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Technological advances have led to greater use of both structural and functional brain imaging to
assist with the diagnosis of dementia for the increasing numbers of people with cognitive decline as
they age. In current clinical practice, structural imaging (CT or MRI) is used to identify space-
occupying lesions and stroke. Functional methods, such as PET scanning of glucose metabolism,
could be used to differentiate Alzheimer’s disease from frontotemporal dementia, which helps to
guide clinicians in symptomatic treatment strategies. New neuroimaging methods that are currently
being developed can measure specific neurotransmitter systems, amyloid plaque and tau tangle
concentrations, and neuronal integrity and connectivity. Successful co-development of neuroimaging
surrogate markers and preventive treatments might eventually lead to so-called brain-check scans
for determining risk of cognitive decline, so that physicians can administer disease-modifying
medications, vaccines, or other interventions to avoid future cognitive losses and to delay onset of
disease.

Introduction

Advances in medical technology have helped to increase life expectancy, but age-associated
cognitive impairment often diminishes the quality of life for the increasing numbers of older
adults. Developments in diagnosis and treatment of age-related cognitive decline have led to
better detection of and symptomatic treatment for Alzheimer’s disease (AD), and neuroimaging
is often used to assist physicians in making an accurate diagnosis. The prospect of more
effective treatments for AD and other dementias, and the potential for improving memory and
other cognitive functions in people with mild, age-related decline, as well as delaying their
progression, has led to new brain imaging technologies that might not only further improve
diagnostic accuracy but also accelerate treatment discovery. In this Review, we describe current
clinical uses of common neuroimaging techniques, as well as scanning methods and strategies
in development that could eventually be used to detect neurodegeneration before clinical
symptoms are obvious, so that physicians can identify treatment candidates for future
preventive therapies.

Normal ageing, mild cognitive impairment, and dementia

Cognitive impairment associated with ageing develops along a continuum (figure 1, panel). In
normal ageing, people are aware of mild age-related memory changes, but objective cognitive
deficits are minimal. By contrast, mild cognitive impairment (MCI) often represents a
transitional state between normal ageing and dementia.l Patients with MCI are able to live
independently, are aware of their memory changes, and typically show problems with delayed
recall, although non-memory cognitive domains might also be impaired. The prevalence of
MCI could be as high as 19% in people over the age of 65 years and 29% in those over the age
of 85 years.2 The term amnestic MCI describes cognitive complaints that are primarily in the
area of memory. Patients with the amnestic subtype are likely to progress to AD.3

When cognitive decline interferes with daily functioning and impairs not only memory but also
other mental abilities, dementia is often diagnosed.* AD accounts for most common cases and
is insidious in its onset and progressive in its course.>:8 By contrast, vascular dementia is often
diagnosed when onset is abrupt, cognitive deficits progress in a stepwise manner, and features
of cerebrovascular disease are present.”-8 Other causes include dementia associated with Lewy
bodies, characterised by visual hallucinations, Parkinsonian signs, and alterations of alertness
or attention,® and frontotemporal dementia, which often presents with executive dysfunction
and personality changes.19 Depression, medical illnesses, delirium, drug toxic effects, and
many other medical conditions can present as a dementia syndrome.11 Often, dementia results
from several causes: for example, cerebrovascular disease is often seen in patients with AD
pathology.
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Pharmacological treatments currently available for AD include the cholinesterase inhibitors
donepezil, rivastigmine, and galantamine, and the glutamate NMDA receptor antagonist
memantine.1112 A randomised placebo-controlled clinical trial in patients with MCI showed
that donepezil delayed progression to AD compared with placebo after 1 year of treatment, but
no difference between drug and placebo was observed after 3 years of treatment.13 The
prescribing of cholinesterase inhibitors for patients with MCI would be considered off-label
use in current practice.

Recently, revised research criteria for the diagnosis of AD have been proposed in light of the
growing scientific knowledge about neuroimaging and other biomarkers for AD.14 These
criteria include the presence of early episodic memory impairment with at least one or more
abnormal biomarkers that could be detected using techniques such as structural neuroimaging
with MRI, molecular neuroimaging with PET, and CSF analysis of amyloid B or tau proteins.

Panel: Terms for the continuum of brain ageing

Age-associated memory impairment

Often referred to as normal ageing because it is so common. It is characterised by self-
perception of memory loss and a standardised memory test score that shows a decline in
objective memory performance compared with younger adults.

MCI

A transitional state between normal ageing and dementia. MCI is associated with an
increased risk for dementia. Such patients are able to live independently, are aware of their
memory changes, and typically show problems with delayed recall, although non-memory
cognitive domains can also be impaired.

Amnestic MCI

A subtype of MCI with memory impairment, but without deficits in other cognitive domains.
Patients with this condition are at increased risk of developing AD.

Dementia

Cognitive decline that interferes with daily functioning and impairs not just memory but
other mental abilities.

