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Cerebral B-amyloid deposits and regional glucose metabolism
assessed by PET are used to distinguish between Alzheimer dis-
ease (AD) and other dementia syndromes. In the present multicenter
study, we estimated the prevalence of B-amyloid deposits on PET
imaging in a wide variety of dementia syndromes and mild cognitive
impairment (MCI) within a memory clinic population. Methods: Of
the 1,193 consecutive patients with cognitive impairment (Cl) who
received 1 1'C-PIB PET or '8F-AV45 PET or both ''C-PIB PET and
18F-AV45 PET, 960 were diagnosed with AD, 36 with frontotemporal
dementia (FTD), 5 with dementia with Lewy bodies, 144 with MCI,
29 with vascular dementia, 4 with corticobasal syndrome, and 15
with unclassifiable dementia. Baseline clinical diagnoses were in-
dependently established without access to PET imaging results.
Apolipoprotein E (ApoE) genotype analysis was performed on ClI
patients and 231 sex- and age-matched controls. Results: Of the
1,193 CI patients, 860 (72.1%) were amyloid-positive. The preva-
lence of amyloid positivity in AD and MCI patients was 86.8% (833/
960) and 9.7% (14/144), respectively. In FTD patients, the preva-
lence of B-amyloid deposits was 5.6% (2/36). In the 4 corticobasal
syndrome patients, 2 were amyloid-positive. Three of the 5 patients
with dementia with Lewy bodies showed amyloid positivity, as did 6
of the 29 vascular dementia (20.7%) patients. The ApoEe4 allele fre-
quency was significantly increased in amyloid-positive Cl patients
(30.5%) as compared with other amyloid-negative Cl patients (14%)
or controls (7.3%). Conclusion: Amyloid imaging may potentially be
the most helpful parameter for differential diagnosis in dementia,
particularly to distinguish between AD and FTD. Amyloid PET can be
used in conjunction with the ApoEe4 allele genetic risk test for amyloid
deposits.
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Because of the aging of the world’s population, the prevalence
of dementia is increasing, with the number of individuals living with
dementia currently estimated at 50 million worldwide and projected
to increase to 75 million by 2030. Moreover, the number of dementia
cases is estimated to almost triple by 2050 (/). B-amyloid PET im-
aging allows in vivo detection of fibrillar plaques, a core neuropath-
ologic feature of Alzheimer disease (AD). Several amyloid ligands
have been studied in vivo, two of which, 'C-Pittsburgh compound B
(PIB) (2) and '8F-florbetapir (AV-45), are widely used in current
clinical research (3) and have now been proven as reliable tools for
assessing the amyloid burden in the brain of AD patients.

PET imaging with '8F ('8F-FDG PET) highlights the differen-
tial distribution of pathology in dementia disorders and has been
used to study neurodegenerative diseases for over 3 decades (4,5).
AD causes hypometabolism predominantly in the posterior re-
gions, including the posterior temporoparietal association cortex
and posterior cingulate cortex (6,7). '8F-FDG PET images of pa-
tients with frontotemporal dementia (FTD) show decreased me-
tabolism in the frontal and anterior temporal areas, cingulate gyri,
uncus, insula, and subcortical areas, including the basal ganglia
and medial thalamic regions (7-9).

Because of the invasive nature of lumbar puncture for the
collection of cerebrospinal fluid, neuroimaging modalities such as
I8E-FDG PET and ''C-PIB PET/AV-45 PET are more accepted in
routine clinical practice to improve the diagnosis of dementia
subtypes. To date, most amyloid PET studies have been conducted
in single centers with smaller sample sizes. Therefore, we per-
formed a multicenter study of patients from 5 clinics with 3 views
in mind: to estimate the prevalence of amyloid positivity in a large
sample encompassing a variety of dementia syndromes, to evaluate
the association between '8F-FDG PET and amyloid scans in this
cohort of patients, and to analyze the association between the apo-
lipoprotein E (ApoE) €4 gene and amyloid deposits on PET scans.

