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Abstract
Background Alzheimer’s disease neuropathologic change (ADNC) and Lewy pathology (LP) often coexist in 
cognitively impaired individuals. These pathologies’ relative distribution and severity may modify these individuals’ 
clinical presentation, cognitive profile, and prognosis. Therefore, we examined the contributions of LP and 
concomitant ADNC to disease survival and profiles of cognitive decline in preclinical and clinical stages in a large 
neuropathologically diagnosed group.

Methods We evaluated 597 participants with LP and 491 participants with intermediate/high ADNC in the 
absence of LP from the National Alzheimer Coordinating Center (NACC) database. At baseline, 237 participants 
were cognitively normal (CN), 255 were diagnosed with mild cognitive impairment (MCI), and 596 with dementia. 
Cognition was assessed using three cognitive domain scores (i.e., Memory, Executive, and Language) from the NACC 
Uniform Dataset (UDS) neuropsychological test battery, MMSE, and Clinical Dementia Rating (CDR). Multivariate 
adaptive regression splines were used to evaluate associations between baseline cognitive scores and mean annual 
rate of change over two years. The likelihood of progression to MCI or dementia was assessed using Cox hazard 
models.

Results Neocortical LP, independent of the clinical diagnosis, was associated with lower Executive and higher 
Language and Memory scores at baseline, whereas Braak V-VI neurofibrillary tangle pathology was associated 
with lower Memory and Language scores. Similarly, neocortical LP was associated with faster Executive decline, 
whereas Braak V-VI neurofibrillary tangle pathology was associated with faster Memory and Language decline. A 
clinical diagnosis of Lewy Body Dementia (i.e., a strong LP phenotype) was associated with the LP cognitive profile 
and shorter disease duration. Progression to incident MCI or dementia was primarily associated with the degree of 
tau pathology; neocortical LP or a diagnosis of Lewy Body Dementia only predicted progression when those with 
intermediate/high ADNC were excluded.
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Background
With the recent development of in vivo biomarkers of 
α-synuclein associated with brain Lewy pathology (LP) 
[1], conducting clinical therapeutic trials that specifi-
cally target cognitive changes related to Lewy body dis-
ease (LBD) will soon be possible. These trials may span 
the spectrum of LBD-related cognitive decline from pre-
clinical and prodromal stages (e.g., dementia with Lewy 
bodies-mild cognitive impairment (DLB-MCI) [2], Par-
kinson’s disease-mild cognitive impairment (PD-MCI) 
[3]) to frank dementia (e.g., dementia with Lewy bodies 
(DLB) [4], PD dementia (PDD) [5]). A factor complicat-
ing these trials is that LBD is frequently accompanied 
by Alzheimer’s disease (AD) neuropathological change 
(ADNC), especially if cognitive impairment is present 
[6–8]. At least 50% of individuals with DLB have AD 
co-pathology, whereas < 10% of PD without cognitive 
impairment present AD co-pathology. AD co-pathol-
ogy leads to greater cognitive impairment, lower preva-
lence of DLB clinical features, faster cognitive decline, 
and shorter disease duration [6–10]. Conversely, AD 
dementia individuals frequently present Lewy pathology, 
including in autosomal dominant AD, leading to changes 
in cognitive profile [11]. Thus, LBD-targeting trials are 
likely to occur in the context of concomitant ADNC that 
could modify the clinical phenotype, cognitive deficit 
profile, and rate of decline. Understanding how LB and 
ADNC co-pathology interact is crucial to affect potential 
clinical and cognitive outcome measures used in LBD-
targeting therapeutic trials.

Few autopsy-validated studies have examined the pat-
tern and rate of LP-associated cognitive decline in the 
presence or absence of concomitant ADNC and those 
that have primarily focused on advanced stages of the 
disease [12, 13]. These few studies suggest that LBD is 
associated with a particularly rapid decline in attention, 
executive functions, and visuospatial abilities relative to 
declines in language and memory. This pattern is modi-
fied in those with concomitant ADNC who show addi-
tional rapid decline in memory comparable to those with 
AD alone. While these studies provide evidence that con-
comitant ADNC alters cognitive changes in those with 
LBD, they do not show if these alterations are expressed 
in early disease stages that are the focus of most clinical 
trials, nor do they provide estimates of annual decline in 
cognitive measures in individuals with LBD and varying 

degrees of concomitant ADNC. They also do not deter-
mine if the relationship between LP and the pattern and 
rate of decline in cognition depends upon the presence or 
absence of a strong LBD phenotype (i.e., a clinical diag-
nosis of Lewy Body Dementia).

