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STRUCTURAL AND FUNCTIONAL
BRAIN IMAGING OF

ALZHEIMER DISEASE

GARY W. SMALL

Of the many laboratory measures and techniques available
for understanding and quantifying biological aspects of Alz-
heimer disease (AD), imaging the structure and function of
the brain is a particularly attractive approach in that it can
provide highly relevant and diverse information using a vari-
ety of techniques. The application and interpretation of
such information have considerable practical clinical rele-
vance, but as these technologies and our understanding of
the disease pathogenesis continue their rapid evolution, so
do the potential utilities of these imaging methods in ad-
dressing timely neuropsychopharmacologic research issues.

Brain imaging techniques are often categorized as either
structural or functional, based on the primary form of infor-
mation provided. This classification method breaks down,
however, when considering newer applications of these
techniques. For example, magnetic resonance imaging
(MRI) equipment is used to provide functional brain re-
sponses with functional MRI (fMRI). Moreover, both posi-
tron emission tomography (PET) and single photon emis-
sion computed tomography (SPECT) have the potential
to provide visualizations of the pathognomonic structural
lesions of AD, the amyloid neuritic plaques (NPs), and neu-
rofibrillary tangles (NFTs).

The in vivo visualization of relevant structures and func-
tions through brain imaging has several clinical and research
applications for AD and other dementias. Recognition of
dementia is particularly difficult in its early stages, when
family members and physicians often incorrectly attribute
the patient’s symptoms to normal aging (1,2). Systematic
studies indicate that the frequency of unrecognized memory
impairment, beyond that associated with normal aging, or
a dementia diagnosis can range from 50% to 90% of cases
(3,4). A related application is the differential diagnosis of
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various dementia causes. The gradual onset and progressive
cognitive decline of ADmay be difficult to distinguish clini-
cally from other chronic dementias, including dementia
with Lewy bodies, vascular dementia, frontotemporal de-
mentia, and late-life depression. Brain imaging techniques
may sort out these various causes. The marginal diagnostic
value (i.e., added specificity and sensitivity) that a brain
imaging procedure provides also has applications to neuro-
pharmacologic clinical trials. When brain imaging improves
diagnostic homogeneity, drug efficacy and safety studies are
likely to be more informative.

Another application of brain imaging is in the preclinical
detection of AD. Neuropathologic, neuropsychological, and
brain imaging data point to a form of gradual age-related
cognitive decline that precedes AD (5). Use of imaging stud-
ies, particularly when coupled with data on genetic risk of
AD, is an emerging strategy to identify candidates for phar-
macologic interventions that delay cognitive decline pro-
gression and disease onset. A related application is the use
of brain imaging data to predict and follow treatment re-
sponse in patients with the full dementia syndrome of AD.
Finally, imaging studies also may provide information that
clarifies underlying disease mechanisms, which, in turn,
may foster improved drug development. In this chapter, I
review both available and developing brain imaging tech-
niques and emphasize neuroimaging techniques and mea-
sures for presymptomatic AD detection and monitoring
pharmacologic interventions.

STRUCTURAL NEUROIMAGING
TECHNIQUES

Computed Tomography

Computed tomography (CT) measures the attenuation of
an x-ray beam through body tissues. A tissue’s appearance
will vary according to its attenuation. Bone has the highest
attenuation and appears white, whereas gas has the lowest
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and appears black. A ring of x-ray generators and detectors
obtains images of multiple brain slices as the patient is ad-
vanced through the scanner (6). CT can differentiate bone,
soft tissue, fluid, and gas with spatial resolution of less than
1 mm. Intravenous contrast medium enhances such patho-
logic features as bleeding, neoplasm, infection, and inflam-
mation. Limitations of CT include its inability to differen-
tiate gray and white matter and to visualize the posterior
fossa clearly (6). Quantitative CT measures have demon-
strated greater brain atrophy and ventricular dilatation in
patients with AD compared with controls (7). The rate of
clinical decline in AD is also related to the rate of ventricular
volume change (8).

Magnetic Resonance Imaging

MRI measures the radiofrequency energy that hydrogen
atoms of water molecules emit. In a static magnetic field,
lower-energy nuclei align with the field, whereas higher-
energy nuclei align against the field. When irradiated at a
specific frequency, some lower-energy nuclei absorb energy
and align against the field. The MRI scanner detects energy
emitted when the radiation is discontinued and the nuclei
return to their lower-energy state (9). Such energy level
changes provide measures of brain structure representations.
The rate that nuclei return to their low-energy state deter-
mines the type of image produced: T1-weighted images dif-
ferentiate gray and white matter, and T2 images delineate
white matter hyperintensities (9). Because MRI does not
involve ionizing radiation, patients can have multiple scans.
Spatial resolution is 1 to 2 mm, usually less than that of
CT. Much of the work using MRI has focused on regional
volumetric changes in patients with AD compared with con-
trols, with an emphasis on atrophy of the hippocampus and
nearby medial temporal structures (10).

