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Abstract

Neuroimaging biomarkers for neurologic diseases are important tools, both for understanding 

pathology associated with cognitive and clinical symptoms and for differential diagnosis. This 

chapter explores neuroimaging measures, including structural and functional measures from 

magnetic resonance imaging (MRI) and molecular measures primarily from positron emission 

tomography (PET), in healthy aging adults and in a number of neurologic diseases. The 

spectrum covers neuroimaging measures from normal aging to a variety of dementias: late-onset 

Alzheimer’s disease [AD; including mild cognitive impairment (MCI)], familial and nonfamilial 

early-onset AD, atypical AD syndromes, posterior cortical atrophy (PCA), logopenic aphasia 

(lvPPA), cerebral amyloid angiopathy (CAA), vascular dementia (VaD), sporadic and familial 

behavioral-variant frontotemporal dementia (bvFTD), semantic dementia (SD), progressive 

nonfluent aphasia (PNFA), frontotemporal dementia with motor neuron disease (FTD-MND), 

frontotemporal dementia with amyotrophic lateral sclerosis (FTD-ALS), corticobasal degeneration 

(CBD), progressive supranuclear palsy (PSP), dementia with Lewy bodies (DLB), Parkinson’s 

disease (PD) with and without dementia, and multiple systems atrophy (MSA). We also 

include a discussion of the appropriate use criteria (AUC) for amyloid imaging and conclude 

with a discussion of differential diagnosis of neurologic dementia disorders in the context of 

neuroimaging.

INTRODUCTION

Neurodegenerative diseases affect millions across the world and result in considerable 

economic and societal cost to patients and families. The most common age-related 

neurodegenerative disease is Alzheimer’s disease (AD). Approximately 5.4 million older 

adults are afflicted with AD in the United States alone (Alzheimer’s Association, 2016). 

Other common types of neurodegenerative diseases include atypical and familial AD 

and AD-related disorders, frontotemporal dementia (FTD), vascular dementia (VaD), and 

Dementia with Lewy Bodies (DLB) or Parkinson’s disease dementia (PDD). There are 

also less common dementias, such as in Multiple Sclerosis (MS), Huntington’s disease 

(HD), HIV-associated neurocognitive disorder (HAND), and prion diseases (see Risacher 

and Saykin, 2013 for overview).
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Neurodegenerative diseases affect the brain through various shared as well as unique 

mechanisms and result in changes in brain structure, function, and molecular composition. 

In living humans, cerebrospinal fluid (CSF) assays and neuroimaging are key laboratory 

investigations used to assess these changes in the brain. Both are sensitive to brain 

pathology, with imaging being the most commonly used medical test for diagnosis 

of neurodegenerative conditions in conjunction with careful clinical examination and 

neurocognitive assessment. Neuroimaging approaches can be divided broadly into three 

types: (1) structural imaging, which visualizes brain anatomy and pathology and measures 

volume and other tissue characteristics; (2) functional neuroimaging, which measures brain 

activity, blood flow, and glucose metabolism; and (3) molecular imaging, which yields 

information on biologic processes including protein aggregation, neuroinflammation, and 

related processes. In the clinical realm, computed tomography (CT) is widely available and 

often employed initially to obtain a quick survey of structural brain changes, with special 

attention to eliminating acute pathology such as trauma, mass lesions, hemorrhage, and 

ischemia. Although gross atrophic changes can be visualized by CT, the most informative 

structural neuroimaging in age-associated neurodegenerative diseases is magnetic resonance 

imaging (MRI). MR images are created by application of radiofrequency pulses in a strong 

magnetic field to produce excitation and energy release from hydrogen atoms within water 

molecules that are detected and reconstructed as images by the scanner.

There are many MRI-based imaging sequences or modalities used in brain imaging. Two are 

emphasized in this chapter: structural MRI (sMRI), which yields measures of brain volume 

and tissue characteristics, and diffusion tensor imaging (DTI), a specialized technique 

that has unique applicability to the study of white matter (WM) fiber tracts. DTI yields 

two major types of markers of brain WM integrity, namely, fractional anisotropy (FA) 

and diffusivity measures, the most frequently encountered of which are mean diffusivity 

(MD) and apparent diffusion coefficient (ADC). Reduced FA and increased MD/ADC are 

considered to be markers of neuronal fiber loss and reduced WM integrity. Diffusivity 

measures within gray matter (GM) also reflect its integrity. Functional neuroimaging to 

measure brain activity can be obtained with either MRI, through estimation of blood 

oxygenation levels (blood oxygenation level dependent imaging or BOLD imaging), or 

through positron emission tomography (PET) imaging. BOLD imaging can be obtained 

during a stimulation paradigm while in the MRI scanner, such as during sensory-motor 

or cognitive tasks (task-related fMRI), or during a task-free condition typically referred 

to as resting-state fMRI (rsfMRI). Analysis techniques for rsfMRI provide information 

about functional networks of connected brain regions, referred to as functional connectivity 

networks. These can be task-related or resting state networks (RSN).

PET imaging involves the administration of a small quantity of a “tracer” compound 

tagged with a radioactive isotope. The emission of radioactivity during decay from various 

brain regions in which the tracer is retained differentially is quantified by detectors and 

reconstructed into images by the PET scanner. [18F]-fluorodeoxyglucose (FDG) PET uses 

a glucose analog tracer that is taken up by neurons that are actively utilizing glucose. FDG 

gets trapped in the cell and reflects brain regions that are most metabolically active. A newer 

generation of PET tracers bind to abnormal proteins, neurotransmitter receptors, or enzymes, 

and are also commonly used in the study of neurodegenerative conditions. The most 
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commonly used tracers bind to pathologic proteins that are present in neurodegenerative 

conditions (proteinopathies). These include the amyloid-beta plaques that are a hallmark of 

AD and the neurofibrillary tau tangles (NFT), also present in AD as well as in a number 

of other neurodegenerative conditions (the latter termed tauopathies). The most commonly 

used tracers for measuring amyloid-beta plaques are [11C]-PiB, which is only used in 

research in part due to the short half-life, [18F]-Florbetapir (Amyvid®), [18F]-Florbetaben 

(NeuraCeq®), and [18F]-Flutemetamol (Vizamyl®). All have been confirmed to bind to 

amyloid plaques in vitro (Ikonomovic et al., 2008; Clark et al., 2012; Fodero-Tavoletti et 

al., 2012; Curtis et al., 2015). The F18-based amyloid tracers are now FDA-approved, and 

an updated appropriate use criteria (AUC) have been published for amyloid PET imaging 

(Johnson et al., 2013a,b). More widespread use of amyloid PET has been limited by 

problems with reimbursement for these scans, which as of this writing is not approved by 

Medicare or other third party insurance companies. CMS is presently evaluating data from 

a large comparative effectiveness trial, to reassess coverage based on evidence. The Imaging 

Dementia—Evidence for Amyloid Scanning (IDEAS) Study data will help determine if 

information about a subject’s amyloid status produces clinical value even in the absence of 

effective treatment.

Recent major advances have also led to experimental tracers that bind to NFT with high 

affinity, with [18F]Flortaucipir (also known as T807 and AV-1451) having had the most 

widespread use to date (Chien et al., 2013). Other early tau tracers include [11C]PBB3, 

[18F] THK-5117, and [18F]THK-5351, the last showing notable off target MAO-B binding 

(Lemoine et al., 2017). In addition, Merck and Piramal both have promising new tau tracers 

beginning to undergo clinical validation studies.

Overall, these neuroimaging tools provide an in vivo window on the brain permitting 

assessment of brain structure, function, and the presence of abnormal proteins, previously 

detectable only by postmortem examination. These have ultimately led to a better 

understanding of the diseases themselves, as well as improved diagnostic accuracy and the 

potential for more targeted therapeutic trials.

This chapter discusses neuroimaging findings in early preclinical and prodromal disease 

stages as well as in manifest neurodegenerative disease. First, we discuss neuroimaging 

changes seen in preclinical AD defined by genetics, amyloid status, or other risk factors, 

followed by findings in prodromal AD (MCI) and clinical AD. Second, nonfamilial early 

onset AD, familial AD, and other amyloid-beta associated disorders including posterior 

cortical atrophy (PCA), logopenic aphasia, and cerebral amyloid angiopathy (CAA) are 

discussed. Third, we discuss neuroimaging findings in vascular cognitive impairment 

(VCI) and vascular dementia (VaD). We then discuss neuroimaging changes seen in FTD, 

including in behavioral variant FTD, semantic dementia (SD), progressive nonfluent aphasia 

(PNFA), and motor-associated FTDs, such as corticobasal degeneration (CBD), progressive 

supranuclear palsy (PSP), FTD with motor neuron disease (FTD-MND, also termed FTD 

with amyotrophic lateral sclerosis; FTD-ALS). Finally, DLB, Parkinson’s disease with 

(PDD) and without dementia (PD), and multiple systems atrophy (MSA) are covered. We 

conclude by discussing the role of neuroimaging in differential diagnosis.
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PRECLINICAL, PRODROMAL, AND CLINICAL AD

Alzheimer’s disease, the most common age-related neurodegenerative disorder, is 

characterized by two neuropathologic hallmarks: amyloid beta plaques and NFT. Amyloid 

plaques, composed of extracellular aggregations of amyloid-beta (Aβ) peptides, are found 

throughout the brain in AD. NFT result from the hyper-phosphorylation of the microtubule-

associated protein tau, which forms insoluble filamentous structures that combine to create 

paired helical filaments, a key component of NFTs. Neither the temporal relationship nor 

the direct link between amyloid plaques and NFT has been completely explained. Current 

theoretical models suggest that in canonical AD, Aβ plaque formation precedes NFT, with 

amyloid accumulation occurring during a long preclinical period spanning years to decades 

before onset of clinical symptoms (Jack et al., 2013). Ultimately, the biochemical and 

proteinopathic changes in AD converge, leading to widespread synapse and neuronal loss. 

In AD, the earliest regions of the brain that show neuronal loss are in the medial temporal 

lobe (MTL), including the entorhinal cortex, hippocampus, amygdala, and parahippocampal 

cortex, as well as cholinergic innervation from the nucleus basalis of Meynert (Braak et al., 

1993). By the time a patient has reached a diagnosis of clinical AD, neurodegeneration is 

usually found throughout the neocortical and subcortical regions, with significant atrophy 

of temporal, parietal, and frontal cortices but relative sparing of primary occipital and 

sensory-motor regions (Braak et al., 1993).

AD diagnostic criteria for clinical and research use have been updated from the initial 

criteria developed in 1984 (McKhann et al., 2011), and they are likely to undergo further 

revision based on further biomarker evidence. The earliest clinical symptoms of AD are 

episodic memory impairments; deficits in language, semantic memory, visuospatial skills, 

and executive functioning may also be present. Currently, a diagnosis of AD dementia is 

made based on the presence of cognitive decline that significantly impairs daily activities. 

Attempts to diagnose AD earlier led to the development of the clinical syndrome of MCI 

(Petersen et al., 1999), or in the terminology of the International Working Group (IWG), 

prodromal AD. An updated criteria for diagnosis of MCI in clinical and research settings 

has also been published (Albert et al., 2011). Patients with MCI typically show deficits 

in episodic memory that fall more than 1–1.5 standard deviations below demographically 

adjusted and culturally appropriate normative levels. The most common presentation of 

MCI features memory impairment (amnestic MCI), but other cognitive deficits such as in 

executive function or language are commonly seen (Albert et al., 2011). Amnestic MCI 

is widely considered to be a prodromal form of AD, as nearly 10%–15% of amnestic 

MCI patients convert to AD each year, relative to only 1%–2% of the general older adult 

population (Petersen et al., 1999).

Anticipating that a future disease modifying treatment will require timely early diagnosis, 

researchers have been attempting to detect AD-related pathophysiologic changes and predict 

progression even earlier than MCI (e.g., “pre-MCI” or “preclinical AD”). Sperling et 

al. defined a conceptual framework for identification of preclinical AD defining three 

preclinical stages using biomarkers (Sperling et al., 2011). Stage 1 includes asymptomatic 

individuals who have evidence of amyloid deposition on either PET imaging or CSF 

measures. Stage 2 refers to asymptomatic individuals with evidence of both amyloid and 
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neurodegeneration or neuronal dysfunction, defined as atrophy or brain dysfunction on MRI, 

hypometabolism on FDG PET, or increased tau on PET and/or CSF. Stage 3 includes those 

with positive amyloid and neurodegenerative biomarkers and, in addition, the emergence 

of subtle cognitive decline. Thus, preclinical AD patients can be defined using biomarkers 

to identify cognitively normal individuals with significant amyloid burden. Preclinical AD 

patients can also be identified by genetic risk, such as those with a family history of AD 

or who are carriers of one or two apolipoprotein E (APOE) epsilon 4 (ϵ4) alleles, the most 

significant genetic risk variant associated with late-onset AD (LOAD). Familial AD patients, 

who carry a deterministic mutation in the presenilin 1 (PSEN1), presenilin 2 (PSEN2), or 

amyloid precursor protein (APP) genes, are rare but provide a unique population to study 

the preclinical stages of disease, as the course and timing of the progression to dementia are 

relatively predetermined within families. Finally, euthymic older adults who nonetheless 

have concerns about their memory and cognition in the absence of cognitive decline, 

referred to as subjective cognitive decline (SCD), are considered a preclinical AD population 

(Jessen et al., 2014). This population, also referred to as a cognitive complaint (CC) (Saykin 

et al., 2006) or significant memory concern (SMC) (Risacher et al., 2015) group, is of 

considerable interest in recent times for neuroimaging investigations that indicate enriched 

dementia risk as a function of perceived decline.

Preclinical AD

Neuroimaging measures have been used to predict progression from a cognitively normal 

(CN) state to MCI. sMRI demonstrates increases in ventricular volume and reductions in 

global brain volume and medial temporal lobe (MTL) volume, including of the entorhinal 

cortex. These changes occur up to 10 years before cognitive decline, which provide 

predictive information (Dickerson et al., 2012; Tondelli et al., 2012). High resolution 

scans, coupled with specialized software, permit delineation and volume measurement of 

subregions of the hippocampus, and have shown reduced CA1 and subiculum volume 

associated with progression to MCI (Apostolova et al., 2010b; Cong et al., 2018). Changes 

in the parietal lobe, including measures of atrophy and white matter hyperintensities 

(WMHI), a measure of cerebrovascular small vessel disease, have also been noted as 

potential biomarkers for the progression from normal cognition to MCI (Brickman et al., 

2012; Kantarci et al., 2013). Finally, atrophy in the prefrontal cortex and rate of atrophy of 

the basal forebrain have been identified as potential predictors of progression from CN to 

MCI (Burgmans et al., 2009; Grothe et al., 2013).