AD

This most common form of dementia has an insidious onset and progressive course and is
definitively diagnosed at autopsy by the presence of high cerebral concentrations of amyloid
senile plagues and tau neurofibrillary tangles.

Brain alterations in age-related cognitive decline

Many of the brain changes that occur along this neurodegenerative continuum can be quantified
by various neuroimaging technologies designed to measure a range of biological processes
(table). The most obvious age-related brain change is atrophy from neuronal synaptic
degeneration and loss, which occurs throughout the brain, but can vary regionally according
to the form of dementia.1® For example, patients with AD show medial temporal atrophy early
in the disease, whereas those with frontotemporal dementia have greater frontal and temporal
atrophy.10

Amyloids are insoluble protein aggregates consisting of beta-pleated sheet structures with high
affinity binding to Congo red.1® Two proteins that share such amyloid properties, amyloid p
(in plaques) and tau (in neurofibrillary tangles; figure 2), have been observed in autopsy studies
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in young and middle-aged adults, and they accumulate in a predictable spatial pattern in normal
ageing, MCI, and AD.3:17:18 Neurofibrillary tangles have been observed in the hippocampus
and other medial temporal regions in MCI, and spread to parietal and frontal neocortical areas
as MCI progresses to AD. Although rarer in normal ageing, neuritic plaques begin to
accumulate in MCI in the hippocampus and neocortex, where they become more prevalent in
AD. A definite diagnosis of AD requires the presence at autopsy of high numbers of neocortical
amyloid senile plaques and tau neurofibrillary tangles.

As neurodegeneration progresses in the ageing brain, other alterations have been observed.
Post-mortem and CSF studies have shown deficits in cholinergic, serotonergic, dopaminergic,
somatostatinergic, noradrenergic, and glutaminergic neurotransmitters.1® Inflammatory and
oxidative alterations are also thought to contribute to neural dysfunction and neural death.2:
21 These and various other pathogenic mechanisms, such as hyper tension and insulin
resistance, further contribute to compromised cerebral blood flow, regional decreases in
glucose metabolism, white-matter hyperintensities, and small strokes.??

Currently available neuroimaging methods

Traditionally, neuroimaging techniques have been categorised as either structural or functional,
according to the primary information they provide. However, methods generally used to look
at structure can also be altered to observe function (eg, functional MRI). Similarly, traditional
functional methods, such as PET, can also be used to view structure (eg, amyloid plaque
imaging).

Commonly used structural methods include CT and MRI. Studies of brain function are often
done using single photon emission computed tomography (SPECT), with [2°™Tc]technetium-
labelled D,L-hexamethylpropylene amine oxime ([®MTc]technetium-HMPAO) to measure
blood flow, or PET, with the 2-deoxy-2-[18F]fluoro-D-glucose (FDG) tracer to measure
glucose metabolism. In clinical practice, imaging studies are usually used to increase diagnostic
accuracy to assist with treatment planning. However, diagnostic information offers benefits to
patients and families beyond drug treatment decisions. For example, accurate knowledge of
diagnosis often reduces anxiety and helps families clarify caregiving tasks, even though the
learning of a diagnosis of a progressive dementia can be initially upsetting to patients and their
family members.23

Structural imaging is often done to identify possible treatable causes of dementia, such as
normal pressure hydrocephalus or a space-occupying lesion, or to clarify the diagnosis by
detecting strokes or atrophy. The most recent American Academy of Neurology Practice
Parameter guidelines recommended structural neuroimaging with either a non-contrast CT or
MRI scan in the initial assessment of patients with dementia.24

Functional imaging technologies provide information about brain structure, but their spatial
resolution is lower than with CT or MRI. The added value of functional scanning is the
information provided on cerebral blood flow or glucose metabolism, even when structural
deficits are not present, which can assist the physician in the diagnosis and differential diagnosis
of dementia.2%26 For example, patients with AD typically show parietal, temporal, posterior
cingulate, and frontal deficits, whereas those with frontotemporal dementia show frontal and
temporal deficits.2> Dementia with Lewy bodies has a pattern similar to that of AD, but with
additional occipital deficits.2” Both PET and SPECT can be used to measure regional cerebral
blood flow, which is physiologically coupled to brain metabolism in many patients with
dementia. The radiotracer is assumed to accumulate in areas of the brain in proportion to the
rate of delivery of nutrients to that volume of brain tissue. PET also provides measures of
regional cerebral glucose metabolism.
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CT scanning provides high-resolution (~1 mm) information on brain structure, and can be used
to identify stroke, hydocephalus, atrophy, or space-occupying lesions (eg, tumour,
haemorrhage). The use of intravenous contrast material will enhance imaging of bleeding,
neoplasms, infection, and inflammation. Radiation exposure is approximately 1 - 3 mSv, which
is about a third to a half the natural background exposure per year.28 Despite this radiation
exposure, CT scanning is often used instead of structural MRI in clinical settings because of
its low cost and wide availability.

