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Abstract
Transactive response DNA-binding protein 43 kDa (TDP-43) pro-

teinopathy is the hallmark of limbic-predominant age-related TDP-

43 encephalopathy neuropathologic change (LATE-NC). LATE-NC

is a common copathology with Alzheimer disease neuropathologic

change (ADNC). Data from the National Alzheimer’s Coordinating

Center were analyzed to compare clinical features and copathologies

of autopsy-confirmed ADNC with versus without comorbid LATE-

NC. A total of 735 participants with ADNC alone and 365 with

ADNC with LATE-NC were included. Consistent with prior work,

brains with LATE-NC had more severe ADNC, more hippocampal

sclerosis, and more brain arteriolosclerosis copathologies. Behavio-

ral symptoms and cognitive performance on neuropsychological

tests were compared, stratified by ADNC severity (low/intermediate

vs high). Participants with ADNC and LATE-NC were older, had

higher ADNC burden, and had worse cognitive performance than

participants with ADNC alone. In the low/intermediate ADNC

strata, participants with comorbid LATE-NC had higher prevalence

of behavioral symptoms (apathy, disinhibition, agitation, personality

change). They also had worsened performance in episodic memory

and language/semantic memory. Differences narrowed in the high

ADNC strata, with worsened performance in only episodic memory

in the comorbid LATE-NC group. The co-occurrence of LATE-NC

with ADNC is associated with a different pattern of behavioral and

cognitive performance than ADNC alone, particularly in people

with low/intermediate ADNC burden.

Key Words: Alzheimer disease, Depression, Lewy body, Limbic

predominant age-related TDP-43 encephalopathy, Neuropsychiatric,

TDP-43.

INTRODUCTION
Limbic-predominant age-related transactive response

DNA-binding protein 43 kDa (TDP-43) encephalopathy neu-
ropathologic change (LATE-NC) is a prevalent neuropathol-
ogy in older age (1, 2). This condition has been detected in
over 20% of brains in community autopsy series and is espe-
cially common (30%–50%) in people over 80 years (1, 3–5).
LATE-NC often coexists with other neuropathologies, such as
Alzheimer disease neuropathologic change (ADNC) (1, 6). In
isolation, the cognitive decline associated with LATE-NC
tends to be milder and slower in course than in persons with
“pure” ADNC. The cognitive decline associated with LATE-
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NC is more severe when it coexists with other neuropatholo-
gies, such as ADNC or Lewy body disease (2, 3, 7–9).

Given the high prevalence of both ADNC and LATE-
NC, and their common coexistence in the same brains, it is
important to understand their potential interactions (10).
Kapasi et al (8) found that cognitive decline was most severe
in the presence of ADNC þ LATE-NC, followed by ADNC
alone, followed by LATE-NC alone, followed by neither path-
ology. The presence of LATE-NC has been shown to be asso-
ciated with worsened cognitive decline across the spectrum of
Braak neurofibrillary tangle (NFT) stages (11). One study also
looked at neuropsychiatric symptoms and found no difference
between ADNC alone and ADNC with LATE-NC (12).

Cognitive decline in ADNC with and without LATE-
NC has mostly been evaluated using global measures, such as
the Mini-Mental State Exam (MMSE) (1, 9–11, 13, 14). A few
studies have looked at different neuropsychological domains.
Wilson et al investigated the independent effects of several
neuropathologies (ADNC, LATE-NC, Lewy bodies, and hip-
pocampal sclerosis [HS]) on these domains. Each neuropathol-
ogy independently decreased episodic memory 10 to 16 years
before death. As time to death got closer, ADNC, Lewy
bodies, and HS all were associated with decreased function in
all other domains. However, the detected associations with
LATE-NC were confined to decreased episodic memory (15).

In one of the few direct comparisons of ADNC alone
versus with LATE-NC that evaluated neuropsychological
domains, Kapasi et al (8) used 16 neuropsychological tests in
5 domains and showed that LATE-NC with ADNC was asso-
ciated with worsened global performance and worsened per-
formance in all 5 domains in comparison to ADNC alone.
Given the paucity of literature on this topic, particularly with
respect to neuropsychological domains, we sought to assess
the associations of ADNC, with and without comorbid LATE-
NC, with a panel of outcome measures, including clinical
symptoms (cognitive, behavioral, and motor) and performance
in 5 neuropsychological domains.

MATERIALS AND METHODS

Participants and Data Source
Data were obtained from the National Alzheimer’s

Coordinating Center (NACC), which is the data repository for
past and present Alzheimer’s Disease Research Centers
(ADRC) funded by the National Institute on Aging (NIA).
Participants are assessed using the standardized Uniform Data
Set (UDS) at their local ADRC approximately annually. The
UDS collects a robust set of data including participant demo-
graphics, health history, physical and neurological exams,
symptomatology of AD and related dementias, the Clinical
Dementia Rating (CDR) Dementia Staging Instrument plus
NACC frontotemporal lobar degeneration (FTLD) Behavior
and Language Domains, and a neuropsychological test battery.
Participants who met the study eligibility criteria were
selected from the December 2021 data freeze, which included
cross-sectional data from the participant’s most recent UDS
visit prior to death, collected from January 2011 to December
2021. Additional details about the UDS are described else-

where (16–20). ADRCs obtained written informed consent
from their participants and maintain their own separate IRB
review and approval from their institution prior to submitting
data to NACC.

Neuropathologic Features
Standardized data collected on neuropathological fea-

tures present at the time of death are available for participants
who were assessed with the UDS and who consented to
autopsy (16, 20). The NACC Neuropathology (NP) form is
used by the ADRCs, and provides guidance based on estab-
lished criteria for evaluation of the presence of amyloid b, tau,
TDP-43, a-synuclein, cerebrovascular injuries, as well as less
common pathologies. Version 10 of the NACC NP form,
implemented in January 2014, introduced the assessment of
FTLD-TDP and more generally, the presence of TDP-43-
immunoreactive inclusions in the spinal cord, amygdala, hip-
pocampus, entorhinal/inferior temporal cortex, and neocortex.
In this study, we defined Alzheimer pathology using the NIA-
AA ADNC score. LATE-NC was defined as the presence of
TDP-43 inclusions in amygdala, hippocampus, and/or neocor-
tex. The ADNC group included participants with low, inter-
mediate, or high ADNC and no LATE-NC pathology, while
the ADNC plus LATE-NC group included participants with
low, intermediate, or high ADNC and LATE-NC pathology.

Inclusion Criteria
Our sample includes participants who were 65 years or

older at death, died within 3 years of their last UDS visit, and
have neuropathology data from the NPv10 or NPv11 form.
We excluded participants with rare pathologies present (such
as Down syndrome, pigment-spheroid degeneration/neurode-
generation with brain iron accumulation, multiple system atro-
phy, trinucleotide disease, Huntington disease, spinocerebellar
ataxia, or other), malformation of cortical development, meta-
bolic/storage disorder of any type, white matter disease (leu-
kodystrophy, multiple sclerosis, or other demyelinating
disease), contusion/traumatic brain injury of any type (acute
or chronic), neoplasm (primary or metastatic), infectious proc-
ess of any type (encephalitis, abscess, etc.), herniation (any
site), prion disease, FTLD with tau pathology (FTLD-tau) or
other tauopathy, ALS/motor neuron disease, cerebral autoso-
mal dominant arteriopathy with subcortical infarcts and leu-
koencephalopathy, or other FTLD. Participants were also
excluded if they did not have ADNC pathology, were missing
data on TDP-43 inclusions in the amygdala, hippocampus, and
neocortex, or if they had FTLD-TDP-43 pathology present.
Participants in either the ADNC or the ADNC þ LATE-NC
groups were not excluded if their primary clinical diagnosis
while living had been frontotemporal disorder.

