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Abstract.
Background: Alzheimer’s disease neuropathologic change (ADNC) may contribute to dementia in patients with Lewy body
disease (LBD) pathology.
Objective: To examine how co-occurring ADNC impacts domain specific cognitive impairments at each pathologic stage
(brainstem, limbic, cerebral cortical) of LBD.
Methods: 2,433 participants with antemortem longitudinal neuropsychological assessment and postmortem neuropatholog-
ical assessment from the National Alzheimer’s Coordinating Center’s Uniform Data Set were characterized based on the
evaluation of ADNC and LBD. Longitudinal mixed-models were used to derive measures of cumulative cognitive deficit for
each cognitive domain at each pathologic stage of LBD (brainstem, limbic, and cerebral cortical).
Results: 111 participants with a pathologic diagnosis of LBD, 741 participants with combined LBD and ADNC, 1,357
participants with ADNC only, and 224 with no pathology (healthy controls) were included in the analyses. In the execu-
tive/visuospatial domain, combined LBD and ADNC showed worse deficits than LBD only when Lewy bodies were confined
to the brainstem, but no difference when Lewy bodies extended to the limbic or cerebral cortical regions. The cerebral cortical
LBD only group exhibited greater executive/visuospatial deficits than the ADNC only group. By contrast, the ADNC only
group and the combined pathology group both demonstrated significantly greater cumulative memory deficits relative to
Lewy body disease only, regardless of stage.

1This article received a correction notice (Erratum) with
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Conclusion: The impact of co-occurring ADNC on antemortem cumulative cognitive deficits varies not only by domain but
also on the pathological stage of Lewy bodies. Our findings stress the cognitive impact of different patterns of neuropatho-
logical progression in Lewy body diseases.

Keywords: Alzheimer’s disease, cognitive neuropsychology in dementia, dementia with Lewy bodies, Parkinson’s disease,
Parkinson’s disease with dementia, parkinsonism

INTRODUCTION

Historically, the strongest predictor of cognitive
impairment and dementia in patients with clinical
Parkinson’s disease and dementia with Lewy Bod-
ies is the progression of Lewy body disease (LBD)
pathology to the cortex [1, 2]. However, co-occu-
rring Alzheimer’s disease neuropathologic change
(ADNC) is also a common pathologic finding in
patients with LBD [3]. Indeed, clinical-pathological
series indicate that 10–59% of patients with dementia
due to LBD exhibit co-occurring ADNC [4, 5], which
may act synergistically with LBD on domain specific
cognitive impairments [6–8].

In both LBD and ADNC, the progression of the
underlying pathology generally corresponds to a dec-
line in cognitive functioning [9, 10], accompanied by
unique patterns of decline depending on the differ-
ences in pathological spread. For instance, the initial
episodic memory impairment in early Alzheimer’s di-
sease is associated with tau tangles in the medial tem-
poral lobes, which is followed by development of
language and semantic memory deficits as tau tangle
pathology progresses to affect semantic language net-
works in the broader temporal lobe [11, 12]. Inter-
estingly, some patients with LBD exhibit a similar
pattern of cognitive decline, which has been sugge-
sted to occur, or is more pronounced, in the pres-
ence of co-morbid ADNC [13]. In contrast, most
patients with LBD experience primary executive and
visuospatial deficits, suggesting that these deficits are
closely related to LBD neurodegenerative processes
irrespective of ADNC [14]. However, it is unknown
if the impact of ADNC on cognition is different at
each pathologic stage of LBD (brainstem, limbic, and
cerebral cortical).

We compared cognitive impairment in patients
with LBD, ADNC, and combined ADNC/LBD at
three pathologic stages of LBD (brainstem, limbic,
and cerebral cortical). We examined a novel measure-
ment of cumulative cognitive deficit that quantifies
the extent of impairment statistically modeled acr-
oss the available data six years prior to the patient’s
death using longitudinal pre-mortem cognitive

domain-specific assessments. We hypothesized the
domain-specific cumulative cognitive deficits will be
different in participants with ADNC co-morbidity
across increasing severity of LBD pathologic lesions.

MATERIALS AND METHODS

Participants

The current study used data from the U.S. National
Alzheimer’s Coordinating Center’s (NACC) Uniform
Data Set (UDS) collected between November 2005
and June 2019 from 35 past and present NIA-funded
Alzheimer’s Disease Centers [15]. Participants were
evaluated approximately annually at each Center
using a standardized protocol beginning in 2005. Par-
ticipants were enrolled with any level of cognition,
ranging from normal to demented. Written informed
consent was obtained from all participants and
their study coparticipants; institutional review board
approval was obtained from all individual Centers.

