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Abstract
Background: 

Early- and late-onset dementia with Lewy bodies (EO-DLB and LO-DLB) are similar in terms of core
symptoms. However, LO-DLB presents with more amnestic deficits, while EO-DLB shows a rapid
cognitive decline and more severe neuropsychiatric symptoms at onset. A contribution of
neurotransmitter dysfunction was suggested but never explored, as a possible factor contributing to the
reported clinical differences. By using FDG-PET brain metabolism imaging, we aimed to assess the
differences between EO-DLB and LO-DLB regarding brain hypometabolism, related neurotransmitter
functional topography, and metabolic connectivity.

Methods: 

We included a total of 62 patients, 21 EO-DLB and 41 LO-DLB patients. Statistical parametric mapping
(SPM) voxel-wise comparison with a validated dataset of healthy controls (N=112) provided brain
hypometabolism patterns. A metabolic connectivity analysis assessed whole-brain and resting-state
network (RSN) alterations. Furthermore, we used the JuSpace toolbox to evaluate the correlations
between neurotransmitter pathways topography and brain hypometabolism.

Results: 

Both EO- and LO-DLB groups showed typical bilateral occipito-parieto-frontal hypometabolism. Direct
between-group comparison revealed a more severe hypometabolism in posterior cingulate cortex (PCC),
precuneus, and occipital cortex for EO-DLB and a more severe hypometabolism in fronto-insular cortices
for LO-DLB. Metabolic connectivity analysis showed significant reductions in posterior brain regions in
both clinical groups compared to controls, as well as connectivity increases in the EO-DLB only. There
were differences in the involvement of temporo-parietal and occipital pathological nodes.  Specific RSN
vulnerabilities were observed in the executive, default mode and limbic networks for EO-DLB and in the
attentional network for LO-DLB.

The spatial association analysis based on the metabolic differences in neurotransmission showed
significant correlations with acetylcholine, gamma-aminobutyric acid (GABA), serotonin,  dopamine
maps, and hypometabolism in both EO and LO-DLB groups. Of note, the between-group comparison
showed a higher correlation for the EO-DLB in the presynaptic serotonergic system. Overall, this
indicates the biochemical involvement of metabolic impairment.

Conclusions: 

This metabolic imaging study indicates similarities and differences between EO- and LO-DLB, both in
terms of brain hypometabolism, across different neurotransmission networks, and altered connectivity,
adding novel biological evidence to the DLB syndromes.
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Background
Up to 30% of people diagnosed with dementia develop clinical symptoms at a younger age [1]. Early
onset (EO) dementia refers to a condition starting before the age of 65, often characterized by more
marked behavioral and psychiatric symptoms, and a higher mortality than late-onset (LO) dementia [2].
EO and LO dementia with Lewy bodies (DLB) are similar in terms of core clinical symptoms (i.e., visual
hallucinations, parkinsonism, fluctuating cognition, and REM sleep behavior disorder (RBD) [3, 4],
however, LO-DLB present more severe memory deficits than EO-DLB, while EO-DLB has a quicker decline
and neuropsychiatric features at the beginning [5]. The EO-DLB has been poorly investigated yet,
however, some specific prodromal clinical features are reported, namely a history of depression that can
predate an early onset of DLB [6]. Recently, a differential contribution of neurotransmitter changes was
suggested as a possible explanation for the reported clinical features in DLB. For example, some authors
proposed a serotonergic neurotransmission deficit as the main monoaminergic etiology of depression in
DLB [7, 8]. To date, the possible molecular imaging differences between EO-DLB and LO-DLB have not
been explored.

FDG-PET brain hypometabolism represents a suggestive biomarker for early and differential diagnosis of
DLB[9]. Brain hypometabolism is an early biomarker of neurodegeneration, which has been associated
with a variety of neuropathological events, including impaired neurotransmitter release [10, 11].
Moreover, growing evidence suggests that molecular and pathological alterations consistently impact
large-scaled brain networks [12]. Thus, this study aimed to explore i) FDG-PET brain hypometabolism
patterns characterizing EO-DLB and LO-DLB; ii) metabolic connectivity in large-scale resting-state
networks; iii) FDG-PET brain hypometabolism patterns spatially associated with the topography of
specific brain neurotransmitter systems.

