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Abstract
Purpose FDG-PET is an established supportive biomarker in dementia with Lewy bodies (DLB), but its diagnostic accuracy 
is unknown at the mild cognitive impairment (MCI-LB) stage when the typical metabolic pattern may be difficultly recog-
nized at the individual level. Semiquantitative analysis of scans could enhance accuracy especially in less skilled readers, 
but its added role with respect to visual assessment in MCI-LB is still unknown.
Methods We assessed the diagnostic accuracy of visual assessment of FDG-PET by six expert readers, blind to diagnosis, 
in discriminating two matched groups of patients (40 with prodromal AD (MCI-AD) and 39 with MCI-LB), both confirmed 
by in vivo biomarkers. Readers were provided in a stepwise fashion with (i) maps obtained by the univariate single-subject 
voxel-based analysis (VBA) with respect to a control group of 40 age- and sex-matched healthy subjects, and (ii) individual 
odds ratio (OR) plots obtained by the volumetric regions of interest (VROI) semiquantitative analysis of the two main 
hypometabolic clusters deriving from the comparison of MCI-AD and MCI-LB groups in the two directions, respectively.
Results Mean diagnostic accuracy of visual assessment was 76.8 ± 5.0% and did not significantly benefit from adding the 
univariate VBA map reading (77.4 ± 8.3%) whereas VROI-derived OR plot reading significantly increased both accuracy 
(89.7 ± 2.3%) and inter-rater reliability (ICC 0.97 [0.96–0.98]), regardless of the readers’ expertise.
Conclusion Conventional visual reading of FDG-PET is moderately accurate in distinguishing between MCI-LB and MCI-
AD, and is not significantly improved by univariate single-subject VBA but by a VROI analysis built on macro-regions, 
allowing for high accuracy independent of reader skills.
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Introduction

Current studies in mild cognitive impairment (MCI) aim 
to define the most accurate biomarkers in revealing the 
underlying pathophysiology, which is pivotal for the best 
management in terms of diagnosis, prognosis, and early 
therapies.  [18F]Fluorodeoxyglucose positron emission 
tomography (FDG-PET) has shown a good diagnostic 
accuracy and is indeed recommended as a first-line bio-
marker in MCI patients[1–3]. However, FDG-PET is a 
non-pathology-specific biomarker, thus possibly leading 
to misdiagnosis in those conditions sharing a posterior 
hypometabolic pattern, e.g., dementia with Lewy bodies 
(DLB) and Alzheimer’s disease (AD), especially at the 
earliest disease stages. Indeed, if presence of occipital 
hypometabolism showed a high accuracy to distinguish 
patients with moderate-severe DLB with respect to AD 
in a small autopsy-confirmed study [4], the performance 
declined in milder stages [5–9], thus leading to an overall 
sensitivity and specificity of 70% and 74%, respectively 
[10]. Another FDG-PET main feature of DLB is the rela-
tive preservation of posterior cingulate metabolism (“cin-
gulate island sign,” CIS) that seems at least as accurate as 
occipital hypometabolism in overt dementia, with sensitiv-
ity of 77% and specificity of 80% between DLB and AD 
[7]. The CIS might be especially specific, albeit less sensi-
tive, in early DLB [11, 12] but it is significantly influenced 
by age and educational level [13]. Such limitations and an 
overall accuracy below the 80% are the main reasons why 
FDG-PET is only considered a supportive biomarker in the 
current DLB criteria [10].

The role of imaging biomarkers is even more critical in 
the prodromal stages of DLB, where MCI is consistently 
reported (MCI-LB) [14], as the clinical presentation is 
subtle and heterogeneous and the clinical criteria are less 
sensitive [15]. The role of FDG-PET in MCI-LB is poorly 
established and mainly relies on few studies of limited 
size [12, 16, 17] although it has been recommended by 
the European Association of Nuclear Medicine (EANM)-
European Academy of Neurology taskforce for the clinical 
use of FDG-PET in dementia [18].

In current clinical practice FDG-PET scans are visu-
ally evaluated, thus introducing another source of vari-
ance. This is known, for instance, from studies on patients 
with MCI due to AD (MCI-AD) in which FDG-PET accu-
racy ranged from 89.2 to 82.3% in expert and moderately 
skilled readers, respectively [19]. Tools for semiquantita-
tive analysis are thought to improve the diagnostic perfor-
mance especially of moderately skilled readers [20], but 
evidence in DLB is controversial as higher accuracy of 
semiquantitative tools has been underlined by some [5, 8, 
9, 21, 22] but not supported by other [6, 7] authors.

