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Abstract

Background: Late-life cognitive function is heterogeneous, ranging from no decline to severe
dementia. Prior studies of cognitive trajectories have tended to focus on a single measure of global
cognition or individual tests scores, rather than considering longitudinal performance on multiple
tests simultaneously.

Objective: The current study aimed to examine cognitive trajectories from two independent
datasets to assess whether similar patterns might describe longitudinal cognition in the decade
preceding death, as well as what participant characteristics were associated with trajectory
membership.

Methods: Data were drawn from autopsied longitudinally followed participants of two cohorts
(total N=1346), community-based cohort at the University of Kentucky Alzheimer’s Disease
Research Center (n=365) and National Alzheimer’s Coordinating Center (n=981). We used group-
based multi-trajectory models (GBMTM) to identify cognitive trajectories over the decade before
death using Mini-Mental State Exam, Logical Memory-Immediate, and Animal Naming
performance. Multinomial logistic and Random Forest analyses assessed characteristics associated
with trajectory groups.

Results: GBMTM identified four similar cognitive trajectories in each dataset. In multinomial
models, death age, Braak neurofibrillary tangles (NFT) stage, TDP-43, and a-synuclein were
associated with declining trajectories. Random Forest results suggested the most important
trajectory predictors were Braak NFT stage, cerebral atrophy, death age, and brain weight.
Multiple pathologies were most common in trajectories with moderate or accelerated decline.

Conclusion: Cognitive trajectories associated strongly with neuropathology, particularly Braak
NFT stage. High frequency of multiple pathologies in trajectories with cognitive decline suggests
dementia treatment and prevention efforts must consider multiple diseases simultaneously.

Keywords
Neurodegenerative disorders; dementia; neuropsychological tests; cognitive decline; trajectories

INTRODUCTION

Cognitive impairment and dementia are associated with multiple brain pathologies in elderly
persons [1-3], particularly accumulation of tau neurofibrillary tangles (NFTs) with amyloid-
B (Ap) plaques, a-synuclein, and TAR-DNA binding protein 43 kDa (TDP-43) [3, 4].
Additionally, infarctions and other cerebrovascular pathologies are prevalent and deleterious
for cognition [5, 6]. Although prior studies have characterized cognitive status before death
related to specific neurodegenerative diseases, fewer studies have evaluated trajectories of
cognitive decline in the presence of multiple pathologies [4, 7-10].

Group-based trajectory models (GBTM) are a specialized application of finite mixture
modeling developed to identify longitudinal patterns and distinctive trajectories [11, 12].
GBTM allows visualization of cognitive trajectories, as well as classification of similar
individuals into clinically meaningful groups [11]. Group-based multi-trajectory modelling
(GBMTM), an extension of GBTM, identifies shared trajectories across multiple outcomes

J Alzheimers Dis. Author manuscript; available in PMC 2021 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karanth et al.

Methods

Page 3

of interest [13] (e.g., cognitive function as measured by multiple cognitive tests). Prior
studies seeking to identify distinct patterns of cognition [7, 14-17] have relied on either
cognitive test scores that are examined one test at a time [14], or on a summary global
cognition score derived from all tests [8]. Here, we used GBMTM to identify cognitive
trajectories based simultaneously on three cognitive tests, representing global cognition,
episodic memory, and category fluency.

Autopsied research volunteers from the University of Kentucky Alzheimer’s Disease
Research Center (UK-ADRC), as well as a separate sample of autopsied research volunteers
from various ADRCs contributing data to the National Alzheimer’s Coordinating Center
(NACC) Neuropathology Data Set, were included in the current study. The National Institute
on Aging funds all ADRCs. While UK-ADRC research participants were mostly recruited
from the community, many ADRCs recruit from memory disorders clinics. We examined
cognitive trajectories to assess whether similar patterns might describe longitudinal
cognition in the decade preceding death, as well as what characteristics were associated with
trajectory group membership.

Study participants (UK-ADRC)

Data were drawn from the community-based cohort study of aging and dementia at the UK-
ADRC.[18] Included participants were enrolled from 1989-2017 and were = age 55 years at
baseline (the usual age of eligibility for this cohort is age 70 and over). Inclusion criteria
were available cognitive test data (see “Neuropsychological battery test scores™),
Alzheimer’s disease (AD) pathologies (Braak NFT stage, A plaque rating), a-synuclein,
and TDP-43 proteinopathies. We excluded participants with brain cancer, Down syndrome,
frontotemporal lobar degeneration, and other rare dementia syndromes (given small numbers
of cases for comparison between the datasets). FTLD cases are rare in old age, as were in the
present sample, as in other community-based cohorts [19, 20].