Cognitive Measurements
Participants were assessed using the CDR and the UDS

neuropsychological test batteries (C1 prior to March 2015, C2
after March 2015) (21, 22). These batteries included the Logi-
cal Memory Immediate and Delayed Recall tests for C1 (Craft
Story 21 Immediate and Delayed Recall tests for C2), Digit
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Span Forward and Backward tests (for both C1 and C2), the
Boston Naming test for C1 (MINT for C2), animal and vegeta-
ble naming tests (for both C1 and C2), the Wechsler Adult
Intelligence Scale-Revised Digit Symbol test (WAIS-R Digit
Symbol, for both C1 and C2), and Trail Making tests A and B
(for both C1 and C2). Z-scores for each test were calculated
by subtracting the score from the mean test score and dividing
it by the standard deviation (SD) of all UDS initial visit scores
among cognitively normal participants (i.e. CDR¼ 0). Tests
were grouped by cognitive domains (i.e. episodic memory,
attention/working memory, language/semantic memory, exec-
utive function), which were established by Hayden et al (23)
using factor analysis, and z-scores for the tests within a
domain were then averaged to calculate a domain z-score. A
global composite score was created by averaging the domain
z-scores.

Statistical Analyses
To compare the demographic characteristics, clinical

measures, and neuropathologic features between ADNC and
ADNC plus LATE-NC groups, Pearson chi-square or Fisher
exact tests for the categorical variables, and 2-sample t-tests
for the continuous variables were applied. Clinical characteris-
tics examined included age at death, presence of the APOE e4
allele, cognitive status at most recent UDS visit, presumptive
etiologic diagnosis at most recent visit, CDR sum of boxes,
and global CDR scores at most recent UDS visit. Neuropatho-
logic features investigated include ADNC score, Thal phase,
Braak NFT stage, Consortium to Establish a Registry for Alz-
heimer’s Disease (CERAD) neuritic plaque density, Lewy
bodies, LATE-NC stage, HS, brain arteriolosclerosis, infarcts
or lacunes, microinfarcts, and hemorrhages and microbleeds.

We assessed the association of ADNC versus ADNC þ
LATE-NC with 2 sets of outcome measures: clinical symp-
toms based on clinician judgment (cognitive, behavioral, and
motor symptoms) and performance in 5 neuropsychological
domains. We first conducted bivariate analyses, followed by
multivariable models.

Clinical symptoms were compared between the 2 groups
(ADNC vs ADNC þ LATE-NC). Differences in the presence
of these symptoms were investigated using Pearson chi-square
or Fisher exact tests. These comparisons were stratified by
ADNC severity score (low/intermediate vs high) to examine
whether differences were present within groups of participants
with similar severity of ADNC. Separate logistic regression
models with generalized estimating equations were run to test
for significance of odds ratios for presence of the above noted
cognitive, behavioral, and motor symptoms. Models were
adjusted for age at death, time between last visit and death,
sex, years of education, the presence of an APOE e4 allele, the
presence of vascular pathology (i.e. moderate to severe arte-
riolosclerosis), and the presence of Lewy bodies. The covari-
ates included known confounders in dementia research (i.e.
age at death, sex, years of education), or potential confounders
in the relationship between ADNC or ADNC plus LATE-NC
with symptoms that were found to have significantly different
(at p< 0.05) distributions between our LATE-NC and ADNC
plus LATE-NC samples (time between last visit and death,

presence of Lewy bodies, or brain arteriosclerosis). Models
were stratified by ADNC severity score (low/intermediate vs
high) to examine whether differences are present within
groups of participants with similar severity of ADNC.

Separate linear regression models with generalized esti-
mating equations were run to test for marginal mean differen-
ces between the 2 groups on 5 cognitive domain z-scores
calculated from neuropsychological test scores at last UDS
visit. Unadjusted and adjusted models were included; covari-
ates in adjusted models were age at death, time between last
visit and death, sex, years of education, neuropsychological
test battery (i.e. C1 vs C2), the presence of an APOE e4 allele,
the presence of vascular pathology (i.e. moderate to severe
arteriolosclerosis), and the presence of Lewy bodies. Criteria
for selecting potentially confounding variables to include in
the model were as discussed above. Models were stratified by
ADNC severity score (low/intermediate vs high). All analyses
were run using SAS version 9.4. We used p< 0.05 as the level
of statistical significance. No adjustments were made for mul-
tiple comparisons.

We excluded cases that were diagnosed with neuropa-
thologic FTLD-TDP. Given that LATE-NC and FTLD-TDP
both had TDP-43 inclusions and that the neuropathologic dis-
tinction between the 2 groups is evolving, we conducted a sen-
sitivity analysis, in which we compared the clinical symptoms
and neuropsychological test scores of the group with ADNC
þ LATE-NC with the group who had FTLD-TDP. The pur-
pose of this sensitivity analysis was to demonstrate that these
2 groups behave differently and hence excluding the FTLD-
TDP participants for the main analysis is logical. The same
inclusion and exclusion criteria were applied to the FTLD-
TDP group as were applied in the main analysis. Participants
with FTLD-tau and ALS/MND were excluded, as they had
been in the main analysis. No exclusions were applied to the
FTLD-TDP group based on their clinical diagnosis.

RESULTS
The final analytic sample included 1100 participants:

735 with ADNC and 365 with ADNC plus LATE-NC (Fig. 1).
Participants with ADNC plus LATE-NC were significantly
older at death on average than those with ADNC (mean
84.5 years, SD 8.5 years vs mean 82.5 years, SD 8.9 years,
p< 0.001; Table 1). Participants with ADNC plus LATE-NC
were more likely than the ADNC group to be APOE e4 car-
riers (55.3% vs 44.6%, p¼ 0.003) and were more likely to
have more severe cognitive impairment, having higher CDR
sum of boxes scores and more severe global CDR scores, as
well as being more likely to have received a diagnosis of
dementia at their most recent UDS visit. Times between last
UDS visit and death were slightly longer for those with
ADNC þ LATE-NC, but only for the high ADNC strata.
Those with ADNC plus LATE-NC were primarily diagnosed
with AD clinically at their most recent visit prior to autopsy
(82.5%) and were additionally diagnosed with Lewy body dis-
ease (4.4%) and frontotemporal disorders (3.3%). Participants
with ADNC were also primarily diagnosed with AD clinically
at their most recent UDS visit (63.3%), while 7.6% were diag-
nosed with Lewy body disease and 5.0% were diagnosed with
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frontotemporal disorders. The percentages of participants
diagnosed with frontotemporal disorders were similar in the 2
groups (ADNC 5.0% vs ADNC þ LATE-NC 3.3%, p¼ 0.19).
The distribution of subtypes of frontotemporal disorders was
similar with each group: ADNC: other frontotemporal disor-
der (3.8%), corticobasal degeneration (1%), progressive supra-
nuclear palsy (0.3%); ADNC þ LATE-NC: other
frontotemporal disorder (2.5%), corticobasal degeneration
(0.6%), frontotemporal disorder with motor neuron disease
(0.3%).

