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Abstract

Purpose The aim of the study was to evaluate extrastriatal dopaminergic and serotonergic pathways in patients with Parkinson’s
disease (PD) and dementia with Lewy bodies (DLB) using '**I-FP-CIT SPECT imaging.

Methods The study groups comprised 56 PD patients without dementia, 41 DLB patients and 54 controls. Each patient
underwent a standardized neurological examination and '*I-FP-CIT SPECT. Binding in nigrostriatal and extrastriatal regions
of interest was calculated in each patient from spatially normalized images. The occipital-adjusted specific to nondisplaceable
binding ratio (SBR) in the different regions was compared among the PD patients, DLB patients and controls adjusting for the
effects of age, sex, disease duration and serotonergic/dopaminergic treatment. Covariance analysis was used to determine the
correlates of local and long-distance regions with extrastriatal '**I-FP-CIT deficits.

Results Both PD and DLB patients showed lower '*I-FFP-CIT SPECT SBR in several regions beyond the nigrostriatal system,
especially the insula, cingulate and thalamus. DLB patients showed significantly lower '**I-FP-CIT SBR in the thalamus than controls
and PD patients. Thalamic and cingulate '**I-FP-CIT SBR deficits were correlated, respectively, with limbic serotonergic and wide-
spread cortical monoaminergic projections only in DLB patients but exhibited only local correlations in PD patients and controls.
Conclusion PD and DLB patients both showed insular dopamine deficits, whereas impairment of thalamic serotonergic pathways
was specifically associated with DLB. Longitudinal studies are necessary to determine the clinical value of the assessment of
extrastriatal '*’I-FP-CIT SPECT.
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Introduction

Nigrostriatal dopaminergic depletion is the hallmark of
Parkinson’s disease (PD) [1] and dementia with Lewy bodies
(DLB) [2]. These two conditions share several pathophysiolog-
ical characteristics [3, 4] despite presenting with clinical phe-
notypes reflecting a different degree and timing of subcortical
and cortical neuropathology [5, 6]. Differences between PD and
DLB patients in terms of clinical presentation and disease
course probably also reflect the involvement of different neu-
rotransmitters. Indeed, neuropathological studies and studies of
small groups using molecular imaging indicate that the patterns
of neurodegeneration in the dopaminergic and serotonergic sys-
tems differ between PD and DLB patients [5, 7].

23 .FP-CIT ['**I-N-w-fluoropropyl-2 B-carbomethoxy-
33-(4-iodophenyl) nortropane] SPECT enables the visualiza-
tion in vivo of the striatal density of the dopamine transporter
(DAT), which is typically reduced in neurodegenerative parkin-
sonism. Besides its high affinity for DAT (KT 3.5 nM), '**I-FP-
CIT also shows high affinity for the serotonin transporter SERT
(K1 9.73), with a DAT/SERT selectivity of 2.8 [7, §]. Notably,
DAT and SERT display a non-overlapping distribution in the
brain: DAT levels are highest in the basal ganglia, whereas
SERT is highly expressed in the thalamus and midbrain [7-9].
Thus, 123_FP-CIT SPECT holds the potential for assessing the
involvement of both serotonergic and dopaminergic transmis-
sion (nigrostriatal and extrastriatal projections) in vivo.

A few studies have investigated DAT and SERT in PD and
DLB using '*’I-FP-CIT imaging, and have shown lower pu-
tamen binding in PD, although not consistently [10, 11].
Findings in extrastriatal regions range from no differences
between the two conditions to lower midbrain SERT binding
in DLB [7, 9]. These discrepancies may have been due to
sample selection, different methods of image analysis and
choice of reference region [7, 9].

In the present study, we applied a newly developed
Statistical Parametric Mapping (SPM) method for single-
subject evaluation of '**I-FP-CIT SPECT data in patients with
different forms of Lewy body disorders, focusing on both
striatal and extrastriatal regions of interest using different nor-
malization methods. The aim of this study was to evaluate
shared and divergent deficits within the extrastriatal dopami-
nergic and serotonergic pathways in PD and DLB patients,
paving the way for novel prognostic and diagnostic measures.