Participants selected for the current study met the
following criteria (Fig. 1): 1) had both neuropath-
ologic [16] and neuropsychological data, version C1
[17] available; and 2) time between the most recent
UDS in-person visit and death was not greater than
2 years to ensure that the neuropsychological test
results reflected cognitive status proximate to death,
consistent with previous reports [18, 19]. Exclusion
criteria included the presence of any of the follo-
wing at autopsy: Down’s syndrome, prion disease,
early-onset autosomal dominant genetic diseases,
frontotemporal lobar degeneration, progressive sup-
ranuclear palsy, cortical basal degeneration, multi-
ple system atrophy, CADASIL, other 3R and/or 4R
tauopathies, argyrophilic grains, chronic traumatic
encephalopathy, TDP-43, tangle dominance disease,
pigment-spheroid degeneration, malformation of co-
rtical development, metabolic/storage disorders,
leukodystrophy, multiple sclerosis or other demyeli-
nating disease, neoplasm, cerebral microbleeds and
microinfarcts (as the latter have the most support in
the literature regarding impact on cognition) [20, 21].
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Fig. 1. Flow Diagram of Exclusion Criteria. “Pure” Lewy body disease pathology (LBD) groups exhibited low Alzheimer’s disease neu-
ropathologic change (ADNC). Low ADNC includes Neuritic plaque score (CERAD[26]) equivalent to C0 or C1, and Braak Neurofibrillary
Tangle Score (Braak Stage; equivalent to B0 or B1 [27]). LBD groups were further delineated into brainstem (LBD-b; most commonly
observed in the substantia nigra or locus coeruleus), limbic (LBD-l; cingulate, entorhinal, amygdala), and cerebral cortical (LBD-c) groups.
Combined pathology groups (ADNC/LBD) exhibited intermediate or high ADNC and the presence of Lewy body neuropathology and were
further delineated into brainstem (ADNC/LBD-b), limbic (ADNC/LBD-l), and cerebral cortical (ADNC/LBD-c) groups. “Pure” ADNC
exhibited intermediate or high ADNC and no LBD. Healthy controls (HC) exhibited low ADNC and no LBD and no diagnosis of dementia
at any evaluation. NACC, National Alzheimer’s Coordinating Center; UDS, Uniform Data Set; FTD, frontotemporal dementia; CERAD,
Consortium to Establish a Registry for Alzheimer’s disease criteria.

Neuropathological characterization

Each Center conducted neuropathologic assess-
ments following consensus guidelines and uploaded
the data to the NACC using neuropathology forms 9
and 10 [22]. The presence and stage of ADNC [23, 24]
and LBD [25] were used to characterize the extent
of neuropathology and assign participants to one of
the following eight groups (detailed in Fig. 1):
Healthy controls (HC), LBD only [differentiated into
brainstem (LBD-b), limbic (LBD-l), and cerebral cor-
tical (LBD-c)], and combined pathology ADNC/
LBD [differentiated by stage of LBD: brainstem
(ADNC/LBD-b), limbic (ADNC/LBD-l), and cere-
bral cortical (ADNC/LBD-c)]. Specifically, consen-
sus guidelines for LBD were used to determine the
presence and stage of LBD with an NIA-AA Lewy
body score of either 1, 2, or 3, corresponding to bra-
instem, limbic/transitional, or cerebral cortical [25].
ADNC only and combined pathology groups (AD
NC/LBD) exhibited intermediate or high ADNC.
Low ADNC was defined as no/sparse neuritic plaques
[Consortium to Establish a Registry for Alzheimer’s

disease criteria (CERAD) score equivalent to C0 or
C1] [26] and Braak stage 0-II for neurofibrillary
degeneration [27] (equivalent to B0 or B1). Inter-
mediate ADNC was defined as moderate or frequent
neuritic plaques (CERAD C2 or C3) and Braak B2
(stage III-IV). High ADNC was defined as moder-
ate or frequent neuritic plaques (CERAD C2 or C3)
and Braak B3 (stage V-VI). A dichotomous vari-
able quantifying the presence of vascular brain injury
(other than those excluded for cerebral microbleeds
and microinfarcts) was created to use as a covariate
in statistical models.

Demographic and clinical characteristics

We report demographic data, including age, sex,
education, and race/ethnicity, health histories, and
clinical diagnoses as of the last study visit in the UDS
(within 2 years of death). Diagnoses of normal cogni-
tion, mild cognitive impairment (MCI), or dementia
were made at each Center either by a single clinician
or consensus group of clinicians after a review of all
evaluation information available.
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Neuropsychological testing

As the majority of patients with neuropathological
data available were administered the UDS C1 version
of the neuropsychological assessment, only those par-
ticipants were included in the current analyses. The
Mini-Mental State Examination (MMSE) and neu-
ropsychological tests administered as part of the UDS
C1 are described in detail elsewhere [17]. We calcu-
lated normative z-scores using age- and sex-corrected
demographic adjustments based on previously pub-
lished regression norms derived using the UDS [28].
Tests were grouped into cognitive domains based on
previous investigations [29]. In addition, we ensured
that the within-domain subtest correlations were
greater than the between-cognitive tests correlations
within this sample (Fig. 2A). Domain scores were
calculated by averaging the sum of the z-scores for
the test scores within each of the following domains:
executive/visuospatial, memory, language, and atten-
tion (Fig. 2A). A separate visuospatial domain score
could not be generated since the UDS C1 neu-
ropsychological test battery includes no stand-alone
visuospatial test; however, the UDS C1 tests of
executive function rely on visuospatial information
processing and therefore this domain is referred to as
the executive/visuospatial domain.

