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Abstract

INTRODUCTION: Dementia with Lewy bodies (DLB) is a common but underdiagnosed
neurodegenerative disease associated with a-synuclein pathology. Clinically, DLB is
characterized by early motor dysfunction and psychiatric symptoms, in contrast to
early memory decline typical of Alzheimer’s disease (AD). Lewy body and AD pathol-
ogy commonly co-occur. It remains unclear how a-synuclein pathology, either alone or
in combination with AD pathology, produces clinical features considered distinctive of
synucleinopathy.

METHODS: We analyzed 531 Alzheimer’s Disease Neuroimaging Initiative partici-
pants using neuroimaging to compare tau deposition patterns between a-synuclein-
positive and a-synuclein-negative individuals.

RESULTS: a-synuclein-positive individuals showed significantly greater tau deposition
in basal ganglia (BG), insula, and medial temporal lobe (MTL). Increased tau burden in
these regions correlated with more severe psychiatric symptoms and slower reaction
times. These associations were present only in the a-synuclein-positive group.
DISCUSSION: These results suggest that a-synuclein pathology is associated with
region-specific tau positron emission tomography abnormalities that map onto core

clinical features of synucleinopathy.

KEYWORDS
a-synuclein, Alzheimer’s disease, dementia with Lewy bodies, seed amplification assay, tau
positron emission tomography

Highlights

* The presence of a-synuclein co-pathology is linked to significantly elevated tau
deposition in the basal ganglia, insula, and medial temporal lobe.

* Findings provide human in vivo evidence supporting preclinical models in which a-

synuclein promotes the cross-seeding and anatomical spread of tau aggregates.
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1 | BACKGROUND

Lewy bodies composed of a-synuclein are the pathological hallmark
of neurodegenerative synucleinopathies, the two most common of
which are Parkinson’s disease (PD) and dementia with Lewy bod-
ies (DLB).12 PD is characterized by progressive motor dysfunction,
including slowing of movement, tremor, and loss of balance. In DLB,
motor dysfunction can be subtle initially, while neuropsychiatric symp-
toms including depression and psychosis can be prominent. While
accurate diagnosis of PD is typically possible based on distinctive
clinical features, DLB remains substantially under-recognized in clin-
ical practice.® Previous reports have indicated that up to one third
of DLB cases are initially missed, with many patients receiving alter-
native diagnoses before a-synuclein-related disease is identified.* At
autopsy, a-synuclein pathology, either in isolation or as a co-pathology,
is highly prevalent in patients diagnosed with Alzheimer’s disease
(AD) or other neurodegenerative diseases, and even in healthy older
adults. Unlike AD, there are no positron emission tomography (PET)
diagnostic tests for synucleinopathies. Early-stage experimental trac-
ers for a-synuclein, such as [18F] ACI-12589, are not yet established
for clinical or research use.>¢ Conventional biomarkers for PD and
DLB, including dopamine transporter (DAT) neuroimaging and cardiac
1231-MIBG (metaiodobenzylguanidine) scintigraphy, primarily capture
downstream effects of a-synuclein rather than a-synuclein pathol-
ogy itself.” Recently, accurate and specific in vivo biomarker tests for
synucleinopathy have become available.

Synucleinopathy can now be diagnosed using seed amplification
assay (SAA) performed on cerebrospinal fluid (CSF) obtained via lum-
bar puncture (LP)® as well as by skin biopsy.”1° SAA has been shown
to accurately detect a-synuclein seeding activity across the spectrum
of synucleinopathies including DLB, PD, isolated rapid eye movement
sleep behavior disorder (iRBD), and pure autonomic failure (PAF), with
an overall sensitivity of 95.3%. The SAA assay demonstrated 98%
specificity in a neuropathological cohort of 101 cases lacking synuclein
pathology.®1! Beyond the binary determination of synucleinopathy
presence versus absence using SAA, CSF DOPA-decarboxylase (DDC)
has recently emerged as a quantitative fluid biomarker reflecting a-
synuclein disease. A recent study found that the CSF concentration
of DDC measured using two immunoassays was strongly associated
with a-synuclein burden at autopsy, particularly in the substantia nigra,
and distinguished DLB and PD from both controls and AD patients
with area under the curve > 0.9.12 Because CSF DDC may reflect
the functional consequences of a-synuclein pathology on dopaminer-

gic systems rather than directly detecting misfolded a-synuclein, CSF

* Higherregional tau burden in a-synuclein-positive individuals is uniquely associated
with increased psychiatric symptoms and slower psychomotor task reaction times.

* Neuroimaging-based topographical signatures of tau can serve as a proxy for
identifying a-synuclein co-pathology during life.