MATERIALS AND METHODS

Subjects

In total, 1,193 consecutive patients with cognitive impairment (CI)
were recruited at the PET/CT Center of Beijing Tiantan Hospital, the
General Hospital of the People’s Liberation Army, Shanghai Huashan
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Hospital, the Cognitive Clinic of Tianjin Huanhu Hospital, and the Gen-
eral Hospital of Tianjin Medical University between December 2012 and
December 2018. All participants were 19—92 y old. The inclusion criteria
were a clinical diagnosis of mild CI (MCI), dementia of any type or
unclassifiable dementia, and imaging with ''C-PIB PET or 'SF-AV45
PET, with or without '8F-FDG PET, within 1 mo of the initial clinical
diagnosis. Sixty patients were excluded whose clinical data were not
recorded in detail by their clinicians.

The clinical assessment was performed by neurologists experienced
in dementia care and included a detailed history taken from the
primary caregivers of the patient, a physical examination, a cognitive
assessment, and laboratory studies, including a thyroid function test,
vitamin B12 level, folate level, and syphilis serology.

Clinical criteria for AD, FTD, dementia with Lewy bodies (DLB), and
vascular dementia (VaD) were used to establish the initial clinical
diagnosis without the use of any biomarker. The diagnosis of different
dementia subtypes was based on the respective diagnostic guidelines
using brain MRI and laboratory tests. Probable AD dementia was
diagnosed according to the criteria of the National Institute on Aging
and the Alzheimer Association workgroup (/0). Patients with DLB were
diagnosed using the criteria of McKeith et al. (/7). Behavioral variant of
FTD was diagnosed using revised diagnostic criteria reported by the In-
ternational Behavioral Variant of FTD Criteria Consortium (/2). Lan-
guage variant of FTD and primary progressive aphasia were diagnosed
according to the classification of primary progressive aphasia and its
variants (/3,14). Corticobasal syndrome (CBS) was diagnosed according
to the criteria published in 2013 (/5). Patients with VaD were diagnosed
according to the NINDS—AIREN criteria (National Institute of Neuro-
logic Disorders and Stroke/Association International pour la Recherche et
I’Enseignement en Neurosciences) (/6). MCI was diagnosed according to
the criteria published in 2004 (/7). Subjects who had any contraindica-
tions to MRI or PET scanning were excluded from the study.

The ApoE genotype was determined from venous blood samples.
Controls were group-matched to patients with respect to age and sex.

Neuropsychologic Testing

Subjects were examined using a battery of tests during the 2 wk
before PET imaging. These tests included the Mini Mental State Exam-
ination (MMSE), Montreal Cognitive Assessment (MoCA), Activities-
of-Daily-Living Scale, and Clinical Dementia Rating.

MRI Acquisition

MRI scans were obtained on a 3.0-T GE Healthcare scanner or a
3.0-T Siemens Trio, A Tim, MRI scanner. The interval between MRI and
amyloid PET was no longer than 2 wk. T1-weighted coronal images
were acquired using a 3-dimensional spoiled gradient-recalled-echo
inversion-recovery prepped sequence (1-mm slice thickness). All images
were reconstructed to a matrix of 256 x 256, with an isotropic resolution
of 1 X 1 x 1 mm. These scans were used to define regions of interest for
PET data analysis.

PET Acquisition

1C-PIB PET imaging was conducted at the PET/CT centers using a
GE Healthcare Discovery LS PET/CT scanner or a Siemens Biograph
mCT Flow PET/CT scanner (Huashan Hospital) in the 3-dimensional
scanning mode. PIB was administered into an antecubital vein as a
bolus injection at a mean dose of 370-555 MBq. !'C-PIB PET images
were acquired during a 90-min dynamic PET scan. !'C-PIB uptake in
each cortical region and across the whole cortex was calculated. The
cerebellar cortex was chosen as the reference tissue. 'C-PIB integral
images were coregistered to each subject’s T1-weighted MR images.
An MRI-based automated region-of-interest technique was used to sam-
ple each individual’s PIB images. Imaging data at 40—60 min after in-
jection were used for the analysis of PIB uptake to get parametric images

of PIB SUV ratios. Patients were diagnosed as PIB-positive on the basis of
both visual interpretations of elevated binding in the neocortex and semi-
quantitative assessment (SUV ratio > 1.40) (/8).

