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   A lzheimer disease (AD) is currently a major public 
health challenge and one that poses an even greater 
threat for the future as the population ages. Th e role of 

neuroimaging in AD diagnosis and in the general assessment 
of cognitive impairment in the elderly has greatly evolved over 
the past two decades. In the past, structural neuroimaging 
was used merely to support the physical exam in the exclusion 
of focal lesions that could contribute to a patient’s cognitive 
impairment. In most cases, any such discrete lesion suffi  cient 
to impair cognition would also be detectable through a careful 
examination, so the majority of clinical neuroimaging inter-
pretations were negative and unhelpful. In fact, the added 
benefi t of neuroimaging used in this manner was, and contin-
ues to be, controversial, as evidenced by variation in profes-
sional society guidelines regarding the use of neuroimaging 
in this setting (Knopman et al., 2001; Rabins et al., 2007). 
However, the development of magnetic resonance imaging 
(MRI) and positron emission tomography (PET) biomarkers 
that directly assess the degree of regional neurodegeneration 
or dysfunction and, more recently, neuroimaging biomarkers 
that assess pathological hallmarks of AD have brought trans-
formative change to the fi eld and shift ed interest to earlier 
pathophysiological events. While much eff ort remains focused 
on the study of AD dementia and mild cognitive impairment 
(MCI), now preclinical stages have become a major focus. 
Th e move toward to expanding the scope of inquiry into pre-
clinical stages and younger age groups is motivated in part 
by the recognition that the presymptomatic phase of illness 
is of 10–20 years duration and in part by the related need to 
enable earlier disease modifying intervention. Th e evolving 
view of AD pathophysiology has recently been fueled by rapid 
developments in amyloid-beta (A β ) imaging and fl uid bio-
markers; however, simultaneous advances have been realized 
in other types of AD biomarkers. Neuroimaging biomarkers 
are now routinely incorporated into AD clinical trials and are 
increasingly used in clinical practice. Th is chapter will broadly 
describe the development and use of these biomarkers as they 
relate to AD.  

  ESTIMATES OF NEURODEGENERATION 
IN ALZHEIMER DISEASE 

  Q U A N T I TAT I V E  M A G N E T I C  R E S O N A N C E 
I M A G I N G  B I O M A R K E R S 

  VOLUMETRIC MAGNETIC 
RESONANCE IMAGING 

 Th e slowly progressive neurodegeneration of AD is refl ected 
in brain structural changes that can be appreciated at the mac-
roscopic level. Medial temporal regions, such as the entorhinal 
cortex and hippocampus, are typically aff ected earliest, consis-
tent with the hallmark memory problems that usually accom-
pany disease onset. Macroscopic structural change broadly 
mirrors the pathological spread of the disease, with atrophy 
subsequently apparent in lateral temporal as well as medial and 
lateral parietal association cortex followed by frontal regions 
and, fi nally, primary sensorimotor cortices (McDonald et al., 
2009). Th ough the changes are slow, over time the accumula-
tion of atrophy is readily apparent to visual inspection (Fox, 
Freeborough, & Rossor, 1996; Scheltens et al., 1992). 

 Th us, in the absence of a suitable biofl uid marker of neu-
ral damage and the unacceptable invasiveness of brain biopsy, 
a great deal of research has focused on the promise of neu-
roimaging and direct visualization of brain structure to assess 
the likelihood of neurodegeneration in individual patients. 
Typically, such approaches have leveraged the improvements in 
image quality aff orded by MRI, though the quantitative nature 
of computed tomography (CT), including high spatial fi delity, 
and recent advances in achievable image spatial resolution, tis-
sue contrast, and overall quality might suggest future promise 
for CT in quantitative assessment of neurodegeneration. Th e 
discussion that follows regarding structural neuroimaging will 
nonetheless focus on approaches using MRI. 

 Direct assessment of putative brain atrophy can make 
use of semiquantitative approaches to rate severity of volume 
loss or employ tools for quantifi cation of brain structure vol-
umes, volumetric MRI (vMRI), to provide measurements that 
could be tracked over time or compared to a normative database 
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(for review, see Jack, 2011). In clinical practice, volumetrics may 
inform the clinical assessment by either supporting or calling 
into question the impression, previously based solely on clini-
cal history and examination, that neurodegenerative disease is 
present and possibly causing the complaint (Figure 62.1).      

 It is not surprising that the hippocampus has been targeted 
as the structure most likely to provide a reliable volumetric bio-
marker of neurodegeneration in AD. Damage to hippocampal 
tissue is severe early in the disease and, owing to its somewhat 
cylindrical structure, hippocampal borders are relatively easy 
to delineate for volume measurement. However, it should be 
noted that hippocampal atrophy is not specifi c to AD, nor is all 
AD associated with severe hippocampal atrophy (for review of 
focal variants of AD, see Kramer & Miller, 2000). Some degree 
of hippocampal volume loss is expected even in healthy aging, 
and the structure’s volume is further correlated with overall 
intracranial volume. Th us, the eff ects of age and intracranial 
volume, and possibly gender and race, must be accounted 
for. An individual’s prior history of brain trauma, alcoholism, 
drug abuse, and vascular risk factors such as hypertension 
and smoking, would also likely infl uence the measure, so it is 
unlikely that a distinct “cutoff ” in hippocampal volume could 
be identifi ed that will reliably predict AD risk across patients. 

