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To what degree is late life cognitive decline
driven by age-related neuropathologies?

Patricia A. Boyle,"? Tianhao Wang,»* Lei Yu,»* Robert S. Wilson,'** Robert Dawe,*
Konstantinos Arfanakis,*> Julie A. Schneider®>® and David A. Bennett’3

The ageing brain is vulnerable to a wide array of neuropathologies. Prior work estimated that the three most
studied of these, Alzheimer’s disease, infarcts, and Lewy bodies, account for ~40% of the variation in late life cog-
nitive decline. However, that estimate did not incorporate many other diseases that are now recognized as potent
drivers of cognitive decline [e.g. limbic predominant age-related TDP-43 encephalopathy (LATE-NC), hippocampal
sclerosis, other cerebrovascular conditions]. We examined the degree to which person-specific cognitive decline in
old age is driven by a wide array of neuropathologies.

Deceased participants (n=1164) from two longitudinal clinical-pathological studies, the Rush Memory and Aging
Project and Religious Orders Study, completed up to 24 annual evaluations including 17 cognitive performance tests
and underwent brain autopsy. Neuropathological examinations provided 11 pathological indices, including markers of
Alzheimer’s disease, non- Alzheimer’s disease neurodegenerative diseases (i.e. LATE-NC, hippocampal sclerosis, Lewy
bodies), and cerebrovascular conditions (i.e. macroscopic infarcts, microinfarcts, cerebral amyloid angiopathy, athero-
sclerosis, and arteriolosclerosis). Mixed effects models examined the linear relation of pathological indices with global
cognitive decline, and random change point models examined the relation of the pathological indices with the onset
of terminal decline and rates of preterminal and terminal decline.

Cognition declined an average of about 0.10 unit per year (estimate = -0.101, SE = 0.003, P < 0.001) with considerable
heterogeneity in rates of decline (variance estimate for the person-specific slope of decline was 0.0094, P < 0.001).
When considered separately, 10 of 11 pathological indices were associated with faster decline and accounted for be-
tween 2% and 34% of the variation in decline, respectively. When considered simultaneously, the 11 pathological indi-
ces together accounted for 43% of the variation in decline; Alzheimer’s disease-related indices accounted for 30-36% of
the variation, non-Alzheimer’s disease neurodegenerative indices 4-10%, and cerebrovascular indices 3-8%. Finally,
the 11 pathological indices combined accounted for less than a third of the variation in the onset of terminal decline
(28%) and rates of preterminal (32%) and terminal decline (19%).

Although age-related neuropathologies account for a large proportion of the variation in late life cognitive decline, con-
siderable variation remains unexplained even after considering a wide array of neuropathologies. These findings high-
light the complexity of cognitive ageing and have important implications for the ongoing effort to develop effective
therapeutics and identify novel treatment targets.
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Introduction

Prevention of late life cognitive decline is a top priority in ageing
research, but efforts to mitigate cognitive decline continue to
show limited success. This is in large part because cognitive age-
ing is a complex and heterogeneous phenomenon affected by a
wide array of neuropathologies. That is, although it was long
thought that late life cognitive decline was primarily the result of
Alzheimer’s disease, it is now clear that the ageing brain is vul-
nerable to a variety of cognition impairing neuropathologies,
including non-Alzheimer’s disease neurodegenerative diseases
and cerebrovascular conditions.’™ Neuropathologies can accu-
mulate years or even decades prior to cognitive impairment, but
their prevalence increases dramatically with advancing age, with
one or more pathologies evident in many individuals over the
age of 60 and nearly all over 80.%” Moreover, distinct diseases
contribute to particular manifestations of dementia, but age-
related neuropathologies also accumulate in individuals without
cognitive impairment and can differentially impact cognition de-
pending on their combination, severity and pattern of accumula-
tion.”** We previously reported that the three most studied
neuropathologies, Alzheimer’s disease, infarcts, and Lewy
bodies, account for ~40% of the person-specific variation in late
life cognitive decline.’? However, that estimate did not incorpor-
ate many other diseases that have since emerged as potent
drivers of cognitive decline [e.g. limbic predominant age-related
TDP-43 encephalopathy (LATE-NC), hippocampal sclerosis, other
vascular conditions].***? Further, we now have a much larger
sample size and longer follow-up, which provide additional
power. Understanding the extent to which the fuller complement
of age-related neuropathologies account for cognitive decline is
essential to inform research priorities and facilitate effective
therapeutic interventions.