In the present study, we compare baseline cognitive 
scores and cognitive decline over the assessments per-
formed two years apart in individuals with or without LP 
and varying degrees of ADNC using data from autopsy-
confirmed research participants in the Uniform Dataset 
(UDS) of the National Alzheimer’s Coordinating Center 
(NACC). The influence of the level of cognitive impair-
ment (i.e., cognitively normal (CN), Mild Cognitive 
Impairment (MCI), or dementia) on these relationships is 
examined. We hypothesize that a specific profile of cog-
nitive decline will be associated with LP (vs. no LP) and 
modified by concomitant ADNC, regardless of the stage 
of cognitive decline. In addition, we predict that a strong 
LBD phenotype (i.e., a diagnosis of Lewy Body Dementia) 
will be associated with the LB cognitive profile.

Methods
Participants
This study used cross-sectional and longitudinal data 
from the NACC database, which contains demographic, 
clinical, and neuropathological data from participants 
enrolled at 39 current and past NIA-funded Alzheimer’s 
Disease Research Centers (ADRCs). Participants were 
enrolled with any level of cognition, ranging from cogni-
tively normal to dementia, and were evaluated annually 
using a standardized UDS protocol [14]. Brain autopsy 
was obtained for a subset of participants.

Each center conducted neuropathologic assessments 
following consensus guidelines and uploaded the data 
to the NACC UDS [15]. NIA-AA consensus guide-
lines for the neuropathologic evaluation of ADNC were 
applied [16]. Consensus guidelines for LBD were used to 
determine LP presence and assign a brainstem, limbic/
transitional, or cerebral cortical stage [17]. Amygdala-
restricted LP participants were excluded because studies 
have failed to show that this limited pathology impacts 
clinical features or cognitive trajectories.

Participants were selected for our analyses if neuro-
pathologic data were available and they had completed at 
least two annual clinical evaluations that included a Clin-
ical Dementia Rating (CDR), Mini-Mental State Exam 

Conclusions LP and ADNC differentially affected cross-sectional and longitudinal cognitive profiles in a large autopsy 
sample. Concomitant Braak V-VI neurofibrillary tangle pathology had a strong impact on clinical progression in those 
with LP, regardless of the initial stage. Thus, LB and ADNC co-pathology interact to affect cognitive domains that may 
be used to track Lewy Body disease longitudinally and as outcome measures in therapeutic trials.
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(MMSE), or UDS Neuropsychological Test Battery [18] 
within a two-year period. All participants with limbic or 
neocortical LP who met these criteria formed one group 
(n = 597). A comparison group of participants without LP 
(n = 491) and the required clinical and neuropathological 
data was selected, stratifying by clinical diagnosis (CN, 
MCI, and dementia) and matching demographic char-
acteristics. Because we were evaluating the effect of AD, 
MCI, and dementia, participants in the second group had 
to have Braak stage ≥ III. We performed repeated random 
sampling, stratified by diagnosis, and selected the sam-
ple with the closest age, education, and sex distribution 
to the participants with LP. TDP-43 pathology was not 
included in the analyses due to the low number of par-
ticipants that had this data (60.4%). The demographic, 
clinical, and neuropathologic characteristics of study par-
ticipants for each group, stratified by clinical diagnosis, 
are shown in Table 1. Study approval was obtained from 
the Institutional Review Board (IRB) for each partici-
pating NACC site. The NACC database has a waiver of 
HIPAA Authorization. The Houston Methodist Neuro-
logical Institute IRB confirmed that the current analysis 
met exempt criteria.