FUNCTIONAL NEUROIMAGING
TECHNIQUES

Quantitative Electroencephalography

The development of computer-analyzed EEGs and the abil-
ity to examine regional differences in EEG activity have
potential applications to the study of dementia (11). Quan-
titative EEG coherence measures the synchronization of
neuronal activity at two different cortical sites. If different
brain areas are simultaneously activated during a task, coher-
ence between these areas will increase. In AD, reductions
in resting state coherence occur between intrahemispheric
parietal and prefrontal cortical areas, whereas in vascular
dementia, reduction in coherence occurs between occipital
and parietal areas (12). Changes in coherence in both the
resting state and during task performance may become tech-
niques for the differential diagnosis of dementia. Advantages
of quantitative EEG are availability, low cost, and lack of

radiation exposure. Disadvantages include the possibility of
artifact and the fact that the measures are relatively distant
from the brain. Moreover, the precise physiologic meaning
of the measure is unclear. Resting state coherence in specific
areas can be reduced in AD and in vascular dementia. In
AD, the greatest reductions in coherence occur between
intrahemispheric parietal and prefrontal cortical areas,
whereas in vascular dementia, this reduction occurs between
occipital and parietal areas (13).

Single Photon Emission Computed
Tomography

SPECT involves administration of an inhaled or injected
tracer or unstable isotope. Tracer decay leads to single pho-
ton emission, the scanner determines the site of the photon
source, and a computer generates a three-dimensional image
reflecting cerebral blood flow or receptor distribution (14).
In comparison with PET, SPECT has lower spatial resolu-
tion, particularly for imaging deep structures. Moreover,
determining the source of single photon emitters is less pre-
cise compared with determining the two photons traveling
in opposite directions in PET scanning. Unlike PET,
SPECT cannot demonstrate glucose metabolism.

Positron Emission Tomography

PET tracers are positron-emitting nuclides. When a posi-
tron encounters an electron, the positron is destroyed and
releases photons traveling in opposite directions. A scanner
records the simultaneous arrival of two different photons
at different detectors (180 degrees apart) and determines
the line along which the photons travel. PET images are
then constructed from information received by the scanner
(15). PET, like SPECT, delineates cerebral blood flow and
receptor characteristics. Injection of high-affinity receptor
ligands labeled with nuclides can measure receptor density
and affinity. Studies of AD often use fluorodeoxyglucose
(FDG) to measure cerebral glucose metabolism, which re-
flects synaptic activity. PET studies have demonstrated char-
acteristic alterations in cerebral blood flow and metabolism
in patients with AD that begin in the parietal cortex and
spread to the temporal and prefrontal cortices. The degree
of hypometabolism correlates with the severity of cognitive
impairment (16). PET images can differentiate patients
with AD from patients with other dementias and from cog-
nitively intact people (17).

Although investigators have focused considerable atten-
tion on the cholinergic system in AD, numerous other neu-
rotransmitter systems are affected, and PET has been used
to study them. For example, striatal uptake of the dopamine
reuptake ligand [11C]�-CFT is decreased in AD, a finding
indicating involvement of the brain dopaminergic system
(18). In addition to serotonergic deficits (19), cholinergic
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nicotinic and muscarinic receptors have been studied using
PET radioligands (20).

Both PET and SPECT are noninvasive procedures that
demonstrate neuronal activity or receptor characteristics.
Advantages of PET include its better spatial resolution and
the type of biological information it provides. Because of
their radiochemical characteristics, positron emitters (PET
tracers) can produce more ligands than photon emitters
(SPECT tracers) for receptor studies. Lower scanner costs
and greater availability of PET tracers have led to wider
availability.

Magnetic Resonance Spectroscopy

Nuclei produce magnetic fields that modify the fields of
neighboring atoms of the same molecule. Such ‘‘shielding’’
produces a small variation in the resonant frequency known
as a chemical shift. The magnetic resonance spectrum dis-
play according to frequency demonstrates an element’s dif-
ferent chemical forms as characteristic peaks. These spec-
troscopy displays provide information on biologically
important elements, thus reflecting tissue metabolite con-
centrations (21). Magnetic resonance spectroscopy (MRS)
is noninvasive, lacks ionizing radiation exposure, and can
provide quantitative regional measures of biochemical and
physiologic processes. Schuff and associates used proton
MRS (1HMRS) and tissue-segmented and volumetric MRI
to determine whether hippocampal N-acetylaspartate
(NAA, a neuronal marker) and volume used together pro-
vided greater discrimination between patients with AD and
normal elderly persons than either measure alone (22).
These investigators found that NAA reductions and volume
losses made independent contributions to the discrimina-
tion of patients with AD from controls. Concentrations of
myoinositol- and choline-containing compounds are higher
in the occipital and parietal regions of adults with Down
syndrome compared with controls (23).

Functional Magnetic Resonance Imaging

Developments in MRI techniques have allowed investiga-
tors to use the device to measure brain activity. The altered
MRI signal intensity reflects local changes in blood volume
or blood flow. The signal intensity of deoxygenated hemo-
globin (highly paramagnetic) differs from that of oxygen-
ated hemoglobin. During brain activity, increased blood
flow brings more oxygenated blood into the capillary bed.
The brain does not metabolize this excess oxygen, and this
causes a greater concentration of oxygenated blood to cross
over to the venous side leading to a decrease in the magnetic
field gradient at the capillaries. The resultant greater mag-
netic field homogeneity yields a higherMRI signal intensity.
Thus, brain regions receiving greater blood flow during
brain activity produce a stronger MRI signal than do other
regions. By comparing perfusion in activated and nonacti-

vated states, areas of relative brain activity can be identified
(24). Thus, fMRI provides measures of signal intensity that
are associated with relative cerebral blood flow during mem-
ory or other cognitive tasks (25–30), and it has the advan-
tages of high resolution in space and time and lack of radia-
tion exposure. The MRI signal intensity associated with a
particular task in comparison with the control condition
reflects blood flow and consequently neural activity, but
only indirectly (31,32). fMRI studies of patients with AD
reveal lowered brain activity in parietal and hippocampal
regions and relatively higher activity in primary cortices un-
affected by the disease (33).