In this study, we examined the degree to which person-specif-
ic cognitive decline in old age is driven by a wide array of
neuropathologies, including three Alzheimer’s disease indices,
three non-Alzheimer’s disease neurodegenerative diseases, and
five cerebrovascular indices. Participants were more than 1100
deceased persons from two longitudinal clinical-pathological
studies, the Rush Memory and Aging Project and Religious Orders
Study.'* They completed detailed annual cognitive assessments
for up to 24years (mean=38.7) and underwent brain autopsy.
Neuropathological examinations provided 11 pathological indi-
ces (i.e. global Alzheimer’s disease, amyloid-p, PHFtau tangles,
LATE-NC, hippocampal sclerosis, Lewy bodies, macroscopic
infarcts, microinfarcts, cerebral amyloid angiopathy, atheroscler-
osis and arteriolosclerosis). Linear mixed effects models first
examined the relation of pathological indices with the annual
rate of global cognitive decline, and random change point models

then examined the relation of the pathological indices with the
onset of terminal decline and rates of preterminal and terminal
cognitive decline.

Materials and methods

Data came from deceased older subjects from two ongoing clinic-
al-pathological cohort studies, the Religious Orders Study (ROS),
which began in 1994, and the Rush Memory and Aging Project
(MAP), which began in 1997.'* ROS participants are older Catholic
nuns, priests, and monks from across the USA, and MAP partici-
pants are community-based older individuals from the greater
Chicago area. The studies share essentially identical designs and
operations. Participants enrol without known dementia and
undergo detailed annual clinical evaluations and brain autopsy.
All participants signed an informed consent form and Anatomical
Gift Act for organ donation and an Institutional Review Board of
Rush University Medical Center approved each study.

Eligibility for these analyses required at least two cognitive
evaluations and complete data on all 11 pathological indices. At
the time of these analyses (16 December 2019), 3614 participants
had completed the baseline evaluation. We excluded 142 who died
before the first follow-up cognitive evaluation and 185 who were
enrolled less than 1 year. This left 3287 individuals and follow-up
cognitive data were available for 3274 (99.6%). Of those, 1747 died
and complete neuropathological data were available for 1344
(76.9%). We further excluded 180 who had other pathological diag-
noses (e.g. brain tumour). Thus, there were a total of 1164 individu-
als in the main analytic group.

Annual clinical evaluations include detailed neurological exami-
nations, cognitive assessments, and medical history inter-
views.'!® Cognitive function is assessed annually using a battery
of 19 cognitive performance tests. Two tests (Mini-Mental State
Examination, Complex Ideational Material) are used only for diag-
nostic purposes. The remaining 17 tests are used to create a com-
posite measure of global cognitive function; tests include:
immediate and delayed recall of the East Boston Story and Logical
Memory Story A; Word List Memory, Word List Recall, Word List
Recognition; Symbol Digit Modalities Test; Number Comparison;
Boston Naming Test; Verbal Fluency; Word Reading; Digit Span
Forward; Digit Span Backward; Digit Ordering; Judgment of Line
Orientation; Standard Progressive Matrices. To generate the com-
posite score, we converted raw scores on each test to z-scores,
using the baseline mean and standard deviation (SD) from the
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combined parent studies, and then averaged the z-scores together.
The use of a composite score minimizes floor and ceiling effects
and other sources of random variability and is optimal for studies
examining change in cognition over many years.'>*%6:17

Details of the neuropathological assessment and creation of sum-
mary measures of 11 neuropathologies, including markers of
Alzheimer’s disease (i.e. global Alzheimer’s disease pathology,
amyloid-p, PHFtau tangles), non-Alzheimer’s disease neurodege-
nerative diseases (i.e. LATE-NC, hippocampal sclerosis, Lewy
bodies), and cerebrovascular conditions (i.e. macroscopic infarcts,
microinfarcts, cerebral amyloid angiopathy, atherosclerosis, arte-
riolosclerosis) are provided in the Supplementary material.

In supporting analyses, we examined whether a metric of tissue
integrity derived from post-mortem MRI, the transverse relax-
ation rate constant R,, might serve as a relatively independent
pathological marker associated with late life cognitive decline.
MRI procedures have been described previously.'” For the R,
measure, we identified groups of voxels whose R, values trended
together in different R, characteristics within those voxels. To
this end, we adapted FSL’s ‘melodic’ tool to carry out independ-
ent component analysis (ICA)' on smoothed versions (half-
width = 1.25mm) of the normalized R, maps. We derived 30 ICs
as a trade-off between dimensionality reduction and spatial spe-
cificity of the resultant IC maps. This number of ICs captured
most of the variance in the R, images and is in line with several
prior brain imaging studies that used a range of imaging modal-
ities. The mixing matrix returned by the ICA tool contains the 30
IC weights or loadings for each specimen, which reflect the in-
fluence of each IC in the composition of each individual R, map.
We used these IC values in analyses.