Structural MRI—MRI provides high-resolution (~1 mm) information on brain structure,
including differentiation of grey matter and white matter (T1-weighted images) and delineation
of white-matter hyperintensity (T2-weighted images).2® Gadolinium contrast agents are
sometimes used to enhance visualisation of brain lesions. Although patients can have multiple
scans because the method does not involve ionising radiation, some patients do not tolerate
MRI because the long, narrow tube makes them feel claustrophaobic, or their body metal from
hip replacements or pacemakers, for example, cannot be subjected to the high magnetic fields
of the scanners.

In clinical practice, structural MRI scanning is widely used, and radiologists interpret results
on the basis of visual readings. However, image analysis programs that quantify regional
volumes in MRI (and CT) have shown that medial temporal or hippocampal atrophy measures
can distinguish patients with a clinical diagnosis of AD from controls.3? Although hippocampal
atrophy can predict memory progression,3! these changes might not be specific to AD and
might occur in other dementia disorders. Other studies have charted the progression of cortical
grey-matter atrophy as AD progresses,32 and show early involvement of temporal and limbic
cortices, with atrophy sweeping forward into the frontal brain regions and sparing the primary
sensory and motor cortices until late in the disease. Structural MRI measures of atrophy in the
entorhinal cortex and hippocampus are associated with increased risk of developing AD,33:
34 and predict future memory decline in healthy adults.3> Related studies have shown a more
generalised pattern of cortical atrophy in early versus late-onset dementia,3¢ and specific
cortical changes have been associated with a specific decline in language and an increase in
apathy.3” Boundary shift interval measures derived from serial MRI scans have shown reduced
measurement variability, which offers the possibility of reducing the sample sizes required to
test new treatments.38 Such measures have indicated different rates of cerebral atrophy for
some but not all forms of neurodegeneration.39

Subcortical white-matter hyperintensity has been observed on MRI scans both in AD and
normal ageing and is not strongly associated with disease severity.*0 Older people with severe
white-matter changes are at greater risk for rapid global functional decline than those with mild
changes.*! The extent and spatial location of these lesions seem to determine their influence
on cognition.#2 Large volumes of white-matter hyperintensity, which are associated with
cerebrovascular disease, are found in non-demented people with lower cognitive performance
scores,*3 particularly in executive functioning.** Although the presence of vascular risk factors
might contribute to the initial expression of AD, not all studies find that they predict the rate
of future cognitive decline.*® Severity of baseline white-matter hyperintensity, rather than
diagnosis or severity of dementia, is a significant predictor of lesion progression.46:47 In
patients with MCI, medial temporal atrophy seems to be a better predictor of cognitive function
than does small-vessel disease.*® Although MRI evidence of infarcts that indicate that
cerebrovascular disease and medial temporal atrophy independently contribute to the risk of
AD, the presence of white-matter hyperintensity has not been useful in clinical practice for the
diagnosis of dementia or for predicting future cognitive decline.*? Cognitive decline associated
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with white-matter changes seems less extensive than that from other causes, such as AD.%0 As
automated quantitative analytic programs become more user friendly and widely available,
clinicians might wish to use visual rating scales.

Functional MRI—Functional MRI is used to measure signal intensities that are associated
with relative cerebral blood flow during memory or other cognitive tasks.> The MRI signal
intensity associated with a particular task in comparison to the control condition corresponds
with blood flow and neural activity, but only indirectly. Functional MRI studies of patients
with AD show lowered brain activity in parietal and hippocampal regions and relatively higher
activity in primary cortices unaffected by the disease.52

Avrelatively new application of functional MRI involves the measurement of the extent to which
different areas of the brain are functionally connected. Compared with controls, patients with
AD show, during mental rest, less coordinated activity in a default brain network (posterior
cingulate, hippocampus, and inferior parietal lobes).>3 Resting and activation functional MRI
studies have reported similar disruptions in functional connectivity in AD,>#:%5 which might
account in part for the decreased resting glucose metabolism found with [18F]FDG-PET
scanning.

Functional MRI has also shown greater brain activation during tasks requiring memory in
cognitively intact APOE &4 carriers than in non-carriers, and the degree of activation predicts
subsequent memory decline.®® Thus, combining genetic risk measures and functional MRI
during memory task performance has future potential as a presymptomatic predictor of
cognitive decline. Whereas patients with MCI undergoing functional MRI can perform similar
memory tasks that activate the hippocampus during successful memory encoding,>’ patients
with dementia are usually too impaired to perform such memory tasks. However, use of less
demanding memory encoding paradigms during functional MRI has shown significant
correlations between regional activation and cognitive performance scores.>8 Functional MRI
activation responses to a face-matching paradigm have been found to differentiate patients with
MCI from healthy controls.59 Although functional MRI might eventually be used to assist in
diagnosis and treatment monitoring, the identification of cognitive paradigms appropriate for
varying levels of cognitive impairment poses a practical challenge.

