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SA-CME LEARNING OBJECTIVES

After completing this journal-based SA-
CME activity, participants will be able to:

m Describe the process of neuronal up-
take and cerebral biodistribution of FDG
and identify normal cortical and subcor-
tical structures at FDG PET.

m Discuss the role of FDG PET in the
diagnosis of primary neurodegenerative
disorders and recognize the patterns of
hypometabolism that typically character-
ize these disorders.

m Discuss the emerging utilization of
computer-assisted diagnosis in the evalu-
ation of patients with dementia.

See www.rsna.orgleducation/search/RG.
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The diagnosis of dementia syndromes can be challenging for clini-
cians, particularly in the early stages of disease. Patients with higher
education levels may experience a marked decline in cognitive func-
tion before their dementia is detectable with routine testing meth-
ods. In addition, comorbid conditions (eg, depression) and the use
of certain medications can confound the clinical assessment. Clini-
cians require a high degree of certainty before making a diagnosis of
Alzheimer disease or some other neurodegenerative disorder, since
the impact on patients and their families can be devastating. More-
over, accurate diagnosis is important because emerging therapeutic
regimens vary depending on the cause of the dementia. Clinically
based testing is useful; however, the results usually do not enable
the clinician to make a definitive diagnosis. For this reason, imaging
biomarkers are playing an increasingly important role in the workup
of patients with suspected dementia. Positron emission tomography
with 2-[fluorine-18]fluoro-2-deoxy-D-glucose allows detection of
neurodegenerative disorders earlier than is otherwise possible. Ac-
curate interpretation of these studies requires recognition of typical
metabolic patterns caused by dementias and of artifacts introduced
by image processing. Although visual interpretation is a vital com-
ponent of image analysis, computer-assisted diagnostic software has
been shown to increase diagnostic accuracy.

©“RSNA, 2014 * radiographics.rsna.org

Introduction
Early diagnosis and characterization of dementia is a growing chal-
lenge in medicine. Primary neurodegenerative disorders are the
leading cause of dementia and are characterized by progressive,
accumulative damage to neuronal structures and interconnectiv-
ity, with clinical consequences of memory loss and progressive
impairment of higher cognitive functions, leading to social and oc-
cupational dysfunction (1). In the United States, these disorders
affect more than 14% of the population over 65 years of age and
more than 50% of individuals older than 85 years (2—4). Alzheimer
disease is the most common cause of dementia in the elderly and is
the fourth leading cause of death in individuals over 65 years of age
(1,2,4,5). Other frequently encountered disorders include fronto-
temporal dementia (FTD) and dementia with Lewy bodies (DLB).
Alzheimer disease accounts for 50%-60% of dementias, with FTD
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and DLB each accounting for approximately
15%-25% (5,6). It is important to accurately
distinguish between these disorders because
appropriate treatment depends on the specific
diagnosis, and the use of expensive and possibly
ineffective medications can be avoided. In ad-
dition, certain medications can have adverse ef-
fects on patients with DLB.

The diagnosis of a primary neurodegenera-
tive disorder is commonly made by excluding
secondary causes. The workup of patients with
cognitive impairment involves anatomic imaging
(computed tomography [CT] and magnetic res-
onance [MR] imaging) performed concurrently
with biochemical and laboratory investigations
to exclude dementia due to structural, vascular,
metabolic, inflammatory, hormonal, or toxic
causes. However, once these secondary causes
have been ruled out, anatomic imaging tech-
niques are limited in their ability to help distin-
guish between various forms of dementia, since
atrophy and ventricular enlargement are often
late signs of disease (7,8). Histopathologic analy-
sis is the standard of reference for the diagnosis
of Alzheimer disease. The presence of intraneu-
ronal deposits of abnormally phosphorylated ©
protein (neurofibrillary tangles) and extracellular
B-amyloid (senile plaques) are seen in Alzheimer
disease. However, brain biopsies are not practical
for routine clinical workup. Distinguishing be-
tween different neurodegenerative disorders on
the basis of clinical assessment alone may be dif-
ficult. Diagnosis is particularly challenging in the
early stages of disease, especially in patients with
higher levels of education who may experience
significant decline in cognitive function before
being recognized as having cognitive impairment
on standardized neuropsychologic tests (9—11).
Furthermore, comorbid conditions (eg, depres-
sion) and the use of certain medications can
confound the clinical assessment.

Positron emission tomography (PET) with
2-[fluorine-18]fluoro-2-deoxy-Dp-glucose (FDGQG)
is a highly useful imaging modality for the di-
agnosis of neurodegenerative disorders (1-6).
FDG is an analog of glucose, the main energy
substrate of the brain. After uptake and phos-
phorylation by hexokinase, FDG becomes
trapped in neurons, allowing imaging and mea-
surement of the cerebral metabolic rate for glu-
cose. This is closely related to neuronal and syn-
aptic function in numerous human resting and
functional activation studies (1-3). Characteris-
tic patterns of altered metabolism seen at FDG
PET can markedly improve the clinical diagno-
sis for specific types of dementia such as FTD,
Alzheimer disease, and DLB, each of which has
characteristic metabolic signatures, although
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there is some overlap. An essentially normal or
preserved cerebral uptake pattern can also help
distinguish reversible pseudodementia due to
depression from a primary neurodegenerative
syndrome (12,13). Recognition of the common
patterns of altered cortical metabolism seen in
these various entities is crucial for identifying
the cause of cognitive impairment. With use of
proper technique, and with the increasing avail-
ability of computer-assisted diagnostic (CAD)
statistical mapping tools, the neuroimager can
play a key role in the workup of patients with
cognitive impairment.