We focused on two balanced groups of patients with 
either MCI-LB or MCI-AD and assessed the performance 
of six readers with different expertise, using a stepwise 
approach including (i) only visual assessment; (ii) visual 
assessment plus single-subject semiquantitative voxel-based 
map analysis (VBA); and (iii) same as in (ii) plus single-sub-
ject volumetric regions of interest (VROI) semiquantitative 
analysis. Our aim is to provide evidence of the incremental 
values of FDG-PET semiquantitative tools when added to 
standard visual assessment in a stepwise fashion and at the 
individual level.

Materials and methods

Patients

Two groups of patients (MCI-AD and MCI-LB) and one of 
healthy controls (HC) were built with a case–control crite-
rion, retrospectively selected from our database of patients 
who came to our clinic from January 2009 to July 2020. Sub-
jects were matched for age (± 5 years), education (± 2 years), 
severity of cognitive impairment (± 3 MMSE score), and 
gender (1:1). At the time of their first diagnostic workup, 
patients underwent standard neurological and cognitive 
evaluations.

We started from selecting 39 patients with MCI-LB 
[14], thus excluding a priori patients with delirium- or psy-
chiatric-onset DLB. Clinical core and supportive features 
were assessed clinically (baseline MDS-UPDRS III score 
19 ± 12, range 5–51). A positive indicative DLB biomarker 
was available in all patients, including DAT-SPECT with 
I-123 Ioflupane (DaTscan®, G.E. Healthcare) in 36 patients 
and I-123 metaiodobenzylguanidine cardiac scintigraphy in 
three [10]. Thirty-six patients converted to DLB after a mean 
of 1.2 ± 0.9 years from baseline (range 0.5–3.9 years), while 
the other three remained in the MCI stage (follow-up time 
2.8 ± 1.6 years, range 1.3–4.6).

Forty patients with amnestic (single or multidomain) MCI 
were selected with the criteria as above. The clinical demen-
tia rating scale was 0.5 [23] and a diagnosis of MCI-AD 
with high-likelihood (NIA-AA criteria [24]) was made, all 
patients undergoing amyloid PET (18F-Florbetapir; Amy-
vid®, Eli Lilly). Thirty-three out of 40 patients converted 
to typical AD dementia after a mean of 3.6 ± 2.0 years from 
baseline (range 0.7–7.1 years), while the other 7 remained 
in the MCI stage (follow-up time 5.6 ± 2.4 years, range 
1.3–7.4).

Patients in both groups underwent MRI (or computed 
tomography in the case of contraindication to MRI). Patients 
with other brain lesions were excluded, while the presence of 
white matter hyperintensities was not an exclusion criteria if 
the Wahlund score [25] was lower than 2 in each site.
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Finally, the HC included 40 volunteers who performed 
FDG-PET during previous research and who were defined 
as healthy based on clinical history and examination, with 
MMSE score > 27, CDR = 0, and a normal FDG-PET scan.

Main demographical features of the three groups are sum-
marized in Table 1.

FDG‑PET

FDG‑PET protocol and preprocessing

PET scans were acquired within 2 months from baseline 
clinical evaluation according to the EANM guidelines [26]. 
Image reconstruction and preprocessing are fully detailed 
in [27].

FDG‑PET assessment

PET scans were evaluated by six expert readers (four nuclear 
medicine physicians and two neurologists), defined by 
weekly reporting PET scans and sustained scientific activ-
ity in the field, but with different years of expertise (4 to 
35 years).

In the first assessment round (visual analysis, V), the 
readers visually evaluated randomly presented PET scans 
and choose among three diagnostic outcomes:

 (i) Scan compatible with AD if a clear hypometabolism 
was detected in at least one brain region among pre-
cuneus/posterior cingulate and posterior temporo-
parietal cortex [19];

 (ii) Scan compatible with DLB when a reduced occipi-
tal metabolism was evident, with or without the CIS 
[10] and/or hypometabolism in other regions;

 (iii) Uncertain (UNC), when the pattern of metabolism 
was difficultly distinguished between (i) and (ii). This 
choice was accounted as a wrong answer.

The six readers were aware of sex, age, education, and 
MMSE score but were blinded regarding the diagnosis. After 
2 months, they also received the maps obtained by the sin-
gle-subject voxel-based analysis (VBA) compared to the HC 
group (details in paragraph “FDG-PET voxel-based single-
subject analysis”). In this second round (visual plus semi-
quantitative VBA-aided visual assessment, V + VBA), the 
readers had to consider both scans and VBA maps, knowing 
their previous answers. Two months later, they also received 
a graphical plot coming from the VROI semiquantitative 
analysis (details in paragraph “FDG-PET VROI analysis”), 
again with access to scans and VBA maps and knowing the 
answers they gave in the first two rounds. The diagnostic 
outcomes were the same in the three rounds (i.e., AD, DLB, 
UNC).

