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Abstract
Objective
To examine the long-term cognitive trajectories of individuals with normal cognition at baseline
and distinct amyloid/tau/neurodegeneration (ATN) profiles.

Methods
Pooling data across 4 cohort studies, 814 cognitively normal participants (mean baseline age =
59.6 years) were classified into 8 ATN groups using baseline CSF levels of β-amyloid 1–42 as
a measure of amyloid (A), phosphorylated tau 181 as a measure of tau (T), and total tau as
a measure of neurodegeneration (N). Cognitive performance was measured using a previously
validated global factor score and with the Mini-Mental State Examination. We compared the
cognitive trajectories across groups using growth curve models (mean follow-up time = 7
years).

Results
Using different model formulations and cut points for determining biomarker abnormality, only
the group with abnormal levels of amyloid, tau, and neurodegeneration (A+T+N+) showed
consistently greater cognitive decline than the group with normal levels of all biomarkers
(A−T−N−). Replicating prior findings using the 2011 National Institute on Aging–Alzheimer’s
Association/suspected non–Alzheimer disease pathophysiology schema, only individuals with
abnormal levels of both amyloid and phosphorylated tau 181 or total tau (stage 2) showed
greater cognitive decline than those with normal biomarker levels (stage 0).

Conclusion
The results are consistent with the hypothesis that both elevated brain amyloid and neurofi-
brillary tangles are necessary to observe accelerated neurodegeneration, which in turn leads to
cognitive decline.
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Based on accumulating evidence from neuropathologic and
biomarker studies among cognitively normal adults, it is
now recognized that Alzheimer disease (AD) pathology
(i.e., amyloid plaques and neurofibrillary tangles) begins to
develop many years before the emergence of obvious clinical
symptoms.1 In 2011, the National Institute on Aging (NIA)
and Alzheimer’s Association (AA) published recommendations
for staging the preclinical phase of AD, with stage 1 characterized
by the presence of amyloid pathology, stage 2 by evidence of
both amyloid and tau-related neurodegeneration, stage 3 by the
presence of amyloid, tau, and subtle cognitive decline, and stage
0 by neither type of pathology.1 Subsequently, it was proposed
that tau-related neurodegeneration in the absence of amyloid
could be classified as suspected non-AD pathophysiology
(SNAP).2 A consistent finding of prospective, longitudinal co-
hort studies that have examined the cognitive and clinical tra-
jectories of individuals in these groups is that cognitive decline
was primarily evident for stages 2 and 3.3–9

More recently, the amyloid/tau/neurodegeneration (ATN)
classification schema has been proposed for organizing AD
biomarkers during both the preclinical and symptomatic
phases of the disease.10 This framework forms the basis of the
2018 NIA-AA research framework for AD.11 One of the major
distinctions between the 2011 NIA-AA and ATN frameworks
is that biomarkers of neuronal injury were divided into those
specific for deposits of fibrillar tau and its associated patho-
physiology (measured by tau PET imaging and phosphory-
lated tau [p-tau] in CSF) and those that provide nonspecific
measures of neurodegeneration or neuronal injury (measured
by MRI, [18F]-fluorodeoxyglucose–PET, or total tau [t-tau]
in CSF). Thus, the ATN classification scheme divides AD
biomarkers into 3 categories: (1) amyloid, (2) tau, and (3)
neurodegeneration, which, when dichotomized into normal
vs abnormal, results in 8 biomarker profiles.

Although an initial description of the demographic and cog-
nitive characteristics of cognitively normal individuals with
different ATN profiles has been published,12 no data currently
exist regarding the clinical and cognitive trajectories of these
groups. This may be because a very large sample size is needed
to examine participants divided into the 8 groupings. Such
a study is possible using data from the Preclinical AD Con-
sortium,13 a collaboration of studies that have collected ex-
tensive biomarker data from participants who were
cognitively normal at baseline and followed longitudinally.
The aim of the current study was to examine the cognitive

trajectories among 814 individuals with normal cognition at
baseline and classified by both the 2011 NIA-AA/SNAP and
the ATN groupings using baseline CSF measures.

