients are usually evaluated again after a period of 1
year or 6 months. It is highly recommended to repeat the EEG during such
follow-up visits, because this is an objective and sensitive tool to detect slowly
progressive brain disease. In particular, slowing of the alpha peak frequency by
1 Hz or more, even when the peak frequency is still within normal limits, is
indicative of a progressive encephalopathy. Also when there is doubt about the
relative contribution of a toxic metabolic encephalopathy and a degenerative
dementia to the condition of a patient, it may be useful to repeat the EEG,
because improvement over time argues against a degenerative dementia.

Table 12.1 Electroencephalographic findings in the major categories
of dementia

Finding SMC* AD’ FTID® VD! TME¢ DLB/ (CJD¢
Slowing alpha - + - 0 + + "
Diminished reactivity alpha ~ —— + - + + ¥
Asymmetric alpha — - — + — _ _
Diff theta — + - 0 + + +
Temporal slow waves 0 0 0 ++ 0 ++ 0
Focal abnormalities - - - + - 0 0
Sharp waves — - — + 0 0
Periodic discharges —_ — —_— 0 0 +
FIRDA" —— — — 0 t + 0

@ SMC, subjective memory complaints; the EEG findings in mild cognitive impairment and depression with
cognitive dysfunction resemble this pattern.

b AD, Alzheimer’s disease. Please note that the EEG may be normal in up to 50% with early senile AD, whereas the

EEG is often abnormal in presenile AD.

FTD, frontotemporal dementia (there may be a slight increase in frontal low-voltage theta).

VD, vascular dementia. Note that there is often a combination of VD and AD.

TME, toxic metabolic encephalopathy, which often manifests clinically as (silent) delirium.

DLB, dementia with Lewy bodies (closely related to Parkinson dementia).

CJD, Creutzfeldt-Jakob disease.

h FIRDA, frontal intermittent rhythmic delta activity.

The prevalence of EEG abnormalities in different dementing disorders is indicated as follows: —— almost never;

— infrequently; 0 sometimes; + frequently; ++ almost always.
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ELECTROENCEPHALOGRAPHY AND
MAGNETOENCEPHALOGRAHY IN DEMENTIA:
NEW DEVELOPMENTS AND FUTURE PROSPECTS

The daily practice of EEG in the evaluation of dementia still depends to a large
extent upon a straightforward visual analysis of the record, with only minimal
support from quantitative analysis. However, there are some interesting
developments which may change the way the EEG is used in the evaluation in
the near future. These developments fall into two categories:

e development of new sophisticated tools to analyze the EEG
e using magnetoencephalography (MEG) instead of EEG, to record the
magnetic fields of the brain.

Today, quantitative analysis of the EEG is still almost synonymous with the
use of so-called linear methods such as frequency analysis and coherence
analysis. These methods are based upon the assumption that the EEG is essen-
tially a kind of filtered noise. Since the early 1990s, a different approach has
been explored. This approach, which is inspired by the theory of non-linear
dynamical systems (also called ‘chaos theory’), assumes that the brain is a
complex, self-organizing network of interacting non-linear dynamical
systems.’® The EEG record reflects the dynamics of these underlying net-
works, and can be analyzed with new measures such as the correlation dimen-
sion,’” Lyapunov exponents,’® Kolmogorov entropy,®® or non-linear measures
of synchronization.’®% Non-linear analysis of the EEG has suggested that
brain dynamics in dementia may be characterized by a loss of complexity, and
abnormal functional interactions between brain regions.®! There are some
indications that combining linear and non-linear EEG analysis may improve
the diagnostic accuracy of the EEG in dementia.®% However, although this
approach holds promise for the future, at this stage it should be considered
still experimental.

Another promising new development is the use of MEG instead of EEG to
investigate brain function in Alzheimer’s disease. MEG has several theoretical
advantages over EEG:

e it is hardly disturbed by the conductive properties of the intervening
tissues such as the skull

e with modern whole-head systems it is relatively easy to record very large
numbers (151 or more) of channels simultaneously

e MEG does not require the use of a reference, which is an advantage in
studies of functional connectivity.

In a pilot study, Berendse et al. showed that the MEG in AD is characterized by
significant slowing and loss of coherence, not only in the alpha band but
essentially in all frequency bands.®* Temporoparietal slowing of MEG in AD
was also demonstrated by Maestu et al.®> and Fernandez et al.% and was found
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to correlate with hippocampal atrophy.®”-°8 Combining non-linear analysis
with MEG further extends the scope of functional studies in AD. Using two
different measures of brain complexity, van Cappellen showed that complexity
loss in AD depends upon the frequency bands analyzed.®® Synchronization
likelihood analysis of MEG in early AD patients showed a loss of synchroniza-
tion in the upper alpha, the beta, and the gamma band.”® In this study, non-
linear analysis proved to be more sensitive than coherence analysis. MEG may
also be useful in discriminating subjects with mild cognitive impairment,
which can be an early stage of Alzheimer’s disease, from healthy controls.”! In
conclusion, the use of MEG in the evaluation of dementia holds many
promises. However, future clinical application will depend upon replication of
the results from pilot studies, and a wider availability of whole-head MEG
recording systems in clinical settings.
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