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ABSTRACT

As prevention trials advance with autosomal dominant Alzheimer disease (ADAD)
participants, understanding the similarities and differences between ADAD and
“sporadic” late-onset AD (LOAD) is critical to determine generalizability of findings
between these cohorts. Cognitive trajectories of ADAD mutation carriers (MCs) and
autopsy-confirmed LOAD individuals were compared to address this question.
Longitudinal rates of change on cognitive measures were compared in ADAD MCs
(n=310) and autopsy-confirmed LOAD participants (n=163) before and after symptom
onset (estimated/observed). LOAD participants declined more rapidly in the
presymptomatic (preclinical) period and performed more poorly at symptom onset than
ADAD participants on a cognitive composite. After symptom onset, however, the
younger ADAD MCs declined more rapidly. The similar but not identical cognitive
trajectories (declining but at different rates) for ADAD and LOAD suggest common AD

pathologies but with some differences.

Keywords: Alzheimer disease, autosomal dominant AD, late-onset AD, cognitive,

comorbidities
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1 NARRATIVE

1.1 Contextual background

The discovery of rare causative mutations for Alzheimer disease (AD)!? has advanced
knowledge about the far more common sporadic form of late-onset AD (LOAD) and led
to development of AD mouse models.® Pathogenic mutations in the APP, PSEN1, and
PSENZ2 genes result in relative overproduction/underclearance of the amyloid-beta (AB)
peptide 1-42 isoform* and are ~100% penetrant, providing support for the amyloid
hypothesis of AD etiology.>® More recently persons at risk of autosomal dominant AD
(ADAD) have enabled secondary prevention trials for AD by serving as participants who
are certain to develop AD at a predictable age which permits adequate power to be
achieved with fewer participants.”® These therapeutic trials include an assumption that
these two pathologies are similar to some extent, i.e., a therapeutic compound found
effective in preventing ADAD may also be effective in preventing LOAD. Yet direct
comparisons between these cohorts on cognition, an indirect measure of underlying
pathology and an important indicator of therapeutic efficacy recommended by Food and
Drug Administration guidelines® (despite their recent controversial decision on the
compound, aducanumab)'® are rare. The central question addressed in this study is
whether rates of cognitive decline in ADAD and LOAD are similar, a difficult comparison
due to large age differences in the groups. If underlying pathologies are similar,1%12
rates of cognitive decline may be similar between ADAD and LOAD.

Previously observed differences between ADAD and LOAD include: prevalence (<1%
of all AD is mutation-related), age of symptom onset (typically decades younger in

ADAD), 1314 and frequency of comorbidities at neuropathological examination (lower in
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ADAD).'! Similarities in clinical, cognitive, imaging, cerebrospinal fluid (CSF), and
neuropathological measures have been noted between ADAD and LOAD? but most
studies compared ADAD only indirectly to LOAD rather than including data from both
ADAD and LOAD individuals in the same analyses.'>1’

Literature on age-at-onset (AAO) effects in symptomatic LOAD clinical progression are
mixed with some studies finding: no differences,*® a more aggressive clinical disease
course with younger onset (<60 or 65 years),'>?° a less aggressive clinical course with
younger age at symptom onset.?! Methodological differences may contribute to the
mixed findings as AAO is often self-reported, follow-up periods may be only 1-2 years,
neuropathological or biomarker AD confirmation is lacking, and arbitrary ages define
experimental groups (e.g. <65 years; >65 years).19:2223

Preclinical comparison of cognitive decline between LOAD and ADAD groups is rare, as
large studies of LOAD have added biomarker collection (permitting detection of
developing pathology prior to symptom onset) only in the last ~ 15-18 years (e.g.
Alzheimer’s Disease Neuroimaging Initiative, ADNI).2* AAQO effects on preclinical rate of
decline are unknown at this time.

Studies comparing cognitive rates of change (albeit indirectly) often find younger onset
AD, whether mutation-related or not, progresses more rapidly than late-onset.19:25.26
Only one small study directly compared cognitive decline in ADAD and LOAD after
symptom onset.?®> Rosselli et al. studied affected members (n=12) of a large PSEN1
(E280A) kindred in Colombia compared to LOAD patients (n=10). As matching on age
was not possible, groups were matched on mean Mini Mental State Exam (MMSE)

scores and years of education at entry. Administering the Consortium to Establish a
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Registry for Alzheimer’s Disease (CERAD) neuropsychological battery?’ three times
over 18 months, they found that groups were similar at baseline but mutation carriers
(MCs) declined faster over time, particularly on the MMSE. Limitations shared by these
studies include lack of autopsy/biomarker confirmation of clinical diagnostic accuracy
(i.e., confirming all LOAD participants had AD) and no preclinical data.%23:25.26

One aim of the Dominantly Inherited Alzheimer Network?8 (DIAN, an international
longitudinal clinical and biomarker study of ADAD) is to compare the clinical, cognitive,
and pathological phenotypes of ADAD with LOAD before and after symptom onset.?®
DIAN MCs inherit a causative mutation in one of three genes (PSEN1, PSEN2, and
APP) with high penetrance (nearly all will develop AD pathology). The appropriate
LOAD comparison sample should demonstrate comparable confidence in the presence
of AD pathology. Use of the LOAD sample from the National Alzheimer Coordinating
Center (NACC) permitted inclusion of participants with autopsy confirmation of AD
neuropathology.?® Other benefits of the NACC sample as a comparison LOAD group to
DIAN MCs are abundant longitudinal data and use of identical clinical and cognitive
batteries.3°

1.2 Study design and main results

With no overlap in age distributions between the two cohorts, onset of clinical symptoms
was used to align groups on a clinical landmark for comparison of cognitive rates of
change prior to and after symptomatic onset. AAO is subtracted from each visit age to
obtain the estimated years to onset (EYO) to link data to the clinical course temporally.
See Figure 1. However, many MCs have yet to reach symptomatic onset. Fortunately,

estimating symptomatic AAO is predictable in MCs based on the family specific
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mutations.3! This approach is commonly used to place ADAD data along a clinical
timeline for analyses.3?-34

Data from DIAN MCs were compared longitudinally to data from NACC autopsy-
confirmed LOAD participants on a composite of 10 standard cognitive tests®> common
to both studies. A second composite without speeded tasks (tasks shown to decline
with age®®) was analyzed. To ensure comparison of pathological AD in the LOAD
sample, only NACC participants with autopsy results consistent with intermediate to
high likelihood AD were included. This sample was further restricted to participants who
had no clinical symptoms at baseline (providing data for preclinical comparison) but
later developed clinical symptoms prior to death. These two selection criteria yielded an
extremely old LOAD cohort with a mean age at baseline = ~85 years compared to
ADAD age at baseline = ~38 years. See Table 1 for cohort characteristics.

The LOAD group declined cognitively more rapidly prior to symptom onset; but after
symptom onset, the ADAD group declined more rapidly. See Figure 2 and Table 2.
Clinical progression as measured by the Clinical Dementia Rating® Sum of Boxes
(CDR-SB) indicated faster clinical progression in LOAD prior to and after symptom
onset. Removing speeded tasks and adjusting for comorbidities (e.g., hypertension,
depression, etc.) did not substantially alter the findings (see Tables 2 and 3).