Methods
Participants
The data used in this study are derived from 4 cohorts
established to study the earliest phases of AD: the Adult
Children Study (ACS),14 the Australian Imaging, Biomarker,
and Lifestyle (AIBL) study,15 the Biomarkers of Cognitive
Decline Among Normal Individuals (BIOCARD) study,16

and the Wisconsin Registry for Alzheimer’s Prevention
(WRAP)17 as well as its closely connected cohort In-
vestigating Memory in Preclinical AD—Causes and Treat-
ment (IMPACT). By design, at least half of the participants in
each study had a family history of dementia. Individuals with
epilepsy, recent strokes, or remote strokes with residual effects
were excluded at baseline. Participants in all cohorts provided
written informed consent. The study protocols were ap-
proved by the institutional review boards of Johns Hopkins
University, University ofMelbourne, University ofWisconsin,
and Washington University.

Participants were included in the current study if they were
cognitively normal at the time the CSF was collected and they
had completed a clinical and cognitive evaluation within 1.5
years of that CSF collection date (mean interval for all 814
participants = 0.13 years, SD = 0.55, range = 0.15–1.38 years).
For most participants (n = 755, 93%), the interval between
the CSF draw and the cognitive visit was <1 year. Excluding
participants with >1 year lag between the CSF and cognitive
assessments did not significantly alter the results. For all
participants, the first available CSF sample was used, which
corresponded to the baseline visit for the majority of partic-
ipants (n = 592), and to a subsequent visit for the remaining
participants (n = 222).

CSF assessments
In each cohort, CSF was collected by routine lumbar puncture
in the morning after overnight fasting. The samples were
analyzed for β-amyloid 1–42 (Aβ1–42), t-tau, and p-tau181
using the xMAP-based AlzBio3 kit by Innogenetics (Ghent,
Belgium) (BIOCARD and WRAP/IMPACT cohorts) or
INNOTEST ELISA by Fujirebio Europe (Ghent, Belgium)
(ACS, AIBL, WRAP/IMPACT cohorts). Additional details
regarding CSF collection and processing have been published

Glossary
AA = Alzheimer’s Association; Aβ1–42 = β-amyloid 1–42; ACS = Adult Children Study; AD = Alzheimer disease; AIBL =
Australian Imaging, Biomarker, and Lifestyle; ATN = amyloid/tau/neurodegeneration; BIOCARD = Biomarkers of Cognitive
Decline Among Normal Individuals; IMPACT = Investigating Memory in Preclinical AD—Causes and Treatment;MMSE =
Mini-Mental State Examination; NIA = National Institute on Aging; p-tau = phosphorylated tau; SNAP = suspected
non–Alzheimer disease pathophysiology; t-tau = total tau; WRAP = Wisconsin Registry for Alzheimer’s Prevention.
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previously for each study: ACS,18 AIBL,19 BIOCARD,20 and
WRAP/IMPACT.21 In light of the considerable interlabor-
atory variability of CSF assays of Aβ1–42, p-tau181, and t-tau,

22

biomarker abnormality was established within each site, using
cut points based on both tertiles and quartiles (see below).

Cognitive assessments
Cognitive assessments were completed at baseline and on
a regular basis thereafter, depending on the protocol at each
site (e.g., every 12 or 18 months). Each site administered
a comprehensive neuropsychological battery to participants
that covered all major cognitive domains, including attention,
executive function, episodic memory, semantic memory,
verbal fluency, visual-spatial processing, and processing speed.
The specific tests administered at each site and included in the
current analyses are listed in data available from Dryad (table
e-1, doi.org/10.5061/dryad.88br3tn).

For the analyses presented in this report, cognitive performance
was measured in 2 ways: (1) using a previously validated global
cognitive factor score that summarizes performance across the
cognitive variables from each study,13,23 and (2) using the Mini-
Mental State Examination (MMSE), a measure of global cog-
nition. TheMMSEwas administered at each site across visits and
is widely recognized as a mental status test. The global cognitive
factor score was created using relatively new procedures based
on confirmatory factor analysis methods (see references 13 and
23 for additional details), which allowed for harmonization of
data across the 5 cohorts. With this method, tests that are
common to all cohorts, as well as noncommon tests, can be
combined into a single score for each participant at each visit,
thereby utilizing all available data. This is important given that
most tests were not administered at all sites, across all visits, or
to all participants (data available from Dryad, table e-1, doi.
org/10.5061/dryad.88br3tn). We have previously shown that
the global cognitive factor score, as calculated in this study, is
associated with risk of progression to mild cognitive impair-
ment in this cohort, suggesting that it is sensitive to subtle
changes in cognition during preclinical AD. Briefly, using
Mplus software, a factor score was estimated for each partic-
ipant at each study visit using 2-parameter logistic item re-
sponse models with a Bayesian estimator. Item-level fit of data
in the models was evaluated using normalized residuals.24,25