Procedure
At each annual UDS evaluation, participants completed 
the CDR, MMSE, and a UDS Neuropsychological Test 
Battery that included measures of memory (immediate 
and delayed Logical Memory Test), language (Boston 
Naming Test, category fluency test), executive functions 
(Trail-Making Test parts A and B, Digit Symbol Substi-
tution Test), and attention (forward and backward Digit 

Span). The tests are described in detail elsewhere [18]. 
For our analyses, we used the Executive, Memory, and 
Language standardized domain scores developed as part 
of the ADSP Phenotype Harmonization Consortium [19]. 
Clinical diagnoses of normal cognition, MCI, or demen-
tia were made at each center either by a single clinician 
or a consensus group of clinicians after a review of all 
information available from the clinical evaluation. Pri-
mary and contributing etiology was assigned, based on 
established clinical guidelines, for participants with MCI 
or dementia.

We estimated the yearly change in the cognitive domain 
scores by calculating the difference in scores obtained 
during visits within two years and dividing the difference 
by the time interval estimated from the visit dates. We 
compared differences in baseline profiles and profiles of 
decline in cognitive domain scores (Memory, Executive, 
Language) in those with or without LP [19] and varying 
degrees of ADNC. We selected Braak tau neurofibrillary 
pathology stages (versus amyloid β (Aβ) pathology) to 
stage ADNC since it correlates more strongly with cogni-
tive outcomes than AD Aβ scores [20].

Statistical analysis
Demographic and neuropathological data were sum-
marized using median and interquartile range (IQR) for 
continuous variables or proportions for categorical data. 
Linear regressions evaluated group differences (Limbic 
or Neocortical LP vs. No LP) in covariate-adjusted (age, 
sex, and education) models. Power transformations were 
applied as needed to normalize the distribution of the 
residuals.

A multivariate adaptive regression splines (MARS) 
model evaluated the association between baseline scores 
(predictor) and longitudinal changes (averaged over 
two visits performed two years apart) in the CDR-SB, 
MMSE, and cognitive domain scores (dependent vari-
ables). Additional predictors for these models were age, 
tau Braak stage, LP (limbic or neocortical), sex, and edu-
cation. The MARS algorithm is a nonparametric statisti-
cal method that partitions training data into piecewise 
linear segments [21]. The model identifies points, called 
knots, which define segments via hinge functions. These 
hinge functions delimit the range in the x-axis with inde-
pendent linear regression models for each segment. If 
multiple variables affect the studied variable, the model 
can select an interaction of ≥ 2 hinge functions. MARS 
models are calculated with forward and backward passes. 
MARS starts with the intercept term, representing the 
mean of all values. The forward pass sequentially evalu-
ates pairs of basis functions applied to different hinge 
functions to minimize the residual error. As indicated, 
linear regressions are used to calculate the terms. Once 
the maximum number of terms or the change in residual 

Table 1 Demographic, clinical, and neuropathologic 
characteristics of study participants stratified by clinical diagnosis 
and presence or absence of Lewy pathology

Lewy 
Pathology
(n = 597)

No Lewy 
Pathology
(n = 491)

p-value

Sex (Female %) 38.7% 41.8% 0.34
Age (Years) 75 [68–80] 74 [67–78] 0.19
Education (Years) 16 [14–18] 16 [13–18] 0.013
APOE ε4 (%) 52% 52.5% 0.91
Clinical Diag-
nosis (%)

CN 21.8% 21.8% 0.054
MCI 26.1% 20.2%
Dementia 52.1% 58%

Final diagnosis of LBD (%) 22.8% 3.9% < 0.0001
Tau NFT (%) Braak 0-II 15.4% 8.4% 0.0006

Braak III-IV 24.8% 19.1%
Braak V-VI 59.8% 72.5%

Lewy Pathol-
ogy (%)

