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o-Synuclein aggregates constitute the pathology of Lewy body (LB)
disease. Little is known about the effects of LB pathology in preclinical
(presymptomatic) individuals, either as isolated pathology or coexisting
with Alzheimer’s disease (AD) pathology ($-amyloid (AB) and tau).

We examined the effects of LB pathology using a cerebrospinal fluid
a-synuclein-seed amplification assay in 1,182 cognitively and neurologically
unimpaired participants from the BioFINDER study: 8% were LB positive,
26% AP positive (13% of those were LB positive) and 16% tau positive.

LB positivity occurred more often in the presence of AP positivity but

not tau positivity. LB pathology had independently negative effects on
cross-sectional and longitudinal global cognition and memory and on
longitudinal attention/executive function. Tau had cognitive effects of a
similar magnitude, but these were less pronounced for Af3. Participants
withboth LB and AD (AP and tau) pathology exhibited faster cognitive
decline than those with only LB or AD pathology. LB, but not AD, pathology
was associated with reduced sense of smell. Only LB-positive participants
progressed to clinical LB disease over 10 years. These results are important
forindividualized prognosis, recruitment and choice of outcome measures
in preclinical LB disease trials, but also for the design of early AD trials
because >10% of individuals with preclinical AD have coexisting LB

pathology.

Lewy body pathology, the primary pathology of Lewy body disease
(LBD), comprises the intraneuronal accumulation of aggregates of
misfolded alpha-synuclein (a-syn) as LB and neurites*. The term LBD is
used to describe mainly Parkinson’s disease (PD) and dementiawith LB
(DLB)"?.Importantly, LB pathology is also often found as a copathology
in AD’. According to studies using postmortem immunohistochemistry,

LB pathology is presentin approximately 8-12% of neurologically and
cognitively unimpaired elderly individuals (‘incidental LBD’) with mean
agesbetween 70 and 75 years* . Because of the previous lack of accu-
rate biomarkers for misfolded a-syn, little is known about the effects
of LB pathology in this preclinical (also known as ‘presymptomatic’)
phase of LBD. However, recent advances have shown that misfolded
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a-syncanbedetected inthe cerebrospinal fluid (CSF) of patients with
LB pathology using in vitro seed amplification assay (SAA) of a-syn’.
Thisnovel method has shown very high sensitivity and specificity in the
detection of neuropathologically verified LBD, especially inindividuals
with limbic and cortical LBs®'°and for clinically diagnosed PD". There
areno studies using this method to examine the effects of LB pathology
on cross-sectional and longitudinal changes in clinical symptoms in
neurologically and cognitively unimpaired individuals, neither as an
isolated pathology nor coexisting with AD pathology. Knowing these
effectsis of greatimportance in the design of preclinical LBD trials,
specifically to plan the screening procedure and to choose sensitive
outcome measures. The coexistence of LB and AD pathologies is also
important considering the many ongoing preclinical AD trials enrolling
cognitively unimpaired participants with AD pathology. If LB pathology
has cognitive effects similar to AD pathology, trials that account for
the presence of LB pathology could better detect the effects of anti-Ap
treatments. Asa copathology to AD, accounting for the presence of LB
pathology may also be relevant when examining the cognitive trajec-
tories of preclinical individuals in observational studies according to
the AD framework that characterizes the presence of AB (A), tau (T) and
non-AD specific neurodegeneration (N) for diagnosis'and prognosis”.

Inthis study we aimed to examine the earliest effects of LB pathol-
ogy on cognitive and other clinical outcomes and compare them to
the effects of Ap and tau pathologies. The cognitive outcomes were
examined cross-sectionally and longitudinally up to 10 years in
1,182 cognitively and neurologically unimpaired participants from
the BioFINDER-1 (NCT01208675) and BioFINDER-2 (NCT03174938)
studies. In addition, a survival analysis was performed examining
subsequent progression to DLB or PD based on the presence of LB
pathology at baseline.

Results

Participants and prevalence of AD and LB pathologies
Participant characteristics are shown in Table 1. AD pathology was
defined as being AP and tau positive using CSF or positron emission
tomography (PET) methods according to the National Institute of
Aging-Alzheimer’s Association criteria. LB pathology was defined
as being a-syn SAA" using a real-time, quaking-induced conversion
assay (RT-QuIC)®. Note that the a-syn SAAwe applied detects only the LB
pathology seeninPD and DLB but not the presence of a-synin therare
a-syndisorder multiple systemic atrophy'’. Biomarker status was deter-
mined at study baseline. The prevalence of Af3, tau and LB pathologies
isshowninFig.1a-c. We found that 94 (8%) were LB*,304 (26%) AB*and
195 (16%) tau’,and 38 were both AB" and LB (13% of AP positives). When
defining AD pathology as being both AB" and tau” (ref. 12), we found
that 941 (80%) participants had no AD nor LB pathology (AD/LB"),
74(6%)only LBpathology (AD/LB*),147(12%) onlyAD pathology (AD*/LB")
and 20 (2%) both AD and LB pathology (AD*/LB"). All pathologies were
more commonwithincreasing age (see Fig.1d-fand odds ratio (OR) in
the figure legend). Adjusted for age, males were more than two times
morelikely to be LB compared with females (OR 2.56, 95% confidence
interval (CI)1.66-3.99). No significant association between sexand A3
or tau was found.

Cross-sectional associations with clinical outcomes

When comparing cross-sectional group differences at baseline (Fig.2a-e),
participants that were AD/LB* or AD"/LB performed significantly worse
inbaselineglobal cognition (measured witha preclinical Alzheimer cogni-
tive composite (PACC)) and memory (measured with aten-word delayed
recall test) compared with those who were AD/LB". Moreover, AD*/LB*
participants had significantly worse global cognition compared with AD™/
LB*. When examining the three pathologies asindependent predictorsin
the same model, LB and tau pathologies had similar significant effects on
lower global cognition and memory performance (Fig. 2f-h). Onthe other
hand, AB pathology was the only pathology independently associated

withworse attention/executive functionbuthad noindependent effecton
memory function (Fig.2g-h). The effect on memorywas further examined
ina recognition task, where only tau was significantly associated with
worse performance (Supplementary Table 1). Reduced sense of smell
was seen in participants that were AD/LB* or AD*/LB* (Fig. 2d) and was
specificto LB pathology (Fig. 2i). Its accuracy for LB pathology was further
examined in receiving operating characteristic (ROC) analysis using LB
status as outcome. The smell test predicted LB pathology with an area
under the curve (AUC) of 0.80 (95% C1 0.71-0.89, overall accuracy, 85%;
Extended Data Fig. 1).

Worse motor function, measured using aninformant-based ques-
tionnaire, was seeninthose participants that were AD/LB* or AD*/LB~
compared with those that were AD/LB™ but, when examining the
independent effects of LB, AP and tau (in the same model) on motor
function, none of the pathologies was significant at this preclinical
disease stage (Fig. 2e,j). The absence of effect on motor function was
also confirmed when using the unified Parkinson’s disease rating
scale part Il (UPDRS-III) as a measure of motor function (Extended
DataFig.2).