Participants with ADNC plus LATE-NC were more
likely to have higher ADNC scores as well as more severe
Thal Ab phases, Braak NFT stages, and CERAD neuritic pla-
que densities compared to those with ADNC alone (Tables 2
and 3). Participants with ADNC plus LATE-NC were also
more likely than ADNC participants to have Lewy body path-
ology (p< 0.001), HS (34.3% vs 4.6%, p< 0.001), and moder-
ate to severe brain arteriolosclerosis (56.2% vs 46.0%,
p< 0.001). No differences were observed between the 2

FIGURE 1. Sample inclusion and exclusion criteria.

TABLE 1. Demographic and Clinical Characteristics Among Participants With ADNC Only Versus ADNC þ LATE-NC

Characteristic All

n¼ 1100

ADNC

n¼ 735

ADNC and

LATE-NC

n¼ 365

p value

Age at death, mean (SD) 83.2 (8.8) 82.5 (8.9) 84.5 (8.5) <0.001

Months between last UDS visit and death, mean (SD) 12.5 (9.3) 12.3 (9.1) 13.1 (9.8) 0.195

Years of education, mean (SD) 15.9 (3.1) 15.8 (3.2) 16 (3.0) 0.206

Female, n (%) 537 (48.8) 346 (47.1) 191 (52.3) 0.101

Nonwhite race, n (%) 77 (7.0) 48 (6.5) 29 (8.0) 0.725

APOE e4 carrier, n (%) 530 (48.2) 328 (44.6) 202 (55.3) 0.003

Cognitive status at last UDS visit, n (%) <0.001

Normal cognition 126 (11.5) 112 (15.2) 14 (3.8)

Impaired, not MCI 20 (1.8) 16 (2.2) 4 (1.1)

MCI 111 (10.1) 94 (12.8) 17 (4.7)

Dementia 843 (76.6) 513 (69.8) 330 (90.4)

Primary clinical diagnosis, n (%) <0.001

Normal cognition 126 (11.5) 112 (15.2) 14 (3.8)

Alzheimer disease 766 (69.6) 465 (63.3) 301 (82.5)

Lewy body disease 72 (6.6) 56 (7.6) 16 (4.4)

Frontotemporal disorders* 49 (4.5) 37 (5.0) 12 (3.3)

Other 84 (7.6) 63 (8.6) 21 (5.8)

CDR sum of boxes, mean (SD) 10.3 (6.8) 9.3 (7.0) 12.4 (5.7) <0.001

CDR global score, n (%) <0.001

None 124 (11.3) 110 (15) 14 (4.2)

Questionable 166 (15.1) 133 (18.1) 31 (9.3)

Mild 156 (14.2) 107 (14.6) 47 (14.1)

Moderate 233 (21.2) 136 (18.5) 88 (26.4)

Severe 421 (38.3) 249 (33.9) 154 (46.1)

*Includes MSA, PSP, CBD, FTLD with motor neuron disease (e.g. ALS), and other FTLD.
Missing data: ADNC: Education (n¼7), Race (n¼2), APOE e4 (n¼72), Primary clinical diagnosis (n¼2); ADNC 1 LATE: Education (n¼3), Race (n¼1), APOE e4 (n¼31),

Primary clinical diagnosis (n¼1).
Bold values indicate statistical significance at the p<0.05 level.
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groups for infarcts/lacunes, microinfarcts, hemorrhages, or
microbleeds.

A small number (n¼ 36) of participants had low ADNC
þ LATE-NC. Their clinical diagnoses were: Alzheimer dis-
ease (n¼ 20, 55.6%), normal cognition (n¼ 7, 19.4%), Lewy
body disease (n¼ 3, 8.3%), and other (n¼ 6, 16.7%). Their
classification by LATE-NC stage was: Stage 1 (n¼ 6, 16.7%),
Stage 2 (n¼ 26, 72.2%), and Stage 3 (n¼ 4, 11.1%).

When stratified by ADNC Score, cognitive status at last
visit, CDR sum of boxes, and CDR global score were all signifi-
cantly worse for participants with comorbid LATE-NC than the

participants with ADNC alone in the low/intermediate ADNC
strata (Table 4). However, these measures of cognitive status
were either not significantly different or were (in the case of
CDR sum of boxes) minimally different between participants
with ADNC alone versus ADNC with LATE-NC in the high
ADNC strata.

While there were minimal differences in cognitive and
behavioral symptoms present at the most recent UDS visit prior
to death between ADNC and ADNC plus LATE-NC partici-
pants with high ADNC scores, multiple differences were
observed between the groups when comparing those with low/

TABLE 2. Co-neuropathologic Features Present at Autopsy Among Participants With ADNC Only Versus ADNC þ LATE-NC

All

n¼ 1100

ADNC

n¼ 735

ADNC and LATE-NC

n¼ 365

p value

AD neuropathologic change, n (%) <0.001

Not AD 0 (0.0) 0 (0.0) 0 (0.0)

Low 185 (16.8) 149 (20.3) 36 (9.9)

Intermediate 264 (24.0) 202 (27.5) 62 (17.0)

High 651 (59.2) 384 (52.2) 267 (73.2)

Thal phase, n (%) <0.001

0 0 (0.0) 0 (0.0) 0 (0.0)

1–2 116 (10.6) 90 (12.2) 26 (7.1)

3–4 400 (36.4) 309 (42.0) 91 (24.9)

5 584 (53.1) 336 (45.7) 248 (68.0)

Braak stage, n (%) <0.001

0 7 (0.6) 5 (0.7) 2 (0.6)

I–II 148 (13.5) 124 (16.9) 24 (6.6)

III–IV 229 (20.8) 174 (23.7) 55 (15.1)

V–VI 716 (65.1) 432 (58.8) 284 (77.8)

Neuritic plaque density, n (%) <0.001

None 117 (10.6) 96 (13.1) 21 (5.8)

Sparse 135 (12.3) 104 (14.2) 31 (8.5)

Moderate 233 (21.2) 162 (22.0) 71 (19.5)

Frequent 615 (55.9) 373 (50.8) 242 (66.3)

LATE-NC stage, n (%) <0.001

0 735 (66.8) 735 (100.0) 0 (0.0)

1 69 (6.3) 0 (0.0) 69 (18.9)

2 259 (23.6) 0 (0.0) 259 (71.0)

3 37 (3.4) 0 (0.0) 37 (10.1)

Lewy Bodies, n (%) <0.001

No Lewy body pathology 612 (55.6) 445 (60.5) 167 (45.8)

Brainstem predominant 45 (4.1) 32 (4.4) 13 (3.6)

Limbic or amygdala predominant 237 (21.6) 133 (18.1) 104 (28.5)

Neocortical 175 (15.9) 109 (14.8) 66 (18.1)

Region unspecified 29 (2.6) 15 (2.0) 14 (3.8)

Hippocampal sclerosis, n (%) 159 (14.5) 34 (4.6) 125 (34.3) <0.001

Vascular brain injury, n (%)

Brain arteriolosclerosis (moderate/severe) 543 (49.4) 338 (46.0) 205 (56.2) <0.001

Infarcts or lacunes 169 (15.4) 116 (15.8) 53 (14.5) 0.568

Microinfarcts 268 (24.4) 170 (23.1) 98 (26.9) 0.339

Hemorrhages and microbleeds 66 (6.0) 49 (6.7) 17 (4.7) 0.185

Missing data: ADNC: Lewy bodies (n¼ 1), Hippocampal sclerosis (n¼ 2), Brain arteriolosclerosis (n¼ 3), Infarcts or lacunes (n¼ 8), Microinfarcts (n¼ 4), Hemorrhages and
microbleeds (n¼ 7); TDP-43 inclusions in amygdala (n¼ 138), in hippocampus (n¼ 0), in neocortex (n¼ 97); ADNC 1 LATE: Lewy bodies (n¼ 1), Hippocampal sclerosis
(n¼ 2), Brain arteriolosclerosis (n¼ 7), Infarcts or lacunes (n¼ 2), Microinfarcts (n¼ 1), Hemorrhages and microbleeds (n¼ 1); TDP-43 inclusions in amygdala (n¼ 54), in hippo-
campus (n¼ 4), in neocortex (n¼ 31).