Limbic 40.5% 0% NA
Neocortical 59.5% 0%

CN: Cognitively Normal; LBD: Lewy Body Dementia; MCI: Mild Cognitive 
Impairment; NFT: Neurofibrillary Tangles. The median (25th and 75th 
percentiles) was provided for age and education
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error is too small to change, the modeling concludes. To 
avoid overfitting, a backward pass prunes the least effec-
tive term at each step using the generalized cross-vali-
dation criterion, which is an approximate leave-one-out 
cross-validation error metric. To identify the best model, 
we explored level 2 interactions for the evaluated predic-
tors (age and Braak stage, for example) and allowed up 
to 11 terms to be included in the model. A 5-fold cross-
validation with five repeats was used to select the best 
model based on the lowest root mean square error [22]. 
The results are summarized in Figs. 1 and 2; the “other” 
category includes the neuropathological groups that 
showed the same associations between the different cog-
nitive domains (Fig. 1) or the rate of progression (Fig. 2). 
A Cox proportional hazard model evaluated clinical pro-
gression to MCI and/or dementia and survival; the model 
included age, tau Braak stage, LP (limbic or neocortical), 
and sex as predictors. Two sub-analyses were performed 
to determine (1) if the relationship between LP and cog-
nitive profiles or progression is modified by the pres-
ence or absence of a high AD pathology burden (i.e., tau 
Braak stages lower vs. higher than V-VI) and (2) if a clini-
cal diagnosis of Lewy body dementia is associated with a 
particular cognitive profile or progression in individuals 
with LP (i.e., is the Lewy body dementia phenotype asso-
ciated with a distinct cognitive profile). Cox proportional 
hazard model p-values were considered statistically sig-
nificant if the two-tailed distribution was < 0.05. Analyses 
were performed using R version 4.2.1.

Informed consent
Written informed consent was obtained from all par-
ticipants and their study co-participants at each ADRC. 
Institutional review board approval was obtained at each 
ADRC to allow de-identified clinical and neuropathologi-
cal data to be entered into the NACC UDS database and 
made available for secondary analyses.

Data availability
Anonymized data can be requested from the NACC  (   h t  t 
p s  : / / n  a c  c d a  t a .  o r g /  r e  q u e s t i n g - d a t a / d a t a - r e q u e s t - p r o c e s s     ) .  

Results
Clinical and pathological characteristics
Table  1 shows baseline demographic, clinical, and neu-
ropathologic data for participants with and without LP. 
As expected from our matching procedure, the groups 
did not differ in average age or education, and there were 
similar proportions of females and those with at least one 
APOE ε4 allele in each group. There were also similar dis-
tributions of individuals who were CN or diagnosed with 
MCI or dementia at baseline in the two groups. At the 
last clinical visit before the autopsy, a clinical diagnosis 
of Lewy body dementia was more likely in the LP (27.0%) 

than in the No LP group (4.8%)(p < 0.0001). The group 
without Lewy pathology had higher Braak V-VI tau neu-
rofibrillary tangle scores.

Influence of Lewy Pathology on Baseline Cognitive 
Scores by Diagnostic Group.

Limbic or neocortical LP did not affect baseline CDR-
SB scores (i.e., add to effects of Braak tau neurofibrillary 
tangle stages) in analyses stratified by clinical diagno-
sis (p > 0.24, Supplemental Fig. 1A). Similar results were 
obtained for MMSE, although neocortical LP was asso-
ciated with higher MMSE scores in the CN group 
(p < 0.001, Supplemental Fig.  1B) but not in the MCI or 
dementia groups. Neocortical LP was associated with 
higher Memory domain scores (p = 0.0089) and lower 
Executive function domain scores (p = 0.0094) in the 
dementia group but not in the CN or MCI groups (Sup-
plemental Fig.  2) in analyses adjusted for sex, age, edu-
cation, and Braak neurofibrillary tangle stage. A clinical 
diagnosis of Lewy body dementia in the participants with 
dementia was not associated with memory or executive 
domain scores (p˃0.05).

Influence of Lewy pathology on baseline cognitive domain 
profiles
In AD and LBD, there is a progressive cognitive decline 
that might start in a single domain but then progressively 
affect additional domains. To explore if there are differ-
ent degrees of impairment in the cognitive domains, we 
evaluated the impact of LP on cognitive domain profiles 
at baseline by comparing each possible cognitive domain 
pair across the three cognitive domains (Memory vs. 
Executive vs. Language). By comparing the impairment 
in each cognitive domain, we tested whether a cognitive 
domain has a relatively greater impairment than another. 
Figure 1 shows the relationships between various pairs of 
cognitive domain scores as a function of the presence or 
absence of neocortical LP in individuals with Braak tau 
stage V-VI AD pathology. Neocortical LP was associ-
ated with a profile of lower Executive domain scores than 
Memory (-0.24) or Language (-0.19) domain scores, indi-
cating that individuals with neocortical Lewy pathology 
present a more prominent dysexecutive profile compared 
to the relative impairment in the Memory and Language 
domains. In contrast, Braak V-VI neurofibrillary tangle 
stages were associated with lower Memory (-0.24) and 
Language (-0.19) domain scores than Executive domain 
scores. Neocortical LP did not modify this relationship 
between Executive scores and Memory or Language 
scores. Participants with neocortical LP and Braak V-VI 
pathology had Memory scores similar to those of the low 
pathology group (i.e., no LP and Braak stage ≤ IV) when 
overall cognition was only mildly affected; however, they 
showed greater memory impairment relative to impair-
ment in language or executive functions than did the low 