In this article, we discuss brain FDG PET in
terms of patient preparation, image acquisition,
and image processing and display. In addition, we
review the characteristic metabolic patterns seen
in various causes of dementia and discuss pitfalls,
quality control issues, artifacts, and factors that
may confound image interpretation.

Brain FDG PET

Patient Preparation

The patient should fast for at least 4 hours be-
fore the injection of a standard dose of 5-10
mCi (185-370 MBq) of FDG via a peripheral
cannula. Serum glucose levels should be deter-
mined at the time of the injection and recorded
in the final report, with a level under 140 mg/
dL being desirable, although this cannot always
be achieved in diabetic patients. Elevated glu-
cose levels can interfere with FDG uptake in the
brain (14).The patient should be well hydrated
to encourage renal clearance of radioactivity and
should be instructed to void prior to imaging to
improve target-to-background counts and de-
crease unnecessary exposure of the bladder to ra-
dioactivity. If the patient is receiving fluids intra-
venously, the use of dextrose should be avoided.
A relevant history should be recorded, including
reason for examination, any prior surgery or
trauma (eg, craniotomy, seizures, closed head
injury), and medications (eg, benzodiazepines,
barbiturates) that could alter the biodistribution
of FDG in the central nervous system or periph-
erally. After injection, the patient remains in a
quiet, darkened uptake room and is instructed
to stay awake, keep his or her eyes open, and
not vocalize, thereby ensuring standardization
of cerebral uptake before imaging. The uptake
of FDG when the patient’s eyes are closed may
cause hypometabolism in the occipital lobe, pos-
sibly leading to a misdiagnosis of DLB.

Image Acquisition
Brain FDG PET is typically performed 30
minutes after injection. Imaging is performed
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with the PET camera in three-dimensional
(3D) mode with septa removed for improved
sensitivity and the PET camera detectors posi-
tioned over the patient’s head perpendicular to
the orbital-meatal line. Imaging usually takes
about 15 minutes, although actual acquisition
time varies depending on the scanner and the
injected dose. Scatter correction— and time of
flight—capable systems can generate satisfactory
images with shorter acquisition times. It is im-
portant to instruct the patient to keep the head
still during image acquisition, since movement
of the head can interfere with image quality
and compromise the validity of the attenuation
correction algorithm. At our institution, brain
PET is performed on a Siemens Biograph mCT
scanner (Siemens Medical Solutions, Hoffman
Estates, I11). Nondiagnostic CT (30 mAs, 130
kV), is performed with the patient in the same
bed position as for PET, and the resulting data
are then used for attenuation correction as well
as anatomic correlation.

Image Processing and Display

Following tomographic reconstruction with
scatter correction and resolution recovery,
CT-based attenuation correction is applied.
Postprocessing consists of image reorientation,
usually to a canthocaudal orientation, and nor-
malization of uptake. Once processed, the im-
ages can be displayed in standard gray scale on a
diagnostic monitor. Images obtained in all three
projections (axial, coronal, and sagittal) should
be reviewed. Use of color enhancement can aid
in demonstrating subtle areas of altered metabo-
lism. Several CAD software programs are avail-
able for brain image interpretation, all of which
work on the same basic principle (15). These
programs are designed to standardize brain im-
ages to account for individual variations in head
size and shape and achieve correct alignment in
the anterior commissure—posterior commissure
plane, thereby allowing regional correlation with
available brain atlases. The mapping of data to

a brain FDG PET template then allows com-
parison of activity between individuals or groups
of patients with use of statistical modeling, en-
abling the display of significant hypometabolic
voxels on either two-dimensional cross-sectional
images or 3D surface-rendered images and
thereby facilitating pattern recognition, which is
the key to the diagnosis (15). Use of automated
voxel-based statistical mapping of the brain has
been shown to increase diagnostic accuracy
(16). The Z-score is the number of standard de-
viations from a database of age-matched control
subjects and may be displayed with voxel-based
color coding.

radiographics.rsna.org

Reorientation, Reformatting, and Transforma-
tion.—PET data are mapped on a voxel-to-voxel
basis to a standard brain template, which is de-
signed to be compared with a brain atlas, the most
commonly used of which is the Talairach atlas. This
consists of a stereotactic atlas of digitized trans-
axial images with 50 standardized volumes of inter-
est, including cortical (Brodmann) and subcortical
regions. The process makes use of linear scaling to
account for differences in individual brain size and
nonlinear warping to minimize regional differences
between findings in individuals and the atlas.

Normalization.—Activity in each voxel is normal-
ized either globally or regionally (17). Regional
normalization is performed to a selected region
(eg, the cerebellum or pons) that is considered un-
likely to be unaffected by the disease process (18).