 Instead, hippocampal volume is more likely to be useful as 
a measure that helps assess the likelihood that neurodegenera-
tion is present rather than a diagnostic for AD. As such, the 
measure should be seen by treating physicians as one addi-
tional data point to assist in their clinical impression. Most 
clinicians are familiar with tests that shape, rather than defi ne, 

a clinical impression, and such tests are valuable nonetheless. 
An example might be the measurement of hemoglobin in the 
setting of a patient complaint of fatigue. A normal hemoglobin 
directs attention to etiologies other than anemia, and a fi nding 
of low hemoglobin supports, but does not assure, that anemia 
is causing the fatigue. Th e assessment and management depend 
heavily on the clinical setting and ancillary factors associated 
with the measurement. In practical terms, this means that the 
relevance of a vMRI fi nding to a particular case will be deter-
mined by the treating physician, rather than by the radiologist. 
However, the radiologist can provide additional qualitative 
information from the images that lend further value to the 
quantitative information. 

 Despite intense focus on translation of hippocampal volu-
metry to the clinical realm for AD assessment, ancillary mea-
sures of atrophy may be critical to improve interpretability of 
hippocampal volume. Several research groups have examined 
the value of combining regional volumetric measures across 
cortical and subcortical structures to more completely describe 
the spatial pattern of changes associated with AD (Davatzikos, 
Fan, Wu, Shen, & Resnick, 2008; Dickerson et al., 2009; McEvoy 
et al., 2009; Vemuri et al., 2011). A pattern with broad consis-
tency across techniques emerges, where atrophy is prominent 
in medial and lateral temporal and parietal regions, moder-
ate in frontal regions, and minimal in primary sensorimotor 
regions. Th e combination of regions, naturally, improves clas-
sifi er sensitivity and specifi city beyond that achieved through 
the use of a single region. However, the ability to translate 
such advanced approaches to the clinical environment has 
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 Figure 62.1      Example volumetric reports for two subjects enrolled in a longitudinal quantitative imaging study.   (A)   A 75-year-old healthy subject who remained 
stable and was without evidence of hippocampal neurodegeneration or temporal horn enlargement during scanning over two years.   (B)   An 82-year-old, 
cognitively impaired subject who progressed from MCI to AD at the third year of followup. This patient was a non-carrier of APOE4 genotype who, by CSF testing, 
had elevated phospho-tau and reduced levels of amyloid beta 42 in cerebrospinal fl uid. vMRI shows evidence of hippocampal neurodegeneration and ex-vacuo 
dilatation of the temporal horns during scanning over two years.    
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not yet been demonstrated and may not be practical. In par-
ticular, those that rely on support vector machines to obtain 
data-derived regions with highest classifi er performance might 
be overly reliant on features of the data set used to train the 
classifi er, and so performance may not necessarily generalize 
to the wider population seen in clinical practice. Further, given 
anatomical variation in cortical folding, derivation of regional 
cortical volume or thickness is more challenging and compu-
tationally expensive than derivation of volumes for most sub-
cortical structures, such as the hippocampus and ventricular 
subregions. 

 Indeed, some contextual information about a hippocampal 
volume measurement can be provided by additionally assess-
ing temporal horn volume. Hippocampal and wider medial 
temporal lobe (MTL) degeneration is oft en associated with 
ex-vacuo expansion of the temporal horn of the lateral ven-
tricle. Th erefore, temporal horn volumetry with comparison to 
normative values can provide complementary evidence of con-
current ex-vacuo dilatation of this ventricular structure. Such 
a fi nding could support that the individual’s hippocampus was 
previously larger and had undergone degeneration, as opposed 
to having been congenitally small. Further, measurement of 
the entire ventricular system and its relationship to norms can 
assist interpretation of the temporal horn volume. Th e com-
bination of measures would inform assessment of likelihood 
that the temporal horn enlargement is more specifi cally due to 
regional ex-vacuo changes (if, along with low hippocampal vol-
ume, only the temporal horn is abnormally large), rather than 
due to general ventricular system expansion (if both temporal 
horn and the entire ventricular system are abnormally large). 
Evidence of MTL-focused atrophy might provide an early sign 
of neurodegenerative disease, including AD, which typically 
aff ects these structures fi rst. Table 62.1 provides examples of 
possible clinical interpretations when hippocampal, temporal 
horn, and overall lateral ventricle volumes are examined in 
combination.        

 Finally, it should be noted that, even when a typical pattern 
is noted or when markedly out of the normal range, a single 
measurement in time cannot defi nitively point to a neurode-
generative etiology, since many of the aforementioned trau-
matic or congenital factors are associated with low volumes of 
structures not seen to progressively deteriorate. Th erefore, the 
most powerful evidence for ongoing neurodegeneration might 
be demonstration of accelerated progressive deterioration in 
structure volumes through longitudinal imaging. Th us, beyond 
comparing a patient’s brain to a normative database, a patient’s 
brain volumes would be quantitatively compared to those mea-
sured for that individual at a prior time. Diff erences in scanner 
hardware and soft ware adds signifi cant variability to measures 
of very subtle volume change across time, and, even at a single 
site, equipment changes are frequent in clinical practice, so this 
remains a signifi cant challenge to obtaining accurate measure-
ment of change across time. To be most relevant to clinical 
practice, meaningful information would need to be obtained 
across a relatively brief period of followup, preferably around 
one year. Th is would require highly robust methods, includ-
ing correction for subtle scanner-specifi c distortions that 
could assess anatomical changes with high enough precision 

to reliably distinguish across individual subjects miniscule 
diff erences in rate of atrophy (e.g., hippocampal volume loss 
ranges from one to fi ve percent across healthy elderly, MCI, 
and AD). Such precision is a signifi cant challenge, particularly 
if the equipment changes between scans. Nevertheless, equip-
ment manufacturers are becoming more aware of the poten-
tial value of quantitative neuroimaging, which lends hope that 
procedures could be standardized to improve accuracy of mea-
surements despite equipment and soft ware variability. 