Other neuroimaging measures have also shown prognostic value in patients who later 

convert from CN to MCI. Disrupted functional activity in the precuneus and posterior 

cingulate during encoding, measured using task-based fMRI, has been noted in individuals 

who subsequently progress to MCI (Rami et al., 2012). Hypometabolism in medial temporal 

and parietal regions measured with [18F]FDG PET is also associated with future decline 

from CN to MCI (Rizk-Jackson et al., 2013; Ewers et al., 2014). Amyloid accumulation 

assessed by PET or CSF often precedes cognitive decline and is believed to drive subsequent 

decline in [18F]FDG PET measures in the medial temporal lobe, orbitofrontal cortex, and 

cingulate, synergistically with p-tau measured in the CSF (Pascoal et al., 2017). In addition, 

cognitively older adults scanned with [18F]Flortaucipir, measuring NFT load, showed an 
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association between temporal lobe tracer binding and faster decline in cognition (including 

episodic memory), increased atrophy, and increased amyloid deposition (Johnson et al., 

2016; Scholl et al., 2016). Further, the presence of amyloid and tau was associated with 

aberrant activity during memory encoding (Marks et al., 2017). Finally, amyloid and tau 

showed an interactive effect on resting-state functional connectivity such that those with 

high amyloid and low tau binding showed increased connectivity in the salience and default 

mode network (DMN), while those with both high amyloid and high tau showed reduced 

connectivity in these networks (Schultz et al., 2017).

Similar findings are associated with earlier stage preclinical AD groups. Thus, we now 

discuss preclinical AD patients defined by a positive amyloid scan, genetic background of 

risk due to the presence of an APOE ϵ4 allele or a positive family history, the presence of an 

autosomal dominant genetic mutation in PS1, PS2, or APP, or the presence of SCD.

Preclinical AD—Aβ positive cognitively normal older adults

Approximately 25%–30% of cognitively normal older adults are amyloid positive on PET 

scans (Aizenstein et al., 2008; Villemagne et al., 2008) (Fig. 12.1). These individuals 

are more likely to progress to cognitive impairment (Villemagne et al., 2008; Chetelat et 

al., 2013). However, the rate of progression is affected by other factors, such as genetic 

background (i.e., presence of an APOE ϵ4 allele) (Lim et al., 2015), cognitive reserve 

(Rentz et al., 2010), age (Jack et al., 2015), and lifestyle factors such as exercise or diet 

(Liang et al., 2010; Wirth et al., 2014). These individuals may have subtle impairments in 

cognition, especially in episodic memory and executive function (Harrington et al., 2013; 

Sperling et al., 2013). On sMRI measures, amyloid positive CN study participants show 

smaller hippocampal volume, including in hippocampal subfields such as the hippocampal 

tail, presubiculum, and subiculum (Apostolova et al., 2010a; Hsu et al., 2015). Further, 

these participants have an accelerated rate of cortical atrophy (Chetelat et al., 2012). 

DTI measures of white matter integrity have shown increased diffusion in multiple white 

matter tracts (Molinuevo et al., 2014). Functional MRI measures have shown differences in 

activation during tasks (Rami et al., 2012) and at rest, with reduced functional connectivity 

in the DMN and changes in connectivity in cortical hubs (Sperling et al., 2009). Increased 

metabolism in the lateral prefrontal cortex, superior temporal gyrus, and thalamus has 

also been reported in amyloid positive CN participants (Johnson et al., 2014). Finally, in 

cognitively normal older adults, amyloid positivity is associated with increased tau PET 

tracer binding in the medial and lateral temporal cortex, as well as the medial and lateral 

parietal lobe (Fig. 12.1C) (Brier et al., 2016; Scholl et al., 2016).

Preclinical AD—Genetic risk

Populations at genetic risk for late-onset AD, including those with a positive family history 

and carriers of one or more APOE ϵ4 alleles, also show differences compared to controls on 

neuroimaging measures preceding any clinical symptoms. Further, both those with a positive 

family history, particularly maternal history, and APOE ϵ4 carriers show increased amyloid 

deposition in asymptomatic stages, thereby placing them at risk for the changes described 

in the previous section (Reiman et al., 2009; Mosconi et al., 2010; Risacher et al., 2015). 

CN participants with a family history of dementia show increased brain atrophy in the MTL, 
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including in hippocampal subfields such as the subiculum, and frontal and parietal lobes 

(Honea et al., 2011; Mosconi et al., 2014). CN APOE ϵ4 carriers showed a similar pattern 

with greater MTL atrophy, including in hippocampal subfields such as the subiculum, CA3, 

and dentate gyrus, and a faster atrophy rate than noncarriers (Mueller and Weiner, 2009; 

Donix et al., 2010b). In fact, those with both a positive family history and an APOE ϵ4 

allele showed the greatest atrophy in the subiculum (Donix et al., 2010a), as well as reduced 

[18F] FDG PET uptake in temporoparietal association areas (Langbaum et al., 2010). On 

DTI, those with a positive family history of dementia show reduced FA in areas known 

to be affected in AD (Bendlin et al., 2010), including the cingulum, corpus callosum, and 

uncinate fasciculus. APOE ϵ4 carriers show similar reductions in WM integrity measured 

using both FA (reduced) and MD (increased) (Heise et al., 2011; Wang et al., 2015b). WM 

and gray matter reductions are even seen in infant carriers of the APOE ϵ4 allele relative to 

noncarriers (Dean 3rd et al., 2014). fMRI studies in APOE ϵ4 carriers have showed altered 

activation during tasks, including altered hippocampal activation during episodic encoding 

and recall and altered activation during working memory tasks (Johnson et al., 2006; Wishart 

et al., 2006). Changes in resting-state connectivity of the DMN are also observed in APOE 
ϵ4 carriers (Sheline et al., 2010; Trachtenberg et al., 2012), even in younger individuals 

(Filippini et al., 2009; Dennis et al., 2010) and those who are amyloid negative (Sheline et 

al., 2010). CN individuals with a positive family history, especially of both parents, showed 

reduced cerebral metabolism on [18F] FDG PET in frontal, parietal, and temporal regions 

relative to those without a family history (Mosconi et al., 2007; Mosconi et al., 2014). CN 

APOE ϵ4 carriers show similar changes in glucose metabolism on [18F]FDG PET, including 

reduced metabolism in the cingulate, temporal and parietal lobes, prefrontal cortex, and 

MTL (Knopman et al., 2014).

Preclinical AD—Familial AD populations

Nearly 5% of AD cases are caused by dominantly inherited genetic mutations in PSEN1, 
PSEN2, or APP. An interesting characteristic of these autosomal dominant AD forms is 

that in each generation carriers have approximately the same age of onset. This permits 

calculation of an estimated age (year) of onset (EYO) for known mutation carriers, years 

before symptoms emerge. Neuroimaging studies in these asymptomatic mutation carriers 

(aMC), benchmarked relative to their EYO, has provided the scientific community a much 

better understanding of the development of AD and helped to shape the current framework 

for understanding the time course of pathology and the role of biomarkers in the detection 

of AD. In a seminal study from the Dominantly Inherited Alzheimer Network (DIAN), 

Bateman and colleagues demonstrated that the first detectable changes in aMC was reduced 

CSF amyloid, which occurred approximately 25 years before EYO (Bateman et al., 2012). 

Similarly, PET amyloid, increased CSF tau, and MRI measures of hippocampal atrophy 

could detect pathology approximately 15 years before EYO. Hypometabolism on [18F]FDG 

PET and declining episodic memory performance could be detected approximately 10 years 

before EYO, followed by changes in global cognition that occurred approximately 5 years 

before the EYO. A similar pattern and ordering of the biomarkers was observed in an 

additional study, although with a more delayed time relative to EYO (Yau et al., 2015). 

An additional analysis also showed a trend for reduced GM in the thalamus and lateral 

temporal lobe as participants approached their EYO (Cash et al., 2013). Other studies have 
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shown accelerating atrophy rates in the MTL, temporoparietal regions, posterior cingulate, 

and precuneus as aMC approach their EYO (Fox et al., 1996; Ridha et al., 2006). In 

addition, an increased amount of WMH was observed in aMC (Lee et al., 2016). A DTI 

study of aMC showed reduced FA in the whole brain, as well as specific changes in the 

fornix, perforant path, and orbitofrontal WM (Ringman et al., 2007). Task-based fMRI 

studies have suggested that aMC may have increased activation during episodic memory 

and working memory tasks, which may change as aMC approach the EYO (Quiroz et al., 

2010; Sala-Llonch et al., 2013). However, one study did find decreased activation during 

a novelty encoding task in aMC relative to noncarriers (Ringman et al., 2011). A study of 

rsfMRI showed decreased DMN connectivity in the precuneus and posterior cingulate cortex 

relative to noncarriers, which further declined as they approached their EYO (Chhatwal et 

al., 2013). Another study showed additional DMN changes in aMC, with increased anterior 

DMN activity and decreased posterior DMN (Sala-Llonch et al., 2013). aMC also show 

reduced metabolism in the whole brain, including the temporal lobe, parietal lobe, MTL, and 

posterior cingulate using [18F]FDG PET measures (Kennedy et al., 1995; Mosconi et al., 

2006). Finally, amyloid PET studies have shown increased tracer uptake in aMCI that was 

associated with future cognitive decline (Bateman et al., 2012; Wang et al., 2015a).

Preclinical AD—SCD participants

Another population with increased risk of progression to cognitive decline and dementia are 

older adults with SCD (Jessen et al., 2014). sMRI measures showed reduced hippocampal 

volumes, including in the CA1 subregion of the hippocampus, and cortical atrophy (van der 

Flier et al., 2004; Saykin et al., 2006; Scheef et al., 2012), as well as increased atrophy 

rates (Stewart et al., 2011). DTI studies have shown differences in WM integrity in SCD, 

including increased MD and decreased FA in MTL and posterior cingulate/retrosplenial 

regions (Selnes et al., 2012; Wang et al., 2012b). These WM changes are predictive of 

future cognitive decline (Selnes et al., 2013). On fMRI, altered activation during a variety of 

cognitive tasks was seen in older adults with SCD, including reduced hippocampal activation 

but increased activity in the prefrontal cortex during encoding tasks (Rodda et al., 2009; Erk 

et al., 2011) and increased activation in the MTL, thalamus, caudate, and posterior cingulate 

during a divided attention task (Rodda et al., 2011). Resting-state studies have also shown 

reduced DMN connectivity in the hippocampal in SCD (Wang et al., 2013). [18F]FDG PET 

studies have shown hypometabolism in the MTL in older adults with SCD (Mosconi et al., 

2008; Scheef et al., 2012), especially in those who also carry an APOE ϵ4 allele. Finally, 

APOE ϵ4 older adults with SCD show increased amyloid deposition on PET (Risacher 

et al., 2015), which is associated with the extent of SCD, gray matter atrophy, and lower 

performance on episodic memory tasks (Chetelat et al., 2010; Perrotin et al., 2012).

Neuroimaging in MCI

Patients with MCI are considered at high risk for development of AD, with 10%–15% 

conversion to dementia per year (Fig. 12.2A and B). Therefore, MCI is generally considered 

a prodromal stage of AD although it is recognized that there is some heterogeneity of 

outcome. sMRI shows significant brain atrophy in MCI, particularly in regions of the 

MTL and lateral temporal lobe; in the majority of the hippocampal subfields such as 

CA1, subiculum, CA2/3, CA4/dentate gyrus, fimbria, and presubiculum; in other subcortical 
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regions, such as the thalamus, basal forebrain, and basal ganglia; and throughout the cortex 

(Grothe et al., 2012; Yushkevich et al., 2015). Further, measures of hippocampal and cortical 

atrophy were able to distinguish MCI patients from CN (Trivedi et al., 2006) and predicted 

conversion from MCI to AD (Khan et al., 2015). In fact, studies have shown significant 

differences in the MTL and cortex between those destined to convert from MCI to AD and 

those who will remain cognitively stable (Risacher et al., 2009; Devanand et al., 2012). 

Patients with MCI also showed faster rates of hippocampal (approximately −3% per year 

vs approximately −1% in CN) and cortical atrophy relative to CN; again, those destined to 

convert from MCI to AD show faster atrophy rates than those who remained stable (Barnes 

et al., 2009; Risacher et al., 2010).

DTI studies show widespread changes in the WM of the cingulum, fornix, corpus callosum, 

and superior and inferior longitudinal fasciculi in patients with MCI, particularly those who 

are tau-PET positive (Pievani et al., 2010; Lim et al., 2014). These measures of changes in 

WM integrity can both differentiate MCI from CN cross-sectionally and predict progression 

from MCI to AD (Douaud et al., 2013; Nowrangi et al., 2013). Task-based fMRI studies 

in MCI have shown mixed results, and have suggested that less impaired MCI patients 

show hyperactivation in the MTL during encoding, while more impaired MCI patients show 

hypoactivation (Dickerson et al., 2005; Celone et al., 2006). In fact, studies have shown that 

those with the most increased activity are the most likely to progress later (Rombouts et al., 

2005; O’Brien et al., 2010). MCI patients also have impaired DMN deactivation upon task 

initiation, with increasing lack of deactivation as severity of the MCI increases (Rombouts 

et al., 2005; Celone et al., 2006). Resting-state fMRI studies have also shown decreased 

connectivity of the DMN, which tracks with disease progression and can predict conversion 

from MCI to AD (Celone et al., 2006; Brier et al., 2012).

Hypometabolism in the posterior temporal, cingulate, and parietal lobes has also been 

reported in patients with MCI on [18F]FDG PET, which can predict progression to AD 

(Langbaum et al., 2009; Landau et al., 2010). As might be expected, 50%–70% of patients 

with MCI show amyloid deposition on PET, which is more common in patients with 

amnestic rather than nonamnestic presentations (Forsberg et al., 2008; Risacher et al., 2013). 