https://naccdata.org/requesting-data/data-request-process
https://naccdata.org/requesting-data/data-request-process
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Fig. 1 Cross-sectional neuropsychological associations. Associations between cognitive domain scores as a function of pathology (neurofibrillary tangle 
-NFT- Braak and Lewy pathology stage-LP-) using multivariate adaptive regression splines (MARS). The “Other” category includes neuropathologically 
defined groups that showed no differences among each other and were not selected as an independent predictor in the evaluated model
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Fig. 2 Longitudinal cognitive change. Yearly change (averaged over two years) in Clinical Dementia Rating-Sum of Boxes (CDR-SB) scores (a), Mini-Mental 
State Exam (MMSE) scores (b), and Memory (c), Executive (d), and Language (e) Domain scores (y-axis) versus their respective baseline score (x-axis) as a 
function of pathology status. The “Other” category includes neuropathologically defined groups that showed no differences among each other and were 
not selected as an independent predictor in the evaluated model
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pathology group in those with more advanced cognitive 
impairment.

When participants with LP were excluded from the 
analyses, the model selected the same neuropathologi-
cal variables as above as predictors of the relationship 
between Executive scores and Memory or Language 
scores. That is, Braak V-VI neurofibrillary tangle score 
was associated with a profile of lower Memory and Lan-
guage domain scores than Executive domain scores. 
When the analyses only included participants with LP, 
a Lewy body dementia diagnosis was associated with a 
profile of lower Executive (-0.27) and Language (-0.17) 
scores compared to Memory scores, and neocortical LP 
was associated with a profile of lower Executive func-
tion scores than Memory (-0.20) or Language (-0.12) 
scores. However, only a Lewy body dementia diagnosis 
predicted relatively preserved Memory versus Execu-
tive scores (0.22). Intermediate levels of Lewy (i.e., limbic 
only) or AD (i.e., neurofibrillary tangle Braak III-IV only) 
pathologies alone were not associated with differences in 
the relationship between the cognitive domains. Age was 
selected as a covariate in several of the models, but none 
of the models selected sex.

Influence of Lewy pathology on longitudinal cognitive 
change
The annual rate of increase (worsening) in CDR-SB scores 
differed as a function of the baseline score, with a peak 
rate of about 2.0 points/year when the baseline CDR-SB 
score was between 6 and 11 points (Fig. 2). In this peak 
range, the rate of change was faster in those with neurofi-
brillary tangle Braak V-VI (2.3 points/year) or Braak V-VI 
and neocortical LP (2.5 points/year) than in those with 
low pathology (Braak < V and no LP). The model did not 
select age, sex, gender, or education. There was no differ-
ence in the rate of worsening on the CDR-SB as a func-
tion of a final clinical diagnosis of Lewy body dementia in 
those with Braak V-VI tau and neocortical LP (data not 
shown). The annual rate of decline on the MMSE also dif-
fered as a function of baseline score, with a faster decline 
in those with lower baseline scores, asymptoting at about 
− 2.58 points/year at a baseline MMSE of 19 or less. The 
annual rate of decline on the MMSE was greater in those 
with Braak V-VI tau (with or without LP) than in those 
with low pathology (Braak < V and no LP), regardless of 
the baseline starting point. There was no difference in the 
rate of MMSE decline as a function of a final diagnosis 
of Lewy body dementia in those with Braak V-VI tau and 
neocortical LP (data not shown).

