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Abstract
Objective
To examine whether domain-specific patterns of cognitive impairment and trajectories of
decline differed in patients with clinically diagnosed Parkinson disease dementia (PDD) (N =
29) and autopsy-confirmed dementia with Lewy bodies (DLB) (N = 58) or Alzheimer disease
(AD) (N = 174) and to determine the impact of pooling patients with PDD and DLB in clinical
trials targeting cognition.

Methods
Patients were matched on demographics and level of global cognitive impairment. Patterns of
cross-sectional performance and longitudinal decline were examined in 4 cognitive domains:
Visuospatial, Memory, Executive, and Language. Power analyses were performed to determine
the numbers of participants needed to adequately power a hypothetical clinical trial to slow
cognitive decline in pure PDD, pure DLB, or a mixed PDD/DLB group.

Results
Both DLB and PDD were more impaired and declined more rapidly than AD in the Visuo-
spatial domain. Patients with PDD exhibited the most impairment and fastest decline in
Executive, although patients with DLB also declined faster than AD. Memory was more
impaired in AD than DLB and in both compared with PDD; however, all 3 groups declined at
comparable rates. In contrast, PDD declined at a slower rate on Language measures than DLB
or AD. Power analyses suggest that Visuospatial and Executive outcome measures would be
most sensitive in PDD, but Memory and Language in DLB.

Conclusion
DLB and PDD differ from each other, and from AD, in a cognitive domain-specific manner. As
such, different outcome measures may be most sensitive to detecting changes in DLB vs PDD,
suggesting that the 2 should be analyzed separately in clinical trials.
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Parkinson disease dementia (PDD) and dementia with Lewy
bodies (DLB) are disorders characterized by cognitive impair-
ment and motor symptoms associated with α-synuclein pathol-
ogy in the brainstem nuclei, neocortex, and paralimbic regions.1–4

Although subtle neuropathologic differences may exist, no hall-
mark features easily distinguish the 2, so the disorders are often
grouped as Lewy body disease (LBD).5,6 The clinical distinction
is primarily order of symptom onset: in PDD, dementia begins at
least 1 year after onset of Parkinson disease (PD), whereas in
DLB, dementia precedes or co-occurs with parkinsonism. When
both motor and cognitive symptoms are present, the disorders
appear remarkably similar, and both may exhibit psychiatric
symptoms, autonomic symptoms, REM sleep behavior disorder,
and cognitive fluctuations.7–12 There are, however, potential
differences in patterns of cognitive deficits in PDD and
DLB,9,13–18 although the extent of these differences and how they
evolve over time remains largely unknown. This presents
a pressing problem as anti-synuclein therapeutic trials applicable
to both disorders develop.19 If the conditions differ substantially
in profiles of cognitive impairment and decline, pooling patients
with PDD and DLB in an LBD trial may substantially reduce
power to detect a targeted cognitive response by increasing
within-group variability. With these issues in mind, the present
study compares cognitive profiles and trajectories of decline in
PDDandDLB and assesses the impact of pooling these groups in
a hypothetical LBD clinical trial. Comparisons are also made to
Alzheimer disease (AD), as concomitant AD is more common in
DLB than PDD and may affect cognitive decline.15,20,21

Methods
Standard protocol approvals, registrations,
and patient consents
The research protocol was reviewed and approved by the
human subject’s review board at the University of California,
San Diego (UCSD). Informed consent was obtained at the
point of entry into the Alzheimer’s Disease Research Center
(ADRC) longitudinal study from all patients or their care-
givers consistent with California state law. Informed consent
for autopsy was obtained at the time of death from the next
of kin.

Participants
Participants for this study were selected from the longitudinal
study and brain bank of the UCSD Shiley-Marcos Alzheimer’s
Disease Research Center, recruited from 1985 to 2014. A

baseline visit was identified for all potential cases as the first
ADRC evaluation that warranted a diagnosis of dementia.
Cases with significant concomitant pathologic diagnoses (e.g.,
frontotemporal lobar degeneration and hippocampal sclero-
sis) were excluded from the selection process.

We identified 29 patients who met the clinical diagnostic
criteria for PDD2: all initially presented with PD defined by
the presence of 2 of 3 cardinal features22 and developed de-
mentia more than 1 year later. The diagnosis of PD is likely to
be highly accurate in these patients, given the excellent sen-
sitivity and specificity provided by the clinical criteria.23,24

Other neurologic conditions that could produce parkinson-
ism were ruled out by neurologic examination. The average
interval between the onset of parkinsonism and development
of dementia was 8.9 years (SD = 8.0). Twelve of the 29 PDD
cases were autopsied, and all had neuropathologic changes
consistent with idiopathic PD.