The cross-sectional effect sizes of LB pathology on cognitive, smell
and motor functions were similar regardless of whether the models
were adjusted for AB and/or tau or not (Extended Data Table 1).

Cross-sectional associations with pathologies and atrophy
There was asignificant association between LB and Af status in that
LB positivity was more likely to occurin the presence of A positivity
(P=0.001from the * test), and also when adjusting for age (OR for
LB,1.72; P=0.017). There was no significant association between LB
and tau status (P= 0.15, P= 0.41 adjusted for age). Finally, LB status
was not associated with magnetic resonance imaging measures of
gray matter integrity in this preclinical population (see Methods
for analyses).

Longitudinal associations with cognitive outcomes

The effect of the different AD/LB groups and the independent effects of
allthree pathologies (thatis, LB, AB and tau) on longitudinal cognitive
function were examined in linear mixed-effects (LME) models focusing
ontheinteraction of time x AD/LB group (Fig.3a-c) and time x pathol-
ogy (absent/present; Fig. 3d-f). Group comparisons showed that those
participants that were AD/LB*, AD*/LB™ or AD"/LB* progressed faster
inall cognitive measures than those who were AD /LB~ (Fig. 3a-c). Fur-
ther, participants who were positive for both AD and LB pathologies
(AD'/LB") progressed significantly faster in memory and attention/
executive function than those with only AD or LB pathology (AD*/LB"
or AD/LB") (Fig. 3b-c), and in global cognition compared with those
with AD7/LB* (Fig.3a). To demonstrate that differencesin trajectories
were not caused by baseline group differences, we performed a sen-
sitivity analysis using change in cognition as outcome and adjusted
the model for baseline cognitive test score (Extended Data Table 2).
This confirmed the significant differences shown in Fig. 3a-c. When
studying the independent effects of LB, AP and tau pathologies on
cognitive progression we found similar effects of LB and tau patholo-
giesonall cognitive outcomes, but these were less pronounced for Ap
(Fig. 3d-f). The longitudinal LME models with/without adjusting for
AP andtauare shownin Extended Data Table 3 (showing that the effect
sizes of LB pathology were similar regardless of whether adjusting for
AD pathology or not).

LB pathology and progression to PD or DLB

During a mean (s.d.) follow-up time of 4.46 (2.68) years of all study
participants, 70 progressed to AD, 31 to vascular disease/dementia,
16 to DLB and six to PD irrespective of biomarker status at baseline
(Extended Data Table 4). The survival analysis of progression to aclini-
cal diagnosis of DLB or PD stratified on LB status at baseline is shown
inFig. 4. Only LB participants subsequently progressed to DLB or PD.
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Table 1| Characteristics of AD/LB groups

Variable AD /LB (n=941) AD/LB* (n=74) AD'/LB" (n=147) AD+/LB+(n=20) Total (n=1,182)
Age, years 69 (9.1) 73(7.4) 73(5.7) 75 (4.4) 70 (8.8)
Education, years 12 (3.4) 12(3.2) 12 (3.6) 13(4.7) 12(3.5)
Sex, n female 572 (60.8%) 30 (40.5%) 89 (60.5%) 7(35.0%) 698 (59.1%)
MMSE, points 29 (1) 29 (1.3) 29 (1.2) 28 (1.6) 29(11)
Global cognition (z-score) 0.056 (0.75) -0.470 (0.80) -0.630(0.83) -0.940 (0.79) -0.070 (0.81)
Memory (z-score) -0.014 (0.99) -0.560 (1.2) -0.630 (1.3) -1.000 (0.87) -0.140 (1.1)
Attention/executive (z-score) -0.056 (0.91) -0.390(0.86) -0.440 (0.86) -0.600 (0.96) -0.130 (0.91)
Smell function (z-score) 0.000 (0.96) -1.300 (1.3) -0.045 (0.77) -0.990 (0.53) -0.090 (1.0)
Motor function (CIMP-QUEST, z-score) 0.010 (0.91) -0.650 (1.4) -0.380(1.2) -0.054 (0.60) -0.082 (1.0)
Motor function (UPDRS-III, z-score) 0.066 (0.97) -0.110(1.2) -0.220 (1.0) -0.730 (1.0) -0 (1.0)
Signs of REM sleep disorder, n® 24 (2.6%)° 7(9.5%)° 2 (1.4%) 0 (0%)* 33(2.8%)"
A/T/LB, n
A/T/LB" 795 (84.5%) 0 (0%) 0 (0%) 0 (0%) 795 (67.3%)
A/T/LB" 27 (2.9%) 0 (0%) 0 (0%) 0 (0%) 27 (2.3%)
AY/T/LB 19 (12.6%) 0 (0%) 0 (0%) 0 (0%) 119 (10.1%)
A/T/LB* 0 (0%) 55 (74.3%) 0 (0%) 0 (0%) 55 (4.7%)
A/T/LB* 0 (0%) 1(1.4%) 0 (0%) 0 (0%) 1(01%)
A'/T /LB 0 (0%) 18 (24.3%) 0 (0%) 0 (0%) 18 (1.5%)
A*/T'/LB” 0 (0%) 0 (0%) 147 (100%) 0 (0%) 147 (12.4%)
A/T'/LB* 0 (0%) 0 (0%) 0 (0%) 20 (100%) 20 (1.7%)
CSF AB42/AB40 0.095 (0.022) 0.087(0.024) 0.043 (0.0097) 0.039 (0.0081) 0.087(0.028)
AB-PET (SUVR)® 0.50 (0.093) 0.54 (0.11) 0.81(0.11) 0.83(0.061) 0.52(0.12)
CSF P-tau217 (pg ml™) 5.9(2.7) 71(3.9) 26 (16) 43 (35) 10 (12)
Tau-PET (SUVR)® 11(0.092) 1.1(0.097) 1.6 (0.400) 21(0.630) 1.2 (0.190)
CSF a-syn SAA positivity 0 (0%) 74 (100%) 0 (0%) 20 (100%) 94 (8.0%)

(LB pathology), n

Data are shown as mean (s.d.) unless otherwise specified. Note that tau-PET and AB-PET data are from BioFINDER-2 only, and CSF P-tau217 and CSF AB42/AB40 are from BioFINDER-1. °Based on
whether the participant had been told that he/she seems to ‘act out his/her dreams’ *°. Data available only for BioFINDER-2. ®Measured in a composite neocortical ROl using ['®F]flutemetamol
with pons as reference region. “Measured in a temporal meta-ROI using ['*FJRO948 with inferior cerebellar cortex as reference region®.

The mean follow-up time of LB* participants (n = 94) to the last visit or
progression to DLB/PD was 3.92 (2.61) years, during which 23.4% pro-
gressed to either DLB or PD. Of those LB" participants who did not pro-
gressto DLB/PD (n=72),14 (19.4%) developed LB pathology-related signs
such as orthostatic hypotension (n=9), signs of rapid eye movement
(REM) sleep behavior disorder (n =3) or signs of parkinsonism (n=2)
without fulfilling the clinical criteria for DLB or PD. In comparison, the
smell test was not associated with a clinical follow-up diagnosis of DLB
or PD, either as a binary predictor using survival analysis (P=0.69) or
asacontinuous predictorinROC analysis (AUC 0.64, 95% C1 0.45-0.83).