The annual rate of decline in the Memory and Language 
domain scores did not vary as a function of the baseline 
score (Fig.  2). Memory and Language scores declined 
faster in those with Braak V-VI tau pathology (-0.21 s.d./
year and − 0.27 s.d./year, respectively) or Braak V-VI tau 

and neocortical LP (-0.25  s.d./year and − 0.34  s.d./year, 
respectively) than in those with low pathology (Braak < V 
and no LP). The annual rate of decline on the Executive 
domain score was faster in those with higher baseline 
scores beginning at a baseline score of 1.2  s.d. and was 
faster in those with Braak V-VI tau pathology (-0.22 s.d./
year) or Braak V-VI tau and neocortical LP (-0.28  s.d./
year) than in those with low pathology (Braak < V and 
no LP) (-0.19  s.d./year). LP did not predict longitudinal 
change in Memory or Language domain scores (i.e., was 
not selected by the MARS model) when analyses were 
limited to participants who were tau Braak < V with or 
without LP (data not shown).

Influence of Lewy pathology on progression to MCI or 
dementia
During a median follow-up of 7.7 years (IQR: 5.6–9.9 
years), 131 of the CN participants (57.7%) progressed 
to MCI or dementia. Progression from CN to MCI or 
dementia was faster in individuals with Braak V-VI tau 
pathology than in those with Braak < V tau pathology, 
regardless of LP status (Table  2; Fig.  3). Neocortical LP 
significantly predicted clinical progression when analy-
ses were restricted to those with Braak < V tau pathology. 
During a median follow-up of 6.2 years (IQR: 4.2–8.4 
years), 262 of the MCI participants (87.3%) progressed 
to dementia. The same associations were observed in the 
progression from MCI to dementia. A clinical diagno-
sis of Lewy body dementia was associated with shorter 
survival to death in those with LP (H.R.= 1.53, 95% 
C.I.=1.18–1.99, p-value = 0.0014).

Discussion
Our results indicate that LP and ADNC, represented by 
Braak V-VI tau neurofibrillary tangle stages, were differ-
entially associated with cognitive impairment and decline 
in individuals with LBD, independent of the level of cog-
nitive impairment (e.g., preclinical/prodromal or frank 
dementia) or clinical diagnosis (i.e., syndromic presen-
tation). Across the disease severity spectrum, neocorti-
cal LP was associated with a profile of greater deficits in 
executive functions than in memory or language abili-
ties. In contrast, Braak V-VI tau neurofibrillary tangle 
stages were associated with a profile of greater deficits 
in memory and language abilities than in executive func-
tions. Similarly, longitudinal analyses showed that a faster 
decline in executive functions was primarily associated 
with neocortical LP, while a faster decline in memory 
and language abilities was associated with higher levels 
of tau pathology (i.e., higher Braak stage). These results 
are similar to those from neuropathological studies that 
have compared more advanced stages of LBD and AD 
[12, 13] and extended them to early stages of the disease, 
including preclinical, prodromal, and mild dementia 
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states. Results are also consistent with previous findings 
showing that individuals with a clinical diagnosis of DLB 
and positive AD biomarkers perform worse on cognitive 
testing [6, 23] and decline faster on cognitive tests [7, 8] 
than those with negative AD biomarkers. These cogni-
tive changes may be independent of core features of DLB 
since some previous studies of individuals with dementia 
and LP [7, 10, 24] found no decrease in DLB core features 
in the presence of ADNC co-pathology [25, 26]. In addi-
tion, our results suggest that the effects of LP on cogni-
tion may be independent of the clinical phenotype, as 
the impact of LP was still present once participants with 
Lewy body dementia were excluded.

Various types of co-pathology are usual in cognitively 
impaired older individuals [27, 28], and each pathology 
may contribute to cognitive decline, lower the individual 
threshold for pathology to become symptomatic [27], and 
modify the clinical profile [29]. Differences in the type 
and frequency of co-pathologies could explain discrepan-
cies between studies that have examined cognitive pro-
files and decline in individuals with LP. A recent study, 
for example, showed that the presence of LP and vascular 
co-pathologies led to greater executive-memory impair-
ment in individuals with dementia and ADNC compared 
to those without co-pathology [7]. Vascular pathology 
is only marginally addressed in the UDS neuropathol-
ogy database, but there was no relationship between the 
presence of atherosclerosis and Braak stage in individuals 
with LBD in additional analyses (data not shown).