Diffusion Tensor Imaging

A critical aspect of the interpretation of normal and abnor-
mal brain function is neuronal connectivity. One method
that provides visualizations of projections of axonal fibers
is diffusion tensor MRI (34). The technique offers quantita-
tive information on the directionality (anisotropy) of water
diffusion and thus information on local fiber orientation
and integrity of white matter tracks. Diffusion tensor imag-
ing (DTI) quantifies and visualizes diffusional anisotropy
within each voxel, and computer algorithms relate DTI data
to three-dimensional projections of axonal fibers. The de-
gree of neuronal connectivity loss observed in AD is clearly
a useful measure to monitor as the disease progresses, and
combining DTI with other imaging modalities (e.g., PET,
fMRI) may be a useful approach, which has been described
in other neuropsychiatric disorders (35). A DTI study of
diffusion anisotropy of pyramidal tract in ten older and ten
younger adults subjects found that older persons had lower
values in the cerebral peduncle, with no differences in the
pons and medulla (36). A study of hippocampal water diffu-
sion changes and temporal white matter using DTI in pa-
tients with AD and controls suggests that decreased fiber
density occurs early in the temporal white matter, probably
related to secondary degeneration from gray matter disease
of the medial temporal lobe (37). Moreover, studies using
DTI indicate mild myelin loss in patients with AD, even
though white matter appears normal on MRI, and areas of
periventricular hypertrophy show a definite loss of myelin
and axons, including incomplete infarction (38).

IMAGING ANALYSIS TOPICS RELEVANT TO
DEMENTIA RESEARCH

Numerous variables influence the methodologic error intro-
duced into imaging studies of dementia, including the sta-
bility and resolution of imaging systems, the reliability of
image analysis, the effect size, undefined neuropathology,
the stage of illness, and various confounding factors. The
particular method of image analysis provides different levels
of image detail and sources of error.
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Imaging Registration

In early studies of SPECT and PET imaging, regions of
interest (ROIs) were drawn directly on the PET images,
matched to a standard atlas. This approach has high interra-
ter reliability (39), but better anatomic definition is possible
with computer software that provides image overlay pro-
grams merging structural and functional imaging data
within the same subject for ROI analyses (40). Such algo-
rithms also allow alignment of multiple PET images ob-
tained from a single subject (41). Registration of PET im-
ages that have uniform three-dimensional resolution
permits direct regional metabolic comparisons, whereas
MRI and PET registration allows precise anatomic localiza-
tion of those metabolic data in terms of the individual’s
structural anatomy.

Statistical Parametric Mapping

In statistical parametric mapping (SPM) analysis (42,43),
images are coregistered and reoriented into a standardized
coordinate system, spatially smoothed, and normalized to
mean global activity. The set of pooled data are then assessed
on a voxel-by-voxel basis, to identify the profile of voxels
that significantly change between conditions (e.g., baseline
versus follow-up scan). The probability of finding by chance
any region containing its voxel of maximal significance is
assessed after adjusting for multiple comparisons. It is not
surprising that results vary according to analytic method.
The ROI approach depends on a priori assumptions on
size and shape of regions defined by structural criteria. If
functionally relevant areas deviate from a priori assump-
tions, an area not functionally involved will dilute the statis-
tical effect. By contrast, SPM analysis relies on pooled brain
images spatially normalized into a common space; the extent
that the original size and shapes of brains differ will inevita-
bly introduce some error. Minoshima and colleagues ap-
plied an automated image analysis method, wherein meta-
bolic reductions were standardized using three-dimensional
stereotactic surface projections from FDG PET scans of
patients with AD compared with controls (44). This ap-
proach has been useful in studies of asymptomatic subjects
at risk of developing AD (45).

Atrophy Correction

Decreased functional imaging signal intensity in patients
with AD may result from local atrophy causing partial vol-
ume effects. Approaches to correcting for cerebral atrophy
and partial volume effects include a binary method, wherein
cerebrospinal fluid (CSF) and brain tissue are segmented
and the composite tissue images are convolved to the in-
plane resolution of the PET image. The binary method
ignores averaging between gray matter and white matter,
and pathologic and imaging data suggest gray matter losses