 Th ough several caveats remain to be considered, working 
groups gathered through eff orts of the Alzheimer’s Association 
and the National Institute on Aging recently published guide-
lines for revised diagnostic criteria for AD and MCI that 
incorporate vMRI and other biomarkers (Albert et al., 2011; 
McKhann et al., 2011). Tools for vMRI have already been 
established in large radiological practices to assess the degree 
to which an individual’s brain structure volumes fi t within the 
normative range adjusted for age, sex, and intracranial volume. 
Relatively recent Food and Drug Administration approval of 
an automated vMRI tool has permitted further research of 
its applicability in unselected clinical cohorts encountered 
through everyday practice as well as in the highly selected 
cohorts studied in AD clinical trials.  

  DIFFUSION-WEIGHTED IMAGING 
 Magnetic resonance physics allows fl exible approaches to 
examine water molecule behavior within tissue. Structural 
neuroimaging may focus on achieving high anatomical detail 
through examining magnetic contrast related to tissue content, 
itself, or it may focus on measuring more general eff ects on 
contrast due to surrounding tissue structure or magnetic prop-
erties. In diff usion-weighted imaging, the eff ect that surround-
ing tissue structure has on water movement is paramount. MRI 
contrast can be achieved by examining the degree of water 
movement within the region; water movement is restricted 
by surrounding anatomy, and the more restricted, the greater 
the signal. In directional diff usion weighted imaging, such as 
diff usion tensor imaging or diff usion spectrum imaging, both 
the magnitude and direction of water movement is collected, 
informing whether water movement is more hindered in one 
direction versus another. 

 As white matter tracts in the brain are one of the major 
anatomical features that might direct water to diff use in one 
direction (parallel the white matter) relative to another (per-
pendicular to the white matter), directional diff usion weighted 
imaging has become a favored research tool with which to 
examine white matter integrity in neurodegenerative diseases 
such as AD (for review, see Oishi, Mielke, Albert, Lyketsos, & 
Mori, 2011). Indeed prior cognitive research as described AD 
as a disease of “disconnection” between disparate cortical brain 
areas, so the ability to examine fi ber tract disruption is a com-
pelling reason to examine the eff ects of AD on white matter 
tracts as evidenced by changes in diff usion-weighted signal. 

 However, it remains to be seen whether degeneration of 
fi ber tracts is best measured through changes in directional-
ity, as opposed to magnitude, of diff usion. When compar-
ing impaired patients to healthy controls, studies have found 
regional group diff erences in fractional anisotropy, a measure 
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 TABLE 62.1.      Infl uence of temporal horn and lateral ventricle measures on the interpretation of volumetric MRI (vMRI) fi ndings  

EXAMPLE SEGMENTED MRI EXAMPLE VMRI FINDINGS HIPPOCAMPUS

TEMPORAL 

HORN

LATERAL 

VENTRICLE  INTERPRETATION 

     
   

 Normal 
 (Not atrophied) 

 Normal 
 (Not enlarged) 

 Normal 
 (Not enlarged) 

Normal scan: 
Does not support 
neurodegeneration

      

Low volume Normal Normal Low hippocampal 
volume without ex-vacuo 
dilatation: Possibly 
congenitally small 
hippocampi. Follow to 
establish presence and 
trajectory of volume 
change.

   

   

Low volume High volume Normal Low hippocampal volume 
and suggestive of local 
ex-vacuo dilatation: 
Supports MTL-focused 
neurodegenerative 
etiology
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Low volume High volume High volume Low hippocampal 
volume and suggestive 
of global ex-vacuo 
dilatation: Supports 
neurodegenerative 
etiology, but may or may 
not be MTL-focused

   
   

Normal High volume High volume Normal hippocampal 
volume with enlarged 
ventricular system: Does 
not support hippocampal 
neurodegeneration. 
Possible expansion of 
overall ventricular system 
without MTL-focused 
ex-vacuo changes.
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of directional diff usion, yet some studies have found even 
more robust diff erences in mean diff usivity, a directionless 
measure of diff usion magnitude. Neurodegeneration in AD 
seems more likely to cause loss of fi bers within defi ned tracts 
rather than a shift  in direction of those tracts. Th us directional 
measures, though useful for identifying tract location, might 
be less powerful for detecting tract degeneration than simpler 
measures of diff usion magnitude. Further, the directional dif-
fusion signal can be infl uenced by a number of subtle factors, 
so export of this tool to the clinical realm will face a number 
of challenges, not least of which will be the development of 
normative ranges for determining whether a patient’s scan is 
normal or abnormal when placed in context with the general 
healthy population. Nevertheless, the approach shows promise 
as a technique that shows a complementary anatomy not seen 
in conventional structural imaging.  

  FUNCTIONAL MAGNETIC 
RESONANCE IMAGING 

 Th ough other approaches exist, most functional MRI is based 
on the Blood Oxygen Level-Dependent (BOLD) eff ect, which 
allows MRI sensitivity to variations in relative levels of oxyhe-
moglobin and deoxyhemoglobin that vary in association with 
regional brain activity (for review, see Brown, Perthen, Liu, 
& Buxton, 2007). Given the probability that changes in neu-
ral function precede frank neurodegeneration and changes in 
structure, functional MRI (fMRI) has been studied extensively 
as a potential biomarker to identify the earliest brain changes 
associated with AD. Broadly, methods applied to fMRI can 
be divided into two categories: task-dependent fMRI and 
task-free, or “resting-state,” fMRI (rsfMRI). 