Bold values indicate statistical significance at the p<0.05 level.
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intermediate ADNC scores (Tables 5 and 6). Most of the differ-
ences found on bivariate analysis persisted on multivariable
analysis. Among participants with low/intermediate ADNC

scores, the ADNC plus LATE-NC group was more likely to
exhibit impairment in the following cognitive symptoms than
the ADNC group: memory (adjusted odds ratio [AOR] 4.15,

TABLE 3. Co-neuropathologic Features Present at Autopsy Among Participants With ADNC Only Versus ADNC þ LATE-NC, Strati-
fied by ADNC Score

All

n¼ 1100

Low/intermediate ADNC p value High ADNC p value

ADNC

n¼ 351

ADNC and LATE-NC n¼ 98 ADNC

n¼ 384

ADNC and LATE-NC n¼ 267

AD neuropathologic change,

n (%)

0.310 —

Not AD 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Low 185 (16.8) 149 (42.5) 36 (36.7) 0 (0.0) 0 (0.0)

Intermediate 264 (24.0) 202 (57.6) 62 (63.3) 0 (0.0) 0 (0.0)

High 651 (59.2) 0 (0.0) 0 (0.0) 384 (100.0) 267 (100.0)

Thal phase, n (%) 0.029

0 0 (0.0) 0.005 0 (0.0) 0 (0.0)

1–2 116 (10.6) 90 (25.6) 26 (26.5) 0 (0.0) 0 (0.0)

3–4 400 (36.4) 222 (63.3) 49 (50.0) 87 (22.7) 42 (15.7)

5 584 (53.1) 39 (11.1) 23 (23.5) 297 (77.3) 225 (84.3)

Braak stage, n (%) 0.233 —

0 7 (0.6) 5 (1.4) 2 (2.0) 0 (0.0) 0 (0.0)

I–II 148 (13.5) 124 (35.3) 24 (24.5) 0 (0.0) 0 (0.0)

III–IV 229 (20.8) 174 (49.6) 55 (56.1) 0 (0.0) 0 (0.0)

V–VI 716 (65.1) 48 (13.7) 17 (17.4) 384 (100.0) 267 (100.0)

Neuritic plaque density, n (%) 0.483 0.620

None 117 (10.6) 96 (27.4) 21 (21.4) 0 (0.0) 0 (0.0)

Sparse 135 (12.3) 104 (29.6) 31 (31.6) 0 (0.0) 0 (0.0)

Moderate 233 (21.2) 107 (30.5) 29 (29.6) 55 (14.3) 42 (15.7)

Frequent 615 (55.9) 44 (12.5) 17 (17.4) 329 (85.7) 225 (84.3)

LATE-NC stage, n (%) <0.001 <0.001

0 735 (66.8) 351 (100.0) 0 (0.0) 384 (100.0) 0 (0.0)

1 69 (6.3) 0 (0.0) 19 (19.4) 0 (0.0) 50 (18.7)

2 259 (23.6) 0 (0.0) 63 (64.3) 0 (0.0) 196 (73.4)

3 37 (3.4) 0 (0.0) 16 (16.3) 0 (0.0) 21 (7.9)

Lewy Bodies, n (%) 0.141 0.008

No Lewy body pathology 612 (55.6) 234 (66.7) 58 (59.2) 211 (55) 109 (40.8)

Brainstem predominant 45 (4.1) 24 (6.8) 10 (10.2) 8 (2.1) 3 (1.1)

Limbic or amygdala

predominant

237 (21.6) 38 (10.8) 12 (12.2) 95 (24.7) 92 (34.5)

Neocortical 175 (15.9) 52 (14.8) 14 (14.3) 57 (14.8) 52 (19.5)

Region unspecified 29 (2.6) 3 (0.9) 3 (3.1) 12 (3.1) 11 (4.1)

Hippocampal sclerosis, n (%) 159 (14.5) 16 (4.6) 39 (39.8) <0.001 18 (4.7) 86 (32.2) <0.001

Vascular brain injury, n (%)

Brain arteriolosclerosis

(moderate/severe)

543 (49.4) 145 (41.3) 57 (58.2) 0.002 193 (50.3) 148 (55.4) 0.032

Infarcts or lacunes 169 (15.4) 66 (18.8) 17 (17.4) 0.912 50 (13) 36 (13.5) 0.871

Microinfarcts 268 (24.4) 90 (25.6) 32 (32.7) 0.320 80 (20.8) 66 (24.7) 0.514

Hemorrhages and

microbleeds

66 (6.0) 21 (6.0) 7 (7.1) 0.583 28 (7.3) 10 (3.8) 0.157

Missing data, stratified: LOW/INTERMEDIATE ADNC, ADNC: Brain arteriolosclerosis (n¼ 2), Infarcts or lacunes (n¼ 5), Microinfarcts (n¼ 2), Hemorrhages and micro-
bleeds (n¼ 5); TDP-43 inclusions in amygdala (n¼ 60), in hippocampus (n¼ 0), in neocortex (n¼ 58). ADNC 1 LATE: Lewy bodies (n¼ 1), Brain arteriolosclerosis (n¼ 2),
Infarcts or lacunes (n¼ 1); TDP-43 inclusions in amygdala (n¼ 19), in hippocampus (n¼ 1), in neocortex (n¼ 7). HIGH ADNC, ADNC: Lewy bodies (n¼ 1), Hippocampal sclero-
sis (n¼ 2), Brain arteriolosclerosis (n¼ 1), Infarcts or lacunes (n¼ 3), Microinfarcts (n¼ 2), Hemorrhages and microbleeds (n¼ 2); TDP-43 inclusions in amygdala (n¼ 78), in hip-
pocampus (n¼ 0), in neocortex (n¼ 39). ADNC 1 LATE: Hippocampal sclerosis (n¼ 2), Brain arteriolosclerosis (n¼ 5), Infarcts or lacunes (n¼ 1), Microinfarcts (n¼ 1),
Hemorrhages and microbleeds (n¼ 1); TDP-43 inclusions in amygdala (n¼ 35), in hippocampus (n¼ 3), in neocortex (n¼ 24).