Diffusion tensor imaging—Diffusion tensor imaging (DTI) provides images of neuronal
connectivity in the form of quantitative data on the directionality (anisotropy) of water
diffusion, which can indicate local fibre orientation and integrity of white-matter tracts. ADTI
study of hippocampal water diffusion changes and temporal white matter found that patients
with AD had decreased fibre density in the temporal white matter, probably related to secondary
degeneration of medial temporal grey matter.50 DTI has also been reported to differentiate
patients with AD from those with dementia with Lewy bodies,51 and to show decreases in
white-matter fractional anisotropy in presymptomatic carriers of familial AD mutations.52
APOQOE status of healthy middle-aged and older adults was found to affect the trajectory of age-
related myelin breakdown in late-myelinating brain regions.63 Fractional anisotropy of the
cingulum fibres has been reported to be significantly reduced in patients with MCI, and even
more so in those with AD.84 When DTI results were added to hippocampal volume measures,
significantly better differentiation among MCI, AD, and control groups was found.8* Thus,
DTI might eventually be useful as a diagnostic tool with measures of regional brain volume.
However, the meaning of DTI findings in ageing remains unclear since various factors could
influence results, including mental ability during childhood, as well as early developmental
changes.6°

Magnetic resonance spectroscopy—Magnetic resonance spectroscopy (MRS) provides
information on tissue substrate or metabolite concentrations. This technique has been used to
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show that the neuronal marker N-acetyl aspartate is reduced in the hippocampus in patients
with AD and MCI compared with controls.56 MRS has also been used to monitor metabolite
changes in clinical trials and to differentiate patients with MCI from those with AD.67:68 In a
3-month trial of donepezil in patients with AD, baseline MRS parietal lobe patterns predicted
positive treatment outcome.® Further study with this technique is necessary to determine its
potential clinical use in diagnosis.

SPECT provides measures of cerebral blood flow by detecting a single-photon emitting tracer
after its intravenous injection and brain uptake. Spatial resolution is about 10 mm, and radiation
exposure is approximately 9 mSv (three times the annual natural background). Although
comparison studies suggest that SPECT has lower diagnostic accuracy than PET, recent
advances in voxel-based statistical analysis have improved the accuracy of brain perfusion
SPECT in diagnosing early AD.”0 In clinical practice, SPECT imaging can be helpful in
diagnosing dementia and differentiating AD from frontotemporal dementia. In the past, SPECT
has been used more extensively because of its wider availability and lower cost. However, with
increased use of PET for oncology studies, it is now widely available in many geographical
areas.

For PET, the patient receives an intravenous injection of tracer that emits a positron that
annihilates and releases two gamma photons travelling in opposite directions. The scanner
records the photons at detectors 180° apart and determines the line along which the annihilation
occurs to construct the PET images. Spatial resolution is 3-5 mm, and radiation exposure is
similar to that of a SPECT brain study.

[18F]FDG-PET—Studies of AD often use the radiolabelled glucose analogue FDG to measure
cerebral glucose metabolism, which indicates levels of neurosynaptic activity. Such studies
have shown characteristic cortical brain alterations in AD that begin in the posterior cingulate
and parietal regions, and spread to the temporal and prefrontal cortices. Such images can
differentiate patients with AD from those with other dementias and from cognitively intact
people.?> Regional cortical hypometabolism correlates with greater cognitive losses, and
[18F]FDG-PET can also differentiate patients with MCI from those with AD and controls
(figure 3).71:72 Diagnostic accuracy for AD seems better when [8F]FDG-PET is added to the
standard clinical assessment of dementia, providing increased sensitivity and specificity of
diagnosis that is similar to that observed on clinical assessment 4 years after baseline.” In
September 2004, the US Centers for Medicare and Medicaid Services approved Medicare
reimbursement for [18F]JFDG-PET scans to assist with the differential diagnosis of AD and
frontotemporal dementia, which is useful clinical information since the latter dementia does
not seem to respond well to currently available symptomatic treatments. Lower scanner costs
and greater availability of PET tracers is expected to lead to wider use of PET for dementia
diagnosis.

Because MCI and AD are often difficult to differentiate, some clinicians will use [*8F]JFDG-
PET in patients with MCI to help guide treatment. Longitudinal studies of patients with MCI
have found that if the baseline [18F]JFDG-PET scan suggests an AD-like pattern, the probability
of clinical progression within several years is extremely high. 7475

Hypometabolism in the posterior cingulate, parietal, prefrontal, entorhinal, and temporal
regions has been found to predict future cognitive decline in normal ageing, ’6:77 and middle-
aged and older APOE ¢4 carriers have greater rates of cerebral metabolic decline than non-
carriers.’® Significantly lower metabolism in these regions has been reported in APOE &4
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carriers compared with non-carriers in cognitively intact young adults in their 20s and 30s.7°
Several [18F]FDG-PET studies have shown that AD-like metabolic patterns in patients with
MCI are highly predictive of conversion to AD within several years, particularly in patients
who are APOE &4 carriers.80:81 Confirmation of such results is likely to lead to greater clinical
use of [18F]JFDG-PET in patients with MCI.