DDC and SAA may serve as complementary biomarkers. These tests
are not yet in widespread clinical use, and some patients consider them
invasive. Consequently, the majority of individuals with a-synuclein
pathology remain undiagnosed, and the contribution of a-synuclein
pathology to in vivo measurements of brain structure and function
remains uncertain.

Because there are only a few in vivo neuroimaging studies of individ-
uals with confirmed a-synuclein pathology, understanding the neural
basis of symptomatology and interactions between a-synuclein and
other neurodegenerative pathologies is extremely limited. Emerging
evidence indicates that a-synuclein co-pathology is associated with
greater amyloid beta (AB) deposition’® and Ag-driven tau deposition,'*
exacerbates glucose hypometabolism,’> and drives faster clinical
decline.’® Collectively, these studies highlight a potential pathogenic
interplay among a-synuclein, tau, and Ag in driving heterogeneous clin-
ical phenotypes and shared mechanisms of neurodegeneration across
multiple dementia syndromes and are in accord with experimental
studies showing that a-synuclein induces tau hyperphosphorylation
and accelerates tau propagation.1”-18

However, prior studies have generally focused on broad categories
of individuals categorized as tau or Aj positive or negative, whereas it
is well established that regional distribution of tau is critically impor-
tant to the nature and severity of neuropsychiatric deficits in AD.17-20
Itis largely unexamined whether the presence of a-synuclein pathology
affects regional patterns of tau deposition across the whole brain using
voxel-wise analyses, and how such patterns relate to clinical manifes-
tations, including motor and psychiatric features known to be common
in synucleinopathies.»27 We hypothesize that a-synuclein pathology,
together with its synergistic interactions with AD pathology, drives
region-specific alterations in tau aggregation. Using voxel-wise anal-
yses of AV-1451 (tau) PET, we map how a-synuclein associates with
tau deposition across the whole brain and assess the clinical relevance
of PET patterns by correlating them with two key clinical features of

synucleinopathy: motor slowing and psychiatric symptoms.

2 | METHODS
2.1 | Participants

In this study, we included 531 participants (mean age 73.72 + 7.6
years; 277 females) from the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI; adni.loni.usc.edu) who had undergone CSF a-synuclein
assay as well as tau PET (mean time difference from the CSF exam date:
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RESEARCH IN CONTEXT

1. Systematic review: Current evidence from neuropatho-
logical and biochemical studies confirms that the co-
occurrence of a-synuclein and tau pathologies is a hall-
mark of neurodegenerative aging, frequently co-existing
in patients diagnosed clinically with Alzheimer’s disease
(AD). While preclinical models have established that a-
synuclein can promote the cross-seeding and accelerated
propagation of tau aggregates, translating these find-
ings to living human cohorts has proven challenging. To
date, human in vivo research has largely focused on
single-protein models, leaving a critical gap in under-
standing the specific whole-brain anatomical hubs where
a-synuclein modifies tau topography. Furthermore, the
degree to which this protein interaction drives specific
clinical symptoms beyond standard memory loss, such
as psychomotor and psychiatric disturbances, remains
insufficiently characterized in large-scale clinical cohorts.

2. Interpretation: This study identifies a localized topo-
graphical signature of a-synuclein-associated tau accu-
mulation within the basal ganglia, insula, and medial
temporal lobe. The findings suggest that the presence
of a-synuclein does not merely increase global tau bur-
den but specifically targets regions linked to psychomo-
tor speed and psychiatric regulation. By linking these
regional tau elevations to more severe psychiatric symp-
toms and slower reaction times, this research provides a
mechanistic basis for the clinical heterogeneity observed
in mixed-pathology dementias, distinguishing them from
pure AD phenotypes.

3. Future directions: The results emphasize the necessity of
neuroimaging-based phenotyping for the in vivo detec-
tion of mixed proteinopathies. Future longitudinal studies
should investigate whether these a-synuclein-related tau
signatures can serve as predictive biomarkers for disease
progression. Additionally, these findings advocate for the
inclusion of multi-modal imagingin clinical trials to ensure
that therapeutic interventions are tailored to the specific
pathological profile of the individual, particularly when

a-synuclein-targeted therapies are considered.