FIGURE 86.1. Partial volume correction using the trinary
method. Example of the method using MRI and FDG PET images
of a patient with primary progressive aphasia and left (seen on
the right in figure image planes viewed from below the subject’s
head) temporal atrophy. Trinary segmentation (gray matter,
white matter, CSF) was performed on the MRI image at the level
of the temporal lobe. The MRI image was then registered and
resliced to align with the PET image. The corrected left temporal
glucose metabolic rate was higher than the uncorrected left tem-
poral glucose metabolic rate, an expected result in light of the left
temporal lobe atrophy. The corrected and uncorrected glucose
metabolic raters for the right temporal lobe were nearly the
same, consistent with the minimal atrophic changes in the right
hemisphere. A: MRI scan without tissue segmentation. B: MRI scan
with tissue segmentation (yellow, white matter; gray, gray mat-
ter; blue, CSF). C: Uncorrected PET image (white lines indicate
temporal region of interest) showing left-to-right temporal lobe
asymmetry of glucose metabolic rate. D: Corrected PET image
showing less striking asymmetry. (Courtesy of Dr. Henry Huang,
Department of Molecular and Medical Pharmacology, UCLA
School of Medicine, Los Angeles.) See color version of figure.

in AD greater than white matter losses (46). In trinary cor-
rection methods, CSF, gray matter, and white matter seg-
mentation are included (47) (Fig. 86.1). Computer simula-
tion studies (47) have shown close to 100% recovery of
radiotracer concentration in neocortical gray matter and
hippocampus, and they indicate that errors in gray matter
segmentation and errors in registration of PET and MRI
images result in less than 15% inaccuracy in the corrected
image. Other work indicates that the neocortical deficits
observed in AD reflect true metabolic reductions and are
not just the result of atrophy (48).

USE OF NEUROIMAGING FOR
PRESYMPTOMATIC AD DETECTION AND
PHARMACOLOGIC TREATMENT
MONITORING

During the past decade, investigators have been focusing
their efforts on early detection of AD at clinical stages before
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the time when a physician confirms a clinical diagnosis of
probable AD (49). The aim is to begin preventive pharma-
cologic treatments before extensive neuronal damage devel-
ops. Brain imaging has become an important tool for the
development of surrogate markers that will effectively iden-
tify people with only mild cognitive losses who are likely
to progress in their cognitive loss and who will eventually
develop the full dementia syndrome of AD. As novel, dis-
ease-modifying agents emerge, these surrogate brain imag-
ing markers will be critical in determining drug efficacy and
will facilitate drug development in both animal models and
human studies.

Several diagnostic entities have been described in efforts
to characterize age-related cognitive decline better. The
mildest form of age-related memory decline is known as
age-associated memory impairment (AAMI) (50), charac-
terized by self-perception of memory loss and a standardized
memory test score greater than or equal to 1 standard devia-
tion (SD) below the aged norms. In people 65 years of age
or older, its estimated prevalence is 40%, afflicting approxi-
mately 16 million people in the United States (51). Only
about 1% of such patients develop dementia each year. A
more severe form of memory loss is mild cognitive impair-
ment (MCI), often defined by significant memory deficits
without functional impairments. People with MCI show
memory impairment that is greater than or equal to 1.5
SD below aged norms on such memory tasks as delayed
paragraph recall (52). Approximately 10% of people 65
years old or older suffer fromMCI, and nearly 15% develop
AD each year (52,53). Brain imaging studies of presymp-
tomatic AD focus on both these forms of age-related mem-
ory decline.

Evidence of Presymptomatic Disease

Neuropathologic, neuroimaging, and clinical research sup-
ports the idea that the dementing process leading to AD
begins years before a clinical diagnosis of probable AD can
be confirmed (49). Postmortem studies of nondemented
older people indicate that tangle density in healthy aging
correlates with age (54), but that some persons demonstrate
widely distributed neuritic and diffuse plaques throughout
neocortex and limbic structures. Other studies have found
that NFT density increases in some persons (55), presum-
ably those who will eventually develop AD, very early in
adult life, perhaps even by the fourth decade. The diffuse
amyloid deposits in middle-aged nondemented persons are
consistent with an early or ‘‘preclinical’’ stage of AD and
suggest that the pathologic process progresses gradually, tak-
ing 20 to 30 years to proceed to the clinical manifestation of
dementia (56). Other supportive evidence includes findings
that linguistic ability in early life predicts cognitive decline
in late life (57). High diffuse plaque density in nonde-
mented older persons has been observed in the entorhinal
cortex and inferior temporal gyrus, in association with ace-

tylcholinesterase fiber density (58). Evidence from animal
models also supports compromised hippocampal choliner-
gic transmission during aging (59). Studies of glucose meta-
bolic rates using PET (45,60,61) indicate lower regional
brain metabolism in middle-aged and older persons with a
genetic risk (apolipoprotein E-4 [APOE-4]), lending further
support to a prolonged presymptomatic AD stage.

Structural Imaging

Computed Tomography and Magnetic
Resonance Imaging

Studies of early detection logically follow from initial work
demonstrating the differential diagnostic utility of a brain
imaging marker. For structural imaging, particularly MRI,
data have emerged on the use of regional atrophy patterns
for the positive diagnosis of AD and other neurodegenera-
tive disorders. Studies without neuropathologic confirma-
tion report the utility of medial temporal lobe atrophy, par-
ticularly hippocampal atrophy, on CT or MRI for the
clinical diagnosis of AD (62). Some, but not all, quantitative
MRI studies indicate that white matter hyperintensities cor-
relate with neuropsychological functioning in both healthy
elderly persons and demented patients (63,64). Other stud-
ies indicate loss of cerebral gray matter (46), hippocampal
and parahippocampal atrophy (65), and lower left amygdala
and entorhinal cortex volumes (66) in patients with AD.
In differentiating AD from older normal controls, the sensi-
tivity of various medial temporal atrophy measures ranges
from 77% to 92%, with specificities ranging from 49% to
95% (67–69). In older patients with MCI, hippocampal
atrophy predicts subsequent conversion to AD (70). Of var-
ious analytic methods, computerized volumetric techniques
are most accurate, but they are currently labor intensive and
are not widely available.