Plaque and tangle PET—Before the development of neuroimaging technologies that could
measure amyloid-p plaques and tau tangles, these protein deposits could only be observed at
autopsy, or, rarely, at biopsy. Several small molecule probes for use with PET have been
developed to provide measures of these deposits in vivo.82-86

The most extensive experience has been with the amyloid-binding radiotracer [11C]-labelled
Pittsburgh compound B (2-[4L’-(methylamino)phenyl]-6-hydrobenzothiazole; PIB), a
derivative of thioflavin-T amyloid dye that binds to amyloid-$ plaques but not tangles. PET
studies using [11C]PIB show significantly greater cortical retention in patients with AD
compared with controls (figure 4).82 Studies of MCI show a bimodal distribution with
approximately 50% of MCI patients showing high [11C]PIB binding.87:88 Initial 2-year
longitudinal follow-up has shown stable levels of [11C]PIB retention despite declines in
glucose metabolism and cognitive function.8? [11C]PIB shows retention in patients with
cerebral amyloid angiopathy, so it could potentially be used to detect cerebrovascular amyloid.
90 Initial PET studies with [11C]PIB in patients with dementia with Lewy bodies indicate lower
binding than in AD, and no cortical binding in patients with frontotemporal dementia.88

Two newly developed amyloid PET ligands use fluorine-18, which has a half-life long enough
to make these compounds potentially suitable for clinical use. [18F]-BAY94-9172-PET or
trans-4-(N-methyl-amino)-4L’-{2-[2-(2-[*8F]fluoro-ethoxy)-ethoxy]-ethoxy}-stilbene, an
amyloid-p ligand, has been used with PET to discriminate patients with AD from those with
frontotemporal dementia and healthy controls.%

Our group has developed a fluorine-18 tau and amyloid PET probe, [18F]FDDNP (2-(1-[6-[(2-
[18F]fluoroethyl] (methyl)amino]-2-naphthyl]Jethylidene)malononitrile). Both [28FJFDDNP
and its non-fluorinated analogue, DDNP, are fluorescent and provide clear images in vitro of
plaques and tangles in AD brain specimens examined with confocal fluorescent microscopy.
92 Neuropathological studies done at autopsy of patients with AD who previously received
[18F]FDDNP-PET scans show close matching of in-vitro brain sections concentrated with
plagues and tangles, and brain regions that show increased [18FJFDDNP-PET signals in vivo.
[18F]FDDNP-PET scanning differentiates patients with AD from those with MCI and
cognitively intact controls, and initial longitudinal studies show that [*8FJFDDNP binding
values increase as cognitive symptoms progress (figure 3).”1 Three-dimensional cortical
surface projection images of [18FJFDDNP-PET show patterns remarkably similar to those
expected from autopsy studies that show regional brain accumulation patterns of plaques and
tangles (figure 5).

Other PET ligands that measure neurotransmitter systems—Hippocampal
pyramidal neurons have high concentrations of serotonin 5-HTq receptors, and loss of these
pyramidal neurons has been correlated with lower 5-HT 4 receptor densities.’? Recent studies
have found that a selective molecular imaging probe for 5-HT 4 receptors, 4-[18F]fluoro-N-
{2-[1-(2-methoxyphenyl)-piperazinyl]ethyl}-N-(2-pyridinyl)benzamide (MPPF), provides
excellent images of the hippocampus in cognitively intact individuals. Patients with AD show
diminished hippocampal signals, whereas patients with MCI show binding values intermediate
between controls and patients with AD (figure 3).72 The differential binding potential of MPPF
in the hippocampus is indicative of neuronal losses and might eventually provide an early
diagnostic measure even before symptoms are present.
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Investigators have also used PET radioligands to visualise cholinergic nicotinic receptors in
patients with AD, which have been found to correlate with cognitive measures of attention.
93 PET measures of the cholinergic system with 11C-nicotine have been used to assess nicotine
binding sites in the brain before and after treatment with cholinesterase inhibitors.%* Studies
of the brain dopaminergic system have shown decreased striatal uptake of the dopamine
reuptake ligand [11C]2p-carbomethoxy-3p-(4-fluorophenyl) tropane ([11C]B-CFT) in patients
with AD.9 PET studies using [11C](R)-PK 11195, a measure of microglial activation and the
brain’s immune response to neuronal degeneration, have shown greater binding in patients
with AD than in controls.%6 However, most of these ligands have been used only in research
settings and require further study to better understand their clinical usefulness.

Future uses of neuroimaging

As clinical use of available neuroimaging techniques expands, investigators are exploring
novel applications of these techniques and developing others that measure various biological
processes relevant to neuro degeneration. Combining neuroimaging studies with other
procedures that provide data on genetic risk and biomarker measures from other tissues (eg,
serum, CSF) might increase diagnostic sensitivity and specificity, as well as the predictive
value of the information.