We first used linear mixed effects models to characterize the linear
rates of cognitive decline, examine the relation of pathology with
cognitive decline, and determine the contribution of the patho-
logical indices to the reduction of between-subject variation in
cognitive decline. The outcome of interest was the longitudinal
global cognition score. In a linear mixed effects model, each indi-
vidual cognitive trajectory is assumed to follow a mean linear path
of change in cognition function plus a random intercept and a ran-
dom slope, which reflect the subject-specific level of cognition and
the subject-specific rate of change in cognition. The variance of
the random slope captures the between-subject variation in cogni-
tive decline. We began with an unadjusted model with only the
term for time, defined as the time in years before death, and then
added in terms for the pathological indices and their interactions
with time in a series of models. Each pathology x time interaction
characterizes the difference from the mean slopes of cognitive de-
cline due to the particular pathological index. Consequently, the
reduction of the random slope variance from the unadjusted
model to pathology-adjusted model reflects the between-subject
variation in cognitive decline explained by the corresponding
pathology. We first analysed the effect of each pathological index,
and then included simultaneously the six pathological indices
considered previously. However, as we have several additional
pathological indices currently available, the fully adjusted core
model included 11 pathological indices. We also conducted two
sensitivity analyses: (i) we excluded persons whose cognition

P. A. Boyle et al.

improved over time; and (ii) we repeated the fully adjusted model
using two sub-composites of cognition based on tests that require
vision and those that do not (Supplementary material) to examine
whether vision altered the associations between the pathological
indices and cognitive decline. Finally, we examined the three
classes of pathology as groupings (i.e. Alzheimer’s disease patholo-
gies, non-Alzheimer’s disease neurodegenerative pathologies, and
cerebrovascular diseases) and varied the order of entry of the three
pathology groups into the model to determine the range of varian-
ces explained by each class of pathology.

Next, because cognitive decline accelerates in the years just
prior to death (i.e. terminal decline),”® we further applied random
change point models to determine when the rate of cognitive de-
cline accelerated prior to death and characterize rates of cognitive
decline before and after the change point. The random change
point models included four basic components: the change point,
preterminal slope, terminal slope, and intercept proximate to
death. The change point indicates the onset of terminal decline,
and the preterminal and terminal slopes indicate the rate of
change before and after its onset; the intercept reflects the level of
cognition proximate to death. Each component was parameterized
as a linear function of variables of interest, including the patho-
logical indices. The term for each pathological index on the change
point estimates the association of that pathological index with the
onset of terminal decline. The term for each pathological index in
the preterminal slope estimates the association of that pathologic-
al index with the rate of preterminal decline. The term for each
pathological index in the terminal slope estimates the association
of that pathological index with the rate of decline during the ter-
minal period. The pathological indices, if significant, account for a
proportion of the total variances in random change point, and pre-
terminal and terminal slopes, and the reduction of the random
slope variance reflects the between-subject variation in cognitive
decline explained by pathological indices. Model estimation was
done with a Bayesian Monte Carlo Markov Chain approach imple-
mented in OpenBUGS software.

The data that support the findings of this study are available upon
request via the Rush Alzheimer’s Disease Center Resource Sharing
Hub (www.radc.rush.edu).

Results

At the time of these analyses, 1164 participants had died with two
or more cognitive evaluations and had complete autopsy data.
They had an average of 8.4 years of follow up (SD = 5.0, range = 1-
23), an average age at death of 90.0 (SD = 6.4, range = 65.9-108.3),
and 806 (69.2%) were females. Additional descriptive data are
provided in Table 1. At autopsy, 1160 (99.7%) persons had
Alzheimer’s disease pathology (global Alzheimer’s disease path-
ology > 0); more specifically, 1025 (88.1%) patients were positive
for amyloid-B, and 1163 (99.9%) were positive for PHFtau tangles;
additional neuropathological data are provided in Table 1. Table 2
shows the intercorrelations among pathology variables and
demographics.

We first used linear mixed effects models to estimate the mean tra-
jectory of cognitive decline and the variability of linear decline
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Table 1 Descriptive characteristics of the cohort

Variable Mean (SD)
or
n (%)

Age at death, years 90.0 (6.4)
Education, years 16.2 (3.6)
Female 806 (69.2%)
Follow-up years 4 (5.0)
Baseline global cognition -0. 11 (0.61)
Proximate to death global cognition -0.75(1.21)
Global Alzheimer’s disease pathology 0.79 (0.63)
Amyloid-B, square-root transformed 1.67 (1.13)
PHFtau tangles, square-root transformed 1.73 (1.35)
Neocortical Lewy bodies® 159 (13.7%)

LATE-NC (4 stages)

0 (None) 549 (47.2%)

1 (Amygdala) 216 (18.6%)

2 (Amygdala + Limbic) 124 (10.7%)

3 (Amygdala + Limbic + Neocortical) 275 (23.6%)
Hippocampal sclerosis® 117 (10.1%)
Gross infarcts, chronic® 420 (36.1%)
Microscopic infarcts, chronic? 352 (30.2%)
Atherosclerosis

0 (none) 221 (19.0%)

1 (mild) 570 (49.0%)

2 (moderate) 294 (25.3%)

3 (severe) 79 (6.8%)
Arteriolosclerosis

0 (none) 376 (32.3%)

1 (mild) 431 (37.0%)

2 (moderate) 274 (23.5%)

3 (severe) 83 (7.1%)
Cerebral amyloid angiopathy

0 (None) 244 (21.0%)

1 (Mild) 490 (42.1%)