Amyloid positivity on PET has also been shown to be associated with cognition in MCI, an 

effect that is mediated by hippocampal volume and cognitive reserve (Mormino et al., 2009; 

Rentz et al., 2010). On tau PET imaging, MCI patients show increased binding relative to 

CN, particularly in the inferior temporal lobe, posterior cingulate, and fusiform, entorhinal, 

and parahippocampal gyri (Chien et al., 2013; Johnson et al., 2016), but with MCI patients 

showing a range of Braak stages from I to VI (Schwarz et al., 2016). Notably, MCI patients 

who were amyloid positive showed the greatest amount of tau, while those who were 

amyloid negative rarely had a Braak stage >0 (Schwarz et al., 2016). Future studies will 

determine whether tau PET will be predictive of subsequent cognitive decline.

Neuroimaging biomarkers in AD

Patients with AD show similar but typically much more severe changes on MRI and PET 

imaging than individuals in earlier stages of disease (Fig. 12.2C). sMRI measures show the 

presence of significant brain atrophy in AD patients, following an anatomical distribution 
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similar to the pattern reported by Braak and Braak (Braak et al., 1993). Specifically, AD 

patients show widespread atrophy, including in the MTL (hippocampus, entorhinal cortex) 

and lateral temporal lobe (LTL), medial and lateral parietal lobe, and the frontal lobes, with 

relative sparing of the occipital lobes and sensory-motor cortex until later in the disease 

course (Frisoni et al., 2009). Changes in subfields of the hippocampus are also evident 

in patients with AD, including significant atrophy in the subiculum, presubiculum, CA1, 

CA2/3, and CA4/dentate gyrus (Mueller and Weiner, 2009; Wisse et al., 2014). Atrophy in 

other subcortical regions is also seen in AD, including in the amygdala, anteroventromedial 

thalamus, basal ganglia (caudate, putamen, pallidum, and nucleus accumbens), and the basal 

forebrain (Barnes et al., 2006; Grothe et al., 2014). Measures of hippocampal atrophy and 

shape features distinguish AD cases from controls (Gerardin et al., 2009). Longitudinal 

studies have shown higher cortical atrophy rates in patients with AD, with an approximate 

annual hippocampal decline of −4.5% (Barnes et al., 2009; Risacher et al., 2010).

DTI studies have shown that AD patients have reduced FA and increased diffusion 

relative to CNs in many WM structures—predominantly in posterior regions, including the 

corpus callosum, cingulum, uncinate fasciculus, superior longitudinal fasciculus, fornix, and 

inferior longitudinal fasciculus (Pievani et al., 2010). Results from fMRI studies in AD have 

shown decreased or even absent activation relative to CN in the MTL, posterior cingulate, 

parietal lobe, and frontal lobe during episodic memory encoding and recall tasks (Sperling 

et al., 2003; Li et al., 2015). AD patients have shown impaired repetition suppression or the 

inability to repress activation upon demonstration of a repeated probe (Johnson et al., 2004). 

However, in some studies AD patients do show increased activation relative to controls 

that may be compensatory in nature, e.g., as noted during semantic memory tasks in an 

early fMRI study (Saykin et al., 1999). Resting-state fMRI studies have shown decreased 

connectivity of the DMN in AD that is associated with severity (Greicius et al., 2004; 

Celone et al., 2006).

[18F]FDG PET shows significant reductions in cerebral glucose metabolism in AD relative 

to controls, particularly in the temporoparietal cortex, posterior cingulate, parietal lobe, 

temporal lobe, and MTL, including the hippocampus (Langbaum et al., 2009; He et al., 

2015). Hypometabolism in the frontal lobes is seen in later stages of AD and relates 

to dementia severity (Herholz et al., 1999). Importantly, information regarding regional 

hypometabolism has been shown to improve diagnostic accuracy in clinical settings (Salmon 

et al., 1994; Silverman et al., 2002). In longitudinal studies AD patients show a greater 

rate of annual decline in metabolism than CN in the temporal, parietal and frontal lobes, as 

well as the posterior cingulate and precuneus in AD (Alexander et al., 2002). AD patients 

show significant amyloid accumulation on PET imaging studies, with up to 90% of AD 

patients showing significant amyloid (Klunk et al., 2004; Villemagne et al., 2011a; He et al., 

2015). This amyloid signal on PET is associated with cognitive performance, future decline, 

and the extent of amyloid plaques at autopsy (Ikonomovic et al., 2008; Doraiswamy et al., 

2014). Longitudinal assessments of amyloid in AD patients have shown minimal increases 

in amyloid tracer signal in patients who showed significant amyloid burden at baseline, 

consistent with the concept that amyloid accumulation is typically an early finding in AD 

(Jack et al., 2009; Villemagne et al., 2011b). Finally, tau PET studies have shown significant 

NFT accumulation that highly mirrors the Braak and Braak staging (Braak et al., 1993). 
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Significant tau PET tracer uptake is seen in the temporal, parietal, and frontal lobes, while 

the primary sensory/motor cortices are relatively spared (Chien et al., 2013;Johnson et al., 

2016; Schwarz et al., 2016). Tau uptake in the inferior temporal lobe was associated with 

increased amyloid deposition, as well as greater cognitive impairment and disease severity 

(Johnson et al., 2016; Schwarz et al., 2016). Braak staging with tau PET images suggested 

that most AD participants who are amyloid positive are in stage VI, while the majority 

of amyloid negative AD patients were at Braak stage III or lower (Johnson et al., 2016; 

Schwarz et al., 2016). Tau PET also correlates with CSF levels of amyloid and tau across 

CN, MCI, and AD participants (Brier et al., 2016). Longitudinal tau PET observations are 

as yet uncommon, but one study shows an increase in tracer signal over 1–1.5 years of 

approximately 5% in the inferior temporal and fusiform gyri in mild AD and an increase of 

5%–8.6% in tracer retention in the fusiform, parahippocampal, and inferior temporal gyri in 

moderate AD patients (Ishiki et al., 2015), while an alternative study showed no change in 

tau over 17 months (Chiotis et al., 2018).

Appropriate use criteria for molecular neuroimaging for cognitive decline in clinical 
settings

Neuroimaging tools can be used in clinical settings to improve diagnosis and patient 

care following a standard set of guidelines for their use. Recent documentation from the 

Neuroimaging Work Group of the Alzheimer’s Association (https://www.alz.org/national/

documents/imaging_consensus_report.pdf), the European Federation of the Neurologic 

Societies task force (Filippi et al., 2012), and Appropriate Use Criteria (AUC) for 

amyloid imaging by the Amyloid Imaging Task Force, Society for Nuclear Medicine 

and Molecular Imaging, and the Alzheimer’s Association (Johnson et al., 2013a, b) have 

been published. The American Academy of Neurology (AAN) guidelines for diagnosis 

of dementia are undergoing revision at the time this chapter is being written but the 

current recommendation to use MRI to evaluate structural damage that may be causing 

cognitive symptoms or dementia, even in MCI stages, is unlikely to change. MRI 

can help differentiate among causes for cognitive symptoms and decline. Current MR 

technology is highly sensitive to cerebrovascular pathology, typically visualized on T2-

weighted and FLAIR sequences, with hyperintensities reflecting white matter disease, 

with or without areas of infarction and microhemorrhage. This is distinguishable from 

a more typical primary AD pattern of prominent severe MTL atrophy and cortical 

thinning. Coronal MR imaging perpendicular to the hippocampus allows for assessment 

using a medial temporal atrophy (MTA) scale (Scheltens et al., 1992, 1997). A high 

MTA score helps to support a diagnosis of AD rather than a vascular or alternative 

neurodegenerative disease. [18F]FDG PET can be used in clinical settings for dementia 

care, but should only be used when the presentation or symptomatology of the case is 

atypical. In particular, [18F]FDG PET can be used to distinguish AD and FTD based on 

a profile of temporoparietal vs frontal hypometabolism, respectively. In cases with unclear 

presentation (FTD vs AD), [18F]FDG PET may be covered under Medicare following 

specific guidelines (see https://www.cms.gov/Regulations-and-Guidance/Guidance/Manuals/

downloads/ncd103c1_Part4.pdf, Section 220.6.13). Amyloid PET imaging is not currently 

covered under Medicare. However, use of amyloid imaging may be considered under 

certain circumstances. An AUC document published in 2013 details the circumstances 
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under which amyloid PET may be used in a diagnostic evaluation of AD or MCI, with 

patients meeting the following criteria: (1) cognitive complaints with objective impairment; 

(2) AD as a possible but uncertain diagnosis; (3) knowledge of the presence vs absence 

of amyloid expected to increase diagnostic certainty and improve disease management. 

Patients meeting these criteria would include those with dementia of an unclear nature 

due to an atypical course (e.g., sudden onset or episodic presentation) or the presence of 

comorbid conditions that could be causal for the symptomatology, as well as patients with an 

atypically young presentation (i.e., before age 65). In addition, patients with persistent MCI 

may be appropriate for amyloid imaging if the patient would benefit from the results of the 

study.

A few caveats must be considered when evaluating the use of amyloid PET and the 

interpretation of results. Amyloid positivity does not constitute a diagnosis of AD and many 

cognitively normal individuals will have significant amyloid deposition on an amyloid scan. 

Further, comorbid neurodegenerative pathologies are not excluded with a positive amyloid 

scan as these have low specificity, and positive scans have been reported in other dementias 

such as DLB and CAA. In sum, it has been proposed that amyloid imaging should be used in 

a clinical setting only if it will have a positive impact on patient care through: (1) changing 

the medication management, such as addition or discontinuation of acetylcholinesterase 

inhibitors or memantine; (2) changing the ordering of tests by reducing the number of 

additional tests following a positive scan, OR suggesting additional testing in the case 

of a negative amyloid scan; (3) improving patient care through the “value of knowing” 

by increasing physician confidence in the diagnosis and allowing for better planning for 

patients and caregivers for future medial, social, or financial challenges. An update to these 

AUC described the importance of extensive detailed documentation and provided a checklist 

for suggested items to document (Johnson et al., 2013b). The AUC proposal also detailed 

situations that are inappropriate for amyloid imaging use, including: (1) in patients with a 

core clinical criteria of probable AD with a typical age of onset (≥65 years); (2) to determine 

disease severity; (3) in cognitively normal individuals based solely on family history of 

AD or APOE ϵ4 genotype; (4) in patients with SCD and no objective impairment; (5) 

in any non-symptomatic individual; (5) in suspected familial cases in lieu of genotyping; 

(6) for nonmedical use (legal, competency hearings, insurance coverage, or employment 

screening). In sum, the use of neuroimaging in clinical settings may improve diagnostic 

certainty and patient care but careful consideration must be employed given the potential 

for false positives. Finally, as detailed earlier, at this writing Medicare reimbursement is still 

pending a trial of amyloid PET imaging for clinical evidence development and does not 

reimburse the costs of the scan.

AUC for neuroimaging in clinical trials for AD

Imaging biomarkers are often considered for use in clinical trials for multiple reasons 

(https://www.alz.org/national/documents/imaging_consensus_report.pdf). Imaging measures 

may be used in defining the target population for treatment through screening for a particular 

pathology (e.g., amyloid positivity) or for enrichment of a sample that will likely rapidly 

decline (e.g., MCI/AD with significant hippocampal atrophy). Further, neuroimaging tools 

may be used to exclude those with pathology other than AD (e.g., amyloid negative with 
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significant vascular pathology). Another use for neuroimaging would be as measures to 

determine target engagement, monitoring treatment efficacy, and potentially as a treatment 

outcome measure. MRI measures would be useful to characterize a diagnosed dementia 

and to rule out other causes. At a minimum, FLAIR or T2-weighted images should be 

used to assess vascular burden and a 3D T1-weighted scan should be used to assess 

global and local atrophy. For the latter, standardized metrics of global loss and/or MTL 

atrophy could be utilized (Scheltens et al., 1992, 1997). MRI scans can also be used 

as outcome measures for treatments that are targeted to slow down progression of 

neurodegeneration (volume). A consensus report from the Neuroimaging Work Group of 

the Alzheimer’s Association generated recommendations for the use of neuroimaging in 

clinical trials (https://www.alz.org/national/documents/imaging_consensus_report.pdf). MRI 

is recommended in all clinical trials seeking to establish AD as the pathologic substrate for 

therapy. MRI should be used to exclude nondegenerative causes of dementia, to exclude 

those where cerebrovascular disease is the likely cause of the dementia, or to exclude 

degenerative diseases other than AD. MRI should be considered as an outcome measure 

if the therapy is considered nonspecific and approval is being sought for nonspecific 

indications such as “dementia.” As an outcome, rates of atrophy from target regions of 

interest (ROIs) can be used to measure progression of disease, including MTL atrophy 

with either automated or manually defined ROIs (Jack et al., 1992; Laakso et al., 1995), 

global atrophy using registration-based methods (Fox et al., 2000; Chan et al., 2001), 

and/or measures of ventricular enlargement (Fox et al., 2000). Finally, MRI measures are 

likely to provide information about disease-modifying effects of a treatment, therefore 

potentially meeting FDA standards for an “effect on a surrogate endpoint.” Thus, the 

consensus report encourages MRI measures as an ancillary endpoint measure in Phase III 

trials for AD treatment agents. [18F]FDG PET could also be used as an ancillary outcome 

(surrogate endpoint) in clinical trials of potential AD therapeutics. Quantitative assessment 

via statistical parametric maps or ROI analysis can help to determine the effect of a putative 

treatment. Overall, neuroimaging measures are encouraged in all clinical trials and future 

studies should consider incorporating neuroimaging at all steps of the trial, from screening 

and enrollment to target monitoring to determine efficacy on an endpoint.

Nonfamilial early onset AD

The majority of AD patients have onset of dementia after age 65 (late-onset AD; LOAD). 