 In task-dependent fMRI, subjects in the scanner might 
be asked to perform a defi ned “activation” task that alternates 
with or occurs separately from a “control” task while BOLD 
signal is recorded. Th e control task diff ers from the activa-
tion task in a way that is designed to isolate and identify the 
brain activity linked to a targeted cognitive function, which is 
a cognitive function used during the activation task, but not 
during the control task. Th is “cognitive subtraction” technique 
suff ers from a number of factors that limit interpretation, par-
ticularly when applied to a diseased population. For example, 
an observed signal diff erence between AD and controls might 
be related to uncontrolled variation in task diffi  culty or atten-
tional resources that must be dedicated to performing the task, 
despite matched performance across groups. Th is adds to more 
general concerns about factors of subject motion and brain 
atrophy that must be accounted for in all neuroimaging bio-
markers of AD. Such factors might be particularly problematic 
for fMRI biomarkers, because the eff ect of confounders can be 
amplifi ed by the analysis approach (Seibert & Brewer, 2011). 

 In rsfMRI, subjects are instructed to simply lie still in 
the scanner, perhaps with guidance to keep their eyes open 
throughout the session, but functional data are nonethe-
less collected without regard to any specifi c mental activity. 
Instead, it is the interregional correlation in BOLD signal fl uc-
tuations that provides the marker of interest. Th e pattern of 
interregional correlation is remarkably consistent, in that sig-
nal from a particular brain region tends to be tightly linked 

with signal from other regions that show relatively stable cor-
relations across subjects and scanning sessions. Th ese stable 
interregional correlations have been termed “functional con-
nectivity” and the phrase “functional network” is oft en used 
to refer to regions linked by their covariance in BOLD signal. 
Several distinct functional networks have been described, 
including the attentional/salience network of bilateral frontal 
regions and anterior cingulate gyrus, the sensorimotor net-
work of bilateral primary motor and sensory cortex, and the 
default mode network of medial and lateral parietal, medial 
and lateral temporal, and medial frontal cortex. 

 Th e latter default network is the most studied and, owing 
to its remarkable overlap with the spatial distribution of 
amyloid deposition and atrophy in AD (Raichle et al., 2001; 
Greicius, Srivastava, Reiss, & Menon, 2004; Buckner et al., 
2009; Sepulcre et al., 2010), has garnered the most interest 
for its potential as an early biomarker of the disease. A con-
sistent fi nding is that interregional correlations in the default 
network are reduced in AD. However, concerns remain about 
the general eff ects of atrophy and motion on the ability to 
identify functional correlations, themselves. A more compel-
ling fi nding is the identifi cation of default network reductions 
in amyloid positive individuals who are asymptomatic, who 
would not be expected to exhibit large diff erences in atrophy or 
motion from those who are amyloid negative (Sperling et al., 
2009). Default network correlations have been noted even to 
be reduced in individuals gene positive for autosomal domi-
nant AD before symptoms have begun (Sperling et al., 2012). 
Such fi ndings suggest the tremendous potential for fMRI as 
an early biomarker of AD, though its translation to use in the 
clinical setting will require a great deal more research.  

  MAGNETIC RESONANCE SPECTROSCOPY 
 Magnetic resonance spectroscopy (MRS) has long showed 
promise for detection of regional chemical changes associ-
ated with neurodegeneration, infl ammation, or gliosis, and so 
it has been a technique of interest for detecting such changes 
in AD. It provides information about relative concentrations 
of key chemicals, such as N-acetylaspartate, creatinine, and 
myoinositol, and there is strong evidence that the regional 
concentration of these chemicals varies with the neurodegen-
eration seen in AD (for review, see Tran, Ross, & Lin, 2009). 
While specialized research laboratories have consistently 
demonstrated robust discrimination between clinical groups, 
suggesting potential value in assessment of individual cases, 
improved standardization of approach is needed before MRS 
can be widely applied in multisite clinical trials or generally in 
the clinical setting.    

  POSITRON EMISSION TOMOGRAPHY 

  F L U O R O D E O X Y G L U C O S E  I M A G I N G 

  CLINICAL USE OF FLUORODEOXYGLUCOSE 
PET 

 Fluorodeoxyglucose (FDG) PET is a marker of brain metab-
olism with limited but established utility in diff erentiating 
AD from other brain pathologies that manifest as cognitive 
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impairment. Under normal circumstances, the physiological 
level of glucose use refl ected by FDG PET is due primarily to 
regional synaptic activity, and FDG uptake in nonhuman pri-
mates has been correlated with levels of synaptophysin in his-
tological studies (Rocher, Chapon, Blaizot, Baron, & Chavoix, 
2003). Since glucose consumption is by far the major contribu-
tor to the brain’s energy budget, FDG uptake refl ects the full 
range of brain energy requirements, including protein and 
lipid synthesis, as well as maintenance of electrochemical gra-
dients used in neural activity (Raichle et al., 2001). Alterations 
in synaptic activity detectable with FDG refl ect chronic synap-
tic dysfunction (or loss) as well as perturbed functional status 
observed within shorter time intervals, such as during specifi c 
cognitive or motor task performance. 

