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Abstract
Purpose To assess the clinical impact and incremental diagnostic value of 18F-fluorodeoxyglucose (FDG-PET) among memory
clinic patients with uncertain diagnosis.
Methods The study population consisted of 277 patients who, despite extensive baseline cognitive assessment, MRI, and CSF
analyses, had an uncertain diagnosis of mild cognitive impairment (MCI) (n = 177) or dementia (n= 100). After baseline diagnosis,
each patient underwent an FDG-PET, followed by a post-FDG-PET diagnosis formulation. We evaluated (i) the change in diagnosis
(baseline vs. post-FDG-PET), (ii) the change in diagnostic accuracy when comparing each baseline and post-FDG-PET diagnosis to a
long-term follow-up (3.6 ± 1.8 years) diagnosis used as reference, and (iii) comparative FDG-PET performance testing in MCI and
dementia conditions.
Results FDG-PET led to a change in diagnosis in 86 of 277 (31%) patients, in particular in 57 of 177 (32%) MCI and in 29 of 100
(29%) dementia patients. Diagnostic change was greater than two-fold in the sub-sample of cases with dementia “of unclear etiology”
(change in diagnosis in 20 of 32 (63%) patients). In the dementia group, after results of FDG-PET, diagnostic accuracy improved from
77 to 90% in Alzheimer’s disease (AD) and from 85 to 94% in frontotemporal lobar degeneration (FTLD) patients (p < 0.01). FDG-
PET performed better in dementia than in MCI (positive likelihood ratios >5 and < 5, respectively).
Conclusion Within a selected clinical population, FDG-PET has a significant clinical impact, both in early and differential
diagnosis of uncertain dementia. FDG-PET provides significant incremental value to detect AD and FTLD over a clinical
diagnosis of uncertain dementia.
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Introduction

Accumulating evidence for highly specific patterns of
hypometabolism in different dementia diseases has led
18F-fluorodeoxyglucose PET (FDG-PET) to be regarded
as a supportive feature in multiple clinical/research diag-
nostic criteria [1–5]. The European Association of Nuclear
Medicine and the European Academy of Neurology
(EANM-EAN) have recently recommended the use of
FDG-PET both in dementia [6, 7], when the clinical pic-
ture and structural imaging are “unclear,” and in mild
cognitive impairment (MCI) [7, 8]. In MCI, the use of
FDG-PET has been recommended particularly due to its
high negative predictive value and despite limitations due
to its substantial variability in detecting MCI due to
Alzheimer’s disease (AD) and the limited knowledge on
its accuracy to predict conversion to non-AD dementia.
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Evidence-based assessment of the clinical utility of FDG-PET
is challenging, and the incremental diagnostic value of FDG-PET
versus a clinical diagnosis is not well known [9]. Head-to-head
comparison between baseline clinical diagnosis and post-FDG-
PET diagnosis versus a common reference standard is critical to
quantify the incremental diagnostic value of FDG-PET, but these
types of studies are lacking [9]. As pathophysiological biomarkers
are increasingly incorporated in clinical evaluation, testing the util-
ity of FDG-PET versus a baseline diagnosis that incorporates ce-
rebrospinal fluid (CSF) analyses is of utmost importance.

In this study, we evaluate the utility of FDG-PET among
memory clinic patients who, after extensive cognitive assess-
ment, received an uncertain diagnosis, in terms of (1) change
in diagnosis from baseline to post-FDG-PET and (2) change
in diagnostic accuracy when comparing each baseline and
post-FDG-PET diagnoses to a long-term follow-up diagnosis
used as reference, and (3) FDG-PET performance testing in
MCI and dementia patients.

Methods

Study design and participants

The study was designed as a single-site cross-sectional study with
a delayed verification, to assess the clinical diagnostic utility of
FDG-PET in a selected population of cognitively impaired patients
with an uncertain diagnosis who met appropriate use criteria for
clinical FDG-PET. The study population consisted of 277 patients
attending the Clinic for Cognitive Disorders, Theme Aging,
Karolinska University Hospital, Stockholm, Sweden. Patients
were seen between 2012 and 2014 and had been mainly referred
by primary care physicians (GPs), but also from different hospital
clinics, owing to different forms of cognitive problems. Some
patients were referred from other memory clinics in Sweden to
seek a second opinion. Most patients referred by GPs had under-
gone cognitive tests as Mini-Mental State Examination (MMSE),
structural imaging (computed tomography, CT), and blood analy-
sis, while patients referred from other clinics had usually under-
gone less thorough assessments. At their first visit, patients
underwent physical, neurological, psychiatric, and cognitive as-
sessments, and a detailed medical history was recorded. Patients
underwent diagnostic workup for a tertiary memory clinic, which
includes neuropsychological testing, magnetic resonance imaging
(MRI), and CSF sampling with analysis of the major CSF bio-
markers for AD pathology and in a subset of cases also apolipo-
protein E (APOE) genotyping. Amyloid PET imaging with
flutemetamol was performed in cases where the diagnosis still
remained uncertain after FDG-PET.