2 (Moderate) 282 (24.2%)

3 (Severe) 148 (12.7%)
Braak Score

0 9 (<1%)

1,2 159 (14%)

3,4 643 (55%)

5,6 353 (30%)
CERAD Score

None 239 (20.5%)

Sparse 94 (8%)

Moderate 412 (35%)

Frequent 419 (36%)
Thal phase

0 74 (8%)

1,2 167 (18%)

3 267 (29%)

45 406 (44%)

3Lewy bodies present.

across individuals. In the initial unadjusted model, global cognitive
function declined a mean of about 0.1 standard units per year (esti-
mate =-0.101, SE = 0.003, P < 0.001; Table 3); the variance of the sub-
ject-specific slope of decline was 0.0094 (P < 0.001; Table 4). Figure 1
shows a spaghetti plot of the observed longitudinal trajectories for a
random sample (n =50) of participants (Fig. 1, left), and the model-
derived mean trajectory of cognitive decline (Fig. 1, right) superim-
posed on the estimated individual trajectories for those participants.
Considerable heterogeneity is evident, with some individuals
improving, some remaining stable, some declining moderately
(close to mean trajectory), and some declining rapidly.
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In separate analyses, we first examined the relation of each patho-
logical index with the rate of cognitive decline. Global Alzheimer’s
disease pathology was associated with a faster rate of cognitive de-
cline (estimate = -0.080, SE = 0.005, P < 0.001), and alone explained
27% of the between-subject variability in decline. Amyloid-f (esti-
mate = -0.030, SE = 0.003, P < 0.001) and PHFtau tangles (estimate
= -0.043, SE = 0.002, P < 0.001) were also associated with a faster
rate of decline and explained 13% and 35% of the between-subject
variance, respectively. Similarly, other neurodegenerative patholo-
gies were associated with a faster rate of cognitive decline but
accounted for less of the between-subject variance (neocortical
Lewy bodies estimate = -0.102, SE = 0.014, P < 0.001, 8% variance
explained; LATE-NC estimate = -0.021, SE = 0.003, P < 0.001, 7%
variance explained; hippocampal sclerosis estimate = —0.064, SE =
0.010, P < 0.001, 3% variance explained). Finally, with the exception
of microinfarcts, all vascular indices were associated with faster
decline but accounted for the least between-subject variance (ath-
erosclerosis estimate = -0.020, SE = 0.004, P < 0.001, 3% variance
explained; arteriolosclerosis estimate = -0.015, SE = 0.003,
P < 0.001, 2% variance explained; gross infarcts estimate = -0.022,
SE = 0.007, P < 0.001, 1% variance explained; cerebral amyloid-p
angiopathy estimate = -0.023, SE = 0.003, P < 0.001, 5% variance
explained). See Tables 3 and 4 for details.

Next, we examined the relation of multiple pathological indices
simultaneously. We first considered the six pathologies examined
previously (i.e. global Alzheimer’s disease pathology, amyloid-f,
PHFtau tangles, gross infarcts, microinfarcts, and neocortical Lewy
bodies) for comparison with our prior work as we are now using a
much larger sample with considerably longer follow-up data.
Together, the six pathological indices accounted for 40% of the
variation in cognitive decline, which is almost exactly the same as
previously reported (41%). Then, we included all 11 pathologies
simultaneously (Table 3). Together, the 11 pathological indices
accounted for 43% of the variation in cognitive decline.

In sensitivity analyses, because neuropathologies are associ-
ated with cognitive decline rather than improvement, we con-
ducted an analysis in which we excluded participants who
improved and repeated the core analysis only among decliners.
The core findings were essentially unchanged (data not shown).
Further, because vision impairment is common among older
subjects and can affect cognitive performance, we examined the
association of neuropathologies with cognitive decline separately
for cognitive tests that require vision and those that do not. The
results largely remained unchanged; the only exception was gross
infarcts, which were only significantly associated with decline in
tests that did not require vision (Supplementary material).

To facilitate an understanding of the degree to which different
classes of neuropathologies contribute to cognitive decline, we
grouped the pathological indices into three subgroups: (i)
Alzheimer’s disease-related neurodegenerative pathology, i.e.
amyloid-p, PHFtau tangles, and global Alzheimer’s disease path-
ology; (ii) other neurodegenerative pathologies, i.e. neocortical
Lewy bodies, LATE-NC, and hippocampal sclerosis; and (iii) cere-
brovascular pathologies, i.e. atherosclerosis, arteriolosclerosis,
gross infarcts, microinfarcts and cerebral amyloid angiopathy.
Figure 2 is based on the fully adjusted model and shows the addi-
tive effects of the three classes on the rate of cognitive decline.
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Table 2 Intercorrelations among the pathological indices