Materials and methods
Recruitment of patients and clinical assessment
Consecutive patients with a clinical diagnosis of PD [1] or

DLB [12], supported by at least 2 years of follow-up, were
recruited from the Neurology Unit, University of Brescia,

Italy. All patients underwent structural imaging (brain MRI
or CT scan) and a standardized neurological examination, in-
cluding the Unified Parkinson’s Disease Rating Scale
(UPDRS-III) in ON state and a global cognition evaluation
using the Mini Mental State Examination (MMSE) 1 to
4 weeks prior to SPECT imaging. The levodopa equivalent
daily dose (LEDD) was calculated according to the standard
conversion method as previously described [13].

The following exclusion criteria were applied: (1) atypical
parkinsonism such as corticobasal syndrome, progressive
supranuclear palsy and multiple system atrophy; (2) promi-
nent cortical or subcortical infarcts; (3) other neurological dis-
orders or medical conditions potentially associated with cog-
nitive deficits; (4) deep brain stimulation; (5) bipolar disorder,
schizophrenia, history of drug or alcohol abuse or impulse
control disorder [14]; (6) PD with hallucinations or dementia
according to current criteria [15]; and (7) use of antipsy-
chotics. A control group was included comprising 54 subjects
with a confirmed clinical diagnosis of isolated action or rest
tremor syndromes [16] over a 4-year follow-up period and
with normal '**I-FP-CIT imaging (assessed visually and
quantitatively by BRASS analysis).

The research protocol was approved by the Ethics
Committee of the Brescia Hospital, Brescia, Italy (NP 1471).
Written informed consent was obtained from all participants.

SPECT imaging

123_FP-CIT (110-185 MBq) was administered intravenously
30 min after thyroid blockade (800 mg of KCIO,) in all sub-
jects, as previously described [14]. Antidepressant therapy (in
those receiving it) was withdrawn 3 weeks before the SPECT
assessment to minimize possible iatrogenic effects on
nigrostriatal and extrastriatal '>*I-FP-CIT binding. Brain
SPECT was performed 3 h after '**I-FP-CIT administration
using a dual-head gamma camera (Infinia Hawkeye; GE
Healthcare) as previously described [14]. '*’I-FP-CIT data
from individual patients were spatially normalized to a normal
template in Montreal Neurological Institute space [14] and
smoothed (3D gaussian filter with 10 mm full-width at half-
maximum) [14, 17].

Two regions of interest (ROIs) over the right and left oc-
cipital lobe provided the individual background uptake area
and the mean uptake value of these ROIs was used to obtain
the ratios for nigrostriatal and extrastriatal binding. Putamen
and caudate binding, asymmetry index and caudate/putamen
ratio were calculated according to the standard formula de-
scribed by Walker et al. [10].

'23.FP-CIT specific to nondisplaceable binding ratios
(SBR) in the frontal, parietal, temporal, cingulate cortices,
the insula, thalamus and midbrain were evaluated using the
Statistical Parametric Mapping (SPM12, https://www.fil.ion.
ucl.ac.uk/spm/) WFU PickAtlas toolbox (http://fmri.wfubmc.
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edu/software/pickatlas, Wake Forest University Health
Sciences Medical Center Blvd. Winston-Salem, NC) based
on the Talairach Daemon database [18]. Briefly, a 3D
anatomical ROI for each of the aforementioned regions was
created, obtaining the mean binding in each patient. A ratio
with the mean occipital binding in individual subjects was
calculated according to the standard guidelines also used in
semiquantitative tools [19, 20]. Additional analyses were
performed using uptake in the cerebellar crus II region as the
reference as recently suggested as an alternative reference
region for extrastriatal regions by Joling et al. [9].