Regarding global measures of cognition and function, 
a higher Braak stage (i.e., greater ADNC) was associ-
ated with faster annual decline on both the MMSE and 
CDR-SB, regardless of the level of baseline cognitive 
impairment. In contrast, LP had little additional impact 
beyond that of ADNC; that is, the rate of decline on the 
CDR-SB or MMSE was similar in those with ADNC with 
or without LP. These results indicate the primacy of high 
ADNC in driving the global cognitive decline in LBD 
when it co-occurs with LP. Neocortical LP was, however, 
associated with greater decline (i.e., a faster increase) in 
CDR-SB, but not MMSE, when the level of concomitant 
ADNC was low. The additional impairment observed in 
CDR-SB but not in MMSE could be related to functional 
impairment captured by the CDR-SB but not by cognitive 
scales. Furthermore, the MMSE may be relatively insen-
sitive to LP since it only marginally assesses executive 
function and visuospatial ability.

As with cognitive and functional test scores, the rate of 
progression in clinical diagnostic status from normal cog-
nition to MCI to dementia was primarily driven by high 
ADNC, although LP was significantly associated with 
clinical progression when participants with the high-
est Braak stages (i.e., Braak V-VI) were excluded from 
the analysis. An association between LP and cognitive 
decline is consistent with two recent studies that showed 
baseline CSF α-synuclein positivity determined by seed-
ing amplification assays [30, 31] was an independent pre-
dictor of cognitive decline in early stages of AD or LBD. 

Table 2 Survival models. Prediction of clinical progression in Cox hazards models
With APOE CN to MCI/Dementia

All Exclude Braak V-VI (n = 147)

Variable HR (95% CI) Pr(>|z|) HR (95% CI) Pr(>|z|)
Sex (Male) 1.0 [0.70–1.42] 0.99 1.05 [0.65–1.70] 0.84
Age (years) 0.99 [0.96–1.02] 0.57 1 [0.97–1.05] 0.78
Education (yrs) 0.99 [0.93–1.06] 0.80 0.98 [0.9–1.07] 0.62
NFT Braak III-IV 1.30 [0.77–2.20] 0.33 1.18 [0.69–2.04] 0.55
NFT Braak V-VI 1.98 [1.19–3.29] 0.009 - -
Limbic LP 0.74 [0.47–1.16] 0.19 1.04 [0.57–1.9] 0.91
Neocortical LP 1.34 [0.88–2.05] 0.17 1.74 [0.96–3.1] 0.068
APOE ε4 1.77 [1.20–2.60] 0.004 1.60 (0.93–2.75) 0.090

MCI to Dementia
All Exclude Braak V-VI (n = 113)

Variable HR (95% CI) Pr(>|z|) HR (95% CI) Pr(>|z|)
Sex (Male) 1.04 [0.78–1.38] 0.80 1.12 [0.69–1.83] 0.67
Age (years) 0.99 [0.98–1.01] 0.49 0.99 [0.96–1.02] 0.53
Education (yrs) 1.03 [0.99–1.09] 0.12 1.03 [0.96–1.1] 0.39
NFT Braak III-IV 0.84 [0.50–1.41] 0.51 0.97 [0.56–1.67] 0.91
NFT Braak V-VI 1.78 [1.12–2.83] 0.015 - -
Limbic LP 1.02 [0.74–1.42] 0.82 1.30 [0.69–2.46] 0.41
Neocortical LP 1.23 [0.92–1.65] 0.21 2.05 [1.15–3.66] 0.015
APOE ε4 1.14 [0.87–1.51] 0.35 1.04 (0.64–1.69) 0.88
HR: Hazard ratio; LP: Lewy pathology; NFT: Neurofibrillary tangles
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Fig. 3 Disease progression. Progression from cognitively normal (CN) to mild cognitive impairment (MCI) or dementia in the overall group (a) and after 
excluding participants with Braak stage V-VI neurofibrillary tangle pathology (b); and progression from MCI to dementia in the overall group (c) and after 
excluding participants with Braak stage V-VI neurofibrillary tangle pathology (d). Survival in individuals with a clinical diagnosis of Lewy body dementia 
(LBD, blue) or other dementia (red) (e)
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A clinical diagnosis of Lewy body dementia at baseline or 
follow-up was associated with shorter survival in indi-
viduals with LP, independently of the degree of ADNC. 
This could be related to motor dysfunction and dysauto-
nomia often associated with the LBD phenotype, which 
could affect overall progression and risk of death [32, 33]. 
We did not observe a significant association between a 
clinical diagnosis of Lewy body dementia and cognitive 
decline profiles when analyses were limited to individuals 
with LP, perhaps due to insufficient power or imprecise 
clinical diagnosis since criteria for Lewy body dementia 
have relatively low sensitivity [34].