Statistical analyses

Participants were recruited at various stages of cog-
nitive impairment with different lengths of follow
up prior to their death, raising challenges to using
traditional measures of longitudinal change (e.g.,
annualized rate of change). To overcome this, we cal-
culated a measure of cumulative cognitive deficit
derived using the estimated summary score trajectory
based on the fitted mixed effects regression model.
Specifically, we performed mixed effects regression
analyses with longitudinal global cognitive ability
(MMSE) or domain-specific summary scores (i.e.,
executive/visuospatial, memory, language, attention)
as the outcome and time as the independent varia-
ble of primary interest. Within-person correlations
between the longitudinally measured summary sco-
res are accounted for by subject-specific random
intercept and slope, performed within each of the
eight neuropathological subgroups. Models were adj-
usted for age, gender, education, and the presence
of vascular factors. The domain-specific models
included the MMSE score as a covariate. Cumulative
cognitive deficits are the average deviation for each

cognitive domain between normative performance (a
z-score of 0) and estimated summary score trajectory
based on the fitted mixed effects regression model
that was derived using available timepoints within a
six-year time window prior to death. This allows us
to summarize the cumulative impairment for patients
who had less than six-year follow-up prior to their
death. Additionally, the statistical model was used
to estimate the underlying cumulative exposure after
adjusting for a set of potential confounders.

We evaluated selected contrasts of interest with a
focus on interactions between ADNC and various
levels of LBD (e.g., the effect of ADNC on par-
ticipants with LBD-b versus the effect of ADNC
on participants with LBD-c) and applied appropri-
ate follow-up simple effects contrasts. Statistical
inferences were made via a nonparametric boot-
strap method in which we repeatedly calculated
the estimated cumulative deficit based on boot-
strapped data. Planned sensitivity analyses were
conducted to determine if results were consistent
when the lowest possible score on a given test was
substituted for data missing due to cognitive rea-
sons. Two-sided probabilities of p < 0.0.0125 (0.05/4)
were considered significant, after applying Bon-
ferroni correction for the four comparisons within
each model. All statistical analyses were conducted
using R (R 3.6.1 The R Foundation for Statistical
Computing).

RESULTS

Participants

Demographic, clinical, and pathological characte-
ristics of the sample are presented in Table 1. Among
the 2,433 autopsied UDS participants included in
the current study, the mean age at death was 82.18
years (SD = 10.19 years) and the average interval
between last clinical visit and death was 8.78 months
(SD = 5.94 months). Across the entire sample, 111
(4.6) had LBD only [33 (1.4%) LBD-b, 43 (1.8%)
LBD-l, and 35 (1.5%) LBD-c], 741 (30.5%) had
combined ADNC/LBD [56 (2.3%) ADNC/LBD-
b, 337 (13.9%) ADNC/LBD-l and 348 (14.3%)
ADNC/LBD-c], 1,357 (55.8%) had ADNC only, and
224 (9.2%) had neither ADNC nor LBD and did not
have dementia at any visit (HC) including their last
visit within 2 years of death. Across all participants
with LBD (N = 852), 111 (13%) had LBD only and
the remainder had combined ADNC/LBD (N = 741).
Clinical diagnoses for each of the neuropathology



S.G. Ryman et al. / Cognition in Lewy Body Disease 1247

Fig. 2. Neuropsychological correlations and cumulative global deficit by group. A) Correlation plot depicting greater within domain cor-
relations relative to between domain correlations among neuropsychological tests. Subtests (horizontal) contributing to each domain score
(vertical). Executive Visuospatial domain includes: Trails A, Trail Making Test A time; Trails B, Trail Making Test B time; Digit Symbol,
Digit Symbol Coding from the Wechsler Adult Intelligence Scale – Revised. Memory domain includes: Imm Recall, Logical memory
Immediate Recall; Delay Recall, Logical Memory Delayed Recall. Language domain includes: number of correct words on Animal and
Vegetable List generation; score on the modified Boston Naming Test (30 odd item version); Attention Domain includes: Digits Forward,
Digit Span Forward total score Wechsler Memory Scale – Revised (WMS-R); Digits Backward, Digit Span Backwards total score from
the WMS-R. B) Cumulative global deficit on Mini-Mental Status Exam (MMSE) and average MMSE Z-score at the participant’s last visit
(within 2 years of death) by group. Cumulative global deficit is significantly greater for Alzheimer’s disease neuropathologic change (ADNC,
red) and the combined ADNC and Lewy body disease groups (ADNC/LBD, purple) relative to Healthy Controls (HC, gray) and LBD only
(blue), irrespective of stage of LBD (Brainstem, Limbic, or Cortical).
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Table 1
Demographic, Clinical, and Pathologic Characteristics

LBD (n = 111) ADNC/LBD (n = 741)

Pathologic Diagnostic HC ADNC Brainstem Limbic Cortical Brainstem Limbic Cortical
Group (n) (224) (1357) (33) (43) (35) (56) (337) (348)