Three-dimensional Stereotactic Surface Projec-
tion Display.—In addition to axial, sagittal, and
coronal images, these programs allow surface-
rendered displays. This method finds the highest
activity voxel for a distance of 13 mm along a pre-
defined vector angled perpendicular to the brain
surface or medial outer cortex, and the maximum
activity is assigned to the surface voxel (projected
back). With this method, a large amount of infor-
mation is condensed into a few hemispheric sur-
face images on which the regional statistical devia-
tion from the “normal” database can be overlaid.

MR Imaging Display.—Some programs allow
PET data to be coregistered to a high-quality
standard MR imaging template, allowing pre-
cise anatomic localization of regional cerebral
hypometabolism.

Characteristic Metabolic Pat-
terns of Neurodegenerative Disorders
Characterization of the major dementia syn-
dromes requires knowledge of both the clinical
and imaging data. Interpretation of the images
alone can be misleading, since altered metabo-
lism due to trauma, seizures, or vascular disor-
ders can cause confusion. In addition, potential
artifacts that can simulate disease may occur
during image processing. However, before we
discuss pathologic states and artifacts, it will be
useful to discuss the normal biodistribution of
FDG and the normal appearance of the neuro-
anatomy at brain PET.

In healthy subjects, the most intense FDG up-
take occurs in the subcortical putamen, caudate
nucleus, and thalamus, followed by high uptake
in the cortical gray matter. The globus pallidus
typically demonstrates mild uptake, and the white
matter is relatively photopenic. Figure 1 shows
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Figure 1. Sequential axial brain FDG PET images (transformed to a standardized, stereotaxic anatomic orienta-
tion [Talairach brain atlas space]) obtained in a normoglycemic patient starting approximately 30 minutes after
injection show a stable pattern of cerebral uptake. The spatial resolution of PET allows identification of the cortical
gray matter structures, white matter tracts, subcortical structures, and cerebellum. ACG = anterior cingulate gyrus,
CN = caudate nucleus, F = frontal lobe, O = occipital lobe, P = parietal lobe, PCG = posterior cingulate gyrus,

ACG

PCG

PSMS = primary sensorimotor strip, Pu = putamen, 7" = temporal lobe, 7% = thalamus.

Figure 2. Cingulate gyrus and precuneus. (a) Drawing (parasagittal view) shows
the location of the cingulate gyrus (both anterior and posterior cingulate cortices)
(orange) and the precuneus cortex (blue). The precuneus is bounded anteriorly by
the marginal branch of the cingulate sulcus and posteriorly by the parieto-occipital
sulcus. (b) Surface-rendered image shows FDG hypometabolism in the posterior
cingulate and precuneus cortices. Blue = —2 SDs, purple = —3 SDs. The cingulate
gyrus and precuneus are important structures to identify and analyze when review-
ing brain FDG PET images obtained in patients with cognitive impairment.

neuroanatomic structures as seen at FDG PET.
Two key structures to recognize are the cingu-
late gyrus and the overlying precuneus cortex,
which are best appreciated on sagittal images of
the medial hemispheres (Fig 2). The cingulate
gyrus, located adjacent to the corpus callosum,
is affected early in many neurodegenerative dis-
orders. The precuneus lies cephalad to the pos-
terior cingulate gyrus and is bounded anteriorly
by the cingulate marginal sulcus and posteriorly
by the parieto-occipital sulcus (Fig 2). Both
structures should be actively sought and evalu-
ated when analyzing images obtained for the
workup of patients with dementia.

Alzheimer Disease

Alzheimer disease is the most common cause
of dementia and is characterized by progressive
cognitive decline, memory impairment, and an
adverse impact on activities of daily living in

middle-aged and elderly patients. At pathologic
analysis, Alzheimer disease is characterized by
early neuronal loss and gliosis in the mesio-
temporal cortex and subsequent propagation

to other brain regions. Pathologic hallmarks in-
clude B-amyloid plaques and neurofibrillary tan-
gles formed from 7 protein aggregates. The earli-
est changes of hypometabolism are often seen

in the posterior cingulate gyrus (16). The classic
pattern of impaired metabolism consists of in-
volvement of the posterior cingulate gyri, precu-
neus, and posterior temporal and parietal lobes
(19-24). With respect to the two hemispheres,
involvement may be asymmetric or unilateral;
when interhemispheric asymmetry is present,

its direction is consistent across all involved re-
gions (Fig 3). In addition, in nearly all cases, the
posterior cingulate gyrus is preferentially involved
(25,26). In more advanced Alzheimer disease,
hypometabolism extends to involve the prefrontal
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Figure 3. Alzheimer disease. Axial gray-scale FDG PET images (top), corresponding statistical
thresholding overlay images (middle), and 3D stereotactic surface projection (SSP) images (bottom)
(left to right: left lateral, right lateral, left medial, and right medial views) demonstrate bilateral hy-
pometabolism in the parietotemporal cortices (arrowheads) and in the posterior cingulate—precuneus
cortices (arrows), a pattern that is typical of Alzheimer disease. The posterior cingulate gyrus and
precuneus are hypometabolic on the CAD images. Blue = —2 SDs, purple = —3 SDs. The earliest
metabolic imaging biomarker of Alzheimer disease is often posterior cingulate gyrus hypometabolism.
Although Alzheimer disease hypometabolism is frequently bilateral, defects are often asymmetric in
extent and severity with respect to the left and right hemispheres; however, the posterior cingulate
gyrus is usually involved. In more advanced Alzheimer disease, hypometabolism extends to involve the
prefrontal association cortices as well. Metabolism is relatively preserved in the primary sensorimotor,
visual, and anterior cingulate cortices, basal ganglia, thalamus, and posterior fossa structures in typi-
cal Alzheimer disease. In advanced disease, there may be frontal lobe involvement, but the anterior

cingulate gyrus is spared.