Study participants (NACC)

Data were drawn from the NACC Uniform Data Set (UDS), and Neuropathology Data Set
(NP), comprising participants enrolled at ADRCs throughout the United States (UK-ADRC
data was used as a separate comparison sample). NACC maintains multicenter databases
comprising standardized ADRC data protocols. Twenty-six ADRCs contributed data to both
NACC UDS and NP through the September 2019 data freeze (https://
www.alz.washington.edu/), when our data were extracted. To generate an independent
dataset comparable to UK-ADRC, we included participants based on the same criteria as
above.

Neuropsychological battery test scores

At each clinical evaluation, participants were administered a battery of cognitive tests. To
study their cognitive trajectories, we included tests measuring global cognition (Mini-Mental
State Examination; MMSE) [21], episodic memory (Wechsler Memory Scale-Revised

J Alzheimers Dis. Author manuscript; available in PMC 2021 July 28.


https://www.alz.washington.edu/
https://www.alz.washington.edu/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karanth et al.

Page 4

[WMS-R] Logical Memory Story A) [22], and category verbal fluency (Animal Naming
Test) [23] as these were consistently measured across all participants.

The MMSE is frequently used to evaluate global cognition in older adults; scores range from
0-30 [21]. Logical Memory measures the total number of story units recalled verbatim from
a narrated short story; scores range from 0-25 [22]. In the Animal Naming Test, participants
name as many animals as they can in 60 seconds [24]. We considered MMSE <27, Logical
Memory <9, and Animal Naming <12 as abnormal scores, these scores representing 1.5 SD
below the mean performance among the cognitively normal NACC participants over age 55
(n = 17,873 across 39 centers located throughout the US).

In March 2015, the NACC UDS changed to Version 3.0, wherein the MMSE was replaced
by the Montreal Cognitive Assessment (MoCA) [25], and WMS-R Logical Memory IA-
Immediate was replaced by Craft Story 21 Recall-Immediate [26]. NACC provides
harmonized data crosswalks to researchers that bridge these scores [26]. Monsell et al.
reported that the new tests (Version 3.0) were well correlated with the previous tests (Version
2.0) [26]. Hence, we used the provided conversion tables that allow scores on the new tests
to be converted to equivalent scores on the previous tests. We harmonized scores for all
NACC participants from March 2015 onwards. UK-ADRC continued to obtain the MMSE,
and so those scores were used, while the harmonized Logical Memory scores were used.

Cognitive status

Participants were evaluated clinically for cognitive impairment at each visit [27, 28]. We
used the last visit clinical diagnosis to define cognitive status of the participants as normal
cognition, impaired cognition (but not MCI; presence of medical comorbidities), MCI, or
dementia [29].

Neuropathological assessment

Details of neuropathological assessment at UK-ADRC [30, 31] and NACC [32] have been
described previously. Ap was considered present when the CERAD (Consortium to
Establish a Registry for Alzheimer’s Disease) ratings for Diffuse plaques or Neuritic plaques
were at least sparse [33] (i.e., we dichotomized as Sparse/Moderate/Frequent vs None,
because the presence of any brain amyloid is considered at least low level of Alzheimer’s
disease neuropathologic change (ADNC) according to the National Institute on Aging-
Alzheimer’s Association criteria [33]. Braak NFT stages were dichotomized into an
indicator for high Braak NFT stage V-VI vs. I-1V. TDP-43 proteinopathy was considered
present if TDP-43 inclusion bodies were detected in the hippocampus, whereas a.-synuclein
proteinopathy was considered present when Lewy bodies were detected in the brain stem,
neocortex, or the medial temporal lobe [32, 34]. We did not use Braak staging for a-
synuclein pathology because it was developed for Parkinson’s disease, which is rare in both
cohorts.

Cerebrovascular pathology included atherosclerosis severity at Circle of Willis (all vessels
=>50% vs. <50% occluded); any infarcts/lacunes (yes vs. no); brain arteriolosclerosis
(moderate/severe vs. none/mild).
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Additionally, cerebral amyloid angiopathy was categorized as moderate/severe vs. none/mild
[32]; Cerebral atrophy was classified moderate/severe vs. none/mild; Both right and left
hippocampi were evaluated for hippocampal sclerosis (HS) in UK-ADRC cases; presence of
HS on either side was considered as HS. For NACC, HS was considered present if right
and/or left HS was reported, but not all ADRCs assess both sides of the hippocampal
formation [32].

Analyses and statistical methods

All analyses were first performed for UK-ADRC data, and then the same analyses were
applied to the NACC data to attempt to replicate the results. We used GBMTM [35, 36] to
estimate latent trajectories in the decade before death and compared the trajectories and
group membership characteristics to evaluate whether the trajectories were similar despite
differences in recruitment and population characteristics.

To fit the GBMTM, we first fit separate GBTM for each test; we fit three, four, and five
group models to determine the best-fitting number of trajectories. Four trajectories were
selected for each of the three tests based on the Bayesian Information Criterion (BIC). An
selection criterion was mean maximum posterior probability in all trajectory groups being >
0.7, meaning on average every participant assigned to a trajectory has >70% probability of
membership [11]. Age at death, sex, and education were included in the GBTM to account
for their influence on group membership, but neuropathology and clinical diagnoses were
not included.