1.3 Study conclusions and implications

With few previous direct comparisons between ADAD and LOAD (none with preclinical
data or with LOAD autopsy confirmation), the present study provides valuable
observations regarding the course of cognitive decline in these two cohorts before and

after symptom onset. The two groups are similar in that both cohorts had confirmed AD
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(neuropathologically confirmed in LOAD participants, genetically determined in ADAD
participants) and were assessed longitudinally with the same clinical and cognitive
battery. When comparing the longitudinal performance of these groups, aligned
temporally at symptom onset, from cognitive normality (preclinical AD) to symptom
onset and dementia progression, LOAD individuals declined more rapidly preclinically
and performed more poorly at symptom onset than ADAD. After symptom onset, ADAD
participants declined more rapidly.

These findings imply that ADAD and LOAD may represent similar AD pathologies with
some differences and that generalizability between cohorts could be limited. Cognitive
decline seen in LOAD prior to symptom onset may be multifactorial with contributions
from co-pathologies, AD and advancing age. However, the more aggressive course of
ADAD after symptom onset, despite the group being much younger and having fewer
age-associated comorbidities (hypertension and hypercholesteremia), suggests some
additional or different pathological process may be active. Age-associated cognitive
decline interacting with sporadic AD pathology would not predict these results. The
greater amyloid burden in ADAD compared to LOAD'® may contribute to greater
cognitive decline after symptom onset but the mechanism is unknown.

1.4 Limitations and future directions

The main limitation of this study was the substantial confounding of age between the
cohorts, as must be the case when comparing ADAD with LOAD. Attributing observed
differences to either etiological or age differences is not possible. Other limitations
include: few years of follow-up for both cohorts (average ~3-5 years); dependence on

estimated EYOs for a portion of the ADAD cohort; wider range of EYO in the ADAD
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cohort; and lack of antemortem biomarker data (the NACC database has only recently
included amyloid imaging or CSF data). Additionally, both DIAN and NACC are
observational studies and unobserved factors could affect or confound the results.
The differences observed in this study indicate that molecular biomarkers changes in
ADAD and LOAD should be examined for changes that may explain the different
cognitive trajectories observed in this study, with particular focus on changes occurring
around and after symptom onset. Longitudinal biomarkers studies in LOAD (e.g.,
ADNI?%) are progressing to provide adequate samples sizes to address this question.
Examining other cohorts such as familial late-onset AD3” (fLOAD) or early-onset non-
familial AD (EOAD) may provide insights regarding whether the more aggressive
decline in ADAD is due to younger age (EOAD versus LOAD) or different pathology
(fLOAD versus LOAD). Sample sizes and data for these groups are limited in
availability but the Longitudinal Early-onset Alzheimer’s Disease Study (LEADS)3®
examines EOAD with clinical, cognitive, biomarker, and genetic tools similar to DIAN
and may soon be useful in addressing the influence of AAO.

2 CONSOLIDATED RESULTS AND STUDY DESIGN

ADAD and LOAD groups are confounded by age and therefore confounded by age-
related conditions and comorbidities, making direct comparisons difficult. In this study,
groups were matched on clinical disease course instead of age or biomarkers because
of the rich, longitudinal clinical and cognitive data available in both cohorts. Groups
were aligned temporally at symptom onset, either observed (LOAD) or
estimated/observed (ADAD), allowing cognitive performance to be compared before,

after and at symptom onset. See Figure 1.
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Because the LOAD sample was chosen to be cognitively normal at baseline and to have
developed symptoms later, symptomatic onset was observed (i.e., the first visit in which a
CDR>0 was assigned). Onset of symptoms in the ADAD cohort either was observed
(similar to LOAD) or estimated using the mutation-specific AAO for their family mutation.3!
The observed/estimated AAO is subtracted from the age at each visit to derive the
estimated EYO for that visit, linking visits to the clinical timeline.

Clinical and cognitive data from the DIAN and NACC databases were compared to
examine LOAD and ADAD rates of decline. All MCs were included (n=310) except ten
carriers of the Dutch APP mutation E693Q (which exhibits a different phenotype).
Inclusion criteria for NACC LOAD participants were: cognitively normality at baseline
(CDR=0); cognitive impairment at a later assessment (CDR>0); and neuropathological
AD changes sufficient to meet intermediate to high likelihood of AD using NIA Reagan
criteria®® or intermediate to high level of AD change under the NIA-AA criteria (at least
A1B2C2).%° These criteria yielded a sample of 163 NACC LOAD participants.

Ten individual raw cognitive test scores and two composite scores (global and non-
speeded cognition) were converted to z-scores (based on combined group data) and
analyzed by general linear mixed models with random coefficients*! to allow estimation
of within-person rate of change in cognitive performance and its comparison between
ADAD and LOAD participants. Analyses were adjusted for education, sex, body mass
index (BMI), and apolipoprotein E (APOE) €4. However, age was not covaried, as there
was no overlap between groups on this variable. Additional analyses covaried for
comorbidities the groups had in common (depression, hypertension and

hypercholesteremia).
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LOAD declined faster on the global cognitive composite preclinically and performed
more poorly at symptom onset but ADAD declined more rapidly after symptom onset.
Removing speeded tasks and adjusting for comorbidities did not change this finding.

3 DETAILED METHODS AND RESULTS

3.1 Methods

3.1.1 Source of data

DIAN is an international, longitudinal, biomarker study of ADAD to determine the
sequence and rate of pathologic changes in MCs relative to non-carriers and to
compare the clinical, cognitive and pathological phenotypes of ADAD with LOAD.?®
Participants are at 50% risk of inheriting a causative mutation in one of three genes
(PSEN1, PSEN2, and APP). MCs and noncarriers undergo extensive clinical, cognitive,
and biomarker assessments every 1-3 years.

The NIA-funded NACC facilitates collaborative research by managing and sharing data
from past and present NIA-funded Alzheimer's Disease Research Centers (ADRCSs)
across the United States. NACC developed standardized clinical, cognitive and
neuropathological data collection from participants, with and without cognitive
impairment, enrolled at ADRCs to study the characteristics and course of AD and other
neurodegenerative diseases.®%4? Clinical and cognitive data on over 43,000
participants (mean age = 75 years) collected annually are available as well as
neuropathological data from more than 5,500 of these patrticipants (at time of this data
transfer). The DIAN clinical assessment and cognitive battery were designed to match
those of the NACC Uniform Data Set (UDS)*° to facilitate direct comparisons between

ADAD and LOAD.
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3.1.2 Group inclusion/exclusion criteria

For LOAD, longitudinal data were obtained from the NACC UDS version 2 and UDS
version 3 for visits conducted between September 2005 and December 2018 (data from
both UDS versions were combined using conversion tables developed by the NACC
Crosswalk study).*® To identify a LOAD cohort comparable to ADAD (i.e., high
probability of AD), NACC participants with AD neuropathological changes who were
clinically normal at baseline (CDR=0) and later received a CDR>0 during longitudinal
follow-up were selected. Criteria for inclusion (and sample size related to each
criterion) were: availability of autopsy data (n=5,512); cognitively normal (CDR=0) at
baseline assessment (n=1018); and cognitive impairment (CDR>0) at a later
assessment (n=541); and neuropathological AD changes sufficient to meet intermediate
to high likelihood of AD using NIA Reagan criteria®® or intermediate to high level of AD
change under the NIA-AA criteria of at least A1B2C2 (n=163).4° These criteria yielded
a sample of 163 NACC LOAD participants.