Methods

Patients
We included N = 62 patients with a clinical diagnosis of probable DLB retrospectively evaluated from the
clinical and imaging database of San Raffaele Hospital Milan, Italy, and Geneva University Hospitals,
Switzerland. Clinical diagnosis of probable DLB was made according to the diagnostic criteria of
McKeith et al. (2017), i.e., dementia in association with the presence of at least two core symptoms
(cognitive fluctuations, visual hallucinations, RBD or parkinsonism) or one core symptom together with
one indicative biomarker (e.g., low dopamine transporter uptake at SPECT)[3]. Participants were
subsequently stratified into two clinical groups according to age at onset (EO-DLB ≤ 65 years, LO-DLB
age at onset > 65 years)[13]. In addition, we collected the prevalence of neuropsychiatric symptoms (i.e.,
depression, apathy, irritability, and anxiety) considering neuropsychiatric index (NPI) scores or medical
records. Cerebrospinal Fluid (CSF) examination of β-amyloid (1–42), total-Tau, and phospho-Tau, were
available for 52% (33/62). Between-group differences in demographical and clinical measures were
assessed by applying ANOVA and Chi-square test for continuous and discrete variables, respectively.
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FDG-PET procedure
All participants underwent FDG-PET scan, according to the European Association of Nuclear Medicine
guidelines (ref). Images performed at the Nuclear Medicine Unit, San Raffaele Hospital (Milan), were
acquired using the same Discovery STE PET (3.27-mm thickness; in-plane full-width at half maximum
(FWHM) 5.55-mm) manufactured by GE Healthcare. FDG-PET images from the nuclear medicine and
molecular imaging division at Geneva University Hospitals were acquired with Biograph128 mCT,
Biograph128 Vision 600 Edge, or Biograph64 TruePoint PET scanners (Siemens Medical Solutions, USA).
All scanners were harmonized regarding their performance and reconstructions and cross-calibrated.

Static emission images were acquired 30 to 45 min after injecting 185–250 MBq of [18F]FDG via a
venous cannula. This post-injection time interval allows obtaining an equal distribution of the tracer
across the entire brain, with negligible blood flow-dependent differences, thus achieving an optimal
signal-to-noise ratio. The duration of scan acquisition was 15–20 min.

Pre-processing
A rigorous quality control process was performed to check potential artifacts (e.g., acquisition issues,
excessive patient motion) and issues related to technical characteristics, such as the use of comparable
reconstruction algorithms. Then, FDG-PET images of patients and controls were normalized to the
optimized FDG-PET template[14], using Statistical Parametric Mapping 12 (SPM12)
(https://www.fil.ion.ucl.ac.uk/spm/). They were then scaled to the global mean of the activity within the
brain and finally smoothed with an isotropic 3D Gaussian kernel (8 mm FWHM), according to the
validated pipeline proposed for our single-subject SPM-based analysis [15].

Brain Hypometabolism Maps
The procedure consists of a two-sample t-test comparison of a single patient’s image to a large
database of 112 healthy controls (HC) using age as a nuisance covariate (p < 0.05, minimum cluster
extent k = 100 voxels). See[16] for a detailed description of the procedure.