Autopsy-confirmed cases with DLB were matched 2:1 to
PDD cases on demographics (age and education) and global
cognitive performance at baseline using nearest neighbor
propensity score matching.25 This resulted in 58 DLB cases.
All initially presented with dementia only, and those that
developed parkinsonism (i.e., at least 2 cardinal signs of PD)
did so 4.7 years (SD = 3.6) after dementia onset. Autopsy-
confirmed patients with AD were similarly matched 2:1 to the
combined PDD/DLB groups, resulting in 174 AD cases
(table 1).

Neuropathology
The brain was divided sagittally, and the left hemibrain was
fixed in 10% buffered formalin, whereas the right hemibrain
was sectioned coronally and then frozen at −70°C. Right
hemibrain tissue blocks from the midfrontal, inferior parietal,
and superior temporal cortices, primary visual cortex in the
occipital cortex, hippocampus, amygdala, basal ganglia, sub-
stantia nigra, and cerebellum were removed and placed in 2%
paraformaldehyde for subsequent thick sectioning by vibra-
tome. Tissue blocks adjacent to these were stored at −70°C for
subsequent immunoblot analysis for synaptic proteins and Aβ
species (soluble and oligomers). Vibratome sections (40 μm
thick) were stored in cryoprotective medium at −20°C for
subsequent immunochemical studies. The formalin-fixed left
hemibrain was serially sectioned in 1-cm slices, and tissue
blocks from the regions described above were processed for
histopathologic examination by hematoxylin-eosin (H&E),

Glossary
ADRC = Alzheimer’s Disease Research Center; AD = Alzheimer disease; CDR = Clinical Dementia Rating; CERAD =
Consortium to Establish a Registry for Alzheimer’s Disease; DLB = dementia with Lewy bodies; H&E = hematoxylin-eosin;
LBD = Lewy body disease; MMRM = mixed models with repeated measures; POD = Pfeffer Outpatient Disability; PCA =
principal component analysis; PD = Parkinson disease; PDD = Parkinson disease dementia; UCSD = University of California,
San Diego; UPDRS = Uniform Parkinson’s Disease Rating Scale; WAIS-R = Wechsler Adult Intelligence Scale–Revised;
WMS = Wechsler Memory Scale.
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Table 1 Baseline demographics

AD (N = 174) DLB (N = 58) PDD (N = 29) p Value

Age at baseline 73.9 ± 6.9 74.1 ± 6.3 72.9 ± 6.1 0.70

Male 90 (52%) 33 (57%) 24 (83%) 0.006bc

Race

White 172 (99%) 58 (100%) 29 (100%) 0.66

Black 1 (<1%) 0 (0%) 0 (0%)

Pacific Islander 1 (<1%) 0 (0%) 0 (0%)

Hispanic/Latino 9 (5%) 2 (3%) 1 (3%) 0.90

Education (y) 14.6 ± 3.3 15.2 ± 3.0 15.2 ± 3.3 0.44

Parkinsonism-cognition interval (y)e 3.6 ± 3.0 −8.9 ± 8.0

DRS (/144) 120.7 ± 8.5 121.9 ± 9.2 122.8 ± 9.1 0.40

CDR-sb (/18)d 4.8 ± 1.8 4.9 ± 2.3 5.2 ± 2.5 0.75

CDR global scored

0.5 33 (29%) 17 (40%) 7 (47%)

1.0 76 (67%) 20 (48%) 7 (47%) 0.10

2.0 5 (4%) 5 (12%) 1 (7%)

POD scale (/20)d 9.2 ± 4.3 8.6 ± 5.4 7.6 ± 5.3 0.24

APOE «4 allele frequency

0 «4 alleles 58 (33%) 26 (45%) 13 (45%) 0.003b

1 «4 alleles 80 (46%) 26 (45%) 8 (28%)

2 «4 alleles 36 (21%) 6 (10%) 1 (3%)

Unknown 7 (24%)

NIA-Reagan criteria for pathologic diagnosis of AD

Low likelihood 0 (0%) 13 (22%) 7 (58%)

Intermediate likelihood 0 (0%) 12 (21%) 3 (25%)

High likelihood 174 (100%) 33 (57%) 2 (17%)

Hoehn and Yahr (/5) 0 0 [0–3]g 3 [2–5]g <0.001f

Clinical Dx at baseline visit

AD 174 (100%) 41 (71%) 0 (0%)

DLB 0 (0%) 15 (26%)h 0 (0%)

PDD 0 (0%) 0 (0%) 29 (100%)

Other 0 (0%) 1 (2%) 0 (0%)

Medications at baseline

L-DOPA 0 (0%) 4 (7%) 25 (86%)

DA agonists 0 (0%) 0 (0%) 12 (41%)

MAO-B inhibitors 0 (0%) 0 (0%) 8 (28%)

COMT inhibitors 0 (0%) 0 (0%) 3 (10%)

Amantadine 0 (0%) 0 (0%) 2 (7%)

AChE inhibitors 65 (37%) 32 (55%) 6 (21%) 0.004a

Continued
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thioflavin S, and immunohistochemistry with antibodies to
detect tau and β-amyloid deposits.