Factor scores were estimated in the pooled data for each
model based on averages of 30 plausible values from the
posterior distribution generated by the models.26 Before
combining cognitive testing data across the different studies,
test versions and characteristics were reviewed with study-
specific codebooks and documentation, and by comparing
means and ranges of the variables. To facilitate comparisons of pa-
rameter estimates across tests, cognitive tests were standardized to
a T-scale using data from all participants (mean = 50, SD = 10).

Statistical analysis
Individuals were classified into groups based on their CSF
values using both the 2011 NIA-AA/SNAP schema (stages
0–2 and SNAP) and the ATN framework (8 groups). For

these analyses, the CSF measures were dichotomized as
normal or abnormal within each cohort using tertile cut points
because of the known interlaboratory assay variability men-
tioned above. That is, Aβ1–42 in the lower one-third and t-tau
or p-tau181 in the upper one-third of the cohort-specific dis-
tributions were considered abnormal. Tertiles were selected
for the primary analyses based on the observation that about
one-third of cognitively normal adults aged 50 to 70 years
(i.e., the approximate age range of this sample) have one or
more abnormal AD biomarkers.12 For the 2011 NIA-AA/
SNAP schema, individuals were classified both using Aβ1–42
and p-tau181 (with t-tau being free to vary) and Aβ1–42 and
t-tau (with p-tau181 being free to vary). For the ATN frame-
work, p-tau181 was used as the marker of tau-related tangle
pathology and t-tau a marker of neurodegeneration. Using
tertile cut points, the proportion of individuals classified into
the 2011 NIA-AA/SNAP stages was comparable to prior
studies that used clinically validated cut points.5,7,12 In follow-
up sensitivity analyses, other cut points were used, including
(1) quartiles for all biomarkers or (2) tertiles for Aβ1–42 and
quartiles for t-tau and p-tau181 to simulate the possibility that
Aβ1–42 becomes abnormal earlier than tau and p-tau181.
Similar results were obtained, suggesting robustness to
choices of cut points (data available from Dryad, tables e-3 to
e-6, doi.org/10.5061/dryad.88br3tn). Using more extreme
cut points (i.e., quintiles), some of the group sizes became too
small in our dataset for reliable analyses; however, the pattern
of results remained the same (data not shown).

The data were analyzed using growth-curve models, including
linear effects of time, to test whether the rate of change in
cognition differed across the CSF groups. Growth curve
models have the advantage that one can parsimoniously
compare multiple groups to a single reference group within
the same model, thus not requiring a correction for multiple
comparisons. Models were specified with a random intercept
and slope. Two main analyses were performed: (1) with
groupings based on the NIA-AA/SNAP schema (separately
for p-tau181 and t-tau); (2) with the ATN groups. Group
status was coded using binary predictors (0 or 1) for each
group. Because 222 participants had one or more cognitive
testing sessions prior to their first CSF draw (which were
excluded from trajectory modeling), we included a binary
indicator for “prior cognitive testing exposure” to account for
effects of practice on subsequent cognitive trajectories.

All models included the following predictors: indicators for each
group (excluding indicators for the stage 0 and A−/T−/N−
groups, which were treated as the reference groups), indicators
for site (to control for site differences), baseline age, sex, years of
education, indicator for prior cognitive test exposure, time, the
interaction (i.e., cross-product) of each group indicator with
time, and the age × time interaction (education × time and sex ×
time interactions were not significant). Group differences in the
NIA-AA/SNAP schema were also examined using stage 2 as the
reference, which is simply a recoded version of the original
model. The outcome variables were cognitive trajectories over
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time measured by either (1) the global cognitive factor score or
(2) the MMSE score. In both cases, the baseline test scores
selected corresponded to the initial date of CSF collection ±1.5
years. All available follow-up scores were used.