FDG‑PET voxel‑based single‑subject analysis

After preprocessing, smoothed images underwent a whole-
brain, voxel-wise, single-subject analysis by comparing each 
patient with the HC group (SPM12), using age as nuisance. 
The default 0.8 Gy matter threshold masking and the value 
of 50 for the grand mean scaling were maintained. The out-
put was a SPM T-map showing the statistically significant 
hypometabolic cluster(s) by using a height threshold of 
p < 0.001 (or p < 0.005 if the p < 0.001 threshold yielded no 
significant results), uncorrected for multiple comparisons at 
peak level. We considered only clusters containing at least 
50 voxels, which were statistically significant with p < 0.05 
family-wise corrected (FWE) (or with uncorrected p < 0.001 
at cluster level if the p < 0.05 FWE threshold yielded no 

Table 1  Main clinical and demographic characteristics in MCI-AD, MCI-LB, and HC groups

# p-values for Kruskal–Wallis test
§ p-values for Wilcoxon rank-sum test (with Bonferroni correction); *p < 0.05,
Abbreviations: MCI-AD, mild cognitive impairment due to Alzheimer’s disease; MCI-LB, MCI due to Lewy body disease; HC, healthy controls; 
F, female; M, male; MDS-UPDRS-III, Movement Disorders Society-Unified Parkinson’s Disease Rating Scale-Part III; MMSE, Mini Mental 
State Examination; NA, not available; “n.s.,” not significant

MCI-AD (n = 40) MCI-LB (n = 39) HC (n = 40) p-value# Post hoc  comparisons§

Age (years)
(range)

75.4 ± 3.8
(66.5–83.3)

77.3 ± 6.1
(61.5–87.1)

75.5 ± 5.0
(66–86.6)

n.s

Sex (M:F) 1:1 1:1 1:1
Education
(range)

10.2 ± 3.9
(5–17)

9.1 ± 4.0
(5–17)

10.6 ± 3.6
(5–17)

n.s

MDS-UPDRS-III
(range)

NA 19.0 ± 12.8
(5–51)

MMSE score
(range)

26.2 ± 1.9
(23–30)

25.8 ± 2.0
(23–29)

28.9 ± 1.0
(27–30)

 < 0.0001 HC > MCI-AD*
HC > MCI-LB*
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significant results). By means of the “montage” tool embed-
ded in the SPM12 software those significant clusters were 
superimposed to 90 axial MRI slices and highlighted in 
color (yellow-orange-red spectrum) to be provided as sin-
gle-patient VBA maps to the readers (examples in Fig. 1a). 
When no significant cluster was evident, the VBA map was 
considered inconclusive.

FDG‑PET VROI analysis

Smoothed images also underwent whole-brain, voxel-
wise group analyses (two-sample t test, same parameters 
as in VBA analysis) including the comparison between HC 
and either MCI-AD or MCI-LB (nuisance: age) as well as 
between the two patient groups in the two directions (nui-
sances: age, MMSE score). We used height threshold of 
uncorrected p < 0.001 at peak level and statistical signifi-
cance of p < 0.05 FWE-corrected at cluster level. Cluster 
coordinates were converted to Talairach’s 3D coordinate 
system by specific software [28, 29]. The main relative 
hypometabolic clusters resulting by comparing the patient 
groups (MCI-AD and MCI-LB) were identified as VROIs. 
The whole-brain scaled average counts for these two VROIs, 
namely hypometabolic MCI-AD (thereafter named as tem-
poro-limbic (TL) cluster, see the “Results” section) and 
hypometabolic MCI-LB (parieto-occipital (PO) cluster), 
were extracted in each subject. With the TL and PO intensi-
ties, we estimated a probability density function for each 
cluster, using a Gaussian kernel density and bootstrapped 
resampling, so that the 2D distribution is robust with respect 
to the data. Assuming a constant prior an individual graphic 
plot was then generated to display the odds ratio (OR) of 
each patient to be more likely included either in the AD 
or DLB pattern, according to the value of the whole-brain 
scaled average counts of TL and PO clusters, depicted in the 
X- and Y-axes, respectively (Fig. 1b). OR < 2 was considered 
inconclusive.

Statistical analysis

For every round of PET assessment, the percentage of cor-
rect answers, i.e., the diagnostic accuracy, of each reader, 
was computed as well as the increased (or decreased) mean 
accuracy of VBA and VROI analysis with respect to V and 
to V + VBA assessments, respectively. Bootstrap analysis 
(1000 repetitions) was performed to assess if those patients 
in which VBA maps or VROI OR plots were inconclusive 
were related to a higher number of wrong assessments or 
of changes of diagnostic categories (AD towards DLB and 
vice versa). Significance was computed by extracting a sam-
ple size that matched that spanned by the quantity under 
consideration, and then comparing the bootstrap statistics 
with the measured value. The fraction of correctly classified 

subjects according to each reader was compared between 
the first two rounds (V vs V + VBA) and between the sec-
ond and the third rounds (V + VBA vs V + VBA + VROI) 
by means of a chi-square test. The intra-rater and inter-rater 
reliabilities were expressed by the mean Cohen’s Kappa as 
well as by the intraclass correlation (ICC) estimates and 
their 95% confidence intervals based on a mean-rating, 
absolute-agreement, two-way random-effects model. Mean 
Kappa values and accuracy were compared among the three 
rounds (Kruskal–Wallis test by ranks, then t-test at post hoc 
analysis). For all comparisons, p < 0.05 was considered first 
level of statistical significance.