I18F_AV45 PET scans were obtained on a Discovery Elite scanner (GE
Healthcare) at Tiantan Hospital or a Siemens Biograph mCT Flow PET/
CT scanner at Huashan Hospital. '8F-AV45 PET was performed for
20 min, starting 50 min after injection of 248 * 58 MBq. 'SF-AV45
PET data were reconstructed using ordered-subset expectation maximi-
zation with weighted attenuation. Images were smoothed using a 5-mm
gaussian kernel with scatter correction and were evaluated for patient
motion and adequacy of statistical counts before analysis. SUV ratios
were calculated using the cerebellar gray matter reference region to
normalize mean activity from 50 to 70 min. Patients were diagnosed
as AV45-positive on the basis of both visual interpretations of elevated
binding in the neocortex and semiquantitative assessment (SUV ratio >
1.11).

Subjects were injected intravenously with 240-333 MBq of '8F-
FDG, and a 10-min static PET scan was obtained 40 min after injection
of 18F-FDG. Voxel-based statistical analysis was performed on '8F-FDG
PET images using Statistical Parametric Mapping, version 8, and MAT-
LAB, version 2010b (MathWorks), for Microsoft Windows. Regions
that reached an uncorrected P value of less than 0.001 were considered
statistically significant. Anatomic localization was based on the super-
imposition of Statistical Parametric Mapping T maps onto the ch2bet
template brain and identification of the localization using AAL (auto-
mated anatomic labeling) software and anatomic atlases (http:/www.
talairach.org/) (/9). The findings were rendered using the publicly avail-
able MRIcron software (https://www.nitrc.org/projects/mricron).

Statistical Analysis

Categoric variables were examined using the x? or Fisher exact test.
Data are expressed as the median, mean = SD, or a number and
percentage. ANOVA and independent Student ¢ tests were used to
determine statistical differences between images and in the duration
of symptoms between amyloid-positive and -negative patients. P val-
ues of less than 0.05 were considered statistically significant.

Ethics

Detailed written informed consent was obtained from all subjects or
their relatives. The present study was approved by the Ethics Com-
mittees of Tianjin Huanhu Hospital, Beijing Tiantan Hospital, the
General Hospital of the People’s Liberation Army, Shanghai Huashan
Hospital, and Tianjin Medical University. The procedures were per-
formed in accordance with the ethical standards of the Committee on
Human Experimentation.

RESULTS

In total, 1,193 patients (55.4% male) were recruited, of whom
960 had AD, 36 had FTD, 5 had DLB, 4 had CBS, 29 had VaD,
144 had MCI, and 15 had unclassifiable dementia. ''C-PIB PET
data were available for 562 (47.1%) patients, '8F-AV45 PET data
were available for 643 (53.9%) patients, and both '8F-FDG PET
and ''C-PIB PET or '3F-AV45 PET data were available for 616
(51.6%) patients. Of the 12 patients with both ''C-PIB PET and
18F_AV45 PET scans, 3 were both PIB- and AV45-negative, and 9
were positive for both. The observations on the '!C-PIB and '8F-
AV45 PET scans were consistent in these 12 patients.

Table 1 displays the demographic characteristics of all patients
with CI. Most patients (85.2%) were 50—79 y old.