Discussion
This study examines and compares the independent clinical effects
of LB, AP and tau pathologies in a large population of cognitively and
neurologically unimpaired individuals. Overall we found that LB pathol-
ogy, detected by a-syn SAA in CSF, was presentin 8% of the population
(Fig.1).Ithad similar effects on cross-sectional (Fig. 2) and longitudinal
(Fig. 3) cognitive outcomes as AD pathology. Reduced smell function
was specifically associated with LB pathology and a smell test could
predict LB status with an AUC of 0.80 (Extended Data Fig. 1). Finally,
survival analysis showed that only participants who were LB* at baseline
progressed to a clinical diagnosis of DLB or PD (Fig. 4).

The effect of LB pathology on memory function had a similar
magnitude to that of tau pathology, both cross-sectionally (Fig. 2g)

and longitudinally (Fig. 3e). As shown previously, the effect of tau on
memory function in cognitively unimpaired individuals is related to
early tauaccumulation in the medial temporal lobe'* . For LB pathol-
ogy it could berelated more to retrieval of memory than encoding, as
indicated in our supplementary analysis showing that tau but not LB
pathology was related to worse memory recognition (Supplementary
Table 1). Although this result is preliminary due to the lower sample
size, itis supported by previous results”. Other potential mechanisms
could betheearlyinvolvement of LB pathology in the medial temporal
regions’ or that LB pathology has a negative effect on dopamine',
which isimportant for memory encoding®.

Themodest, isolated, cross-sectional effect of Ap onattention/exec-
utive function agrees very well with recent results in cognitively unim-
paired individuals®. This effect may reflect the early AB accumulation
inregionsimportant for attention and executive function that belong
to the default mode and central executive networks?. The effect of LB
pathology on global cognition measured with PACC (Figs. 2f and 3d),
whichisameasure used as a primary outcome in several preclinical AD
trials*, isimportant to note. Not testing for LB positivity when includ-
ing participants in such AD trials could hamper the ability to detect
effects of anti-Ap or anti-tau treatments on cognitive decline and could
potentially be one of several causes for continuous cognitive decline
despite complete removal of A from the brainin AD participants?**.
Overall, we found that similar cognitive measures that are sensitive to
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Fig.1|Prevalence of AB, tau and LB pathologies. a, Prevalence of AB (A),

tau (T) and LB positivity. b, Prevalence of A/T/LB groups. ¢, Prevalence of AD/LB
groups. d-f, Proportions of groups a-c, respectively, with increasing age, where
dshows A, LB and T positivity, e combinations of A/T/LB positivity/negativity and
fcombinations of AD/LB positivity/negativity. Note that AD positivity refers to

Age (years) Age (years)

beingboth A" and T* while LB positivity refers to being a-syn SAA*. d, Using age as
independent variable and pathology as dependent in logistic regression models,
agehad an OR 0f1.066 (95% C11.036-1.099) for LB, 1.067 (95% C11.048-1.087) for
Aand 1.071(95% C11.048-1.095) for T pathology.

changesinpreclinical AD are also sensitive to LB pathology (Fig.3) and
could be suitable for preclinical LBD trials.

Inthe present study we found that 13% of AB* participants were also
LB* (Table 1), and that LB positivity was significantly more likely to occur
inthe presence of Ap positivity (OR1.72) but not tau positivity. This is
inagreement with neuropathology-based studies showingaclear over-
represented co-occurrence of AD and LB pathology in sporadic AD**.

Potential mechanisms for this co-occurrence could be a previously
suggested seeding effect of AB on a-syn” and indications that the APOE
g4 allele not only drives AD pathology but has also been associated with
more severe LB pathology in AD?*%. Further, in autosomal dominant
AD and Down syndrome, both of which have an overproduction of
AB, LB pathology occurs more frequently than merely by chance (LB
pathology prevalence of 50% in individuals with Down syndrome*°
and 60% in autosomal dominant AD* defined as LB pathology pres-
ence in at least the amygdala). This co-occurrence could be an issue
wheninterpreting the effects of anti-AD treatmentsin A’ cognitively
unimpaired individuals, especially if LB* participants are unequally
distributed between treatment and placebo arms.

Regarding recruitment to future trials of preclinical LBD, detection
of LB positivity will be crucial in identifying a relevant study popula-
tion (for example for anti-LB therapy™). Our study shows that there is
arelatively low prevalence of LB positivity (8%) in healthy middle-aged
and elderly individuals, similar to that shownin recent smaller studies
using o-syn SAA (3-10%) (refs. 33,34).

Atthe same time we found that progression toaclinical diagnosis
of DLB or PD occurred only among participants who were LB* at base-
line, supporting the use of an a-syn SAA to identify preclinical LBD for
early disease-modifying therapy trials in analogy to how A3 and tau

biomarkers are used today for preclinical AD trials. However, the low
prevalence of LB pathology in unimpaired populations suggests that
large screenings are needed to recruit adequately large populations,
making CSF analyses a feasible, but not optimal, tool. The screening
process would instead benefit from the use of blood or skin biopsies
for a-syn SAA testing® ¥, if they have comparable performance to
CSF methods. Related to such a screening procedure, we found that
the smell test of the present study had an AUC of 0.80 for discriminat-
ing LB* versus LB™ participants (Extended Data Fig. 1). Although this
is not sufficiently accurate for identification of LB pathology on its
own, it indicates that smell tests, potentially combined with other
measures, mightbe usedina prescreening procedure to identify suit-
able individuals for more expensive and invasive a-syn SAA testing.
Our finding of an association between a smell test and LB pathology
is supported by neuropathological studies showing that incidental
(preclinical) LBD is associated with impaired sense of smell*®, This
is also found for DLB/PD dementia cases as well as AD with, but not
without, significant LB pathology™®. Over 50 studies have found that
impaired sense of smell is a common feature in clinically diagnosed
AD*, but our results suggest that this symptomiis entirely caused by
concomitant LB pathology (Fig. 2i).

Regarding motor function, no convincing effect of LB pathol-
ogy was observed using either an informant-based questionnaire
(Fig. 1j) or amotor function scale (UPDRS-III; Extended Data Fig. 2b).
Although LB pathology has been linked to motor function in sympto-
matic individuals*, motor function may be affected at later stages in
some cases with LBD as shown in prodromal LBD (that is, DLB at the
mild cognitiveimpairment (MCI) stage and isolated REM sleep behavior
disorder), where only about one-half of these patients have reduced
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Fig.2| Comparisons between AD/LB groups and independent effects of LB,
Ap and tau pathologies on cross-sectional clinical outcomes. a-j, Significant
effects (two-sided) were examined with linear regression models using either two
AD/LB groups (a-e) or all three pathologies binarized (f-j) in the same model (to
examine independent effects) while adjusting for age, sex and education (motor
function was not adjusted for education). a,f, Global cognition. b,g, Memory.