The effect of the readers’ years of experience was consid-
ered in a linear regression analysis with respect to accuracy 
in each round. The number of changes of diagnostic cat-
egory in the three rounds was also compared among readers 
according to their experience using regression analysis.

Results

Group analysis

The areas resulting from the comparisons of brain metabo-
lism between each patient group and HC are listed in Sup-
plementary Table 1s.

As for the direct comparisons between MCI-AD and 
MCI-LB groups (Fig. 2a, Supplementary Table 2s):

– The temporo-limbic regions (cluster TL, Fig. 2a) were 
mainly relatively hypometabolic in MCI-AD compared 
to MCI-LB, as well as some areas in the left frontal lobe.

– The parietal and occipital lobes (cluster PO, Fig. 2a) 
included the main areas of relative hypometabolism in 
MCI-LB compared to MCI-AD, along with some areas 
in bilateral frontal lobes.

Single‑subject analysis

In the first round (V), the mean diagnostic accuracy of visual 
assessment was 76.8 ± 5.0% (range 68.4–83.5%) while in the 
second (V + VBA) and third (V + VBA + VROI) rounds, it 
was 77.2 ± 8.2% (range 63.3–87.3%) and 89.7 ± 2.3% (range 
87.3–92.4%), respectively. Thus, VBA did not significantly 
increase V accuracy (p = 0.85) whereas VROI analysis sig-
nificantly (p = 0.01) increased accuracy of V + VBA assess-
ment (Fig. 3a).

The answers of raters in the three rounds are summarized 
in Supplementary Table 3s. In particular, 22 patients (27.8%; 
8 AD, 14 DLB) were correctly classified by all readers in all 
rounds, and only one (pt. 17, DLB) was always misclassified. 
The number of wrong assessments and their increase (or 
decrease) for each patient in the three rounds is displayed in 
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Fig. 1  a Voxel-based analysis (VBA) maps resulting from the sin-
gle-subject semiquantitative analysis of MCI patients with respect 
to healthy controls. Significant clusters were superimposed to axial 
MRI slices and highlighted in color (yellow-orange-red spectrum) to 
be provided as single-patient VBA maps to the readers. Images are 
shown in radiological display convention. b Graphic plots displaying 
the odds ratio of each patient (black dot) to be more likely included 

either in the Alzheimer’s (AD) (violet) or dementia with Lewy bod-
ies (DLB) (green) metabolic pattern according to the value of the 
whole-brain scaled average counts of temporo-limbic (TL) and pari-
eto-occipital (PO) clusters (in the X- and Y-axes, respectively). See 
depicted the examples of patients with MCI-LB (left) or with MCI-
AD (right)
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Fig. 4. Nine patients (nos. 11, 17, 22, 38, 39, 55, 63, 73, 76) 
received ten or more wrong evaluations by considering all 
readers and all rounds (detailed in Fig. 1s). The difference 
of the fraction of correctly classified subjects according to 
each reader was highly significant between the V + VBA and 
V + VBA + VROI rounds (p < 0.0001) but not between V and 
V + VBA rounds (Fig. 5).

Intra-rater reliability was similar among the three 
rounds (between V and V + VBA mean K = 0.74 ± 0.09, 
range 0.54–0.85; between V + VBA and V + VBA + VROI 
mean K = 0.66 ± 0.22, range 0.33–0.90; p = 0.23). 

Inter-rater reliability (Fig. 3c) was moderate and similar 
in the first two rounds (V:ICC = 0.81 [0.74–0.87], mean 
K = 0.46 ± 0.13; V + VBA:ICC = 0.83 [0.76–0.88], mean 
K = 0.46 ± 0.15), while the agreement was excellent in the 
third round (V + VBA + VROI:ICC = 0.97 [0.96–0.98], 
mean K = 0.84 ± 0.07) (p = 0.001 compared to either V or 
V + VBA) (Supplementary Table 4s).