A baseline clinical diagnosis was made in consensus fol-
lowing memory assessment by a dementia expert team. The
main reasons for performing FDG-PET were an atypical clin-
ical presentation, uninformative/contradictory biomarkers’

results, or absence of CSF analysis. After disclosure of the
FDG-PET result, a consensus meeting between specialists in
cognitive disorders, clinical neuropsychologists, and specialist
nurses revised the diagnosis, taking into account also all the
available information from the original memory assessment,
all other biomarkers, neuropsychological testing, and addi-
tional clinical information collected during the time interval
between the baseline diagnosis and FDG-PET scan. The nu-
clear medicine physician was not present at the diagnostic
consensus meeting but reported to the referring clinician the
FDG-PET patterns (with suggestion of diagnosis in probable
cases) and both visual and semiquantitative images. Patients
might fulfill criteria for dementia or not [10]. Diagnostic cat-
egories for non-demented patients included memory syn-
drome (MS), if the patient did not complete the routine diag-
nostic work up, orMCI [11]. Diagnostic categories for demen-
tia included typical AD [1, 12], logopenic variant of primary
progressive aphasia (lvPPA) [4, 12], posterior cortical atrophy
(PCA) [12], behavioral variant of frontotemporal dementia
(bvFTD) [3], semantic variant of primary progressive aphasia
(svPPA) [4], non-fluent variant of primary progressive apha-
sia (nfPPA) [4], dementia with Lewy bodies (DLB) [2],
Parkinson disease dementia (PDD) [2], corticobasal degener-
ation (CBD) [5], progressive supranuclear palsy (PSP) [13],
parkinsonian syndrome (PS)—if no specific parkinsonian dis-
orders could be diagnosed, amyotrophic lateral sclerosis with
cognitive impairment (ALSci) [14], spinocerebellar ataxia
(SCA), vascular dementia (VD) [15], and dementia of unclear
etiology (not otherwise specified), also known as “dementia
NOS”.

Baseline diagnostic assessment

Most patients completed a large battery of neuropsycho-
logical tests covering different cognitive domains [16].
These included the MMSE as well as components of the
Wechsler Adult Intelligence Scale, Revised (WAIS-R; in-
formation and similarities, logical memory, block design
and digit symbol), figure classification, subtest of the
Synonyms Reasoning Block Test (SRB2), Rey Auditory
Verbal Learning Test (RAVLT), copying and memory
subtests of the Rey-Osterrieth Complex Figure Test
(ROCFT), parts A and B of the Trail Making Test
(TMT), and/or the Verbal Fluency Test (FAS).

CT or MR imaging was performed at various radiology
departments in Stockholm using different platforms and pro-
tocols. Cerebral atrophy was assessed clinically by experi-
enced neuroradiologists at the Department of Radiology,
Karolinska University Hospital, according to standard visual
rating scales. Atrophy of the medial temporal lobe was eval-
uated using the medial temporal atrophy (MTA) scale [17].
Overall cortical atrophy was assessed using the global cortical
atrophy (GCA) scale [18].
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CSF samples were collected via lumbar puncture in 237 out
of 277 patients (85.5%) (53% and 89% of patients diagnosed
with MCI and dementia at baseline, respectively) under non-
fasting conditions as part of routine memory assessment. The
lack of CSF biomarkers in 40 patients was due to the use of
anticoagulants, spinal stenosis or related problems, refusal to
undergo CSF sampling, or technical problems. The CSF sam-
ples were routinely analyzed at the Clinical Neurochemistry
Laboratory, Sahlgrenska University Hospital, Mölndal,
Sweden, for Aβ1–42, t-tau, and p-tau, using commercially
available ELISAs (INNOTEST; Fujirebio, Ghent, Belgium).
Internal cut-off values of 550 ng/L for Aβ1–42, 400 ng/L for
t-tau, and 80 ng/L for p-tau were used.

FDG-PET acquisition and analysis

FDG-PET was performed after 4.7 ± 6.0 (mean ± SD) months
from the baseline diagnosis (4.2 ± 4.3 months and 5.5 ±
8.4 months in patients diagnosed with MCI and dementia at
baseline, respectively). FDG-PET investigations were per-
formed at the Department of Medical Radiation Physics and
Nuclear Medicine Imaging, Karolinska University Hospital,
Stockholm, Sweden, using a Biograph mCT PET/CT scanner
(Siemens/CTI, Knoxville, TN). FDG-PET was performed
with patient with open eyes, as a 10-min or 15-min list-mode
scan starting 30 to 45 min after intravenous injection of 2–
3 MBq/kg. All appropriate corrections including time-of-
flight were applied, with a low-dose CT scan used for attenu-
ation correction. Images were reconstructed using ordered
subset expectation maximization (OSEM; five iterations, 21
subsets, 2.0 mmGaussian filter). According to clinical routine
assessment, summation images were visually analyzed, sup-
ported by a semiquantitative analysis in the form of standard-
ized uptake value ratios (SUVR) based on automatically gen-
erated regions of interest (cortical and subcortical regions,
normalized to whole brain) and voxel-wise Z-score stereotac-
tic surface projection analysis (Siemens Syngo.via software).
Brain metabolic patterns were classified by a board-certified
nuclear medicine physician according to the previous litera-
ture. The rater had to make a forced decision among different
patterns, based on the topography of hypometabolism de-
scribed in the clinical/research criteria of each dementing con-
dition: possible/probable AD (this category included “typical
AD” pattern [1], “lv-PPA” pattern [4], and “PCA” pattern
[12]); possible/probable FTLD (this category included
“bvFTD” pattern [3], “svPPA” pattern [4], “nfPPA” pattern
[4], “CBD” pattern [5], and “PSP” pattern [13]); possible/
probable DLB [2]; when FDG-PET scans were not suggestive
of any of the patterns described above, the rater classified the
scans as either negative for neurodegenerative disease; slight
hypometabolic abnormalities not suggestive for a specific dis-
ease; or widespread hypometabolism not typical for any spe-
cific disease. Based on the degree of confidence of the nuclear