¢ h, Attention/executive function. d,i, Smell. e j, Motor function. Outcomes
were z-scored cognitive tests (a—c,f-h), smell identification test (d,i) and an
informant-based motor questionnaire (e,j). a-e, Boxes show interquartile range,
horizontal lines are medians and whiskers were plotted using the Tukey method.
f-j, Dot/center denotes estimate of the pathology and error bars 95% CI. Red
indicates significant association between pathology and worse performance.

In total, 941 participants were AD/LB", 74 AD/LB*,147 AD*/LB”and 20 AD*/LB";
94 were LB*,304 AB*and 195 tau’. Extended Data Fig. 2a,b shows the effect on
motor function using the UPDRS-IlI scale (no significant effect of LB pathology).
Statistical analyses with corrections for multiple comparisons are shownin
Supplementary Fig. 1 (all effects of LB pathology were significant following
correction). The effect of LB on clinical outcomes with/without adjustment

for AP and tau is shown in Extended Data Table 1. Missing data shown in
Supplementary Table 2. h, When restricting the analysis of attention/executive
function to participants with available SMDT data (n = 854) the results were
consistent, showing a significant effect for AR (P=0.01) but not for tauand LB.
*P<0.05,*P<0.01,**P < 0.001 (two-sided).
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Fig.3|Independent effect of AD/LB groups and LB, Ap and tau pathologies on
longitudinal cognitive performance. a-c, Significant effects (two-sided) were
examined with LME models focusing on the interaction of AD/LB group x time,
adjusted for age, sex and education. a,d, Longitudinal global cognition.

b,e, Longitudinal memory. c,f, Longitudinal attention/executive function.

d-f, Interaction time x all three pathologies (binarized) was used in the same
model to examine the independent effects of each pathology on cognitive
progression while adjusting for age, sex and education. Outcomes were z-scored
cognitive tests. d-f, Red indicates significant association between pathology

and worse cognitive decline. The effect of LB on clinical outcomes with/without
adjusting for AR and tauis shown in Extended Data Table 3. a-c, Estimated
marginal means and 95% Cl of means obtained from LME models by AD/LB group.
d-f, Dot/center indicates the interaction estimate of time x pathology; error

bars 95% ClI. In total, 941 participants were AD/LB", 74 AD/LB*,147 AD*/LB" and
20 AD/LB'; 94 wereLB*,304 AB*and 195 tau’. Statistical analyses with corrections
for multiple comparisons are shown in Supplementary Fig. 3 (all significant
differences/associations were still significant after correction). Missing data
shownin Supplementary Table 2.*P < 0.05, **P < 0.01, **P < 0.001 (two-sided).
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Fig. 4 |Survival curves for progression to PD or DLB stratified by LB status
atbaseline. The event was met when a participant fulfilled the clinical criteria
for PD* or DLB*° (alternatively, prodromal DLB*). Lines show point estimates
of survival curves and shaded areas 95% Cl. Vertical lines indicate time points
of censoring. The table below shows the number of participants at each time
point that had not yet progressed to PD/DLB. No participants who were LB~ at
baseline progressed to PD/DLB. See Extended Data Table 4 for specifications of
progression toaclinical diagnosis based on AD/LB positivity. P value derived
fromthe log-rank test and indicates that the survival curves (that is, time to
PD/DLB) of LB* and LB participants are significantly different.

dopamine transporter uptake in basal ganglia as demonstrated by
single-photon emission computed tomography or PET*. Moreover,
neither the informant-based motor questionnaire nor the UPDRS-III
score may be sufficiently sensitive to capture the earliest signs of
motor dysfunction. Future studies may benefit from the inclusion of
digital assessments (for example, wearable sensors) and utilization
of a dual-task paradigm for detection of subtle motor impairments.

AP and tau positivity have previously been shown to be strongly
linked to near-term cognitive progression in cognitively unimpaired
individuals®. The present study shows that detection of LB pathology
in clinically unimpaired individuals also has prognostic implications,
bothinterms of progressionto clinical DLB or PD (Fig.4) and cognitive
decline (Fig. 3). Cognitive decline is also supported by retrospective
analyses based on neuropathological findings, highlighting for exam-
ple the rapid progression in attention/executive function of AD*/LB*
individuals versus AD or LB pathology only****, similar to the present
study where we show the additive effect of having both pathologies
(Fig. 3a-c). Overall, this indicates that it could be equally important
to measure the presence of LB pathology as measuring AP and tau,
perhapsinanA/T/LBframework. Using this updated biomarker frame-
work could furtherincrease the understanding of the heterogeneity in
clinical progression observed in participants classified according to the
traditional framework using Ap and tau pathologies only*.

This study has some limitations. Although the population was
large (n=1,182), few individualswere AD*/LB" (n = 20), resultingin low
statistical power to detect group differences compared with this group.
Therefore, alack of statistically significant difference versus this group
should beinterpreted with caution. This does not, however, affect the
results of theindependent effects of the three pathologies (n =94 LB",
n=304Af"andn=195tau’; Table1), which overall confirmed the group
analyses (Figs. 2f-jand 3d-f). Further, this study had missing data. That
is, analyses were performed on all eligible participants and not on a
restricted sample with complete data for all cognitive and noncogni-
tive measures. The rationale for this was to not introduce a selection
bias, but this resulted in missing data (detailed in Supplementary

Tables 2 and 3). According to the study design, assessments of motor
and smell functionwereincludedin only parts of the BioFINDER study.
Despite this, significant associations were found between LB pathol-
ogy and smell function (Fig. 2 and Extended Data Fig. 1). To examine
whether the lack of an association with motor function could be due
to lower statistical power (type Il error) we performed a power analysis
showing that, with the current sample (n = 660 with UPDRS data), we
were powered to detect even asmall effect size (Extended Data Fig. 2).
Regardingthe associations with cognition, it should be noted that the
underlying cognitive tests used to measure these cognitive domains
do not capture all aspects of that domain. Significant associations
are thus dependent on the type of underlying tests used to measure a
specific cognitive domain. Due to the study designs, baseline A- and
tau-PET were available only in BioFINDER-2 and thus CSF P-tau217 and
CSF AB42/40 wereinstead used in BioFINDER-1as biomarkers of AR and
tau. These CSF biomarkers have, however, shown very high agreement
with their PET counterparts*®*.