Each subject’s SPM-t hypometabolism maps were then converted into the normal z-like distribution
(SPM-z maps) with MATLAB R2021b (Mathworks Inc., Sherborn, MA, USA). Low z-scores (< 0) indicated
more severe regional hypometabolism compared to HC. By considering SPM z-maps, regional
hypometabolism values (SPM z-scores) were extracted from a set of predefined (DLB typical hallmarks
[17]) and data-driven (based on the results of univariate SPM group analysis) regions of interest (ROIs),
namely Inferior, Middle and Superior Occipital Lobe, Calcarine Cortex, Lingual Gyrus, Fusiform Gyrus,
Superior and Inferior Temporal Gyrus, Inferior and Superior Parietal Lobules, Middle Frontal Gyrus,
Posterior Cingulate Cortex (PCC), Insula, Supplementary Motor Area and Parahippocampus. We also
calculated the Cingulate Island Sign (CIS) ratio that was derived by dividing the FDG uptake in the PCC
with that in the precuneus and cuneus[18]. The ROIs were derived from the Automated Anatomical
Labelling (AAL) Atlas[19]. Between-group differences in brain hypometabolism within the DLB ROIs were
assessed by means of a two-sample t-test on Statistical Package for Social Sciences (SPSS).
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To describe group-level brain hypometabolism pattern characterizing the whole DLB cohort, patients’
normalized images were compared to a set of 112 HC (age = 64.7 ± 9.3; Sex (male/female) = 53/59). The
HC dataset was previously developed and validated by our group for the extraction of hypometabolism
maps in individual neurological patients or groups [16]. Group comparison was performed by means of a
two-sample t-test on SPM12 setting the statistical threshold at p = 0.05, family-wise error (FWE)-
corrected for multiple comparisons. Only clusters containing more than 100 voxels were deemed to be
significant. The same statistical design was applied to compare each DLB group with HC, as well as a
head-to-head comparison of EO-DLB and LO-DLB. All SPM group analyses were performed considering
age as a nuisance variable.

Metabolic Connectivity analysis
Metabolic connectivity analysis was applied to investigate the architecture of the whole-brain network
and resting state networks for both DLB groups, and for the HC group for comparison. A group of 50 HC
(for proper numerosity given the analysis) was randomly selected for comparison (mean age 65 yrs ± 8).

Whole-brain network - The whole-brain network was constructed considering the 116 cortical,
subcortical, and cerebellar ROIs of the AAL atlas (network nodes) [19]. FDG uptake normalized by global
brain uptake was extracted from each node to create a subject-by-nodes matrix for each group. Then, an
adjacency matrix was obtained for each group by applying a linear correlation between nodes across
subjects (p < 0.001). Between-group comparison (EO-DLB vs. HC; LO-DLB vs. HC) was performed by
applying a z-test to Fisher’s transformed correlation coefficients (p < 0.001). For each obtained node, we
computed the mean absolute value of the z-scores resulting in significantly altered in the DLB groups in
comparison to HC.

The analysis was run using MATLAB software (http://it.mathworks.com/products/matlab/) Mathworks
Inc., Sherborn, Mass., USA).

Resting state network - Voxel-wise seed-based interregional correlation analysis (IRCA) was applied to
derive metabolic connectivity in specific resting state networks (RSNs). This method was previously
validated for FDG-PET data[20] and allows to derive RSNs starting from proper seed regions. In this
study, we selected seed regions for large-scale networks as previously identified by extensive literature:
the ventro-medial frontal cortex for the anterior default mode network (aDMN); the PCC and precuneus
for the posterior DMN (pDMN)[21]; the dorsolateral prefrontal cortex (dlPFC) for the executive network
(EXN)[22]; the angular and supramarginal gyri for the attentional network (ATN)[23], and the amygdala
for the limbic network (LIN)[23]. Seed regions of interest were derived from the AAL atlas and functional
RSNs atlas[23], using the REX toolbox to extract the mean regional metabolism value from each seed.
For each network, the seed uptake was set as the variable of interest in a multiple regression model in
SPM12, entering age as covariate of nuisance- to test whole-brain voxel-wise correlations, setting the p-
value at < 0.001, with kep value > 100 voxels.