Once we determined the best fitting number of trajectories for each measure, we fit a single
GBMTM with four latent groups. Trajectory membership is probabilistic and based on the
participant’s performance on all three tests simultaneously. Each participant has an
estimated probability of membership in each trajectory group, with a total probability equal
to 1.0. Maximum probability assignment was used to determine membership for post-hoc
analyses. Further, once optimal GBMTM models were selected, we assessed trajectory face
validity by examining the longitudinal mean scores of the participants assigned to each
trajectory group.

Multinomial logistic regression was used to estimate the association of demographic
characteristics and neuropathology with trajectory membership, with Mo Decline as the
reference. Adjusted odds ratios (aOR) with 95% confidence intervals (CI) were obtained
from the model, which included variables of interest: age at death, sex, education, APOE e4
(indicator for any e4 alleles vs. none), and indicators for the presence of Braak NFT stage
VIVI, Ap, TDP-43, atherosclerosis, arteriolosclerosis, a-synuclein and HS. While analyzing
NACC data, indicator variables for ADRC were included as a fixed effect to account for
center effects.

We quantified importance of all available variables of interest (Supplementary Table 1) in
explaining overall trajectory group membership. Random forest (RF) and bagging ensemble
algorithm [37], which is a reliable variable selection method and produces unbiased variable
importance [38] were then applied. As a sensitivity analysis, we repeated the analyses on the
subgroups of participants who began the follow-up interval with normal cognition.

J Alzheimers Dis. Author manuscript; available in PMC 2021 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karanth et al.

Results

Page 6

PROC TRAJ was used to estimate GBTM and GBMTM [35]; PROC LOGISTIC was used
to fit the multinomial logistic regression (SAS:9.4®). RF was conducted using the cforest
function in the “party” R package [37]. The reported results for multinomial and RF analysis
are based on multiple imputation of missing neuropathological data (Supplementary Table
2). The imputation was conducted by chained random forest using imputation with
predictive mean matching with 5-iterations and 100 trees. The imputation was conducted
using the “missRanger” R package [39]. Complete case analysis results are available in the
supplementary material. Significance level was set at 0.05.

Participants’ characteristics

UK-ADRC included 365 autopsied participants (Supplementary Figure 1): mean (SD) age at
death was 87.0 (8.0) years; educational attainment was 15.6 (3.0) years; median annual visit
number was 9.9 (IQR: 5-14 visits); majority were female (n=228, 62.5%), and White race
(n=354, 97.0%). Among autopsied NACC participants (n=981): mean age at death was 80.7
(9.6) years; education was 15.4 (3.1) years; median annual 5.0 visits (IQR: 3-7 visits);
majority were male (n=527, 53.7%); and White race (n=911, 92.9%). A smaller proportion
of UK-ADRC participants carried the APOE-e4 allele (36.2% vs 45.8%) or had a dementia
diagnosis at the time of death (56.2% vs 82.1%) versus NACC (Supplementary Table 1).

Cognitive trajectories

Participants in the UK-ADRC and NACC overall showed similar cognitive trajectories
(Figure 1): we labeled the trajectories as “No Decline” (mean test scores remained normal
during follow-up); “Mild Decline’ (no decline in global cognition, slow decline in memory
and fluency); “Moderate Decline” (decline from normal to abnormal global cognition,
memory, and fluency); and “Accelerated Decline” (decline from abnormal to severe
impairment in global cognition, memory, and fluency). Figure 1 and Supplementary Figure 2
(participants who started follow-up with normal cognition) show the observed means
(dashed lines) and the estimated means (solid lines) with 95% CI for each trajectory.

Cognitive trajectories in the UK-ADRC

The No Decline group, comprising 27.9% of UK-ADRC participants (Figure 1), had better
mean cognitive scores throughout follow-up than the other groups across all tests. Mean
MMSE scores remained relatively stable, while mean Logical Memory and Animal Naming
scores showed a slight decline but remained normal throughout follow-up. The Mild Decline
group (29.6%) declined marginally in the MMSE and Animal Naming trajectories, but the
group was distinct from No Decline due to decreasing mean Logical Memory scores about
7-8 years before death. Moderate Decline (25.8%) started with normal mean MMSE scores
but rapidly declined 6 to 7 years before death, while the Logical Memory trajectory started
in the normal range and dropped to abnormal. However, Animal Naming scores were
relatively better preserved. Accelerated Decline (16.7%) had abnormal scores 10 years
before death. This group had low scores in all three cognitive scores, but Logical Memory
scores were most affected.
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Among UK-ADRC participants who started follow-up with normal cognition (n=228)
(Supplementary Figure 2), trajectory patterns were slightly different. MMSE trajectory for
Accelerated Decline started with >26 mean MMSE and declined rapidly about 8 years
before death. However, the mean Logical Memory and Animal Naming scores at baseline
were 10.5 and 16.1 respectively and declined rapidly, about 6 years before death. The
Moderate Decline group also experienced decline in Logical Memory and Animal Naming
scores about 6 years before death.