For ADAD, longitudinal UDS and clinical data were obtained from DIAN data freeze #13
from MCs (n=310), including asymptomatic and symptomatic individuals. Ten carriers
of the Dutch mutation (APP E693Q) were excluded due to phenotypic differences.*
Local institutional review boards (IRBs) or ethics committees of each performance site
approved the DIAN study and participants provided written informed consent for data
collection and sharing. ADRC participants gave written informed consent for the
sharing of their data through the NACC. The Washington University IRB approved this
analysis of DIAN and NACC data.

3.1.3 AAO and EYO



Buckles
13

As stated previously these two groups are confounded by age and age-related
conditions and comorbidities. Instead of matching groups on age, groups were
matched on clinical disease course, taking advantage of the rich, longitudinal clinical
and cognitive data available in both cohorts. Specifically, groups were aligned
temporally at symptom onset, either observed (LOAD) or estimated (ADAD), allowing
cognitive performance to be compared before, after and at symptom onset.

Considering the age at symptom onset as the origin (EYO=0), AAO was subtracted from
participant age at each visit to derive the estimated years to onset of symptoms -
negative numbers indicate visits that occurred prior to symptom onset and positive
numbers indicate visits that occurred after symptom onset

For LOAD AAO, symptomatic AAO in the LOAD cohort was defined as the participant’s
age at the visit when the CDR became greater than zero. Infrequently, a CDR>0 may
‘bounce’ back to CDR=0 on a subsequent visit. To account for this possibility, the AAO
was further defined as the age at time of cognitive assessment when either a CDR>0
was first rendered or for the purpose of a sensitivity analysis, a CDR>0 was first
rendered and subsequently remained >0.

For ADAD AAO, nearly all ADAD MCs will develop symptomatic AD at a predictable age
(within a few years), typically near the age of onset of their affected family members.
Ryman3! and colleagues analyzed hundreds of ADAD pedigrees with individual data on
age of symptom onset. Age at onset was strongly correlated with, and most accurately
estimated by, the specific mutation type. The DIAN database uses mutation-specific
AAO to estimate individual participant AAO when available. In the case of rare mutation

types where there was insufficient data to calculate a mutation-specific AAO, parental
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AAO (also highly correlated with MC AAO) was used as the symptomatic AAO. When a
MC was asymptomatic at baseline and later became symptomatic, the age at the visit
when a CDR>0 occurs was used as the observed AAO, similar to the LOAD
participants. Of the 310 DIAN MCs in this study, 19 had observed AAO values and 291
were estimated.

For both groups, EYO for each visit was calculated by subtracting AAO (estimated or
observed) from participant age at each visit. Data were located on disease course by
each visit’s respective EYO where EYO=0 represents symptomatic onset. This
approach is commonly used in studies of ADAD.3?-3* With ADAD and LOAD groups
aligned on symptom onset (EYO=0), analyses focused on three clinical comparisons:
rate of longitudinal change prior to symptom onset (preclinical disease), performance at
symptom onset (EYO = 0), and rate of longitudinal change after symptom onset
(disease progression). See Figure 1.

3.1.4 Cognitive Measures

In addition to the standard clinical information collected in the UDS and genetic risk
information conferred by the presence of an APOE ¢4 allele, the following cognitive
measures (as described and cited by Weintraub®®) were analyzed: Animal Fluency,
Boston Naming (30 odd items); WAIS-R Digits Forward and Backward; WMS-R Logical
Memory — Immediate and Delayed, Mini Mental Status Examination (MMSE),
Trailmaking A, Trailmaking B and WAIS—R Digit Symbol. Substitutions for proprietary
measures were made according to the NACC Crosswalk study.*® A global composite of
all 10 measures was created by first orienting all tests in the same direction (i.e., a high

score means better cognitive performance for all tests), then computing a z-score for
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each test across both groups, and finally averaging these scores across all tests.
Cognitive composite scores have been shown to provide greater sensitivity to cognitive
changes than individual tests scores and to provide better generalizability of study
outcomes.*® Because age-related slowing has been among the most robust
gerontological findings®® and because of the profound age differences between the two
cohorts, a second composite was generated that excluded speed-dependent tasks
(Trailmaking A and B, WAIS-R Digit Symbol, and Animal Fluency). A non-speed
composite may attenuate potential differences due to age-related slowing.

3.1.5 Comorbidities

Comorbidities increase with age and may affect cognitive status.*® To include the
presence of a comorbid condition in the statistical models used, the condition had to be
present in both cohorts with sufficient data for analysis. Four conditions or measures
met these criteria. Depression was assessed using the Geriatric Depression
Scale(GDS).#” A score of six or more on the GDS was treated as positive for
depressive symptoms. The presence of hypertension and hypercholesteremia were
obtained through self-report by participant or their study partner. BMI was included as a
measure of general health.

3.2 Statistical analyses

Individual raw cognitive test scores and composite test scores were analyzed by
general linear mixed models with random coefficients*! to allow estimation of within-
person rate of change in cognitive performance and its comparison between ADAD and
LOAD participants. Specifically, these models incorporated a piecewise linear

growth/decline trajectory of longitudinal change linked at the EYO of 0, facilitating three
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major clinically significant comparisons between ADAD and LOAD participants as parts
of the main fixed effects: the rate of longitudinal change prior to and after symptomatic
onset of AD, as well as the cognitive performance at symptomatic onset (EYO=0, i.e.,
the intercept). Additional analyses were conducted to examine the effects of the most
common comorbidities by including them as additional fixed effects, as well as their
interactions with participant groups both for the intercept and for the slopes prior and
after EYO of 0. Because the two participant groups have essentially no overlap in
baseline age, no attempt was made to adjust for age. Interpretation of group
differences requires caution as they may be completely due to age differences.

All general linear mixed models in the longitudinal analyses were fitted using the
maximum likelihood method. Statistical tests were based on the approximate F or t-
tests with denominator degrees of freedom approximated by the Satterthwaite
methods.*® Both adjusted and unadjusted models included an additional random effect
of study sites. All statistical analyses were performed with SAS version 9.4 (SAS
Institute Inc.), and statistical significance was defined as P < 0.05.