Metabolic Spatial Distribution of Neurotransmitter Systems
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We used JuSpace toolbox[24] for our dataset to test whether brain hypometabolism was spatially
correlated with the distribution of specific neurotransmitter systems. We selected each subject’s
hypometabolism z-map (EO-DLB vs. HC; LO-DLB vs. HC) to compute Spearman correlations with
provided PET and SPECT intensity maps of neurotransmitter systems. In detail, PET/SPECT intensity
maps covered the following receptor types: 5-HT1a (serotonin 5-hydroxytryptamine receptor subtype 1a),
5-HT1b (5-HT subtype 1b), 5-HT4 (5-HT subtype 4), dopamine transporter (DAT), GABAa (gamma-
aminobutyric acid), NAT (noradrenaline transporter) SERT (serotonin transporter), and AChT
(acetylcholine transporter). These maps were derived from data obtained with specific radiotracers [27].
Specifically, the SERT map was obtained from HC images of 11C-DASB PET, a selective in vivo marker of
5-hydroxytryptamine transporter (5HTT) binding in humans [45].The neuromorphometric atlas from
SPM12 was used to extract mean metabolic regional values from the input images to be correlated with
the regional values of neurotransmitter maps. Then, we computed option 8 (extracts mean value per
atlas region for each file from list 1 and compares correlation coefficients for all images against null
distribution) to compare the obtained Fisher’s z-scores correlation coefficients against null distribution
using a one-sample t-test. Exact permutation-based p-values (with N = 10.000 permutations) were
requested for this analysis.

The obtained Fisher’s z-scores were then entered into a two-sample t-test on SPSS to directly compare
the two DLB groups. Moreover, in a posthoc analysis, the Fisher’s z-scores of the neurotransmitter
system which significantly differentiated the two groups (see Results) were entered together with the
individual SPM z-maps into a linear regression model to identify the brain hypometabolic regions driving
the between-group neurotransmitter differences. We set statistical threshold at p < 0.05, FWE-corrected
for multiple comparisons, and we considered only clusters containing more than 100 voxels to be
significant.

Data Availability
The data that support the findings of this study are available from the corresponding authors upon
reasonable request.

Results
The two DLB groups were similar regarding clinical and demographical features, except age at
onset (p<0.001), by definition (see Table 1). DLB groups were comparable for frequency of
neuropsychiatric symptoms, namely depression (p=0.25), apathy (p=0.29), irritability (p=0.99), and
anxiety (p=0.92). CSF p-tau load resulted higher in the LO-DLB than EO-DLB group (p=0.03).  REM sleep
behavior disorder was more frequent in the LO-DLB group (49% vs 21%, p=0.07). 

Table 1- Clinical, CSF and demographical features in the two studied groups at the time of PET exam.
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EO-DLB  LO-DLB  p-value

N 21 41

Age (years) 59.1 ± 3.8 74.8 ± 5.9 <0.001

Sex (female/male) 8/13 13/28 0.62

Disease Duration (years) 2.7± 1.7 2.3 ± 1.4 0.45

Education (years) 10.6 ± 3.3 10.7 ± 4.8 0.95

MMSE, total  19.8 ± 4.9 19.1 ± 4.8 0.65

CSF Ab 1-42 (z-score) † -0.8±1.3 0.04±0.8 0.36

CSF total-Tau (z-score) † -0.2±0.8 0.08±1.1 0.63

CSF total-Tau/Ab 1-42 (z-score) † 0.42±1.4 -0.08±0.9 0.44

CSF phosphorylated-Tau (z-score) † -0.5±0.7 0.2±1.1 0.03

CSF phosphorylated-Tau/Ab 1-42 (z-score) † -0.03±0.5 0.01±1.09 0.95

Neuropsychiatric Features, Number and (%)°      

Depression 7 (54%) 12 (35%) 0.25

Apathy 8 (62%) 15 (44%) 0.29

Irritability 5 (39%) 13 (38%) 0.99

Anxiety 4 (31%) 12 (32%) 0.92

Core DLB criteria, Number (%)

Parkinsonism  13 (87%) 36 (88%) 0.91

Fluctuating Cognition  7 (50%) 20 (49%) 0.94

Visual Hallucinations 7 (50%) 26 (63%) 0.38

REM sleep behavior disorder 3 (21%) 20 (49%) 0.07

† CSF z-scores are calculated based on the distribution of the Milan and Geneva DLB groups. ° Data
available for 47 out of 62 DLB participants.  MMSE= Mini-Mental State Examination; CSF= cerebrospinal
fluid; DLB = dementia with Lewy Bodies. Numbers in bold indicate significant results. 