A modified negative-angle axial view designed to cut par-
allel to the anterior-posterior plane of the hippocampus has
been used to assess hippocampal volume using CT or MRI
(62). Such hippocampal atrophy is a sensitive and specific
predictor of future AD in patients with MCI. Baseline hip-
pocampal ratings accurately predicted decliners with an
overall accuracy of 91%. Neuropathologic studies found
that the sites of maximal neuronal loss for both AD and
MCI are in the CA1, subiculum, and entorhinal cortex (62).
Hippocampal atrophy was also found to predict future cog-
nitive decline in older persons without cognitive impair-
ment who were followed-up for nearly 4 years. Visual assess-
ments of medial temporal lobe atrophy on coronal MRI
sections show significant correlations between estimated
and stereologically measured volumes (71). Because the lat-
ter is much more labor intensive, visual readings may be an
alternative approach with greater efficiency.

The hippocampus and the temporal horn of the lateral
ventricles also may serve as antemortem AD markers in
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mildly impaired patients (mean Mini-Mental State Exami-
nation [MMSE] score of 24) (72). Although hippocampal
atrophy may enable one to distinguish AD from normal
aging, such atrophy may be nonspecific, occurring in other
dementing disorders (73). MRI hippocampal atrophy mea-
sures are not as sensitive as PET glucose metabolism mea-
sures, which begin decreasing before the onset of memory
decline (74). The presence ofMRI white matter hyperinten-
sities does not improve diagnostic accuracy because they
occur both in AD and in healthy normal elderly persons
(75,76).

The entorhinal cortex, a region involved in recent mem-
ory performance, is one of the earliest areas to accumulate
NFTs (55). Histologic boundaries of the entorhinal cortex
from patients with autopsy-confirmed AD and controls
have been used to validate a method for measurement of
entorhinal cortex size relying on gyral and sulcal landmarks
visible on MRI (77). Such measures may be additional early
AD detection markers.

Several studies have addressed the interaction between
regional atrophy and APOE genotype. Increasing dose of
APOE-4 allele was associated with smaller hippocampal, en-
torhinal cortical, and anterior temporal lobe volumes in al-
ready demented patients (78). A study of nondemented
older persons found an association between APOE-4 dose
and a larger left than right hippocampus (79). Combining
medial temporal measures with other functional neuroimag-
ing (80) or APOE genotyping may improve the ability of
any of these measures alone to predict cognitive decline
(81).

In Vivo Imaging of Amyloid Plaques and
Neurofibrillary Tangles

The evidence of NP and NFT accumulation years before
clinical AD diagnosis suggests that in vivo methods that
directly image these pathognomic lesions would be useful
presymptomatic detection technologies. Current methods
for measuring brain amyloid, such as histochemical stains,
require tissue fixation on postmortem or biopsy material.
Available in vivo methods for measuring NPs or NFTs are
indirect (e.g., CSF measures) (82). Studies that may lead
to direct in vivo human A� imaging include various radiola-
beled probes using small organic and organometallic mole-
cules capable of detecting differences in amyloid fibril struc-
ture or amyloid protein sequences (83). Investigators also
have used chrysamine-G, a carboxylic acid analogue of
congo red, an amyloid-staining histologic dye (84), serum
amyloid P component, a normal plasma glycoprotein that
binds to amyloid deposit fibrils (85), or monoclonal anti-
bodies (86). Methodologic difficulties that hinder progress
with these techniques include poor blood–brain barrier
crossing and limited specificity and sensitivity. In addition,
most approaches do not measure both NPs and NFTs.

In a breakthrough, Barrio and colleagues (87) used a

hydrophobic radiofluorinated derivative of 1,1-dicyano-2-
[6-(dimethylamino)naphthalen-2-yl]propene (FDDNP) (88)
with PET to measure the cerebral localization and load of
NFTs and SPs in patients with AD (n � 7) and controls
(n � 3). The FDDNP was injected intravenously and was
found to cross the blood–brain barrier readily in proportion
to blood flow, as expected from highly hydrophobic com-
pounds with high membrane permeability. Greater accu-
mulation and slower clearance of FDDNP were observed
in brain regions with high concentrations of NPs andNFTs,
particularly the hippocampus, amygdala, and entorhinal
cortex. The FDDNP residence time in these regions showed
significant correlations with immediate and delayed mem-
ory performance measures (89), and areas of low glucose
metabolism correlated with high FDDNP activity reten-
tion. The probe showed visualization of NFTs, NPs, and
diffuse amyloid in AD brain specimens using in vitro fluo-
rescence microscopy, which matched results using conven-
tional stains (e.g., thioflavin S) in the same tissue specimens.
Thus, FDDNP-PET imaging is a promising noninvasive
approach to longitudinal evaluation of NP andNFT deposi-
tion in preclinical AD.