Brains were staged for degree of neurofibrillary tangle pathology
by 1 pathologist (L.A.H.) using a modification of the Braak
staging scheme.26 Estimates of neuritic plaque density were
calculated using methods recommended by the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD).27 AD
was operationalized using the NIA-Reagan consensus criteria
for the postmortem diagnosis of AD, wherein Braak stage V-VI
with moderately to severely dense neuritic plaques corresponds
to high likelihood that dementia is due to AD.28None of the AD
cases had Lewy bodies or abnormal a-synuclein immunostain-
ing in the neocortex or pigmented brainstem nuclei.

The DLB cases fell into either the limbic (transitional) or
neocortical subtypes proposed in the 1996 consensus guide-
lines for the pathologic diagnosis of DLB,4 based on H&E
staining and immunostaining with antibodies against
α-synuclein.1,3,4 Cases were not classified as DLB if Lewy
bodies were found only in the amygdala. Some of the DLB
cases had sufficient concomitant AD pathology to warrant
a secondary diagnosis of AD (historically called Lewy body
variant of AD20). In a secondary analysis, cases were divided
by the likelihood that a given combination of DLB subtype
and Braak stage would result in a typical clinical DLB syn-
drome, determined according to the latest DLB criteria.1

Twelve patients with PDD from this cohort were autopsied,
and in all cases, Lewy bodies were found in the locus ceruleus,
substantia nigra, and/or nucleus basalis of Meynert, as well as
in the neocortex.

Clinical evaluation
Participants had annual standardized clinical, neurologic, and
neuropsychological evaluations as previously described.29,30

The clinical evaluation included review of history with the
patient and/or informant, mental status testing, assessment of
psychiatric symptoms (e.g., depression and psychosis in-
cluding hallucinations), and assessment of functional

impairment using the Pfeffer Outpatient Disability (POD)
scale31 or the Functional Assessment Questionnaire (con-
verted to corresponding POD scores). The Clinical Dementia
Rating (CDR) total score and scores for each of 6 subdomains
were computed (i.e., CDR sum of boxes). Hoehn and Yahr32

staging scores were determined for those with PDD or DLB.

The physical portion of the structured ADRC neurologic
examination was used to assess degree of motor impairment.
Many patients in the cohort were examined before the
implementation of the Uniform Parkinson’s Disease Rating
Scale (UPDRS), but the vast majority of the ADRC structured
neurologic examination overlapped features of the UPDRS. A
20-point motor impairment scale33 was derived from the
ADRC examination based on the presence (1 point) or ab-
sence (0 points) of parkinsonian features (table 2).

Global cognitive function was assessed with the Dementia
Rating Scale.34 Further neuropsychological assessment in-
cluded standardizedmeasures ofMemory (WechslerMemory
Scale [WMS] Visual Reproduction Test immediate and
delayed recall; WMS-Revised Logical Memory Test; and
Verbal List Learning Test), Language (30-item Boston
Naming Test; Letter Fluency Test (F-A-S); Category Fluency
Test [“animals,” “fruits,” and “vegetables”]; and Wechsler
Adult Intelligence Scale–Revised [WAIS-R] Vocabulary
Test), Executive functions (modified Wisconsin Card Sorting
Test; Trail Making Test Parts A and B; and WAIS-R Digit
Symbol Substitution Test), and Visuospatial abilities
(Wechsler Intelligence Scale for Children–Revised Block
Design Test; Visual Reproduction Test copy; Clock Drawing
Test; and Cube Drawing Test). The Verbal List Learning Test
was derived as the z-score for the immediate recall condition
(summed across trials) of the Buschke Selective Reminding
Task (12% of cases), the CERAD Word List Learning Test
(2% of cases), or the California Verbal Learning Test (86% of
cases). Performance on all measures was transformed to
z-scores using reference values from a pool of 228 robust
normal controls who were diagnosed as normal on their first

Table 1 Baseline demographics (continued)

AD (N = 174) DLB (N = 58) PDD (N = 29) p Value

NMDA antagonists 13 (7%) 9 (16%) 0 (0%) 0.03c

Antidepressants 45 (26%) 21 (36%) 10 (34%) 0.23

Antipsychotics 8 (5%) 4 (7%) 3 (10%) 0.36

Abbreviations: AChE = Acetylcholinesterase; AD = Alzheimer disease; CDR = Clinical Dementia Rating; CDR-sb = Clinical Dementia Rating–sumof boxes; COMT
= Catecholamine-O-methyl transferase; DA = dopamine agonist; DLB = dementia with Lewy bodies; DRS = Dementia Rating Scale; Dx = diagnosis; L-DOPA =
Levo-dopa; MAO-B = Monoamine Oxidase B; PDD = Parkinson disease dementia; POD = Pfeffer Outpatient Disability.
Values are mean ± SD or N (%) as appropriate, unless otherwise specified.
a Post hoc significant: AD-DLB.
b Post hoc significant: AD-PDD.
c Post hoc significant: DLB-PDD.
d Missing data: CDR (34% AD; 28% DLB; 48% PDD); POD (2% AD; 10% PDD).
e Positive numbers indicate that onset of cognitive decline was before parkinsonism, whereas negative numbers indicate the inverse.
f Comparison only between DLB and PDD.
g Values are median (range).
h Note that some cases were diagnosed before the development of DLB criteria. See text for discussion.
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ADRC evaluation and remained normal for the duration of
their participation in the ADRC longitudinal study.