We tested whether wrong classification by readers was 
more likely in those patients in which the VBA yielded 
a negative result than in those with altered VBA maps. 
They received a mean number of errors of 2.0, 1.9, and 

Fig. 2  a Two-dimensional 
representation according to the 
axial cut and 3D rendering of 
the two main clusters derived 
from the two-way comparisons 
between the MCI-AD and MCI-
LB groups, namely temporo-
limbic (TL, shown in yellow) 
and parieto-occipital clusters 
(PO, shown in red), according 
to the Montreal Neurological 
Institute (MNI) referential atlas 
(MRIcroGL software, https:// 
www. nitrc. org/ proje cts/ mricr 
ogl). Abbreviations: L, left; R, 
right. b Odds ratio (OR) plot 
templates, either without (left 
side) or with (right side) the 
patients’ data used to compute it 
(abbreviations as in Fig. 1b)

https://www.nitrc.org/projects/mricrogl
https://www.nitrc.org/projects/mricrogl
https://www.nitrc.org/projects/mricrogl
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0.8 in the first, second, and third rounds, respectively. 
The respective bootstrap statistics of the mean number of 
errors was 1.2 [0.3], 1.2 [0.3], and 0.6 [0.3]. Therefore, 
patients with a not significant VBA map had a significantly 
higher mean error in both the first (p < 0.001) and the sec-
ond (p = 0.01) but not in the third round. In these patients, 
the mean number of changes in diagnostic categories was 
not higher between the first and second rounds (0.6 vs 0.87 
[0.18], p = 0.9) but it tended to be significant between the 
second and third rounds (1.33 vs 0.94 [0.25], p = 0.06).

On the other hand, those patients with an inconclusive 
OR plot (OR < 2) were significantly more likely to be 
wrongly classified by readers than those with conclusive 
OR plots only in the third round (mean number of errors 
2.20 vs 0.53 [0.61], p = 0.003), but not in the previous ones 
(1.80 vs 1.34 [0.67], p = 0.25, in the V round; 2.0 vs 1.32 
[0.63], p = 0.14 in the V + VBA). As for the mean number 
of changes in diagnostic categories, differences were not 
significant between the second and the third rounds (1.20 
vs 1.02 [0.52], p = 0.36) while tended to be significant 

Fig. 3  a Diagnostic accuracy of readers (R1–R6) in the three stages 
of FDG-PET assessment. b Mean values of increase in accuracy 
with respect to the visual assessment (V, baseline) are depicted by 
horizontal thick lines (gray for the V + VBA assessment, yellow for 
V + VBA + VROI). Three standard deviations of relative increasing 
are depicted by gray and yellow areas, respectively. In the same fig-
ure, the diagnostic accuracy increases (or decrease) with respect to 
baseline in the second (empty circles) and third (filled circles) rounds 
which are displayed for each reader related to the years of experience 

according to a linear fit model. c Mean inter-rater reliability (Cohen’s 
K) of readers (R1–R6) in the three stages of FDG-PET assessment. 
d Intra-rater reliability (Cohen’s K) in the second (empty circles) 
and third (filled circles) rounds are displayed for each reader related 
to the years of experience according to a linear fit model. No signifi-
cant correlation was found either in the first–second round (p 0.08) or 
in the second–third round (p 0.9) intra-rater agreement evaluations. 
Abbreviations: VBA, voxel-based analysis; VROI, volumetric regions 
of interest
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between the first and second rounds (1.40 vs 0.78 [0.40], 
p = 0.06).

No effect of the readers’ years of experience was detected 
either with respect to accuracy, inter- and intra-rater reliabil-
ity (Fig. 3b and d), or the number of changes of diagnostic 
category in each round (Fig. 5).

Supplementary tools

We provide both the TL and the PO VROI (NIfTI format), 
as derived from the comparison between the MCI-LB and 
MCI-AD groups. The OR plot template is also provided, 
both with and without the data used to compute it (Fig. 2b). 
This will enable the application to new, independent cohorts 

to verify the results in a single-subject analysis. Using the 
two VROI requires reconstructed FDG-PET images to be 
pre-processed with spatial normalization and smoothing as 
detailed in the “Materials and methods” section.

Discussion

We assessed the performance of readers with different 
years of expertise in evaluating FDG-PET data when deal-
ing with the differential diagnosis of MCI due to Lewy 
body rather than to Alzheimer’s disease. We used a step-
wise approach to identify readers’ performance when visual 
assessment was the unique option or when it was aided by 

Fig. 4  Lower part of the figure: histogram of the total number of 
wrong assessments for each patient, in descending order; different 
colors distinguished the three rounds. Above the patient ID a colored 
dot identifies the diagnostic group (MCI-AD, light blue filled circles, 
and MCI-LB, dark blue filled circles). Upper part of the figure: dif-
ferential number of wrong assessments between successive rounds, 

showing the increased (or decreased) errors for each patient (second 
round with respect to the first one (pink) and third round with respect 
to the second one (red)). Green squares identify those patients in 
which either VBA T-maps (light green) or the VROI odds ratio (OR) 
plots (dark green) analyses were inconclusive. Abbreviations as in 
Fig. 3