1.48 + 2.31 years), AB PET (mean time difference from the CSF exam
date: 0.23 + 0.7), and structural magnetic Resonance Imaging (MRI).
ADNI, launched in 2003 as a public-private partnership led by Princi-
pal Investigator Michael W. Weiner, MD, aims to determine whether
serial MRI, PET, other biological markers, and clinical and neuropsy-
chological assessment can be combined to measure the progression
of mild cognitive impairment (MCI) and early AD. The current goals
include validating biomarkers for clinical trials, improving the general-
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izability of ADNI data by increasing diversity in the participant cohort,
and providing data concerning the diagnosis and progression of AD to
the scientific community. The cohort for this analysis consisted of 293
cognitively healthy controls (HC), 180 individuals with MCI, and 58
with AD; 102 were a-synuclein positive and 429 were a-synuclein neg-
ative; 236 were AB positive, and 295 were AS negative.!? Participants
were classified as HC (Clinical Dementia Rating [CDR] = 0, Mini-Mental
State Examination [MMSE] 24-30, with no significant subjective or
objective cognitive or functional impairment), MCI (CDR = 0.5 with a
memory box score > 0.5, MMSE 24-30, objective memory impairment
on education-adjusted delayed recall, and preserved general cogni-
tion and functional independence, per Petersen/ADNI criteria), or AD
dementia (CDR 0.5 or 1.0, MMSE 20-26, meeting National Institute
of Neurological and Communicative Disorders and Stroke-Alzheimer’s
Disease and Related Disorders Association criteria for probable AD).
AB positivity was determined using Ag status information from Uni-
versity of California Berkeley-processed A3 PET data in the ADNI
dataset.

2.2 | Participant assessments

For this study, we focused on two key clinical domains strongly
implicated in synucleinopathy: psychiatric symptoms and motor
functioning.>” Psychiatric symptoms were assessed using the Neu-
ropsychiatric Inventory (NPI) total score. Although sensitive measures
of motor function are not included in the ADNI assessment battery,
and individuals with overt parkinsonism at baseline are excluded from
participation as ADNI is focused on AD, we estimated psychomo-
tor speed as an available proxy for motor function based on three
tests in the CogState?! computerized battery (detection, identifica-
tion, and one-back) that measured reaction time.2* While reaction time
on these tasks reflects a combination of processing speed, attention,
response selection, and motor output rather than motor function in
isolation,?2 reaction time is well established to be prolonged in the
most common synucleinopathy, PD, though less markedly impaired
than movement time.2% Further supporting the use of reaction time
as an available measure of motor/psychomotor functioning when dedi-
cated motor measures are unavailable, reaction time on the Cogstate
detection task has been strongly associated with grooved pegboard
performance (r = 0.81), a well-established test of manual dexterity
and fine motor function.?2 Principal component analysis (PCA) was
performed to capture shared variance in reaction time across the
three tasks and define a robust composite measure of psychomotor

speed.??

2.3 | a-synuclein status

a-synuclein positivity was determined using the categorical SAA
result distributed by ADNI, generated with the Amprion CSF-based
seed amplification assay,’! which detects misfolded a-synuclein seeds

through cyclic amplification of a recombinant a-synuclein substrate.
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a-synuclein pathology aggregation was coded as a binary status (a-
synuclein positive and a-synuclein negative).

2.4 | Clinical comparisons between
a-synuclein-positive and a-synuclein-negative
groups

We compared demographic (e.g., age, sex), cognitive (MMSE), psy-
chiatric (NPI total score), and psychomotor speed (composite reac-
tion time) features between a-synuclein-positive and a-synuclein-
negative individuals. The Shapiro-Wilk test was used to assess the
normality of continuous measures, for which a significance threshold
of p < 0.05 indicated a violation of normality assumptions. Accordingly,
group differences were evaluated using independent t tests for nor-
mally distributed data and the Mann-Whitney U test for non-normally
distributed variables. Categorical measures were analyzed using the

chi-squared test.

2.5 | Tau PET processing and analysis

AV-1451 PET scans were acquired beginning 75 minutes post-injection
and included six 5-minute frames. PET images were processed using a
customized PETSurfer 2% pipeline incorporating FSL,2° FreeSurfer, and
Advanced Normalization Tools (ANTs). 2¢ First, individual frames were
aligned to the first frame and summed to create a single PET volume.
The summed PET images were rescaled using the cerebellar gray mat-
ter as the reference region. PET images were transformed into MN1152
1 mm space for standardized spatial analyses using ANTs.

Voxel-wise analyses were conducted using the generalized linear
model (GLM) in Statistical Parametric Mapping (SPM).2” a-synuclein-
positive and a-synuclein-negative participants were compared, adjust-
ing for age, sex, and AB status as covariates. To assess the potential
impact of the time difference between CSF and tau PET, we also
repeated the analyses including the time interval between the CSF
exam and tau PET acquisition dates as a covariate. Clusters were per-
formed using a voxel-level threshold of p < 0.001 (uncorrected), and
cluster-level inference was corrected for multiple comparisons using
the false discovery rate (FDR), with significance set at FDR-corrected
p < 0.05. Finally, as a supplementary analysis accounting for AD co-
pathologies, we repeated the analyses separately in the AB-positive

and AB-negative groups.