Group-analysis

SPM voxel-wise analysis showed a significant hypometabolism in middle and superior occipital lobe,
angular gyrus, supramarginal  gyrus, precuneus, inferior frontal gyrus and middle frontal gyrus, bilaterally
(Figure 1). Regarding direct comparison of DLB groups, we found no differences in terms of brain
hypometabolism in the DLB core regions (Table 2).  However, differences emerged in extra-DLB typical
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regions. Namely, the EO-DLB group showed a more severe hypometabolism in the superior parietal
cortex and PCC. Instead, the LO-DLB group presented a significant hypometabolism in the insula,
supplementary motor area, and parahippocampal gyrus when compared to the EO-DLB group (Figure
1 and Table 2). 

Table 2 – Comparisons of brain hypometabolism (Z scores) between EO-DLB and LO-DLB groups

EO-DLB  LO-DLB  p-value

ROIs      

Angular Gyrus 2.25±1.36 2.02±0.9 0.49

Calcarine Cortex 0.82±0.77 0.94±0.58 0.48

Middle Frontal Gyrus 0.51±0.91 0.53±0.81 0.95

Fusiform Gyrus -0.37±0.59 -0.16±0.65 0.23

Superior Temporal Gyrus 0.006±0.96 0.37±82 0.12

Inferior Temporal Gyrus  0.28±0.82 0.32±0.71 0.84

Lingual Gyrus 0.49±0.75 0.57±0.60 0.66

Inferior Occipital Lobe  1.44±0.68 1.29±0.89 0.52

Middle Occipital Lobe 1.66±0.88 1.45±0.82 0.35

Superior Occipital lobe  1.16±0.71 0.91±0.78 0.12

Superior Parietal Cortex 1.22±0.91 0.84±0.86 0.04

Posterior Cingulate Cortex 0.81±0.98 0.76±0.72 0.03

Insula -1.14±0.87 -0.63±0.64 0.01

Supplementary Motor Area -0.23±0.73 -0.12±0.72 0.03

Parahippocampal Gyrus -1.47±0.83 -0.97±0.78 0.01

CIS 0.43±0.03 0.42±0.03 0.30

CIS = cingulate island sign; EO-DLB= early-onset dementia with Lewy bodies; LO-DLB= late-onset
dementia with Lewy bodies. Significant p-values are reported in bold. 

Metabolic connectivity analysis

Overall, comparable whole-brain connectivity alterations were found in the two clinical groups as
compared to HC (Figure 2). We showed decreases and increase in connectivity, the latter was more
evident in the posterior regions of the EO-DLB group. Some discrepancies were also evident in the
pathological nodes. Namely, the EO-DLB showed pathological nodes in precuneus, inferior and superior
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parietal cortex, angular gyrus, inferior temporal cortex and middle occipital cortex, the LO-DLB, in the
lingual gyrus, inferior occipital cortex, fusiform, middle temporal cortex, and cerebellar vermis. 

The RSN metabolic connectivity in EO-DLB, LO-DLB and HC as reference, revealed: i) for the EO-DLB,
reduced connectivity in the frontal components of the EXN, aDMN and pDMN and in the LIN,  a loss of
connectivity in thalamus and pons and an increased connectivity between ventral putamen and
amygdala; ii) for the LO-DLB, a loss of connectivity in the ATN, involving the dorsolateral prefrontal cortex
(Figure 3).  

Spatial Distribution of Neurotransmitter Systems

The hypometabolism z-score maps were spatially correlated with AChT (r=-0.368, p <0.001), GABAa
(r=0.331, p=0.004), SERT (r=-0.256, p<0.001), and DAT (r=-0.220, p<0.001) neurotransmitter maps in the
whole DLB group. 