Consensus clinical diagnoses based on published criteria were
made by 2 or more board-certified neurologists with expertise
in dementia and movement disorders. Diagnosing neurolo-
gists were informed whether the neuropsychological assess-
ment identified deficits in 2 or more domains of cognition, but
not of individual test or cognitive domain scores. Probable
DLB was diagnosed clinically based on the presence of de-
mentia and at least 2 of 3 additional core features of mild
parkinsonism, well-formed visual hallucinations, and fluctua-
tions in consciousness or attention.3,4 Rapid eye movement
(REM) sleep behavior disorder was also considered, but was
not systematically assessed before its inclusion in the latest
DLB guidelines.1 Cognitive decline had to precede or occur in
conjunction with mild parkinsonism. The clinical diagnosis of
PDD was based on the presence of at least 2 of the cardinal
motor signs of PD, as well as objective cognitive deficits on
neuropsychological tests and functional decline due to cog-
nitive problems.2 Motor signs had to precede cognitive de-
cline by more than 1 year. Probable AD was diagnosed
according to National Institute of Neurological and Com-
municative Disorders-Alzheimer’s Disease and Related Dis-
orders Association (NINCDS-ADRDA)35 or National
Institute on Aging-Alzheimer’s Association (NIA-AA)
criteria.36

Principal component analysis and generation
of participant-level domain scores
The Very Simple Structure criteria37 suggested 4 as the op-
timal number of interpretable factors to extract from the
baseline scores for the selected cognitive measure of the entire
sample (n = 261). Principal component analysis (PCA) with
varimax rotation resulted in 4 orthogonal rotated compo-
nents, which were conceptually labeled “Visuospatial,”
“Memory,” “Executive,” and “Language” based on the highest
loadings for each measure (table 3).

The PCA loadings matrix was used to generate individual
domain scores for each participant at their baseline visit. A
small number of missing values (less than 5% per test, except
for Logical Memory, Cube, and Vocabulary, which were
missing up to 13% of values) were imputed using fully con-
ditional specification38 as implemented by the mice R statis-
tical package.39 Five parallel imputations were performed and
carried forward through the modeling analysis before being
pooled for the final result. Each imputation was guided by
diagnostic grouping, participant demographics, global cogni-
tive test scores, and scores on other cognitive measures in the
test’s domain.

Although imputation of a small portion of baseline data adds
little bias to the analysis,38 we were concerned about longi-
tudinal imputation of missing values because the amount of

Table 2 Motor symptoms by diagnostic group

AD (N = 174) DLB (N = 58) PDD (N = 29)

Finger tapsa 19 (11%) 17 (29%) 24 (83%)

Rapid alt movementa 18 (10%) 13 (22%) 22 (76%)

Neck rigidity 6 (3%) 10 (17%) 23 (79%)

Arm rigiditya 11 (6%) 16 (28%) 24 (83%)

Leg rigiditya 6 (3%) 9 (16%) 20 (69%)

Parkinsonian tremor 2 (1%) 5 (9%) 19 (66%)

Action tremora 13 (7%) 12 (21%) 13 (45%)

Parkinsonian speech 2 (1%) 12 (21%) 19 (66%)

Masked facies 18 (10%) 21 (36%) 28 (97%)

Bradykinesia 15 (9%) 19 (33%) 27 (93%)

Parkinsonian gait 12 (7%) 19 (33%) 29 (100%)

Other gait disorder 31 (18%) 18 (31%) 22 (76%)

Stooped posture 19 (11%) 23 (40%) 28 (97%)

Postural instability 26 (15%) 13 (22%) 17 (59%)

Rise from chair 10 (6%) 9 (16%) 24 (83%)

Abbreviations: AD = Alzheimer disease; DLB = dementia with Lewy bodies; PDD = Parkinson disease dementia.
a Although these were assessed bilaterally, numbers are presented for those with at least unilateral involvement.
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missing data increased when multiple evaluations were con-
sidered. Thus, we did not generate longitudinal PCA-derived
domain scores. We used an alternative approach wherein each
test at each visit was assigned to only 1 cognitive domain,
guided by the highest PCA loadings. Z-scores for all tests in
that domainwere averaged to create a domain composite score. If
less than half of measures in any given domain were available for
a patient, the visit for that patient was dropped from the analysis.
The rate of dropped visits did not differ by diagnostic group.