2.6 | Correlation between tau PET signal and
clinical features

To clarify the clinical correlations of regional differences in tau PET
identified through voxel-wise analysis, we examined the association
between clinical features (psychiatric symptoms and psychomotor
speed) and tau PET signal in anatomically constrained clusters identi-

fied in voxel-wise comparisons. After assessing distributional normality

using the Shapiro-Wilk test to determine the appropriate correlation
method (Pearson or Spearman), partial correlation analyses control-
ling for age, sex, and AB status were used to assess the association
of psychiatric symptom severity (NPI total score) and psychomotor
speed with regional tau PET signal. Psychomotor speed was indexed
by the first principal component (PC1) derived from reaction times on
the three CogState tasks (detection, identification, and one-back), with
the proportion of variance explained and task loadings reported in the
Results section. These analyses were conducted for all participants, as
well as separately for a-synuclein-negative and a-synuclein-positive
groups. The Benjamini-Hochberg procedure was applied to control
the FDR.

2.7 | Sensitivity analyses

To characterize the magnitude of each association, partial Spearman
correlations were converted to an equivalent Cohen d, and effect sizes
were compared between the a-synuclein-positive and a-synuclein-
negative groups.

To address whether tau PET signal varies across the AD contin-
uum among biologically defined (AB-positive) participants, we used the
non-parametric Kruskal-Wallis test to assess the overall difference in
tau PET signal across the three clinical stages (HC, MCI, AD) within
Ag-positive participants.

3 | RESULTS

3.1 | Participant demographics, clinical
characteristics, and comparisons between
a-synuclein-positive and a-synuclein-negative
groups

Table 1 summarizes the demographic and clinical characteristics of the
study participants and group differences based on a-synuclein status.
Of 531 participants, 400 participants (333 a-synuclein negative and
67 a-synuclein positive) completed clinical and cognitive assessments.
The three CogState reaction time tasks impose relatively low cognitive
load but still reflect a combination of motor execution and cognitive
processing. Reaction times across the three tasks were moderately
correlated (r > 0.51, p < 0.0001), indicating substantial shared vari-
ance while leaving room for task-specific cognitive demands. To isolate
the shared motor component from this task-specific variance, we per-
formed principal component analysis (PCA) on the reaction times and
examined all three components (Table 2). PC1 accounted for 74% of
the total variance and showed positive loadings across all three tasks
(detection = 0.56, identification = 0.60, one-back = 0.56), support-
ing its interpretation as a shared psychomotor component, with lower
PC1 scores corresponding to faster reaction times. In contrast, PC2
and PC3 showed mixed positive and negative loadings, consistent with
task-specific cognitive demands. PC1 was therefore retained as the

psychomotor speed index in subsequent analyses.
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TABLE 1 Participants’ clinical characteristics.

a-synuclein negative a-synuclein positive p value
Number of individuals 333 67 -
Age (mean + SD) 7282 +7.45 75.10 + 6.41 p=0.014°
Sex (male/female) 144/ 189 37/30 p=0.1°
Number of HC/MCI/AD 213/111/9 44/21/2 p=0.95°
AB positive within HC, n/ total N (%) 62/213(29.0%) 15/44 (34.1%) p=0.59°
AB positive within MCI, n/ total N (%) 53/111(48%) 11/21(52.4%) p=0.81°
AB positive within AD, n/ total N (%) 7/9(77.8%) 2/2(100.0%) p=1.00°
MMSE score (mean + SD) 28.57+2.13 28.40+2.50 p=0.842
NPI total score (mean + SD) 2.36+5.63 2.96+4.61 p=0.082
Response time PC1 (mean + SD) 0+0.17 0.02+0.16 p=0.392
Detection response time (mean + SD)© 2.62+0.12 2.63+0.11 p=0422
Identification response time (mean + SD)© 2.78 +0.08 2.78 +0.07 p=0.772
One back response time (mean + SD)¢ 2.95+0.10 2.97+0.11 p=0.30?

Abbreviations: A3, amyloid beta; AD, Alzheimer’s disease; HC, healthy control; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; NPI,
Neuropsychiatric Inventory; PC1, first principal component; SD, standard deviation.

2Mann-Whitney U test
bChi-squared test
€Unit: logso(milliseconds).

TABLE 2 Taskloadings in principal component analysis.

Tasks PC1load PC2load PC3load
Detection reaction time 0.56 0.71 0.42
Identification reaction time 0.60 —0.005 —0.80
One-back reaction time 0.56 -0.70 0.43

Abbreviation: PC, principal component.

All continuous demographic and clinical measures and regional tau
depositions showed significant deviation from normality (p < 0.02);
therefore, we used non-parametric tests for all analyses.

The a-synuclein-positive group was significantly older than the a-
synuclein-negative group (75.10 + 6.41 versus 72.82 + 7.45 years;
p = 0.014), while sex distribution, clinical diagnosis, and Ag status did
not differ between groups (p > 0.1).