P. A. Boyle et al.

Variable Global Amyloid-p PHFtau LB LATE- HS Gross Micro- Athero- Arteriolo- CAA
Alzheimer’s tangles NC infarcts infarcts sclerosis sclerosis
disease
Global Alzheimer’s 0.77% 0.73%  0.07° 0.22% 0.08° —-0.003 -0.02 0.007 0.03 0.39%
disease
Amyloid-p 0.53* 006" 0.19*  0.08" 0.03 0.01 -0.04 0.03 0.36
PHFtau tangles 0.10% 0.3% 0.11% 0.03 -0.002 0.04 0.08° 0.32%
LB 0.07°  0.05° -0.02 -0.006 -0.07° -0.05¢ -0.03
LATE-NC 0.35% 0.05¢ 0.04 0.07° 0.09° 0.147
HS 0.04 0.04 0.02 0.06° 0.06°
Gross infarcts 0.21° 0.25° 0.19° 0.007
Micro-infarcts 0.08° 0.09° 0.003
Atherosclerosis 0.34% -0.004
Arteriolosclerosis 0.03
CAA = cerebral amyloid-p angiopathy; HS = hippocampal sclerosis; LB = neocortical Lewy bodies.
2P < 0.001.
PP < 0.05.
“Trend, P < 0.10, based on Spearman correlations.
Table 3 Association of each pathological index with rate of cognitive decline
Separate models Multivariate models
Six pathologies Eleven pathologies
Estimate (SE) P-value Estimate (SE) P-value Estimate (SE) P-value
Global Alzheimer’s -0.080 (0.005) <0.001 -0.020 (0.008) 0.013 -0.021 (0.008) 0.009
disease pathology
Amyloid-B -0.030 (0.003) <0.001 -0.002 (0.003) 0.596 -0.001 (0.003) 0.730
PHFtau tangles -0.043 (0.002) <0.001 -0.034 (0.003) <0.001 -0.032 (0.003) <0.001
Neocortical Lewy bodies -0.059 (0.009) <0.001 -0.045 (0.008) <0.001 -0.047 (0.008) <0.001
LATE-NC (4 stages) -0.021 (0.003) <0.001 - - -0.003 (0.002) 0.278
Hippocampal sclerosis -0.064 (0.010) <0.001 - - -0.035 (0.009) <0.001
Gross infarcts, chronic -0.022 (0.007) <0.001 -0.024 (0.006) <0.001 -0.015 (0.006) 0.010
Microscopic infarcts, -0.003 (0.007) 0.627 -0.0005 (0.006) 0.938 0.002 (0.006) 0.686
chronic
Atherosclerosis -0.020 (0.004) <0.001 - - -0.015 (0.003) <0.001
Arteriolosclerosis -0.015 (0.003) <0.001 - - -0.006 (0.003) 0.073
Cerebral amyloid -0.023 (0.003) <0.001 - - -0.002 (0.003) 0.444
angiopathy

We further investigated the variances explained by each of
the three pathology classes, and the additional variance reduc-
tion by adding one subgroup to the others; thus, we determined
the range of variances accounted for by each subgroup. Results
showed that Alzheimer’s disease-related neurodegenerative
pathologies explained 30-36% of the between-subjects variation,
non-Alzheimer’s disease neurodegenerative pathologies
explained 4-10%, and cerebrovascular disease indices explained
3-8%, depending on the order of entry (data not shown). Figure 3
summarizes the cumulative influence of the pathological indi-
ces on the between-subject variation in cognitive decline, as
well as the unexplained variation.

Cognitive decline accelerates in the years just before death and
recent work suggests that much of late life cognitive decline is in
fact terminal.’® To capture terminal change, we used random

change point models to characterize the onset of terminal de-
cline and rates of preterminal and terminal decline and then
examine the contribution of the pathological indices to the dif-
ferent components of the cognitive trajectory. For robustness of
model estimation, these analyses were done in a subset of indi-
viduals (n=933) with at least five cognitive assessments; the
mean length of follow-up was 9.9years (SD = 4.5, range = 4-23).
In the initial analysis, the onset of terminal cognitive decline (i.e.
the change point) began 3.6years prior to death [95% credible
interval (CI) = -3.79 to -3.42]. The rate of decline in the pretermi-
nal period was 0.04 per year (95% CI = -0.047 to —-0.037), and this
increased 8-fold in the terminal period to -0.32 (95% CI = -0.346
to -0.301). We then simultaneously examined the six pathologic-
al indices considered previously and again the findings were very
consistent with our prior findings. In total, the six pathological
indices accounted for 22.5% of the variation in the onset of ter-
minal decline, 28.6% of the variation in preterminal decline, and
17.3% of the variation in terminal decline. Finally, we examined
simultaneously all 11 pathological indices (Table 5). Together,
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Table 4 Variances explained by each of the pathological indices and combinations thereof

Predictor Global cognition decline
Total variance Reduction % Total variance
explained
Reference model 0.0094 - -
Separate models
Global Alzheimer’s disease 0.0069 0.0025 27%
pathology
Amyloid-p 0.0082 0.0012 13%
PHFtau tangles 0.0061 0.0033 35%
Neocortical Lewy bodies 0.0090 0.0004 4%
LATE-NC (4 stages) 0.0088 0.0006 7%
Hippocampal sclerosis 0.0091 0.0003 3%
Gross infarcts, chronic 0.0093 0.0001 1%
Microscopic infarcts, chronic 0.0094 0.0000 0%
Atherosclerosis 0.0092 0.0002 3%
Arteriolosclerosis 0.0093 0.0001 2%
Cerebral amyloid angiopathy 0.0090 0.0004 5%
Multivariate models
Six pathologies?® 0.0057 0.0037 40%
All 11 pathologies 0.0054 0.0040 43%

#Includes global Alzheimer’s disease pathology, amyloid-p, PHFtau tangles, neocortical Lewy bodies, gross infarcts, and microscopic infarcts.