Table 2 shows the probability of amyloid positivity on PET imag-
ing across diagnostic and age groups. Of the 1,193 CI patients, 860
(72.1%) were amyloid-positive. The prevalence of amyloid posi-
tivity in AD and MCI was 86.8% (833/960) and 9.7% (14/144),
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TABLE 2
Observed Probabilities of Amyloid Positivity on PET Across Diagnostic and Age Groups

UN-D (n = 15)

VaD (n = 29)

= 4)

MCI (n = 144) DLB (n = 5) CBS (n

FTD (n = 36)

AD (n = 960)

Total (n = 1,193)

Parameter

2 (5.6) 14 9.7) 3 (60.0) 2 (50.0) 6 (20.7)

833 (86.8)

860 (72.1)

Total

Age group

0/5
0/3
0/2
0/5
0/2

o/
0/16
6/43 (14.0)

0/1
0/6
1/9 (11.1)
1/15 (6.7)

— —~

82.1

= =

12/13
32/39
213/241
275/316
231/265

— =~

~

12/18 (66.7

<40y
40-49y

1/4 (25.0)
2/10 (20.0)
3/14 (21.4)

o
1/2 (50.0)
1/1 (100)

1/1 (100)
2/4 (50.0)

6/46 (13.0)

2/31 (6.5)

0/5

—_— =~ —

88.4

87.0

87.2

= = =

—_ o~ o~

73.7

72.4

74.2

—_ = =

221/300
286/395
239/322

50-59 y
60-69 y
70-79 y
=80y

Sex

0/1

0/7

—_

=

—_

—

0/10
0/5

1/2 (50.0) 2/15 (13.3)
4/14 (28.6)

1/2 (50.0)

441/525 (84.0) 0/15 8/91 (8.8) 2/3 (66.7)
2/21 (9.5) 1/2 (50.0)

454/661 (68.7)

Men

6/53 (11.3)

392/435 (90.1)

406/532 (76.3)

Women

UN-D = unclassifiable dementia.

Data are n followed by percentage in parentheses.

respectively. In FTD patients, the prevalence of 3-amyloid deposits
was 5.6% (2/36). Of the 4 CBS patients, 2 were amyloid-positive, as
were 3 of the 5 DLB patients and 6 of the 29 (20.7%) VaD patients.
All 15 patients with unclassifiable CI were amyloid-negative. In AD
patients, those who were amyloid-positive had lower MMSE and
MoCA scores than those who were amyloid-negative (MMSE:
16.8 = 6.1 vs. 21.3 = 5.7, P = 0.001; MoCA: 11.6 = 58 vs.
149 = 6.8, P = 0.024). In CBS, DLB, and VaD patients, those who
were amyloid-positive also had lower MMSE and MoCA scores than
those who were amyloid-negative (MMSE: 19.2 £ 6.3 vs. 239 =
6.1, P = 0.036; MoCA: 13.7 = 6.1 vs. 169 £ 7.0, P = 0.032).

Table 3 shows that the prevalence of amyloid positivity in all CI
patients was significantly different among age groups, but in AD
patients, this difference did not exist.

Of all the CI patients, '8F-FDG PET data were available for 463 AD
and 36 FTID patients. Of all the clinically diagnosed AD patients,
80.6% (373/463) showed AD-pattern hypometabolism predominantly
in the posterior regions, including the posterior temporoparietal associ-
ation cortex and posterior cingulate cortex, with or without frontal lobe
involvement. In all 396 clinical AD patients with amyloid-positive
findings, 340 (85.9%) showed AD-pattern hypometabolism, and in
all 373 clinical AD patients with AD-pattern hypometabolism, 340
(91.2%) showed amyloid positivity. A total of 4.5% (21/463)
showed hypometabolism in the frontal and anterior temporal
areas, cingulate gyri, and insula, and of these patients only 12
(57.1%) were amyloid-positive. A total of 14.9% (69/463)
showed nonspecific hypometabolism, but only 44 (63.7%)
were amyloid-positive (Supplemental Table 1; supplemental
materials are available at http://jnm.snmjournals.org).