Statistical analyses

Differences in demographic and clinical variables between the
groups were assessed by ANOVA or the Mann-Whitney U
test for three-group comparisons (PD patients vs. DLB pa-
tients vs. controls) and two-group comparisons (PD vs. DLB
patients), respectively. Differences in categorical variables
were assessed using the chi-squared test. The significance
level was set at p <0.05. Nigrostriatal and extrastriatal '*I-
FP-CIT SBR values, asymmetry indexes (normalized to the
more affected side) and caudate/putamen ratios were com-
pared among the three groups using ANOVA with
Bonferroni post-hoc comparisons adjusted for the effects of
age and sex. The multiple comparison-adjusted significance
threshold was set at p =0.0125 for striatal regions (p =0.05/
four tests) and p =0.007 for extrastriatal regions (p =0.05/
seven tests). The post-hoc comparisons between DLB and
PD patients were additionally evaluated in univariate analysis
adjusted for the effects of age, sex, disease duration, selective
serotonin reuptake inhibitor (SSRI) use and LEDD.

Discriminant analyses and patterns of covariance

ROIs significant by ANOVA were further analysed to assess
their power to differentiate between PD patients, DLB patients
and controls by means of ROC curve analysis (area under the
curve, AUC), considering the clinical diagnosis as the diag-
nostic reference. ROI patterns of covariance were further ob-
tained from significant comparisons. This approach relies on
the assumption that functionally correlated brain regions dis-
play greater binding concordance as a result of structural and/
or functional correlations [14, 21]. The regions of interest
obtained from previous analyses (comparison among PD pa-
tients, DLB patients and controls) were used as “seed” re-
gions, exploring the pattern of covariance between '**I-FP-
CIT binding in each region and '**I-FP-CIT binding through-
out the whole brain for each group (PD patients, DLB patients
and controls). The pattern of covariance was thus separately
obtained in PD patients, DLB patients and controls using a
linear regression model in SPM12 considering age and sex as
nuisance variables and mean occipital binding as global
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regressor. The significance threshold was set at p = 0.05 with
adjustment for family-wise error. Only clusters containing
more than 150 voxels were considered as significant. Data
were analysed using SPSS 24.0 (IBM Corp., Armonk, NY).

Results
Recruitment of patients and clinical assessment

Of consecutively enrolled PD and DLB patients (69 PD, 51
DLB) who underwent '*I-FP-CIT imaging, 56 PD patients
and 41 DLB patients were included in the final analysis. The
remaining 23 patients were excluded because of: (1) subcortical
infarcts on MRI (three PD, one DLB), (2) methodological is-
sues (i.e. SPET image artefacts; two PD, two DLB), (3) diag-
nosis of progressive supranuclear palsy on follow-up (three
PD), (4) PD with hallucinations (three), (5) use of antipsy-
chotics (four DLB), (6) refusal to undergo the complete clinical
assessment (two PD, three DLB; Supplementary Fig. 1).

Table 1 shows the demographic and clinical characteristics
of'the three groups. All DLB patients fulfilled probable criteria
and presented with parkinsonism and abnormal nigrostriatal
dopaminergic imaging. They differed in terms of age and sex
distribution; thus, these were considered as covariates in the
IZ3[.FP-CIT ANOVA. DLB patients showed lower total
MMSE scores than PD patients (p <0.001; 22.8 £4.0 vs.
28.5+ 1.6, respectively). PD and DLB patients did not differ
in terms of disease duration, total LEDD, antidepressant ther-
apy use or mean UPDRS-III score.

123LLFp-CIT binding in PD and DLB patients

Concerning striatal binding, lower putamen and caudate SBRs
were found in PD and DLB patients than in controls (Table 2).
The post hoc analysis did not reveal any difference in
nigrostriatal SBR, asymmetry index or putamen/caudate ratios
between PD and DLB patients (Table 2). Comparable results
were found when patients were stratified according to their
asymmetric (left or right) motor impairment.