However, some patients present with symptoms before the age of 65 that are not caused 

by a known gene mutation (see section Familial AD for discussion of patients with a gene 

mutation). Nonfamilial early onset AD patients frequently have atypical symptoms at onset, 

including primary impairments in language, visuospatial processing, or executive function 

(Smits et al., 2012), and decline more rapidly than in LOAD (Cho et al., 2013a). Often 

these patients show more severe cortical atrophy and relatively less MTL atrophy on sMRI 

measures, and thus have been termed “hippocampal sparing” AD in contrast to the “limbic 

predominant” AD that represents the primary presentation for LOAD and is reflective of 

the prominent recent memory loss in these cases (Frisoni et al., 2007; Murray et al., 2011; 

Whitwell et al., 2012). These early onset patients may also show more severe atrophy 

and faster degeneration in other subcortical structures than LOAD, including the amyloid, 

thalamus, caudate, and putamen (Pievani et al., 2013; Cho et al., 2013b). However, other 
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studies show a more LOAD-like pattern of atrophy in early-onset AD, with medial and 

lateral temporal lobe and medial parietal lobe atrophy, but to a greater extent than LOAD 

(Ossenkoppele et al., 2015a). Nonamnestic AD presentations, including dysexecutive AD, 

also show cortical thinning in temporoparietal regions, superior parietal lobe, and superior 

frontal lobe (Dickerson et al., 2011; Ossenkoppele et al., 2015b). In resting-state fMRI 

studies, dysexecutive AD patients show reduced DMN connectivity (similar to LOAD), as 

well as decreased connectivity in a dorsolateral prefrontal network and an executive control 

network and increased connectivity in an anterior temporal network (Gour et al., 2014; 

Lehmann et al., 2015). Although no significant difference in overall amyloid deposition was 

observed between typical amnestic presentations and executive presentations of AD (Laforce 

et al., 2014) or between early-onset AD and LOAD, some regional changes were observed 

with increased amyloid in the basal ganglia, thalamus, temporal lobe, and cuneus in early-

onset AD relative to LOAD (Cho et al., 2013c). In a recent tau PET study, early-onset 

AD had greater tau deposition than LOAD in cortical areas such as the prefrontal cortex, 

temporal lobe, premotor cortex, and inferior parietal lobe (Scholl et al., 2017) and tended 

to show a more cortical rather than medial temporal pattern of tau deposition (Whitwell et 

al., 2018). Further, a number of studies have suggested that in typical and atypical AD, the 

pattern of tau deposition mirrors regions with atrophy and glucose hypometabolism and was 

related to the cognitive symptomatology (e.g., left anterior temporal lobe linked to language 

impairment, right lingual gyrus linked to visuospatial impairment, frontal/parietal pattern 

linked to dysexecutive syndrome, memory linked to anterior hippocampus and fusiform) 

(Ossenkoppele et al., 2016; Phillips et al., 2018). Future studies will continue to explore the 

biologic basis for the differences between the typical amnestic LOAD patients relative to the 

nonamnestic and early onset AD patients.

Familial AD

Symptomatic carriers of mutations causing familial/autosomal dominant AD (sFAD) show 

abnormalities on both MRI and PET. Structural MRI studies have shown GM atrophy in 

the MTL, thalamus, putamen, temporal lobe, precuneus, inferior parietal, and cingulate, 

as well as WM atrophy in the cingulum and fornix, relative to noncarriers, with greater 

frontotemporal atrophy in FAD relative to sporadic AD (Apostolova et al., 2011; Cash et 

al., 2013). sFAD patients also have faster rates of MTL atrophy than sporadic AD cases 

(Fox et al., 1996; Ridha et al., 2006). sFAD also show significantly greater WMH than 

noncarriers throughout the brain but most prominently in the parietal and occipital lobes 

(Lee et al., 2016). Task-based fMRI studies of sFAD patients show reduced activation in 

relevant regions during a visual task and an episodic memory task (Sala-Llonch et al., 2013; 

Risacher et al., 2014). A resting-state study showed decreased DMN connectivity in the 

precuneus, posterior cingulate, and parietal lobe in sFAD (Chhatwal et al., 2013). Further, 

reduced complexity and synchronicity of rsfMRI functional connectivity, particularly in 

the right precuneus, lateral parietal lobe, paracentral gyrus, and left precentral gyrus were 

seen in sFAD (Liu et al., 2013). [18F] FDG PET studies of patients with FAD showed 

decreased glucose metabolism relative to both aMC and noncarriers (Kennedy et al., 1995). 

Amyloid PET studies show significant tracer binding in the anterior and posterior cingulate, 

precuneus, and parietotemporal and frontal gray matter, as well as the basal ganglia, which 

was not different by mutation type (Klunk et al., 2007; Villemagne et al., 2009). The 
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basal ganglia signal was noted to be stronger than the cortical binding in some studies 

but not in others, which may be tracer dependent (Klunk et al., 2007; Villemagne et al., 

2009). Amyloid in sFAD was also associated with impaired cognitive performance and 

future decline in global cognition and working memory (Wang et al., 2015a). An initial 

case-study of a symptomatic PS1 mutation carrier with concurrent [18F]FDG, amyloid, 

and tau PET scans showed significant amyloid uptake and tau deposition in the posterior 

cingulate, precuneus, parietal and occipital cortices, which was greater than in sporadic AD 

and was associated with global hypometabolism (Smith et al., 2016b). Finally, a recent study 

in DIAN patients who were mildly impaired showed a pattern of tau deposition similar 

to mildly impaired LOAD patients, but with more tau ligand retention in the frontal and 

parietal lobes (Benzinger et al., 2016).

Atypical Alzheimer’s disease

Other atypical presentations of AD, including PCA, logopenic aphasia, and CAA, have also 

been characterized with imaging. These diseases show amyloid plaque deposition and NFT 

supporting these disorders as AD dementias despite their atypical clinical presentation.

Posterior cortical atrophy

PCA causes significant visual dysfunction in the absence of ocular disease, as well as 

constructional apraxia, visual field deficits, and environmental disorientation (Andrade et 

al., 2012; McGinnis, 2012). Structural MRI scans show atrophy in the occipital lobe, visual 

association areas, posterior parietal and temporal lobes, and medial parietal lobe (Koedam 

et al., 2011; Ossenkoppele et al., 2015c) (Fig. 12.3A). A visual rating scale can also be 

used to quantify the extent of posterior atrophy (Koedam et al., 2011; Moller et al., 2014). 

Although less significant than that seen in AD, the MTL also shows atrophy in PCA, 

including hippocampal atrophy particularly in the tail of the hippocampus (Manning et al., 

2015; Wang et al., 2015c). Patients with PCA also show fewer cerebral microhemorrhages 

than in typical AD (Whitwell et al., 2015b). DTI studies show reduced WM integrity 

in the ventral visual processing stream, including the inferior longitudinal fasciculus and 

inferior fronto-occipital fasciculus, as well as in the posterior thalamic radiations, superior 

longitudinal fasciculus, posterior cingulum, splenium of the corpus callosum, and fornix 

(Madhavan et al., 2015). Task-based fMRI studies show notable changes during visual tasks, 

including reduced activity in the right posterior inferior temporal cortex during 3D shape 

processing (Gillebert et al., 2015), impaired activity in dorsal visual regions during motion 

and Gestalt perception, and reduced representation of the peripheral visual field (Shames 

et al., 2015). rsfMRI techniques show reduced functional connectivity in the ventral visual 

network but high connectivity in inferior portions of the dorsal visual network in PCA 

patients, the latter of which was associated with greater occipital atrophy (Migliaccio et al., 

2016). Reduced connectivity in the DMN was observed in one study (Lehmann et al., 2013) 

but not in a second report (Migliaccio et al., 2016).

Studies with [18F]FDG PET have demonstrated greater hypometabolism in temporo-parieto-

occipital and occipital lobe regions than seen in typical AD (Ossenkoppele et al., 2015c, 

2016) (Fig. 12.3B). Hypometabolism in lateral and medial parietal lobe and frontal eye 

fields is also seen in PCA (Nestor et al., 2003a). PCA patients show significant amyloid 
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deposition on PET that is similar in distribution and severity to AD with the exception of 

greater occipital lobe uptake (Ossenkoppele et al., 2015c, 2016) (Fig. 12.3C). Initial tau 

PET observations reported increased tau in the posterior regions of the brain, including in 

the primary visual cortex, medial and lateral parietal lobe, occipital lobe, and the posterior 

temporal lobe (i.e., temporo-parieto-occipital regions) in patients with PCA, which overlap 

with regions showing glucose hypometabolism (Ossenkoppele et al., 2015c, 2016; Dronse et 

al., 2017; Xia and Dickerson, 2017) (Fig. 12.3D).

Logopenic aphasia

Logopenic aphasia is a type of primary progressive aphasia (PPA) associated with 

amyloid rather than FTD-like pathology. Logopenic aphasia features include impaired 

word retrieval and sentence repetition, in the absence of motor speech or grammatical 

abnormalities (Rohrer, 2012). Patients with logopenic aphasia primarily show atrophy of the 

temporoparietal region of the language-dominant hemisphere (usually the left hemisphere), 

with less but still observable atrophy in the contralateral hemisphere and medial parietal 

lobe (Rabinovici et al., 2008; Madhavan et al., 2013; Ossenkoppele et al., 2016) (Fig. 

12.4B). Atrophy is also seen in the left posterior superior temporal lobe, inferior parietal 

lobe, posterior cingulate, precuneus, and MTL in logopenic aphasia patients. In more severe 

patients, atrophy is also observed in left anterior temporal lobe regions, along the Sylvian 

fissure, and into the frontal lobe, as well as in regions of the right temporal and parietal lobes 

(Madhavan et al., 2013). Amyloid positive logopenic aphasia patients show greater atrophy 

in the right temporoparietal and frontal lobes than amyloid negative patients, while amyloid 

negative patients show more anteromedial temporal and medial prefrontal atrophy (Whitwell 

et al., 2015a). Longitudinal studies have shown progressive atrophy in the lateral and 

posterior temporal lobe and medial parietal lobe that is associated with decline in cognition 

(Brambati et al., 2015). Diagnostic criteria for logopenic aphasia include atrophy of the 

temporoparietal junction (angular gyrus, posterior temporal lobe, supramarginal gyrus) 

(Gorno-Tempini et al., 2011). Specific mutations causing logopenic aphasia, including the 

chromosome 9 open reading frame 72 (C9ORF72) and progranulin (GRN) genes, also show 

atrophy in the left cortex and anteromedial temporal lobe, respectively (Josephs et al., 2014; 

Saint-Aubert et al., 2014).

Studies with DTI in logopenic aphasia show reduced WM integrity in widespread regions, 

including in the anterior and posterior cingulum, corona radiate, corpus callosum, inferior 

and superior longitudinal fasciculi, inferior fronto-occipital fasciculus, anterior temporal 

WM, orbitofrontal and dorsolateral WM, inferior parietal WM, left external capsule, and 

left uncinate fasciculus (Agosta et al., 2012b; Madhavan et al., 2015). Task-based fMRI 

in logopenic aphasia patients showed reduced dorsolateral prefrontal cortex activity during 

naming, which improved after behavioral language training (Beeson et al., 2011). Resting-

state fMRI also shows alterations in connectivity of the language network, in particular in 

left temporal, inferior parietal, and prefrontal regions (Whitwell et al., 2015a).

PET studies with [18F]FDG show hypometabolism in left temporoparietal regions in 

sporadic and familial logopenic aphasia (Rabinovici et al., 2008; Saint-Aubert et al., 

2014) (Fig. 12.4A). Compared to AD patients, patients with logopenic aphasia show more 
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lateral temporal hypometabolism but higher metabolism in the medial temporal lobe and 

posterior cingulate (Josephs et al., 2014). Amyloid negative logopenic aphasia patients 

show asymmetrical hypometabolism in left temporoparietal, anterior temporal, and frontal 

regions (Whitwell et al., 2015a). Studies with amyloid tracers have shown increased amyloid 

deposition in both sporadic and C9ORF72 patients with logopenic aphasia (Rabinovici 

et al., 2008; Saint-Aubert et al., 2014) (Fig. 12.4C). However, not all individuals with 

logopenic aphasia are amyloid positive (Josephs et al., 2014), and higher amyloid in these 

patients is associated with greater cognitive impairment (Whitwell et al., 2013). Limited 

tau PET observations have shown asymmetric tau deposition, left greater than right in the 

majority of patients, in temporoparietal, occipital, and anterior temporal lobe regions, with 

more severely affected patients showing more uptake in anterior temporal regions than less 

affected individuals (Fig. 12.4D) (Ossenkoppele et al., 2016; Dronse et al., 2017).

Cerebral amyloid angiopathy

CAA often presents with a symptomatic, spontaneous local hemorrhage that causes either 

a focal neurologic deficit, headache, or impairment in consciousness (Gahr et al., 2013) 

and is associated with amyloid pathology largely in the walls of small cerebral arteries 

and capillaries (Viswanathan and Greenberg, 2011). CAA patients show significant vascular 

abnormalities on MRI. Specifically, microhemorrhages and cortical superficial siderosis 

(cSS) are often detected using T2*-weighted MRI techniques (Viswanathan and Greenberg, 

2011). Acute or subacute cortical and subcortical infarcts can also be seen using DWI, and 

often multiple large cortical spots are seen (Kimberly et al., 2009; Brundel et al., 2012; 

Charidimou et al., 2016). Patients with CAA show significantly more WMH, particularly 

in posterior regions, than either controls or AD/MCI patients (Holland et al., 2008). 

Further, CAA patients show longitudinal increases in WMH (Chen et al., 2006). Enlarged 

perivascular spaces in the centrum semiovale are also seen in CAA patients (Charidimou et 

al., 2013). On fMRI studies, patients with CAA show impaired vascular reactivity to visual 

stimuli or other tasks (Dumas et al., 2012; Peca et al., 2013). Interestingly, AD patients 

with microhemorrhages (suggesting some CAA pathology) have more cerebral atrophy and 

reduced metabolism in the temporal lobe (Samuraki et al., 2015). PET shows increased 

amyloid in CAA, particularly in the occipital lobe, but is unable to resolve intravascular 

from parenchymal amyloid. Of clinical significance, a negative amyloid scan rules out a 

diagnosis of CAA (Baron et al., 2014). Microhemorrhages are associated with the locations 

of amyloid deposition on PET with new lesions occurring primarily at sites of high amyloid 

retention (Dierksen et al., 2010; Gurol et al., 2012). Finally, an initial tau PET study 

suggested that regions with microbleeds and cSS show increased tau deposition in patients 

with CAA (Kim et al., 2017).

Neuroimaging changes in late-onset and atypical AD syndromes provide an important 

window into the ongoing proteinopathy, neuronal dysfunction, and neurodegeneration 

occurring in these conditions. The overlapping but distinct patterns of atrophy and 

hypometabolism, as well as the information provided by amyloid and tau PET, are useful 

for enhanced etiologic differential diagnosis between these disorders. Future studies with 

additional tracers for other proteinopathies, and longitudinal follow-up of preclinical patients 

will inform our understanding of disease onset and provide a better understanding of the 
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typical and atypical AD related disorders. Further, significant knowledge and potentially 

the establishment of an effective treatment may come from use of neuroimaging in drug 

trials, including such studies as the Anti-Amyloid Treatment in Asymptomatic Alzheimer’s 

Disease (A4) Trial in asymptomatic older adults with amyloid deposition, the DIAN Trials 

Unit in asymptomatic FAD mutation carriers, and the Alzheimer’s Prevention Unit APOE4 
and Autosomal Dominant Alzheimer’s Disease (ADAD) trials in APOE ϵ4 homozygotes 

and FAD mutation carriers, respectively. The large and recently completed Imaging 

Dementia-Evidence for Amyloid Scanning (IDEAS) trial is likely to clarify the efficacy 

of amyloid PET for improving patient care and outcomes in clinical diagnostic settings. 