There was a trend toward more severe psychiatric symptoms (NP!I
total score) in the a-synuclein-positive group with marginal signifi-
cance (2.96 + 4.61 vs. 2.36 + 5.63; p = 0.08). No significant group
differences were observed in PC1 or MMSE scores.

3.2 | Voxel-wise analyses comparing tau PET in
a-synuclein-positive versus a-synuclein-negative
groups

To provide a visual complement to the statistical analyses, we gener-
ated group-average tau PET standardized uptake value ratio (SUVR)

maps for a-synuclein-positive (Figure 1A, n = 102) and a-synuclein-

negative (Figure 1B, n = 429) participants. Both groups showed the
expected overall distribution of tau PET signal, with the highest SUVR
values concentrated in temporal and subcortical gray matter. Visual
inspection of the difference (Figure 1C) map (a-synuclein positive—
a-synuclein negative) showed elevated signal in a-synuclein-positive
participants concentrated in the basal ganglia (BG), insula, and medial
temporal lobe (MTL).

We then analyzed 531 tau PET scans using voxel-wise analyses
comparing a-synuclein-positive and a-synuclein-negative individuals,
controlling for age, sex, and AS status. We also repeated the analy-
ses including the time difference between CSF sampling and tau PET
as an additional covariate. The results were almost identical, indicat-
ing that this time difference does not impact our model. As shown in
Figure 1D, a-synuclein-positive individuals showed elevated PET sig-
nal in multiple cortical and subcortical regions, particularly in the BG,
insula, and temporal lobe compared to a-synuclein-negative individu-
als. Decreased PET signal in a-synuclein-positive individuals was lim-
ited to the cerebellum. After cluster-wise FDR correction, we identified
seven significant clusters (Figure 1D), listed in Table 3, corresponding
to bilateral, largely symmetric regions in the BG, insula, and MTL.

As sensitivity analyses, we repeated the analyses in AB-positive and
AB-negative groups. When the analysis was restricted to AB-positive
participants, results were similar except that the BG regions no longer
showed significant tau differences between a-synuclein-positive and
a-synuclein-negative individuals (Figure S1A in supporting informa-
tion). In contrast, in Ap-negative participants, the BG was the only
region with higher tau in a-synuclein-positive individuals (Figure S1B).
Cluster-wise FDR correction did not survive across bilateral regions in

the BG, insula, and MTL (Table S1 in supporting information).
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(A) a-synuclein-positive

FIGURE 1 Voxel-wise comparison of tau PET signal between a-synuclein-positive and a-synuclein-negative individuals (N = 531), controlling
for age, sex, and Af status. A, Mean tau PET SUVR, a-synuclein-positive. B, Mean tau PET SUVR, a-synuclein-negative. C, Difference map
(a-synuclein-positive—a-synuclein-negative). D, Voxel-wise GLM implemented, shown uncorrected at p < 0.001 to illustrate the overall spatial
pattern of group differences; these maps are not corrected for multiple comparisons. Panels (A) and (B) share an identical sequential color scale
(turbo colormap, 0.03-2.0 SUVR) for direct visual comparison; panel (C), thresholded at |difference| > 0.05 to suppress near-zero noise uses a
diverging color scale, in which red and yellow indicate higher tau PET signal in a-synuclein-positive participants and dark blue and light blue
indicate higher signal in a-synuclein-negative participants; in panel (D) the color scale indicates the T statistic for the group contrast (a-synuclein
positive vs. a-synuclein negative), with red (T = 2) to yellow (T > 4) representing regions of increased tau PET signal and dark blue (T = —2) to light
blue (T < —4) representing regions of decreased tau PET signal. A3, amyloid beta; GLM, generalized linear model; PET, positron emission

tomography; SUVR, standardized uptake value ratio.

3.3 | Correlation between regional tau PET and
clinical features

Because all measures significantly deviated from normality (p < 0.001),

Spearman partial correlations were used for all statistical analyses.

3.3.1 | Analyses of all participants

Partial correlation analyses controlling for age, sex, and Ag status in
the full sample (N = 400) showed that more severe psychiatric symp-
toms (NPI total score) were associated with greater tau PET signal
(Figure 2A) in all three bilateral regions: BG (o = 0.15, p = 0.003,

FDR p = 0.02), insula (0 = 0.10, p = 0.05, FDR p = 0.08), and MTL
(o =0.14, p = 0.006, FDR p = 0.02). Worse psychomotor functioning
(PC1, reflecting slower response time across three tasks) was associ-
ated (Figure 2B) with higher BG tau PET signal (0 =0.11,p=0.028, FDR
p=0.056).