Bold values indicate statistical significance at the p<0.05 level.
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p< 0.001), executive function (AOR 3.47, p< 0.001), language
(AOR 2.84, p< 0.001), visuospatial (AOR 1.93, p¼ 0.001), and
attention (AOR 2.06, p¼ 0.002). Participants with ADNC plus
LATE-NC in the low/intermediate ADNC strata also had rela-
tively more behavioral symptoms, some of which are associated
with behavioral-variant frontotemporal dementia (bvFTD),
including apathy (AOR 2.62, p¼ 0.010), disinhibition (AOR
2.79, p< 0.001), and agitation (AOR 4.10, p¼ 0.003). Note that
these behavioral symptoms were lacking in most of the partici-
pants, and very few of the participants had been diagnoses with
FTD clinical syndrome. Further, no differences between the
groups were observed in motor symptoms.

Cognitive domain scores on neuropsychological tests
were examined by bivariate analysis and then by multivariable
linear regression, with similar results (Table 7). On multivari-
able analysis, when examining the cognitive domain scores,
participants with low/intermediate ADNC and with comorbid
LATE-NC performed significantly worse in episodic memory
(p< 0.001), language/semantic memory (p¼ 0.009), and global
cognition (p¼ 0.018) compared to those with low/intermediate

ADNC lacking LATE-NC. Among those with high ADNC, the
ADNC plus LATE-NC participants performed significantly
worse in only episodic memory (p¼ 0.002) compared to those
with high ADNC and no comorbid LATE-NC.

Around one-third of cases (n¼ 660) that might have met
inclusion criteria for the study (n¼ 1870, Fig. 1) were excluded
due to missing TDP-43 pathology data for all of amygdala, hip-
pocampus, and frontal cortex, thus prohibiting any determination
of whether LATE-NC was present or not. There was consider-
able variability in the number of LATE-NC cases contributed by
center, with a range of 0 cases (2 centers) to 178 cases (1 center,
accounting for 14.7% of TDP cases), and a median of 36 cases.
Likewise, the number of cases that were excluded due to missing
TDP-43 pathology data ranged from 0 cases (9 centers) to 135
cases (1 center), with a median of 5 cases. Finally, the percent of
all cases at a given center for which there was missing data
ranged from 0% missing data (9 centers) to 100% missing data (2
centers), with a median of 14.1%.

We ran a sensitivity analysis to evaluate the differences
between ADNCþ LATE-NC participants in the analytic sam-

TABLE 4. Demographic and Clinical Characteristics Among Participants With ADNC Only Versus ADNC þ LATE-NC, Stratified by
ADNC Score

Characteristic All

n¼ 1100

Low/intermediate ADNC p value High ADNC p value

ADNC

n¼ 351

ADNC and LATE-NC n¼ 98 ADNC

n¼ 384

ADNC and LATE-NC

n¼ 267

Age at death, mean (SD) 83.2 (8.8) 86.2 (7.8) 89.3 (7.6) <0.001 79.2 (8.5) 82.7 (8.2) <0.001

Years between last UDS visit and death,

mean (SD)

12.5 (9.3) 12.9 (8.8) 12.6 (9.2) 0.733 11.7 (9.3) 13.3 (10.1) 0.044

Years of education, mean (SD) 15.9 (3.1) 15.9 (3.2) 16.2 (3.2) 0.414 15.7 (3.1) 16 (2.9) 0.248

Female, n (%) 537 (48.8) 163 (46.4) 52 (53.1) 0.246 183 (47.7) 139 (52.1) 0.269

Nonwhite race, n (%) 77 (7.0) 24 (6.8) 11 (11.2) 0.152 24 (6.3) 18 (6.7) 0.935

APOE e4 carrier, n (%) 530 (48.2) 110 (31.3) 37 (37.8) 0.285 218 (56.8) 165 (61.8) 0.437

Cognitive status at last UDS visit, n (%) <0.001 0.052

Normal cognition 126 (11.5) 108 (30.8) 13 (13.3) 4 (1.0) 1 (0.4)

Impaired, not MCI 20 (1.8) 13 (3.7) 3 (3.1) 3 (0.8) 1 (0.4)

MCI 111 (10.1) 75 (21.4) 13 (13.3) 19 (5.0) 4 (1.5)

Dementia 843 (76.6) 155 (44.2) 69 (70.4) 358 (93.2) 261 (97.8)

Primary clinical diagnosis, n (%) <0.001 0.318

Normal cognition 126 (11.5) 108 (30.8) 13 (13.3) 4 (1.0) 1 (0.4)

Alzheimer disease 766 (69.6) 138 (39.3) 63 (64.3) 327 (85.2) 238 (89.1)

Lewy body disease 72 (6.6) 46 (13.1) 6 (6.1) 10 (2.6) 10 (3.8)

Frontotemporal disorders* 49 (4.5) 6 (1.7) 0 (0.0) 31 (8.1) 12 (4.5)

Other 84 (7.6) 52 (14.8) 15 (15.3) 11 (2.9) 6 (2.3)

CDR sum of boxes, mean (SD) 10.3 (6.8) 5.1 (6.1) 8.4 (6.5) <0.001 13.1 (5.3) 13.9 (4.5) 0.047

CDR global score, n (%) 0.001 0.078

None 124 (11.3) 107 (30.5) 13 (13.3) 3 (0.8) 1 (0.4)

Questionable 166 (15.1) 105 (29.9) 24 (24.5) 28 (7.3) 9 (3.4)

Mild 156 (14.2) 46 (13.1) 17 (17.4) 61 (15.9) 32 (12.0)

Moderate 233 (21.2) 41 (11.7) 16 (16.3) 95 (24.7) 81 (30.3)

Severe 421 (38.3) 52 (14.8) 28 (28.6) 197 (51.3) 144 (53.9)

*Includes MSA, PSP, CBD, FTLD with motor neuron disease (e.g. ALS), and other FTLD.
Missing Data, stratified: LOW/INTERMEDIATE ADNC, ADNC: Education (n¼ 4), APOE e4 (n¼ 27), Primary clinical diagnosis (n¼ 1); ADNC 1 LATE: Education (n¼ 1),

Race (n¼ 1), APOE e4 (n¼ 4), Primary clinical diagnosis (n¼ 1); HIGH ADNC, ADNC: Education (n¼ 3), Race (n¼ 2), APOE e4 (n¼ 45), Primary clinical diagnosis (n¼ 1);
ADNC 1 LATE: Education (n¼ 2), Race (n¼ 1), APOE e4 (n¼ 27).

Bold values indicate statistical significance at the p<0.05 level.
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ple and FTLD-TDP participants who had been excluded from
the main analysis. There were 81 such FTLD-TDP partici-
pants, of whom 52 had some degree of comorbid ADNC. As
shown in Supplementary Data Tables S1 and S2, the ADNCþ
LATE-NC and ADNC þ FTLD-TDP participants differed
considerably in their clinical symptoms and neuropsychologi-
cal test scores, commensurate with prior work showing the dif-
ferences between LATE-NC and FTLD-TDP. This reinforces
the validity of excluding FTLD-TDP cases from the main
analysis (1, 24, 25). By way of further detail on the differences
between these 2 groups, we also examined their neuropatho-
logic differences. For the 52 participants for whom test score
data were available, ADNC was more advanced in the ADNC
þ LATE-NC group, but only in the low/intermediate ADNC
strata (Supplementary Data Table S3). FTLD-TDP partici-
pants were more likely to have neocortical TDP, in both low/
intermediate and high ADNC strata. ADNC þ LATE-NC par-
ticipants were more likely to have brain arteriosclerosis, but
only in the high ADNC strata. Finally, for the 52 FTLD-TDP
participants for whom test score data were available, the

breakdown of clinical diagnoses was: frontotemporal disorder
(not further specified) (n¼ 30, 57.7%), frontotemporal disor-
der (corticobasal degeneration) (n¼ 4, 7.7%), Alzheimer dis-
ease (n¼ 17, 32.7%), Lewy body disease (n¼ 1, 1.9%).