Neuroimaging is playing an important role in many different facets of the development 

process for future disease modifying treatments for neurodegenerative disorders. For 

example, it is now common to use amyloid PET scan screening to admit subjects to an 

anti-amyloid medication trial.

VASCULAR COGNITIVE IMPAIRMENT AND DEMENTIA

VCI and vascular dementia encompass a variety of disorders caused by pathology in the 

cerebrovascular system, including multiinfarct dementia, strategic infarctions dementia, 

hemorrhagic dementia, mixed dementia, subcortical ischemic vascular dementia (SIVD), 

and genetic forms of VCI such as cerebral autosomal dominant arteriopathy with subcortical 

infarcts and leukoencephalopathy (CADASIL) (Chui, 2007; Park et al., 2013). Among the 

many subtypes of VCI, the most common is SIVD, which commonly occurs secondary to 

vascular risk factors like hypertension, diabetes, hyperlipidemia, sleep apnea, and obesity. 

Cognitive changes in large-vessel strokes are dependent on stroke location and can vary 

widely. Clinical presentation of SIVD or Binswanger’s disease (BD), which is a severe, 

progressive form of SIVD, includes cognitive changes most often in executive function. 

However, other cognitive domains can also be affected, including motor changes with gait 

disturbances, apathy, depression, incontinence, and, in later stages, pseudobulbar findings.

The most distinct finding on structural MRI studies of patients with SIVD are WMHs 

throughout the brain, as best imaged with T2-weighted or Fluid Attenuated Inversion 

Recovery (FLAIR) imaging. Small subcortical infarcts, lacunes, and prominent perivascular 

spaces are frequent and prominent (Doubal et al., 2010; Rosenberg, 2016). Cerebral 

microhemorrhages are associated with amyloid, such as those seen in CAA (as discussed 

earlier) and are generally cortical or subcortical, while those associated with hypertension 

and cardiovascular risk factors are more centrally localized (Yamada et al., 2012). The 

observed WMH are more common than those seen in normal aging or AD (Fein et al., 2000; 

Mungas et al., 2001; Du et al., 2002; Jagust et al., 2008; Eckerstrom et al., 2011; Scher 

et al., 2011) and are associated with impairment in executive function, executive control, 

functional decline, and psychomotor speed (Mungas et al., 2001; Verdelho et al., 2010). 

Brain atrophy is also observed globally in GM and WM, including in the hippocampus, and 

is correlated with the WMH burden (Mungas et al., 2001; Eckerstrom et al., 2011).

Even in “normal appearing WM,” DTI studies have demonstrated significant degeneration 

of WM in patients with SIVD, which is associated with dementia severity, cognition, 

motor symptoms, and cerebral atrophy (Kim et al., 2011). Decreased WM integrity is 
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found in projection fibers (areas of the internal capsule, corona radiata, posterior thalamic 

radiations), association fibers (sagittal stratum, external capsule, cingulum, fornix, stria 

terminals, superior longitudinal fasciculus, superior fronto-occipital fasciculus, and uncinate 

fasciculus), and in the corpus callosum (Chen et al., 2009). Task-based fMRI studies in 

SIVD show reduced activation in the frontal cortex during an executive function task and 

altered blood flow–metabolic coupling during a motor task (Li et al., 2011; Tak et al., 2011). 

rsfMRI studies have shown reduced connectivity of the posterior cingulate, precuneus, 

angular gyrus, left middle temporal gyrus, anterior and middle cingulate, right superior 

parietal lobule, bilateral middle frontal gyrus, right caudate, left medial frontal/paracentral 

lobule, and cerebellum (Li et al., 2014; Liu et al., 2014). Increased connectivity is also 

observed in SIVD, specifically in the anterior cingulate, right putamen, right supplementary 

motor area, hippocampus, right inferior temporal gyrus, left middle temporal gyrus, left 

precentral gyrus, left superior parietal lobule, cerebellum, and left insula, which is associated 

with cognitive impairment (Li et al., 2014; Liu et al., 2014).

Multifocal hypometabolism is often observed in SIVD with an asymmetric, scattered pattern 

in cortical and subcortical regions, near arteries, or in watershed regions of the brain 

(Kerrouche et al., 2006; Heiss and Zimmermann-Meinzingen, 2012). The sensorimotor 

cortex shows more pronounced hypometabolism in SIVD than seen in AD patients, while 

less hypometabolism is seen in association areas (Heiss and Zimmermann-Meinzingen, 

2012). Multiinfarct dementia may show focal, asymmetrical hypometabolism (Duara et al., 

1989). Finally, amyloid PET studies have generally shown minimal tracer uptake in SIVD in 

the absence of CAA (Yoon et al., 2013).

To date neuroimaging studies in VCI have shown atrophy, dysfunctional brain activity, 

and hypometabolism. However, prospective studies are warranted in evaluating patients 

at earlier stages of the disease to identify the progressive changes associated with the 

development of cognitive decline, as well as the effect of any interventional treatments (e.g., 

antihypertensives). Studies of patients with concurrent vascular pathology and other types 

of comorbid pathology (AD, FTD, etc.), the so-called mixed dementia patients, are also 

needed to assess the overlap of multiple diseases and the relative contribution of comorbid 

pathologies to cognitive decline.

FRONTOTEMPORAL DEMENTIA

FTD is an over-arching diagnosis that encompasses multiple disorders with varying 

symptoms, including behavioral variant FTD (bvFTD) and two forms of PPA, semantic 

dementia (SD), and progressive nonfluent aphasia (PNFA). FTD patients may also show 

motor system dysfunction, which is then classified as FTD with motor neuron disease 

(FTD-MND). bvFTD is characterized by changes in personality and behavior, disinhibition, 

apathy, loss of empathy, obsessive–compulsive behaviors, and changes in appetite. This 

disorder is most commonly associated with the accumulation of pathologic tau (Pick’s 

disease), but can be linked to the accumulation of TDP-43, a TAR DNA-binding protein 

(Whitwell and Josephs, 2011; Rohrer, 2012). SD features deficits in fluency and single 

word comprehension, aphasia, and later in the disease course, behavioral symptoms similar 

to bvFTD. SD is usually associated with TDP-43 accumulation but in rare cases may 
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reflect tau pathology associated with Pick’s disease (Whitwell and Josephs, 2011; Rohrer, 

2012). PNFA features speech production difficulties with agrammatism and apraxia of 

speech, as well as phonemic errors, anomia, and impaired sentence comprehension. PNFA 

is usually associated with tau pathology, although mutations in GRN gene resulting in 

TDP-43 pathology can cause PNFA symptoms but without apraxia of speech (Whitwell 

and Josephs, 2011; Rohrer, 2012). FTD-MND can be due to pathologic tau, such as in 

the Parkinson’s like FTD dementias—corticobasal degeneration (CBD) and progressive 

supranuclear palsy (PSP)—or TDP-43 pathology, which is present as FTD-MND with 

Lewy body-like pathology or FTD associated with amyotrophic lateral sclerosis (ALS) 

(FTD-ALS) (Whitwell and Josephs, 2011; Rohrer, 2012). Clinically, the Parkinson’s-like 

FTD dementias (CBD and PSP) can show either behavioral-type FTD symptoms (i.e., 

bvFTD) or language-type FTD symptoms (most commonly PFNA) in the presence of 

cortical and extrapyramidal motor dysfunction (Rohrer, 2012). CBD patients show cognitive 

disturbances, including changes in executive function, visuospatial function, and aphasia, 

and behavioral changes (such as in bvFTD) along with marked apraxia, akinesia, extreme 

rigidity, focal myoclonus, dystonia, and alien limb syndrome (Broski et al., 2014). PSP 

presents with asymmetric bradykinesia, rigidity, postural instability, pseudobulbar syndrome 

with dysarthria and dysphagia, and supranuclear palsy of vertical gaze, as well as cognitive 

changes (Brown et al., 2010; Broski et al., 2014). Patients with FTD-MND and FTD-ALS 

present with the motor symptoms associated with MND/ALS, including hyperreflexia, 

spasticity, progressive muscle weakness, progressive muscle wasting, and respiratory failure, 

as well as usually bvFTD symptoms but in rare cases SD or PNFA (Ferrari et al., 2011).

Behavioral variant FTD

Patients with bvFTD show marked frontal and temporal lobe atrophy (Schroeter et al., 2008; 

Whitwell et al., 2009; Pan et al., 2012), with a recent meta-analysis showing atrophy in FTD 

in the medial–frontal cortex, basal ganglia, anterior insula, and thalamus (Schroeter et al., 

2014), and other studies showing additional atrophy in the anterior cingulate, orbitofrontal 

cortex, and deep gray matter structures (Hornberger et al., 2010; Rohrer, 2012; Moller et 

al., 2015). However, bvFTD can also present with little or no apparent atrophy (Koedam et 

al., 2010). Longitudinally, patients with FTD show an increased atrophy rate in the frontal 

lobes (Krueger et al., 2010). The atrophy pattern observed in bvFTD can vary by underlying 

pathology; bvFTD patients with TDP-43 pathology show frontal, temporal, and parietal 

atrophy, which tends to be asymmetric but either side can be predominant (Whitwell et 

al., 2010c; Whitwell and Josephs, 2011). Parietal atrophy may be greater in patients with 

TDP-43 bvFTD variants than the cases associated with tau (Whitwell and Josephs, 2011). 

bvFTD due to Pick’s disease shows prefrontal cortex, temporal lobe, anterior cingulate, and 

insular atrophy, which is typically bilateral but with slightly greater degeneration on the 

left than on the right (Whitwell and Josephs, 2011; Whitwell et al., 2011b). The frontal 

atrophy in Pick’s disease bvFTD patients is usually greater than seen in other forms, such 

as CBD patients with microtubule associated protein tau (MAPT) mutations and those 

with underlying TDP-43 pathology (Whitwell et al., 2005; Whitwell and Josephs, 2011). 

Hereditary bvFTD patients, including those with C9ORF72, GRN, MAPT, and Fused in 

Sarcoma (FUS) mutations, show similar patterns of frontal and temporal lobe atrophy. 

Specifically, C9ORF72 patients show symmetric atrophy of frontal regions that extend to 
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other lobes and cerebellar atrophy. GRN patients show temporoparietal and inferior frontal 

atrophy that is more asymmetric than manifested in bvFTD patients with TDP-43 pathology 

without a GRN mutation (Rohrer et al., 2011). MAPT patients show anteromedial temporal 

lobe, hippocampal, parietal, basal ganglia, brain stem, insular, and orbitofrontal cortex 

atrophy (Whitwell and Josephs, 2011; Deters et al., 2014) and may show more temporal 

lobe atrophy than other forms of bvFTD (Rohrer, 2012; Deters et al., 2014). Finally, bvFTD 

patients with underlying FUS pathology, who often have concurrent motor symptoms, show 

a unique pattern of severe caudate atrophy, along with frontal atrophy similar to that seen in 

the other bvFTD forms (Whitwell and Josephs, 2011).

DTI studies in bvFTD show reduced WM integrity in the salience network, a set of 

interconnected regions involved in filtering sensory and emotional stimuli and directed 

attention that include the anterior cingulate and bilateral insula, as well as tracts connecting 

the frontal and temporal lobes (Zhang et al., 2011; Agosta et al., 2012b). Tracts affected 

include the anterior superior longitudinal fasciculus, inferior longitudinal fasciculus, inferior 

fronto-occipital fasciculus, uncinate fasciculus, anterior cingulum, and parts of the corpus 

callosum. bvFTD patients have greater frontal WM changes than those seen in AD, 

including in the anterior cingulum, anterior corpus callosum, and uncinate fasciculus 

(Whitwell et al., 2010a; Ebmeier et al., 2011). Patients with MAPT and GRN mutations 

also have reduced WM integrity on DTI (Dopper et al., 2013). Longitudinally, bvFTD 

patients show decline in the right paracallosal cingulum, while MAPT carriers show 

longitudinal changes in the left uncinate fasciculus (Mahoney et al., 2015). fMRI studies 

during cognitive tasks have shown attenuated frontal activation during working memory 

relative to AD patients (Rombouts et al., 2003), as well as abnormalities during facial 

expression identification tasks (Virani et al., 2013). Resting-state fMRI studies in bvFTD 

demonstrate significantly reduced salience network connectivity in these patients, which is 

predictive of worsening behavioral symptoms and is correlated with both clinical dementia 

ratings and behavioral test scores (Whitwell et al., 2011c; Farb et al., 2013; Filippi et al., 

2013). Changes in DMN connectivity have also been reported, although conflicting reports 

of increased connectivity (Farb et al., 2013), decreased connectivity (Filippi et al., 2013), 

or mixed changes (Whitwell et al., 2011c) have been reported. bvFTD patients also show 

disrupted internetwork connectivity (Filippi et al., 2013) and a lack of cortical hubs in the 

frontal cortex (Agosta et al., 2013) on rsfMRI. Reduced connectivity in the anterior middle 

cingulate was observed in GRN bvFTD patients, while MAPT patients showed minimal 

change in connectivity (Dopper et al., 2013). However, another study showed alterations in 

DMN connectivity in MAPT patients, with increased connectivity in the medial parietal lobe 

and reduced connectivity in the lateral temporal and medial prefrontal cortices (Whitwell et 

al., 2011c).

[18F]FDG PET studies have demonstrated symmetric frontal hypometabolism, even in the 

absence of visually apparent atrophy on MRI, which later spreads to the anterior cingulate, 

parietal lobe, and temporal lobe (Diehl et al., 2004; Foster et al., 2007). The presence 

of frontal lobe hypometabolism, in particular, increases the diagnostic accuracy of bvFTD 

vs AD (Foster et al., 2007). Hypometabolism in the basal ganglia, insula, and thalamus 

have also been reported (Rabinovici et al., 2011; Schroeter et al., 2014). bvFTD patients 

are generally amyloid negative on PET, which can help to differentiate bvFTD from AD 
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(Rabinovici et al., 2011; Villemagne et al., 2011a), but concurrent amyloid and FTD-related 

pathologies can occur (Serrano et al., 2014). Recent tau-PET studies have shown increased 

tau binding in frontal and temporal cortices in bvFTD associated with MAPT mutations, 

which correlates with atrophy and varies by tau isoform (3R vs 4R) (Smith et al., 2016a; 

Jones et al., 2018).