Our analyses showed that Memory, Language, and 
Executive cognitive domain scores declined over two 
years at a relatively uniform rate across levels of severity 
of baseline cognitive impairment. The rate of decline on 
the more global MMSE, in contrast, showed an increas-
ing rate of decline (from about 2 points/year to 3 points/
year) as the baseline severity of cognitive impairment 
increased until a baseline score of 19, where the annual 
rate of decline plateaued at about 3 points/year. A similar 
pattern was observed for the CDR-SB, where the annual 
rate of decline increased (from about 0.5 points/year to 
about 2 points/year) as baseline severity increased up 
to a baseline CDR-SB of about 6. Rates of decline then 
plateaued at about 2 points/year with increasing sever-
ity between a baseline CDR-SB of 6 to 12 points (and 
declined towards the ceiling thereafter). This suggests 
that these cognitive screening and monitoring tools com-
monly used in clinical practice and clinical trials may be 
less sensitive to change in early than later stages of dis-
ease, and this could lead to a greater relative response to 
treatment in more advanced stages for a similar absolute 
benefit [35]. This could also explain conflicting results 
regarding differences in the rate of progression during 
MCI stages of DLB versus AD [36–39].

Recent clinical trials have shown the benefit of mono-
clonal antibody treatments targeting Aβ in patients with 
MCI or early dementia who have a positive AD biomarker 
and an amnestic clinical profile [35, 40]. Further studies 
are needed to determine how these treatments might be 
influenced by LP co-pathology and how treating ADNC 
in patients with prodromal DLB might affect cognitive 
decline. Our results provide reference cognitive decline 
rates with standard deviations that could inform power 
calculations for clinical trials to address these questions. 
A subanalysis of the recent AscenD-LB phase 2a clinical 
trial suggested that AD co-pathology, defined based on 
plasma p-tau 181, led to decreased response to the treat-
ment, underscoring the importance of co-pathologies in 
clinical trials [41].

While a strength of the present study is a long-term 
clinical and cognitive follow-up of a large autopsy series, 
several limitations should be considered. First, there 

may be variability in the application of diagnostic cri-
teria across the different ADRCs, particularly in diag-
nosing Lewy body dementia. This could explain the low 
frequency of an LBD diagnosis, as previously reported 
[34], in addition to AD co-pathology modifying the clini-
cal presentation [7, 24]. Second, autopsy rates vary across 
the ADRCs, and autopsy procedures may vary. Third, the 
NACC UDS neuropsychological test battery available 
for the current analyses (UDS 1.0 and 2.0) is limited and 
includes no visuospatial cognitive assessment. Fourth, 
the exclusion of amygdala-predominant cases could lead 
to some bias in our case selection. Amygdala-predom-
inant Lewy pathology has been considered an isolated 
α-synucleinopathy and is not considered to lead to DLB 
or PD dementia [42, 43]; however, studies have shown 
that amygdala-predominant Lewy pathology is associated 
with decreased CA1 neuronal density and more severe 
TDP-43 pathology [44]. Finally, there is a lack of diver-
sity among participants followed at the ADRCs, includ-
ing among autopsied individuals, so further studies will 
be required to confirm whether these findings generalize.

Conclusions
LP and ADNC are highly prevalent co-pathologies that 
can modify clinical and cognitive deficit profiles and rates 
of progression. This may be especially relevant for clini-
cal trials that may include biomarkers for the targeted 
pathology but not for coincident pathologies not targeted 
by the studied treatment. Our findings that concomitant 
high ADNC strongly impacts cognitive performance in 
individuals with LP and Lewy body dementia suggests 
that assessment of specific cognitive domains over 12 
months could be helpful to track the differential impact 
of therapeutic trials that target AD or LB pathologies as 
well as combination therapies in the future [7].
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