Table 1 presents participant characteristics by trajectories. Compared to the other groups,
persons in the Accelerated Decline group on average died earlier, majority were female,
diagnosed with dementia at the last visit (98.4%), and had higher proportions of APOE 4
allele (55.7%), Braak NFT stage V/VI (90.2%), TDP-43 proteinopathy (60.9%), HS
(45.9%), moderate/severe cerebral amyloid angiopathy (42.6%), and moderate/severe
cerebral atrophy (67.2%). The Mild Decline and No Decline groups comparatively had a
lower burden of APOE €4 allele, proteinopathies, cerebral atrophy, and HS than the
Moderate and Accelerated groups. Among the participants who began follow-up with
normal cognition (n=228), those assigned to the Accelerated Decline and Moderate Decline
groups were older than the No Decline and Mild Decline groups, and the burden of
proteinopathies was higher (Supplementary Table 3).

Multinomial logistic regression estimated associations between participant characteristics
and trajectory membership (Table 3). With a 5-year increase in age at death, participants
were less likely to be in the Accelerated Decline group (aOR 0.68, 95% CI 0.51-0.92).
Braak NFT stage V/VI was strongly associated with higher odds of belonging to the
Accelerated Decline (aOR 43.95, 95% CI 12.00-163.98), Moderate Decline (aOR 17.69,
95% CI 7.69-44.10), and Mild Decline (aOR 3.58, 95% CI 1.66-7.70) group membership
compared to No Decline. Presence of TDP-43 proteinopathy had higher odds of being in the
Accelerated Decline group (aOR 3.52, 95% CI 1.04-12.87). While HS was significantly
associated with group membership, this association was not significant in complete case
analyses (Supplementary Table 6). There was no significant association of a-synuclein,
atherosclerosis, or APOE e4 with group membership.

Coghnitive trajectories in NACC

On average, individuals in all NACC trajectory groups died younger (~6 years) than UK-
ADRC participants. Estimated cognitive trajectories in NACC were similar in shape to those
in UK-ADRC (Figure 1): No Decline (16.0%), Mild Decline (31.3%), Moderate Decline
(38.3%), and Accelerated Decline (14.4%) groups, but the distribution of membership
differed. In addition, estimated mean Logical Memory and Animal Naming scores were
lower at the beginning of follow-up compared to the UK-ADRC participants. Participant
characteristics of the NACC trajectory groups are presented in Table 2 and Supplementary
Table 4 (participants starting as normal).

Based on multinomial logistic regression (Table 3), a 5-year increase in age at death was
associated with lower odds of Accelerated Decline (aOR 0.57, 95% CI 0.48-0.67) and
Moderate Decline (aOR 0.69, 95% CI 0.60-0.79) membership versus No Decline. Braak
NFT stage V/VI (aOR 26.18, 95% CI 12.07-56.82) and TDP-43 pathology (aOR 4.32, 95%
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Cl 2.07-8.99) were associated with Accelerated Decline. The Accelerated Decline (aOR
2.54, 95% CI 1.37-4.68), Moderate Decline (aOR 3.36, 95% CI 1.75-6.44), and Mild
Decline (aOR 2.23, 95% CI, 1.19-4.18) groups were associated with higher odds of having
a-synuclein compared to the No Decline. Moderate/severe arteriolosclerosis was associated
with higher odds of membership in the Accelerated Decline (aOR 3.05, 95% CI 1.69-5.49),
Moderate Decline (aOR 1.92, 95% CI 1.18-3.12), and Mild Decline (aOR 1.75, 95% ClI
1.11-2.75). Complete case analyses are presented in Supplementary Table 5.

Distribution of multiple pathologies by trajectory groups

Figure 2 shows the frequencies of AD neuropathologic change (ADNC) and comorbid brain
pathologies by trajectory groups. Over 80% of UK-ADRC cohort and >86% of NACC
cohort brains had ADNC pathology with at least one comorbid pathology. The Moderate
Decline and Accelerated Decline groups had higher frequencies of quadruple misfolded
proteins (QMP) i.e. presence of all four misfolded proteins [1], as well as the presence of
TDP-43 with cerebrovascular pathologies. The presence of > 2 proteinopathies was also
largely accompanied by moderate/severe cerebrovascular pathologies. While among
participants who began as cognitively normal (Supplementary Figure 3), the Accelerated
Decline groups did not have any participants with pure quadruple misfolded proteins, but
was accompanied with CVD pathologies.