Extrastriatal SBR showed significant differences between
the groups in the cingulate cortex, insula and thalamus. In the
post-hoc analysis, DLB patients showed lower SBRs in all
these three extrastriatal ROIs compared with controls, whereas
PD patients showed lower SBRs only in the insula and thala-
mus compared with controls (Table 2). DLB patients showed
significantly lower thalamic '**I-FP-CIT SBR compared with
PD patients, even after adjusting for the effects of age, sex,
disease duration, SSRI use in the previous months and LEDD.
The same results were obtained after excluding patients re-
ceiving SSRI treatment (r = 13). Using crus II as the reference
region, DLB patients showed significantly lower SBR in the
right and left caudate (»p =0.02 and p =0.03, respectively),
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Table 1 Demographic and
clinical characteristics of the
studied groups

Table 2 '*I-FP-CIT binding in

nigrostriatal and extrastriatal
regions

Variable Control group PD patients DLB patients p value®
(n=54) (n =56) (n=41)
Age at evaluation (years) 60.7+13.1 64.9+10.1 72.4+6.0 0.001d
Female sex, % (n) 352 (19) 28.6 (16) 65.9 (27) 0.002¢
Disease duration (years) 2.2+2.06 21+1.3 0.20°
UPDRS-III, total score 159+94 18.1+£9.5 0.17°
Total LEDD (mg/day)* 112.7+£155.7 100 +145.8 0.52°
Right side clinically affected, 40 (71) 30 (73) 0.95¢
% (n)

Antidepressant therapy, % (n)b 12.5(7) 21.4 (6) 0.42¢
MMSE, total score 28.5+t1.6 22.8+4.0 <0.001°¢
Core DLB criteria, % (n)

Parkinsonism 0 100 (56) 100 (41)

Dementia 0 0(0) 100 (41)

Fluctuating cognition 0 0(0) 76 (31)

Visual hallucinations 0 0 (0) 61 (25)

REM sleep behaviour disorder 0 41 (23) 68 (29)

DLB dementia with Lewy bodies, LEDD levodopa equivalent daily dose, MMSE Mini Mental State Examination,
PD Parkinson’s disease, UPDRS-1II Unified Parkinson’s Disease Rating Scale — total motor score

* According to the standardized conversion rate

® Antidepressant drugs were suspended 3 weeks before SPECT. Antidepressant drugs included: fluvoxamine,
sertraline, paroxetine, mirtazapine, citalopram and escitalopram

¢ Chi-squared test
9 Mann-Whitney U test
¢ p values <0.05 are shown in bold

Variable Controls (n=54) PD patients (n=56) DLB patients (n=41)  p value®

Basal ganglia
Left putamen 247 + 031 1.57 £ 041 1.51 £0.47 0.001°°
Right putamen 222 +048 1.41 £0.38 1.33 £ 0.44 0.001>¢
Left caudate 1.98 +0.31 1.39 + 0.37 1.18 £ 0.34 0.001>¢
Right caudate 2.01 £0.28 1.38 £ 0.35 1.19 £ 0.36 0.001%¢
Asymmetry index putamen 7.57 £3.07 89+7.7 7.6+53 0.387
Caudate/putamen ratio 0.97 £ 0.6 0.99 £ 0.1 0.95 £ 0.1 0.700

Extrastriatal regions
Parietal lobe —0.02 £ 0.04 0.02 £ 0.04 0.03 + 0.05 0.826
Temporal lobe 0.14 £ 0.06 0.12 £ 0.05 0.11 = 0.05 0.008
Frontal lobe 0.05 £ 0.05 0.03 £ 0.05 0.02 = 0.06 0.020
Cingulate 028 £0.10 0.24 £ 0.09 0.19 £ 0.10 0.001°¢
Insula 0.65 +0.10 0.46 +=0.12 0.41 +£0.14 0.001°¢
Thalamus 0.72 £0.14 0.59 £ 0.14 0.47 £ 0.14 0.001><4
Midbrain 0.56 £0.18 0.54 £0.17 0.48 £ 0.16 0.135

DLB dementia with Lewy bodies, PD Parkinson’s disease

# Comparisons were performed using ANOVA with Bonferroni post-hoc comparisons adjusted for the effects of
age and sex

® Controls vs. PD significant
¢ Controls vs. DLB significant
4DLB vs. PD significant
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parietal and frontal lobes (p =0.01 for both), cingulate (p =
0.05), thalamus (p =0.04) and insula (p =0.001) compared
with PD patients (Supplementary Table 1).