association cortices as well, and there may be
frontal lobe involvement, but the anterior cingu-
late gyrus is spared. A key feature of advanced
neurodegenerative disorders (Alzheimer disease,
DLB, and FTD) is sparing of the sensorimotor
cortex, which appears more conspicuous when
contrasted with the adjacent hypometabolism.
In addition, metabolism is typically relatively
preserved in the visual and anterior cingulate
cortices, basal ganglia, thalamus, and posterior
fossa in Alzheimer disease (Fig 4).

Dementia with Lewy Bodies
DLB is the second most common neurodegen-
erative disorder in patients over 65 years of age.

The classic clinical triad includes (a) fluctuating
levels of cognitive arousal, (b) visual hallucina-
tions, and (¢) spontaneous parkinsonism. In
addition, the patient’s clinical condition may
worsen following the administration of neu-
roleptic medications (27-31). DLB manifests
with a pattern of bilateral parietal and posterior
temporal hypometabolism and posterior cingu-
late gyral hypometabolism similar to that seen in
Alzheimer disease (32—-34). However, there can
also be associated involvement of the occipital
lobes, which are spared in Alzheimer disease
(35-37). This involvement of the occipital lobes
is compatible with the clinical diagnosis of DLLB
(Fig 4). If the occipital cortex is not involved,
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Figure 4. DLB. Axial gray-scale FDG PET images (top), corresponding statistical thresholding overlay
images (middle), and 3D SSP images (bottom) (left to right: left lateral, right lateral, left medial, and
right medial views) show severe bilateral prefrontal, parietal, temporal lobe, and posterior cingulate—
precuneus cortical hypometabolism, findings that are typical of Alzheimer disease. However, there is
additional hypometabolism in the occipital lobes, including the primary visual cortex (arrows), a finding
that is diagnostic for DLB. Primary visual cortical hypometabolism is highly specific and moderately
sensitive for distinguishing DLB from Alzheimer disease. In this case, preserved metabolism in the pri-
mary sensorimotor strip is relatively conspicuous (arrowheads) due to hypometabolism in both adjacent
frontal and parietal association cortices. Note also the greater extent and intensity of hypometabolism
throughout the involved regions of the right posterior parietotemporal cortices, a finding that can be
seen in both DLB and Alzheimer disease. Blue = —2 SDs, purple = —3 SDs.

Alzheimer disease and DLB cannot be distin-
guished on the basis of their FDG metabolic
signatures. Imaging with dopamine transporter
agents can also help distinguish DLB from Alz-
heimer disease when clinical and FDG imaging
findings are indeterminate (32,38). An Alz-
heimer disease pattern of hypometabolism and
a positive dopamine transporter scan indicate
that DLB is the most likely diagnosis. Findings
of DLB include loss of dopaminergic neurons in
the substantia nigra and related reduced striatal
dopaminergic activity; therefore, patients with
DLB have abnormal striatal uptake on dopa-
mine transporter scans. Abnormal findings at
dopamine transporter scanning performed with
iodine 123 ioflupane are compatible with Par-
kinson disease or related neurodegenerative dis-
orders such as parkinsonian dementia or DLB.

Frontotemporal Dementia
FTD is a neurodegenerative disorder with a pre-
dilection for the frontal and temporal lobes (Fig
5). Unlike for Alzheimer disease, there are no
approved pharmacologic interventions for FTD,
and the use of anticholinesterase-type medica-
tions should be avoided. Patients often present
with social impairment and disinhibitive and im-
pulsive behavior (39,40). FTD is the archetypal
disorder in the group collectively known as fron-
totemporal lobar disorders, which include tem-
poral variant FTD, or semantic dementia, and
a frontal-predominant variant; these disorders
have different clinical manifestations and distinct
metabolic markers (Fig 6) (41-47).

Classic FTD is characterized by hypometabo-
lism in the frontal and anterior temporal lobes
with involvement of the anterior cingulate gyrus
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Figure 5. FTD. Axial gray-scale FDG PET images (top), corresponding statistical thresholding overlay
images (middle), and 3D SSP images (bottom) (left to right: left lateral, right lateral, left medial, and
right medial views) show moderate bilateral frontal and anterior temporal lobe hypometabolism (ar-
rowheads) in a pattern that is characteristic of behavioral variant FTD. There is anterior cingulate gyral
hypometabolism (arrows) as well as relatively preserved posterior cingulate-precuneus metabolism, find-
ings that are best appreciated on the 3D SSP images. Blue = —2 SDs, purple = —3 SDs.