The time variable in the models was defined in 2 ways: (1)
time (in years) since CSF draw and (2) chronological age (in
years) at CSF draw and at subsequent observations. The ra-
tionale for examining 2 alternative timescales is that change in
cognitive performance is likely a consequence of both aging
and the accumulation of age-related pathology, as opposed to
time since CSF draw. However, using chronological age po-
tentially confounds covariate effects with cohort effects, while
models using time since CSF draw avoid this potential bias.27

In all models, the interaction of each group indicator with
time tested whether the rate of change in the cognitive outcome
variable differed between either the stage 0 or A−/T−/N− group
(the reference group) and the other groups.

Differences in baseline characteristics of participants across
CSF groups were first assessed using a global F test for con-
tinuous variables or a global χ2 test for categorical variables.
Global F tests protect against false-positive results by exam-
ining the variability across all groups simultaneously. Only if
the global F test was significant at p < 0.05, post hoc t tests or

χ2 tests were performed to compare individual groups. Data
analyses were performed using Mplus software, version 8.

Data availability
Anonymized study data for the primary analyses presented in
this report are available on request from any qualified in-
vestigator for purposes of replicating the results.

Results
Baseline characteristics (i.e., at the time of the CSF draw) of
participants included in this study are shown in table 1. Par-
ticipants were primarily white, non-Hispanic, well-educated,
and about one-third were carriers of the APOE e4 allele, the
major genetic risk factor for late-onset AD.28 In each cohort,
CSF p-tau181 was highly correlated with t-tau (all r ≥ 0.69, all
p < 0.0001); correlations between Aβ1–42 and t-tau or p-tau181
were considerably weaker and not consistent across cohorts
(data available from Dryad, table e-2, doi.org/10.5061/dryad.
88br3tn).

2011 NIA-AA/SNAP groups: Baseline
characteristics and rate of change in cognition
Table 2 shows the baseline characteristics for participants in
the NIA-AA/SNAP groups (stages 0–2 and SNAP), separately

Table 1 Participant characteristics at baseline by cohort

Variable Overall sample ACS AIBL BIOCARD IMPACT WRAP

Sample size 814 302 84 250 88 90

Sex, female, n (%) 410 (62.7) 189 (62.6) 44 (52.4) 149 (59.6) 67 (76.1) 61 (67.8)

White race, n (%) 772 (94.8) 272 (90.1) 84 (100.0) 242 (96.8) 87 (98.9) 87 (96.7)

APOE «4 carrier, n (%) 293 (36.0) 105 (34.8) 20 (23.8) 92 (36.8) 41 (46.6) 35 (38.9)

2 or more visits, n (%) 692 (85.0) 228 (75.5) 58 (69.0) 246 (98.4) 84 (95.5) 76 (84.4)

No. of visits, mean (SD) 4.7 (2.8) 3.6 (2.3) 4.0 (0.3) 7.3 (2.7) 3.1 (1.0) 3.5 (1.0)

Follow-up, y, mean (SD) 7.0 (4.5) 4.6 (3.3) 4.5 (0.6) 11.6 (3.9) 3.1 (1.3) 8.3 (1.7)

Age, y, mean (SD) 59.6 (8.1) 59.9 (8.0) 68.8 (5.8) 58.1 (8.0) 57.7 (5.1) 55.8 (6.3)

Education, y, mean (SD) 16.0 (2.7) 16.1 (2.5) 12.2 (1.6) 17.1 (2.4) 16.1 (2.4) 15.9 (2.4)

MMSE score, mean (SD) 29.4 (1.0) 29.3 (1.0) 28.8 (1.5) 29.6 (0.8) 29.4 (0.8) 29.4 (0.8)