Magnetic Resonance Spectroscopy

Initial studies of MRS as a preclinical AD detection tech-
nique found significantly lower NAA concentrations in per-
sons with AD and AAMI compared with controls (90).
Mean inositol concentration was significantly higher in AD
than in controls, whereas persons with AAMI had interme-
diate values. Another study focused on patients with Down
syndrome because they invariably develop AD by the time
they reach their thirties or forties. Concentrations of myoin-
ositol- and choline-containing compounds found using 1H
MRS were significantly higher in the occipital and parietal
regions in 19 nondemented adults with Down syndrome
and in 17 age- and sex-matched healthy controls (23).
Moreover, older patients with Down syndrome (42 to 62
years) had higher myoinositol levels than younger subjects
(28 to 39 years), a finding suggesting that this approach
may be eventually useful as a preclinical AD marker.

Functional Imaging

Positron Emission Tomography

Using FDG PET, our group reported that parietal hypome-
tabolism predicted future AD in people with questionable
dementia (91), and even people with very mild age-related
memory complaints have baseline PET patterns predicting
cognitive decline after 3 years (92). These initial studies
using PET for early AD detection emphasized family history
of AD as a risk factor for future cognitive decline. A change
in focus came with the discovery of the APOE genetic risk
for AD. The first report combining PET imaging and APOE
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genetic risk in people with a family history of AD included
12 nondemented relatives with APOE-4 and 19 relatives
without APOE-4 and compared them with seven patients
with probable AD (61). ‘‘At-risk’’ subjects had mild mem-
ory complaints, normal cognitive performance, and at least
two relatives with AD. Persons with APOE-4 did not differ
from those without APOE-4 in mean age at examination
(56.4 versus 55.5 years) or in neuropsychologic perfor-
mance. Parietal metabolism was significantly lower and left-
right parietal asymmetry was higher in at-risk subjects with
APOE-4 compared with those without APOE-4. Patients
with dementia had significantly lower parietal metabolism
than did at-risk persons with APOE-4.

The following year, Reiman and associates replicated
these results and extended them to other brain regions (45).
These investigators found hypometabolism in temporal,
prefrontal, and posterior cingulate regions in a study of 11
nondemented APOE-4 homozygotes (4/4 genotype) and in
22 APOE-3 homozygotes (3/3 genotype) of similar ages to
those in our own initial study (midfifties). They also applied
an automated image analysis method, wherein metabolic
reductions were standardized using three-dimensional ste-
reotactic surface projections from FDG PET scans of pa-
tients with AD compared with controls (44). The results
from these two studies (45,61) provided independent con-
firmation of an association between genetic risk and regional
cerebral glucose hypometabolism.

Our group confirmed these two initial reports in a study
that included none of the subjects participating in our previ-
ous report on APOE and PET (61), in a study of 65 persons
in the 50- to 84-year age range (mean � � 67.3�9.4
years), with or without a family history of AD (93). Of the
65 study subjects, 54 were nondemented (27 were APOE-
4 carriers and 27 were subjects without APOE-4), and 11
were demented and were diagnosed with probable AD (49).
The nondemented study subjects were aware of a gradual
onset of mild memory complaints (e.g., misplacing familiar
objects, difficulty in remembering names). The nonde-
mented subjects, however, had memory performance scores
within the norms for cognitively intact persons of the same
age and educational level. The APOE-4 carriers had a small
but consistent nonsignificant reduction in cognitive perfor-
mance. As predicted, baseline comparisons among the three
subject groups indicated the lowest metabolic rates for the
AD group, intermediate rates for the nondemented APOE-
4 carriers, and highest rates for the nondemented group
without APOE-4 in several cortical regions, including infe-
rior parietal, lateral temporal, and posterior cingulate (Fig.
86.2).

Another FDG PET study focused on older patients with
Down syndrome who were at risk of AD (94). The investi-
gators hypothesized that an audiovisual stimulation para-
digm would serve as a stress test and would reveal abnormal-
ities in parietal and temporal cerebral glucose metabolism
before dementia developed. At mental rest, younger and

FIGURE 86.2. Examples of PET images (comparable parietal lobe
levels) coregistered to each subject’s baseline MRI scan for an 81-
year-old nondemented woman (APOE-3/3 genotype; upper im-
ages), a 76-year-old nondemented woman (APOE-3/4 genotype;
middle images), and a 79-year-old woman with AD (APOE-3/4
genotype; lower images). The last column shows 2-year follow-
up scans for the nondemented women. Compared with the
nondemented patient without APOE-4, the nondemented APOE-
4 carrier had 18% (right) and 12% (left) lower inferior parietal
cortical metabolism, whereas the demented woman’s parietal
cortical metabolism was 20% (right) and 22% (left) lower, as well
as more widespread metabolic dysfunction resulting from disease
progression. Two-year follow-up scans showed minimal parietal
cortical decline for the woman withoutAPOE-4, but bilateral pari-
etal cortical decline for the nondemented woman with APOE-4,
who also met clinical criteria for mild AD at follow-up. MRI scans
were within normal limits. (From Small GW, Ercoli LM, Silverman
DHS, et al. Cerebral metabolic and cognitive decline in persons
at genetic risk for Alzheimer’s disease. Proc Natl Acad Sci USA
2000;97:6037–6042, with permission.) See color version of figure.

older patients with Down syndrome did not differ in glu-
cose metabolic patterns. During audiovisual stimulation,
however, the older patients showed significantly lower pari-
etal and temporal metabolism. Families with familial AD
linked to chromosome 14 or amyloid precursor protein
(APP) mutations have been studied with FDG PET as well
(95). In such families with early-onset AD, approximately
half of relatives who live to the age at risk will develop AD.
Although pedigree members with AD show typical parietal
and temporal hypometabolism, asymptomatic relatives at
risk of AD show a similar but less severe hypometabolic
pattern.