As for the EO-DLB group, we found a significant association between hypometabolism z-score maps and
the distribution of AChT (r=-0.414, p <0.001), GABAa (r=0.348, p=0.005), SERT (r=-0.326, p<0.001), DAT
(r=-0.292, p<0.001) and 5HT4 (r=-0.133, p=0.04) maps. 

As for the LO-DLB group, hypometabolism z-score maps were significantly associated with the
distribution of AChT (r=-0.345, p<0.001), GABAa (r=0.333, p=0.004), SERT (r=-0.22, p<0.001), and DAT
(r=-184, p=0.002) maps (Figure 4).   

The resulting negative correlation coefficients indicate that the hypometabolism characterizing each
group was present in structures specific for each neurotransmitter.

The post-hoc direct comparison between EO and LO-DLB Fisher’s z scores showed differences only in
the SERT map (p=0.029), and the largest hypometabolism cluster driving the relationship between
hypometabolism and SERT neurotransmitter maps was localized in the in PCC [MNI XYZ coordinates= 8
-66 42, T=7.45, FWE-corrected p<0.001] (Figure 4).

Discussion
A recent clinicopathological study showed that EO-DLB and LO-DLB are largely similar in core symptoms
and with a comparable distribution of limbic and neocortical Lewy pathology [5]. However, LO-DLB
patients present more amnestic deficits that were accounted for by AD co-pathology, and EO-DLB can be
predated by history of depression [5]. The present study shows similarities between EO-DLB and LO-DLB
in terms of clinical core symptom presentations and major brain hypometabolism hallmarks.

However, we found that the LO-DLB individuals were characterized by a more severe hypometabolism in
the dorsolateral frontal cortex, perisylvian/insular cortex and parahippocampal gyrus. The significant
hypometabolism in parahippocampal gyri is in keeping with other structural grey-matter studies [25].
This is consistent also with amyloid and p-Tau pathology reported in the medial temporal cortex of DLB
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cases, accounting for hypometabolism in the same region [26]. In a subgroup with available CSF data,
we found also significantly higher p-Tau pathology in the LO-DLB that may have a role in the
parahippocampal hypometabolism found in this group.

On the other hand, the EO-DLB showed more severe hypometabolism in the precuneus/PCC in the direct
comparison with LO-DLB. Of note, subclinical depressive symptoms in ageing are linked with
neurodegeneration biomarkers in the precuneus, PCC and fronto-temporal regions [27]. Previous studies
reported the presence and intensity of depressive mood specifically characterized the
clinicopathological cohort of EO-DLB [5]. While we did not find differences between EO and LO-DLB in
neuropsychiatric presentations, depression, and apathy can be observed and linked to the above-
reported evidence when a large cohort of subjects would be included. We have to underline that our EO-
DLB cases did not begin with a psychiatric- or delirium- onset, thus not representing this specific subtype
[28].

Differences in EO-DLB and LO-DLB also emerged with the metabolic connectivity approaches. The whole-
brain connectivity analysis revealed a severe disruption for both groups, however with some differences.
The loss of connectivity arising from the occipital, inferior temporal and cerebellar nodes characterized
both the LO-DLB and EO-DLB. Noteworthy, increases and decreases in connectivity were present and
differently expressed by EO-DLB and LO-DLB. Specifically, we observed in EO-DLB a higher amount of
increased connectivity than in LO-DLB, in particular between frontal and posterior nodes. Increased
connectivity among brain regions has been reported in prodromal DLB, Parkinson's disease, multiple
sclerosis, traumatic brain injury, and stroke[29, 30]. While the mechanisms behind hyperconnectivity are
still being studied, several valuable hypotheses have been proposed, such as adaptive or maladaptive
mechanisms [31, 32]. Notably, this literature also reported a pattern of regionally increased functional
connectivity during the early stages of neurodegenerative diseases, followed by a decline in connectivity.
This might parallel our findings in EO vs. LO-DLB, the latter characterized by a more severe connectivity
decrease.