3.3 RESULTS

Table 1 contains the summary statistics of demographic, clinical, and genetic
characteristics of the two cohorts at baseline and at follow-up visits as appropriate. The
LOAD group was more female and significantly older (mean difference of 47 years) than
the ADAD group at baseline and at symptom onset (44.6 years) and had more years of
education than the ADAD group. The LOAD group reported higher frequencies of
hypercholesterolemia and hypertension than the ADAD group, who reported more

seizures and depression than the LOAD group. The ADAD group had higher BMI
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scores than the LOAD group. The groups did not differ on APOE &4 allele frequency.
The LOAD group had more years of follow-up overall. A post hoc analysis found this
difference was larger after symptom onset (5.4 years, SD=2.02 for LOAD versus 2.7
years, SD=1.7; p<0.0001 for ADAD). One additional difference was the ranges of EYOs
for the groups (i.e., visit age minus AAO). The range of EYO values for the ADAD
group was from -36 years to +18 years compared to the LOAD range of -11.2 years to
+8.59 years. This observation is expected as DIAN enrolls participants as young as 18
years of age.

Table 2 presents scores and standard errors (SE) adjusted for education, sex, BMI, and
APOE ¢4 of each individual cognitive test and the composite scores at three clinical
stages: the estimated rate of longitudinal annual change prior to symptom onset
(preclinical disease); the performance at estimated symptom onset (EYO = 0); and the
estimated rate of longitudinal annual change after symptom onset (disease
progression). Table 2 presents statistical test results comparing these estimates
between the ADAD and LOAD cohorts. Due to their greater sensitivity and
generalizability, ° composite scores will be emphasized in these analyses. Figure 2
displays individual performance (spaghetti plots) and unadjusted group mean rates of
change (solid lines) over time for the global cognitive composite. In general, LOAD
declined more rapidly during the preclinical phase (LOAD global composite annual rate
of decline = -0.11 (0.01) versus ADAD = -0.01 (0.004); p<.0001) and performed more
poorly at symptom onset (LOAD global composite = -0.14 (0.06) versus ADAD = 0.59
(0.08); p<.0001). However, this finding was reversed after symptom onset, with ADAD

declining more rapidly than LOAD on the global composite score (LOAD global
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composite annual rate of change =-0.14 (0.02) versus ADAD = -0.24 (0.02); p=0.0211).
The removal of tasks heavily dependent on speed from the global composite did not
change this observation. Sex had no effect on rate of change on either composite or
CDR-SB between groups.

In addition to cognitive measures, clinical progression was measured with the CDR-sum
of boxes (CDR-SB), a measure derived from the box scores assigned to arrive at the
global CDR.#® Although clinical and cognitive measures often are correlated, this
measure was included to determine consistency between clinical and cognitive
progression. LOAD participants declined more rapidly clinically than ADAD (increasing
CDR-SB) both before (0.19 versus 0.008; p=0.006) and after symptom onset (1.53
versus 0.93; p=0.0263; Table 2).

The extent to which age-related comorbidities might affect performance of the older
LOAD group was addressed with additional analyses of the global composite scores
adjusted for depression, hypertension and hypercholesterolemia. See Table 3. These
co-morbidities were chosen because they were most prevalent and reported by both
cohorts. The results reflected previous findings unadjusted for these conditions: LOAD
declined faster preclinically and performed more poorly at symptom onset; ADAD
declined more rapidly after symptom onset.

Sensitivity analyses regarding LOAD participants with ambiguous symptom onsets
(received a CDR>0 but then “bounced” back to CDRO at a later visit) were conducted by
excluding individuals who reverted from CDR>0 back to CDR=0. These analyses

revealed that main results remained stable. See Table 4.
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Legend

Figure 1 Short title: Conceptual model of clinically significant phases

Figure 1 Legend: The conceptual analytic model depicting three clinical time points:
preclinical phase when EYO is negative, symptom onset when EYO=0, and disease

progression when EYO is positive. EYO = Estimated Years to/from Onset.
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Figure 2.

Figure 2 Short title: Individual and group cognitive performance

Figure 2 legend: Figure displays individual performance (spaghetti plots) and group
mean rates of change (solid lines, unadjusted) over time for the global cognitive
composite. [Note: The large majority of DIAN participants do not know, nor do they
wish to learn, their mutation status. To reduce the possibility of unintended disclosure
that a DIAN individual may be a mutation carrier, data points from the few participants
who are more than 20 years younger than their estimated age at symptomatic onset are

not displayed in Figure 2, although all data were used in the analyses.]
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Table 1 Title Summary statistics of demographic, clinical, and genetic characteristics at

baseline visit

Table 1 Legend: NACC = National Alzheimer Coordinating Center; DIAN = Dominantly

Inherited Alzheimer Network; CDR = Clinical Dementia Rating® (CDR®); APOE ¢4 =

apolipoprotein E gene ¢4 allele; BMI = Body Mass Index.

Table 1. NACC LOAD DIAN ADAD
p-value

N=163 N=310
Mean Age in years at Baseline (SD) 84.9 (7.7) 37.9 (8.3) <.0001
Mean Age at Symptom Onset (SD) 87.2 (8.5) 42.6 (7.8) <.0001
Mean Years of follow-up (SD) 4.9 (2.3) 3.3(1.8) <.0001
Sex n, (% Female) 108 (66.3) 173 (55.6) 0.0278
Mean Years Education (SD) 15.6 (2.6) 14.3 (3.1) <.0001
Education less than 12 years n (%

5(3.1) 36 (11.6) 0.0020
yes)
Seizures n (% Yes) 1 (0.6) 13(4.2) 0.0298
Hypercholesterolemiat n (% Yes) 61 (37.9) 42 (13.9) <.0001
Hypertensiont n (% Yes) 97 (59.5) 24 (7.8) <.0001
Depressiont n (% Yes) 7 (4.6) 39 (12.6) 0.0072
Mean BMI (SD) 24.6 (4.1) 27.3 (5.8) <.0001
Mutation (PSEN1:PSEN2:APP) N/A 240:24:46 | -

CDR at Baseline
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CDR 0 (n, %) 163 (100) 195 (62.9)
CDR 0.5 (n, %) 0 75 (24.2)
CDR 1 (n, %) 0 28 (9.0)
CDR 2 (n, %) 0 7 (2.3)
CDR 3 (n, %) 0 5 (1.6)
% APOE g4+ 47 (29.4) 93 (30.0) 0.8883

T either recent/active or remote/inactive as reported by participant or study partner

T scores = 6 on the Geriatric Depression Scale




Table 2 Title: Cognitive performance in mean annual rates of change and performance.

Buckles
23

Table 2 Legend: Cognitive performance in z-score rates of change (mean annual) before and after symptom onset

(EYO=0) and performance at symptom onset for NACC LOAD (n=163) and DIAN ADAD (n=310) participants. Adjusted

for sex, education, APOE ¢4, and BMI. Global composite includes all tests. Non-speed composite excludes Animal

Fluency and Trails A and B. MMSE = Mini Mental Status Examination; Trails A and B = Trailmaking A and B; WAIS-R =

Wechsler Adult Intelligence Scale-Revised.