Age at death, mean (SD) 84.1 (9.0) 80.7 (10.7) 82.2 (8.7) 79.4 (8.9) 78.9 (9.5) 81.3 (8.7) 78.3 (11.0) 77.2 (9.4)
Female, n (%) 111 (49.6) 644 (47.5) 16 (48.5) 4 (9.3) 8 (22.9) 29 (51.8) 152 (45.1) 122 (35.1)
Years Education, mean (SD) 15.3 (2.9) 15.2 (3.3) 15.9 (3.0) 16.8 (3.1) 15.6 (2.9) 14.3 (3.6) 15.7 (3.0) 15.5 (3.2)
Non-Hispanic, n (%) 211 (94.2) 1,287 (94.8) 32 (97.0) 43 (100.0) 35 (100.0) 49 (87.5) 319 (94.7) 332 (95.4)
White, n (%) 210 (93.8) 1,279 (94.3) 33 (100.0) 41 (95.3) 33 (94.3) 52 (92.9) 316 (93.8) 322 (92.5)
Number of visits, mean (SD) 4.8 (2.6) 4.3 (2.6) 4.6 (2.8) 4.2 (2.7) 4.3 (2.5) 3.9 (2.1) 4.9 (2.8) 3.8 (2.4)
Baseline MMSE, mean (SD) 28.4 (2.0) 20.0 (8.5) 26.6 (5.9) 25.2 (4.6) 23.9 (5.8) 20.8 (7.9) 18.3 (8.5) 18.8 (8.5)
Last visit MMSE, mean (SD) 28.1 (1.9) 15.5 (10.2) 24.5 (7.3) 26.7 (13.2) 20.5 (7.1) 16.4 (9.5) 13.7 (12.0) 12.5 (8.4)
CDR, mean (SD) 0.62 (1.44) 12.54 (6.02) 3.77 (5.41) 7.48 (6.21) 8.64 (5.65) 10.74 (6.27) 13.71 (5.38) 13.80 (5.02)
Clinical Diagnosis, n (%)

Parkinson’s disease 3 (1.3) 26 (1.9) 5 (15.2) 17 (39.5) 12 (34.3) 4 (7.1) 24 (7.1) 42 (12.1)
Mild cognitive impairment 42 (18.8) 85 (6.3) 6 (18.2) 7 (16.3) 3 (8.6) 3 (5.4) 13 (3.9) 2 (0.5)
Dementia at any visit 0 (0) 1200 (88.4) 11 (33.3) 29 (67.4) 28 (80) 47 (83.9) 315 (93.4) 342 (98.2)
DLB primary 2 (0.01) 36 (0.03) 7 (21.2) 25 (58.1) 18 (51.4) 5 (8.9) 21 (6.2) 101 (29.0)
AD primary 0 (0) 1,089 (80.3) 6 (18.18) 8 (18.6) 6 (17.1) 38 (67.9) 273 (81.0) 220 (63.2)

ADNC Pathologic
Braak Stage, n (%)

III/IV 0 (0) 284 (20.9) 0 (0) 0 (0) 0 (0) 22 (39.3) 49 (14.5) 107 (30.7)
V/VI 0 (0) 1073 (78.9) 0 (0) 0 (0) 0 (0) 34 (60.7) 288 (85.5) 241 (69.2)

CERAD (C score), n (%)
C2 0 (0) 371 (27.3) 0 (0) 0 (0) 0 (0) 21(37.5) 69 (20.5) 116 (33.3)
C3 0 (0) 982 (72.4) 0 (0) 0 (0) 0 (0) 35 (62.5) 268 (79.5) 231 (66.4)

Vascular Pathology, n (%)
Infarcts and lacunes 56 (25.0) 260 (19.2) 7 (21.1) 2 (4.7) 7 (20.0) 14 (25.0) 46 (13.6) 40 (11.5)

HC, healthy control; LBD, Lewy body disease; ADNC/LBD, Alzheimer’s disease neuropathologic change and Lewy body disease pathology; SD, standard deviation; CDR, Clinical Dementia
Rating Standard sum of boxes; DLB, dementia with Lewy bodies; AD, Alzheimer’s disease; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease. Number of participants for each
group specified by the column label. In addition, percentage of the group or standard deviation are presented in parenthesis.
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defined groups are presented in Table 1. The number
and frequency of clinical diagnoses were as follows:
(1) within LBD, 34 (30.6%) Parkinson’s disease, 50
(45.0%) dementia with Lewy bodies, and 20 (18.0%)
Alzheimer’s disease; (2) within the ADNC/LBD, 70
(9.4%) Parkinson’s disease, 127 (17.1%) dementia
with Lewy bodies, and 531 (71.7%) Alzheimer’s dis-
ease; (3) within the ADNC, 26 (1.9%) Parkinson’s
disease, 36 (2.7%) dementia with Lewy bodies, and
1,089 (80.3%) Alzheimer’s disease.

Global cognitive ability

The ADNC only and all three combined pathol-
ogy groups (ADNC/LBD-b, ADNC/LBD-l, and AD
NC/LBD-c) all exhibited significantly greater cumu-
lative MMSE deficit than the HC and LBD only
groups (LBD-b, LBD-l, and LBD-c). Of the LBD
only groups, only those with limbic and cerebral
cortical stages of LBD (LBD-l and LBD-c) had sig-
nificantly greater cumulative MMSE deficit than the
HC group (Table 2; Fig. 2B).