medicine physician, metabolic patterns deemed as frankly in-
dicative of AD, FTLD, or DLB were considered as probable
for the respective disease whereas less obvious metabolic
changes but still suspicious for a specific type of neurodegen-
eration were considered as possible for AD, FTLD, or DLB.

Flutemetamol PET

Flutemetamol PET was performed as part of the clinical as-
sessment in 52 out of the 277 patients (18.8%) (23% and 11%
of patients diagnosed with MCI and dementia at baseline,
respectively). These studies were performed after FDG-PET
in 47 patients (90%) and prior to FDG-PET in 5 patients.
Flutemetamol scans were performed using the same scanner
as that used for FDG-PET. Flutemetamol PET was performed
as a 20-min list-mode scan 90 min after injection of 185 MBq
flutemetamol. Data were corrected and images reconstructed
in an identical way as the in the FDG-PET studies.
Flutemetamol summation images were visually assessed as
positive (abnormal) or negative (normal) by the same nuclear
medicine physician.

Outcome variables and statistical analysis

Outcome variables of this study were the clinical diagnoses,
assessed by dementia experts 3 times throughout the study.
The first time corresponded to the baseline clinical diagnosis.
At time 2, physicians had received the FDG-PET result and
subsequently reformulated the diagnosis, considering FDG-
PET result as well as all other biomarkers, neuropsychological
testing and additional clinical information obtained during the
time interval between the baseline diagnosis and FDG-PET
scan. Time 3 referred to the last diagnosis available at the
follow-up (reference diagnosis). Since patients diagnosed with
MS and MCI did not differ for demographic, clinical, and
biomarkers measures at baseline and presented similar per-
centage change in diagnosis post- compared to pre-FDG-
PET, they were pooled together in the “MCI” group. All clin-
ical variants of AD (typical AD, lvPPA, PCA) were pooled in
the “AD” group; bvFTD, svPPA, nfPPA, CBD, PSP, and
ALSci were pooled in the “FTLD” group; DLB and PDD
were pooled together in the “DLB” group. All the remaining
diagnoses were pooled in the “other dementia” group. Clinical
impact of FDG-PET was evaluated in terms of percentage
change in diagnosis (baseline vs. post-FDG-PET). In addition,
and for the group of patients diagnosed with dementia at base-
line only, incremental diagnostic value of FDG-PETwas eval-
uated in terms of change in diagnostic accuracy when com-
paring each baseline and post-FDG-PET diagnoses to a long-
term follow-up diagnosis used as reference. The prognostic
and diagnostic performance testing of FDG-PET and other
biomarkers were also assessed through measures dependent
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and independent on the prevalence of the disease (i.e., sensi-
tivity, specificity, accuracy vs. likelihood ratios, respectively).

Demographic and clinical characteristics were compared
between diagnostic groups using ANOVA and the Wilcoxon
signed ranks test for continuous variables. Differences in cat-
egorical variables were assessed using Fisher’s exact test.
Bonferroni correction was used to control for multiple com-
parisons in post hoc analyses. Change in diagnostic accuracy
was assessed using the McNemar test. Statistical computa-
tions were performed using R v. 3.5.3 (The R Foundation
for Statistical Computing), with two-sided p values <0.05
considered to indicate significance.

Results

Patient characteristics at baseline

Demographic, clinical, and biomarker measures at baseline
in the 277 patients are presented in Table 1. At baseline,
64% of patients were diagnosed with MCI (mean age,
64.9 years; 55% female) and 36% with dementia (mean
age, 67.4 years; 46% female). Mean scores on MMSE were
26.2 out of 30 in MCI and 22.2 out of 30 in dementia cases.
In the dementia group, 34% of patients was diagnosed with
AD, 32% with dementia NOS, 14% with FTLD, 10% with
DLB, and 10% with other dementia. The whole patient
group was considered with uncertain diagnosis, and mean
CSF Aβ1–42 values were in the normal range in all
groups. CSF p-tau and t-tau values as well as atrophy scale
scores were also in similar range among the groups, after
post hoc correction for multiple comparisons.