By contrast, 13.2% (48/365) of the UK-ADRC participants and 7.2% (71/981) of the NACC
participants met criteria for ‘No ADNC” (i.e., tau with absence of any Ap). With one
exception, these ‘No ADNC’ cases can also be classified as possible Primary Age-Related
Tauopathy (PART)[40]. In the UK-ADRC cohort, 48/48 ‘No ADNC’ cases had Braak NFT
stage I-1V. Of these, n=2 were in the Accelerated Decline group, n=9 in Moderate Decline,
n=16 in Mild Decline, and n=21 in the No Decline. In NACC, 70/71 ‘No ADNC’ cases met
criteria for possible PART. Of these, n=5 were in the Accelerated Decline group, n=9 in
Moderate Decline, n=29 in Mild Decline, and n=28 in the No Decline group (Figure 2).

In the RF analysis, all 16 predictors (Supplementary Table 1) were evaluated to assess their
relative importance in classifying participants into trajectory groups (Figure 3). For UK-
ADRC participants, the five most important variables were Braak NFT stage, cerebral
atrophy, HS, brain weight, and age at death. Similarly, for NACC cases, Braak NFT stage,
age at death, cerebral atrophy, brain weight, and a.-synuclein were most important.

Discussion

We estimated cognitive trajectories among ADRC volunteers in their last decade of life
based on longitudinal patterns of three cognitive test scores, considered simultaneously.
GBMTM models identified four trajectories (we labeled as: No, Mild, Moderate, and
Accelerated Decline) in both the UK-ADRC and NACC datasets. Although the NACC
participants died younger and had, generally, worse cognitive status compared to the UK-
ADRC participants, the trajectories during end of life, and the underlying pathologies, were
quite similar.
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The GBMTM approach allowed us to account for how longitudinal performance on each test
was related to longitudinal performance on the other two tests. Importantly, the results have
good face validity, which was assessed by mean scores in each trajectory groups (e.g.,
participants assigned to the No Decline group should have observed scores indicating
normal cognition).

One of the strengths of the GBMTM method is the ability to characterize patterns of
variation in longitudinal outcomes. In both cohorts, although the Moderate and the
Accelerated Decline groups had a pronounced decline in the test scores before death, the
trajectory patterns were dissimilar. Mean test scores in the Accelerated Decline group were
lower at the start and showed a constant decline, and almost 100% of participants had
dementia diagnoses. Accelerated Decline was associated with proportionally greater burden
of proteinopathies and cerebrovascular pathologies than the other trajectory groups. The
Moderate Decline trajectory scores rapidly decreased starting about 8 years before death,
and >90% carried a dementia diagnosis. However, looking at the individual tests, the Logical
Memory and Animal Naming scores were low a decade before death, whereas the Mild
Decline group participants showed decline only in the last 4-5 years before death. These
findings suggest that GBMTM models may be useful in recognizing the subpopulations of
older adults that show varied patterns of cognitive performance and potentially disease
burden.

Consistent with previous studies, neocortical tau proteinopathy (the pathology found in
Braak NFT stages VV/VI) was strongly associated with cognitive decline [31, 41]. Results
from both the multinomial logistic and RF analyses emphasized the importance of Braak
NFT stages in trajectory membership. However, point estimates from the multinomial model
should be interpreted with caution due to the wide confidence intervals, which arose
primarily due to sparse cells in the Braak NFT stages I/II/I11/1V in the Accelerated and the
Moderate Decline groups. Even so, we consider the association very strong. The possible
PART cases (Braak NFT stages I-1V and no amyloid) were mostly in the No Decline and the
Mild Decline group, emphasizing the role of high Braak NFT stages (V-VI) in cognitive
decline [40, 42].

Also consistent with previous studies was the lack of a strong association between amyloid-
B (in the absence of high Braak NFT stages) and cognitive trajectories [43]. Amyloid
plaques were present in all trajectory groups and did not predict group membership in the
multinomial analysis, and the RF analysis also showed amyloid was not important for group
membership. Although the APOE e4 carrier proportions were >40% in the Moderate and
Accelerated decline groups, after controlling for the other proteinopathies there was no
association with trajectory groups, except with the Moderate Decline group in the NACC
cohort. The association between APOE e4 and late-life cognitive decline appears to be
mediated primarily by the relationship between APOE and ADNC, and once ADNC affects
cognition, the association between APOE and cognition is diminished [44].

TDP-43 proteinopathy was prevalent in Accelerated and Moderate Decline groups and was
strongly associated with group membership. TDP-43 proteinopathy has a strong association
with cognitive impairment [1, 3, 45], and is associated independently with cognitive decline
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in the presence or absence of comorbid ADNC [4, 45]. Presence of a-synuclein
proteinopathy was strongly associated with group membership among the NACC
participants but not among the UK-ADRC participants, perhaps due to age differences in the
two cohorts, given that participants with a-synuclein proteinopathy die at a relatively
younger age [46]. Moderate/severe atherosclerosis and arteriolosclerosis were also strongly
associated with the Accelerated Decline group. Furthermore, moderate/severe cerebral
atrophy was proportionally higher in Accelerated and Moderate Decline and was one of the
five of the most important variables in the RF analysis. The confluence of proteinopathies,
age at death, cerebrovascular pathologies, cerebral atrophy, HS, and brain weight appeared
to play roles in the slopes of the trajectories.