Statistical analysis
Demographics and clinical characteristics were compared
across groups using a 3-group analysis of variance for con-
tinuous variables with post hoc Tukey honest significant dif-
ference tests for significant results or a 3-group Fisher exact
test for categorical variables with post hoc pairwise Fisher
exact comparisons for significant results. Cross-sectional
comparisons of cognitive domain scores across groups were
performed using linear least squares regression adjusting for
age, sex, and education.
Analyses of trajectories of cognitive decline across groups
used data from baseline and 2 annual follow-up evaluations.
Longitudinal linear mixed-effects models were used to as-
sess how performance in each cognitive domain composite

declined with time. Performance was modeled with fixed
effects of diagnostic group, sex, years of education, age at
baseline, baseline score on the measure of interest, and each
term’s interaction with time. Participant-specific intercepts
and slopes were included as random effects. All analyses were
performed in R version 3.6.0 using the lme4 package with
restricted maximum likelihood estimation. Degrees of free-
dom for fixed effects were estimated by the Satterthwaite
approximation as implemented in the package lmerTest.

Power analyses for mixed models with repeated measures
(MMRM) were performed as implemented in the longpower
package.40 We determined the sample sizes needed in a hy-
pothetical 2-year trial to detect a 50% reduction in decline on
each cognitive domain composite (power 0.8, significance
0.05) if the sample consisted of a pooled group of patients
with DLB and PDD (in a 1:1 ratio) or separate groups of
patients with DLB or PDD. Each analysis assumed 15% at-
trition per year.

Data availability
Anonymized data and related documents such as study pro-
tocols and statistical analysis plans will be shared with any
qualified investigator on request.

Table 3 Principal component analysis factor loadings

RC1 (Visuospatial) RC2 (Memory) RC3 (Executive) RC4 (Language)

Visual Reproduction—Copy 0.804a −0.010 0.006 0.061

Visual Reproduction—Immediate Recall 0.639a 0.478 −0.114 0.159

Cube 0.560a 0.111 −0.036 0.277

Block Design 0.780a −0.077 0.218 0.216

Clock 0.706a 0.038 0.008 0.016

Trails A 0.746a 0.006 0.328 −0.068

Wisconsin Card Sorting Test 0.353 −0.012 0.530a 0.215

Trails B 0.514 −0.020 0.516a 0.213

Letter Fluency 0.230 −0.048 0.579a 0.250

Digit Symbol Substitution 0.503 −0.033 0.646a 0.086

Logical Memory—Immediate Recall −0.029 0.800a 0.258 0.144

Logical Memory—Delayed Recall −0.098 0.876a −0.018 0.053

Verbal List Learning Test −0.038 0.551a 0.538 0.096

Visual Reproduction—Delayed Recall 0.213 0.761a −0.113 0.024

Vocabulary 0.090 0.043 0.193 0.858a

Boston Naming Test 0.127 0.246 0.021 0.743a

Category Fluency 0.170 0.211 0.484 0.539a

Abbreviation: RC = (Verimax) rotated component.
a Strongest RC loading for each test.
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Results
Participant demographics
The PDD, DLB, and AD groups did not differ significantly in
age, education, or global cognition at baseline (table 1). The
PDD group had a higher median Hoehn and Yahr PD staging
score than the DLB group. On our 20-point motor impair-
ment scale, patients with AD averaged 1.5 (SD = 2.7), patients
with DLB 4.5 (SD = 5.1), and patients with PDD 14.7 points
(SD = 3.0) (tabulations in table 2). The PDD group had
a higher percentage of males than the other groups, consistent
with the known greater prevalence of PD in males than
females.41 The AD group had a higher percentage of indi-
viduals with 1 or more APOE e4 allele than the PDD group,
but did not differ from the DLB group. All patients with PDD
were on dopaminergic medication at baseline, with 86% tak-
ing L-DOPA, compared with only 7% of patients with DLB
and no patients with AD. The percentage of patients with
DLB taking acetylcholine esterase inhibitors at baseline was
higher than in AD, and the percentage taking NMDA
antagonists was higher than in the PDD group (in which no
one was prescribed this medication). Antidepressant and
antipsychotic use did not differ across groups.

Because many participants enrolled before the development
of the DLB diagnostic criteria,4 only 26% of the pathologically
confirmed DLB cases were clinically diagnosed with probable
or possible DLB at baseline. However, retrospective chart
review of all DLB cases revealed that 31% met the diagnostic
criteria for probable DLB and 12% for possible DLB

(i.e., presence of 1 core feature4) at baseline, and 35% meet
these criteria at a subsequent visit, bringing the total of those
ever meeting clinical criteria for DLB to 78%.