Clinical impact of FDG-PET

In the whole selected population of memory clinic patients
with an uncertain diagnosis at baseline, FDG-PET disclosure
resulted in a change of diagnosis in 86 of 277 (31%) cases
(Fig. 1, Table 2). The diagnosis of MCI was changed in 57 out
of 177 subjects (32%). The diagnosis changed mostly toward
AD (39/57, 68%), followed by FTLD (8/57, 14%), dementia
NOS (6/57, 11%), other dementia (3/57, 5%), and DLB (1/57,
2%). Interestingly, even an FDG-PET pattern characterized by
slight abnormalities led to a change from a diagnosis of MCI
to one of dementia in 11 out of 57 (19%) MCI cases. In
patients with uncertain dementia diagnosis at baseline, the
diagnosis changed in 29 out of 100 (29%) patients. Of note,
post-FDG-PET diagnostic change was greater than twofold in
the sub-sample of cases with DemNOS (20/32, 63%) (11 AD,
5 FTLD, 2 DLB, and 2 other dementia), while less frequently
in other dementia (5/10, 50%) (2 FTLD, 3 DLB), AD (in 3/34,
9%) (2 FTLD and 1 DLB), DLB (1/10, 10%) (1 AD), and in
none of FTLD (0/14) patients.

In subjects diagnosed with MCI at baseline, when the di-
agnosis changed after FDG-PET, both probable and possible
AD-like patterns led to a change toward an AD diagnosis in
the majority of cases (16/18 and 9/10, respectively). In 2/2
MCI subjects with probable FTLD-like pattern, the diagnosis
changed to FTLD, whereas a possible FTLD-like pattern led
to a FTLD diagnosis only in half of cases (4/8). Similarly, in
patients with baseline diagnosis of dementia NOS, an AD-like
pattern led to an AD diagnosis in all patients, while a FTLD-
like pattern changed diagnosis toward FTLD only in probable
cases.

The disclosure of FDG-PET led not only to a change in
diagnosis but also to more patients receiving treatment with
cholinesterase inhibitors (ChEIs) andmemantine. In the whole
population of memory clinic patients at baseline (n = 277, in-
cluding all MCI and uncertain dementia diagnosis), a total of
19 patients (4 MCI, 9 AD, 2 DLB, and 4 Dem NOS) were
receiving treatment with ChEIs/memantine prior to FDG-PET
examination. After FDG-PET imaging and revision of initial
diagnosis, 57 patients out of the total 277 investigated in this
study were receiving treatment with ChEIs/memantine.
Therefore, FDG-PET imaging resulted in a threefold increase
in number of patients receiving treatment when considering
the whole population. From the group of patients diagnosed
with MCI at baseline (n = 177), only 4 were receiving medi-
cation prior to FDG-PET; after FDG-PET and revision of
initial diagnosis, 29 patients (6 MCI, 19 AD, 1 FTLD, 1
DLB, and 2 Dem NOS) were receiving treatment. From the
group of patients with uncertain dementia diagnosis at base-
line (n = 100), 15 were receiving medication prior to FDG-
PET; after FDG-PET and revision of initial diagnosis, 28 pa-
tients (18 AD, 1 FTLD, 4 DLB, and 5 Dem NOS) were re-
ceiving treatment.

Patient characteristics at follow-up

Mean follow-up time was similar for MCI and dementia cases
(3.5 ± 1.8 and 3.8 ± 1.8 years, respectively). At follow-up, 102
out of 177 MCI subjects (58%) had developed dementia,
namely 70/177 had converted to AD, 18/177 to FTLD, 4/
177 to DLB, 5/177 to dementia NOS, and 5/177 to other
dementia (Online Resource 1). Among subjects diagnosed
with MCI at baseline, only the patients who converted to
AD at follow-up had shown abnormal mean CSF p-tau and
t-tau values at baseline, while in the other diagnostic groups,
all mean CSF biomarker values at baseline were normal.
Atrophy scale scores were similar among groups, after post
hoc correction for multiple comparisons. In the subgroup of
patients who underwent flutemetamol PET, amyloid positivity
was observed in 21 out of 21 (100%) patients who converted
to AD and 5 out of 14 (36%) stable MCI, while in 0 out of 6
(0%) patients who converted to FTLD, DLB, dementia NOS,
and other dementia.
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Among patients diagnosed with dementia at baseline, mean
CSF Aβ1–42 and p-tau values were all in the normal range in
all groups due to the high prevalence of uninformative/
contradictory CSF analysis in our selected study population,
while mean CSF t-tau values were abnormal in cases finally
diagnosed with AD (Online Resource 2). Atrophy scales were
similar among the different diagnostic groups. Flutemetamol
PET was positive in 5 out of 6 patients finally diagnosed with

AD, in 1 out of 3 patients finally diagnosed with FTLD and in
none of the cases finally diagnosed with “other dementia.”