This study has several strengths. First was the availability of longitudinal follow-up with
both clinical and neuropathological data. Second, we were generally able to replicate UK-
ADRC results with NACC data collected from different ADRCs. Third, careful assessment
of missing data and performing multiple imputation increased the validity of our findings.
Additionally, we performed a sensitivity analysis in participants who started follow-up with
clinically normal cognition, allowing a basis for clinical inference with respect to a
presumed normal baseline. Although there were differences in the cohorts in terms of age at
death, proportions of APOE 4 allele, TDP-43, a-synuclein, cerebrovascular diseases, and
hippocampal sclerosis, multiple comorbidities were prevalent in Moderate and Accelerated
Decline groups from both cohorts.

The study has some limitations. There is possible misclassification of trajectory group
membership due to missing data and the fact that group membership is probabilistic.
Additionally, while we used three tests to measure cognition, these were selected due to data
availability, but this prevented analysis by cognitive domains. Genetic data were limited to
APOE genotype. In addition, our results have limited generalizability, as our data were
restricted to primarily white, well-educated and autopsied participants. Future studies are
needed that focus on living populations with more demographically diverse research
volunteers. Finally, residual center effects may persist despite covariate adjustment for
center; however, prior research has shown good to excellent agreement in neuropathologic
ratings across ADRCs [33].

In conclusion, this study provides evidence that older adults follow distinct trajectories of
cognitive performance during end of life. The relationship between trajectory groups and
cognitive performance correlated with both number of proteinopathies and burden of
cerebrovascular pathology in the brain. Despite the younger age at death of the NACC
participants compared to the UK-ADRC participants, strikingly similar neuropathologic
profiles featuring multiple pathologies were associated with trajectories. Thus, high burden
of complex neuropathologies is not exclusively a phenomenon of extreme old age (as might
be the case if we only saw these associations in the UK-ADRC data), and prevention and
treatment strategies focused on a single disease may fail to decrease dementia burden in the
population.
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Figure 1:

Group-based multi-trajectory modeling was used to identify end-of-life latent cognitive
trajectories in autopsied UK-ADRC and NACC research volunteers. Within each study
sample, there is a 1:1 correspondence of group membership in the plots.
Trajectory groups: No Decline (purple), Mild Decline (green), Moderate decline (blue) and
Accelerated Decline (red).Shaded areas are 95% CI. The tables present test scores 10, 6, 3,
and in < 1 year before death. UK-ADRC, University of Kentucky-Alzheimer’s Disease

Center; NACC, National Alzheimer’s Coordinating Center
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= QMP+CVD
QMP
m ADNC+TDP-43+CVD
= ADNC+TDP-43
u ADNC+a-syn+CVD
ADNC+a-syn
ADNC+CVD
ADNC
No ADNC

= QMP+CVD
QMP
u ADNC+TDP-43+CVD
= ADNC+TDP-43
5 ADNC+a-syn+CVD
ADNC+a-syn
ADNC + CVD
ADNC
No ADNC

Distribution of neuropathology combinations by trajectory groups.

Abbreviations: ADNC, Alzheimer’s disease neuropathologic change; No ADNC, Tau alone
or Tau +CVD or Tau +TDP-43+CVD or Tau +a-synuclein £CVD; AB, Amyloid-p; TDP,
transactive response DNA binding protein; QMP, quadruple misfolded proteins, a-syn, a-
synuclein; CVD, presence of at least one of the three: Atherosclerosis(>50% Occluded),
Avrteriosclerosis (Moderate/Severe) and presence of Infarcts/Lacunes.
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Figure 3:

Random Forest results indicate strength of association for each variable in with overall

trajectory membership within each cohort.

Variables ranked based on Mean Decrease Accuracy.
Abbreviations: NFT, Neurofibrillary tangle; APOE, Apolipoprotein E; Ap, Amyloid-f;
TDP-43, transactive response DNA binding protein; HS, Hippocampal Sclerosis; CAA,

Cerebral amyloid angiopathy.
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Table 1:
UK-ADRC Participant Characteristics by Trajectory Group (N=365)
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No Decline Mild Decline  Moderate Decline  Accelerated Decline
Characteristics
102 (27.9) 108 (29.6) 94 (25.8) 61 (16.7)

Age at death, y mean (SD) 87.1(6.1) 89.0 (6.7) 87.6 (8.8) 82.4 (9.6)
Female sex 60 (58.8) 64 (59.3) 60 (63.8) 44 (72.1)
Race (White) 102 (100.0) 101 (93.5) 91 (96.8) 60 (98.4)
Education, y mean (SD) 16.7 (2.6) 15.7 (2.8) 15.1(3.1) 14.4 (3.4)
APOE €4 allele (=1 allele) 28 (27.5) 32 (29.6) 38 (40.4) 34 (55.7)
Last Clinical Diagnosis