Cross-sectional cognitive profiles
Separate regression analyses for each domain at baseline
revealed significant group differences in the Visuospatial,
Memory, and Executive domains, but not in the Language
domain (figure 1). PDD (β ± standard error [SE] = −0.81 ±
0.27, p = 0.003) and DLB (β ± SE = −1.11 ± 0.27, p = 0.003)
were more impaired than AD in the Visuospatial domain, but
did not differ from each other. In contrast, AD performed
worse than DLB (β ± SE = 0.26 ± 0.27, p = 0.016), and much
worse than PDD (β ± SE = 1.26 ± 0.15, p = 2.6 × 10−15), in the
Memory domain. Furthermore, DLB performed worse than
PDD (β ± SE = −0.98 ± 0.16, p = 5.9 × 10−9) in the Memory
domain. PDD was more impaired than DLB (β ± SE = 0.59 ±
0.27, p = 0.029) or AD (β ± SE = −0.84 ± 0.24, p = 4.7 × 10−4)
in the Executive domain, whereas AD and DLB did not differ
from each other (p = 0.14).

Longitudinal cognitive decline
Linear mixed-effects modeling, adjusted for demographics
and baseline performance, identified differences in the slope
of 2-year decline in Visuospatial, Executive, and Language
domain composites, but not the Memory domain (figure 2).
DLB (β ± SE = −0.52 ± 0.14, p = 0.001) and PDD (β ± SE =
−0.85 ± 0.20, p = 1.6 × 10−4) declined more rapidly than AD
in the Visuospatial domain, but did not differ from each other.
In contrast, PDD declined more rapidly than DLB (β ± SE =

Figure 1 Cross-sectional cognitive profiles

Cross-sectional cognitive domain
scores of the DLB, PDD, and AD
groups at baseline, matched on de-
mographics and global cognitive im-
pairment. Statistical comparisons are
made based on linear least squares
regression adjusted for age, sex, and
education. *p < 0.05; **p < 0.01; ***p
< 0.001. AD = Alzheimer disease; DLB
= dementia with Lewy bodies; PDD =
Parkinson disease dementia.
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0.41 ± 0.18, p = 0.024) or AD (β ± SE = −0.66 ± 0.16, p = 1.3 ×
10−4) in the Executive domain, and DLB also declined more
rapidly than AD (β ± SE = −0.25 ± 0.11, p = 0.027). DLB
declined more rapidly than PDD (β ± SE = −0.62 ± 0.28, p =
0.04) in the Language domain. Despite large cross-sectional
differences in the Memory domain composite, rates of decline
in Memory did not differ across groups.

Power calculations for a 2-year treatment trial
with cognitive outcomes in LBD
Power calculations for MMRM analyses suggest that different
numbers of participants with LBD would be needed to detect
a 50% reduction in decline in cognition over 2 years (power =
0.80; p = 0.05) depending on the cognitive domain assessed
and the make-up of the LBD sample (table 4). A 50% re-
duction in decline on the Visuospatial composite score could
be reliably detected with 38 participants with PDD per group,
whereas 125 participants with DLB or 93 participants with a 1:
1 mixture of PDD and DLB would be needed per group. The
Executive domain composite score would require only 36
patients with PDD per group, but 202 patients with DLB or
158 patients with PDD and DLB with a 1:1 mixture. In
contrast, despite a lack of difference in the average rate of
decline between groups, an outcome based on the Memory
composite score would require 127 patients with PDD per

group to detect a 50% reduction in decline, but only 51
patients with DLB or 74 patients with PDD andDLBwith a 1:
1 mixture. This is due to the much larger variance in the PDD
group trajectories compared with DLB. Similarly, the Lan-
guage composite score would require 827 patients with PDD
per group compared with only 33 patients with DLB or 58
patients with PDD and DLB with a 1:1 mixture.

Secondary analyses
Secondary analyses were performed to assess how stricter
definitions of groups affected the results. First, if the analysis
was restricted to pathologically confirmed PDD cases, the
pattern of cross-sectional results remained unchanged; how-
ever, differences in decline between DLB and PDD no longer
reached significance. Similarly, if the analysis was restricted to
the 78% of DLB cases that met the clinical DLB criteria in life,
the only changes were the loss of significance in the cross-
sectional difference in memory between DLB and AD (now p =
0.09) and loss of the cross-sectional and longitudinal differences
in executive function between DLB and PDD (now p = 0.08
and 0.10).

Finally, we divided the DLB group based on likelihood of each
combination of DLB stage and Braak stage being associated
with a typical DLB clinical syndrome.1 This resulted in significant

Figure 2 Longitudinal decline

Longitudinal cognitive decline on each domain composite score in DLB, PDD, and AD over 2 years. Statistical comparisons are made between the slopes of
decline, rather than absolute values, based onmixed-effects models adjusted for age, sex, education, and baseline performance. *p < 0.05; **p < 0.01; ***p <
0.001. AD = Alzheimer disease; DLB = dementia with Lewy bodies; PDD = Parkinson disease dementia.
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differences such that Visuospatial ability was more impaired in
high-likelihood DLB (p = 0.03), whereas Memory was more
impaired in low/intermediate-likelihood DLB (p = 0.02). How-
ever, both DLB groups remained more impaired than the PDD
group in Memory (both p < 1 × 10−10). Meanwhile, only high-
likelihood DLB and PDD differed from AD on Visuospatial,
Memory, and Executive abilities (all p < 0.05).