Incremental diagnostic value of FDG-PET

Among patients diagnosed with dementia at baseline, the ac-
curacy of the clinical diagnosis with respect to the final diag-
nosis at follow-up increased from the pre- to the post-FDG-

Table 1 Demographic, clinical and biomarkers measures at baseline (before FDG-PET), grouped by baseline diagnosis

MCI diagnosis at baseline Uncertain dementia diagnoses at baseline

MCI AD FTLD DLB Dem NOS Other
(n = 177) (n = 34) (n = 14) (n = 10) (n = 32) (n = 10)

Agea, mean (sd), years 64.9 (9.8) 67.6 (8.3) 64.6 (7.2) 73.7 (7.6) 65.8 (10.1) 68.7 (7.9)

Gender, N. (%)

Female 98 (55) 17 (50) 7 (50) 3 (30) 14 (44) 5 (50)

Male 79 (45) 17 (50) 7 (50) 7 (70) 18 (56) 5 (50)

Follow-up, mean (sd), y 3.5 (1.8) 4.1 (1.9) 4.3 (1.4) 3.5 (2.0) 3.5 (1.8) 3.7 (1.8)

MMSEb, mean (sd) 26.2 (3.5) 22.1 (6.4) 24.3 (5.5) 22.1 (6.8) 21.1 (6.1) 24.5 (5.3)

APOE, N. (%)

N subjects 118 24 5 4 22 5

Carriers E4 61 (52) 17 (71) 3 (60) 3 (75) 9 (41) 1 (20)

Non-Carriers E4 57 (48) 7 (29) 2 (40) 1 (25) 13 (59) 4 (80)

MTA, N. (%)

N subjects 158 30 11 7 29 8

0 22 (14) 0 0 0 1 (3) 1 (13)

1 69 (44) 10 (33) 4 (36) 1 (14) 9 (31) 6 (75)

2 41 (26) 14 (47) 6 (55) 4 (57) 11 (38) 1 (13)

3 21 (13) 5 (17) 1 (9) 2 (29) 5 (17) 0

4 5 (3) 1 (3) 0 0 3 (10) 0

GCA, N. (%)

N subjects 136 23 11 6 26 8

0 12 (9) 0 0 0 1 (4) 0

1 63 (46) 12 (52) 3 (27) 2 (33) 8 (31) 4 (50)

2 54 (40) 8 (35) 6 (55) 4 (67) 14 (54) 4 (50)

3 7 (5) 3 (13) 2 (18) 0 3 (12) 0

CSF biomarkers, mean (sd), ng/L

N subjects 148 31 12 8 29 9

Aβ1–42c 781.1
(306.7)

710.7 (349.5) 1034.8 (274.0) 936.2 (458.3) 922.6
(350.8)

976.2
(306.8)

p-tau 65.1
(49.4)

68.9
(39.9)

55.2
(26.1)

47.6
(16.7)

55.2
(20.8)

41.5
(23.8)

t-tau 428.3
(276.9)

508.7 (358.3) 403.0 (223.2) 306.4 (120.4) 385.4
(186.3)

258.9
(124.4)

ADAlzheimer’s disease,Dem NOS dementia not otherwise specified,DLB dementia with Lewy bodies, FTLD frontotemporal lobar degeneration,GCA
global cortical atrophy, MMSEMini-Mental State Examination, MTA medial temporal atrophy

ANOVA/Wilcoxon tests and Fisher tests (with Bonferroni post hoc correction) (excluding “Other” group)
a Age: DLB>MCI (p < 0.05)
bMMSE: MCI > AD and Dem NOS (p < 0.001)
c Aβ1–42: MCI and AD< FTLD (p < 0.05)
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PET diagnosis: from 77 to 90% in patients with AD and from
85 to 94% in patients with FTLD (p < 0.01, McNemar test)
and improved with a trend toward significance in patients with
DLB (Table 3).

FDG-PET classification

FDG-PET patterns were assessed as negative for neurodegen-
erative disease only in 8 out of 277 patients (3%), including 7
patients diagnosed with MCI at baseline (follow-up diagnosis:
stable MCI in 6 cases, converter to other dementia in 1 case)
and 1 patient diagnosed with dementia at baseline (as other
dementia at follow-up). For both MCI and dementia groups at
baseline, a significant association was found between the AD,
FTLD, and DLB FDG-PET patterns assessment and a follow-
up diagnosis of AD, FTLD, and DLB, respectively (Online
Resource 1 and Online Resource 2). The majority (49%) of
stable MCI showed an FDG-PET pattern characterized by
slight abnormalities, while they less frequently showed
FTLD patterns (25%) (15 possible and 4 probable patterns),
AD patterns (15%) (10 possible and 1 probable patterns),

negative for neurodegeneration pattern (8%), and widespread
hypometabolism pattern (3%).

Considering that a positive likelihood ratio (LR+) >5 indi-
cates that the biomarker positive classification is associated
with the disease occurrence, FDG-PET performed better and
had a relevant association with the presence of the dementia
condition at follow-up in dementia patients compared to MCI
subjects (LR+ <5 and > 5, respectively) (Table 4).When com-
paring the accuracy of FDG-PET versus CSF biomarkers in
regard to their accuracy to detect AD converters, FDG-PET
showed higher accuracy than CSF Aβ1–42, t-tau, and p-tau
biomarkers individually. On the contrary, FDG-PET showed
lower accuracy than flutemetamol PET (Table 5).