Fig. 5  a Fraction of correctly classified patients according to the 
number of correct evaluations in each round. Difference was only 
significant when comparing the second and third assessments (chi-
square test, p < 0.0001). b Number of changes of diagnostic catego-

ries (MCI-AD to MCI-LB and vice versa) by expert readers in the 
three rounds of assessments and according to the years of experience 
in the field. Abbreviations as in Fig. 3
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only semiquantitative VBA or by both VBA and VROI-
based analyses. The observed accuracy of visual analysis 
(76.8 ± 5.0%) is similar to that described by other authors 
[5, 6, 9] and reflects the suboptimal performance of stand-
ard visual assessment in these conditions. At the demen-
tia stage (i.e., DLB), FDG-PET is outperformed by DAT-
SPECT imaging which has an overall diagnostic accuracy 
of 86% with visual analysis and either the clinical [30] or 
the pathological [31] diagnosis as the gold standard. This 
about 10% higher accuracy for DAT-SPECT, beyond the 
critical 80% cutoff to identify a valuable biomarker, is the 
main reason why the current diagnostic criteria of DLB con-
sider DAT-SPECT imaging as an indicative and FDG-PET 
as “only” a supportive biomarker[10]. Instead, at the pro-
dromal stages, the performance of biomarkers is instead still 
largely unknown [14]. Since it has been shown that spread-
ing of LB pathology and thus synaptic failure can involve 
limbic and neocortical regions before substantia nigra in 
a non-negligible part of patients at the very beginning of 
symptoms, it may be hypothesized that brain metabolism 
assessment is more accurate than nigro-striatal integrity 
evaluation. A 66.6% accuracy of DAT-SPECT in possible 
or probable MCI-LB with respect to MCI-AD patients has 
been reported with clinical diagnosis as the gold standard 
[32]. In the present series, we selected a priori “certified” 
MCI-LB patients with at least one indicative biomarker posi-
tive, mainly DAT-SPECT, as well as “certified” MCI-AD 
patients. This guarantees a robust biomarker-based diagno-
sis but hampers comparison of accuracy with other studies 
using only clinical diagnosis as the gold standard. Indeed, 
head-to-head comparison of accuracy of different biomark-
ers should be assessed in the same cohorts and with the same 
standard of truth, either clinical or, better, in vivo pathologi-
cal confirmation that has been recently made possible with 
detection of misfolded alpha-synuclein in biological mate-
rials, spanning from cerebrospinal fluid to skin and nasal 
mucosa [33].

Consistently with some previous findings [6, 7], the util-
ity of single-subject VBA when added to visual assessment 
by experts was negligible (77.2 ± 8.2%, + 0.4%), and this 
was also found in terms of inter-rater reliability and in the 
fraction of correctly classified subjects according to each 
reader. Moreover, the higher performance achieved with 
VROI-based analysis than with VBA at the individual level 
is in keeping with previous reports [34, 35]. Our results only 
apparently deviate from Caminiti et al. [22] who described 
a 92% accuracy for voxel-based semiquantitative analysis in 
distinguishing patients with DLB and AD dementia (ADD), 
because their work focused on patients with full-blown 
dementia (and DLB patients lacking confirmation of clinical 
diagnosis with an indicative biomarker in most (77%) cases).

Our results are in accordance with previous works based 
on VROI analysis in which DLB and ADD patients were 

distinguished with an accuracy of about 90% by the relative 
occipital metabolic levels [4, 36, 37] and with a ROC-AUC 
ranging from 85 to 94% by the occipital/hippocampal ratio 
[9, 38]. If those works focused on patients at the mild-to-
moderate dementia stage, with mean MMSE scores of 19 
(range 14–24) and 18.5 (range 11–24) in ADD and DLB 
patients, respectively, our findings were instead drawn at 
the MCI stage with mean MMSE scores of about 26. When 
readers were given a graphical plot displaying the odds ratio 
of each patient to be more likely included either in the AD 
or DLB pattern according to the count values of the TL 
and PO clusters, the readers accuracy was as high as 90% 
(89.7 ± 2.3%) with a significant increase of 12.4% in diag-
nostic accuracy with respect to VBA-aided visual analysis. A 
significant improvement was also found for inter-rater relia-
bility and the fraction of correctly classified subjects accord-
ing to each of the readers. As for the latter, the percentage 
of patients in which all the readers consistently agreed with 
the diagnostic gold standard increased from less than 40% 
to over 75% by adding the VROI data.