In summary, this study shows that LB pathology measured using
a-syn SAA is associated with early changes in cognitive performance
and smell functionin cognitively and neurologically unimpaired indi-
viduals, and indicates an increased risk of near-term progression to
DLB or PD. Further, 13% of clinically unimpaired AB* individuals are also
LB* and the coexistence of both LB and AD pathologies has additional
detrimental effects on cognition compared with either pathology
alone. Therefore, these findings may have implications for the design
of preclinical AD drug trials, where one could consider excluding LB*
individuals or ascertaining that the distribution of LB positivity is equal
between treatment and placebo arms. Finally, the results can inform
about the design of future preclinical LBD trials evaluating drugs tar-
geting, for example, misfolded a-syn.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods
Participants
All participants were part of either the BioFINDER-1 (NCT01208675;
n=754) or BioFINDER-2 (NCT03174938; n = 428) study described
previously***"%2, Only participants with a complete dataset of Ap,
tau and a-syn data and who were cognitively and neurologically
unimpaired at baseline were included. The classification of cogni-
tively unimpaired was defined according to the National Institute of
Aging—Alzheimer’s Association criteria as not fulfilling the criteria for
MCl or dementia®. Cognitively unimpaired participants consisted of
cognitively healthy controls (n = 853) and participants with subjective
cognitive decline (n =329) who performed within normal ranges on
alarge cognitive test battery (that is, did not have MCI). The detailed
study criteria have been published previously*®*>*, Briefly, the par-
ticipants were aged 40-100 years, performed >24 points on the
mini-mental state examination (MMSE) and spoke and understood
Swedish to the extent that an interpreter was not necessary. None
of the included participants fulfilled the clinical criteria for PD** or
prodromal DLB* at baseline. All patients were enrolled and under-
went baseline examination either from 2007 to 2015 (BioFINDER-1)
or from 2017 to 2021 (BioFINDER-2). The exclusion criterion of MCI
was defined as performing worse than -1.5 s.d. in at least one of the
cognitive domains memory, attention/executive, verbal or visuos-
patial function. In BioFINDER-1 this was assessed by a senior neu-
ropsychologist after a thorough neuropsychological battery, as
described in detail previously®. In BioFINDER-2, MClI classification
was operationalized as performing worse than —1.5 z-scores in any
cognitive domainaccordingto aregression-based normaccounting
for age and education in AB-negative controls® (see refs. 57,58 for a
descriptiononregression-based z-scores). Cognitive domain z-scores
were derived by calculating the mean z-score of the tests in each of
the following domains: attention/executive function (trail-making
test A, trail-making test Band symbol digit modalities test (SDMT)),
verbal ability (verbal fluency animals and the 15-word short version
of the Boston naming test), memory (ten-word delayed recall from
the Alzheimer’s disease assessment scale (ADAS)) and visuospatial
(incomplete letters and cube analysis from the visual object and space
perception battery) functions. Participants with subjective cognitive
decline had subtle cognitive symptoms (perceived by participant or
informant) but did not fulfill the criteria of MCI.

All participants provided written informed consent. Ethical
approval was givenby the Regional Ethical Committeein Lund, Sweden.

Clinical outcomes

All clinical outcomes were z-scored according to the distribution of
AP~ cognitively unimpaired participants in BioFINDER-1and -2 except
for the smell test, which was normalized using LB~ cognitively unim-
paired participants in BioFINDER-1 and -2. The modified preclinical
Alzheimer cognitive composite-5 (mPACCS, also referred to as PACC)
was used as a measure of global cognition, containing tests of memory,
executive, attention and verbal function®. It was calculated based
on the previously described PACC5 using MMSE, SDMT and animal
fluency*’. Because the memory tests logical memory and the free and
cued selective reminding tests were not available in BioFINDER, the
ten-word delayed recall task from ADAS-cognition (ADAScog)®’ was
used (weighted twice), as previously applied in several studies® 2. The
mPACCS5 was thus calculated using z-scores based on the distribution
in AP~ cognitively unimpaired in the following way: (MMSE + (ADAScog
delayed recall x 2) + SDMT + animal fluency)/5.

Memory was measured using the ten-word delayed recall task from
ADAScog®°. Attention/executive function was measured using SDMT®
and, ifthat was not available, the serial 7s task of MMSE was used (see
Supplementary Tables 2 and 3 for missingness)®*.

Smell function was assessed in BioFINDER-1 using the brief smell
identification test (Sensonics International)® and in BioFINDER-2

using the very similar ODOFIN Burghart sniffin sticks (MediSense)®.
To account for differences in maximum score (16 and 12, respectively),
results were z-scored based on the distribution of LB~ participantsin
each cohort, separately.

Motor function was measured using the total score from the motor
section of the informant-based cognitive impairment questionnaire
(CIMP-QUEST)®, which assesses for example bradykinesia, changed
way of walking, poorer balance, clumsier hands, tremor, changed facial
expressions and dysarthria. In a supplementary analysis (Extended
Data Fig. 2), motor function was measured using UPDRS-III (ref. 68).
UPDRS:-lllwas performed and rated by three certified physiotherapists.

Biomarker of A
AP positivity was determined as having abnormal [18 F]-flutemetamol
PET using a predefined cutoff of 0.53 standardized uptake value ratio
(SUVR) measured in a neocortical composite region using pons as a
reference region, as previously described*®. Due to the study design,
AB-PET was notincluded at baseline in BioFINDER-1and, here, abnor-
mality was defined using a predefined CSF A342/AB40 ratio cutoff of
<0.066, as previously described®. AB42 and AB40 were analyzedon a
Cobas E 601 analyzer using the Roche NeuroToolKit.

Both CSF and PET cutoff have previously been established using
mixture modeling statistics®, and the two modalities have shown a
very high concordance™.

Biomarker of tau

Tau positivity was defined as either abnormal CSF P-tau217 (BioFINDER-1)
or abnormaltau-PET (BioFINDER-2). CSF P-tau217 was measured using
the Meso Scale Discovery platform using an assay developed by Eli
Lilly, and tau-PET was performed using RO948 labeled with radioac-
tive fluorine [18 F] as previously described*. SUVR was measured in
atemporal metaregion of interest (ROI) using the inferior cerebellar
cortex asreference region*®. Cutoffs were established at mean + 2 s.d.
in AB-negative controls as previously described; the cutoff for CSF
P-tau217 was >11.42 pg ml" and for tau-PET >1.32 SUVR (ref. 46).

Preparation of recombinant a-synuclein (LB pathology)