Table 2

Mean annual change (SE)

Preclinical

Mean performance (SE)

EYO=0

Progression

Mean annual change (SE)

NACC
Cognitive Test NACC LOAD | DIAN ADAD p NACC LOAD | DIAN ADAD p DIAN ADAD p
LOAD
-0.89 (0.18) -0.13 (0.05) | <.0001 | 14.79(0.76) | 20.33(0.94) | <.0001 | -1.32(0.23) | -1.29(0.28) | 0.9358
Animal Fluency
(p<.0001) (p=0.0148) (p<.0001) (p<.0001)
-0.47 (0.10) 0.01 (0.03) <.0001 | 24.68 (0.51) | 26.94 (0.63) | 0.0040 | -0.88 (0.20) | -0.59 (0.23) | 0.3410
Boston Naming
(p<.0001) (p=0.7410) (p<.0001) (p=0.0121)
-0.14 (0.07) 0.005 (0.02) | 0.0691 5.64 (0.25) 7.07 (0.33) | 0.0008 | -0.21(0.08) | -0.52(0.10) | 0.0200
Digits Backward
(p=0.0698) (p=0.8140) (p=0.0166) (p<.0001)
Digits Forward -0.17 (0.07) -0.02 (0.02) | 0.0361 7.00 (0.31) 8.59 (0.36) | 0.0006 | -0.13(0.09) | -0.38(0.10) | 0.0006
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(p=0.0175) (p=0.3819) (p=0.1452) (p=0.0002) =
Logical Memory — | -0.60 (0.15) | -0.16 (0.04) | 0.0049 | 9.93(0.58) | 12.15(0.73) | 0.0124 | -1.10(0.23) | -1.45(0.25) | 0.3129
Immediate (p<.0001) (p=0.0001) (p<.0001) (p<.0001)
Logical Memory — | -0.74 (0.15) | -0.17 (0.04) | 0.0002 | 7.82(0.61) | 10.73(0.77) | 0.0042 | -0.96 (0.23) | -1.69 (0.27) | 0.0434
Delayed (p<.0001) (p<.0001) (p<.0001) (p<.0001)
-0.48 (0.11) | -0.02(0.02) | <.0001 | 26.89 (0.32) | 28.74 (0.46) | 0.0008 | -1.60 (0.31) | -1.60 (0.28) | 0.9839
MMSE (p<.0001) (p=0.4533) (p<.0001) (p<.0001)
_ 3.28 (0.87) 0.27 (0.19) | 0.0008 | 54.06 (2.50) | 26.22 (3.59) | <.0001 | 9.65(2.26) | 7.20(2.16) | 0.4374
frais A (p=0.0002) (p=0.1714) (p<.0001) (p=0.0012)
_ 14.62 (2.54) 0.87 (0.54) <.0001 | 168.36 (7.33) | 71.81(9.96) | <.0001 | 10.10 (5.33) | 19.30(5.09) | 0.9779
TrailsB (p<.0001) (p=0.1086) (p=0.0006) | (p=0.0003)
WAIS-R Digit -2.34(0.31) | -0.46(0.11) | <.0001 | 31.37 (1.73) | 54.14 (2.09) | <.0001 | -3.60 (0.65) | -4.83(0.80) | 0.2419
Symbol (p<.0001) (p<.0001) (p<.0001) (p<.0001)
Global Composite | -0.11 (0.01) | -0.01 (0.004) | <.0001 | -0.14 (0.06) | 0.59 (0.08) | <.0001 | -0.14 (0.03) | -0.23 (0.03) | 0.0211
(All above) (p<.0001) (p=0.0020) (p<.0001) (p<.0001)
Non-speed -0.10 (0.01) | -0.01(0.004) | <.0001 | -0.11(0.06) | 0.42(0.09) | <.0001 | -0.15(0.03) | -0.24 (0.03) | 0.0348
Composite (p<.0001) (p=0.0312) (p<.0001) (p<.0001)
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CDR Sum of

Boxes

0.19 (0.07)

(p=0.0037)

0.008 (0.01)

(p=0.5261)

0.0060

0.59 (0.12)

0.19 (0.22)

0.1074

1.53 (0.20)

(p<.0001)

0.93 (0.18)

(p<.0001)

0.0263
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Table 3. Cognitive rate of change and performance on global cognitive composite adjusted for comorbidities in common.

Table 3. Legend: Global cognitive composite performance in rates of change (mean annual) and performance at symptom onset

(EYO=0) for NACC LOAD (n=163) and DIAN ADAD (n=310) participants individually adjusted for comorbidities.
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Preclinical EYO=0 Progression
Table 3.
Mean annual change (SE) Mean performance (SE) Mean annual change (SE)

Comorbidity NACC LOAD |DIAN ADAD p NACC LOAD | DIAN ADAD p NACC LOAD | DIAN ADAD p
Hypercholesterole

-0.08 (0.01) |-0.02 (0.005)| <.0001 | -0.05(0.05) 0.55 (0.06) <.0001 | -0.16 (0.02) | -0.22 (0.02) | 0.0255
mia
Hypertension -0.07 (0.01) | -0.03(0.01) | <.0001 | -0.03(0.05) 0.36 (0.09) <.0001 | -0.16 (0.02) | -0.22(0.03) | 0.0571
Depression -0.10 (0.02) |-0.02 (0.004)| <.0001 | -0.13(0.05) 0.41 (0.06) <.0001 | -0.13(0.02) | -0.20(0.02) | 0.0031




Table 4 Title: Sensitivity analysis excluding NACC participants with ambiguous symptom onset.

Table 4 Legend: Nine NACC LOAD participants who received a CDR>0 and later “bounced” back to CDR 0 were removed from
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analyses to examine the effect of CDR “bouncers” on composites and clinical decline. Statistical model and variables below are as

defined in previous tables. DIAN ADAD n=310; NACC LOAD n=154.

Preclinical EYO=0 Progression

Table 4

Mean annual change (SE) Mean performance (SE) Mean annual change (SE)
Cognitive Test NACC LOAD | DIAN ADAD p NACC LOAD | DIAN ADAD p NACC LOAD | DIAN ADAD p
Global Composite | -0.11(0.01) |[-0.01 (0.004)| <.0001 | -0.15(0.07) | 0.59(0.08) | <.0001 | -0.15(0.03) | -0.23 (0.03) | 0.0273
(All above) (p<.0001) | (p=0.0020) (p<.0001) (p<.0001)
Non-speed -0.10 (0.01) |-0.01 (0.004)| <.0001 | -0.12(0.07) | 0.42(0.09) | <.0001 | -0.16 (0.03) | -0.24 (0.03) | 0.0480
Composite (p<.0001) | (p=0.0311) (p<.0001) (p<.0001)
CDR Sum of 0.19 (0.07) |0.008 (0.01)| 0.0069 | 0.61(0.12) | 0.19(0.23) | 0.1032 | 1.63(0.20) | 0.94(0.17) | 0.0094
Boxes (p=0.0043) | (p=0.5407) (p<.0001) (p<.0001)