Of the 36 FTD patients, 77.8% (28/36) showed FTD-pattern
hypometabolism predominantly in the anterior regions, including
the frontal and anterior temporal areas, anterior cingulate gyrus,
and insula; 13.9% (5/36) showed AD-pattern hypometabolism;
and 8.3% (3/36) showed nonspecific hypometabolism. Only 2 (40%)
FTD patients with AD-pattern hypometabolism were amyloid-
positive (Supplemental Table 2).

The frequency of the ApoEe4 allele was 30.5% in 3-amyloid—
positive CI, 14.0% in B-amyloid—negative CI, and 7.3% in the
control. The ApoEe4 allele frequency was significantly higher in
CI patients with amyloid positivity than in CI patients with amy-
loid negativity (Supplemental Table 3).

DISCUSSION

The main findings of the present multicenter PET imaging study
are that the prevalence of amyloid deposition on PET images was
86.8% in clinically diagnosed AD patients, 9.7% in MCI patients,
and 5.6% in FTD patients. Of the 4 CBS patients, 2 were amyloid-
positive, as were 3 of the 5 (60%) DLB patients and 6 of the 29
(20.7%) VaD patients. The significant difference in amyloid
positivity across dementia types suggests that amyloid imaging
may potentially be the most helpful parameter for differential
diagnosis in dementia, particularly in distinguishing between AD
and FTD. Furthermore, amyloid deposits in non-AD dementia,
including CBS, DLB, and VaD, may be clinically important, since
amyloid positivity was associated with worse global cognition.

In the present study, amyloid negativity on PET was observed in
132% of clinically diagnosed AD patients, a percentage that is
consistent with a system metaanalysis performed in 2015 (20). Of our
clinically diagnosed AD patients aged 80 y or older, 8§1.4% were
amyloid-positive, a percentage that is lower than the 88.4% seen in
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TABLE 3
Prevalence of Amyloid Positivity on PET Scans Across
Diagnostic, Sex, and Age Groups

Parameter Amyloid-positive P
Diagnosis <0.001
AD 833 (86.7)
FTD 2 (5.6)
MCI 14 (9.7)
DLB + CBS 5 (55.6)
VaD 6 (20.7)
Total group
Age group 0.004
<40y 12 (66.7)
4049y 32 (50.0)
50-59 y 221 (73.7)
60-69 y 286 (72.4)
70-79y 239 (74.2)
=80y 70 (74.5)
Sex 0.002
Men 454 (68.7)
Women 406 (76.3)
AD group
Age group 0.569
<40y 12 (92.3)
4049y 32 (82.1)
50-59 y 213 (88.4)
60-69 y 275 (87.0)
70-79y 231 (87.2)
=80y 70 (81.4)
Sex 0.004
Men 441 (83.4)
Women 392 (90.1)

Data are n followed by percentage in parentheses.

the 50- to 59-y-old patients. The AD phenocopy was most prevalent
in older patients and may best be explained by a mixture of age-
related conditions (e.g., hippocampal sclerosis, argyrophilic
grain disease, or tangle-predominant dementia (2/-23)) that prefer-
entially target the limbic system, resulting in a memory-predominant
presentation that may be mistaken for AD, in addition to false-
negative PET findings. This problem requires more tracers to further
detect the pathologic changes in vivo.

Of the 4 clinically diagnosed CBS patients, 2 showed amyloid
positivity, which is consistent with a change to AD pathology. In
recent years, CBS with AD pathology has been reported in
pathology and neuroimaging studies (24-27). Because of this clin-
icopathologic diversity, Boeve et al. introduced the term CBS to
distinguish the clinical syndrome from the pathologic entity, cor-
ticobasal degeneration (28). Amyloid PET imaging is the optimal
modality for the detection of AD pathology in CBS patients and
can direct future medical treatment.

Cerebrovascular disease is the second most common cause of
age-related CI and dementia and is widely recognized as VaD

1818

(29). Autopsy findings have revealed AD-type pathologic changes
(30,31) in VaD patients. For instance, a U.S. study (32) reported
that 87% of patients enrolled to examine VaD in a dementia clinic
setting were found to have AD, either alone (58%) or in combi-
nation with cerebrovascular disease (42%). Of our 29 VaD patients,
6 (20.7%) were amyloid-positive, indicating that these patients have
AD alone or in combination with VaD.