As far as the RSNs analysis, the LO-DLB group showed a loss of connectivity in the dorsolateral
prefrontal part of the ATN. Attentional deficits are listed in the consensus clinical criteria for DLB
diagnosis and are useful for differential diagnosis with dementia due to AD[33, 34]. Connectivity
alterations in ATN were previously described in other studies conducted in DLB patients both in the
prodromal and dementia phases [35]. Here it appears a functional marker of LO-DLB.

EO-DLB instead, showed reduced connectivity in the frontal regions in EXN that are consistent with
executive dysfunction and frontal connectivity alterations described in previous studies in DLB on both
structural white-matter pathology[36] and functional resting-state connectivity[37]. In addition, the RSNs
analysis supports the vulnerability of the DMN in EO-DLB - within both its anterior and posterior parts. We
found a loss of connectivity from the PCC node to the anterior part of the DMN and a loss of connectivity
within the frontal aDMN. The PCC is a cortical region with high levels of metabolic demand and, together
with the adjacent precuneus, represents the main hub of the pDMN[38]. Finally, the EO-DLB group
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presented a loss of connectivity within the LIN. Significant connectivity loss involved the limbic
structures, in particular from amygdala seed and thalamus (Fig. 3). This finding indicates impaired limbic
network connectivity and its possible relevance for the association with neuropsychiatric vulnerability
previously reported in EO-DLB. Further studies are necessary for confirmation with large EO-DLB cohorts,
here prevented by our limited sample size.

The spatial association analysis based on the metabolic differences in neurotransmission showed
significant correlations with AChE, GABAa, SERT, DAT neurotransmitter maps and hypometabolism in
both EO and LO DLB groups. Here, we found that the typical hypometabolism pattern was mostly driven
by the AChT activity, as suggested by the highest correlation coefficient (r=-0.368, p < 0.001). A
widespread dysfunction of AChE activity was found in DLB [36]. Of note, the spatial coherence of AChE
deficit and hypometabolism in DLB was reported in a multimodal neuroimaging study and was related to
the degeneration of afferent cholinergic neocortical projections arising from the basal nucleus of
Meynert[39]. The spatial association analysis based on metabolic differences in neurotransmission
supports the hypothesis of a SERT system derangement as a major monoaminergic etiology
differentiating EO-DLB from LO-DLB [5]. Indeed, we found a high correlation between hypometabolism
and SERT map in EO-DLB, indicating a matched derangement in metabolism and 5-HTT SERT map. Loss
of serotonergic neurons in the rostral raphe nuclei was reported in clinically diagnosed and
neuropathologically confirmed DLB[40]. According to the Braak staging, the raphe nucleus is a
subcortical region early affected by accumulations of Lewy bodies and neurites, even before the
dopaminergic substantia nigra[41].

In conclusion, this brain metabolic study using various analytic approaches and in particular connectivity
analyses and neurotransmitter mapping revealed commonalities and differences between EO-DLB and
LO-DLB. Specific neurotransmitter systems vulnerabilities and the presence of pure or mixed pathologies
may have a role in the brain FDG-PET results.

These results add new biological evidence to the DLB syndromes.

We acknowledge some limitations of the study, mostly due to the retrospective observational design.
First, a more comprehensive neuropsychological and neuropsychiatric assessment was not available, to
account for between-group differences that emerged in previous studies (e.g., [5]). Further, the diagnosis
of DLB was not confirmed at autopsy. However, we adopted standardized clinical diagnostic criteria,
which showed high specificity in previous autopsy validations[3]. The role of serotonergic system
dysfunction in EO-DLB should be confirmed by direct assessment with PET imaging and specific
serotonergic tracers.
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Figure 1

Group-analysis – (A) Voxel-wise SPM comparison between each DLB group and a validated FDG-PET
database of HC (N = 112). (B) Voxel-wise SPM direct comparison between EO-DLB (N=21) and LO-DLB
(N=41). Hypometabolism is represented in a lateral and medial view. Each comparison was FWE-
corrected, with a significance level at p<0.05. SPM, Statistical Parametric Mapping; EO-DLB, early-onset
dementia with Lewy bodies; LO-DLB, late-onset dementia with Lewy bodies; HC, healthy controls; FWE,
Family-wise Error; FDG-PET, Fluorodeoxyglucose-positron emission tomography.
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Figure 2