(41-47). Unlike in Alzheimer disease, involve- Rare Neurodegenerative Disorders

ment of the temporal lobes in FTD extends to Corticobasal degeneration is a rare neurodegen-
their anterior aspects. The frontal-predominant erative disorder that may manifest with asymmet-
form of FTD shows sparing of the temporal ric dystonia, and patients may present with “alien
lobes, with patients typically demonstrating limb syndrome” (5,6). The key imaging features
behavioral changes, including disinhibition. are a striking asymmetric involvement of the
Patients with temporal variant FTD (semantic sensorimotor cortex and hypometabolism in the
dementia) have problems with language and ipsilateral basal ganglia or thalamus. There is also
often cannot find the words to describe an ob- involvement of the midportion of the cingulate
ject. For example, if they were given a hammer, gyrus and asymmetric atrophy of the frontal and
they would know how to use it, but they may parietal cortices (Fig 7).

not be able to tell you that it is a hammer. These Posterior cerebral atrophy (PCA) is another
patients tend to have primarily temporal lobe rare disorder that commonly manifests with com-
hypometabolism (41). plex visual cognitive changes. PCA is an atypical

Figure 7. Corticobasal degeneration. Axial gray-scale FDG PET images (top), corresponding statistical threshold- P
ing overlay images (middle), and 3D SSP images (bottom) (left to right: left lateral, right lateral, left medial, and right
medial views) show the key features of corticobasal degeneration: hypometabolism in the primary sensorimotor cortex
(arrowheads) and hypometabolism in the ipsilateral basal ganglia and the left thalamus (arrows). Asymmetric atrophy

of the frontal and parietal cortical regions of the brain is also seen. Blue = —2 SDs, purple = —3 SDs. Many patients
with corticobasal degeneration present with alien limb syndrome.
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Figure 6. FTD variants. Three-dimensional SSP maps with overlaid Z-score statistical thresholds obtained in (left
to right) the left lateral, right lateral, superior, inferior, anterior, posterior, left medial, and right medial projections.
Z-score: blue = —2 SDs, purple = —3 SDs. There are three classic patterns seen in FTD, which have different clini-
cal manifestations and distinct metabolic markers. Images in top row demonstrate how classic FTD is character-
ized by hypometabolism in the frontal and anterior temporal lobes with involvement of the anterior cingulate gyrus.
These patients present with a history of disinhibited behavior and impaired language. Images in middle row demon-
strate how, unlike in Alzheimer disease, involvement of the temporal lobes in FTD extends to their anterior aspects.
Images in bottom row demonstrate the frontal-predominant form of FTD with sparing of the temporal lobes. These
patients typically demonstrate disinhibited behavior and may have an atypical parkinsonian syndrome known as
progressive supranuclear palsy. At FDG PET, semantic dementia manifests as prominent asymmetric or symmetric
temporal hypometabolism.
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Figure 8. PCA. Axial gray-scale FDG PET images (top), corresponding statistical thresholding overlay
images (middle), and 3D SSP images (bottom) (left to right: left lateral, right lateral, left medial, and
right medial views) show posterior parietotemporal and occipital hypometabolism (arrowheads). An
atypical variant of Alzheimer disease, PCA is characterized by a posterior cortical hypometabolic pattern
of Alzheimer disease but with additional involvement of the lateral occipital association cortices (ar-
rows). Blue = —2 SDs, purple = —3 SDs. Patients with PCA show a progressive, dramatic, and relatively

selective decline in visual association skills.

variant of Alzheimer disease; however, whereas
Alzheimer disease is most commonly associated
with deterioration in memory and language, PCA
patients show a progressive, dramatic, and rela-
tively selective decline in visual association skills
(Fig 8) (5,6).

Patterns of altered metabolism seen with 3D
SSP statistical mapping are summarized in Fig-
ure 9. The Table summarizes the brain FDG PET
patterns of hypometabolism seen in various neu-
rodegenerative disorders.

Vascular Dementia and Other Conditions
Strokes are a common occurrence that are usu-
ally clinically apparent, are associated with clear
changes at CT or MR imaging, and rarely mani-
fest as an unexplained dementia syndrome. In our
clinical practice, PET of vascular dementia is rare,
likely due to a declining prevalence of multi-infarct
dementia with improved treatment of hyperten-
sion and hyperlipidemia. In addition, patients with

evidence of prior extensive vascular injury at CT
or MR imaging are unlikely to be referred for an
expensive study such as PET to make the diag-
nosis (48-51). Hypometabolism related to stroke
is more likely to be encountered incidentally in
patients undergoing routine PET for oncologic
indications when at least a portion of the involved
area is within the field of view. The typical pattern
consists of hypometabolism with abrupt margins
in the territory of either the anterior, middle, or
posterior cranial arteries, usually with evidence
of encephalomalacia in the corresponding region
on the CT images (50-52). If the frontal lobe

or internal capsule is involved, hypometabolism
in the contralateral cerebellum may be seen due
to crossed cerebrocerebellar diaschisis (Fig 10).
Although multi-infarct dementia can be caused
by both large and small vessel disease, vascular
dementia is now manifesting more commonly with
subcortical ischemic disease due to the presence of
small rather than large vessel disease (53—58).
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Brain FDG PET Patterns of Hypometabolism in Neurodegenerative Disorders
Disorder
Alzheimer Corticobasal