Purification of recombinant wild-type a-syn was performed as pre-
viously reported', with minor modifications. Briefly, transformed
Escherichia coli BL21 (DE3) bacteria (New England Biolabs) from a
glycerol stock were streaked on aselective plate containing kanamycin
(Kan+, 50 pg ml™, Sigma) and incubated at 37 °C overnight. A single
colonywasselected andinoculated into 5 ml of Luriabroth (LB, Sigma)
with kanamycin and allowed to grow for 4-5 h at 37 °C with continu-
ous agitation at 250 rpm. This starter culture was then added to 11 of
LB containing kanamycin and the overnight express autoinduction
system (Merk-Millipore, no. 71300-4) in a fully baffled flask. Cells were
growninashakingincubatorat37 °C,200 rpm overnight. The follow-
ing day the culture was splitinto four 250 ml flasks and centrifuged at
3,200g for 10 min at 4 °C. The pellet was gently resuspended in 25 ml
of osmotic shock buffer containing 40% sucrose (Sigma), 2 mM EDTA
(Sigma) and 30 mM Tris (Bio-Rad) at pH 7.2 using a serological pipette,
andincubated for 10 min at room temperature under mild agitation on
arotator mixer. The solution was then centrifuged at 9,000g, 20 min
at 20 s and 20 pl of saturated MgCl, (Sigma) added. After 3 min incu-
bation under mild rocking on ice the suspension was centrifuged at
9,000g for 30 min at 4 °C and the supernatant collected into a100 ml
glass beaker. pH was reduced to 3.5 by the addition of 400-600 pl
HCI1M (PanReac AppliChem) and incubated under stirring for 10 min
at room temperature. After a second centrifugation at 9,000g for
30 minat4 °C, the supernatant was collected into aclean100 miglass
beaker. pHwas adjusted to 7.5 by the addition of 400-600 pl of NaOH
1M (Sigma). The protein extract was filtered through a 0.22 pm filter
(Merk-Millipore), loaded into a Ni-NTA column (Cytiva, no.17525501)
onanNGC chromatography system (Bio-Rad) and washed with 20 mM
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Tris pH 7.5atroom temperature. The column was further washed with
50 mMimidazole (Sigma) in Tris 20 mM pH 7.5, generating a peak that
wasnot collected. Alinear gradient up to 500 mMimidazolein20 mM
Tris pH 7.5 was performed, and the peak collected between 30 and
75% of imidazole buffer (150 and 375 mM, respectively). This peak was
loaded onto a Q-HP anion exchange column (Cytiva, no.17115401) and
washed in Tris 20 mM pH 7.5, followed by another washing in 100 mM
NaCl in Tris 20 mM pH 7.5. Again, a linear gradient up to 500 mM of
NaClin Tris20 mM pH 7.5 was carried out to collect the peak between
300 and 350 mM NaCl. The fractions were pooled, filtered through
a0.22 um filter and dialyzed against Milli-Q water overnight at 4 °C
using a 3.5 kDa MWCO dialysis membrane (Thermo-Scientific). The
following day, the protein was moved into fresh Milli-Q water and
dialyzed forafurther4 h. Protein concentration was measured by spec-
trophotometry using a theoretical extinction coefficient at 280 nm of
0.36 (mg ml™)-1cm™. Finally, the protein was lyophilized for 6 h and
stored in aliquots at a final concentration of 1 mg ml™ after resuspen-
sion into 500 pl of phosphate buffer (PB, 40 mM, pH 8.0, Sigma).
Lyophilized aliquots were stored at —80 °C until usage.

«-Syn RT-QuilC analyses

«-Syn RT-QulC analyses were performed blinded to clinical status and
diagnosisofthe participantandaccordingtoanestablished protocol”®”,
with minor modifications. Briefly, six 0.8 mm silica beads (OPS Diag-
nostics) per well were preloaded into black, clear-bottom, 96-well
plates (Nalgene Nunc International). CSF samples were thawed and
vortexed 10 s before use. Fifteen microliters of CSF was added to 85 pl
ofareaction mix composed of 40 mM PB pH 8.0,170 mM NaCl, 10 mM
thioflavin-T (Sigma), 0.0015% SDS (Bio-Rad) and 0.1 g | *filtered recom-
binant a-syn (100 kDa Amicon centrifugal filters, Merck Millipore).
Plates were closed with a plate sealer film (Nalgene Nunc International)
and incubated into a Fluostar Omega plate reader (BMG Labtech) at
42 °C with intermittent double-orbital shaking at 400 rpm for 1 min,
followed by 1 min rest. Fluorescence was measured every 45 min with
450 nm excitation and 480 nm emission filters during the 30 h test run.
Samples and controls were runin quadruplicate and considered posi-
tive after the first run when at least three out of four replicates reached
athreshold arbitrarily set at 30% of the median of Imax values reached
by positive control replicates. To keep the risk of false positive results
toaminimum, we repeated three times the analysis of samples showing
seedingactivity in only one or two out of four replicatesin thefirst run.
We considered a positive result only when at least four of the 12 total
replicates reached threshold. We used 30 different batches of a-syn
recombinant protein throughout the study, each undergoing a quality
control test before use. We ran at least one positive and one negative
controloneach plate. Positive controls were chosen from patients with
probable or definite DLB or PD whose CSF samples yielded four out of
four positive replicates during screening. Ineach validated experiment
(plate) included in the final analysis, the positive control/s showed at
least three out of four positive replicates.

Magnetic resonance imaging

Participants were examined using a Siemens 3 T Trio scanner (Siemens
MedicalSolutions)in BioFINDER-1and aSiemens3 TMAGNETOM Prisma
scanner (Siemens Medical Solutions) in BioFINDER-2, as previously
described”*¢. Tlimages underwent volumetric segmentation and par-
cellation using FreeSurfer (v.6.0, https://surfer.nmr.mgh.harvard.edu).
The following regions were used in group comparisons (AD/LB) and
independent effect of AP, tau and LB pathology: amygdala (left and
right volumes); hippocampus (left and right volumes); medial tempo-
ral (left and right entorhinal, fusiform and parahippocampal cortical
thicknesses); lateral temporal (left and right bank of superior temporal
sulcus, inferior temporal, middle temporal, superior temporal, tempo-
ral pole and transverse temporal cortical thicknesses); medial parietal
(paracentral, isthmus cingulate, posterior cingulate and precuneus

cortical thicknesses); lateral parietal (postcentral, inferior parietal,
superior parietal and supramarginal cortical thicknesses); occipital
(cuneus, lateral occipital, lingual and pericalcarine cortical thick-
nesses); and frontal (remaining cortical FreeSurfer regions) areas. All
but amygdala and hippocampus were surface weighted when con-
structing the composite region. Analyses were adjusted for age, sex
and magnetic resonance camera (and also, in the case of hippocampus
and amygdala volumes, total intracranial volume).

Moreover, all T1-weighted images were preprocessed using
voxel-based morphometry running under the Statistical Parametric
Mapping software (SPM12; https://www.fil.ion.ucl.ac.uk/spmy/). First,
images were segmented into gray matter, white matter and CSF. We
then used the diffeomorphic nonlinear image registration tool*® to
create a study-specific template based on the gray and white matter
tissues of the whole sample. Once the template was created, gray matter
tissues were warped into Montreal Neurological Institute space using
individual flow fields resulting from registration, and voxel values
were modulated for volumetric changesintroduced by normalization.
Finally the images were smoothed with an isotropic Gaussian kernel
with 12 mm full-width at half-maximum. To account for differences
in head size in statistical analyses, we calculated the total intracranial
volumes of each subject as the sum of the gray matter, white matter
and CSF volumes. In addition to analyses using the FreeSurfer-based
ROIs described above, we also performed voxel-wise comparisons
using analysis of variance on the smoothed gray matter images with
group asafactoratfourlevels (AD'LB",AD'LB*, AD*/LB", AD'LB") while
controlling for age, sex, intracranial volume and magnetic resonance
camera. All results were adjusted for multiple comparisons using a
family-wise error rate correction set at P < 0.05.