 Fluorodeoxyglucose metabolism is assessed regionally 
with PET so that anatomic patterns of relative hypometabo-
lism may be both visually evident and expressed quantita-
tively; quantifi cation may involve arterial blood sampling or 
may alternatively use internal tissue reference standards. No 
single pathognomonic FDG PET fi nding specifi es the pres-
ence of the clinical syndrome of AD dementia or the pres-
ence of AD pathology. However, the anatomic pattern of 
relative FDG hypometabolism in AD is characteristic and is 
considered to be an endophenotype of AD, that is, a consis-
tently aff ected hypometabolic group of brain structures that 
has been strongly associated with both the clinical syndrome 
of AD dementia and the postmortem fi nding of defi nite AD 
(Jagust, Reed, Mungas, Ellis, & Decarli, 2007). Th e AD endo-
phenotype of FDG hypometabolism comprises the posterior 
midline cortices of the parietal (precuneus) and posterior cin-
gulate, the inferior parietal lobule, posterolateral portions of 
the temporal lobe, hippocampus, and medial temporal corti-
ces (Foster et al., 1983; Minoshima et al., 1997). Th is pattern 
is present in AD, is linearly related to dementia severity, and 
is associated with subsequent clinical decline and conversion 
to AD (Chetelat et al., 2003; Jagust et al., 2007). It is seen less 
severely or consistently in MCI, and to some extent, in A β  pos-
itive normal elderly (Caselli, Chen, Lee, Alexander, & Reiman, 
2008; Cohen et al., 2009; Langbaum et al., 2009). Because the 
AD-like pattern of FDG hypometabolism is associated both 
with the clinical features of established AD dementia, and with 
AD pathology at postmortem (Jagust et al., 2007), it may be 
used to diff erentiate AD from frontotemporal lobar degenera-
tion (FTLD) and to some extent from dementia with Lewy 
bodies (DLB). Specifi cally, it is typical to fi nd frontotemporal 
hypometabolism in FTLD, and occipital—in addition to the 
AD-like temporoparietal—hypometabolism, in DLB. Other 
applications have been proposed for FDG PET, particularly to 
detect individuals who are likely to develop AD dementia in 
the future (Chetelat et al., 2003); however, this has not yet been 
successfully implemented in clinical practice.  

  UNDERSTANDING THE ALZHEIMER DISEASE 
BRAIN WITH FLUORODEOXYGLUCOSE 

 In recent years neuroimaging techniques such as FDG PET and 
fMRI that are capable of revealing diff erent aspects of the brain 
function have provided key insights about functional orga-
nization and its spatial distribution in AD. For instance, the 

metabolic-anatomic endophenotype of AD described above is 
sometimes asymmetric and predominantly temporoparietal 
in the early stages, but later progresses to involve prefrontal 
and heteromodal areas largely overlapping with the aforemen-
tioned default mode network. 

 As AD progresses from presymptomatic to established 
AD dementia, regional glucose metabolism gradually worsens 
(Jack, 2011; Bateman et al., 2012) and the spatial pattern of 
progression may be conditioned by anatomic interconnectiv-
ity, in parallel with the progression of pathological processes 
(Pearson & Powell, 1989; Arnold, Hyman, Flory, Damasio, & 
Van Hoesen, 1991). AD neurodegeneration involves specifi c 
functional networks of the human brain (Greicius et al., 2004; 
Seeley, Crawford, Zhou, Miller, & Greicius, 2009), and this fea-
ture has led to a new reformulation of the old hebbian princi-
pal: “not only neurons that fi re together wire together, but also 
neurons that wire together die together” (Sepulcre, Sabuncu, & 
Johnson, 2012). It may be possible to track FDG metabolic 
changes along specifi c anatomic pathways that relate to under-
lying pathologic progression, and also to relate these fi ndings 
to evidence of regional atrophy (Villain et al., 2010). 

 Some investigators have reported that FDG hypometabo-
lism is detectable along the AD trajectory prior to the appear-
ance of cognitive symptoms and signs of neurodegeneration 
in individuals at increased risk for AD (Jagust et al., 2006; Jack 
et al., 2010). Th us, the AD-like pattern of hypometabolism or 
hypoperfusion predicts cognitive decline in subjects that even-
tually convert to AD (Jagust et al., 2006) and in carriers of auto-
somal dominant AD mutations (Bateman et al., 2012; Johnson, 
Fox, Sperling, & Klunk, 2012). It is also associated with the 
progression of the clinical dementia rating scale sum-of-boxes 
in both AD and MCI subjects (Chen et al., 2010). Importantly, 
several studies have found that glucose alterations are not 
merely caused by concurrent atrophy, and therefore regional 
FDG reduction is an independent piece of information in AD 
(Johnson et al., 2012). Moreover, FDG metabolism continues 
to decline even in advanced stages of the disease when other 
pathological factors reach a plateau (Engler et al., 2006; Jack 
et al., 2010). It is likely that these declines refl ect the com-
bined eff ects of several potentially overlapping processes; these 
include specifi c genetic eff ects, mitochondrial dysfunction, 
oxidative stress, excitotoxicity, synaptic and neuronal failure 
triggered by A β , neurofi brillary tangle accumulation, and/or 
other factors, together with other downstream degenerative 
processes. It is likely that FDG PET is sensitive to several com-
ponents of the neurodegenerative process, and thus separate 
biomarker representation may be required to track specifi c 
processes. 