Single Photon Emission Computed Tomography

Johnson and associates (96) used SPECT with technetium-
hexamethylpropyleneamineoxime (HMPAO) to study lon-
gitudinal cerebral perfusion of patients with questionable
AD (clinical dementia rating � 0.5) (97) and controls.
Regional decreases in perfusion in patients whose diagnosis
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converted to AD were most prominent in the hippocampal-
amygdaloid complex, the anterior and posterior cingulate,
and the anterior thalamus. Including APOE status did not
influence results. A direct comparison of FDG PET and
HMPAO-SPECT in their ability to differentiate AD from
vascular dementia indicated higher diagnostic accuracy for
PET regardless of dementia severity (98). Using ROC
curves, PET diagnostic accuracy was better than SPECT
for an MMSE score greater than 20 (87.2% versus 62.9%)
and for an MMSE score less than or equal to 20 (100%
versus 81.2%). Other studies confirmed a lower sensitivity
for even high-resolution SPECT compared with PET (99).
Moreover, the parietal hypoperfusion observed using
SPECT in patients with AD has been observed in such other
conditions as normal aging, vascular dementia, posthypoxic
dementia, and sleep apnea (100).

Functional Magnetic Resonance Imaging

Two studies combined APOE genotyping and fMRI in per-
sons at risk of AD. Bookheimer and associates (101) per-
formed fMRI studies while 30 cognitively intact middle-
aged and older persons (mean age, 63 years) memorized
and retrieved unrelated word pairs. The 16 APOE-4 carriers
did not differ significantly from the 14 persons without
APOE-4 in age, prior educational achievement, or rates of
AD family history. Brain activation patterns were deter-
mined during both learning and retrieval task periods and
were analyzed using between-group and within-subject ap-
proaches. Memory performance was reassessed on 12 sub-
jects after 2 years of follow-up. The APOE-4 carriers had
significantly greater magnitude and spatial extent of MRI
signal intensity during memory performance in regions af-
fected by AD, including bilateral hippocampal and left pari-
etal and prefrontal (Fig. 86.3). This pattern of activation
was greater in the left hemisphere, consistent with the verbal
nature of the task, and during the retrieval rather than the
learning condition. Longitudinal data indicated that greater
baseline brain activation correlated with verbal memory de-
cline assessed 2 years later. The greater signal in persons
with the APOE-4 genetic risk suggests that the brain may
recruit additional neurons to compensate for subtle deficits.
Moreover, the longitudinal data are encouraging that fMRI
may be a useful approach to prediction of future cognitive
decline and early AD detection.

By contrast, other types of memory tasks may produce
different patterns of brain activation. In another study of
persons at risk for AD, visual naming and letter fluency
tasks were used to activate brain areas involved in object
and face recognition during fMRI scanning (102). Subjects
in the high-risk group had at least one first-degree relative
with AD and one APOE-4 allele. The low-risk group was
matched for age, education, and cognitive performance. The
high-risk group showed reduced activation in the middle
and posterior inferotemporal regions bilaterally. Such de-

FIGURE 86.3. Statistical parametric maps of recall versus control
blocks for APOE-4 carriers and noncarriers. Maps were standard-
ized into a common coordinate system. Both groups showed sig-
nificant MRI signal intensity increases in frontal, temporal, and
parietal regions, and the APOE-4 group had greater extent and
intensity of activation. TheAPOE-4 group showed additional acti-
vations in the left parahippocampal region, left dorsal prefrontal
cortex, and other regions in the inferior and superior parietal
lobes, and anterior cingulate. (From Bookheimer SY, Strojwas
MH, Cohen MS, et al. Brain activation in older people at genetic
risk for Alzheimer’s disease.N Engl J Med 2000;343:450–456, with
permission.) See color version of figure.

creased activation patterns could result from subclinical
neuropathology in the inferotemporal region or in the in-
puts to that region.