3.3.2 | Analyses in a-synuclein-positive group

Partial correlation analyses in the a-synuclein-positive group (N = 67)
showed that more severe psychiatric symptoms were associated
(Figure 3A) with greater tau PET signals in two of the three regions: BG
(p=0.32,p=0.01, FDR p = 0.04) and insula (p = 0.27, p = 0.03, FDR p
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TABLE 3 Regions of significantly greater tau deposition in
a-synuclein-positive versus a-synuclein-negative individuals
identified via voxel-wise analysis in the full group (N = 531). Regions
correspond to bilateral BG, insula, and MTL.

MNI coordinates Peak Z score of

Regions (X,Y,2) local maxima
Left BG -19,19,-2 4,67

Right BG 19,21,-3 4,947

Left Insula -30,21,7 4.59*

Right Insula 38,19,-8 4.54**

Left MTL -26,2,-30 4327

Right MTL 36,-9,-34;32,-17,-29 4.10%;4.08"*

****:FDR p < 0.0001; ***: FDR p < 0.001; **: FDR p < 0.01; *: FDR p < 0.05.
Abbreviations: BG, basal ganglia; FDR, false discovery rate; MNI, Montreal
Neurological Institute; MTL, medial temporal lobe.

=0.05). Worse psychomotor functioning (slower response time across
three tasks) was also associated with higher tau PET signal (Figure 3B)
in these same two regions: BG (p = 0.27, p = 0.03, FDR p = 0.05) and
insula (0 =0.30,p=0.01, FDR p = 0.04).

3.3.3 | Analyses in a-synuclein-negative group

As shown in Figure S2, there were no robust correlations between
clinical features and tau PET signals in any of the three regions in the a-
synuclein-negative group (N = 333). However, there was a marginally
significant trend toward greater psychiatric symptoms associated with
greater tau PET signal in the MTL (Figure S2A, p = 0.11, p = 0.04, FDR
p = 0.22). The absence of significant associations in this group (Figure
S2), five times larger than the a-synuclein-positive group, supports the
specificity of the associations reported in Figure 3.

To characterize the magnitude of these associations independent
of significance thresholds, each partial Spearman correlation was
converted to an equivalent Cohen d. Across all six region-clinical fea-
tures pairs, the converted effect size was consistently larger in the
a-synuclein-positive group than in the a-synuclein-negative group:
BG-psychiatric (d = 0.67 vs. 0.18), BG-psychomotor speed (d = 0.55
vs. 0.14), insula-psychiatric (d = 0.53 vs. 0.10), insula-psychomotor
speed (d = 0.67 vs. 0.03), MTL-psychiatric (d = 0.46 vs. 0.23), and
MTL-psychomotor speed (d = 0.26 vs. 0.07). Despite the substan-
tially larger sample size in the a-synuclein-negative group, every
a-synuclein-positive group achieved a larger effect size.

3.3.4 | Sensitivity analyses on regional tau and
clinical features associations in Ag-positive
participants

We first used the Kruskal-Wallis test to assess the overall differ-
ence in tau PET signal across the three clinical stages (HC, MCI, AD).
Among Ag-positive participants, tau PET signal increased monoton-
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ically with clinical stage in all three ROIls: BG (HC: mean = 1.49,
MCI: mean = 1.59, AD: mean = 1.80; H = 13.84, p = 0.001), insula
(HC: mean = 1.08, MCl: mean = 1.16, AD: mean = 1.50; H = 17.81,
p = 0.0001), and MTL (HC: mean = 1.28, MCI: mean = 1.48, AD:
mean = 1.92; H = 33.56, p < 0.0001); all three comparisons survived
FDR correction (p < 0.001). This confirms that tau PET signal tracks
disease severity as expected within biologically defined AD, providing
avalidity check for our regional measures.

We repeated the tau-clinical correlations restricted to AB-positive
and a-synuclein-positive participants (n = 28); the tau-clinical cor-
relations were not only maintained but were numerically stronger
than in the unrestricted a-synuclein-positive sample. In AB-positive,
a-synuclein-positive participants, tau PET signal was significantly
associated with slower psychomotor speed in all three regions after
FDR correction: BG (o =0.45,p=0.024, FDR p = 0.05), insula (0 = 0.45,
p=0.023,FDR p =0.05), and MTL (0o = 0.48,p = 0.016, FDR p = 0.05).
The psychiatric-symptom correlations showed the same direction but
did not survive correction (BG: p=0.37,p=0.068, FDR p =0.10; insula:
0=0.31,p=0.13,FDRp=0.16; MTL: p =0.20, p = 0.35, FDR p = 0.35).