Buckles
28

Author Contributions

Virginia D. Buckles, design of the study, analysis and interpretation of the data, drafting
and revising the manuscript; Chengjie Xiong, design of the study, analysis and
interpretation of the data, revising the manuscript; Randall J. Bateman, design of the
study, interpretation of the data, revising the manuscript; Jason Hassenstab,
interpretation of the data, revising the manuscript; Ricardo Allegri, Sarah B. Berman,
Jasmeer P. Chhatwal, Adrian Danek, Anne M Fagan, Nick C Fox, Bernardino Ghetti,
revising the manuscript; Alison Goate, interpretation of the data, revising the
manuscript; Neill Graff-Radford, Mathias Jucker, Johannes Levin, Jonathan Vdglein,
Daniel S Marcus, Colin L Masters, revising the manuscript; Lena McCue, analysis of the
data, revising the manuscript; Eric McDade, Hiroshi Mori, Krista L Moulder, James M
Noble, Katrina Paumier, Oliver Preische, John Ringman, Stephen Salloway, Peter
Schofield, revising the manuscript; John C Morris, design of the study, interpretation of
the data, revising the manuscript.

Funding Information

DIAN data collection and sharing for this project was supported by The Dominantly
Inherited Alzheimer Network (DIAN, U19AG032438) funded by the National Institute on
Aging (NIA), the German Center for Neurodegenerative Diseases (DZNE), Raul Carrea
Institute for Neurological Research (FLENI), Partial support by the Research and
Development Grants for Dementia from Japan Agency for Medical Research and
Development, AMED and NIHR UCL/UCLH Biomedical Research Centre and the MRC
Dementias Platform UK (MR/L023784/1 and MR/009076/1). This manuscript has been

reviewed by DIAN Study investigators for scientific content and consistency of data



Buckles
29

interpretation with previous DIAN Study publications. We acknowledge the altruism of
the participants and their families and contributions of the DIAN research and support
staff at each of the participating sites for their contributions to this study.

The NACC database is funded by NIA/NIH Grant U24 AG072122. NACC data are
contributed by the NIA-funded ADRCs: P30 AG019610 (PI Eric Reiman, MD), P30
AG013846 (P! Neil Kowall, MD), P50 AG008702 (P! Scott Small, MD), P50 AG025688
(PI Allan Levey, MD, PhD), P50 AG047266 (Pl Todd Golde, MD, PhD), P30 AG010133
(PI Andrew Saykin, PsyD), P50 AG005146 (PI Marilyn Albert, PhD), P50 AG005134 (PI
Bradley Hyman, MD, PhD), P50 AG016574 (PI Ronald Petersen, MD, PhD), P50
AGO005138 (PI Mary Sano, PhD), P30 AG008051 (Pl Thomas Wisniewski, MD), P30
AGO013854 (PI Robert Vassar, PhD), P30 AG008017 (PI Jeffrey Kaye, MD), P30
AGO010161 (PI David Bennett, MD), P50 AG047366 (Pl Victor Henderson, MD, MS),
P30 AG010129 (PI Charles DeCarli, MD), P50 AG016573 (PI Frank LaFerla, PhD), P50
AGO005131 (PI James Brewer, MD, PhD), P50 AG023501 (PI Bruce Miller, MD), P30
AG035982 (PI Russell Swerdlow, MD), P30 AG028383 (PI Linda Van Eldik, PhD), P30
AGO053760 (PI Henry Paulson, MD, PhD), P30 AG010124 (PI John Trojanowski, MD,
PhD), P50 AG005133 (Pl Oscar Lopez, MD), P50 AG005142 and P30 AG066530 (PI
Helena Chui, MD), P30 AG012300 (Pl Roger Rosenberg, MD), P30 AG049638 (PI
Suzanne Craft, PhD), P50 AG005136 (Pl Thomas Grabowski, MD), P50 AG033514 (PI
Sanjay Asthana, MD, FRCP), P50 AG005681 (P! John Morris, MD), P50 AG047270 (PI
Stephen Strittmatter, MD, PhD).

Conflicts of Interest

Drs. Allegri, Graff-Radford, Masters, McCue, Mori, Paumier, Preische, Martins, and Voglein

have nothing to disclose. Virginia D Buckles received support as a consultant from Washington



Buckles
30

University in St. Louis. Chengjie Xiong has received grant support from NIH/NIA outside the
submitted work. He also served on the University of Wisconsin Alzheimer Disease Research
Center External Advisory Committee. Randall J. Bateman has received support outside the
submitted work from NIH/NIA, Avid Radiopharmaceuticals, Janssen, Eisai, Genentech ,Eli Lilly
& Co, Hoffman-LaRoche, Tau SILK Consortium (Abbvie, Biogen, and Eli Lilly & Co), Centene,
DIAN-TU Pharma Consortium (Biogen, Eisai, Eli Lilly & Co, Janssen, Hoffman-
LaRoche/Genentech, and United Neuroscience). He has received royalties from and holds
equity ownership interests in C2N Diagnostics. He has received consulting fees from Janssen,
Eisai, AC Immune, Amgen, and Hoffman-LaRoche and travel support from AC Immune and
Hoffman-LaRoche. He served on the advisory board of C2N Diagnostics and Hoffman-
LaRoche. Jason Hassenstab has received support outside the submitted work from NIA and
BrightFocus Foundation. He has received consulting fees and honoraria/payments from Roche,
Parabon Nanolabs, and NIA grants. He has received payment for serving on the Data Safety
Monitoring Board (DSMB) for Mission AD and NIA grants. Sarah B. Berman has received
support outside the submitted work from NIH and Michael J Fox Foundation. She also served
unpaid on the Scientific Advisory Committee of the Lewy Body Disease Association. Jasmeer
P. Chhatwal has received support outside the submitted work from NIH/NIA and received
consulting fees from Otsuka Pharmaceuticals. He also received travel funds from NIH grants
and the Doris Duke Charitable Foundation. Adrian Danek has received support outside the
submitted work from Advocacy for Neuroacanthocytosis Patients for whom he also serves in an
unpaid leadership role. He has received honoraria/payments for lectures at Swiss hospitals, for
expert witness testimony and government supported travel. Anne M Fagan has received
support outside the submitted work from NIH/NIA and consulting fees from Diadem and Roche
Diagnostics. Bernardino Ghetti has received support outside the submitted work from NIH/NIA
and honoraria/payments from the University of Utah. Alison Goate has received support outside

the submitted work from NIH, Rainwater Charitable Foundation, JPB Foundation, and the