The two methods, i.e., VBA and VROI analyses, stem 
from different assumptions. VBA is a univariate statisti-
cal approach based on voxel-by-voxel comparison and thus 
requiring robust statistical threshold correction for multiple 
comparisons. This usually leads to highly specific results 
but sometimes to limited sensitivity [2], as it happens in 
our series. Furthermore, seldom even different VBA tools, 
such as SPM, PALZ, or SSP produce the same result [2]. 
Conversely, our VROI analysis was based on large clusters 
derived from the VBA group (not single-subject) compari-
son and then the statistical approach was based on the esti-
mation of the 2D probability density function, and the com-
putation of the Bayes factor. Hence, each statistical method 
for image comparisons has its strengths and drawbacks, and 
we should not necessarily expect similar results.

Somewhat unexpectedly, the number of patients in 
which all readers chose the wrong outcome in the third 
round increased from one (pt. 17) to three (pts. 11, 17, 
73), and it was likely driven by the mistaken classifica-
tion in the OR plot of these patients (as described in 
Fig. 1s). Moreover, even if the comparison did not reach 
the statistical significance, intra-rater agreement decreased 
in the third round as the Cohen K was < 0.5 in two of 
the six raters (R3,experience = 15  years, K = 0.47 and 
R4,experience = 8 years, K = 0.33). This highlights the great 
influence of VROI data in readers’ decision and diagnostic 
confidence but also leading to errors in few peculiar cases, 
regardless of their know-how.

When the OR plot was inconclusive (pts. 15 and 63(MCI-
AD) and 35, 43, and 53(MCI-LB)), the mean number of diag-
nostic errors was higher in the third round than in the previous 
ones with respect to the remaining patients; still, it should be 
noted that in these patients also, the number of diagnostic 
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changes tended to be significantly higher between the first and 
second rounds. This might be interpreted as a higher difficulty 
in classifying those subjects in which a less clear metabolic 
pattern led readers to change their minds more frequently.

The inclusion of only MCI patients in our study has pros 
but also some cons for semiquantitative VBA assessment. Pre-
cisely, 16 MCI-AD (40% of the whole group) and 2 MCI-LB 
(5%) patients had not significant VBA maps; thus, the readers 
were not actually aided by VBA analysis. Indeed, brain meta-
bolic changes are very subtle in some early MCI-AD patients  
[39], leading to non-significant comparisons with healthy 
subjects at the individual level with univariate VBA, in keep-
ing with previous data from the European Alzheimer Disease 
Consortium [19]. On the other hand, most prodromal DLB 
patients show a profound hypometabolism in the parieto-
occipital region since the earliest stages [12], accounting for 
significant clusters of hypometabolism on VBA maps in 95% 
of patients with MCI-LB. Our results show that the higher 
likelihood of MCI-AD to have a negative map than MCI-LB 
was not actually used as an inductive criterion by readers. The 
lack of map information was not related to a higher number 
of diagnostic changes between the first two rounds, but in the 
third round. Indeed, when readers were provided with VROI 
data, the patients with inconclusive maps had more diagnos-
tic changes, thus significantly impacting on most of readers’ 
opinion. These cases were more difficultly evaluated by read-
ers, as expressed by the mean number of errors in the visual 
and VBA assessments which was significantly higher than in 
those with an informative VBA map. Conversely, the VROI 
analysis neutralized such differences, as the mean number of 
errors at this stage was similar in all patients.

We detailed in the supplementary materials and summa-
rized in Fig. 1s those nine patients who received ten or more 
wrong assessments through the whole evaluation process. 
These cases gave us insight into some peculiarities that might 
have misled the readers, such as (i) the early prodromal stage 
and consequently the very mildly impaired brain metabo-
lism, (ii) a severe parieto-occipital involvement with a milder 
impairment of PCC metabolism thus mimicking the DLB pat-
tern in some MCI-AD patients, and (iii) a higher involvement 
of PCC without a clear CIS or a typical DLB pattern in some 
other MCI-LB patients. The latter was likely driven by higher 
age, lower education [13], and lower cognitive scores [11, 39] 
which are known factors influencing the expression of the CIS.

The CIS accounts for the relative preservation of PCC 
with respect to the parieto-occipital (PO) cortex metabo-
lism. In our analysis, we considered both these two areas. In 
fact, PO cortex was encompassed in the PO VROI, namely 
those areas resulting more hypometabolic in MCI-LB than 
in MCI-AD patients and it was significantly impaired in the 
VBA maps of most MCI-LB patients. Conversely, the PCC 
resulted not significantly hypometabolic in MCI-LB com-
pared to MCI-AD in the group analysis, but only in the VBA 

maps of a part of MCI-AD patients. Therefore, the weight 
of PO impairment was higher than the relative preservation 
of the PCC. This could have been influenced by aging and 
low cognitive reserve, as stated above [11, 13]. Indeed, 24 
(61.5%) of the MCI-LB patients have less than 8 years of 
education, 29 (74.3%) are older than 75, and 13 (33.3%) 
have both the features. To a similar conclusion, even if using 
another analysis approach, also came Gjerum et al. [40] who 
demonstrated that the occipital-to-temporal cortex metabo-
lism index exceeded in accuracy the CIS (0.79 vs 0.67).