Semantic dementia

On structural MRI, SD patients show atrophy of the anterior and inferior temporal lobe, 

with an asymmetric left > right pattern (Rohrer et al., 2009) (Fig. 12.5A). A meta-analysis 

showed that patients with SD show atrophy in the left subcallosal area, left anterior superior 

temporal sulcus, middle temporal gyrus, amygdala, and the inferior part of the temporal 

poles (Schroeter et al., 2007). Other studies have shown atrophy in the perirhinal cortex, 

fusiform, hippocampus, and amygdala (Mummery et al., 2000). In more severe SD patients, 

atrophy of the left superior and posterior temporal lobe, left frontal lobe, left insula, left 

anterior cingulate, and right temporal lobe are observed (Rohrer et al., 2009; Rohrer et 

al., 2012). Longitudinally, SD patients show a high rate of progressive atrophy of the left 

temporal lobe (greater than the right temporal lobe), which is two-times greater than that of 

AD patients (Krueger et al., 2010; Rohrer et al., 2012).

Studies of SD patients with DTI have shown significant atrophy in the left uncinate 

fasciculus, left inferior longitudinal fasciculus, and left parahippocampal WM (Agosta 

et al., 2010; Zhang et al., 2011). The lowest FA values are seen in the left anterior 

temporal lobe (Whitwell et al., 2010a; Zhang et al., 2011; Magnin et al., 2012). SD 

patients also show reduced structural connectivity in frontotemporal pathways (Agosta et 

al., 2012b). On fMRI, SD patients have shown lack of activation in the superior temporal 

regions during reading (Wilson et al., 2009), while others show normal activation (Agosta 

et al., 2010). Altered activation was also manifested on a variety of tasks, including 

sound processing, autobiographical memory, and surface dyslexia (Wilson et al., 2009; 

Maguire et al., 2010; Goll et al., 2012). Studies using rsfMRI techniques have shown 

reduced functional connectivity of the left anterior temporal lobe (Agosta et al., 2014) and 

decreased connectivity of frontolimbic circuitry (Farb et al., 2013). Interestingly, increased 

connectivity in local networks of the prefrontal cortex was observed (Farb et al., 2013). 

Reduced left lateralized functional connectivity in inferior and ventral regions of the 

temporal lobe as well as in the bilateral occipital and frontal cortices, left amygdala, left 

hippocampus, and left caudate were also observed in SD patients (Agosta et al., 2014).

[18F]FDG PET studies of SD have identified reduced metabolism in the left anterior 

temporal lobe in these patients, but less significant frontal lobe hypometabolism than that 

seen in other FTD syndromes (Diehl et al., 2004; Rabinovici et al., 2008) (Fig. 12.5B). The 

reduced temporal lobe metabolism is associated with GM atrophy in that region (Diehl et al., 

2004). Longitudinally, SD patients show progressively decreasing metabolism in the anterior 

cingulate and temporal lobe (Diehl-Schmid et al., 2006). Minimal binding of amyloid tracers 

are seen in these patients (Rabinovici et al., 2008) (Fig. 12.5C) (Smith et al., 2016a; Jones et 

al., 2018).
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Progressive nonfluent aphasia

In patients with PNFA, studies have primarily demonstrated asymmetric perisylvian and 

anterior insular atrophy with the dominant language hemisphere most affected (usually 

the left hemisphere). Atrophy is also observed in the frontal operculum of the dominant 

hemisphere (e.g., Broca’s area), upper part of the temporal pole, lentiform nucleus, inferior 

and middle frontal gyri, premotor cortex, and the dorsolateral prefrontal cortex, spreading 

to other frontal, parietal, and temporal lobes, as well as the caudate and thalamus in later 

stages (Schroeter et al., 2007; Rohrer et al., 2009; Rohrer et al., 2012). Patients with PNFA 

caused by Pick’s disease (tau pathology) have more severe general temporal atrophy than 

other forms, while those with a GRN mutation (TDP-43 pathology) have more focalized 

atrophy in the left lateral temporal lobe (Whitwell and Josephs, 2011). Longitudinally, the 

frontal lobe shows a high rate of atrophy that is twice as fast as seen in patients with AD 

(Krueger et al., 2010).

PNFA patients show WM degeneration on DTI in frontotemporoparietal pathways, including 

the uncinate fasciculus, frontoparietal regions of the left arcuate fasciculus, other parts 

of the superior longitudinal fasciculus, and in the superior motor pathway (Whitwell et 

al., 2010a; Agosta et al., 2012b). In general, decreased WM integrity is seen in many 

of the same regions showing GM atrophy, including the left perisylvian region, inferior 

frontal gyrus, insula, and supplementary motor area (Whitwell et al., 2010a; Magnin et al., 

2012). Task-based fMRI studies have demonstrated an absence of expected activation in 

the posterior inferior frontal cortex during a sentence complexity task, as well as reduced 

activation during sentence reading and comprehension (Cooke et al., 2003; Wilson et al., 

2010).

On [18F]FDG PET, patients with PNFA show asymmetric frontal cortical hypometabolism in 

the language dominant hemisphere (usually the left), including in Broca’s area (Rabinovici 

et al., 2008). Notably, left-handed patients may show hypometabolism in the right frontal 

lobe, as this may be their language dominant hemisphere (Drzezga et al., 2002). Additional 

hypometabolism is seen in the insula, premotor cortex, and supplementary motor area 

(Nestor et al., 2003b). Amyloid PET studies have shown that the majority of PNFA patients 

are negative for significant amyloid tracer retention, although some with underlying Pick’s 

disease pathology may show some signal (Rabinovici et al., 2008).

Corticobasal degeneration

Patients with CBD show asymmetrical atrophy of the frontal cortex, especially in the 

premotor cortex and supplementary motor area, as well as the parietal lobe and the basal 

ganglia contralateral to the side most affected with rigidity and apraxia (Whitwell et al., 

2007; Josephs et al., 2008) (Fig. 12.6A). If the CBD patient also manifests AD pathology, 

the temporal lobe is more likely to be affected than in other forms, while those with 

FTD pathology show a less clear pattern of atrophy (Whitwell et al., 2010b). Longitudinal 

atrophy rates of the whole brain are faster than seen in PSP (Whitwell et al., 2007; 

Whitwell and Josephs, 2011). DTI studies show a loss of WM integrity in the motor 

region of the thalamus, precentral and postcentral gyri, and in the bilateral supplementary 

motor area (Erbetta et al., 2009). A task-based fMRI study of limb apraxia in CBD 
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demonstrated reduced activation in the premotor cortex with a corresponding increase in 

parietal activation, which may represent a compensatory neural recruitment (Beauchet et al., 

2001).

[18F]FDG PET in CBD shows asymmetric hypometabolism in the posterior frontal lobes, 

paracentral lobule, sensorimotor cortex, thalamus, basal ganglia, middle cingulate, parietal 

lobe, and substantia nigra (Eckert et al., 2005; Teune et al., 2010). Amyloid PET studies 

are negative in CBD (Broski et al., 2014; Chiotis et al., 2016). Recent tau PET studies in 

CBD have shown deposition of tau in the supplementary motor area, midbrain, subthalamus, 

perirolandic area, basal ganglia and cerebral and cerebellar white matter regions; the 

deposition being greatest in regions contralateral to the more affected side (Kikuchi et al., 

2016; Chiotis et al., 2018).

Progressive supranuclear palsy

Structural MRI studies have shown significant midbrain atrophy in PSP patients, particularly 

in comparison with the neighboring pons (Liscic et al., 2013); this degenerative change is 

more severe than that seen in CBD patients (Josephs et al., 2008; Whitwell and Josephs, 

2011). This atrophy pattern has been described as the “-hummingbird sign” on a sagittal 

view and the “mickey mouse sign” on the axial view (Fig. 12.6B). Patients with PSP 

also show atrophy in the posterior frontal lobe, which is more severe than MSA, as well 

as atrophy in the premotor cortex, including the SMA, caudate nucleus, brainstem, and 

cerebellum (Josephs et al., 2008; Whitwell and Josephs, 2011).

PSP patients show decreased WM integrity on DTI in the superior longitudinal fasciculus, 

anterior thalamus, cingulum, primary motor cortex, supplementary motor area, and 

fronto-orbital WM (Whitwell et al., 2011d). Reduced structural connectivity in the 

cerebellothalamic network is also observed in patients with PSP, and this is associated with 

worse motor symptoms and cognitive decline (Whitwell et al., 2011d). In fact, DTI measures 

may be good biomarkers for diagnosis of PSP (Sajjadi et al., 2013). Finally, patients with 

PSP–Richardson syndrome, a PSP clinical presentation with postural instability and falls, 

supranuclear vertical gaze palsy, and cognitive dysfunction, show more severe WM damage 

in infratentorial fibers and thalamic radiations than PSP with Parkinson’s-like symptoms 

(Agosta et al., 2012a). Task-based fMRI studies have shown changes in brain activation in 

PSP patients during both a grip force task and a task involving mental imagery of lying, 

standing, walking, or running. Specifically, patients with PSP show reduced activation in 

the basal ganglia, primary motor cortex, and premotor cortex, including the supplementary 

motor area, and frontal and temporal lobes relative to controls (Burciu et al., 2015). 

This study also demonstrated that PSP patients had reduced activation in the contralateral 

caudate, lateral portion of the ventral premotor cortex, supplementary motor area, and 

frontal and temporal cortex relative to patients with PD (Burciu et al., 2015). PSP patients 

also showed increased activation in the parietal and occipital cortices during this grip task, 

perhaps suggesting compensatory changes in brain activation (Burciu et al., 2015). During 

the mental imagery tasks, patients with PSP showed reduced activation in the mesencephalic 

brainstem tegmentum, thalamus, midline cerebellum, caudate, inferior and superior parietal 

lobule, and left postcentral gyrus relative to controls, which was associated with increased 
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postural instability and falls (Zwergal et al., 2011). Resting-state fMRI studies have shown 

decreased functional connectivity in the thalamus, caudate, anterior cingulate, dorsolateral 

prefrontal cortex, supramarginal gyrus, temporo-occipital cortex, supplementary motor area, 

and cerebellum in PSP patients (Piattella et al., 2015). Another study also showed reductions 

in functional connectivity in the DMN and the subcortical regions of the salience network, 

along with changes in the thalamus, striatum, cerebellum, and premotor cortex (Whitwell et 

al., 2011a).

[18F]FDG PET studies in PSP have shown hypometabolism of the prefrontal cortex, caudate, 

pallidum, thalamus, mesencephalon, and subthalamic nucleus (Eckert et al., 2005; Teune 

et al., 2010). In particular, the hypometabolism observed in the thalamus is associated 

with increased postural instability and falls (Zwergal et al., 2011). The presence of 

hypometabolism in the midbrain can differentia PSP from other dementias (Zhao et al., 

2012). Amyloid PET studies generally show no significant binding in PSP patients (Broski 

et al., 2014; Chiotis et al., 2016). Finally, tau PET studies in PSP show significant uptake 

in the brainstem, basal ganglia, globus pallidum, thalamus, subthalamic nucleus, midbrain, 

perirolandic areas, cerebellum, and frontal cortex (Chiotis et al., 2016; Whitwell et al., 

2017).

FTD with motor neuron disease and FTD with amyotrophic lateral sclerosis

Patients with FTD-MND show frontal and temporal lobe atrophy, while those with FTD-

ALS show similar frontal and temporal atrophy plus atrophy in the anterior cingulate, 

occipital lobe, and precentral gyrus (Whitwell et al., 2011b; Rohrer, 2012). Patients with 

FTD-MND with a C9ORF72 mutation have more thalamic, frontal lobe, temporal lobe, 

insular, and posterior cortex atrophy than other patients (Sha et al., 2012; Yokoyama and 

Rosen, 2012). On DTI, patients with FTD-MND/ALS show reduced WM integrity in frontal 

and temporal lobe regions as well as in the corpus callosum, corticospinal tract, inferior 

longitudinal fasciculus, inferior fronto-occipital fasciculus, and uncinate fasciculus (Douaud 

et al., 2011; Trojsi et al., 2013). These WM changes are associated with poorer performance 

on cognitive tasks and greater disease severity and may represent a potential biomarker 

for disease progression (Trojsi et al., 2013). Longitudinal DTI studies show expanding 

degeneration of connectivity in motor networks (Verstraete et al., 2014). A combined DTI 

and rsfMRI study showed that reduced structural connectivity was associated with preserved 

or even increased functional connectivity (Douaud et al., 2011; Schmidt et al., 2014). 

The increased functional connectivity was associated with reduced disease severity but an 

increased rate of disease progression (Douaud et al., 2011). Longitudinally, progressive 

loss of functional and structural connectivity in the motor network and associated motor 

networks was observed (Schmidt et al., 2014). Task-based fMRI studies have shown reduced 

activation in the frontal lobe, insula, and thalamus during an executive task, in the frontal 

lobe during an emotional task, and in the frontal lobe, anterior cingulate, supramarginal 

gyrus, temporal lobe, and occipitotemporal regions during a verbal fluency task (Abrahams 

et al., 2004; Palmieri et al., 2010; Turner et al., 2011). rsfMRI studies have shown reduced or 

mixed functional connectivity changes in motor networks, increased DMN connectivity, and 

changes in frontoparietal networks (Mohammadi et al., 2009).
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[18F]FDG PET studies show reduced metabolism in frontal lobe, anterior and medial 

temporal lobe, basal ganglia, and thalamic regions in patients with FTD-MND. Similarly, 

patients with FTD-ALS show hypometabolism in the frontal lobe, superior temporal lobe, 

parietal lobe, occipital lobe, and insula (Turner et al., 2011). The observed frontal lobe 

hypometabolism is worse in FTD-ALS than ALS participants without FTD (Canosa et 

al., 2016). Patients with C9ORF72 mutations causing FTD-ALS show hypometabolism in 

the anterior and posterior cingulate cortices, insula, caudate, thalamus, left frontal lobe, 

and left superior temporal gyrus relative to patients with ALS without the mutation or 

cognitive impairment (Cistaro et al., 2014a). Interestingly, these patients also showed 

hypermetabolism relative to ALS without mutations or FTD in the midbrain, bilateral 

occipital lobe, globus pallidum, and left inferior temporal lobe. Notably, the C9ORF72 FTD-

ALS patients showed greater left temporal lobe hypometabolism than FTD-ALS without 

the genetic mutation (Cistaro et al., 2014b). By contrast, amyloid PET has shown minimal 

binding in either subtype (Yamakawa et al., 2012).