A notable number of participants had missing data (or were
not assessed) for TDP-43 pathology in the amygdala (as noted in
footnote to Table 3). Given this, plus the fact that amygdala-only
(Stage 1) LATE-NC may not have significant cognitive conse-
quences, we conducted an additional sensitivity analysis in which
we reran the major analyses for cognitive outcomes excluding the
69 Stage 1 LATE-NC cases. There were only minor differences
compared with the main analysis (Tables 5–7 vs Supplementary
Data Tables S4a, S4b, and S5). On multivariable analysis (Sup-
plementary Data Table S4b), all symptoms that had been signifi-
cantly associated with ADNC þ LATE-NC in the main analysis
remained significantly associated in the sensitivity analysis. In
addition, a few other symptoms became significant in the sensi-
tivity analysis. In the low/intermediate ADNC strata, irritability
became significantly associated with ADNCþ LATE-NC. In the
high ADNC strata, executive function and visuospatial symptoms

TABLE 5. Clinical Symptoms at Most Recent Visit Prior to Death Present Among Participants With ADNC Only Versus ADNC þ
LATE-NC, Stratified by ADNC Score

All

n¼ 1100

Low/intermediate ADNC p value High ADNC p value

ADNC

n¼ 351

ADNC and LATE-NC

n¼ 98

ADNC

n¼ 384

ADNC and

LATE-NC n¼ 267

Cognitive symptoms, n (%)

Memory 953 (86.6) 227 (64.7) 85 (86.7) <0.001 376 (97.9) 265 (99.3) 0.472

Executive function 898 (81.6) 187 (53.3) 74 (75.5) <0.001 374 (97.4) 263 (98.5) 0.415

Language 747 (67.9) 145 (41.3) 56 (57.1) 0.001 320 (83.3) 226 (84.6) 0.554

Visuospatial 620 (56.4) 106 (30.2) 40 (40.8) 0.006 276 (71.9) 198 (74.2) 0.402

Attention 621 (56.5) 119 (33.9) 45 (45.9) 0.001 257 (66.9) 200 (74.9) 0.091

Fluctuating cognition 176 (16.0) 47 (13.4) 10 (10.2) 0.518 74 (19.3) 45 (16.9) 0.576

Behavioral symptoms, n (%)

Apathy 508 (46.2) 95 (27.1) 41 (41.8) 0.012 223 (58.1) 149 (55.8) 0.838

Depressed mood 328 (29.8) 91 (25.9) 29 (29.6) 0.319 123 (32.0) 85 (31.8) 0.818

Visual hallucinations 157 (14.3) 39 (11.1) 9 (9.2) 0.791 71 (18.5) 38 (14.2) 0.162

Auditory hallucinations 45 (4.1) 12 (3.4) 3 (3.1) 0.113 22 (5.7) 8 (3.0) 0.203

Delusions 180 (16.4) 26 (7.4) 11 (11.2) 0.453 84 (21.9) 59 (22.1) 0.881

Disinhibition 201 (18.3) 29 (8.3) 15 (15.3) 0.006 92 (24.0) 65 (24.3) 0.749

Irritability 352 (32.0) 70 (19.9) 29 (29.6) 0.068 157 (40.9) 96 (36.0) 0.404

Agitation 286 (26.0) 32 (9.1) 22 (22.5) 0.001 138 (35.9) 94 (35.2) 0.539

Personality change 141 (12.8) 23 (6.6) 7 (7.1) 0.006 70 (18.2) 41 (15.4) 0.525

Motor symptoms, n (%)

Gait disorder 478 (43.5) 123 (35) 35 (35.7) 1.000 189 (49.2) 131 (49.1) 0.848

Falls 254 (23.1) 77 (21.9) 17 (17.4) 0.104 101 (26.3) 59 (22.1) 0.326

Tremors 236 (21.5) 68 (19.4) 20 (20.4) 0.069 89 (23.2) 59 (22.1) 0.540

Slowness 482 (43.8) 127 (36.2) 35 (35.7) 0.772 187 (48.7) 133 (49.8) 0.498

Missing data, stratified: LOW/INTERMEDIATE ADNC, ADNC: Executive function (n¼ 4), Language (n¼ 2), Visuospatial (n¼ 16), Attention (n¼ 7), Fluctuating cognition
(n¼ 52), Apathy (n¼ 3), Depressed mood (n¼ 1), Visual hallucinations (n¼ 5), Auditory hallucinations (n¼ 7), Delusions (n¼ 9), Disinhibition (n¼ 1), Irritability (n¼ 4), Agita-
tion (n¼ 2), Personality change (n¼ 2), Gait disorder (n¼ 5), Falls (n¼ 4), Tremors (n¼ 3), Slowness (n¼ 4); ADNC 1 LATE: Executive function (n¼ 2), Language (n¼ 3),
Visuospatial (n¼ 10), Attention (n¼ 7), Fluctuating cognition (n¼ 64), Apathy (n¼ 1), Depressed mood (n¼ 2), Visual hallucinations (n¼ 2), Auditory hallucinations (n¼ 6),
Delusions (n¼ 3), Disinhibition (n¼ 3), Irritability (n¼ 2), Agitation (n¼ 2), Personality change (n¼ 5), Gait disorder (n¼ 1), Falls (n¼ 4), Tremors (n¼ 4), Slowness (n¼ 2);
HIGH ADNC, ADNC: Memory (n¼ 2), Executive function (n¼ 2), Language (n¼ 3), Visuospatial (n¼ 20), Attention (n¼ 21), Fluctuating cognition (n¼ 26), Apathy (n¼ 6),
Depressed mood (n¼ 15), Visual hallucinations (n¼ 22), Auditory hallucinations (n¼ 29), Delusions (n¼ 25), Disinhibition (n¼ 9), Irritability (n¼ 7), Agitation (n¼ 5), Personal-
ity change (n¼ 8), Gait disorder (n¼ 10), Falls (n¼ 14), Tremors (n¼ 21), Slowness (n¼ 15); ADNC 1 LATE: Memory (n¼ 0), Executive function (n¼ 2), Language (n¼ 4),
Visuospatial (n¼ 18), Attention (n¼ 11), Fluctuating cognition (n¼ 15), Apathy (n¼ 4), Depressed mood (n¼ 8), Visual hallucinations (n¼ 23), Auditory hallucinations (n¼ 25),
Delusions (n¼ 20), Disinhibition (n¼ 4), Irritability (n¼ 4), Agitation (n¼ 1), Personality change (n¼ 4), Gait disorder (n¼ 9), Falls (n¼ 7), Tremors (n¼ 10), Slowness (n¼ 6).

Bold values indicate statistical significance at the p<0.05 level.
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became significantly associated with ADNCþ LATE-NC. There
was no difference in the multivariable analysis for cognitive
domain z-scores compared with the main analysis (Table 7 vs
Supplementary Data Table S5).