Buckles
31

Neurodegeneration Consortium. She has received royalties from Athena Diagnostics and
Taconic Industries. Mathias Jucker has received support outside the submitted work from
German Research Foundation, Alz Cure, Novartis, and IMI2. He has also received consulting
fees from Roche and Synapsis as well as honoraria/payments from Merz. Johannes Levin has
received support outside the submitted work from DZNE (German center of neurodegenerative
diseases). He has received consulting fees from Biogen as well as honoraria/payments from
Bayer and Roche. He is compensated as Chief Medical Officer for MODAG GmbH and serves
on the Scientific Advisory Board of Axon Neurosciences. Daniel S Marcus has received support
outside the submitted work from NIH. He also holds stock in and received royalties from
Radiologics. Eric McDade has received support outside the submitted work from NIA, Eli Lilly,
Hoffman La Roche, and Janssen. He receives royalties from UpToDate and consulting fees for
serving on DSMBs for Eli Lilly and Alector and as Scientific Advisory Board member for
Alzamed. He received support for attending the Foundation Alzheimer Scientific Advisory Board
and received honoraria/payments from Eisai for a CME presentation. He has submitted patent
US 17/05,985 entitled "Methods of Treating Based on Site-Specific Tau Phosphorylation”.
Krista L. Moulder has received support outside the submitted work from the Cure Alzheimer's
Fund. James M Noble has received support outside the submitted work from NIH/NIA and the
Department of Defense (DOD). He also has patent pending for “Systems and methods for real-
time concussion diagnosis by electroencephalogram activity monitoring (US20190298262A1).
John M. Ringman has received support outside the submitted work from NIH/NIA. He served
on the DSMB for RENEW; LLC. Nick C Fox has received consulting feed from Biogen, Roche
and lonis outside the submitted work. He received tracer for in-kind support from Eli Lilly and
payment for serving on Biogen’s DSMB and Roche’s Scientific Advisory Board. Stephen
Salloway has received support outside the submitted work from Lilly, Biogen, and Roche. He
received consulting fees and travel support from Biogen, Amgen, Suven, Avid, Genentech,

Roche, Acumen, Gemvax, Takeda, Bolden Therapeutics, Prothena, Alnylam and Ono. He



Buckles
32

received honoraria/payments for educational events from P.E.R, Biogen, PlatformQ, WebMD,
GME and the Veteran’s Administration. He served on advisory boards for Biogen and Acumen
Scientific. Peter R. Schofield has received support outside the submitted work from the National
Health and Medical Research Council of Australia, Medical Research Future Fund of Australia,
and Spanish Internationalisation Network I-Link Grant. He holds leadership roles in
Neuroscience Research Australia and its foundation, the Health-Science Alliance, the
Schizophrenia Research Institute, the Australian Dementia Network Ltd, the Association of
Australian Medical Research Institutes Ltd, the Australasian Neuroscience Society, and
Business Events Sydney. He also served on the Steering Committee, Maridulu Budyari Gumal
- Sydney Partnership for Health Education, Research and Enterprise and the National Medical
Advisory Panel of the Judith Jane Mason & Harold Stannett Williams Memorial Foundation.
John C. Morris has received support outside the submitted work from NIH/NIA. He receives
royalties from the Clinical Dementia Rating® and consulting fees from Barcelona Beta Brain
Research Foundation Scientific Advisory Board and the Int'l Advisory Board, TS Srinivasan-
NIMHANS Knowledge Conclave. He received honoraria/payments for Grand Rounds at
Montefiore Health Systems and travel support for the Srinvasan 40th Oration, Indian World
Congress of Neurology, the Cure Alzheimer Board meeting (member) and the CBR Int'l

Advisory board meeting.



Buckles
33

References

1. Goate A, Chartier-Harlin MC, Mullan M, et al. Segregation of a missense mutation in the amyloid
precursor protein gene with familial Alzheimer's disease. Nature. 1991;349(6311):704-706.

2. Rogaev El, Sherrington R, Rogaeva EA, et al. Familial Alzheimer's disease in kindreds with
missense mutations in a gene on chromosome 1 related to the Alzheimer's disease type 3 gene.
Nature. 1995;376(6543):775-778.

3. Jucker M. The benefits and limitations of animal models for translational research in
neurodegenerative diseases. Nat Med. 2010;16(11):1210-1214.

4, Patterson BW, Elbert DL, Mawuenyega KG, et al. Age and amyloid effects on human CNS
amyloid-beta kinetics. Ann Neurol. 2015;78:439-453.

5. Haass C, Baumeister R. What do we learn from a few familial Alzheimer's disease cases? J Neural
Transm. 1998;54(137):145.

6. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer's disease: progress and problems on
the road to therapeutics. Science. 2002;297(5580):353-356.

7. Mills SM, Mallmann J, Santacruz AM, et al. Preclinical trials in autosomal dominant AD:
implementations of the DIAN-TU trial. Rev Neurol (Paris). 2013;169:737-743.

8. Reiman EM, Langbaum JB, Fleisher AS, et al. Alzheimer's Prevention Initiative: a plan to
accelerate the evauation of presymptomatic treatments. J Alzheimer Dis. 2011;26(Suppl 3):321-
329.

9. Administration FaD. Early Alzheimer’s Disease: Developing Drugs for Treatment Guidance for
Industry. 2018;
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation/Guidances

/UCM596728.pdf.


https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM596728.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM596728.pdf

10.

11.

12.

13.

14.

15.

16.

17.

18.

Buckles
34

Mullard A. FDA approval for Biogen's aducanumab sparks Alzheimer disease firestorm. Nat Rev
Drug Discov. 2021;20(7):496.

Cairns NJ, Perrin RJ, Franklin EE, et al. Neuropathologic assessment of participants in two multi-
center longitudinal observational studies: the Alzheimer Disease Neuroimaging Initiative (ADNI)
and the Dominantly Inherited Alzheimer Network (DIAN). Neuropathology. 2015;35(4):390-400.
Lippa CF, Saunders AM, Smith TW, et al. Familial and sporadic Alzheimer's disease:
neuropathology cannot exclude a final common pathway. Neurology. 1996;46(2):406-412.
Bateman RJ, Aisen PS, De Strooper B, et al. Autosomal-dominant Alzheimer's disease: a review
and proposal for the prevention of Alzheimer's disease. Alzheimers Res Ther. 2011;3(1):1.

Joshi A, Ringman JM, Lee AS, Juarez KO, Mendez MF. Comparison of clinical characteristics
between familial and non-familial early onset Alzheimer's disease. Journal of Neurology.
2012;259(10):2182-2188.

Storandt M, Balota DA, Aschenbrenner AJ, Morris JC. Clinical and psychological characteristics of
the initial cohort of the Dominantly Inherited Alzheimer Network (DIAN). Neuropsychology.
2014;28(1):19-29.

Fleisher AS, Chen KW, Quiroz YT, et al. Associations Between Biomarkers and Age in the
Presenilin 1 E280A Autosomal Dominant Alzheimer Disease Kindred A Cross-sectional Study.
Jama Neurology. 2015;72(3):316-324.

Bateman RJ, Xiong C, Benzinger TL, et al. Clinical and biomarker changes in dominantly inherited
Alzheimer's disease. N Engl J Med. 2012;367(9):795-804.

Grgnning H, Rahmani A, Gyllenborg J, Dessau RB, Hggh P. Does Alzheimer's disease with early
onset progress faster than with late onset? A case-control study of clinical progression and

cerebrospinal fluid biomarkers. Dement Geriatr Cogn Disord. 2012;33:111-117.