In sum, neuroimaging studies in FTD have identified structural and functional changes in 

the brain, including atrophy of the frontal and temporal lobes, altered brain function and 

connectivity, and significant hypometabolism. Additional studies in larger cohorts to better 

characterize and differentiate the various FTD subtypes, as well as the overlap between FTD 

and ALS, are needed.

LEWY BODY DISEASES

Neurodegenerative diseases caused by Lewy body pathology include dementia with Lewy 

bodies (DLB), Parkinson’s disease (with or without dementia), and multiple systems atrophy 

(MSA). Lewy bodies are pathologic protein aggregations of α-synuclein. Although Lewy 

body diseases are their own clinical entities, many patients have Lewy bodies co-occurring 

with amyloid and tau pathology or other proteinopathies.

Dementia with Lewy bodies

DLB is clinically characterized by cognitive decline in executive function, attention, 

higher order visuospatial processing, which can fluctuate in severity, visual hallucinations, 

and motor Parkinson’s symptoms. Although there are minimal pathologic and clinical 

differences between PDD and DLB during later stages of disease, the clinical picture at 

onset differs significantly, with motor disorder occurring first in PDD whereas cognitive 

changes precede motor symptoms in DLB. Since a major role for neuroimaging is early 

identification, we discuss imaging findings in these closely related disorders separately.

Structural MRI studies in DLB show that patients have cortical atrophy in the insula, middle, 

and posterior cingulate, superior temporo-occipital areas, lateral orbitofrontal lobe, and other 

regions of the frontal, inferior parietal, temporal, and occipital lobes (Burton et al., 2002) 

(Fig. 12.7A). Patients with DLB have less cortical atrophy and relative preservation of 

the MTL than seen in AD, which can help in the differential diagnosis between the two 

dementias (Whitwell et al., 2007). Hippocampal atrophy in DLB likely indicates comorbid 

amyloid and tau pathology, rather than the Lewy body pathology alone (Burton et al., 2009). 

In addition, patients with DLB show more atrophy of the midbrain, especially the substantia 

RISACHER and SAYKIN Page 26

Handb Clin Neurol. Author manuscript; available in PMC 2022 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



innominata, dorsal mesopontine areas, hypothalamus, basal forebrain, caudate, and putamen, 

and less frontal lobe atrophy than patients with AD (Hanyu et al., 2005; Kantarci et al., 

2012a). Atrophy in the visual association areas rather than the occipital lobe has been shown 

to correlate with visual hallucinations, while inferior frontal lobe neurodegeneration was 

associated with the cognitive decline (Firbank et al., 2010; Sanchez-Castaneda et al., 2010). 

Relative to PDD, DLB patients show more atrophy in the temporal, parietal, and occipital 

lobes as well as areas of the striatum, but less caudate atrophy (Johansen et al., 2010; 

Lee et al., 2010). As might be expected, amyloid PET-positive DLB patients show more 

global atrophy than amyloid negative DLB (Johansen et al., 2010; Shimada et al., 2013). 

Longitudinally, DLB patients show a faster rate of atrophy in the medial and lateral temporal 

lobes and the temporo-occipital regions than in PDD (Burton et al., 2005; Johansen et al., 

2010).

Using DTI, significant abnormalities in WM are seen in DLB patients including in the 

corpus callosum, longitudinal fasciculi, and frontal, parietal, and occipital WM (Kantarci et 

al., 2010). Changes in WM integrity in the amygdala on DTI were associated with worse 

motor symptoms in patients with DLB (Kantarci et al., 2010). Relative to AD, DLB patients 

show more atrophy in posterior WM (e.g., parieto-occipital WM) as well as in the pons and 

thalamus (Watson et al., 2012). On DTI, DLB patients also show greater WM changes than 

PDD patients in the posterior temporal lobe, posterior cingulate, and bilateral visual areas 

(Lee et al., 2010; Ebmeier et al., 2011). On fMRI, DLB patients have reduced activation 

in lateral occipitotemporal areas during visual motion and in ventral occipitotemporal areas 

during face-matching tasks (Sauer et al., 2006; Taylor et al., 2012). Increased activation in 

the superior temporal sulcus was also seen during face-matching in DLB patients (Sauer et 

al., 2006). rsfMRI studies of DLB patients show reduced global and local cortico-cortical 

connectivity, as well as reduced connectivity of the precuneus with the dorsal attention 

network and putamen (Galvin et al., 2011). Increased connectivity in the DMN and occipital 

cortex were also observed in DLB (Galvin et al., 2011). Relative to AD patients, DLB 

patients show greater connectivity in the DMN and between the putamen and frontal, 

temporal, and parietal regions (Franciotti et al., 2013).

Hypometabolism on [18F]FDG PET is seen in DLB in the basal ganglia, cerebellum, 

temporoparietal regions, occipital lobe including the primary visual cortex, and the posterior 

cingulate, with relative sparing of the MTL (Minoshima et al., 2001; Kantarci et al., 

2012b) (Fig. 12.7B). Compared to AD, DLB patients show more hypometabolism in the 

occipital lobe, a measure that can be used to distinguish AD from DLB (Minoshima et 

al., 2001; Teune et al., 2010; Kantarci et al., 2012b). Occipital lobe hypometabolism is 

also linked to the visual hallucinations that are seen in DLB patients (Perneczky et al., 

2008). Amyloid PET demonstrates plaque deposition in the majority of DLB patients but 

at a lower level than that typical in AD (Edison et al., 2008). However, DLB patients 

show more tracer uptake in the visual cortex relative to AD (Edison et al., 2008; Gomperts 

et al., 2008; Shimada et al., 2013). Greater amyloid burden in DLB is associated with 

faster cognitive decline, especially in visuospatial function (Gomperts et al., 2008) (Fig. 

12.7C). Dopaminergic neurotransmitter system tracers have proven useful as biomarkers for 

DLB and other Lewy body diseases, with both PET and single-photon emission computed 

tomography (SPECT) based approaches in use (Fig. 12.7D). SPECT studies targeting the 
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dopamine transporter (DAT) have shown reduced tracer binding in the striatum, which can 

differentiate DLB from AD (Walker et al., 2002). The marked difference in DAT tracer 

binding in DLB relative to AD justifies the use of these techniques in clinical practice 

and is an element of the diagnostic criteria for DLB (McKeith et al., 2005). D2 receptors 

and other measures of dopaminergic neurotransmission (e.g., fluorodopa PET imaging) 

are significantly reduced in DLB relative to CN or AD (Walker et al., 1997; Hu et al., 

2000), and reductions in the extent of nigrostriatal projections to the caudate and putamen 

are seen (Gilman et al., 2004). However, none of the imaging measures of dopaminergic 

neurotransmission can distinguish between different Parkinsonian syndromes (e.g., DLB, 

PDD, MSA). Interestingly, decreased DAT binding in the caudate is associated with the 

cognitive symptoms of DLB, while reductions in the putamen are associated with the motor 

symptoms of DLB (Johansen et al., 2010). A recent tau PET study indicated increased tau 

in the inferior temporal gyrus and precuneus in DLB, but it was variable across patients and 

most commonly observed in those that were amyloid positive (Gomperts et al., 2016).

Parkinson’s disease dementia

Patients with PDD show atrophy in limbic and paralimbic areas, including the amygdala, 

hippocampus, and entorhinal cortex (Junque et al., 2005; Kenny et al., 2008). The SPARE-

AD index, which is a composite measure of the extent of AD-like atrophy, and atrophy 

in the hippocampus, are associated with cognitive decline, including decline in memory 

(Weintraub et al., 2012). WMH are also associated with reduced cognition and dementia in 

PD (Burton et al., 2006). Longitudinally, PDD patients show increased atrophy in limbic and 

temporo-occipital regions, which is associated with increasing cognitive decline (Burton et 

al., 2005).

DTI studies show reduced WM integrity in PDD in the bilateral parietal lobe, which is 

associated with poorer cognitive performance (Cochrane and Ebmeier, 2013). PD patients 

without dementia show WM damage in the brainstem and thalamus, and in later stages in 

frontal white matter tracts, a change that is associated with clinical and cognitive decline 

(Melzer et al., 2013). Reduced structural connectivity in the DMN and visual network are 

also seen in PDD (Tessitore et al., 2012; Gottlich et al., 2013). A task-based fMRI in PDD 

showed mixed changes in the prefrontal cortex during an executive function task (Monchi 

et al., 2004). rsfMRI studies show reduced thalamocortical functional connectivity in drug 

naive PD patients, which improve after treatment (Luo et al., 2014). Similarly, PD patients 

who were scanned in an “off drug state” or were “drug normalized” showed mixed patterns 

of functional connectivity changes in these regions (Wu et al., 2009; Kwak et al., 2010).

PDD patients show hypometabolism in the frontal and parietal lobes, visual association 

areas, and the posterior cingulate (Eckert et al., 2005). In fact, the extent of hypometabolism 

in the visual association areas and posterior cingulate can predict later cognitive decline in 

PD to dementia (Eckert et al., 2005). Early amyloid PET observations suggested minimal 

tracer binding in PDD (Edison et al., 2008). However, subsequent studies have indicated 

that some amyloid binding in PD, when present, is predictive of developing cognitive 

impairment and dementia (Gomperts et al., 2013). Dopaminergic SPECT imaging show 

nigrostriatal degeneration and decreased DAT binding in the caudate and putamen (Walker 
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et al., 2002). Severe reductions in fluorodopa PET signal have also been reported (Snow, 

1996). Tau PET studies have indicated increased tau deposition in PDD patients, especially 

but not exclusively in those who are amyloid positive (Gomperts et al., 2016). Further, 

patients with PD have shown reduced tau deposition in the substantia nigra (Hansen et al., 

2016).

Multiple system atrophy

MSA encompasses a number of diseases, including olivopontocerebellar atrophy, 

Shy–Drager syndrome, and striatonigral degeneration. MSA presents clinically with 

Parkinsonism of varying degrees, cerebellar ataxia, and prominent dysfunction in the 

autonomic nervous system, including urinary dysfunction and orthostatic hypotension 

(Stefanova et al., 2009; Broski et al., 2014). MSA patients are sometimes divided into 

a Parkinsonian type MSA (MSA-P) or a cerebellar ataxia type MSA (MSA-C) based on 

their predominant symptoms. Cognition can be relatively preserved in MSA but deficits in 

executive function have been reported (Robbins et al., 1992; Brown et al., 2010).

MRI studies in MSA show pontine and cerebellar atrophy, enlargement of the fourth 

ventricle, and atrophy of the parietal and occipital lobes, supplementary motor area, 

substantia nigra, striatum, thalamus, and middle cerebellar peduncle (Planetta et al., 2015; 

Mestre et al., 2016) (Fig. 12.6C). A visual rating scale of atrophy in MSA has been 

developed that focuses on atrophy in the brainstem and cerebellum, midbrain, putamen, 

and basal ganglia (Rolland et al., 2011). T2-weighted imaging often shows a cruciform 

hyperintensity in the pons that is known as the “hot cross buns sign” (Broski et al., 2014). 

A slit-like hyperintensity on the edge of the putamen is also seen in MSA patients (Mestre 

et al., 2016). T2*-weighted imaging shows iron deposits in MSA patients in the posterior 

putamen and pulvinar thalamus (Wang et al., 2012a). Longitudinally, MSA patients show 

increased atrophy rates in the pons, cerebellum, midbrain, and superior cerebellar peduncle 

relative to CN, and increased cortical atrophy rates were associated with declining cognition 

(Paviour et al., 2006).

MSA patients show reduced WM integrity in the substantia nigra, putamen, pons, and 

middle cerebellar peduncle on DTI (Tsukamoto et al., 2012). Relative to PD patients, MSA 

patients show reduced WM integrity in the middle and inferior cerebellar peduncles, basis 

pontis, internal capsule, superior corona radiata, lateral periputaminal WM, corpus callosum, 

corticospinal tract, medial lemniscus, and the thalamic radiations (Shiga et al., 2005; Cnyrim 

et al., 2014). The WM degeneration in the middle cerebellar peduncle, pons, and internal 

capsule are associated with severity of the ataxia (Shiga et al., 2005). A task-based fMRI 

study in MSA showed reduced activation in motor control areas, including the basal ganglia, 

thalamus, insula, primary sensorimotor cortex, prefrontal cortex, and cerebellum during 

a precision grip force task (Planetta et al., 2015). On rsfMRI, MSA patients showed 

decreased connectivity of the left primary sensorimotor cortex, posterior cingulate, left 

lateral prefrontal cortex, and right inferior parietal lobule (You et al., 2011). MSA patients 

also showed increased connectivity in the right primary sensorimotor cortex, premotor 

cortex, supplementary motor area, medial prefrontal cortex, and left inferior parietal lobule 

in the same study, which may suggest compensatory changes (You et al., 2011).
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On molecular imaging, patients with MSA show decreased glucose metabolism on 

[18F]FDG PET in the cerebellum and putamen that does not correlate well with changes in 

dopaminergic function; amyloid PET signal tends to be minimal (Claassen et al., 2011; Ko 

et al., 2016). DAT SPECT shows reductions in binding associated with disease severity and 

duration that is specific to MSA-P and not observed in MSA-C (Ko et al., 2016). Finally, a 

single MSA case showed increased tau in the globus pallidus, midbrain, putamen, substantia 

nigra, thalamus, ventral striatum, and frontal, parietal and temporal lobes (Perez-Soriano et 

al., 2017).

Overall, studies in patients with DLB, PD with or without dementia, and MSA have shown 

significant atrophic, functional, and molecular brain changes. Future studies in the earliest 

stages of these disorders will help further the understanding of disease development in 

relation to phenomenology. In addition, development of new tracers targeting α-synuclein 

would significantly advance the understanding of disease course in DLB, PDD, and MSA 

and be of use in treatment development.

DIFFERENTIAL DIAGNOSIS OF DEMENTIAS AND RELATED 

NEURODEGENERATIVE DISORDERS

Differential diagnosis of cognitive decline and other indicators of possible 

neurodegenerative conditions that are not associated with a known familial mutation or 

known event such as recent history of cardiovascular disease or stroke can be challenging, 

due to overlapping clinical symptoms and features and the range of age-associated changes 

and comorbidities. The neuroimaging modalities discussed throughout this chapter may be 

helpful to distinguish among these disorders in a clinical setting. See the sections above 

for the AUC for amyloid imaging, as well as other neuroimaging techniques, in clinical 

diagnosis of AD and for clinical trials.