ROC analyses

The sensitivity, specificity and AUC for those ROIs found to
be significant in the above analyses were calculated to assess
their power to differentiate between PD patients, DLB patients
and controls. The ROIs with the best AUC for differentiating
PD patients from controls were the putamen (AUC 0.94, 95%
CI 0.90-1.00) and caudate (AUC 0.91, 95% CI 0.85-0.97),
followed by the insula (AUC 0.88, 95% CI 0.81-0.94) and
thalamus (AUC 0.74, 95% CI 0.64-0.83; Fig. 1a). The ROIs
with the best AUC for differentiating DLB patients from con-
trols were the caudate (AUC 0.96, 95% CI 0.92—-1.00), puta-
men (AUC 0.96, 95% CI 0.93-1.00), insula (AUC 0.91. 95%
CI 0.85-0.97) and thalamus (AUC 0.90, 95% CI 0.83-0.96),
followed by the cingulate cortex (AUC 0.73, 95% CI 0.62—
0.83; Fig. 1b). The ROIs with the best AUC for differentiating
DLB from PD patients were the thalamus (AUC 0.73, 95% CI
0.63-0.83) and cingulate cortex (AUC 0.63, 95% CI 0.52—
0.74; Fig. lc).

Covariance patterns

The covariance pattern analysis of cingulate '**I-FP-CIT
binding showed a cingulate-to-cingulate correlation in con-
trols (local autocorrelation pattern). In PD patients, the cingu-
late cortex binding was also correlated with the inferior frontal
gyrus and insula binding, whereas in DLB patients cingulate
cortex binding was correlated with binding in a larger cingu-
late cluster and widespread cortical areas including the frontal,
parietal and temporal lobes (Table 3, Fig. 2). Thalamic '*’I-
FP-CIT binding showed a local thalamus-to-thalamus corre-
lation (autocorrelation pattern) in controls and PD patients. In

DLB patients, '**I-FP-CIT binding was correlated with bind-
ing in a larger thalamic cluster, the right parahippocampus and
the right precentral area (Table 3, Fig. 2).

Discussion

In the present study, we explored the involvement of
extrastriatal dopaminergic and serotonergic pathways in PD
and DLB patients using a newly developed SPM ROI-based
approach. Both PD and DLB patients exhibited similar im-
pairment in several extrastriatal regions, especially in the
insula and cingulate cortex, with DLB patients also exhibiting
specific thalamic involvement. The extensive '*’I-FP-CIT
extrastriatal impairment in Lewy body disorders is in line with
the findings in several neuropathology series and molecular
imaging group analyses [5, 22, 23]. Besides the expected def-
icits in nigrostriatal dopamine projections, we found a signif-
icantly lower insular '**I-FP-CIT SBR in patients, and this is
the first time this finding has been reported with this tracer in
the Lewy body disease spectrum. These findings are consis-
tent with alpha-synuclein pathology in the insular and limbic
systems and with the high prevalence of autonomic and affec-
tive dysfunctions in PD and DLB patients from the early
stages [5, 24-29]. In the discriminant analysis of '**I-FP-
CIT SBR impairment, the insular was the best extrastriatal
region for differentiation between controls and both PD and
DLB patients, exhibiting diagnostic accuracies of 88% and
91%, respectively, in the ROC analysis. Thus, assessment of
insular '*’I-FP-CIT SBR might increase the diagnostic accu-
racy of classical nigrostriatal evaluations in both PD and DLB
patients [30].

Beyond sharing common dopaminergic nigrostriatal and
insular deficits, PD and DLB patients showed divergent in-
volvement of the monoaminergic cingulate and thalamic

a PD vs CG b DLB vs CG c DLB vs PD
1.0 J_,—‘ ; 10 4 5 'T—,f 1.0 - Jj—
0.8 B 08 _;—’_J—k 08 - -
z 06 r_’_‘ z 06 z 06 y_‘
2 2 =
= — £ =
2 2 2
(1) 7] (7]
@ 04 4 “ 04 1 » 04
Caudate
Putamen 8 ‘ Putamen
02 4 Caudate 02 |7 Insula 0.2 4
g Insula Thalamus Thalamus
Thalamus Cingulate Cingulate
0.0 . . T T Y 0.0 . . . i 0.0 T T T T 1
0.0 02 0.4 0.6 0.8 1.0 0.0 02 0.6 0.8 10 0.0 0.2 0.4 0.6 08 1.0
1- Specificity 1- Specificity 1- Specificity