 Finally, several studies have shown that FDG hypometabo-
lism matches, to some extent, the brain distribution of amy-
loid deposits, particularly in the default mode network (Klunk 
et al., 2004; Engler et al., 2006; Cohen et al., 2009). However, 
this relationship is not settled and other groups have not found 
meaningful or strong associations particularly at later stages of 
disease (Rabinovici et al., 2010; Furst et al., 2012). In general, 
glucose hypometabolism in frontal regions is less evident than 
in temporoparietal cortex, whereas amyloid uptake is usu-
ally somewhat greater in frontal regions (Klunk et al., 2004). 
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Th erefore, the association of amyloid deposition with reduc-
tions of glucose utilization remains unclear. Many important 
challenges remain unsolved in AD research and one of them 
is the integration of structural, functional and molecular neu-
roimaging fi ndings.  

  SUMMARY AND LIMITATIONS OF 
FLUORODEOXYGLUCOSE PET 

 FDG PET is a widely available technology that may help diag-
nostic accuracy in neurodegenerative illnesses, particularly 
when earlier stages of cognitive impairment are possibly due 
to AD pathology or to FTLD. However, further work is needed 
to determine the diagnostic value of FDG when assessing pre-
clinical stages of AD. Like other imaging biomarkers, FDG 
does not indicate clear spatial patterns that distinguish between 
normal aging and MCI or AD (Chetelat et al., 2003; Caselli 
et al., 2008; Langbaum et al., 2009). As with these other modal-
ities, the observed heterogeneity in FDG patterns of metabo-
lism may be the result of individual diff erences, particularly 
in cognitive reserve, or comorbid conditions of aging such as 
vascular disease, as well as to idiosyncratic factors. Neural dys-
function likely precedes neurodegenerative changes, and so 
FDG PET holds great promise for monitoring cognitive transi-
tion from preclinical to established AD (Furst et al., 2012; Jack 
et al., 2010), Nevertheless, the sensitivity of FDG PET relative 
to that of vMRI remains to be established despite the existence 
of head-to-head comparisons performed in the same patients 
(Karow et al., 2010). Sensitivity of a biomarker depends not 
only on acquisition modality, but also on analysis techniques, 
which continue to evolve. Th erefore, it is still unknown which 
variable will best be associated with cognitive symptoms for 
continued translation into clinical use in the earliest stages of 
disease. Although the availability of FDG PET has increased 
dramatically over the past decade and the standardization of 
methods has improved substantially, costs of PET technology 
remain high, and cost eff ectiveness in dementia diagnosis has 
been diffi  cult to demonstrate.   

  A M Y L O I D  I M A G I N G 

  CLINICAL USE OF AMYLOID IMAGING 
 Amyloid- β  (A β ) dysmetabolism and subsequent deposition is 
a defi ning neuropathological feature of AD (Braak & Braak, 
1991; Selkoe, 2006), and the ability to detect brain A β  deposits 
during life has revolutionized clinical research in AD (Klunk 
et al., 2004). Th e in vivo visualization of brain A β  deposition 
with amyloid PET is virtually equivalent to demonstration of 
the pathology at autopsy, as has been repeatedly demonstrated 
((Bacskai et al., 2003; Klunk et al., 2004; Ikonomovic et al., 2008; 
Sojkova et al., 2011) for rare exceptions, see (Klunk, 2011)). 
Amyloid PET detects fi brillar amyloid because PET tracers 
bind to the beta-sheet protein structure that forms when A β  
polymerizes (Ikonomovic et al., 2008). Amyloid PET can thus 
detect the A β  that is a major component of the damage occur-
ring in patients with cognitive impairment caused by AD and 
is always seen in AD dementia patients at autopsy. A negative 
amyloid PET scan generally indicates very few or no amyloid 
deposits and greatly reduces the likelihood that any cognitive 

impairment is caused by AD. A positive scan indicates that 
moderately to severely elevated numbers of  β -amyloid depos-
its are present. A fundamental concept of amyloid PET is that 
the images indicate presence of A β  deposits, but do not reliably 
distinguish between normal, MCI, and AD dementia, and thus 
do not relate directly to these traditional clinical diagnostic 
categories (Johnson et al., 2012). In other words, it is critically 
important to note that a positive amyloid PET scan does not 
by itself establish any clinical diagnosis, including that of AD 
dementia. Th e test may be positive in normal older individuals 
as well as in other clinical entities such as DLB. 

 Th e highly stereotyped anatomic pattern of amyloid PET 
ligand binding to areas of high connectivity forms the basis for 
the amyloid PET endophenotype of AD (Arnold et al., 1991; 
Braak & Braak, 1991; Buckner et al., 2009). Th us, areas that 
are highly interconnected, such as precuneus, posterior cin-
gulate, inferior parietal and lateral temporal cortices (i.e., por-
tions of the DMN), are typically aff ected, but the earliest and 
most heavily involved is oft en the middle frontal cortex, which 
is part of the cognitive control network. Th e time course of 
amyloid deposition typically involves these vulnerable regions; 
however, there is substantial variability in regional deposition 
at early stages, and at later stages, additional brain regions 
including primary cortices are also aff ected. 

 Most published reports to date involve the C-11-labeled 
agent N-methyl 11C-2-(4-methylaminophenyl)-6-hydroxyb
enzothiazole, also known as Pittsburgh Compound-B (PIB; 
half-life 20 minutes) (Klunk et al., 2004). Other compounds 
made with the more convenient F-18 radio-label (half-life 110 
minutes) are increasingly available for research and even clini-
cal use (Johnson et al., 2012). 

 Th e reported correspondence of amyloid positivity with 
traditional clinical diagnoses is as follows: more than 90 per-
cent of clinically diagnosed AD patients and approximately 
60 percent of MCI patients are classifi ed as amyloid positive 
with PET (Johnson et al., 2012). Similar proportions have been 
reported using CSF biomarkers of A β  (Fagan et al., 2007). 