Longitudinal Studies of Glucose
Metabolism of Persons At Risk of
Dementia

Both the University of California, Los Angeles (UCLA) and
the University of Arizona groups have reported on longitu-
dinal FDG PET follow-up data on nondemented persons
at risk of AD. At UCLA, a total of 20 nondemented subjects
(ten APOE-4 carriers and ten without APOE-4) received
repeat PET and neuropsychologic testing 2 years after base-
line assessment (mean�SD for follow-up was 27.9�1.7
months) (93). The ten APOE-4 carriers available for longi-
tudinal study were similar to the ten noncarriers in
mean�SD age (67.9�8.9 versus 69.6�8.1 years) and
educational achievement (14.4�1.8 versus 16.4�2.8
years). Memory performance scores did not differ signifi-
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FIGURE 86.4. Regions showing the greatest metabolic decline
after 2 years of longitudinal follow-up in nondemented patients
with APOE-4 (SPM analysis) included the right lateral temporal
and inferior parietal cortex (brain on the left side of the figure).
Voxels undergoing metabolic decline (p � .001, before correc-
tion) are displayed in color, with peak significance (z � 4.35)
occurring in Brodmann’s area 21 of the right middle temporal
gyrus. (From Small GW, Ercoli LM, Silverman DHS, et al. Cerebral
metabolic and cognitive decline in persons at genetic risk for Alz-
heimer’s disease. Proc Natl Acad Sci USA 2000; 343:450–456, with
permission.) See color version of figure.

cantly according to genetic risk either at baseline or follow-
up, and the APOE-4 carriers and noncarriers did not differ
significantly in cognitive change after 2 years.

The ROI analysis of PET scans performed after 2 years
showed significant glucose metabolic decline (4%) in the
left posterior cingulate region in APOE-4 carriers. The SPM
analysis showed significant metabolic decline in the inferior
parietal and lateral temporal cortices with the greatest mag-
nitude (5%) of metabolic decline in the temporal cortex
(Fig. 86.4). After correction for multiple comparisons, this
decline remained significant for the APOE-4 group, wherein
a decrease in metabolism was documented for every subject.
Based on these data from only ten subjects, the estimated
power of PET under the most conservative circumstances
is 0.9 to detect a one-unit decline from baseline to follow-
up using a one-tailed test. Such findings suggest that com-
bining PET and AD genetic risk measures will allow inves-
tigators to use relatively small sample sizes when testing
antidementia treatments in preclinical AD stages. The
University of Arizona group also found that APOE-4 het-
erozygotes had significant 2-year declines in regional brain
activity, the largest of which was in temporal cortex, and
that these reductions were significantly greater than those
in APOE-4 noncarriers. Their findings suggest that as few as
22 cognitively normal, middle-aged APOE-4 heterozygotes
would be needed in each treatment arm (i.e., active drug
and placebo) to test a prevention therapy over a 2-year pe-
riod (103).

Clinical Trials of Presymptomatic
Patients Using Neuroimaging Surrogate
Markers

The longitudinal findings of significant parietal and tem-
poral metabolic decline in asymptomatic persons at risk of

AD because of age or genetic risk or both have now been
confirmed at two centers in separate subject cohorts. To-
gether, these studies indicate that combining PET imaging
of glucose metabolism and genetic risk may be useful out-
come markers in AD prevention trials. Functional brain
imaging techniques could be used to track preclinical cogni-
tive decline and to test candidate prevention therapies with-
out having to perform prolonged multisite studies using
incipient AD as the primary outcome measure. The consis-
tency and extent of the metabolic decline in these well-
screened populations indicate that the PET measures pro-
vide adequate power to observe such decline in relatively
small subject groups. A similar but less striking metabolic
decline pattern was noted in subjects without APOE-4 such
that larger groups per treatment arm would be needed.

These observations provide an opportunity for presymp-
tomatic treatment trials not previously available. Until now,
such trials involved studies of preclinical subjects with more
severe memory impairments consistent with MCI, wherein
approximately 50% of subjects actually develop dementia
over a 3- to 4-year period. The MCI trials have required
hundreds of subjects for adequate power. These trials use
a categorical variable, incipient dementia, as the primary
outcome measure. The introduction of FDG PET imaging
combined with APOE-4 genetic risk increases efficiency and
reduces costs by addressing the research questions with
fewer subjects. Our group is currently performing two such
placebo-controlled trials, one using the cyclooxygenase-2
inhibitor celecoxib and the other using the cholinesterase
inhibitor donepezil.

Cost Benefit and Cost Effectiveness

Using neuroimaging as a surrogate marker early in the dis-
ease course, even in preclinical stages, has potential cost
benefits beyond the greater efficiency in preclinical trials.
Because FDG PET increases diagnostic sensitivity and spec-
ificity of AD (104), the technique could improve diagnostic
homogeneity in clinical trials of mild to moderate AD.
Rather than treating the conventional clinical syndrome of
AD, the refined phenotype would include a specific neu-
roimaging pattern (e.g., parietal and temporal hypometabo-
lism). If PET can improve diagnostic accuracy, particularly
in the preclinical and early disease stages, then patients
would be treated earlier, with resulting improvements in
their daily functioning and quality of life. When uncertain
about diagnosis, clinicians generally perform costly repeti-
tive examinations. The greater accuracy of early AD detec-
tion that neuroimaging may offer would facilitate early in-
tervention. Offsetting the pharmacy costs would be the cost
savings from avoidance of repetitive and unnecessary exami-
nations. Following evidence from placebo-controlled stud-
ies, the assessment of economic impact would be another
level of analysis driving decision makers to fund new neu-
roimaging technologies. Definitive diagnosis and treatment
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during presymptomatic stages of AD would likely decrease
both direct and indirect costs. The improved diagnostic ac-
curacy could improve efficacy in clinical trials and could
thus facilitate early optimal treatment, delay further cogni-
tive decline, and meet patient and family expectations of
the highest-quality care.
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