Longitudinally, the 2 DLB groups did not differ from each
other in any rates of decline. However, only PDD and high-
likelihood DLB differed from AD in Visuospatial (both p =
0.0001), whereas low/intermediate likelihood DLB declined
more rapidly than AD in Memory (p = 0.03). All 3 other
groups declined less rapidly on Executive function than PDD
(all p < 0.05) and did not differ from each other. Finally, PDD
declined marginally less rapidly than each of the other 3
groups on Language (all p = 0.05–0.06).

Discussion
Although DLB and PDD may be nearly indistinguishable
pathologically, our work adds to the small literature suggest-
ing that the 2 may differ cognitively in important ways, adding
to the current debate on whether the conditions should be
pooled or treated separately.5–13 Our findings showed that
patients with DLB and PDD with comparable levels of global
cognition differed in their domain-specific profiles of impair-
ment and trajectories of decline. Specifically, we replicated
previous work suggesting greater impairment and/or decline in
Executive function in both DLB and PDD relative to AD.15

However, we also observed a previously unreported greater

impairment and more rapid decline (adjusted for baseline
score) of Executive function in PDD thanDLB (PDD<DLB <
AD). PDD and DLB were relatively more impaired and de-
clined more rapidly than AD in Visuospatial ability, but did not
differ from each other (DLB ≈ PDD < AD). These findings are
in line with previous work suggesting that visuospatial
impairments are similar in PDD and DLB, but are less pro-
nounced in AD42; however, we did not observe the greater
visuospatial impairments in DLB compared with PDD repor-
ted in other studies.43,44

Although there were large cross-sectional differences inMemory
with AD and DLB worse than PDD (AD < DLB << PDD)
consistent with previous reports,13,43,44 the 3 groups declined at
nearly identical rates on average. This may be a function of the
relatively mild level of dementia of the participants—a point
when AD and DLB have already experienced most of their early
memory decline, but PDD has not reached the memory deficits
associated with later stages of this disorder.45 Conversely, al-
though the 3 groups performed similarly in Language ability
cross-sectionally at this mild level of global impairment, the
patients with PDD declined less rapidly than either the patients
with DLB or AD, in line with previous reports of greater
language/verbal memory impairments in DLB and AD vs PDD
in the later stages of disease.46

The observed double dissociations in both our cross-sectional
and longitudinal results (i.e., worse Executive in PDD than
DLB; worse Language and Memory in DLB than PDD) are
likely a reflection of the subtle differences in pathology be-
tween DLB and PDD. Of interest, both cortical and

Table 4 MMRMpower calculations estimating the number of participants needed to detect a 50% reduction in decline in
a hypothetical trial

Visuospatial Memory Executive Language

Combined

SD 1.45 0.39 0.92 1.30

Delta 0.69 0.21 0.33 0.78

N 93 74 158 58

PDD only

SD 1.13 0.58 0.43 0.60

Delta 0.85 0.23 0.34 0.10

N 38 127 36 827

DLB only

SD 1.56 0.31 1.04 1.20

Delta 0.64 0.20 0.33 0.96

N 125 51 202 33

Abbreviations: DLB = dementia with Lewy bodies; MMRM = mixed models with repeated measures; PDD = Parkinson disease dementia.
Calculations were performed for a power of 80% and a significance level of 0.05. Fifteen percent dropout per year was assumed. Delta is 50% of the average
decline for the group. SD is the standard deviation of the decline.
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subcortical pathology appear at comparable rates in the dis-
orders, and as a result, the disorders do not differ in the
proportion that may be characterized with a cortical or sub-
cortical cognitive presentation.47 Nevertheless, the generally
more severe brainstem pathology in PDDmay account for the
disproportionate impairments in Executive ability. In contrast,
the greater concomitant AD pathology of the DLB cases may
shift the cognitive impairment profile to be more similar to
AD with greater Memory and Language impairments.

It should be noted, however, that differences in degree of AD
pathology do not account for all of the observed cognitive
differences between DLB and PDD. Despite a substantial
reduction in statistical power, in secondary analyses separat-
ing the DLB group by level of concomitant AD pathology into
those with high likelihood or low/intermediate likelihood of
expressing a typical DLB syndrome, both remained more
impaired cross-sectionally in Memory and declined slower in
Executive and (marginally) Language than the PDD group.
Furthermore, the 2 DLB groups did not differ from each other
in any rates of decline, diverging only in cross-sectional
Visuospatial and Memory impairments at baseline.