Brain Region Disease DLB PCA FTD Degeneration
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Figure 9. Rows of 3D SSP maps with overlaid Z-score statistical thresholds demonstrate composite patterns of cere-

brocortical hypometabolism in various causes of dementia. AD = Alzheimer disease, CBD = corticobasal degeneration.
Images were obtained in (left to right) the left lateral, right lateral, superior, inferior, anterior, posterior, left medial, and
right medial projections. Z-score: blue = —2 SDs, purple = —3 SDs.
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Figure 10. Crossed cerebrocerebellar diaschisis. Axial PET images obtained at the level of
the basal ganglia (left) and cerebellum (middle) and posterior maximum intensity projection
image (right) demonstrate right-sided vascular brain disease, with decreased metabolism
seen in the contralateral cerebellar hemisphere (arrowheads). The atrophic effects of crossed
cerebrocerebellar diaschisis may take years to manifest at anatomic imaging. However, al-
tered metabolism appears much earlier.
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Figure 11. Meningi-
oma. Axial (top left) and
coronal (top right) gray-

scale FDG PET images,

axial (middle left) and .
coronal (middle right)

fused PET/CT images,

and axial (bottom left)

and coronal (bottom

right) CT images show

a meningioma with mild

uptake (arrows). Many
intracranial lesions may "
appear to be hypometa-
bolic relative to the gray
matter cortex, and cor-
relation with MR imag-
ing and CT findings is
crucial to avoid missing
these lesions.
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Figure 12. Arachnoid cyst. Axial gray-scale FDG PET images (top left), corresponding statistical
thresholding overlay images (middle left), and 3D SSP images (bottom left) obtained in the right
lateral (left) and inferior (right) projections demonstrate hypometabolism in the anterior aspect

of the right temporal lobe (arrowheads). This finding may be misinterpreted as the semantic or
temporal variant of FTD if the CT images are not reviewed. In this case, however, the finding is
caused by an arachnoid cyst, not a neurodegenerative condition, as indicated by an arrow on axial
and coronal PET images (top right) and axial and coronal coregistered CT images (bottom right).

Z-score: blue = —2 SDs, purple = —3 SDs.

Pitfalls, Quality

Control Issues, and Artifacts
It is important to review the anatomic (ie, CT
or MR) images before interpreting the PET
study. Structural lesions such as tumors (Fig
11), extraaxial collections, encephalomalacia,
and other lesions (Fig 12) may confound the
interpretation. Proper inspection of the ana-
tomic images will prevent false-positive errors.
In the absence of anatomic structural changes,
the risk of false-positive findings at FDG PET
for dementia is low, but such findings may be
seen in rare pathologic conditions such as auto-
immune encephalitis (59). Atrophy occurs with
neurodegenerative disorders, although it may
also be observed as part of the normal aging
process (7,8). Reduction in brain volume may
simulate hypometabolism, leading to artifacts
at statistical parametric mapping (SPM) (Fig
13). Although the SPM software can be useful,
it has limitations. In some patients, SPM may
indicate that there is hypometabolism adjacent
to the gray matter at the gray matter—white
matter interface. This is an artifact due to a
misregistration error in mapping and should

not be confused with disease. The key to recog-
nizing this artifact is knowing that it coregisters
to the white matter and does not extend to the
peripheral cortical margins (Fig 14). Patient
motion can markedly alter the appearance of the
attenuation-corrected images by creating regions
of decreased activity due to an oversubtraction
artifact, and this motion may not be apparent
from viewing the PET images alone (Fig 15). A
region of decreased metabolism that is seen only
on the attenuation-corrected images is due to an
attenuation correction artifact related to motion
between the CT (anatomic) and PET (meta-
bolic) images. This can be confirmed by viewing
the CT and PET images in fused mode.

Discussion
The interpreting radiologist also needs to be
aware of the terminology used by our neurology
colleagues when reporting brain images. There
is a spectrum of diminished function that ranges
from mild cognitive impairment (MCI) to de-
mentia. MCI is often regarded as an intermediate
state between normal cognition and fully devel-
oped dementia. It can be defined on the basis of
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Figure 13. PCA. Axial gray-scale FDG PET images
(top), corresponding statistical thresholding overlay im-
ages (middle), and 3D SSP images (bottom) obtained
in the right medial (left) and superior (right) projections
illustrate how interpretation should include review of
both the Z-map images and the gray-scale data. The
seemingly hypometabolic areas on the SPM images (ar-
rows) are actually areas of atrophy localizing to and
representing widening of the sulci and represent artifact
rather than true hypometabolism in cortical gray matter.
If not recognized, this potential pitfall can be confused
with a neurodegenerative disorder, underscoring the
need for careful review of the FDG images in native
(patient) spatial orientation and of the reoriented (atlas
space) images prior to the assessment of statistical maps.
Blue = —2 SDs, purple = —3 SDs.

mildly reduced scores on simple cognitive screen-
ing tests, such as the Mini-Mental State Exami-
nation (MMSE) or Montreal Cognitive Assess-
ment (MOCA), or defined more precisely on the
basis of deficits in at least one cognitive domain
at detailed neuropsychologic testing. Fully devel-
oped dementia is characterized by deficits that
are not only more severe and extensive, affecting
two or more cognitive domains, but are also of
sufficient severity to affect the patient’s activities
of daily living. Therefore, clinical criteria (such
as those created by the National Institute for

Figure 14. Effects of resolution and contrast dispar-
ity between individual scanning data and the normal
database. Axial gray-scale FDG PET images (top),
corresponding statistical thresholding overlay images
(middle), and 3D SSP images (bottom) obtained in
the left lateral (left) and right lateral (right) projections
demonstrate apparent voxels with significant hypome-
tabolism. As in Figure 13, the areas indicated as hy-
pometabolic on the “computer-assisted” images are in
fact areas of atrophy. However, the changes in the right
posterior parietal region actually reflect a combination
of atrophy and gyral hypometabolism. Blue = —2 SDs,
purple = —3 SDs.