Executive/visuospatial

There was a significant interaction between ADNC
and LBD in the limbic and cerebral cortical stages of
LBD (Table 2; Fig. 3). The limbic LBD and cere-

bral cortical LBD groups exhibited a significantly
greater cumulative executive/visuospatial deficit than
the HC group; however, only the cerebral cortical
LBD group showed greater cumulative deficit than
the ADNC only group. The reverse was seen for
the LBD-b group, which showed significantly less
cumulative executive/visuospatial deficit than the AD
NC only group. Interestingly, limbic and cerebral
cortical LBD groups (LBD-l and LBD-c) had sim-
ilar cumulative executive/visuospatial deficit as com-
bined pathology groups (ADNC/LBD-l and ADN
C/LBD-c), but the LBD-b group exhibited less cum-
ulative executive/visuospatial deficit as the com-
bined ADNC/LBD-b group. Finally, the combined
pathologies groups (ADNC/LBD-l and ADNC/LBD-
c) also exhibited a significantly greater cumulative
deficit than the ADNC only group, but only the
ADNC/LBD-c group remained significant after Bon-
ferroni correction.

Memory

There was a significant interaction between ADNC
and LBD in all stages of LBD (brainstem, limbic, and
cerebral cortical). Unlike the executive/visuospatial
domain, the ADNC only and combined pathology
groups (ADNC/LBD-b, ADNC/LBD-l, and ADNC/
LBD-c) all exhibited significantly greater cumulative

Fig. 3. Barplots depicting the cumulative deficit for cognitive domains by group. In the Memory and Language domains combined LBD
and ADNC (purple) showed a significantly greater cumulative deficit than pure LBD (blue) at each stage of Lewy body pathology. By
contrast, in the Executive/Visuospatial domain combined LBD and ADNC showed greater cumulative deficit than pure LBD only when the
Lewy body pathology was confined to the brainstem. Limbic and Cortical Lewy body pathology showed no differences in cumulative deficit
with or without combined ADNC. HC, healthy control; ADNC, Alzheimer’s disease neuropathologic change; LBD, Lewy body disease;
ADNC/LBD, Alzheimer’s disease neuropathologic change and Lewy body disease.
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Table 2
Results

Cognitive Main/Simple Effects Interaction
Domain [(ADNC/LBD – LB)

– (ADNC – HC)]

difference (CI) p difference (CI) p

MMSE
Brainstem LBD × ADNC –8.65 (–21.49 4.20) 0.187

LBD-b – HC 4.63 (–3.50 12.75) 0.264
ADNC – LBD-b 42.38 (34.10 50.65) < 0.001
ADNC/LBD-b – LBD-b 38.36 (26.76 50.95) < 0.001
ADNC/LBD-b – ADNC –4.02 (14.22 6.18) 0.440

Limbic LBD × ADNC –4.26 (–11.74 3.21) 0.264
LBD-l – HC 14.23 (8.32 20.20) < 0.001
ADNC – LBD-l 32.78 (26.85 38.69) < 0.001
ADNC/LBD-l – LBD-l 42.74 (35.52 49.96) < 0.001
ADNC/LBD-l – AD 9.97 (5.64 14.30) < 0.001

Cortical LBD × ADNC –16.11 (–24.43 –7.79) <0.001
LBD-c – HC 17.66 (11.18 24.14) < 0.001
ADNC – LBD-c 29.35 (22.44 36.25) < 0.001
ADNC/LBD-c – LBD-c 30.89 (23.32 38.47) < 0.001
ADNC/LBD-c – ADNC 1.55 (–2.80 5.90) 0.485

Executive/Visuospatial
Brainstem LBD × ADNC 0.80 (–3.20 4.81) 0.694

LBD-b – HC –0.49 (–2.39 1.41) 0.614
ADNC – LBD-b 6.40 (4.38 8.42) < 0.001
ADNC/LBD-b – LBD-b 6.71 (2.96 10.46) < 0.001
ADNC/LBD-b – ADNC 0.32 (–3.09 3.72) 0.860

Limbic LBD × ADNC –6.55 (–10.71 –2.94) <0.001
LBD-l – HC 8.65 (5.84 11.46) < 0.001
ADNC – LBD-l –2.74 (–5.60 0.12) 0.060
ADNC/LBD-l – LBD-l –0.65 (–3.99 2.70) 0.705
ADNC/LBD-l – ADNC 2.10 (0.18 4.02) 0.032

Cortical LBD × ADNC –9.17 (–15.40 –2.95) 0.004
LBD-c – HC 13.70 (7.53 19.87) < 0.001
ADNC – LBD-c –7.79 (–13.86 –1.73) 0.012
ADNC/LBD-c – LBD-c –3.26 (–9.46 2.93) 0.302
ADNC/LBD-c – ADNC 4.53 (3.13 5.92) < 0.001

Memory
Brainstem LBD × ADNC –3.51 (–5.90 –1.12) 0.004

LBD-b – HC 2.25 (0.42 4.08) 0.016
ADNC – LBD-b 6.73 (4.96 8.51) < 0.001
ADNC/LBD-b – LBD-b 5.47 (3.21 7.74) < 0.001
ADNC/LBD-b – ADNC –1.26 (–2.70 0.18) 0.087

Limbic LBD × ADNC –3.49 (–5.31 –1.67) <0.001
LBD-l – HC 4.04 (2.54 5.53) < 0.001
ADNC – LBD-l 4.94 (3.49 6.41) < 0.001
ADNC/LBD-l – LBD-l 5.50 (3.90 7.10) < 0.001
ADNC/LBD-l – ADNC 0.55 (–0.11 1.21) 0.102