Global cognition

4 -

Time before death
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Figure 1 Spaghetti plot of individual trajectories from a random sample of subjects (n = 50, left) and mean slope of cognitive decline superimposed on

their estimated individual slopes (model-derived slopes, right).

the 11 pathological indices accounted for 28.0% of the variation
in the onset of terminal decline, 32.3% of preterminal, and 18.6%
of terminal decline. Supplementary Fig. 1 illustrates the additive
effect of the different classes of neuropathologies on the various
components of the cognitive trajectory.

Contribution of a novel brain imaging marker to
cognitive decline
The above findings suggest that the full complement of neuro-

pathological indices studied here account for less than half of the
variation in late life cognitive decline. Thus, other (as yet unknown

or unmeasured) pathological and resilience factors must be at
play. Because we previously showed in a relatively small sample
that post-mortem neuroimaging markers (i.e. Ry) may be inde-
pendently related to cognitive decline,** we analysed data from a
subsample of 680 individuals (mean length of follow-up was
9.2years, SD =5.1, range =1-23) in whom post-mortem R, data
were available. In this analysis, we repeated the core model (with
all 11 pathological indices) but with additional terms for 30 post-
mortem R, imaging indices and their interactions with time. In
this analysis, 21 components were associated with the rate of de-
cline (12 remained significant after Bonferroni correction; data not
shown). The 11 pathologies explained 44% of the between-subjects
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Figure 2 Contributions of combinations of the pathological indices to
cognitive decline (model derived slopes). Alzheimer’s disease (AD) =
neurodegenerative pathologies related to Alzheimer’s disease, i.e. glo-
bal Alzheimer’s disease pathology, amyloid-p and PHFtau tangles; CVD
= cerebrovascular diseases, i.e. gross infarcts, microscopic infarcts, ath-
erosclerosis, arteriolosclerosis, cerebral amyloid-B angiopathy; non-
Alzheimer’s disease (non-AD) = neurodegenerative pathologies, i.e.
Lewy bodies, hippocampal sclerosis and LATE-NC.

Residual cognitive decline: 57%

Figure 3 Variation in cognitive decline explained by the pathological
indices (dark grey) and the residual, unexplained variation in cognitive
decline (light grey) derived from fully adjusted models. Alzheimer’s
disease (AD) = neurodegenerative pathologies related to Alzheimer’s
disease, i.e. global Alzheimer’s disease pathology, amyloid-p and
PHFtau tangles; CVD = cerebrovascular indices, i.e. gross infarcts,
microscopic infarcts, atherosclerosis, arteriolosclerosis, cerebral amyl-
oid-B angiopathy; non-Alzheimer’s disease (non-AD) = neurodegenera-
tive pathologies, i.e. Lewy bodies, hippocampal sclerosis and LATE-NC.

variance in decline, almost the same as in the core analysis (43%).
Further, the 30 R, components combined explained an additional
4%, bringing the total variance explained to 48% in the subsample
(Supplementary Fig. 2).

Discussion

We previously reported that pathological indices of Alzheimer’s
disease, infarcts, and Lewy bodies accounted for ~40% of the per-
son-specific variation in late life cognitive decline.’® However, it is
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now clear that several other age-related neuropathologies also are
important drivers of late life cognitive decline.>*&111823 Here,
we examined the degree to which a much wider array of neuropa-
thologies (i.e. 11 pathological indices, including markers of
Alzheimer’s disease, non-Alzheimer’s disease neurodegenerative
diseases, and several cerebrovascular conditions) account for per-
son-specific variation in cognitive decline. To our surprise, the full
complement of pathological indices accounted for only 43% of the
variation in decline; Alzheimer’s disease-related indices accounted
for between 30% and 36%, non-Alzheimer’s disease neurodegener-
ative indices 4-10%, and cerebrovascular indices 3-8%. Further, the
11 pathological indices together accounted for less than a third of
the variation in the onset of terminal decline (28.0%) and rates of
preterminal (32.3%) and terminal (18.6%) decline. These findings
confirm that the neuropathologies that are the main targets of
therapeutic intervention are important determinants of cognitive
decline but they are not the whole story. More than half of the de-
cline remains unexplained. These findings have important impli-
cations for the development of therapeutic agents and suggest
that a focus on other pathological and resilience factors is needed
to identify novel treatment targets.