Discussion

In this study, we assessed the utility of FDG-PET imaging in a
selected clinical population of a tertiary memory clinic, by
investigating a large population of cognitively impaired pa-
tients with uncertain diagnosis who met appropriate use
criteria for FDG-PET. Our study aimed to provide real-

Fig. 1 Alluvial diagrams illustrating the change in diagnosis. AD,
Alzheimer’s disease; Dem NOS, dementia not otherwise specified;
DLB, dementia with Lewy bodies; FTLD, frontotemporal lobar
degeneration; MCI, mild cognitive impairment. Changes in diagnosis

from pre- to post-FDG-PET imaging, and to the final diagnosis after
3.6 years follow-up time in patients diagnosed with MCI (n = 177) (a)
and uncertain dementia diagnoses (n = 100) (b) at baseline.
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world evidence in this clinical setting on the utility of FDG-
PET, assessed over a comprehensive baseline diagnosis in-
cluding neuropsychological testing, MRI and CSF bio-
markers, according to the routine praxis at the clinic. Firstly,
we found that FDG-PET led to a significant change in diag-
nosis in 31% of the whole patient population, with the stron-
gest impact on patients with a diagnosis of dementia “of un-
clear etiology” (63%) and MCI subjects (32%). Secondly, we
found that FDG-PET provides significant incremental diag-
nostic value, improving the diagnostic accuracy with respect
to an extended follow-up diagnosis used as reference, as re-
cently recommended [9]. The incremental value of FDG-PET
was confirmed both when considering AD and FTLD demen-
tias as outcome measures. Finally, we showed that FDG-PET
disease-specific hypometabolism patterns perform better in
dementia than inMCI, in predicting the final clinical diagnosis
at follow-up (positive likelihood ratios >5 and < 5,
respectively).

The present study focused on a unique cohort of patients in
whom, despite extensive assessment including CSF Aβ1–42,
p-tau, and t-tau biomarkers, the diagnosis remained uncertain.
The fact that our cohort does not represent a research popula-
tion but a real-world clinical population (that met appropriate
use criteria for FDG-PET) represents a strength of this study.
Previously, one study had investigated the change in clinical
diagnosis from pre- to post-FDG-PET in a smaller cohort of
94 patients with a baseline diagnosis of MCI, atypical/unclear
dementia, or typical dementia [19]. In that study, the visual
assessment of FDG-PET was not always supported by a semi-
quantitative analysis. Also, the baseline diagnosis of the pre-
vious report was based on neurological and neuropsycholog-
ical examinations supported by MRI alone, without CSF bio-
markers. The differences in study designs may explain the
higher rate of diagnostic change after FDG-PET in MCI sub-
jects in our study (32%) compared to the previous report (8%)
[19]. Notably, among MCI subjects in our study, even an

Table 2 Clinical impact of FDG-PET in terms of changes in diagnosis from pre- to post-FDG-PET imaging, according to FDG-PET classification

Diagnosis pre-
FDG-PET

Change in diagnosis
post- vs pre-FDG-PET

FDG-PET
classification

Number of those
with change

Diagnosis post-FDG-PET Final diagnosis
(at 3.6-year follow-up)

MCI (n = 177) 57/177 (32%) Slight abnormalities 11 8 AD, 1 FTLD, 1 Dem NOS,
1 Other

7 AD, 1 FTLD, 2 DemNOS,
1 Other

Possible AD 10 9 AD, 1 Other 7 AD, 1 FTLD, 2 MCI

Probable AD 18 16 AD, 2 Dem NOS 16 AD, 1 FTLD, 1 DLB

Possible FTLD 8 4 FTLD, 1 AD, 3 Dem NOS 4 FTLD, 2 AD, 1 DemNOS,
1 Other

Probable FTLD 2 2 FTLD 2 FTLD

Probable DLB 1 1 DLB 1 DLB

Widespread
hypometabolism

7 5 AD, 1 FTLD, 1 Other 6 AD, 1 Other

AD (n = 34) 3/34 (9%) Probable AD 2 1 FTLD, 1 DLB 1 FTLD, 1 DLB

Possible FTLD 1 1 FTLD 1 FTLD

FTLD (n = 14) 0/14 (0%)

DLB (n = 10) 1/10 (10%) Probable AD 1 1 AD 1 AD

DemNOS (n = 32) 20/32 (63%) Negative 1 1 Other 1 Other

Slight abnormalities 1 1 AD 1 AD

Possible AD 1 1 AD 1 AD

Probable AD 7 7 AD 7 AD

Possible FTLD 2 2 AD 1 FTLD, 1 AD

Probable FTLD 5 5 FTLD 5 FTLD

Possible DLB 1 1 DLB 1 AD

Probable DLB 1 1 DLB 1 DLB

Widespread
hypometabolism

1 1 Other 1 Other

Other (n = 10) 5/10 (50%) Probable FTLD 1 1 FTLD 1 FTLD

Possible FTLD 2 1 FTLD, 1 DLB 1 FTLD, 1 DLB

Possible DLB 1 1 DLB 1 DLB

Probable DLB 1 1 DLB 1 DLB

AD Alzheimer’s disease, Dem NOS dementia not otherwise specified, DLB dementia with Lewy bodies, FTLD frontotemporal lobar degeneration
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FDG-PET visual assessment of slight abnormalities led to a
change to a dementia diagnosis in 19% of cases. Therefore,
diagnostic change in our MCI subjects was likely facilitated
by the integration of FDG-PET information with available
pathophysiological biomarkers. Consistent with that previous
report [19], we found low occurrence of diagnostic change in
cases with a preliminary diagnosis of specific dementia, while
the largest diagnostic change was in cases with dementia “of
unclear etiology” (63%) and in atypical/unclear dementia
(60%).