 Longitudinal studies are just now emerging, but when MCI 
subjects have been followed over 1–3 years aft er PET, approxi-
mately one-half of those who were amyloid positive at base-
line converted to AD dementia and approximately 10 percent 
of the amyloid negative subjects converted to AD dementia. 
Th ese studies are ongoing, and continued clinical and histo-
pathological followup will be required because it is possible 
that the clinical diagnoses would not be confi rmed at autopsy. 

 A substantial fraction of apparently healthy, elderly cog-
nitively normal subjects have A β  deposits detected by PET 
(10 to 50 percent) (Jack et al., 2010; Johnson et al., 2012), 
and such individuals are termed preclinical AD based on the 
hypothesis that the progressive accumulation of amyloid places 
them at higher risk for developing clinical syndrome of AD 
dementia (Jack et al., 2010). Th e magnitude and timing of such 
risk remains the subject of active investigation; however, sev-
eral AD prevention clinical trials are proceeding on the basis of 
AD risk defi ned in this way. Th e analysis of early changes and 
preclinical stages of AD is critical to understand the transition 
to symptomatic forms of the disease. Recent data have shown 
a continuum of accumulation of in vivo amyloid protein from 
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early stages (i.e., elderly cognitively normal controls) to symp-
tomatic phases of the disease (Jack et al., 2010; Villemagne 
et al., 2011; Villain et al., 2012) (see Figure 62.2).      

 Amyloid PET may have substantial clinical utility in dif-
ferential diagnosis of established dementia, particularly in 
younger individuals in whom the prognosis and clinical man-
agement would diff er depending on the underlying pathol-
ogy. For example, the underlying pathology of FTLD does 
not involve A β , and amyloid PET is reported to be negative in 
clinical FTLD that has been confi rmed at autopsy (Rabinovici 
et al., 2011). Other entities in the diff erential diagnosis of 
dementia that could potentially be informed by amyloid PET 
include late life depression or other psychiatric disorder with 
cognitive impairment, prion disease (Villemagne et al., 2009) 
and semantic dementia with tauopathy (Drzezga et al., 2008). 
Th e situation for parkinsonian dementing syndromes is some-
what more complex, because amyloid deposition is a common 
but not universal feature of DLB, and may or may not be seen 
in Parkinson’s disease with dementia (Gomperts et al., 2008). 
Similarly, posterior cortical atrophy (Migliaccio et al., 2009), 
progressive aphasia (Rabinovici et al., 2008) and corticobasal 
syndrome (Rabinovici et al., 2011) present substantial clinical 
and histopathological heterogeneity and may not at present be 
distinguishable with amyloid PET.  

  SUMMARY AND LIMITATIONS OF 
AMYLOID IMAGING 

 Amyloid PET is an emerging technology and the FDA 
approved an amyloid radiotracer, Florbetapir F18, in April of 
2012. At the time of this writing (mid-2012), amyloid PET has 
not been widely deployed in clinical practice. Whatever clini-
cal value that could be expected is entirely dependent upon the 
availability of good quality images and accurate interpretation. 
Although clinical FDG PET scanning is generally available for 
nonbrain indications, experience with brain imaging is quite 
variable and depends on local circumstances. 

 Since essentially no one is free of risk for developing 
amyloid deposition, the clinical utility of amyloid PET could 
theoretically extend to nearly any circumstance in which the 

underlying basis of suspected neurodegenerative disease could 
be A β . However, the high cost of PET and its uncertain impact 
on clinical management have limited enthusiasm for wide-
spread adoption of (both FDG and) amyloid PET when expert 
dementia specialist evaluation is available. While utility at this 
time remains to be precisely defi ned, the availability of disease 
modifying AD therapy will almost certainly change the level 
of demand. At present, appropriate use criteria are still being 
discussed and refi ned, but would optimally integrate amyloid 
PET technology into the existing framework of dementia eval-
uation, so that amyloid status can be placed in the appropri-
ate context of medical, neurological, neuropsychological, and 
neuroimaging data.    

  ADNI AND STANDARDIZATION OF 
NEUROIMAGING BIOMARKERS 

 Th e successful incorporation of neuroimaging biomarkers into 
multi-site clinical trials has relied upon unprecedented levels 
of collaboration across the major equipment manufacturers to 
identify approaches that would yield consistency suffi  cient to 
provide meaningful enrichment and outcome measures. Much 
of the groundwork for these eff orts was provided through the 
Alzheimer’s Disease Neuroimaging Initiative (ADNI). Th e 
ADNI included an intensive preparatory phase to develop and 
assess image preprocessing steps that would enhance longitu-
dinal stability of the measures. Variability across imaging sites, 
manufacturers, and equipment upgrades remains a source of 
noise in multi-site imaging studies, but the preparatory phase 
of ADNI and its cross-institutional collaborative eff orts were 
critical to establishing the potential for the incorporation of 
neuroimaging biomarkers in large-scale clinical trials, which 
is already nearly universal. As of April, 2012, 298 papers were 
published or in press using the ADNI study open access data, 
and the image repository had dispensed more than one mil-
lion image downloads (http://www.adni-info.org/scientists/
Pdfs/09_Green_Data_and_Publications.pdf). Since the initial 
ADNI study, a number of spinoff  and continuation studies 
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 Figure 62.2      Longitudinal PET amyloid imaging of an individual subject who progressed from healthy to dementia.  
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have begun within and beyond the fi eld of AD. As further tes-
tament to the success and infl uence of the study, a number of 
international eff orts have begun that have been modeled on 
the methods of ADNI (Fig. 62.3).      