DISCUSSION
In this series, a third of participants with ADNC had

comorbid LATE-NC. On average, these participants were
older, had higher ADNC burden, and had worse cognitive per-
formance than those with ADNC without LATE-NC. When
stratified by degree of ADNC, differences in cognitive out-
comes were most notable in the strata with low/intermediate
ADNC. In this group, participants with comorbid LATE-NC
had worsened cognitive status and a tendency to manifest
behavioral and neuropsychiatric symptoms (Tables 5 and 6).
Some of these symptomatic differences may be partly attribut-
able to increases of copathologies, such as HS and arteriolo-
sclerosis, which are associated with LATE-NC (26, 27).
Differences in clinical features between ADNC with and with-
out comorbid LATE-NC narrowed in the high ADNC strata,
with minimal differences in cognitive or behavioral symp-
toms, and with worsened performance in only episodic mem-
ory in the group with comorbid LATE-NC.

Multiple studies have confirmed worsened cognitive
decline when LATE is comorbid with ADNC (1, 4, 8, 10, 11,
13, 14). Using data from the Rush University autopsy cohorts,
Kapasi et al (8) found that cognitive decline was most severe
in the presence of ADNC þ LATE-NC, followed by ADNC
alone, followed by LATE-NC alone, followed by neither path-
ology. The effect of combined neuropathologies (ADNC þ
LATE-NC) was attenuated after age 90 years. Harrison et al
(4) evaluated the independent effects of ADNC and LATE in
a cohort of persons above 90 years, adjusting for the presence
of each other when they were comorbid. Intermediate to high
ADNC had an independent odds ratio (OR) of 19.8 and
LATE-NC had an independent OR of 8.7 for increased risk of
dementia. LATE-NC has been shown to be associated with
worsened cognitive decline across the spectrum of ADNC,
with worsened MMSE scores at each Braak NFT stage (11).

In terms of domains, Kapasi et al (8) looked at 16 neuro-
psychological tests in 5 domains (episodic memory, semantic
memory, working memory, perceptual speed, and visuospatial
ability), showing that LATE-NC with ADNC had worsened
performance in all 5 domains compared to ADNC alone. Wil-
son et al looked at the independent effects of several neuropa-
thologies (ADNC, LATE-NC, Lewy body, and HS) on these
domains, also using data from the Rush cohorts. Each neuro-

TABLE 6. Multivariable Analysis of Clinical Symptoms at Most Recent Visit Prior to Death Present Among Participants With ADNC
Only Versus ADNC þ LATE-NC, Stratified by ADNC Score

Clinical symptoms Unadjusted OR (95%) p value ADNC n ADNC þ LATE n Adjusted OR* (95%) p value

Low/intermediate ADNC

Cognitive symptoms, n (%)

Memory 3.82 (2.42, 6.03) <0.001 320 91 4.15 (2.25, 7.65) <0.001

Executive function 3.36 (2.19, 5.14) <0.001 317 90 3.47 (2.09, 5.77) <0.001

Language 2.45 (1.74, 3.45) <0.001 319 89 2.84 (1.81, 4.46) <0.001

Visuospatial 1.96 (1.44, 2.66) <0.001 307 82 1.93 (1.31, 2.85) 0.001

Attention 1.95 (1.39, 2.75) <0.001 314 86 2.06 (1.29, 3.27) 0.002

Behavioral symptoms, n (%)

Apathy 1.95 (1.01, 3.76) 0.047 317 90 2.62 (1.26, 5.44) 0.010

Disinhibition 2.13 (1.31, 3.48) 0.003 319 88 2.79 (1.62, 4.81) <0.001

Agitation 2.88 (1.2, 6.91) 0.018 318 89 4.10 (1.61, 10.45) 0.003

Personality change 1.27 (0.50, 3.26) 0.614 318 86 1.95 (0.73, 5.23) 0.183

High ADNC

Cognitive symptoms, n (%)

Memory 2.09 (0.50, 8.71) 0.311 335 235 2.46 (0.44, 13.75) 0.306

Executive function 2.72 (0.29, 0.00) 0.378 334 233 3.34 (0.45, 24.57) 0.237

Language 1.16 (0.83, 1.63) 0.372 333 231 1.46 (0.82, 2.58) 0.195

Visuospatial 1.30 (0.82, 2.06) 0.260 318 220 1.45 (0.87, 2.41) 0.153

Attention 1.43 (1.00, 2.05) 0.053 319 224 1.51 (1.05, 2.18) 0.025

Behavioral symptoms, n (%)

Apathy 0.89 (0.66, 1.20) 0.443 332 231 0.99 (0.77, 1.27) 0.950

Disinhibition 1.00 (0.65, 1.53) 0.996 329 231 1.17 (0.79, 1.73) 0.423

Agitation 1.00 (0.72, 1.38) 0.983 332 234 1.18 (0.81, 1.74) 0.387

Personality change 0.82 (0.56, 1.22) 0.335 330 231 0.93 (0.67, 1.29) 0.654

*Adjusted for age at death, time between last UDS visit and death, sex, years of education, APOEe4 carrier status, presence of Lewy bodies, presence of vascular pathology (i.e.
moderate to severe arteriolosclerosis). OR >1 implies higher percentage of symptoms in ADNC þ LATE-NC group compared with ADNC group.

Bold values indicate statistical significance at the p<0.05 level.
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pathology independently decreased episodic memory 10 to
16 years before death. As time to death got closer, ADNC,
Lewy body, and HS all were associated with decreased func-
tion in all other domains. However, LATE-NC’s effect was
confined to decreased episodic memory (15). Not directly
related to the effect of LATE-NC on ADNC, several reports
have addressed domain-specific effects of increased stage of
LATE-NC, showing decreases in the same 5domains noted
above (1, 28).

Several studies have looked at neuropsychiatric symp-
toms. Using data from the Brains for Dementia Research
cohort in the United Kingdom, Liu et al (12) found that
ADNC with LATE-NC was not associated with greater burden
of neuropsychiatric symptoms than ADNC alone. On the other
hand, using NACC data in 2015 before LATE-NC had been
formally defined, Sennik et al found that higher ADNC burden
was associated with higher proportion of TDP-43 pathology in
participants. The group with the high ADNC burden had
increased delusions, hallucinations, and depression, but not
other symptoms. The independent effect of TDP-43 pathology
was not addressed (29).

Several authors have addressed the potential mecha-
nisms of LATE-NC’s potentiation of ADNC’s effects.
McAleese et al (14) showed that the presence of LATE-NC in
ADNC was not associated with increased burden of tau or
amyloid and that the effect of LATE-NC on cognition was
independent of tau pathology. Robinson et al (13) postulated
that the longer duration of dementia symptoms when ADNC
was comorbid with LATE-NC implied that LATE-NC’s inter-
actions occurred after plaques and tangles had already
accumulated.

Although the effect of comorbid LATE-NC in the cur-
rent study was primarily detected among participants who
died with low/intermediate ADNC, it is interesting to note that
LATE-NC was associated with higher ADNC stage and that
these participants had worsened cognitive outcomes. Simi-
larly, Robinson et al (13), using a combination of data from
NACC and the Center for Neurodegenerative Disease
Research at the University of Pennsylvania, found that
increased Braak NFT stage was associated with LATE-NC,
Lewy body, and cerebral amyloid angiopathy. Likewise, the
lack of differences between ADNC and ADNC þ LATE-NC
in the high ADNC strata may be due to a ceiling effect in
which functioning has deteriorated to a level at which the tests
can no longer discriminate between the groups. This is evi-
denced in Table 5, in which many of the cognitive symptoms
are present in greater than 80% and even greater than 90% of
participants in both groups.