Biomarkers for diagnosis and treatment monitoring

The AD Neuroimaging Initiative is a large, multisite study that is doing serial structural MRI
scans and [18F]FDG-PET scans, and acquiring other biomarkers from patients with MCI and
AD and normal controls. Data from this study are likely to improve current knowledge of these
techniques and how they can be used in combination to improve diagnostic accuracy and
treatment monitoring.%” This initiative and other investigations will increase understanding of
neuroimaging measures that might also be used to track the biological effects of treatments in
clinical trials.

In this context, a biomarker has been defined as an indicator of disease activity, whereas a
surrogate marker can substitute for a clinically meaningful endpoint in a clinical trial.% A
useful neuroimaging biomarker would not only be an indirect measure of neurodegeneration,
but it would also be detected in most patients. Moreover, the biomarker would be used to
monitor a relevant aspect of disease pathophysiology, correlate with treatment-induced
changes, and assist in identifying responders to a specific treatment. Such biomarkers might
also be used to adjust dosing of dementia treatments, or to determine neuroreceptor brain
distributions in treatment candidates.?9 Examples of drugs that have been approved on the basis
of their effects on surrogate markers include anti-hypertensives, cholesterol-lowering agents,
and glaucoma treatments.®8 Several of the neuroimaging technologies in development show
promise in providing measurements of potential biomarkers or surrogate markers, but further
research is necessary to validate their use.

Although symptomatic drug treatments are available for AD, the UK’s National Institute for
Health and Clinical Excellence recently issued guidance restricting the use of these drugs in
the National Health Service.1%0 The search for new disease-modifying treatments is a high
priority for many current investigative groups. When used to monitor treatment response in
clinical trials, the particular neuroimaging modality chosen for the measurement of a biomarker
will depend on the specific intervention and the biological processes it presumably targets. For
example, [8F]FDG-PET and functional MRI might be used to monitor treatments that affect
cerebral blood flow, metabolism, or neuronal dysfunction, whereas DT might track the effects
of treatments that strengthen or protect neuronal connectivity and white-matter integrity.
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The relation between a particular neuroimaging measure, treatment, and neurodegeneration is
not always straightforward. For example, regional atrophy predicts cognitive decline and
effective treatments would be expected to reduce such atrophy. However, patients with AD
who experienced cognitive benefits from an anti-amyloid immunotherapy trial had greater
brain volume decreases rather than increases on MRI, perhaps because of amyloid-f removal
and associated cerebral fluid shifts.101

Other potentially informative biomarkers

Neuroimaging measures have the potential of offering relatively direct biomarker windows
into the brain, and such central measures might indicate neurodegenerative events more
accurately than measures derived from peripheral tissues. By contrast, biomarkers of other
tissues and organs might be more readily accessible and less expensive to obtain. Measures of
genetic risk for dementia, such as APOE &4, can be obtained from blood samples.102 Although
APOE has been helpful in research studies, APOE &4 is neither necessary nor sufficient for
developing AD, and is thus not recommended as a predictive test. In families with autosomal
dominant inheritance patterns, wherein half the relatives develop dementia when they reach
the age at onset for the family (usually mid-life), blood tests could provide information on
genetic mutations that cause the disease.1%3 Genome-wide surveys of single-nucleotide
polymorphisms are being used to characterise and confirm additional susceptibility genes.
104 Inherited variants in the SORL1 neuronal sorting receptor gene have been associated with
late-onset AD.105 Although future research might determine a genetic profile that assists in
diagnosis, the large number of potential genetic risks poses a major challenge. Signalling
proteins in blood plasma were recently found to classify AD patients and controls with 90%
accuracy.106

CSF concentrations of proteins associated with plaques and tangles (eg, increased
phosphorylated tau and low AB1-42) have been found to distinguish patients with AD from
normal controls.107 Various other biomarkers are currently being studied, including olfactory
identification tests,198 serum markers of inflammation,2° a pilocarpine eye-drop test,19% and a
skin test to determine endothelial alterations.110

Early detection and prevention of neurodegeneration

An important potential application of these emerging technologies is in the early detection and
prevention of minimum cognitive decline, since the feasibility of protecting a healthy brain is
always greater than trying to repair one that is already damaged. Of course, the true power of
a novel neuroimaging surrogate marker is not only in its diagnostic specificity and sensitivity,
but also in the effectiveness of the treatments it can monitor. Even if a particular biomarker
were perfectly accurate in identifying a dementia decades before symptoms begin, its
widespread use would be unlikely if effective preventive treatments were not available.
Fortunately, scientists are actively studying various potential treatments that could delay or
prevent neurodegeneration.