The observed differences in cognitive patterns and rates of
decline are essential to consider in the design of clinical trials
for LBD that may be targeting the common underlying
α-synuclein pathology of PDD and DLB.48 If the baseline
impairments and longitudinal trajectories of cognitive decline
differ by domain, any clinical response to a compound may be
apparent in one group but not the other, depending on the
domain weighting of the cognitive outcome measure—
resulting in a loss of statistical power to detect a change. To
assess the impact of pooling DLB and PDD in clinical trials,
we performed power calculations for the sample sizes that
would be needed to detect a 50% reduction in decline over 2
years in only patients with DLB, only patients with PDD, and
a 1:1 mixture of the 2. We find that because of the higher
variability (SD) in the rates of decline in DLB over PDD in the
Executive and Visuospatial domains, far fewer participants
were needed to reach the desired power in a pure PDD sample
than in either a pure DLB or a combined cohort. In contrast,
the tiny effect size in the Language domain would require
massive numbers of patients with PDD, despite the lower
variability in PDD, whereas only a small handful of patients
with DLB would be required to reach the same power. A
somewhat similar picture emerged with Memory, where both
groups had nearly identical rates of decline, but the greater
variability in the patients with PDD resulted in the need for
more than twice as many patients to reach the same power as
for patients with DLB.

Our power analysis indicated that the most efficient approach
to detecting changes in cognition is to focus on Visuospatial
and Executive measures in PDD, but Memory and Language
in DLB. For example, based on the high PCA loadings in both
Visuospatial and Executive domains (table 3), the Wisconsin
Card Sorting Test, Digit Symbol Substitution, and the Trail

Making Test would make good choices to track changes in
PDD. In contrast, measures with high loadings on Memory
(e.g., Logical Memory) or Language (e.g., Category Fluency
and Confrontation Naming) would provide the most power
to track changes in DLB. Thus, despite the similarity in un-
derlying pathology and drug targets, separating DLB and
PDD groups and examining appropriate outcome measures
should substantially improve the power of a trial to detect an
effect on cognition.

Because a portion (22%) of our pathologically confirmed
DLB group was never clinically diagnosed with DLB in life, it
is unlikely they would be selected for a clinical trial of LBD.
Therefore, we repeated our primary analysis restricting to the
78% of DLB cases that met the DLB criteria during life. The
pattern of results and effect sizes was largely unchanged, albeit
with reduced statistical power. We note that with promising
work on effective α-synuclein biomarkers,49,50 it will soon be
possible to restrict the DLB group in a clinical trial to those
accurately diagnosed during life, and our full primary analysis
is representative of the cognitive profiles and rates of decline
that can be expected.

A major strength of this study is the use of autopsy-confirmed
cases of DLB and AD given the marginal performance of the
DLB clinical diagnostic criteria. The majority of previous
work relied on these clinical diagnoses resulting in nearly
guaranteed inclusion of pure AD cases in their DLB groups
and inclusion of DLB cases with very subtle neurologic fea-
tures of DLB in their AD groups. An additional strength of
this study is the examination of multiple cognitive domains
using multiple measures, which have not previously been
studied longitudinally. Finally, longitudinal analyses allowed
us to perform power calculations with direct implications for
clinical trial design and patient care.

Several caveats should be considered. First, although the
groups were carefully matched on demographics and global
cognition, there were differences in degree of motor impair-
ment and the use of parkinsonian and cognitive medications.
It should be noted, however, that baseline performance and
rate of decline for each cognitive domain did not correlate
with degree of motor impairment in the combined DLB/
PDD group. Furthermore, many of the participants with DLB
enrolled before the most recent DLB criteria, and some even
before the first DLB criteria were published. A chart review
was preformed to retrospectively apply criteria to all DLB
cases, but some information (especially REM behavior dis-
order) may not have been systematically collected. Finally,
regarding power calculations, we note that neuropathologic
diagnosis will not be available to clinical trials, and specificity
of diagnoses in trials will generally be lower than those used
here. Hence, power of clinical trials in practice will be lower
than suggested by our power calculations. We also note the
domain-specific composite scores reported here have not
been validated as primary end points for clinical trials of
neurodegenerative diseases. The purpose of the power
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calculation exercise is simply to characterize the potential
improvement in trial efficiency to be gained by choosing the
domains of cognitive function most sensitive to the respective
neurodegenerative processes. Although specific sample sizes
reported here are not reliable, the relative efficiency of
domain-specific end point scales is well represented by this
analysis.

In summary, this work characterized both the cross-sectional
and longitudinal differences in the cognitive profiles of
patients with PDD, DLB, and AD and examined the resulting
effects on a hypothetical clinical trial. Our findings suggest
that there may be substantial benefits to a trial by separately
examining patients with DLB and PDD with outcome
measures targeting the cognitive processes most affected in
each.
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