Normal 72 (70.6) 30 (27.8) 2.1 0

Impaired/Other 5(4.9) 4(3.7) 1(1.0) 0

MCI 15 (14.7) 27 (25.0) 3(3.2) 0

Dementia 10 (9.8) 47 (43.5) 88 (93.6) 60 (98.4)
Whole brain, weight (g) mean (SD) ~ 1212.1 (134.2)  1164.9 (141.9) 1113.7 (174.3) 1056.1 (136.6)
AB Plagues 81 (79.4) 92 (85.2) 85 (90.4) 59 (96.7)
a-synuclein 24 (23.5) 27 (25.0) 32 (34.0) 29 (47.5)
TDP-43 inclusion bodies 20 (19.6) 35 (31.0) 48 (50.0) 39 (60.9)
Braak NFT stage

Ito IV 87 (85.3) 70 (64.8) 27 (28.7) 6 (9.8)

VioVI 15 (14.7) 38 (36.2) 67 (71.3) 55 (90.2)
Cerebral atrophy

None/Mild 93 (91.2) 87 (80.6) 44 (46.8) 10 (31.2)

Moderate/Severe 8 (7.8) 20 (18.5) 49 (52.1) 41 (67.2)
Hippocampal Sclerosis 9 (8.8) 16 (14.8) 37 (39.4) 28 (45.9)
Cerebral amyloid angiopathy

None/Mild 87 (85.3) 83 (76.8) 70 (74.5) 34 (55.7)

Moderate/severe 15 (14.7) 25 (23.2) 23 (24.5) 26 (42.6)
Atherosclerosis

<50% Occluded 48 (47.1) 37 (34.3) 37 (39.4) 21 (34.4)

> 50% Occluded 54 (52.9) 71 (65.7) 56 (59.6) 37 (60.7)
Arteriolosclerosis

None/Mild 64 (62.8) 70 (64.8) 64 (68.1) 33 (54.1)

Moderate/Severe 26 (25.5) 28 (25.9) 23 (24.5) 13 (21.3)
Infarcts/Lacunes

Yes 58 (56.9) 53 (49.1) 53 (56.4) 37 (60.7)

No 44 (43.1) 55 (50.9) 41 (43.6) 24 (39.3)

Mean (SD) or proportion as shown. SD, standard deviation; Abbreviations: UK-ADRC, University of Kentucky-Alzheimer’s Disease Research
Center;. APOE, Apolipoprotein; A, Amyloid-p; TDP-43, transactive response DNA binding protein 43; NFT, Neurofibrillary tangles; Missing
data are reported in Supplementary Table 2.
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Table 2:

NACC Participant Characteristics by Trajectory Group (N=981)
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No Decline Mild Decline  Moderate Decline  Accelerated Decline
Variable
157(16.0) 307(31.3) 376 (38.3) 141(14.4)

Age at death, y, mean (SD) 85.1(8.3) 82.2 (9.5) 79.1(9.1) 76.9 (10.2)
Female sex 69 (44.0) 134 (43.7) 174 (46.3) 77 (54.6)
Race (White) 147 (93.6) 288 (93.8) 353 (93.9) 123 (87.2)
Education, y, mean (SD) 16.5 (2.9) 15.4 (3.1) 15.1(3.1) 15.3(3.3)
APOE €4 allele (=1 allele) 41(26.1) 129 (42.0) 215 (57.2) 64 (45.4)
Last Clinical Diagnosis

Normal 74 (47.1) 11 (3.6) 0 0

Impaired/Other 13(8.3) 4(1.3) 1(0.3) 0

MCI 42 (26.8) 31(10.1) 0 0

Dementia 28 (17.8) 261 (85.0) 375 (99.7) 141 (100.0)
Whole brain, weight (g) mean (SD) ~ 1226.4 (137.8)  1193.6 (164.5)  1136.3 (148.6) 1029.2 (190.7)
AB Plaques 129 (82.2) 278 (90.6) 367 (97.6) 136 (96.5)
a-synuclein 31(19.8) 124 (40.4) 157 (41.8) 68 (48.2)
TDP-43 inclusion bodies 20 (12.7) 70 (22.8) 121 (32.2) 52 (36.9)
Braak NFT stage

Ito IV 124 (79.0) 137 (44.6) 58 (15.4) 17 (12.1)

VioVI 33 (21.0) 170 (55.4) 318 (84.6) 124 (87.9)
Cerebral atrophy

None/Mild 109 (69.4) 188 (61.2) 168 (44.7) 23 (16.3)

Moderate/Severe 28 (19.1) 99 (32.3) 189 (50.3) 106 (75.2)
Hippocampal Sclerosis 11(7.0) 32 (10.4) 73 (19.4) 28 (19.9)
Cerebral amyloid angiopathy

None/Mild 126 (82.9) 216 (70.8) 208 (54.5) 72 (50.7)