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Buckles
35

Bernick C, Cummings J, Raman R, Sun X, Aisen P. Age and rate of cognitive decline in Alzheimer
disease: implications for clinical trials. Arch Neurol. 2012;69(7):901-905.

Panegyres PK, Chen HY. Differences between early and late onset Alzheimer's disease. J
Neurodegenerative dis. 2013;2:300-306.

Waring SC, Doody RS, Pavlik MN, Massman PJ, Chan WY. Survival among patients with dementia
from a large multi-ethnic population. Alz Dis Assoc Dis. 2005;19(4):178-183.

Jacobs D, Sano M, Marder K, et al. Age at onset of Alzheimer's disease: relation to pattern of
cognitive dysfunction and rate of decline. Neurology. 1994;44(7):1215-1220.

Rosselli MC, Ardila AC, Moreno SC, et al. Cognitive decline in patients with familial Alzheimer's
disease associated with E280a presenilin-1 mutation: a longitudinal study. J Clin Exp
Neuropsychol. 2000;22(4):483-495.

Weiner MW, Aisen PS, Jack CR, Jr., et al. The Alzheimer's disease neuroimaging initiative:
progress report and future plans. Alzheimers Dement. 2010;6(3):202-211 e207.

Stanley K, Walker Z. Do patients with young onset Alzheimer's disease deteriorate faster than
those with late onset Alzheimer's disease? A review of the literature. Int Psychogeriatr.
2014;26:1945-1953.

Canevelli M, Kelaiditi E, Del Campo N, Bruno G, Vellas B, Cesari M. Predicting the Rate of
Cognitive Decline in Alzheimer Disease: Data From the ICTUS Study. Alzheimer Dis Assoc Disord.
2016;30(3):237-242.

Koss E, Edland S, Fillenbaum G, et al. Clinical and neuropsychological differences between
patients with earlier and later onset of Alzheimer's disease: A CERAD analysis, Part XII.
Neurology. 1996;46:136-141.

Morris JC, Aisen PS, Bateman RJ, et al. Developing an international network for Alzheimer's

research: The Dominantly Inherited Alzheimer Network. Clin Investig. 2012;2:975-984.



29.

30.

31.

32.

33.

34,

35.

36.

37.

Buckles
36

Besser LM, Kukull WA, Teylan MA, et al. The Revised National Alzheimer’s Coordinating Center’s
Neuropathology Form—Auvailable Data and New Analyses. Journal of Neuropathology &
Experimental Neurology. 2018;77(8):717-726.

Morris JC, Weintraub S, Chui HC, et al. The Uniform Data Set (UDS): clinical and cognitive
variables and descriptive data from Alzheimer Disease Centers. Alzheimer Dis Assoc Disord.
2006;20(4):210-216.

Ryman DC, Acosta-Baena N, Aisen PS, et al. Symptom onset in autosomal dominant Alzheimer
disease: a systematic review and meta-analysis. Neurology. 2014;83(3):253-260.

Wang G, Coble D, McDade EM, et al. Staging biomarkers in preclinical autosomal dominant
Alzheimer's disease by estimated years to symptom onset. Alzheimers Dement. 2019;15(4):506-
514.

Sanchez JS, Hanseeuw BJ, Lopera F, et al. Longitudinal amyloid and tau accumulation in
autosomal dominant Alzheimer's disease: findings from the Colombia-Boston (COLBOS)
biomarker study. Alzheimers Res Ther. 2021;13(1):27.

Smith RX, Strain JF, Tanenbaum A, et al. Resting-State Functional Connectivity Disruption as a
Pathological Biomarker in Autosomal Dominant Alzheimer Disease. Brain Connect.
2021;11(3):239-249.

Weintraub S, Salmon D, Mercaldo N, et al. The Alzheimer's Disease Centers' Uniform Data Set
(UDS): the neuropsychologic test battery. Alzheimer Dis Assoc Disord. 2009;23(2):91-101.
Birren JE, Fisher LM. Aging and speed of behavior: possible consequences for psychological
functioning. Annu Rev Psychol. 1995;46:329-353.

Cruchaga C, Haller G, Chakraverty S, et al. Rare variants in APP, PSEN1 and PSEN2 increase risk

for AD in late-onset Alzheimer's disease families. PLoS One. 2012;7(2):e31039.



38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

Buckles
37

Apostolova LG, Aisen P, Eloyan A, et al. The Longitudinal Early-onset Alzheimer's Disease Study
(LEADS): Framework and methodology. Alzheimers Dement. 2021.

Aging TNlo, Disease RIaWGoDCftNAoA. Consensus recommendations for the postmortem
diagnosis of Alzheimer's disease. Neurobiol Aging. 1997;18(4):51-S2.

Hyman BT, Phelps CH, Beach TG, et al. National Institute on Aging-Alzheimer's Association
guidelines for the neuropathologic assessment of Alzheimer's disease. Alzheimers Dement.
2012;8(1):1-13.

Laird NM, Ware JH. Random-effects models for longitudinal data. Biometrics. 1982;38(4):963-
974.

Weintraub S, Salmon D, Mercaldo N, et al. The Alzheimer's Disease Centers' Uniform Data Set
(UDS): The Neuropsychological Test Battery. Alz Dis Assoc Disord. 2009;23:91-101.

Monsell SE, Dodge HH, Zhou XH, et al. Results From the NACC Uniform Data Set
Neuropsychological Battery Crosswalk Study. Alzheimer Dis Assoc Disord. 2016;30(2):134-139.
Natté R, Maat-Schieman ML, Haan J, Bornebroek M, Roos RA, van Duinen SG. Dementia in
hereditary cerebral hemorrhage with amyloidosis-Dutch type is associated with cerebral
amyloid angiopathy but is independent of plaques and neurofibrillary tangles. Ann Neurol.
2001;50(6):765-772.

Donohue MC, Sperling RA, Salmon DP, et al. The preclinical Alzheimer cognitive composite:
measuring amyloid-related decline. JAMA Neurol. 2014;71(8):961-970.

Doraiswamy PM, Leon J, Cummings JL, Marin D, Neumann PJ. Prevalence and impact of medical
comorbidity in Alzheimer's disease. J Gerontol A Biol Sci Med Sci. 2002;57(3):M173-177.
Sheikh JI, Yesavage JA. Geriatric Depression Scale (GDS): Recent evidence and development of a
shorter version. In: Clinical Gerontology: A Guide to Assessment and Intervention. New York:

The Haworth Press; 1986:165-173.



48.

49.

Buckles
38

Littell RC, Milliken GA, Stroup WW, Wolfinger RD. SAS System for Mixed Models. Cary NC: SAS

Institute Inc.; 1996.
Cedarbaum JM, Jaros M, Hernandez C, et al. Rationale for use of the Clinical Dementia Rating

Sum of Boxes as a primary outcome measure for Alzheimer's disease clinical trials. Alzheimers &

Dementia. 2013;9(1):545-S55.