4 | DISCUSSION

In this study, we uniquely leveraged a large, well-characterized cohort
of older adults and whole-brain voxel-wise analyses to show that indi-
viduals with a-synuclein pathology (based on highly accurate CSF
assay) exhibit region-specific increases in tau PET signal in the BG,
insula, and MTL. These three regions, identified using unbiased, whole-
brain analysis, are key neural hubs essential for motor function,282?
emotional processing,®® and memory,'? respectively. While all these
domains are ultimately affected when neurodegeneration progresses
to severe dementia, the timing of decline across these domains dif-
fers significantly depending on the specific underlying etiology. In AD,
anterograde memory impairment is typically the earliest detectable

symptom,31:32

whereas DLB is defined clinically by early motor and
psychiatric dysfunction, usually with preserved memory.>2 In accord
with these distinguishing clinical profiles, we found that across the full
cohort, greater psychomotor dysfunction (estimated as a composite
score derived from reaction time from three computerized tasks) was
associated with greater tau PET signal in the BG, and greater sever-
ity of psychiatric symptoms, measured using the NPI, was associated
with greater tau PET signal in all three regions. Notably, these relation-
ships were significant only among a-synuclein-positive participants,
emphasizing their potential relevance for understanding the patho-
physiology of synucleinopathy and the clinical heterogeneity observed
across neurodegenerative diseases.

Our finding of greater tau PET signal in BG, primarily the putamen
and caudate, in association with both synucleinopathy and psychomo-
tor slowing, is novel, but is consistent with the well-known role of BG
circuitry in driving the motor features of PD and DLB. 2827 Notably, the
spatial pattern of tau deposition we observed mirrors the dopaminer-
gic BG structures highlighted by dopamine transporter single-photon
emission computed tomography (DAT-SPECT), which is used clinically
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FIGURE 2 Associations between regional tau PET signal and clinical features across all participants (N = 400). A, Partial regression plots
showing the association between psychiatric symptom severity (NPl total score) and tau PET signal in the bilateral BG, insula, and MTL. B, Partial
regression plots showing the association between psychomotor speed (PC1) and tau PET signal in the same regions. Each point represents an
individual participant; both axes show residuals after adjusting for age, sex, and AS status. Spearman p and FDR-corrected p values are reported
within each panel. Psychiatric symptom severity remained significantly associated with tau PET signal in the BG (FDR p =0.02) and MTL (FDR p
=0.02) after correction; the insula association did not survive correction (FDR p = 0.08). Psychomotor function was associated with BG tau PET
signal at trend level only (FDR p = 0.056); no association with insula or MTL tau PET signal survived correction. AB, amyloid beta; BG, basal ganglia;
FDR, false discovery rate; MTL, medial temporal lobe; NPI, Neuropsychiatric Inventory; PC1, first principal component; PET, positron emission
tomography.
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FIGURE 3 Associations between regional tau PET signal and clinical features in the a-synuclein-positive group (N = 67). A, Partial regression
plots showing the association between psychiatric symptom severity (NPI total score) and tau PET signal in the bilateral BG, insula, and MTL. B,
Partial regression plots showing the association between psychomotor function (PC1) and tau PET signal in the same regions. Each point
represents an individual participant; both axes show residuals after adjusting for age, sex, and Ag status. Spearman p and FDR-corrected p values
are reported within each panel. Associations with BG and insula tau PET signal remained significant after correction for both psychiatric symptoms
(BG: FDR p = 0.04; insula: FDR p = 0.05) and psychomotor function (BG: FDR p = 0.05; insula: FDR p = 0.04); the MTL association did not survive
correction. AB, amyloid beta; BG, basal ganglia; FDR, false discovery rate; MTL, medial temporal lobe; NPI, Neuropsychiatric Inventory; PC1, first
principal component; PET, positron emission tomography.

to support the diagnosis of PD and DLB.33 While these regions are BG tau PET signal correlates with subtle motor dysfunction, and is
not typically associated with early tau deposition in AD, and tau PET robustly associated with the presence of a-synuclein.

signal in BG is often attributed solely to off-target tracer binding, The insula also stands out as particularly distinctive pattern of tau.
34 there is neuropathological evidence for tau deposition in the BG, Although the insula is vulnerable in late-stage AD,3”3¢ here the insu-
particularly in the putamen, and nigro-striatial tauopathy has been lar tau effect was clearly modulated by a-synuclein.3? We found that in
associated with subtle motor dysfunction in individuals with and with- a-synuclein-positive individuals, but not a-synuclein-negative individ-
out AD.%>3¢ These findings are in accord with our demonstration that uals, higher insular tau was strongly associated with worse psychiatric
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symptoms, as well as psychomotor slowing. Our results fit with mul-
tiple neuroimaging studies implicating dysfunction of the insula with
emotional dysregulation and psychiatric disease,*° with specific evi-
dence for early insular dysfunction in DLB, including neuroimaging
studies showing preferential insula atrophy in early DLB3?-41 and
autopsy series reporting high (phosphorylated) tau burden in the ante-
rior insula of DLB cases with links to dementia severity.3”#2 Our in vivo
findings suggest that insular tau may be a neural substrate connect-
ing a-synuclein pathology to emotional dysfunction. Thus, insular tau
deposition might be a relatively specific biomarker of synucleinopa-
thy and highly relevant to understanding the neural basis of disabling
psychiatric symptoms in DLB. 43