Cortical LBD × ADNC –5.02 (–7.10 –2.94) <0.001
LBD-c – HC 4.13 (2.17 6.09) < 0.001
ADNC – LBD-c 5.21 (3.29 7.14) < 0.001
ADNC/LBD-c – LBD-c 3.97 (2.05 5.88) < 0.001
ADNC/LBD-c – ADNC –0.89 (–1.53 –0.26) 0.006

Language
Brainstem LBD × ADNC –0.83 (–2.89 1.24) 0.432

LBD-b – HC 0.95 (–0.64 2.55) 0.242
ADNC – LBD-b 3.15 (1.60 4.70) < 0.001
ADNC/LBD-b – LBD-b 3.28 (1.28 5.27) 0.001
ADNC/LBD-b – ADNC 0.13 (–1.18 1.43) 0.850

(Continued)
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Table 2
(Continued)

Cognitive Main/Simple Effects Interaction
Domain [(ADNC/LBD – LB)

– (ADNC – HC)]

difference (CI) p difference (CI) p

Limbic LBD × ADNC –1.13 (–2.65 0.40) 0.148
LBD-l – HC 1.15 (0.14 2.15) 0.025
ADNC – LBD-l 2.96 (2.03 3.88) < 0.001
ADNC/LBD-l – LBD-l 2.98 (1.53 4.43) < 0.001
ADNC/LBD-l – ADNC 0.02 (–1.24 1.28) 0.974

Cortical LBD × ADNC –1.65 (–3.20 –0.09) 0.038
LBD-c – HC 1.66 (0.29 3.03) 0.018
ADNC – LBD-c 2.45 (1.12 3.78) < 0.001
ADNC/LBD-c – LBD-c 2.50 (1.00 3.92) 0.001
ADNC/LBD-c – ADNC 0.01 (–0.66 0.69) 0.968

Attention
Brainstem LBD × ADNC –0.36 (–1.28 1.46) 0.699

LBD-b – HC 0.11 (–1.23 1.44) 0.874
ADNC – LBD-b 0.96 (–0.31 2.23) 0.139
ADNC/LBD-b – LBD-b 0.71 (–1.05 2.47) 0.430
ADNC/LBD-b – ADNC –0.25 (–1.47 0.97) 0.687

Limbic LBD × ADNC 0.10 (–1.36 1.56) 0.893
LBD-l – HC –0.00 (–1.20 1.20) 0.996
ADNC – LBD-l 1.07 (–0.09 2.23) 0.070
ADNC/LBD-l – LBD-l 1.17 (–0.15 2.49) 0.082
ADNC/LBD-l – ADNC 0.10 (–0.51 0.71) 0.755

Cortical LBD × ADNC –0.50 (–1.98 0.97) 0.503
LBD-c – HC 0.93 (–0.35 2.20) 0.156
ADNC – LBD-c 0.14 (–1.12 1.41) 0.824
ADNC/LBD-c – LBD-c 0.56 (–0.77 1.90) 0.406
ADNC/LBD-c – ADNC 0.42 (–0.10 0.94) 0.114

HC, healthy control; ADNC, Alzheimer’s disease neuropathologic change; LBD-b, brainstem Lewy body disease; ADNC/LBD-b,
Alzheimer’s disease neuropathologic change and brainstem Lewy body disease; LBD-l, limbic Lewy body disease; ADNC/LBD-l,
Alzheimer’s disease neuropathologic change and limbic Lewy body disease; LBD-c, cerebral cortical Lewy body disease; ADNC/LBD-c,
Alzheimer’s disease neuropathologic change and cerebral cortical Lewy body disease. Bold indicates the groups within each model that
demonstrated a significantly greater deficit within each contrast, with significance set at p ≤ 0.0125 (0.05/4) after correction for multiple
comparisons within each model.

memory deficit than the LBD only groups, regardless
of pathologic stage (LBD-b, LBD-l, and LBD-c).
The LBD-l and LBD-c exhibited significantly greater
cumulative memory deficit than the HC group, but not
the LBD-b group.

Language

There was a significant interaction between ADNC
and LBD only in the cerebral cortical LBD stage.
Similar to the memory domain, the ADNC only
and combined pathology groups (ADNC/LBD-b,
ADNC/LBD-l, ADNC/LBD-c) all exhibited greater
cumulative language deficit than the LBD only
groups, regardless of pathologic stage (LBD-b, LBD-
l, and LBD-c).

Attention

No significant interaction was observed for ADNC
and LBD (brainstem, limbic, and cerebral cortical

examined separately). Simple effects indicated no
significant differences.

Missing data and imputation

Findings were similar in models with neuropsy-
chological test scores imputed as the worst score
when data was missing due to cognitive reasons. Ra-
tes of missing data due to cognitive reasons varied
based on the cognitive test. For instance, 15% of
ADNC, 13% of ADNC/LBD-l, 14% of ADNC/LBD-
c, 10% of ADNC/LBD-b and 0% of the remaining
groups were missing delayed memory test scores. In
contrast, 21% of ADNC, 20% of ADNC/LBD-l, 24%
of ADNC/LBD-c, 18% of ADNC/LBD-b, 12% LBD-
c, 6% LBD-l and 0% of the remaining groups were
missing scores on the Trail Making Test Part B.