Differential diagnosis of neurodegenerative diseases presenting without motor symptoms, 

such as late-onset AD, atypical AD, and FTD, may be facilitated by MRI and PET. 

sMRI will typically show significant MTL and temporo-parietal atrophy in LOAD vs 

prominent atrophy of the frontal and lateral temporal lobes in FTD. PET studies with 

[18F]FDG and amyloid tracers will provide good delineation of AD/atypical AD from 

FTD, as AD patients will typically show significant amyloid deposition and posterior 

hypometabolism and most FTD patients will be amyloid PET negative, while showing 

frontal hypometabolism. Although experimental today, tau PET is likely to improve early in 

vivo differential diagnosis.

Distinguishing between LOAD and atypical forms of AD is usually achieved based on 

cognitive symptoms, as cognitive domains other than memory tend to be more affected in 

atypical AD. sMRI may provide additional support for a diagnosis. For example, logopenic 

aphasia patients show more asymmetrical left posterior temporal and temporoparietal 

atrophy than is typically seen in LOAD. PCA patients show greater parietal and occipital 

atrophy, while CAA and VaD patients present with more vascular abnormalities on MRI, 

including more frequent microhemorrhages and higher WMH burden. Metabolic patterns on 

[18F]FDG PET may also help with differential diagnosis, as logopenic aphasia patients show 
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more asymmetric lateral parietal and posterior temporal hypometabolism, PCA patients 

show more occipital lobe hypometabolism, and SIVD patients show diffuse and patchy areas 

of hypometabolism relative to LOAD. Further, widespread amyloid deposition in pure SIVD 

without CAA is not common, although amyloid deposition is seen in many of the atypical 

AD forms (PCA, logopenic aphasia, CAA).

In addition, distinguishing between diseases with prominent motor symptoms can also 

be challenging. FTD-MND and FTD-ALS both show cognitive and motor symptoms 

and are associated with atrophy and reduced metabolism in the frontal and temporal 

lobes. PSP and CBD also show cognitive deficits and motor symptoms. Therefore, 

differentiation of these two diseases is currently not well assisted by neuroimaging, aside 

from subtle differences in sMRI atrophy patterns. PDD, DLB, and MSA show greater 

basal ganglia and less MTL atrophy than seen in typical LOAD, as well as decreased 

striatal dopaminergic neurotransmission on PET or SPECT. The latter measure (reduced 

dopaminergic neurotransmission) may be the most clinically distinguishing measure for 

differentiating Lewy Body-associated disorders from other diseases. In fact, reduced 

dopaminergic binding on PET or SPECT is included in the diagnostic criteria for DLB. 

Further, PDD and DLB patients tend to show more atrophy and hypometabolism in 

posterior cortical regions, particularly in parietal and occipital lobes, than is seen in 

FTD-MND/ALS. Differentiating between DLB, PDD, and MSA can also be difficult 

clinically. However, on sMRI, MSA patients show a distinctive cruciform hyperintensity 

on T2-weighted imaging in the pons and slit-like hyperintensity around the putamen, which 

may be specific to MSA. Ultimately, future tools targeting multiple proteinopathies (e.g., α-

synuclein, TDP-43, ubiquitin inclusions), as well as the neuroinflammation that is observed 

in nearly all neurodegenerative diseases, will permit a better mechanistic and stage-specific 

understanding of the neurodegenerative dementias, which will in turn enhance patient care 

and treatment development.

CONCLUSION

The extensive body of neuroimaging studies of neurodegenerative dementias reviewed in 

this chapter provides important information about structural, functional, and molecular 

changes in the brain underlying the observed clinical symptoms of a wide variety of 

diseases. Neuroimaging can be helpful, if not essential, for differential diagnosis of many of 

these conditions. Further studies with advanced MRI techniques and development of novel 

PET tracers for additional proteinopathies beyond amyloid (i.e., α-synuclein, TDP-43, etc.) 

will likely provide even more information about pathophysiology associated with the various 

degenerative and dementing syndromes. In addition, neuroimaging techniques will be useful 

in clinical trials of new therapeutics designed to treat these disabling and often refractory 

disorders for monitoring disease-related changes or as endpoints to complement current 

clinical outcome measures.
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Fig. 12.1. 
Neuroimaging biomarkers in cognitively normal older adults. Cognitively normal older 

adults can present with varying amounts of amyloid and tau positivity. For example, the 

cognitively normal older adult in (A) shows minimal amyloid (second column, white arrow) 

or tau positivity (fourth column, white arrows), medial temporal lobe (MTL) atrophy 

(first column, white arrow) or lateral parietal glucose hypometabolism (third column, 

white arrows). However, another cognitively normal adult in (B) shows amyloid positivity 

(second column, white arrow) but no MTL neurodegeneration (first column, white arrow) 

or hypometabolism (third column, white arrows), with low levels of tau positivity (fourth 

column, white arrows). Finally, the older adult in (C) shows both amyloid (second column, 

white arrow) and tau (fourth column, white arrows) positivity, in the absence of marked 

MTL neurodegeneration (first column, white arrow) or hypometabolism (third column, 

white arrows). Aβ−, amyloid-beta negative; Aβ+, amyloid-beta positive; CN, cognitively 

normal older adult; FDG, fluorodeoxyglucose; L, left; MRI, magnetic resonance imaging; 

PET, positron emission tomography; tau−, tau negative; tau+, tau positive; Note: all example 
images taken from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) dataset.

RISACHER and SAYKIN Page 50

Handb Clin Neurol. Author manuscript; available in PMC 2022 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 12.2. 
Neuroimaging biomarkers in patients with mild cognitive impairment (MCI) or Alzheimer’s 

disease (AD). Patients with mild cognitive impairment (MCI) can present with varying 

amounts of amyloid and tau positivity. In (A), the MCI patient shows slight medial temporal 

lobe (MTL) neurodegeneration (first column, white arrow) and lateral parietal glucose 

hypometabolism (third column, white arrows), amyloid positivity (second column, white 
arrow) but minimal tau binding (fourth column, white arrows). The MCI patient in (B), 

however, shows a higher amount of amyloid (second column, white arrow) and tau (fourth 

column, white arrows) deposition, with marked MTL neurodegeneration (first column, white 
arrow) and parietal glucose hypometabolism (third column, white arrows). The AD patient 

in (C) shows a commonly observed pattern of biomarker positivity, including amyloid 

positivity (second column, which arrow), tau positivity (fourth column, white arrows), and 

marked MTL neurodegeneration (first column, white arrow) and lateral parietal glucose 

hypometabolism (third column, white arrows). Aβ−, amyloid-beta negative; Aβ+, amyloid-

beta positive; CN, cognitively normal older adult; FDG, fluorodeoxyglucose; L, left; MRI, 
magnetic resonance imaging; PET, positron emission tomography; tau−, tau negative; tau+, 

tau positive; Note: all example images taken from the Alzheimer’s Disease Neuroimaging 
Initiative (ADNI) dataset.
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Fig. 12.3. 
Neuroimaging in posterior cortical atrophy (PCA). (A) Patients with posterior cortical 

atrophy (PCA) show reduced gray matter in the posterior regions of the brain, including 

the occipital and parietal lobes relative to cognitively normal older adults. (B) PCA patients 

also show reduced glucose metabolism in lateral and medial posterior regions relative 

to cognitively normal older adults. (C) PCA patients show a similar widespread cortical 

distribution of amyloid deposition on PET as seen in Alzheimer’s disease patients. (D) 

PCA patients show significant tau deposition in posterior cortical regions, including in the 

occipital and parietal lobes relative to cognitively normal older adults. L, left; R, right. 

Panel (A): adapted with permission from Lehmann, M., Crutch, S.J., Ridgway, G.R., et 

al., 2011. Cortical thickness and voxel-based morphometry in posterior cortical atrophy 

and typical Alzheimer’s disease. Neurobiol Aging 32, 1466–1476; Panel (B): adapted from 

Singh, T.D., Josephs, K.A., Machulda, M.M., et al., 2015. Clinical, FDG and amyloid PET 

imaging in posterior cortical atrophy. J Neurol 262, 1483–1492 with permission through 

the Creative Commons Attribution 4.0 International License (http://creativecommons.org/

licenses/by/4.0/); Panel (C): adapted from Singh, T.D., Josephs, K.A., Machulda, M.M., 

et al., 2015. Clinical, FDG and amyloid PET imaging in posterior cortical atrophy. J 

Neurol 262, 1483–1492 with permission through the Creative Commons Attribution 4.0 

International License (http://creativecommons.org/licenses/by/4.0/); Panel (D): adapted with 

permission from Xia, C. and Dickerson, B.C., 2017. Multimodal PET imaging of amyloid 
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and tau pathology in Alzheimer disease and non-Alzheimer disease dementias. PET Clin 12, 

351–359.
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Fig. 12.4. 
Neuroimaging in logopenic aphasia patients. Logopenic variant primary progressive aphasia 

(lvPPA) patients show reduced glucose metabolism (A) and gray matter atrophy (B) relative 

to cognitively normal older adults (controls) in the lateral temporal, temporoparietal, and 

frontal lobes (left > right). (C) Patients with lvPPA also show amyloid positivity on PET. 

(D) Tau deposition is also observed in lvPPA patients, with greater tau seen in the lateral 

temporal lobes (left > right, white arrow). FDG=fluorodeoxyglucose; GM=gray matter; 

L=left; PET=positron emission tomography; R=right. Panel (B): Adapted from Madhavan, 

A., Whitwell, J.L., Weigand, S.D., et al., 2013. FDG PET and MRI in logopenic primary 

progressive aphasia versus dementia of the Alzheimer’s type. PLoS One 8, e62471 with 

permission through the Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/); Panel (C): adapted from Kuo, H.C., Hsiao, I.T., 

Hsieh, C.J., et al., 2017. Dual-phase (18)F-florbetapir positron emission tomography in 

patients with primary progressive aphasia, Alzheimer’s disease, and healthy controls: a 

preliminary study. J Formos Med Assoc 116, 964–972 with permission through the Creative 

Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by-

nc-nd/4.0/); Panel (D): adapted with permission from Whitwell, J.L., Josephs, K.A., 

Tosakulwong, N., et al., 2016. AV-1451 Tau-PET binding in typical and atypical syndromic 

variants of Alzheimer’s disease. Alzheimers Dement 12, P145.
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Fig. 12.5. 
Neuroimaging in semantic dementia (SD). (A) Patients with semantic dementia (SD) show 

significant anterior temporal lobe atrophy, with greater atrophy in the left hemisphere than 

the right hemisphere (white arrows). (B) Patients with SD also show reduced glucose 

metabolism in the anterior temporal lobe (left > right, red arrow), but (C) no amyloid 

deposition on PET. L=left. Panel (A): adapted with permission from Rohrer, J.D., Clarkson, 

M.J., Kittus, R., et al., 2012. Rates of hemispheric and lobar atrophy in the language variants 

of frontotemporal lobar degeneration. J Alzheimers Dis 30, 407–411; Panel (B): adapted 

with permission from Drzezga, A., Grimmer, T., Henriksen, G., et al., 2008. Imaging of 

amyloid plaques and cerebral glucose metabolism in semantic dementia and Alzheimer’s 

disease. NeuroImage 39, 619–633.
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Fig. 12.6. 
Neuroimaging in corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), 

and multiple systems atrophy (MSA). (A) Example sMR images from a case with 

corticobasal degeneration (CBD) show atrophy in the frontal and parietal lobes (right > 

left; white arrows). (B) Structural MR images from a case with progressive supranuclear 

palsy (PSP) shows two hallmark findings often observed in these cases, including the 

“hummingbird sign,” which represents midbrain atrophy relative to the pons (white box) 

and the “mickey mouse sign,” which represents atrophy of the midbrain (white arrows). 

(C) MRI scans from a patient with multiple system atrophy (MSA) are shown, including 

the “hot cross buns sign” on T2-weighted MRI, which is reflective of pontocerebellar tract 

atrophy (a; white arrows), hyperintensity on a T2-weighted FLAIR sequence in the pons 

and middle cerebellar peduncles (b; white arrows), and marked atrophy of the brainstem 

and cerebellar vermis on T1-weighted MRI (c; white arrows). L = left. All panels adapted 

from Saeed, U., Compagnone, J., Aviv, R.I., et al., 2017. Imaging biomarkers in Parkinson’s 

disease and Parkinsonian syndromes: current and emerging concepts. Transl Neurodegener 

6, 8 with permission through the Creative Commons Attribution 4.0 International License 

(http://creativecommons.org/licenses/by/4.0/).
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Fig. 12.7. 
Neuroimaging in dementia with Lewy bodies. (A) Surface-based analysis shows significant 

gray matter atrophy in patients with dementia with Lewy bodies (DLB) relative to healthy 

older adults in the frontal, parietal, and temporal lobes, as well as the posterior cingulate. 

(B) Glucose hypometabolism is observed in a patient with DLB in the parietal and occipital 

lobes (white arrow), while (C) amyloid deposition is seen throughout the cortex. (D) 123I-

FP-CIT SPECT (DaTSCAN®, GE Healthcare, UK) images show reduced striatal dopamine 

transporter availability, reflecting lower dopaminergic neurotransmission, in a patient with 

DLB relative to a cognitively normal individual (“Normal”; white ovals). A = anterior; FDG 

= fluorodeoxyglucose; L = left; P = posterior; PET = positron emission tomography; PiB 

= Pittsburgh Compound B. Panel (A): adapted with permission from Watson, R., Colloby, 

S.J., Blamire, A.M., et al., 2015. Assessment of regional gray matter loss in dementia with 

Lewy bodies: a surface-based MRI analysis. Am J Geriatr Psychiatry 23, 38–46; Panels (B) 

and (C): adapted with permission from Claassen, D.-O., Lowe, V.J., Peller, P.J., et al., 2011. 

Amyloid and glucose imaging in dementia with Lewy bodies and multiple systems atrophy. 

Parkinsonism Relat Disord 17, 160–165; Panel (D): adapted with permission from Rossi, C., 

Volterrani, D., Nicoletti, V., et al., 2009. “Parkinson-dementia” diseases: a comparison by 

double tracer SPECT studies. Parkinsonism Relat Disord 15, 762–766.
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