Stratifying by AB status revealed intriguing differences in patterns of
tauopathy associated with the presence of a-synuclein. In A3-positive
participants, a-synuclein-positive individuals showed greater tau in
the insula and especially the MTL, but not in the BG. In contrast, in Ag-
negative participants, a-synuclein-positive subjects exhibited higher
tau confined to the BG. Results in the AB-positive group are consistent
with the presence of a-synuclein enhancing tau deposition in typi-
cal AD regions like the MTL,**-46 with classic Braak-like cortical tau
progression.1?:20:3247-50 Thjs is consistent with the recent finding that
the presence of a-synuclein accelerates AD pathology,’31* and the
increasingly supported general concept that co-pathologies appear to
accelerate each other. In contrast, in the AB-negative group, who by
definition do not have AD, the presence of synucleinopathy was not
associated with tau deposition in typical AD regions like the MTL (even
with the larger sample size of the AB-negative group compared to the
ApB-positive group). Rather, in AB-negative individuals, the presence of
synucleinopathy was associated with greater tau PET signal limited to
the BG, primarily the putamen and caudate.

Despite the high prevalence of a-synuclein co-pathology, clinical
diagnosis remains difficult. Meta-analytic data show that nearly 20%
of DLB diagnoses based solely on clinical criteria are incorrect, and
caregiver reports indicate that 78% of patients receive alternative
diagnoses before DLB is correctly identified.*>1>2 The recent avail-
ability of diagnostic tests for a-synuclein using skin biopsy and CSF
assays helps address this diagnostic challenge, but gaps remain. First,
skin biopsy and LP are considered invasive by many patients, and even
when results of these tests are available, they are binary (positive
or negative) and cannot provide information about disease stage or
severity, nor the extent or anatomic location of a-synuclein deposi-
tion in the brain. Unlike for Ag and tau, validated in vivo PET tracers
for a-synuclein do not yet exist; first-generation candidates are not
yet suitable for clinical or broad research applications.>¢ While not
a substitute for an a-synuclein PET tracer that could quantify neu-
roanatomically localized a-synuclein deposition, our identification of
a signature pattern of tau PET with corresponding clinical effects
in association with a-synuclein pathology takes an important step
toward developing multimodal neuroimaging biomarkers capable of
non-invasive, early detection of synucleinopathy and contributes to
improved understanding of how interactions among a-synuclein, tau,
and AB lead to heterogeneous clinical manifestations and clinical

trajectories of neurodegeneration.
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This study has several limitations that should be considered in future
research. First, our sample size, particularly within the a-synuclein-
positive subgroup, was our main limitation. Despite this limited sample
size, we applied FDR correction across all tested associations and
used Cohen d to ensure our results were not driven by chance. Sec-
ond, the ADNI cohort is not optimized for synucleinopathy research.
ADNI does not include a-synuclein-specific clinical batteries, motor
scales tailored to PD or DLB, measures of autonomic functioning,
nor comprehensive neuropsychiatric assessments sensitive to early a-
synuclein-related changes. As a result, our ability to fully characterize
a-synuclein-driven cognitive, motor, and behavioral features is limited
by the available instruments. Third, use of a first-generation tau PET
tracer with significant off-target binding complicates tau PET inter-
pretation, especially in the medial temporal lobes. Mitigating against
this, our novel results linking tauopathy to a-synuclein status were
strongest in the insula and BG. The insula is not a region with sig-
nificant off-target binding, and while off-target binding in BG is a
known issue discussed above, it does not differ between first- and
second-generation tau PET tracers.>3 Larger, dedicated synucleinopa-
thy cohorts with disease-specific clinical measures and optimal tau
PET?4? will be essential to validate and extend these findings.

In conclusion, we identified three brain regions (BG, insula, and
MTL) where the presence of a-synuclein pathology was associated
with greater tau PET signal, and we linked these regional PET pat-
terns to clinical features relevant to synucleinopathies. These findings
help explain clinical heterogeneity across neurodegenerative presen-
tations and emphasize the importance of considering a-synuclein
co-pathology in clinical and translational research. In addition to
improving diagnostic accuracy, recognizing these regional interac-
tions between a-synuclein status and tau pathology may advance
understanding of how neurodegenerative pathologies, alone and in
combination, produce specific symptoms, and can inform targeted
interventions.
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