Findings were also similar when limited to a subset
of participants that were demented at their last visit
(within two years of death). These analyses did not
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include the brain stem LBD groups since this subsam-
ple was too small. Findings were also similar when
analyses included the time between last clinical visit
and site as additional covariates.

Data availability

All data used in the current analyses is available
for download from the National Alzheimer’s Coordi-
nating Center (https://www.alz.washington.edu/).

DISCUSSION

Increasing evidence suggests ADNC may contri-
bute to or exacerbate the impact of LBD on cogni-
tive dysfunction [8, 30, 31]. Our study is the first to
show the cognitive sequelae of ADNC co-morbidity
is domain-specific and depends on the pathologic
stage of LBD.

The interaction between ADNC and LBD stage is
domain-specific

Individuals with limbic and cerebral cortical LBD
(LBD-l and LBD-c) exhibited executive/visuospatial
deficits that are the same or worse than those of indi-
viduals with ADNC, suggesting that LBD uniquely
impacts this cognitive domain to a greater degree,
but only after it has progressed past the brain-
stem. Additionally, executive/visuospatial deficits
did not significantly differ between brainstem LBD
and HC, further suggesting impairment in execu-
tive/visuospatial function reflects a progression of
LBD beyond the brainstem. In contrast, memory
impairment is significantly greater when there is
co-occurring ADNC across all stages of LBD. Inter-
estingly, the deficit with combined pathology is not
greater than when there is ADNC alone. This sug-
gests that more severe memory impairment is driven
by ADNC, regardless of the severity of the LBD
pathology.

Executive and visuospatial impairments in LBD

As participants were recruited in the study with
any stage of cognitive deficits (e.g., no cognitive
impairment, mild cognitive impairment, dementia),
examination of annualized rate of change in this
cohort is not appropriate as many individuals may
have significant impairment upon enrollment into
the study. To overcome this, we used a measure of
cumulative deficit that quantifies the extent of impair-

ment modeled using the available data six years prior
to the participant’s death. Patients with Lewy body
dementias exhibit visuospatial and executive func-
tion impairment that is relatively more pronounced
than in patients with Alzheimer’s disease dementia
[13, 29, 32–38]. The presence of early visuospatial
deficits may be the most salient difference in cog-
nitive profiles of dementia with Lewy bodies and
Alzheimer’s disease dementia, and predicts the rate
of decline in clinical and neuropathological cohorts
[34, 35, 39, 40]. The executive/visuospatial domain
score in the current study includes primarily exec-
utive functioning measures that rely on visuospatial
information. Therefore, this measure is not specific
to each of these domains and changes may reflect
deficits in either of these functions. In contrast to
memory, the executive/visuospatial deficit in the cere-
bral cortical LBD group was more pronounced than
in the ADNC group and was equally severe in the lim-
bic LBD and ADNC groups. These findings suggest
that LBD is a determinant of executive/visuospatial
dysfunction independent of ADNC. Further, the pro-
gression of Lewy Bodies from brainstem to limbic
to cortical regions corresponds to a greater decre-
ment in executive/visuospatial deficits. Additionally,
combined pathology did not have a greater impact on
executive/visuospatial deficits than LBD only. This
is consistent with prior notions that the phenotypic
expression of LBD may be less pronounced in the
presence of co-pathology [35] and different LBD
clinical subtypes may be associated with less ADNC
[41].

Pathology underlying memory and language
impairments

While memory impairment is a well-established
predictor of dementia in Parkinson’s disease and
dementia with Lewy bodies [42, 43], it is unclear
to what extent memory impairment is due to LBD
versus ADNC. In Parkinson’s disease patients, early
memory changes may primarily be due to retrieval
difficulties secondary to executive impairments (a
non-amnestic memory impairment), although stor-
age deficits related to medial temporal changes
may also contribute (amnestic memory impair-
ment) [42]. When characterizing patients based on
amnestic MCI or non-amnestic MCI, prior work
highlights that amnestic MCI have a propensity for
increased neurofibrillary tangles in select anatomic
regions, where whereas non-amnestic MCI exhibited
increased Lewy body pathology [44]. The Logical

https://www.alz.washington.edu/
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Memory test used in the current study is not particu-
larly sensitive to early memory changes [45] and may
be less impacted by executive deficits, and therefore
less sensitive to LBD, than other types of memory
tests (e.g., word-list learning tests) since the to-be-
remembered information is inherently organized and
easier to retrieve [46, 47]. In the current study, we
found significantly greater memory impairment in
individuals with ADNC or combined ADNC/LBD
than in those with LBD only, consistent with previous
reports [14, 48]. While the memory deficit increased
as LBD progressed across brainstem to limbic to
cerebral cortical LBD groups, it never reached the
same level as that of the ADNC only group. Com-
bined ADNC/LBD did not have a significantly greater
effect on memory than ADNC alone, perhaps because
memory performance in the ADNC only group is near
floor and any impact of LBD co-pathology cannot
be discerned. With regard to language, the ADNC
group had substantially greater language deficits than
all LBD groups, consistent with reports of relatively
preserved language in Lewy body dementias [49, 50].