Statistical analyses

In cross-sectional analyses, AD/LB group, age, sex (assigned, not
self-reported) and, for cognitive test outcomes, years of education,
were used asindependent variables in general linear regression models.
When UPDRS-IIl was used as outcome the models were also adjusted
for UPDRS-IIl rater (three raters in total). Dependent variables were
either cognitive, smell or motor function. Next, binarized Af3, tau and
LB pathologies (to facilitate easier comparison of estimates) were used
instead of AD/LB group. All three pathologies were used in the same
model together with age, sex and years of education (education was
not included in models of motor function). In longitudinal analyses,
LME models were used (R packages Ime4 and ImerTest). Cognitive
function was used as outcome, and significant results are presented
for the interactions AD/LB group x time and pathology x time. Mod-
els also included age, sex, years of education and random slopes and
intercepts. For models including pathology x time, the interaction
between time and all covariates was also included. In a sensitivity
analysis, the LME models using AD/LB group x time were also adjusted
for baseline cognitive test result and had the change from baseline in
cognitive test result as outcome (for comparisons where there was a
baseline group difference in cognition). All available data were used
in statistical analyses. Missing data and number of participants at
eachvisit are described in Supplementary Tables 2 and 3. A two-sided
P <0.05was considered to indicate statistical significance. Multiple
comparison corrections were performed using the false discovery
rate method at a = 0.05, applying correction per outcome (that is, six
comparisons for AD/LB group comparisons and three for the inde-
pendent effects of LB, AP and tau pathology). Power calculations for
linear regression models were performed using the R package Web-
Power (80% power, a = 0.05). Statistical analyses were performed using
Rv4.1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

Anonymized data will be shared by request from a qualified academic
investigator for the sole purpose of replicating procedures and results
presentedinthearticle and providing data transferisin agreement with
EUlegislation onthe general data protectionregulation and decisions
by the Ethical Review Board of Sweden and Region Skane, which should
beregulated in amaterial transfer agreement.

Code availability
No custom code or mathematical algorithm that was central to conclu-
sions was used in this study.
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Discrimination of LB positive vs negative participants
using the Smell test

1.00-

0.75-

>
:‘% 0.50 - AUC (950/0 CI)
§ 0.80 (0.71-0.89)
0.25-
0.00-
1.00 0.75 0.50 0.25 0.00
specificity

Extended Data Fig. 1| ROC analysis for discriminating LB positive versus LB negative participants using the Smell test. At the highest Youden index (-0.9 z-score
onthe smell test), the sensitivity was 63% and the specificity 86% with an overall percent correctly classified of 85%. Of those with available Smell test score (n = 398),
371wereLB-and 27 LB+.
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Extended Data Fig. 2| Comparison between AD/LB groups and independent

effects of LB, AP and tau on motor function (UPDRS-III). The analyses were

performed using linear regression models using two AD/LB groups (A) or all three

pathologies binarized (B) in the same model (to examine independent effects),
adjusted for age, sex, and UPDRS rater (three raters in total). The outcome was
z-scored UPDRS-1ll values. Boxes in ashow interquartile range, the horizontal

lines are medians and the whiskers were plotted using the Tukey method. b shows

the estimate of the pathology with 95% confidence interval. The statistical

analyses with corrections for multiple comparisons are shown in Supplementary

Fig. 2. 660 participants had UPDRS data, of whom 510 AD-/LB-, 48 AD-/LB+, 90

B UPDRS-III (motor function)

-0.18
o

LB -

- -0.05

—-0.05
\ 4

tau

-0.6 -0.4 -0.2 0.0 0.2
Estimates
AD+/LB-,and 12 AD+/LB+. 60 were LB+, 209 AB+, and 122 tau+. Since UPDRS-III
was not available for all participants, we performed a power analysis to examine
what effect size the study was powered to detect (that is, effect of LB pathology
on UPDRS in panel B). Using a power calculation for linear regression models,
the smallest detectable effect size (f2) was 0.012, at 80% power and alpha=0.05.
This suggests that our study was powered to detect even a small effect size of LB
pathology on motor function. After applying multiple comparison correction
with the FDR method (at a = 0.05), the AD+/LB+ group did not perform
significantly different compared with AD-/LB- (Supplementary Fig.2).* p <0.05
(two-sided).
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Extended Data Table 1| Cross-sectional association between pathology and baseline clinical outcome

Outcome Model LB AP Tau
beta (95% CI) beta (95% CI) beta (95% CI)

Global cognitive 1. Bas-ic -0.35 (-0.52 — -0.18) n/a n/a
function 2. Adjusted for AB -0.31 (-0.48 —-0.14) -0.30 (-0.41 —-0.19) n/a

3. Adjusted for AP and tau -0.31 (-0.48 —-0.14) -0.19 (-0.31 — -0.058) -0.26 (-0.41 — -0.10)

1. Basic -0.38 (-0.60 — -0.17) n/a n/a
Memory -
function 2. Adjusted for A -0.35 (-0.56 —-0.13) -0.34 (-0.48 — -0.20) n/a

3. Adjusted for AP and tau -0.36 (-0.57 —-0.14) -0.16 (-0.32 — 0.013) -0.36 (-0.56 —-0.17)
Attention/ 1. Basic -0.12 (-0.29 — 0.05) n/a n/a
executive 2. Adjusted for AB -0.10 (-0.27 -0.07) -0.14 (-0.25 —-0.04) n/a
function 3. Adjusted for AB and tau -0.10 (-0.27 — 0.06) -0.13 (-0.27 — -0.0024) -0.021 (-0.18 — 0.13)

1. Basic -1.22 (-1.59 — -0.85) n/a n/a
Smell function 2. Adjusted for AB -1.21 (-1.59 — -0.84) -0.046 (-0.27 - 0.18) n/a

3. Adjusted for AB and tau -1.21 (-1.58 — -0.84) -0.22 (-0.48 —0.040) 0.39 (0.079 - 0.71)

1. Basic -0.29 (-0.58 — 0.0060) n/a n/a
Motor function 2. Adjusted for A -0.28 (-0.57 — 0.0018) -0.14 (-0.33 — 0.046) n/a

3. Adjusted for AP and tau -0.28 (-0.57 — 0.016) -0.10 (-0.34 - 0.13) -0.076 (-0.36 — 0.21)

Linear regression models using cognition, smell or motor function as outcome. Basic models included LB status, age, sex and years of education (education was not included in models with
motor function) as predictors. At the second step, AR was added to the model and at the third step tau. The third model is thus the same as shown in Fig. 2F-J. Estimates in bold indicate a
significant worse effect on the outcome. n/a, not applicable (not included in model)
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Extended Data Table 2 | AD/LB group comparisons of change in cognition adjusted for baseline cognition