Previous studies have compared the baseline diagnosis and
FDG-PET classification to the final diagnosis provided by
either a follow-up investigation or by the neuropathological
diagnosis [20–23]. Nevertheless, we have not found any study
investigating the change in diagnostic accuracy when compar-
ing pre- and post-FDG-PET diagnosis to a common reference
standard, which is considered critical to evaluate the incre-
mental diagnostic value [9]. Moreover, previous reports are
limited and strictly focused on conversion to AD dementia

and on FDG-PET incremental value in the diagnosis of AD
vs. non-AD, often due to small sample sizes of non-AD cases.
In this regard, we report for the first time that among demented
patients with uncertain diagnosis, after results of FDG-PET,
diagnostic accuracy significantly improved from 77 to 90% in
AD and from 85 to 94% in FTLD patients (p < 0.01). In DLB
patients, diagnostic accuracy improved with a trend toward
significance (from 92 to 97%). Previously, one study found
that FDG-PET accuracy was superior to a baseline clinical
evaluation of AD and similar to the final follow-up evaluation
[20]. Two other studies found that amyloid PET contributed
more to diagnostic changes than FDG-PET [21, 22]. Finally,
one study found that amyloid PET provided significant incre-
mental diagnostic value beyond clinical and FDG-PET diag-
noses of AD [23]. In our study, in the subgroup of patients
who underwent amyloid PET, the flutemetamol PET was per-
formed mostly after the post-FDG-PET diagnosis, except in
11 out of 52 cases (and among these 11 cases, 6 had their
diagnosis changed after FDG-PET). Given the high clinical

Table 3 Incremental diagnostic value of FDG-PET, in terms of comparing each of the pre- and post-FDG-PET accuracy to the final follow-up
diagnosis as the reference, in the group of patients with uncertain dementia diagnoses at baseline (n = 100)

Diagnosis AD vs non-AD Diagnosis FTLD vs non-FTLD Diagnosis DLB vs non-DLB

Pre-FDG-PET Post-FDG-PET Pre-FDG-PET Post-FDG-PET Pre-FDG-PET Post-FDG-PET

SE (%) 62 87 48 82 56 88

SP (%) 89 93 99 99 99 99

ACC (%)a 77 90 85 94 92 97

LR+ 5.7 11.9 34.3 58.2 46.8 72.9

LR− 0.4 0.1 0.5 0.2 0.4 0.1

ACC accuracy, ADAlzheimer’s disease,DLB dementia with Lewy bodies, FTLD frontotemporal lobar degeneration, LR likelihood-ratio, SE sensitivity,
SP specificity

LR+ > 5 indicates that the biomarker positive classification is associated with the disease occurrence. LR− < 0.2 indicates that the biomarker negative
classification is associated with the absence of the disease
aMcNemar’s test

Accuracy of AD vs non AD diagnosis improved after FDG-PET (p < 0.01)

Accuracy of FTLD vs non FTLD diagnosis improved after FDG-PET (p < 0.01)

Accuracy of DLB vs non DLB diagnosis did not significantly improve after FDG-PET

Table 4 FDG-PET classification accuracy in detecting AD and FTLD converters, in the group of patients with MCI at baseline (n = 177) and in
detecting AD, FTLD, and DLB, in the group of patients with uncertain dementia diagnoses at baseline (n = 100)

FDG-PET in MCI subjects at baseline (n = 177) FDG-PET in subjects with uncertain dementia diagnoses at baseline (n = 100)

AD vs non-AD FTLD vs non-FTLD AD vs non-AD FTLD vs non-FTLD DLB vs non-DLB

SE (%) 61 78 76 82 75

SP (%) 85 84 95 90 95

ACC (%) 76 83 86 88 92

LR+ 4.1 4.7 13.7 8.5 15.6

LR− 0.4 0.3 0.2 0.2 0.3

ACC accuracy, ADAlzheimer’s disease,DLB dementia with Lewy bodies, FTLD frontotemporal lobar degeneration, LR likelihood ratio, SE sensitivity,
SP specificity
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impact of amyloid PET [24], for these 6 cases alone, we can-
not distinguish the FDG-PET from the flutemetamol PET in-
cremental diagnostic value. Analyses excluding the 11 cases
are almost unchanged (Online Resource 3). Of note, with our
study, we elucidated the FDG-PET incremental value also in
non-AD conditions, where the lack of pathophysiological bio-
markers strengthen the need of assessing the role of FDG-
PET. Recent research has shown that amyloid PET tracers
could have dual utility, where the early-phase uptake (first
few minutes of the PET scan) could provide a surrogate for
brain perfusion or metabolism [25]; however, more studies are
needed to assess the potential contribution of this approach to
increase the clinical utility of amyloid PET.