Neurologic and Communicative Disorders and
Related Disorders Association) combined with
imaging and laboratory biomarkers are used for
diagnosis (60,61). FDG PET for the evaluation
of cognitive impairment has been found to help
detect the earliest changes in neurodegenerative
disorders and to help predict conversion from
MUCI to early Alzheimer disease. A small study in
which SPM was used to compare 14 Alzheimer
disease patients with 16 MCI patients found that
the former group had reduced cerebral glucose
metabolism in the posterior cingulate cortex, pre-
cuneus, and inferior parietal and middle temporal
lobes, whereas in MCI patients, hypometabolism
occurred only in the posterior cingulate gyrus
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Figure 15. Attenuation correction artifact due to misregistration. (a) Non—attenuation-cor-
rected image shows no region of decreased activity. (b) On a fused PET/CT image, the data-
sets are not properly coregistered. This “misalignment” between the anatomic and metabolic

images causes an artifact with apparent diminished activity. (¢) Attenuation-corrected image

shows a region of decreased activity, a finding that is artifactual and due to patient motion.

Viewing the non—attenuation-corrected and fused PET/CT images is an important quality

control check, since patient motion can introduce attenuation correction artifacts.

(20). It should be noted that MCI is a heteroge-
neous entity, but prospective studies have shown
that patients with amnesic MCI that later con-
verts to Alzheimer disease may already show an
Alzheimer disease—like pattern of glucose hypo-
metabolism at an early stage (62).

FDG PET is useful in differentiating between
various types of primary dementia. In one multi-
center study, 548 elderly subjects—including 110
healthy subjects—underwent FDG PET. Disease-
specific patterns allowed correct classification in
95% of patients with Alzheimer disease, 92% of
patients with DLB, 94% of patients with FTD,
and 94% of healthy subjects (63). Of the patients
with MCI, 81% were found to have posterior cin-
gulate cortical and hippocampal (temporal) hy-
pometabolism (63). A meta-analysis of 24 studies
involving 1112 patients confirmed the ability of
FDG PET to help predict the conversion of MCI
to Alzheimer disease (64). FDG PET can depict
glucose metabolic changes that not only precede
but also exceed the degree of atrophy as deter-
mined with volumetric MR imaging, including
voxel-based morphometry (65,66).

Because of coupling between glucose metabo-
lism and regional cerebral perfusion, both FDG
PET and regional cerebral blood flow single pho-
ton emission computed tomography (SPECT)
performed with radiotracers such as technetium
99m (**™T'c) hexamethylpropylenamine oxime
(Ceretec; GE Healthcare, Little Chalfont, Eng-
land) and *°™Tc—ethyl cysteinate dimer (Neurolite;
Lantheus Medical Imaging, North Billerica, Mass)
can help identify the topographic patterns of the
various dementias (67). However, comparative
studies have shown FDG PET to be superior to

regional cerebral blood flow SPECT (68). This is
likely due to the higher intrinsic spatial resolution
of PET and the improved attenuation correction
algorithms used with 3D tomographic reconstruc-
tion. Other positron-emitting radiopharmaceutic
agents are available that directly depict neural
inflammation and neurotransmitter receptors, and
recently, the U.S. Food and Drug Administration
approved an amyloid contrast agent (florbetapir
[Amyvid; Eli Lilly, Indianapolis, Ind]) for clinical
use. Since October 2013, flutemetamol (Vizamyl,
GE Healthcare) has also been approved.
Automated voxel-based statistical analysis
has been uniformly used in FDG PET-based
research to provide standardized, objective, and
quantitative validation of observed metabolic
changes in neurodegenerative disorders (15).
Several studies have examined the accuracy of
automated systems versus expert readers to de-
termine their diagnostic performance as an au-
tomated, hands-off process, and to evaluate how
their use may affect or improve clinical diagnostic
interpretation (69,70). Studies have found that
the performance of automated systems and ex-
pert readers is equivalent with respect to receiver
operating curve characteristics for all types of
neurodegenerative disorders. The use of auto-
mated readers has also been shown to improve
the learning curve of beginning readers. This is
to be expected, since brain imaging, unlike on-
cologic imaging, does not require visualization
of increased “hot spot” uptake for diagnosis. It is
difficult to detect small changes of reduced activ-
ity, including localization, with the human eye,
against a background of high cerebral glucose
biodistribution with variations in normal from
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patient to patient. In addition, although a group
of patients with one type of neurodegenerative
disorder may all have the same basic imaging
findings, each individual patient may have his