Still, coexisting Alzheimer’s pathology is found in roughly 
half of DLB patients and relates with a lower expression of the 
CIS [ 40] and a greater cognitive impairment [, 41–44]. The 
lack of data concerning amyloidosis in our MCI-LB patients 
prevents to exclude that those cases with conflicting evalua-
tions had AD co-pathology affecting the metabolic patterns.

Neither accuracy nor the number of changes of diagnostic 
category in the three rounds was influenced by readers’ years 
of experience. This is in contrast with previous evidence 
showing the weight of training in the mildest stages in which 
semiquantitative analysis outperformed visual reading by 
less expert readers [6, 19]. Two factors should be accounted. 
First, all readers in our study could be considered “expert,” 
even with different years of expertise, as they were actively 
involved in reporting of at least 5 FDG-PET scans per week 
in the last 4 years. Second, the study was designed with 
a dichotomic choice between two outcomes, i.e., MCI-LB 
or MCI-AD, thus simplifying interpretation, either with or 
without the aid of semiquantitative information. A definite 
effect of experience is then conceivable when readers must 
face a wider diagnostic spectrum or when their decisions 
depend on a more complex relation between clinical and 
imaging data. Our choice to let readers know the answers 
they give in the previous rounds sought to represent the real 
world. In daily practice, readers explore first the images 
visually and then they reevaluate their opinions/doubts with 
the help of data from statistical analysis. In fact, our aim was 
to evaluate the added value of the statistical tools over visual 
reading, rather than their independent accuracy.

The issue of identification of DLB patients with FDG-
PET has been recently approached by deep learning (DL) 
methods in a multicenter study [45]. We did not use DL 
but machine learning tools, namely the kernel density esti-
mation and the Bayes factor. While in the direct imple-
mentations of DL, the outcome is compared to the ground 
truth (typically a classifier performance), in our work the 
Bayes factor—which is a measure of the strength of evi-
dence in favor of one diagnosis between two competing 
possibilities—is proposed to the clinician as added value, 
to help in the diagnostic process but without any intention 
of classification or direct measure of performance. Indeed, 
we did not implement a classifier based on the Bayes fac-
tor and the readers were blind to its potential performance 
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for the a posteriori diagnosis. Furthermore, the ratio was 
presented in graphical form, without any cutoff or actual 
numerical indication.

Taken together, our findings highlight the role of FDG-
PET in the differential diagnosis between underlying 
AD and LB pathology when the clinical hypothesis in 
an MCI patient is restricted to these two conditions and 
other causes have been excluded or are out of the question. 
Whether the accuracy of FDG-PET assessment is higher 
than that described for DAT-SPECT at this stage of the 
disease [32] should be assessed in the same patients and 
with a common gold standard.

The main strength of this study is the rigorous patient 
selection focusing only on MCI subjects with clinical diag-
nosis confirmed by a biomarker of amyloidosis in MCI-AD 
[24] or by an indicative biomarker in MCI-LB [10]. In this 
way, we could confidently evaluate the accuracy of expert 
readers, blind to diagnoses and clinical data, using three dif-
ferent approaches in a stepwise fashion and at the individual 
level by having a biomarker-based diagnosis as the ground 
truth. The main limitation is that we lacked biomarkers of 
Alzheimer co-pathology in the MCI-LB group. Similarly, we 
missed biomarkers of LB pathology in the MCI-AD group. 
It is known that LB co-pathology can be found in a part of 
AD patients, as drawn by pathological studies (reviewed in 
[46]). Although, we consider very unlikely the risk of LB 
gross co-pathology in our MCI-AD patients because none of 
them had any single core or even supportive clinical feature 
of DLB and, moreover, they were all affected with amnestic 
MCI, which is infrequent in DLB, as per inclusion criteria.

The present results should be verified in independent 
cohorts, and to this purpose, we provide the necessary tools 
which may be used in other studies. We are also aware that 
both the supplementary VROI and the OR map should be 
updated as new validated data come in. To this end, asymp-
totically stable results can only be obtained in a prospective 
large multicenter study.

In conclusion, by providing evidence of a good diagnos-
tic accuracy in comparison with the natural competitor in a 
clinical setting, i.e., MCI-AD, our data suggest that FDG-
PET might be a relevant biomarker at the MCI-LB stage and 
highlight the role of VROI-based semiquantitative analysis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00259- 021- 05568-w.
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