First, these findings highlight the tremendous complexity of
late life cognitive decline. In this study, 10 of the 11 neuropatho-
logical indices studied were associated with an increased rate of
cognitive decline. Alzheimer’s disease-related pathological indices
were by far the most potent, accounting for around a third of the
variability in decline overall. Non-Alzheimer’s disease neurodege-
nerative diseases and cerebrovascular conditions were less potent,
accounting for less than ~10% overall. These findings, together
with prior work showing that co-existing pathologies may act in
concert to impair cognition, magnify some of the challenges inher-
ent in developing therapeutics. For example, cerebrovascular or
and other comorbid neurodegenerative diseases can impair cogni-
tion independent of Alzheimer’s disease pathology and lower the
threshold for dementia, particularly early in the pathophysiologic-
al course of Alzheimer’s disease.”®'%?*23 The role of vascular and
other pathologies as initiators, catalysts, or additive contributors
to neurodegeneration is complex and may vary depending on
when the lesions develop.’® Moreover, to complicate matters fur-
ther, the impact of any given pathology at a person-specific level
varies depending on the specific combination of other neuropa-
thologies present.'’ Thus, it is clear that disease-modifying thera-
pies for Alzheimer’s disease in particular are urgently needed, but
with so many other diseases present and in varying combinations,
some cognitive decline is still likely even with an effective
Alzheimer’s disease treatment. Further, more than half of the vari-
ation in decline remained unexplained after considering the full
complement of the neuropathological indices studied here. Thus,
other pathological factors (unknown or not yet quantified) must be
at play.

Indeed, here, the neuroimaging metric of R, accounted for an
additional 4% of the variation in decline above and beyond neuro-
pathology. Neuroimaging may reveal pathology that is not fully
evident via traditional histopathological evaluation or provide in-
sight into where to look for new pathologies, but this work is still
emerging.'"?° For example, a recent study reported an association
of white matter hyperintensities with memory decline.?>?*
Neuroimaging techniques can quantify additional vascular indices
such as microbleeds and enlarged perivascular spaces, as well as
other brain changes, and future work leveraging contemporary
imaging techniques is needed to complement standard patho-
logical approaches to elucidate the full spectrum of pathological
factors that contribute to cognitive decline in old age.
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Table 5 Association of the pathological indices with the onset of accelerated decline as well as rates of preterminal and terminal

cognitive decline

Model term Index Estimate SD 95% CI
Lower Upper
No pathology Intercept 0.453 0.100 0.258 0.651
Preterminal slope 0.011 0.005 0.001 0.022
Terminal slope -0.170 0.029 -0.227 -0.115
Change point -1.769 0.234 -2.237 -1.322
Global Alzheimer’s disease pathology Intercept -0.352 0.115 -0.578 -0.127
Preterminal slope -0.006 0.007 -0.020 0.007
Terminal slope -0.033 0.028 -0.088 0.021
Change point -0.409 0.236 -0.868 0.045
Amyloid-p Intercept 0.009 0.046 -0.082 0.100
Preterminal slope -0.003 0.003 -0.008 0.003
Terminal slope -0.001 0.012 -0.024 0.022
Change point -0.002 0.096 -0.190 0.190
PHFtau tangles Intercept -0.488 0.045 -0.575 -0.399
Preterminal slope -0.017 0.003 -0.022 -0.011
Terminal slope -0.029 0.011 -0.050 -0.008
Change point -0.462 0.091 -0.642 -0.285
Neocortical Lewy bodies Intercept -0.697 0.114 -0.921 -0.471
Preterminal slope -0.016 0.006 -0.028 -0.004
Terminal slope -0.147 0.028 -0.203 -0.092
Change point -0.306 0.220 -0.741 0.132
LATE-NC Intercept -0.049 0.034 -0.114 0.018
Preterminal slope -0.002 0.002 -0.005 0.002
Terminal slope -0.006 0.008 -0.022 0.010
Change point -0.067 0.070 -0.208 0.071
Hippocampal sclerosis Intercept -0.665 0.127 -0.909 -0.416
Preterminal slope -0.028 0.007 -0.043 -0.014
Terminal slope 0.013 0.029 -0.043 0.070
Change point -1.238 0.257 -1.746 -0.734
Atherosclerosis Intercept -0.175 0.049 -0.271 -0.079
Preterminal slope -0.005 0.003 -0.011 0.000
Terminal slope -0.006 0.012 -0.031 0.019
Change point -0.166 0.105 -0.371 0.040
Arteriolosclerosis Intercept -0.077 0.044 -0.162 0.008
Preterminal slope -0.001 0.003 -0.006 0.004
Terminal slope -0.025 0.011 -0.047 -0.004
Change point 0.087 0.092 -0.094 0.266
Gross infarcts Intercept -0.295 0.081 -0.459 -0.137
Preterminal slope -0.011 0.005 -0.020 -0.002
Terminal slope -0.034 0.021 -0.075 0.006
Change point -0.135 0.172 -0.478 0.199
Microscopic infarcts Intercept -0.154 0.081 -0.310 0.006
Preterminal slope -0.002 0.005 -0.011 0.007
Terminal slope 0.006 0.021 -0.034 0.046
Change point -0.278 0.173 -0.617 0.060
Cerebral amyloid-f angiopathy Intercept -0.074 0.043 -0.158 0.010
Preterminal slope 0.004 0.002 -0.001 0.009
Terminal slope -0.006 0.011 -0.027 0.014
Change point -0.166 0.090 -0.343 0.010