Tertile cut point for Aβ1–42, pg/mL — 553 615 365 655 621

Tertile cut point for p-tau181, pg/mL — 51 68 40 44 49

Tertile cut point for t-tau, pg/mL — 262 343 75 312 371

Quartile cut point for Aβ1–42, pg/mL — 494 583 336 608 576

Quartile cut point for p-tau181, pg/mL — 57 76 43 49 53

Quartile cut point for t-tau, pg/mL — 289 379 81 334 398

Abbreviations: Aβ1–42 = β-amyloid 1–42; ACS = Adult Children Study; AIBL = Australian Imaging, Biomarker, and Lifestyle; BIOCARD = Biomarkers of Cognitive
Decline Among Normal Individuals; IMPACT = Investigating Memory in Preclinical AD—Causes and Treatment; MMSE = Mini-Mental State Examination; p-
tau181 = phosphorylated tau 181; t-tau = total tau; WRAP = Wisconsin Registry for Alzheimer’s Prevention.
Tertile and quartile cut points were used to classify CSF values as normal vs abnormal. See text for additional information. Participants with values below the
cut point (for Aβ1–42) or above the cut point (for p-tau181 and t-tau) were classified as abnormal.
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for groups defined by Aβ1–42 and t-tau vs Aβ1–42 and p-tau181.
Using either t-tau or p-tau181 to define the groups, the mean
number of visits, mean follow-up time, mean years of education,
and proportion of women and nonwhite participants did not
differ across groups. However, individuals in stage 2 were older
and had lower baseline global cognitive factor scores compared to
the other groups (all p < 0.001). In addition, the stage 1 and 2
groups had a higher proportion of APOE e4 carriers than the
stage 0 and SNAP groups (all p < 0.05). Of the 814 participants
included in the analyses, 132 (16.2%)were classified in a different
CSF group when groups were defined using Aβ1–42 and t-tau vs
Aβ1–42 and p-tau181. Group membership changes were between
stage 0 and SNAP (n = 93, with n = 46 switching from stage 0 to

SNAP and n = 47 from SNAP to stage 0), with the remainder
between stages 1 and 2 (n = 39, with n = 20 switching from stage
1 to stage 2 and n = 19 switching from stage 2 to stage 1).

The results from models comparing the cognitive trajectories
of individuals in stage 0 with the other groups are summarized
in table 3. Unless noted otherwise, the same pattern of results
was obtained using years since baseline or chronological age
as timescales, and using either Aβ1–42 and t-tau or Aβ1–42 and
p-tau181 to define the groups.

For the global cognitive factor score, the stage 2 group showed
a greater rate of decline relative to the stage 0 and stage 1

Table 2 Baseline characteristics of participants in the four 2011 NIA-AA/SNAP groups (stages 0, 1, and 2 and SNAP)

Baseline participant characteristics Stage 0 Stage 1 Stage 2 SNAP

Using baseline CSF Aβ1–42 and t-tau to define group membership

No. (%) 362 (44.5) 175 (21.5) 91 (11.2) 186 (22.9)

Sex, female, n (%) 231 (63.8) 105 (60.0) 51 (56.0) 123 (65.4)

White race, n (%) 343 (94.8) 163 (93.1) 86 (94.5) 180 (95.7)

APOE «4 carrier, n (%) 97 (26.8) 80 (45.7)a 53 (58.2)a 63 (33.5)

2 or more visits, n (%) 301 (84.1) 154 (88.0) 77 (84.6) 160 (86.0)

No. of visits, mean (SD) 4.8 (2.9) 4.5 (2.4) 5.0 (2.6) 4.7 (2.8)

Follow-up, y, mean (SD) 7.2 (4.7) 6.6 (4.0) 7.0 (4.2) 7.1 (4.6)

Age, y, mean (SD) 58.5 (7.9) 58.8 (7.9) 64.2 (7.4)a 60.2 (8.2)b

Education, y, mean (SD) 16.1 (2.7) 15.9 (2.9) 16.0 (2.9) 15.9 (2.6)

MMSE score, mean (SD) 29.4 (0.9) 29.4 (0.9) 29.1 (1.3)b 29.3 (1.1)

Cognitive factor score, mean (SD) 53.7 (7.1) 53.2 (7.1) 49.4 (8.7)a 52.7 (7.2)

Using baseline CSF Aβ1–42 and p-tau181 to define group membership

No. (%) 363 (44.6) 175 (21.4) 91 (11.2) 185 (23.4)

Sex, female, n (%) 232 (63.9) 102 (58.3) 54 (59.3) 122 (65.9)

White race, n (%) 345 (95.0) 162 (92.6) 87 (95.6) 178 (96.2)

APOE «4 carrier, n (%) 101 (27.8) 78 (44.6)a 55 (60.4)a 59 (31.9)

2 or more visits, n (%) 306 (84.3) 152 (86.9) 79 (86.8) 155 (83.8)