Fig. 1 ROC analysis of the power of the nigrostriatal and extrastriatal SBRs to discriminate between groups. a PD patients vs. controls (CG). b DLB

patients vs. controls (CG). ¢ DLB vs. PD patients
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Table 3 Covariance pattern
analysis in the cingulate and Region T p Coordinates (x y Cluster
thalamus regions of interest in the value 2) size
three groups
123L_FP-CIT correlation with cingulate binding
Controls Left cingulate, BA 32 823  0.000 -4 12 34 1,123
PD patients Right cingulate, BA 24 829 0.000 83216 1,005
Right inferior frontal gyrus, BA 6 728  0.000 30432 1,231
Left insula, BA 13 6.54  0.000 —2824 14 363
Left cingulate, BA 32 6.07  0.002 —16 14 36 340
DLB Right cingulate gyrus, BA 32; 1020 0.000 221436 3,576
patients Right caudate head -840
Left caudate head 644
Right middle temporal lobe, BA 39 8.00 0.000 34 -54 22 1,021
Right inferior parietal lobule, BA 40 48 3426
Right precentral lobe, BA 4 34-18 34
Left middle frontal gyrus, BA 10 8.12  0.000 —2840 14 520
Left middle temporal gyrus 7.0 0.000 —40-50 14 276
123[_FP-CIT correlation with thalamus binding
Controls Thalamus 8.50  0.000 6612 1,451
PD patients Thalamus 9.04  0.000 -8§-12 12 1,496
DLB Thalamus 11.19  0.000 -10-128 3,388
patients Right parahippocampal gyrus, BA 6.58  0.001 302822 264
36
Right precentral gyrus, BA 6 7.79  0.000 40-1232 189

BA Brodmann area, DLB dementia with Lewy bodies, PD Parkinson’s disease

projections. Specifically, only DLB patients showed signifi-
cantly lower 'ZI-FP-CIT binding in the cingulate areas than
controls.

To evaluate the local and long-distance effects of these
deficits, we analysed of patterns of covariance enabling the
identification of those regions functionally related to specific
deficits within a specific selected area of the brain [21]. This
technique confirmed that cingulate dopaminergic deficits had
long-distance widespread cortical effects specifically in DLB
patients, reflecting the diffuse cortical pathology in DLB [2, 5]
involving the cingulate projection areas [31, 32]. Notably,
dopamine deficits in the prefrontal and anterior cingulate have
been found in DLB patients by Marquie et al. [22] using ''C-
altropane PET, a ligand known to be highly specific for dopa-
mine in contrast to '2’I-FP-CIT. Thus, the ability of 123_Fp-
CIT to bind both DAT and SERT was used to evaluate sero-
tonergic projections in the midbrain and thalamus — regions
with higher levels of SERT than DAT [7-9]. DLB patients
showed significantly lower thalamic '*’I-FP-CIT SBR than
controls and PD patients, who showed only a slight but sig-
nificant reduction in thalamic SBR.

The analysis of patterns of covariance in thalamic '**I-FP-
CIT SBR showed only a local autocorrelation in controls and
PD patients but a wide correlation with binding in the frontal
and parahippocampal projections in DLB patients, suggesting
a possible long-distance effect of thalamic deficits on the