Of our 144 MCI patients, only 9.7% showed amyloid positivity.
The rate of amyloid positivity was lower than in previous studies,
which have reported that 41%—75% of MCI patients show (3-amyloid
retention on amyloid PET imaging (33-35). The criteria provided for
MCI by Winblad et al. (/7) and used in our study are relatively general,
as may explain the low rate of amyloid positivity we found in MCI
patients.

Of all the clinically diagnosed AD patients in the present study,
80.6% showed hypometabolism predominantly in the posterior
regions, including the posterior temporoparietal association cortex
and posterior cingulate cortex, with or without frontal lobe involve-
ment. Retrospective studies have illustrated that '®F-FDG PET has
94% sensitivity and 73% specificity for predicting AD pathology
(36). Hypometabolic regions spread to the frontal association cortices
in moderate to severe AD.

Of the 36 FTD patients, 77.8% showed FTD-pattern hypome-
tabolism, 13.9% showed AD-pattern hypometabolism, and 8.3%
showed nonspecific hypometabolism. In FTD patients, frontal and
temporal regions and the striatum and thalamus show decreased
glucose metabolism (37). Metabolic and morphologic changes
occur bilaterally in the frontal and temporal lobes, whereas re-
gions of metabolism are more severely affected than regions of
atrophy in the frontal lobe (38). As the disease progresses to
advanced stages, hypometabolism spreads from localized frontal
lobe areas to the parietal and temporal cortices in some patients
(39); thus, the advanced stage may mimic frontal-variant AD-pattern
hypometabolism. Therefore, '8F-FDG PET could be used to dif-
ferentiate between a diagnosis of FTD and AD in patients with mild
to moderate dementia.

ApoEe4 as a strong risk factor for AD has been studied for
many years. In our 150 patients, the frequency of the ApoEeg4
allele was 30.5% in those with amyloid-positive CI, a percentage
that was higher than that in patients with amyloid-negative CI
and the controls. Human and animal studies have shown that
brain (3-amyloid levels and plaque loads are ApoE isoform—
dependent (e4 > €3 > €2), suggesting that ApoE isoforms dif-
ferentially affect B-amyloid aggregation, clearance, and deposition
(40—42). The metaanalysis showed that the likelihood of amyloid
positivity was associated with age and ApoEe4 status. In most
non-AD dementia types, amyloid positivity increases with both
age (60—80 y) and ApoEe4 carriership (20). A recent study
showed that the ApoEe4 genotype influences the brain-amyloid
deposition pattern, with the ApoE genotype and age being associated
with an increased [3-amyloid deposition rate (43). The main limitation
of the present study is that only 160 patients were tested for ApoE
genotype; thus, we could not analyze the relationship among age,
ApoE genotype, and amyloid deposition pattern in detail.

CONCLUSION

Among patients with dementia, the significant difference in amyloid
positivity across dementia types suggests that amyloid imaging may
potentially be the most helpful parameter for differential diagnosis
in dementia, particularly in distinguishing between AD and FTD.
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Furthermore, amyloid deposits in non-AD dementia, including CBS,
DLB, and VaD, may be clinically important, since amyloid positivity
was associated with worse global cognition. The ApoEe4 allele is
a genetic risk factor for amyloid deposits.
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KEY POINTS

QUESTION: Is amyloid PET imaging a valuable test for the dif-
ferential diagnosis of a variety of dementia syndromes?

PERTINENT FINDINGS: In our multicenter study including 1,193
patients with Cl, 860 were amyloid-positive. Among patients with
dementia, the prevalence of amyloid positivity was significantly
different across dementia types.

IMPLICATIONS FOR PATIENT CARE: Amyloid imaging may
potentially be the most helpful parameter for differential diagnosis
in dementia, particularly in distinguishing between AD and FTD.
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