or her own pattern with variations in symmetry,
severity, and areas affected. Some brain regions
such as the posterior cingulate gyrus and precu-
neus are not well appreciated on axial images, so
that subtle metabolic changes may be difficult to
detect without a CAD tool. In the late stages of
neurodegenerative disorders, altered metabolism
becomes more widespread, and several disorders
may converge, partly due to the complex inter-
connectivity of the neuronal regions. FDG PET
findings at automated software analysis have also
been correlated with different clinical patterns of
presentation (71). In a study by Patterson et al
(26), objective analysis of FDG PET images us-
ing SPM improved the detection of subtle abnor-
malities compared with subjective criteria alone.
The authors found that, in the evaluation of
early- and late-onset Alzheimer disease, the diag-
nostic performance of a fully automated system
using SPM was similar to that of expert readers
and slightly superior to that of beginning readers
(26).This suggested that use of automatic read-
ers could improve the learning curve of beginners
(25). Automated voxel-based statistical analysis
as an adjunct clinical tool therefore has great po-
tential for improving accuracy, reducing interob-
server variation, and training novice readers.

It is increasingly being recognized that a pa-
tient who is being referred for a diagnostic imag-
ing study for dementia may have a mixture of
causal pathologic processes (72,73). The presence
of a comorbid condition (eg, cerebrovascular dis-
ease or mixed Alzheimer disease and DLB) may
confound the interpretation of the imaging study.
Therefore, complex brain FDG PET findings
that cannot be readily classified as Alzheimer dis-
ease, DLB, or FTD should be considered as indi-
cating the presence of multiple pathologic condi-
tions. In this respect, review of anatomic neuro-
imaging studies (eg, MR imaging) is critical in
evaluating for comorbid cerebrovascular disease
or prior head injury for more accurate assessment
of brain FDG PET studies. Apart from mixed or
overlapping pathologic conditions, dementia syn-
dromes may also have atypical manifestations. In
particular, Alzheimer disease has been found to
sometimes manifest with so-called focal cortical
findings, which may be classified with FDG PET
as FTD, corticobasal degeneration, or PCA (74).
These findings indicate that Alzheimer disease
is a much more common cause of focal cortical
syndromes than was previously recognized (74).
Alzheimer disease can also manifest as a frontal
variant, with more prominent early findings of

radiographics.rsna.org

frontal hypometabolism in addition to the typical
posterior cortical hypometabolic changes.

Atypical FDG PET findings in dementia pa-
tients can be further evaluated with the use of
disease-specific imaging or fluid biomarkers for a
more precise assessment of causal pathologic pro-
cesses (75). For example, the combined use of 3-
amyloid (eg, PET with florbetapir) and dopamine
transporter or nerve terminal imaging (eg, SPECT
with ioflupane dopamine transporter imaging) is
now being studied as a diagnostic stratification
approach for the refinement of workup for demen-
tia (76). With this schema, typical FTD would
manifest with negative amyloid and grossly normal
dopamine transporter scans, and striatal dopamine
transporter scans would be abnormal in DLB but
normal in Alzheimer disease, Amyloid scans would
be positive in typical Alzheimer disease, whereas
DLB can manifest with positive amyloid scans in
over one-half of patients. Note that application of
this proposed schema remains investigational, and
that further studies are needed to determine the
possibility of false-positive classifications.

Some drugs are also well known to induce ce-
rebral glucose metabolic changes. For example,
the use of diazepam for sedation has been found
to reduce cerebral glucose metabolism globally by
about 20% (72). A study by Wang et al (73) found
that lorazepam significantly decreased whole-
brain metabolism by over 10%. Although regional
cerebral effects may affect subcortical structures
such as the thalamus, cortical effects generally
tend to be more diffuse and are not expected to
significantly affect the specific topographic cortical
patterns of the major dementia syndromes. Nev-
ertheless, it is recommended that benzodiazepine
be administered for sedation after the 30-minute
FDG uptake phase prior to imaging.

Although there is presently no clinical indica-
tion for repeat FDG PET to monitor disease
progression or treatment response in dementia
patients, equivocal and nondiagnostic findings at
early imaging may warrant repeat FDG PET in
6—12 months in cases in which the patient dem-
onstrates progressive cognitive decline. There are
no consistent reported glucose metabolic changes
associated with currently approved treatments
for Alzheimer disease (cholinesterase inhibitors,
memantine). Hence, there is no current practice
standard for the imaging evaluation of treatment
response. However, this may change in the future
as new therapies become available.

Conclusion
FDG PET is a highly useful imaging modality for
the diagnosis of primary neurodegenerative disor-
ders. Patterns of altered cerebral glucose metabo-
lism seen at FDG PET are useful as imaging
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biomarkers to assist in making the clinical diag-
nosis of neurodegenerative diseases causing de-
mentia. CAD software tools improve the learning
curve and increase the accuracy of interpretation
for these studies.
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Page 685
Histopathologic analysis is the standard of reference for the diagnosis of Alzheimer disease.
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Elevated glucose levels can interfere with FDG uptake in the brain.

Page 685
The uptake of FDG when the patient’s eyes are closed may cause hypometabolism in the occipital lobe,
possibly leading to a misdiagnosis of DLB.
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This involvement of the occipital lobes is compatible with the clinical diagnosis of DLB.
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Classic FTD is characterized by hypometabolism in the frontal and anterior temporal lobes with in-
volvement of the anterior cingulate gyrus.