limbic system. The thalamus is an important hub for
subcortical—cortical projections [33] and modulates several
cognitive activities, in particular attentional processes [34],
and several studies have suggested that thalamic macrostruc-
tural and microstructural changes are associated with the typ-
ical cognitive fluctuations seen in DLB patients [35, 36].
Furthermore, neuropathology and imaging studies have
shown thalamic dysfunction in DLB [35, 37, 38], especially
in the pulvinar [39]. It is of interest that thalamic impairment
has recently been identified in a subset of patients with idio-
pathic REM sleep behavioural disorder [40], which has been
claimed to be common in the prodromal phase of Lewy body
disorders [41]. This is in line with minor monoaminergic tha-
lamic deficits reported in early PD [23, 42—44], and it is also
possible that more relevant thalamic impairment could be use-
ful to identify from the prodromal phase those subjects spe-
cifically at risk of conversion to DLB. Indeed, the discriminant
analysis indicated that thalamic binding was more accurate in
the early differentiation between PD and DLB patients than
several nigrostriatal measures. These findings are at variance
with those of a recent study by Joling et al. excluding differ-
ences in SERT '*’I-FP-CIT binding between PD and DLB
patients [9]. Their study, however, did not compare PD and
DLB patients with controls and included a large number of
patients with dementia in the PD group — who would most
likely have had patterns of dysfunction similar to those in
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Fig. 2 Covariance patterns of
'ZFP-CIT SBR in the cingulate
(a) and thalamus (b) in the three
groups. Cingulate '*I-FP-CIT
SBR showed a local
autocorrelation in controls, a
correlation with the cingulate/
frontal regions in PD patients and
with widespread regions (includ-
ing the frontal parietal and tem-
poral lobes) in DLB patients.
Thalamic SBR showed a local
autocorrelation pattern in PD pa-
tients and controls and was corre-
lated with the frontal and
parahippocampal '**I-FP-CIT
SBR in DLB patients (b). The re-
sults are superimposed on a 2D
standardized T1 brain template
(p=0.001, family-wise error-
corrected, clusters 80 voxels). The
Talairach x coordinates used were
as follows: controls, cingulate,
x=179, 84, 98, 106; PD patients,
cingulate, x =75, 84, 98, 106;
DLB patients, cingulate, x =98,
60, 119, 128; controls, thalamus,
x =73, 80, 94, 100; PD patients,
thalamus, x =73, 78, 98, 102;
DLB patients, thalamus, x =51,
78,103, 121.

DLB patients [37, 45]. It should be underlined that the present
study included only patients with probable DLB, all present-
ing with parkinsonian features. Thus, evaluation of '**I-FP-
CIT extrastriatal binding needs to be extended to DLB patients
without parkinsonism or with normal dopaminergic imaging
in further studies.

We acknowledge that in our study we could not adjust for
the effect of brain atrophy using structural coregistration and
we thus decided to use large regions of interest [11]. The study
included control patients with non-parkinsonian tremor who
might have shown subtle serotonergic deficits, and a larger
validation study including neurologically healthy controls is
thus necessary. Another potential limitation was the
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availability of a single '*’I-FP-CIT SPECT scan per subject
(acquired in the standard window for DAT 3 h after injection
[19]), as the optimal time for SERT assessment is around 2 h
after injection [46—48]. Nevertheless, SERT and DAT binding
data were consistent and non-overlapping, as confirmed by
the autocorrelation pattern of both the thalamic and cingulate
regions. The main strengths of the present study were the
relatively large sample size and the accurate inclusion of ad-
ditional covariates including disease duration, SSRI treatment
and LEDD that are all potential modulators of '**I-FP-CIT
binding [46] and have not been considered in previous studies.
Another strength was the application of different normaliza-
tion methods that showed consistent differences between PD
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and DLB patients using both occipital and crus II reference
regions with some interesting divergencies. Indeed, the use of
crus Il amplified the differences in the caudate, frontal/parietal
and insular SBR between PD and DLB patients, thus suggest-
ing that this normalization region is even more sensitive for
the assessment of extrastriatal '**I-FP-CIT binding.

Conclusion

Striatal dopaminergic deficits are pivotal in the diagnosis of
PD and of DLB, and predict conversion from the prodromal
phases of the diseases [49, 50]. Beyond the dopaminergic
nigrostriatal system, PD and DLB patients exhibit several al-
terations in extrastriatal dopamine projections and divergent
alterations in the thalamic serotonergic system. Despite the
need for validation in a larger cohort of patients, the applica-
tion of extrastriatal '**I-FP-CIT imaging might allow a better
understanding of complex monoaminergic dysfunction in
neurodegenerative diseases.
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