LATE-NC has been associated with comorbid HS (1, 7,
27, 30). In the current study, a low percent (6%–7%) of partici-
pants with ADNC had HS, which did not change with ADNC
severity. The presence of comorbid LATE-NC was associated
with increased HS (over 37%), which also did not change with
ADNC severity. The association of comorbid LATE-NC with
increased proportion of HS in people with ADNC is well
documented (27). For example, in the University of Kentucky
autopsy series, HS increased from 4% in ADNC alone to 68%
in ADNC þ LATE-NC (11). HS appears likely to be part of
the causal pathway of the effect of TDP-43 pathology in clini-

cal LATE (11). Kapasi et al investigated the role of HS in fur-
ther detail, comparing participants with ADNC þ LATE-NC
with and without HS; most (75%) had HS. The presence of HS
was associated with more rapid declines in global cognition,
episodic memory and semantic memory (8). We previously
found that HS is associated with worse cognitive performance
(but not with a history of either seizures or strokes), in persons
with LATE-NC in the NACC data set (31).

We performed analysis stratified by extent of ADNC,
using 2 groups: low/intermediate and high ADNC. The deci-
sion to combine low and intermediate ADNC was based on a
number of factors, including clinical-pathological correlations
and neuropathologic findings. Primarily, the pathological fea-
tures of ADNC are most confidently associated with cognitive
impairment in Braak NFT Stages V and VI (32, 33). Whereas
Braak NFT stage III is considered “intermediate ADNC sever-
ity” (34), the great majority of Braak NFT stage III brains are
in people who are not demented (32, 35). Further, many cases
with Braak NFT stages III or IV are actually primary age-
related tauopathy (PART) (36). By contrast, if a brain has
Braak NFT stages V or VI, it is almost always an example of
severe ADNC (i.e. Ab plaques are present) (5, 34).

We ran a sensitivity analysis to evaluate the differences
between ADNCþ LATE-NC participants in the analytic sam-
ple and FTLD-TDP participants who had been excluded from
the main analysis. The 2 groups differed in their clinical symp-
toms and neuropsychological test scores, consistent with prior
work, which supported the validity of excluding FTLD-TDP
cases from the main analysis (1, 24, 25). There were also inter-
esting neuropathologic differences between the 2 groups, with
the ADNC þ LATE-NC group having more arteriosclerosis
and with the FTLD-TDP group having a higher percentage of
people with neocortical TDP-43 inclusions. Teylan et al (25)
used a NACC cohort sample that overlapped with the current
study, but which included a larger number of FTLD-TDP par-
ticipants. The Teylan study also showed a higher percentage
of cerebral arteriosclerosis among the LATE-NC group. This
difference may in part be due to the higher average age of peo-
ple with LATE-NC. However, even factoring in age, LATE-
NC (and its frequent concomitant pathology, HS) appear to be
associated rather specifically with increased brain arteriolo-
sclerosis (4, 20, 26, 37, 38). In addition to finding evidence for
more neocortical TDP-43 pathology in FTLD-TDP in compar-
ison to LATE-NC, Robinson et al reported differences in dis-
tribution of different subtypes of TDP-43 inclusions (alpha vs
beta inclusions). However, there were several cases (<2% of
the cohort) with clinical and pathological features that over-
lapped between LATE-NC and FTLD-TDP (24).

The present study identifies several priorities for future
research. As noted, LATE-NC and FTLD-TDP may have
some pathogenetic overlap, but the great majority of cases can
be differentiated based on pathology alone and the conditions
also have distinct clinical, genetic, and epidemiologic charac-
teristics (1, 24). More work is needed to delineate the “frontal”
symptoms of non-FTLD cases (e.g. disinhibition and language
problems) that fall short of clinical features seen in full-blown
FTD cases, and also to distinguish the clinical characteristics
of FTLD-TDP and FTLD-tau. Second, future work may more
precisely define associations between “pure” LATE-NC and
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neurobehavioral outcomes. The NACC cohort is enriched for
ADNC, given the nature of the contributory research clinics
and their fundamental mission of AD research. One obvious
manifestation of this selection bias is that the APOE e4 preva-
lence was almost 50% among the participants included in this
study, as compared to a prevalence of approximately 25% in
the general population (39). Hence, relatively few cases (with
or without LATE-NC) lack ADNC. In recent years, NACC
contributory ADRCs have recruited and autopsied more
“normal” participants (20). As TDP-43 pathologic assessment
increases at the research centers and as the number of cases
with LATE-NC increase, the NACC database will allow
greater understanding of LATE-NC without accompanying
ADNC.

This study has several limitations. First, study partici-
pants were more likely to be white and highly educated than
the general US population, limiting generalizability (40). Sec-
ond, the study used cross-sectional data, which are less sensi-
tive than longitudinal data in detecting subtle changes,
especially early in the course of cognitive decline (41, 42).
Third, some of the neuropsychological tests were changed
when the UDS version changed from UDS 2 to UDS 3. How-
ever, the tests in both versions reflect the same domains and
there is no a priori reason that the tests would perform differ-
ently in people with ADNC alone versus ADNC with LATE-
NC. Fourth, we excluded participants with neuropathologic
diagnosis of FTLD-TDP. There could have been misclassifi-
cation in either direction between FTLD-TDP and LATE-NC.
However, the clinical syndrome of frontotemporal dementia
was present in only a small percent of participants and was not
associated with ADNC þ LATE-NC (3.3%) more than it was
with pure ADNC (5.0%). Fifth, in the sensitivity analysis, the
number of participants with FTLD-TDP is low in the high
ADNC strata. Sixth, TDP-43 pathologic assessment is rela-
tively new and not all centers are at the same level of develop-
ment for its use. This is reflected in a wide range among the
centers in the percent of cases that were excluded due to miss-
ing TDP-43 pathology data. Nonetheless, even the center that
contributed the most cases (n¼ 178) only accounted for 14.7%
of cases and there were only 2 centers that did not contribute
any cases. Thus, the TDP-43 pathology data (and other data)
used in the study come from a wide range of centers.

Despite these limitations, the study has several impor-
tant strengths. Data were derived from over 30 centers across
the United States, representing the state-of-the-art in neuropa-
thologic practice; this increases the generalizability of the
findings. Data collection methods were standardized and
autopsies were performed at all centers using standardized up-
to-date methods (20, 43). Further, all of the autopsies were
performed after 2014, which entails some advantages by mini-
mizing potential cohort effects, and because the neuropatho-
logic methodologies have become more standardized over
time.

We conclude that the co-occurrence of LATE-NC with
ADNC is associated with a different pattern of behavior and
cognitive performance than ADNC alone. The effect is
strongly modified by the extent of ADNC, and possibly with
other copathologies associated with LATE-NC. The associa-
tions between LATE-NC and cognitive symptoms are most

readily detected in participants who died with low/intermedi-
ate ADNC, whereas the differences are more subtle (or non-
existent) among those with severe ADNC. These findings
contribute to a better understanding of the public health impact
of the highly prevalent condition of LATE-NC.
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