No. of visits, mean (SD) 4.9 (3.0) 4.5 (2.5) 4.9 (2.5) 4.5 (2.6)

Follow-up, y, mean (SD) 7.3 (4.9) 6.7 (4.0) 6.8 (4.2) 6.8 (4.4)

Age, y, mean (SD) 58.6 (7.8) 59.4 (8.0) 63.1 (7.8)a 59.9 (8.4)

Education, y, mean (SD) 16.1 (2.6) 16.0 (3.0) 15.8 (2.7) 15.7 (2.7)

MMSE score, mean (SD) 29.4 (0.8) 29.3 (1.1) 29.2 (1.1)b 29.3 (1.1)

Cognitive factor score, mean (SD) 53.7 (7.0) 53.1 (7.2) 49.7 (8.7)a 52.8 (7.4)

Abbreviations: AA = Alzheimer’s Association; Aβ1–42 = β-amyloid 1–42; MMSE = Mini-Mental State Examination; NIA = National Institute on Aging; p-tau181 =
phosphorylated tau 181; SNAP = suspected non–Alzheimer disease pathophysiology; t-tau = total tau.
The 2011 NIA-AA/SNAP groups are defined as follows: stage 0 = normal Aβ1–42 and normal t-tau or p-tau181; stage 1 = abnormal Aβ1–42 and normal t-tau or p-
tau181; stage 2 = abnormal Aβ1–42 and abnormal t-tau or p-tau181; and SNAP = normal Aβ1–42 and abnormal t-tau or p-tau181.
Differences between stages 1, 2, and SNAP relative to stage 0:
a p < 0.005.
b p < 0.05.
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Table 3 Results of linear growth curve models assessing level and change of cognitive trajectories of the 4 preclinical
Alzheimer disease groups

Model predictors

Timescale: Years from baseline Timescale: Chronological age

Mean
estimate SE

p Value vs
stage 0

Mean
estimate SE

p Value vs
stage 0

Using baseline CSF Aβ1–42 and total tau to define group
membership

Cognitive factor score

Stage 0: Level 51.44 0.45 — 52.30 0.50 —

Stage 1: Level 50.55 0.65 NS 51.69 0.75 NS

Stage 2: Level 48.12 1.29 0.014 50.38 1.55 NS

SNAP: Level 50.35 0.66 NS 52.24 0.75 NS

Stage 0: Slope 0.11 0.06 — 0.11 0.06 —

Stage 1: Slope 0.22 0.12 NS 0.15 0.09 NS

Stage 2: Slope −0.42 0.21 0.017 −0.31 0.16 0.008

SNAP: Slope 0.02 0.11 NS −0.05 0.09 0.050

MMSE score

Stage 0: Level 51.68 0.41 — 52.67 0.48 —

Stage 1: Level 51.69 0.65 NS 51.99 0.66 NS

Stage 2: Level 49.84 1.40 NS 51.03 1.73 NS

SNAP: Level 51.24 0.62 NS 52.73 0.60 NS

Stage 0: Slope −0.47 0.08 — −0.52 0.07 —

Stage 1: Slope −0.50 0.16 NS −0.58 0.10 NS

Stage 2: Slope −1.60 0.50 0.024 −1.10 0.23 0.006

SNAP: Slope −0.33 0.12 NS −0.55 0.09 NS

Using baseline CSF Aβ1–42 and p-tau181 to define group
membership

Cognitive factor score

Stage 0: Level 51.38 0.46 — 52.43 0.52 —

Stage 1: Level 50.63 0.69 NS 51.62 0.78 NS

Stage 2: Level 47.99 1.17 0.008 50.28 1.35 NS

SNAP: Level 50.47 0.66 NS 52.05 0.72 NS

Stage 0: Slope 0.09 0.07 — 0.09 0.06 —

Stage 1: Slope 0.13 0.13 NS 0.12 0.10 NS

Stage 2: Slope −0.27 0.20 0.092 −0.26 0.14 0.017

SNAP: Slope 0.04 0.10 NS −0.01 0.08 NS

MMSE score

Stage 0: Level 51.45 0.40 — 52.72 0.49 —

Stage 1: Level 51.02 0.76 NS 51.46 0.67 0.075

Stage 2: Level 51.19 1.17 NS 52.15 1.55 NS

SNAP: Level 51.63 0.63 NS 52.65 0.59 NS

Stage 0: Slope −0.40 0.08 — −0.49 0.07 —

Continued
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groups (all p < 0.025, except using Aβ1–42 and p-tau181 to
define the groups and years since baseline as the timescale: p =
0.089 and p = 0.093 for stage 2 vs 0 and 1, respectively). The
rate of change in the cognitive factor score for the SNAP
group was intermediate and did not differ from the other