Whole-brain metabolic connectivity architecture – The matrices represent the significant differences
obtained comparing adjacency matrices of each clinical cohort (EO-DLB and LO-DLB) with the HC group
in the whole-brain network (p<0.001). The connectivity loss is shown in cyan-blue, the gained
connectivity in yellow-red, and the unchanged connectivity in black. 3D brain showing altered
connections (blue edges for losses and red for gains) for EO-DLB and LO-DLB. Box-plot representing
number of loss (blue) and gained (red) connections. AAL labels[19] were grouped into 7 macro-ROIs:
Frontal Lobe (precentral gyrus, superior frontal gyrus, middle frontal gyrus, inferior frontal gyrus, Rolandic
operculum, supplementary motor area, olfactory lobe, rectus gyrus), Limbic Lobe (insula, anterior
cingulate cortex, middle cingulate cortex, posterior cingulate cortex, hippocampus, parahippocampal
gyrus, amygdala), Occipital Lobe (calcarine cortex, cuneus, lingual gyrus, superior occipital gyrus, middle
occipital gyrus, inferior occipital gyrus), Parietal Lobe (precentral gyrus, superior parietal lobule, inferior
parietal lobule, supramarginal gyrus, angular gyrus, precuneus, paracentral lobule), Subcortical Lobe
(caudate, putamen, thalamus, pallidum), Temporal Lobe (fusiform gyrus, Heschl gyrus, superior temporal
gyrus, superior temporal pole, middle temporal gyrus, middle temporal pole, inferior temporal gyrus), and
Posterior Fossa (cerebellum crus 1, crus 2, cerebellum 3-10, vermis). EO-DLB, early-onset dementia with
Lewy bodies; LO-DLB, late-onset dementia with Lewy bodies; HC, healthy controls; AAL, Automated
anatomical labelling atlas.
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Figure 3

Resting State Networks - Figure illustrates resting-state networks topography in (left) HC (green overlaid
to the anatomical template), (right) EO-DLB (red overlaid to the anatomical template) and LO-DLB (blue
overlaid to the anatomical template) for anterior and posterior default mode network; attentive, executive
networks, limbic network. Overlap in the RSNs between EO-DLB and LO-DLB is represented by pink color.
A connectivity derangement is more prominent for EO-DLB than LO-DLB, showing reduced connectivity in
the frontal components of the EXN, aDMN and pDMN, and increased connectivity in the LIN. The LO-DLB
showed reduced connectivity in ATN. Resting-state networks were obtained using seed-based
intercorrelation analysis. Clusters with a minimum spatial extent of 100 voxels are shown, with a voxel-
wise significant threshold of p<0.001. EO-DLB, early-onset dementia with Lewy bodies; LO-DLB, late-
onset dementia with Lewy bodies; HC, healthy controls; aDMN, anterior default mode network; pDMN,
posterior default mode network; ATN, attentive network; EXN, executive network, LIN, limbic network.
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Figure 4

Neurotransmitter topography analysis – (top) Bar plots representing Fisher’s z-scores resulting from the
Spearman correlation analysis between hypometabolism z-scores and neurotransmitter systems in EO-
DLB (left) and LO-DLB (right); (bottom) Bar plot representing the significant difference between the two
DLB groups within the serotonin transporter (SERT) circuit resulting from the post-hoc direct comparison
(absolute values of Rho Fisher’s z). FDG-PET hypometabolism in posterior cingulate cortex overlaid on a
T1-template image, which is associated to alterations within the serotonergic network. Significance level
was set at FWE-p<0.05. EO-DLB, early-onset dementia with Lewy bodies; LO-DLB, late-onset dementia
with Lewy bodies; HC, healthy controls; FDG-PET, Fluorodeoxyglucose-positron emission tomography.