Second, these findings suggest an urgent need to identify novel
therapeutic targets, particularly resilience factors.?* That is, the re-
sidual (unexplained) variation observed here in part reflects the
reality that cognitive ageing involves a delicate balance between
neuropathology and resilience factors. Numerous risk factors for
cognitive decline and dementia have been identified, including
psychological (e.g. purpose in life), experiential (e.g. cognitive and
physical activity), and genomic risk factors, as well as structural
elements of reserve (e.g. presynaptic proteins).”>%° Importantly,

many such factors provide protection independent of the known
neuropathologies, and some (e.g. purpose in life, social networks)
interact with pathology to provide a buffer against cognitive de-
cline even in the face of accumulating neuropathology.?®? 1t is
very likely that other behavioural, genomic, and structural resili-
ence factors exist yet have not been identified, as relatively few
studies have the behavioural, cognitive, genetic and neuropatho-
logical data needed to determine how risk factors work in the face
of accumulating neuropathology. The present findings suggest



2174 | BRAIN 2021: 144; 2166-2175

that an increased focus on resilience may yield novel therapeutic
targets. Critically, interventions that increase resilience may be
amenable to broad application and possibly can be applied in mid-
dle age or even earlier in the life course, before pathology takes its
hold on the brain. Thus, such interventions may help stave off the
effects of accumulating neuropathology and could confer greater
benefit than interventions targeting specific disease mechanisms.
Indeed, in recent years, we have identified several novel genes and
proteins associated with cognitive decline separate from brain
pathologies.?*2>%”

Third, these findings indicate a need for a greater focus on the
factors associated with terminal cognitive decline. Approximately
70% of the cognitive loss older adults experience is due to terminal
decline, a phase that overlaps considerably with dementia, yet
very little is known about the factors that drive terminal decline.*
In this study, the 11 pathological indices combined accounted for
28% of the variation in the onset of terminal decline, 32.3% of pre-
terminal decline, and only 18.6% of terminal decline. These
findings build on prior work showing that age-related neuropa-
thologies exert their strongest effects in the initial stages of cogni-
tive decline, before the terminal phase begins.’? Therefore, other
factors must cause the rapid acceleration in cognitive decline dur-
ing the last years of life. We suspect that declining physical health,
medical comorbidities, frailty and associated changes in self-care
play a role, and may even interact with pathology to impact cogni-
tion during the terminal phase. For example, one study reported
that frailty interacts with Alzheimer’s disease pathology to impact
cognition; specifically, older adults who were more frail were more
likely both to have Alzheimer’s disease pathology and for it to be
expressed as dementia compared to those with less frailty.>' We
are not aware of studies that have examined such associations in
light of terminal decline, however. Future work that incorporates
terminal decline explicitly and seeks to understand both its basis
and factors that mitigate it are essential for reducing the burden of
late life cognitive decline.

This study has strengths and weaknesses, some of which may
contribute to our unexpected finding that, even after considering a
wide spectrum of cognition impairing neuropathologies, more
than half of the variation in late life decline remains unexplained.
First, although the pathological indices studied here are currently
the gold standard markers of common age-related diseases, they
nonetheless are markers of complex diseases that cause a cascade
of changes in the brain, not all of which are readily quantifiable.
Second, we did not systematically examine frontotemporal lobar
degeneration (FTLD) and some other pathological indices that may
be important determinants of cognitive decline [e.g. ageing-related
tau astrogliopathy (ARTAG), inflammation], although the distinc-
tion between LATE-NC and FTLD is still being determined.?*° We
are in the process of collecting data on ARTAG and other new indi-
ces and will examine their contributions in future work as suffi-
cient data accrue. Third, we did not examine asymmetry in
pathology findings or focus explicitly on strategic versus non-stra-
tegic infarcts. Finally, we did not examine interactions among neu-
ropathologies on cognition, as how best to do so is not
straightforward in the context of this study and thus far we have
limited evidence of such effects. However, we acknowledge that
there may be mechanistic interactions that result in neurodegen-
eration or other tissue injury and this is an area of active interest.
Despite these limitations, these data provided a solid foundation
for examining the degree to which the array of neuropathologies
that are the primary focus of ageing research drives late life cogni-
tive decline. Our findings underscore the complexity of cognitive
ageing and offer a new perspective on the considerable challenges
that lie ahead in regard to the development of effective and novel
therapeutics.
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