Combined versus “pure” pathology in dementia
syndromes

The prevalence of a dementia diagnosis at the
final UDS visit varied across groups with the highest
prevalence for the combined ADNC/LBD-l (93.5%)
and ADNC/LBD-c (98.3%) groups. These values
were higher than for those of the ADNC only
(88.4%), ADNC/LBD-b (83.9%) or LBD only (LBD-
b = 33.3%, LBD-l = 67.4%, LBD-c = 80.0%) groups.
These results highlight that individuals with com-
bined pathology are more likely than those with LBD
only to be diagnosed with a dementia syndrome dur-
ing life.

Only 13% of individuals with LBD exhibited
“pure” LBD and the remainder exhibited combined
ADNC/LBD with moderate or high levels of ADNC.
Those with combined ADNC/LBD typically had
more severe stages of �-synuclein than “pure” LBD
(cerebral cortical and limbic). These results suggest
a relatively lower prevalence of pure LBD relative
to other studies [4, 51], likely due to the referral
bias inherent in recruiting patients from memory clin-
ics relative to movement disorders clinics. The more
severe stages of LBD corresponding to greater rates
of ADNC, however, is consistent with the existing lit-
erature [30]. An emerging framework proposes that
the frequent co-occurrence of ADNC and LBD sug-
gests a converging disease mechanism that promotes

protein aggregation [2, 6, 52]. Our findings of
a greater global cumulative cognitive deficit (i.e.,
MMSE) across all combined pathology groups
(ADNC/LBD-b, ADNC/LBD-l and ADNC/LBD-c)
than in LBD alone and HC (Fig. 2) are consistent with
this framework, however, this is given the limitation
that the MMSE may have fewer items sensitive to the
changes that is observed in LBD pathology. Exami-
nation of the individual cognitive domains suggests
that the impact of individual and combined patholo-
gies differs depending on the domain examined. This
is likely due to the regional impact of neuropathology,
and warrants further investigation.

Methodological considerations

The current study is the first to evaluate a novel
measurement of domain-specific cumulative cogni-
tive deficits in a large sample of individuals with
neuropathologically confirmed LBD and ADNC;
however, there are several methodological consid-
erations. One major limitation is that the UDS test
battery used for the current study cannot differentiate
between visuospatial and executive function deficits.
Despite this, we were able to examine the relative
contributions of LBD and ADNC to deficits on exec-
utive function tasks that have a strong visuospatial
component. Second, there is a referral bias due to
the nature of participants recruited to Alzheimer’s
Disease Research Centers, such that mixed ADNC
and LBD is likely more common relative to what
would be observed in a movement disorders or gen-
eral neurology clinic. Therefore, the current cohort
likely does not reflect the relative distribution of
these pathologies in the community. Third, we can-
not assess the impact of cognitive or neural reserve
on the differential effects of the two pathologies
and their interaction on deficits in various cogni-
tive domains. Fourth, the available NACC forms only
include limited vascular information, therefore, we
cannot systematically examine vascular effects on
our findings. Fifth, the cumulative impairment is
estimated via random effects model to allow adjust-
ing for selected baseline covariates and including
patients whose follow-up time prior to death is less
than six years in the analysis. The validity and preci-
sion of the estimated cumulative impairment depends
on the model assumptions, which warrants further
examination in a larger cohort. Finally, the lack of
detailed information regarding the distribution of
LBD (e.g., cortical pathology differentially impact-
ing parietal relative to temporal lobe) precludes the
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ability to fully examine domain-specific cognitive-
neuropathology correlates. Future studies examining
stages and regional LBD and ADNC distributions
would be helpful to further understand the impact
of pathology location on domain specific cognitive
impairment [53, 54].

CONCLUSIONS AND IMPLICATIONS

In summary, in the latest stages of LBD pathol-
ogy, there is a greater level of executive/visuospatial
impairment relative to cognitive impairments from
ADNC. By contrast, the extent of global and mem-
ory impairment is significantly greater in individuals
with ADNC, regardless of stage of LBD pathol-
ogy. An important implication of these findings is
that detailed characterization of cognitive pheno-
types of LBD is crucial for the development of
effective disease-modifying therapeutic trials. For
instance, treatments that target �-synuclein may have
a greater impact on executive/visuospatial abilities
than on memory. Conversely, treatments targeting tau
(or perhaps ADNC more broadly) may affect mem-
ory and global cognition to a greater degree than
executive/visuospatial measures. While recent work
suggests that memory and language are most sensitive
outcome measures of cognitive change in dementia
with Lewy bodies relative to visuospatial and exec-
utive function in Parkinson’s disease dementia [55],
the study did not aim to differentiate the impact of
each pathology on cognition, but rather the nature of
cognitive changes associated with each clinical diag-
nosis. Notably, dementia with Lewy bodies typically
exhibit concomitant ADNC pathology, which may
have driven the decline in memory and language in
this particular study [55]. As disease modifying ther-
apies for specific neuropathology emerge, it will be
increasingly important to utilize outcome measures
directly impacted by that specific pathology rather
than co-occurring pathologies, which is often the case
in dementia with Lewy bodies.
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