  A D D E D  VA L U E  O F  B I O M A R K E R S  I N 
C O M B I N AT I O N 

 A signifi cant advance attributable to ADNI and its read-
ily available dataset is the more complete description of the 
regional structural and metabolic changes associated with AD, 
a fi nding that has been consistent across a number of analysis 
approaches. Results from ADNI have suggested that structural, 
metabolic, and amyloid biomarkers may be used in a comple-
mentary manner, given a putative temporal progression of bio-
marker positivity across the development of the disease (Jack 
et al., 2010). Such hypothesized progression of disease markers 
in typical, late onset, AD remains, as yet, unsupported through 
directed experimentation and therefore highly controver-
sial, but several studies that have examined a combination of 
biomarkers for predicting progression of symptoms toward 
dementia have found them to provide additive information 
that may be related to diff erential sensitivity and dynamic 
changes that vary with disease stage. Specifi cally, it appears 
that amyloid deposition is detectable 10–20 years before the 
onset of symptoms, whereas tau positivity within the CSF and 
vMRI changes are relatively concurrent with cognitive changes 
detectable with specialized neuropsychological testing (see, 
e.g., Heister et al., 2011; Bateman et al., 2012). Th us, while 
amyloid positivity suggests that a patient is at higher risk for 
development of AD, atrophy or hypometabolism suggests that 

the patient has entered the neurodegenerative stage of disease 
and is at risk for imminent clinical decline (Fig. 62.4).      

 Th e apparent complementary and diff erential disease-stage 
sensitivity of amyloid testing and vMRI or FDG PET provides 
additional leverage for clinical trial design, such that amyloid 
testing can be incorporated at screening to enrich the trial with 
subjects that have objective evidence of the targeted disease (or 
even the targeted protein), and baseline vMRI or FDG PET 
can provide complementary information about disease stage. 
Further, the imaging studies provide information that is rela-
tively independent from and orthogonal to the cognitive com-
plaint that led to subject selection, whereas cognitive measures 
provide information that overlaps with complaint and so could 
yield positive results even for etiologies that are not neurode-
generative. Consistent with this, studies using ADNI data have 
shown remarkable power advantages for enrichment based 
on baseline atrophy that could not have been achieved using 
any of the available cognitive measures from ADNI (McEvoy 
et al., 2010). As such, quantitative PET and MRI neuroimag-
ing show promise for enriching clinical trials of prodromal 
AD with individuals likely to progress to AD and to decline 
in the period of study (Jack et al., 2008; Kovacevic et al., 2009; 
McEvoy et al., 2009). 

 In addition to potential usages in clinical trial enrichment, 
vMRI and amyloid biomarkers appear to provide complemen-
tary secondary outcome measures when acquired across time. 
Neuroimaging of brain structure through vMRI provides a 
measure that does not vary based on day-to-day fl uctuations 
in the cognitive abilities of subjects that are caused by wake-
fulness, medication eff ects, motivation, and the like, and it 
has been shown to be less variable across time than cognitive 

 Figure 62.3      Map representation of worldwide studies examining biomarkers of AD. Multisite imaging and biofl uid biomarker studies are planned or underway 
in Europe, China, Taiwan, South Korea, Japan, and Australia. These studies were infl uenced by the pivotal ADNI study in North America. (Source: World map 
template from http://presentationmagazine.com.)       
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measures (Weiner et al., 2012). Amyloid measures, though less 
sensitive to disease progression, may support putative eff ects of 
the therapy on disease pathology. Th e combination of regional 
amyloid measures with regional measures of brain atrophy may 
be especially powerful, because changes in amyloid burden can 
be colocalized with structural neuroimaging to examine inter-
actions between amyloid and atrophy as well as a study drug’s 
eff ects on each. Neuroimaging biomarkers might therefore 
support claims that a medication’s eff ect on cognition is likely 
due to halted neurodegeneration or reduction of pathological 
burden rather than due to a brief symptomatic benefi t.   

  CONCLUSIONS 

 Neuroimaging in the assessment of the elderly with cognitive 
impairment has changed from its previously limited role, in 
ruling out discrete lesions, to an integral role, in quantitatively 
assessing the cardinal components of neurodegeneration, neu-
ral dysfunction, and pathological burden observable in AD. 
Both MRI and PET benefi t from wide fl exibility in application, 
given the various anatomical, functional, and pathological fea-
tures that might be assessed with each. Th e path toward clini-
cal application was guided primarily by large scale, multisite 

pharmaceutical trials, in which a more direct assessment of 
the eff ects of therapies was sought. Such eff orts demonstrated 
the feasibility of obtaining these measures across sites in clini-
cal practice, though a great deal of work remains to determine 
how best to integrate the information into clinical assessment, 
and how each can be used to inform predictive prognosis 
and guide management in individual patients (Brewer, 2009). 
Th ough publicly accessible databases of clinical trial enrollees 
have assisted in these eff orts, the recent availability of highly 
standardized acquisition techniques and FDA-approved quan-
titative imaging approaches will allow such research to proceed 
in the unselected populations encountered in clinical practice.  
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 Figure 62.4      Example decision tree presenting one approach to incorporating vMRI and amyloid biomarkers in clinical practice.   NOTE: HS, Hippocampal sclerosis.  
 SOURCE: McEvoy, L. K., & Brewer, J. B. (2012). Biomarkers for the clinical evaluation of the cognitively impaired elderly: amyloid is not enough.   Imag Med, 4  (3), 14.  
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