Outcome Comparisons Group*Time
estimate (95% CI)
AD-/LB- vs AD-/LB+ -0.11 (-0.17 — -0.050)
Global cognitive function AD-/LB- vs AD+/LB- -0.19 (-0.24 — -0.15)
AD-/LB- vs AD+/LB+ -0.32 (-0.43 —-0.20)
AD-/LB+ vs AD+/LB+ -0.21 (-0.30 — -0.12)
AD-/LB- vs AD-/LB+ -0.094 (-0.16 —-0.031)
Memory function AD-/LB- vs AD+/LB- -0.18 (-0.22 — -0.13)
AD-/LB- vs AD+/LB+ -0.33 (-0.44 — -0.22)
Attention/executive function | AD-/LB- vs AD+/LB- -0.13 (-0.17 — -0.080)

Linear mixed-effects (LME) models examining the interaction between AD/LB group and time (years) using change in cognition (global, memory or attention/executive) since baseline as
outcome. The models were adjusted for baseline cognition (global, memory or attention/executive z-score), age, sex, and years of education, and included a random slope and intercept. The
sensitivity analyses were performed in all instances where a baseline group difference was found (Fig. 2a-c).
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Extended Data Table 3 | Longitudinal association between pathology and clinical outcome

tau

(-0.18 — -0.065)

(-0.070 — 0.015)

Outcome Model LB*Time Ap*Time Tau*Time
estimate estimate estimate
(95% CI) (95% CI) (95% CI)
1. Basic -0.11 n/a n/a
(-0.16 — -0.057)
Global cognitive 2. Adjusted for AB -0.086 -0.11 n/a
function (-0.13 —-0.039) | (-0.14 —-0.085)
3. Adjusted for AB and -0.093 -0.057 -0.12
tau (-0.14 — -0.047) | (-0.089 —-0.024) | (-0.16 —-0.082)
1. Basic -0.12 n/a n/a
(-0.17 — -0.073)
Memory function 2. Adjusted for AB -0.10 -0.11 n/a
(-0.15--0.057) | (-0.14 —-0.084)
3. Adjusted for AR and -0.11 -0.059 -0.096
tau (-0.15 —-0.061) | (-0.092 —-0.026) | (-0.13 —-0.058)
1. Basic -0.14 n/a n/a
(-0.19 — -0.078)
Attention/executive | 2. Adjusted for AP -0.12 -0.086 n/a
function (-0.18 — -0.062) | (-0.12 —-0.053)
3. Adjusted for AB and -0.12 -0.028 -0.11

(-0.16 — -0.060)

Linear mixed-effects (LME) models examining the interaction between pathology and time (years) using cognition as outcome. Basic models included the interaction between time and LB

pathology, age, sex and years of education, as well as a random slope and intercept. At the second step, Af3 was added to the model and at the third step tau. The third model is thus the same

as shown in Fig. 3d-f.
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Extended Data Table 4 | Progression to a clinical diagnosis during follow-up

Follow-up AD-/LB- AD-/LB+ AD+/LB- AD+/LB+ Total
diagnosis (N=941) (N=74) (N=147) (N=20) (N=1,182)
AD 7 (0.7%) 5 (6.8%) 45 (30.6%) 13 (65.0%) 70 (5.9%)
VaD 28 (3.0%) 2 (2.7%) 1 (0.7%) 0 (0%) 31 (2.6%)
DLB 0 (0%) 12 (16.2%) 0 (0%) 4 (20.0%) 16 (1.4%)
PD 0 (0%) 5 (6.8%) 0 (0%) 1 (5.0%) 6 (0.5%)
FTD 2 (0.2%) 0 (0%) 1 (0.7%) 0 (0%) 3(0.3%)
NPH 2 (0.2%) 0 (0%) 0 (0%) 0 (0%) 2 (0.2%)
MSA 1 (0.1%) 0 (0%) 0 (0%) 0 (0%) 1 (0.1%)
PSP 0 (0%) 0 (0%) 1 (0.7%) 0 (0%) 1 (0.1%)

Mean follow-up time: 4.46 (SD 2.68) years. For AD, VaD, DLB and FTD, event to clinical progression was determined as progression to at least MCI (that is, not requiring progression to
dementia) together with the other clinical criteria. PD was diagnosed according to Gelb et al., but all also fulfilled the MDS criteria for probable PD at conversion. Abbreviations: AD,

Alzheimer’s disease; DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; MDS, Movement Disorder Society; MSA, multiple system atrophy; NPH, normal pressure hydrocephalus;
PD, Parkinson’s disease; PSP, progressive supranuclear palsy; VaD, vascular disease/dementia
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Angelholm hospital, Sweden. The recruitment is described in detail in reference 47 and Methods-only reference 5. Per study
design, only those that speak Swedish were included, which might reduce the number of foreign-born participants.

The study was approved by the Regional Ethics Committee in Lund, Sweden. All participants gave their informed consent to
participate in the study and the data were collected according to the Declaration of Helsinki.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences

|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

The study included a large sample size (n=1,182 participants with cross-sectional data and 3,839 data points for the longitudinal analysis). For
statistical analyses using outcomes with substantial missing data, power analyses were performed. For example, there were n=660 with
UPDRS (motor function) data and n=854 with Symbol Digit Modalities Test data. Power calculation at 80% power and a=0.05 showed that we
were powered to detect small or very small effect sizes (f2=0.012 and f2=0.0092, respectively).

Analyses were performed on all eligible participants and not on a restricted sample with complete data for all cognitive and non-cognitive
measures. The rationale for this was to not introduce a selection bias.

Two independent cohorts were used in the study. Data was pooled to achieve better statistical power and no replication in a third cohort was
perform.

In these 2 cohort studies (observational studies) no allocation into experimental groups were performed, therefore randomization is not
relevant to this study. Statistical analyses were controlled for potential confounding effects of age, sex and education.

Diagnostic assessments and all test measures were performed blinded to the a-synuclein SAA results.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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Antibodies
Antibodies used Phosphorylated tau 217( p-tau217) assay.
Validation The phosphorylated tau 217 ( p-tau217) assay in CSF was performed using phospho-specific biotinylated capture antibody (IBA493,
developed by Lilly Research Laboratories) and SULFO-TAG- conjugated anti-tau detection antibody (4G10E2, developed by Lilly
Research Laboratories). The p-tau217 immunoassay has been fully described by Palmaqvist et al. (JAMA. 2020;324(8):772-781).
Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration = NCT01208675 and NCT03174938

Study protocol BioFINDER-1: https://clinicaltrials.gov/ct2/show/NCT01208675
BioFINDER-2: https://clinicaltrials.gov/ct2/show/NCT03174938

Data collection All patients were recruited from the Southern part of Sweden and underwent baseline examination from 2007 to 2015 (BioFINDER-1)
or from 2017 to 2021 (BioFINDER-2). Biomarker data was collected at baseline. Data were collected at the Memory Clinic of Skane
university Hospital, Sweden, and the Memory Clinic of Angelholm Hospital, Sweden.

Qutcomes Primary outcomes were cognitive test scores (global cognition, attention/executive function, memory), smell function (measured
using a smell test), and motor function (using the CIMP-QUEST questionnaire). Secondary outcome was motor function using the
UPDRS-III scale.
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