Monitoring treatments in development

Several therapeutic strategies for preventing or diminishing insoluble amyloid-f3 accumulation
—such as secretase inhibitors or modulators, active or passive vaccines, aggregate (oligomer)
and tau kinase inhibitors, cholesterol-lowering statins, anti-inflammatory drugs, omega-3 fatty
acids, and the yellow curry pigment curcumin—are being evaluated as interventions for
delaying onset or slowing progression of AD, in addition to non-pharmacological interventions,
such as physical exercise, nutrition, and cognitive training.1117114 Some of these approaches
might provide disease-modifying effects and slow progression of neurodegeneration. Although
a neuroimaging biomarker for insoluble brain amyloid B might measure the biological effects
of the intervention, a clinical trial design that would assess the progression of AD (eg,
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randomised withdrawal or randomised start design) would be necessary to prove disease-
modifying effects.11%:116 Combining neuroimaging with genetic risk measures or other
biological markers might improve diagnostic accuracy, reduce the number of individuals
needed for a clinical trial of a new treatment, and identify genetically defined subgroups of
patients who are most likely to respond.11” However, successful disease-modifying trials in
AD will require careful attention to methodological issues such as trial design, duration, choice
of primary and secondary endpoints, and selection of participants.118

To the extent that these neuroimaging technologies provide measures of the neuropathological
hallmarks of AD, plaque and tangle imaging has face validity even if the amyloid § or tau
protein deposits do not cause the disease but rather result from it. Anti-plaque treatments would
be expected to have a greater effect on plaque-dense lateral temporal regions, whereas anti-
tangle treatments would have a greater impact on tangle-rich medial temporal regions, both of
which might be assessed at the earliest stages of the disease.

Animal models of AD could be useful in the co-development of neuroimaging measures and
treatments. For example, microPET studies (ie, using high-resolution PET scanners for
imaging small animals) have shown high hippocampal and cortical [18F]FDDNP binding in
15-month-old transgenic amyloid rat models of AD.11° These same transgenic animals showed
minimum [18F]FDDNP binding after in-vivo blocking with the non-steroidal anti-
inflammatory drug naproxen, a competitive inhibitor of [8FJFDDNP binding,° suggesting
specificity of [18F]FDDNP binding in vivo (figure 6). Such findings also indicate that
commonly used medicines can interfere with neuroimaging results, and patients should be
instructed to discontinue their use of certain anti-inflammatory drugs before [18F]FDDNP-PET
scanning. In addition, with a suitable anti-aggregation treatment approach, initial testing of
compounds in animals could be followed by clinical trials in small animals with microPET
used to measure a biomarker for plaques or tangles or both, to guide investigators on further
testing in human beings.

Monitoring available interventions

[18F]FDG-PET has been used to monitor cerebral metabolism during clinical trials in patients
with AD, and has indicated that cholinesterase inhibitors increase or stabilise cerebral glucose
metabolic rates.120-122 [18F]FDG-PET has also been used to track non-pharmacological
interventions that might improve brain health and delay cognitive decline. Conventional
acupuncture has been reported to increase glucose metabolism in temporal, parietal, and
thalamic regions.123 A short-term healthy lifestyle programme that combines mental and
physical exercise, stress reduction, and healthy diet was associated with significant effects on
both cognitive function and brain metabolism (figure 7).124

Conclusions

In current clinical practice, CT or MRI is routinely used and SPECT or [18F]FDG-PET is
sometimes used to assist in the diagnosis of dementia. With the recent advances in
neuroimaging technology, additional methods are emerging as potentially useful. Many of
these methods require validation before they become widely used in clinical settings, and the
relatively high costs and lack of wide availability is likely to limit their initial adoption. A cost
analysis of CT scanning for identifying theoretically treatable causes of dementia concluded
that CT would be cost-effective in patients with dementia aged under 65 years and should be
undertaken selectively in older patients.12> A decision-analytic model that compared costs and
quality-adjusted life-years associated with adding SPECT, dynamic susceptibility-weighted
contrast material-enhanced MRI, or [¥8F]JFDG-PET to the standard clinical examination found
that despite the high diagnostic accuracy of PET, these benefits incurred high costs.126 Other
analyses, however, have shown that for the same cost, [*8F]FDG-PET provides more accurate
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diagnoses.127:128 Improved diagnostic accuracy would be expected to result in treatment of
more patients with the correct diagnosis and fewer patients with a false-positive diagnosis.
Thus, the proposed new diagnostic criteria for AD that incorporate biomarkers and that improve
early diagnostic accuracy could lead to cost savings, as well as higher quality of care.14 With
more extensive use of new technology, costs generally decline, and the assumptions of any of
these analytic models will change as new and more effective treatments emerge.

Available structural and functional imaging techniques have improved diagnostic accuracy,
helping in the identification of patients who might respond to current anti-dementia
symptomatic treatments. However, current technologies and those under development might
have the greatest future impact in presymptomatic detection and preventive treatment
management of age-related cognitive decline and neurodegeneration. If co-development of
neuroimaging surrogate markers and preventive treatments succeeds, future management of
neurodegeneration could be similar to current management of blood cholesterol or blood
pressure surrogate markers, which are used in the initiation and monitoring of medicines to
prevent future disease. Healthy adults with risk factors for cognitive decline (eg, age, previous
head trauma, family history) might undergo a scan or so-called brain check for measures of
cognitive decline risk, and physicians would administer a vaccine, preventive medication, or
other interventions to avoid future cognitive losses and delay or prevent onset of disease. The
potential impact of such strategies on the future prevalence of dementia would be substantial.