Moderate/Severe 25 (16.5) 88 (28.9) 173 (45.3) 70 (49.3)
Atherosclerosis

<50% Occluded 95 (60.5) 200 (65.2) 241 (64.1) 77 (54.6)

> 50% Occluded 62 (39.5) 105 (34.2) 132 (35.1) 63 (44.7)
Arteriolosclerosis

None/Mild 91 (58.0) 137 (44.6) 163 (42.7) 48 (34.0)

Moderate/Severe 65 (41.4) 168 (54.7) 214 (56.0) 92 (65.3)
Infarcts/Lacunes

No 99 (63.1) 200 (65.2) 251 (66.8) 106 (75.2)

Yes 57 (36.9) 106 (34.5) 123 (32.7) 35 (24.8)

Mean (SD) or proportion as shown. SD, standard deviation; Abbreviations: NACC, National Alzheimer’s Coordinating Center. APOE,
Apolipoprotein E; AR, Amyloid-p; TDP, transactive response DNA binding protein; NFT, Neurofibrillary tangles; Missing data are reported in

Supplementary Table 2.

J Alzheimers Dis. Author manuscript; available in PMC 2021 July 28.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Karanth et al.

Table 3:

Page 20

Multinomial logistic regression was used to estimate adjusted odds ratios (aOR) of membership in a group

with cognitive decline vs. no decline within cohorts. Results are based on models fully adjusted for all

variables listed.

Variable

Accelerated vs No

Moderate vs No

Mild vs No

UK-ADRC (n=365)

aOR (95%Cl)

Age at death (5-yr increase)

0.68 (0.51-0.92)

1.14 (0.89-1.46)

1.24 (0.99-1.54)

Sex

1.98 (0.75-5.19)

0.80 (0.38-1.70)

0.71 (0.38-1.33)

Education

0.71 (0.61-0.83)

0.77 (0.68-0.88)

0.83 (0.73-0.93)

APOE g4 allele 21 vs 0

1.17 (0.47-2.94)

0.91 (0.33-1.76)

0.84 (0.42; 1.75)

Braak NFT stage

(VtoVI)vs(lto V)

43.95 (12.00-163.98)

17.69 (7.63-44.10)

3.58 (1.66-7.70)

TDP-43 Yes vs No

3.52 (1.04-12.87)

1.53 (0.55-4.14)

1.51 (0.63-3.63)

AB Yes vs No

1.10 (0.16-7.54)

0.84 (0.28-2.53)

1.20 (0.52-2.77)

a-synuclein Yes vs No

1.61 (0.52-3.98)

1.50 (0.67-3.15)

1.14 (0.56-2.20)

Atherosclerosis

>50% vs <50% Occluded

2.03 (0.80-5.54)

1.14 (0.66-2.75)

1.54 (0.84-2.93)

Arteriolosclerosis

Mod/Severe vs Mild/None

0.74 (0.28-2.19)

0.96 (0.33-1.74)

0.98 (0.40-1.82)

HS Yes vs No

8.78 (2.25-33.28)

5.96 (1.89-20.86)

1.34 (0.43-4.03)

NACC (n=981)

aOR (95%Cl)

Age at death (5yr increase)

0.57 (0.48-0.67)

0.69 (0.60-0.79)

0.88 (0.77-1.00)

Sex

1.14 (0.65-2.02)

0.79 (0.49-1.29)

0.79 (0.50-1.25)

Education

0.82 (0.74-0.89)

0.81 (0.75-0.89)

0.86 (0.80-0.92)

APOE &4 allele

1.70 (0.95-3.06)

217 (1.31-3.58)

1.55 (0.96-2.50)

Braak NFT stage

(VtoVI)vs (Ito 1V)

26.18 (12.07-56.82)

14.48 (8.38-25.02)

3.93 (2.38-6.50)

TDP-43 Yes vs No

4.32 (2.07-8.99)

3.36 (1.75-6.44)

2.23(1.19-4.18)

A Yes vs No

0.65 (0.19-2.22)

1.53 (0.62-3.82)

0.96 (0.51-1.83)

a-synuclein Yes vs No

2.54 (1.37-4.68)

2.23(1.30-3.82)

2.52 (1.51-4.21)

Atherosclerosis

>50% vs <50% occluded

1.65 (0.90-3.03)

1.02 (0.61-1.72)

0.80 (0.50-1.30)

Arteriolosclerosis

Mod/Severe vs Mild/None

3.05 (1.69-5.49)

1.92 (1.18-3.12)

1.75 (1.11-2.75)

HS Yes vs No

2.41 (0.95-6.16)

256 (1.11-5.93)

1.37 (0.60-3.13)

No Decline group was the reference; Abbreviations: aOR, adjusted odds ratio; 95%Cl, 95 % confidence intervals; APOE, Apolipoprotein E; AB,

Amyloid-B; TDP, transactive response DNA binding protein; NFT, Neurofibrillary tangle; HS, Hippocampal Sclerosis.
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