Performance values of FDG-PET for both early and differ-
ential diagnosis of dementia are strongly dependent on the
analytical method used, with improved performance values
reported when semi-quantitative approaches are used [26].
In our study, we provide evidence on the performance of
FDG-PET at different stages of dementia in a large cohort,
using visual assessment supported by a semi-quantitative
analysis according to routine clinical praxis. Considering that
a positive biomarker classification is associated with the dis-
ease occurrence when LR+ >5, we found that in dementia
patients there was a strong association between FDG-PET
pattern and AD, FTLD, and DLB occurrence (LR+ 13.7,
8.5, and 15.6, respectively). In MCI subjects, FDG-PET
showed a weaker association in detecting prodromal AD and
FTLD (LR+ 4.1 and 4.7, respectively). In this regard, a recent
review identified a substantial variability in detecting MCI
due to AD [8] (SE 38–98%, SP 41–97%, ACC 58–100%,
with only one paper reporting LR values of LR+ 8.14 and
LR− 0.12) [27–39]. Moreover, very limited evidence is avail-
able in detecting MCI due to non-AD conditions, often due to
a small sample size [8]. Semi-automatic assessment of FDG-
PET in one study correctly identified at baseline the only two
MCI subjects that later converted to FTLD [40] and in another
study it correctly identified at baseline 7 out of 10 (70%) MCI
subjects that later converted to FTLD [41], similar to our find-
ings (14 out of 18 (78%)).

When comparing the performance of FDG-PET versus other
CSF and PET biomarkers in regard to their accuracy to detect
AD converters, FDG-PET performed better than CSF Aβ1–42
(LR+ 4.0), p-tau (LR+ 3.3), and t-tau (LR+ 2.9) biomarkers
individually, but worse than flutemetamol PET (LR+ 4.0).
Although our study, by design, was predisposed to
uninformative/contradictory CSF analysis, our results align well
with previous findings showing FDG-PET to bemore accurate in
detecting AD converters than CSF Aβ1–42, p-tau, and t-tau [33,
41–43]. Crucially, and consistent with recent findings, all bio-
markers of prediction to AD conversion showed individually
LR+ <5, which means that they all confer only a slight increase
in the probability to detect AD in the case of a positive test [41].
The combined use of FDG-PET and CSF biomarkers [33, 34,
41], but also FDG-PET and amyloid PET information [44], led
to an increase in their diagnostic effectiveness, likely because the
different biomarkers provide complementary information.

This study has some limitations. First, as our study is retro-
spective, we could not assess changes in diagnostic confidence in
addition to changes in clinical diagnosis, assuming an increased
diagnostic confidence as a prerequisite for changing a diagnosis.
This outcome has been recently considered in evaluating the
incremental diagnostic value of amyloid PET [45, 46].
Assessing diagnostic confidencewould be important in particular
to evaluate the utility of FDG-PET in the diagnosis of prodromal
stages of dementia [47]. Then, as a clinical study, the time inter-
val between the baseline diagnosis and FDG-PET scan was var-
iable and sometimes long enough that changes in the clinical
picture cannot be ruled out. In addition, since both post-FDG-
PET diagnosis and final diagnosis incorporated FDG-PET re-
sults, the estimated accuracy between the two might be slightly
overestimated. Still, that would beminimal, as our gold standard,
i.e., the final clinical diagnosis, was based on various information
aside from FDG-PET, including CSF biomarkers as well as am-
yloid PET, cognitive tests, and repeated clinical assessments at a
long follow-up. Finally, we acknowledge that FDG-PET and
flutemetamol PET scans have been evaluated by the same single
board-certified nuclear medicine physician working routinely
with diagnostics of neurodegenerative disease. However, the
use of a visual assessment supported by a semi-quantitative anal-
ysis strengthens the translatability of our results, and since eval-
uation of FDG-PET and flutemetamol PET scans is based on
independent and modality-specific criteria, we believe this has
not introduced any systematic bias in the current study.

Conclusion

Worldwide, a great effort is ongoing to estimate and understand
the clinical utility of biomarkers in the workflow of cognitive
disorders, with the greatest advances in the field of AD. With
this study, we have provided real-world evidence that within a
selected clinical population of cognitively impaired patients with

Table 5 Biomarkers accuracy in detecting AD converters, in the group
of patients with MCI at baseline (n = 177)

AD converters vs non-AD converters

FDG-PET Aβ1–42 p-tau t-tau Flutemetamol PET

SE (%) 61 43 46 75 100

SP (%) 85 89 86 74 75

ACC (%) 76 70 69 74 88

LR+ 4.1 4.0 3.3 2.9 4.0

LR− 0.4 0.6 0.6 0.3 0

ACC accuracy, AD Alzheimer’s disease, LR likelihood ratio, SE sensitiv-
ity, SP specificity
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an uncertain diagnosis, FDG-PET made a significant contribu-
tion to improve early and differential diagnosis of uncertain de-
mentia, with the strongest impact being among patients with a
diagnosis of dementia “of unclear etiology”. Notwithstanding the
relatively lower performance of FDG-PET in theMCI compared
to the dementia condition, FDG-PET contributed to change the
diagnosis from MCI to prodromal forms of dementia, when
added to a comprehensive assessment. When overt dementia is
present, we have shown that FDG-PET had an added value in the
diagnosis of AD, in cases showing absence or uninformative/
contradictory CSF analysis. Diagnostic utility of FDG-PET in
FTLD is of particular significance, also considering the paucity
of pathophysiological biomarkers in this disease.
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