Search strategy and selection criteria

For each relevant topic area for this Review, peer-reviewed articles published between 1980
and November, 2007, were obtained through PubMed searches by use of appropriate
keyword search terms, including “age-related memory loss”, “Alzheimer’s disease”,
“amyloid”, “biomarker”, “CT”, “dementia”, “dementia with Lewy bodies”, “diagnosis”,
“DTI”, “frontotemporal dementia”, “functional and structural MRI”, “genetics”, “mild
cognitive impairment”, “MRS”, “neurotransmitter”, “PET”, “prevention”, “SPECT”,
“surrogate marker”, “treatment”, and “vascular dementia”. The most recent references that
the authors judged to be representative of the topic area and most relevant were used. Only
papers published in English were included.
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Figure 1. Hypothetical course of the continuum of brain ageing

Neuroimaging is currently used once dementia develops. Future use is likely to involve
detection of neurodegeneration before symptoms are obvious in preclinical stages such as
normal ageing and MCI.
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Figure 2. Neuropathological microscopic examination of the hippocampus after brain autopsy of
a patient with AD, by use of immunohistochemical staining
Left: amyloid-B protein (length 1-42 amino acids; brown staining). Right: phosphorylated tau

protein (brown staining).
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Figure 3. Representative examples of brain [18F]FDG-PET images showing cognitive impairment
For each imaging method, the patient with MCI has intermediate values between the control
and the patient with AD. Absolute scales are comparable within each patient with a specific
probe, and warmer colours indicate higher values. In the patient with AD, the arrows point to
frontal, parietal, and posterior cingulate (upper), frontal and temporal-parietal (middle), and
medial temporal (lower) regions. Reproduced with permission from the National Academy of
Sciences.?
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Control

Figure 4. [11C]PIB-standardised uptake images showing higher [*1C]PIB retention in a 79-year-
old patient with AD than in a 67-year-old healthy control
Reproduced with permission from John Wiley and Sons, Inc.82

Lancet Neurol. Author manuscript; available in PMC 2009 August 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Small et al.

Page 23

Control

Figure 5. Three-dimensional cortical surface projection images of [\3F]FDDNP-PET scans from a
control and a patient with AD
Lateral (upper) and medial (lower) brain surfaces are shown. Warmer colours indicate higher

numbers of plaques and tangles.
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Figure 6. MicroPET imaging of amyloid-p deposits in vivo with [18F]FDDNP in a triple transgenic

amyloid-p rat model of AD

Transgenic rat model developed by Cephalon, Inc. (West Chester, PA) and Xenogen
Biosciences (Cranbury, NJ). The 15-month-old animal showed the expected increase in binding
in the cerebral cortex and hippocampus but not in white matter (left). Specificity of cortical
[18F] binding was shown by blockage of the FDDNP signal (right) when the animal was
rescanned after three 8 mg doses of naproxen (given over 2 days), which brought the [18F]
FDDNP-binding signal to a value similar to that of a control animal.119
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Figure 7. Statistical parametric mapping of results of [8F]JFDG-PET scanning

Shows a 5% decline in metabolic activity in the left dorsolateral prefrontal cortex after a 2-
week programme of memory training, physical conditioning, relaxation exercises, and healthy
diet, whereas no such decline was observed in the control group.124 The colour scale indicates
the location of all cortical voxels that show significantly greater decline (p<0-01) in the
intervention group compared with the control group. Left: left lateral viewpoint; right: from
the top of the brain. The arrows point to the voxels of peak significance (p<0:001). Reproduced
with permission from the American Association for Geriatric Psychiatry.124
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Imaging techniques and the biological processes they measure

Table

cT
MRI

[*®FIFDG-PET
[**™Tc]Te-HMPAO SPECT
[*®F]FDDNP-PET
[cIPIB-PET

[*c]SB-13 PET
[*5F]-BAY94-9172-PET
[®FIMPPF-PET

Functional MRI

DTI

MRS

[*C]-nicotine PET
[MCI(R)-PK11195 PET
[**C]B-CFT PET

Biological process

Atrophy, space-occupying lesions

Atrophy, space-occupying lesions, white-matter hyperintensity

Glucose metabolism

Blood flow

Amyloid plaques and tau tangles
Amyloid plaques

Amyloid plaques

Amyloid plaques

Hippocampal neuronal integrity
Blood flow, functional connectivity
Neuronal connectivity, white-matter integrity
Metabolite concentrations

Nicotinic binding sites

Microglial activation (inflammation)

Dopamine reuptake
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