groups (all p ≥ 0.07). In addition, as shown in figure 1, using
years since baseline as the timescale (but not using age), the
stage 2 group had lower baseline cognitive factor scores
compared to the other groups (all p < 0.062) (data available
from Dryad, figure e-1, doi.org/10.5061/dryad.88br3tn).

Table 3 Results of linear growth curve models assessing level and change of cognitive trajectories of the 4 preclinical
Alzheimer disease groups (continued)

Model predictors

Timescale: Years from baseline Timescale: Chronological age

Mean
estimate SE

p Value vs
stage 0

Mean
estimate SE

p Value vs
stage 0

Stage 1: Slope −0.56 0.17 NS −0.62 0.11 NS

Stage 2: Slope −1.50 0.47 0.023 −1.09 0.21 0.002

SNAP: Slope −0.47 0.12 NS −0.60 0.09 NS

Abbreviations: Aβ1–42 = β-amyloid 1–42; MMSE = Mini-Mental State Examination; NS = not significant (p > 0.1); p-tau181 = phosphorylated tau; SNAP =
suspected non–Alzheimer disease pathophysiology.
All models were adjusted for baseline age, sex, years of education, prior cognitive test exposure, and the age × time interaction. Stage 0 was used as the
reference group in these models. Thus, estimates for stages 1 and 2 and SNAP reflect differences relative to stage 0.

Figure 1 Estimates of longitudinal change in cognition for the 4 National Institute on Aging–Alzheimer’s Association/SNAP
groups

Estimates from linear growth curvemodels predicting cognitive factor scores (A and B) andMMSE scores (C andD) over time among individuals classified into
the 3 preclinical AD groups (stages 0, 1, 2) and SNAP using baseline CSF Aβ1–42 and t-tau (A and C) or Aβ1–42 and p-tau181 (B and D) for classification. The
estimates are adjusted for baseline age, sex, education, and the age × time interaction and the timescale was years since baseline. The stage 2 group (solid
green line) showed the greatest rate of decline among the 4 groups. Aβ1–42 = β-amyloid 1–42; MMSE = Mini-Mental State Examination; p-tau181 = phos-
phorylated tau 181; SNAP = suspected non–Alzheimer disease pathophysiology; t-tau = total tau.
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Similarly, for the MMSE, individuals classified as stage 2
showed more decline relative to the stage 0, 1, and SNAP
groups (all p ≤ 0.05, except for vs stage 1 defined using Aβ1–42
and p-tau181 and years since baseline as the timescale, where
p = 0.069) (figure 1, C and D). There was no difference in the
rate of change of the MMSE score between the stage 0, 1, and
SNAP groups. There was also no difference in the baseline
MMSE score between the groups.

ATN profile groups: Baseline characteristics
and rate of change in cognition
Baseline characteristics of participants in the 8 ATN groups
are shown in table 4. There were no group differences in the
number of visits, follow-up years, proportion of females,
proportion of nonwhite participants, and years of education.
Individuals who were positive for a given biomarker tended to
be older (all p < 0.03), have slightly lower cognitive factor
scores (all p < 0.007), and included more APOE e4 carriers
(all p < 0.02) than individuals negative for the same bio-
marker. Of note, the number of participants in the 2 groups
positive for Aβ1–42 and either tau or neurodegeneration but
not both (i.e., A+/T+/N− and A+/T−/N+) each represented
only 2.3% of the sample, likely reflecting the high correlation
between CSF p-tau181 and t-tau among A+ individuals.

Table 5 shows the results from the growth curve models
assessing the cognitive trajectories of the ATN groups, using
the biomarker-negative group (A−/T−/N−) as a reference.
The group positive for all biomarkers (A+/T+/N+) showed
greater decline on the cognitive factor score compared to the
reference group (p = 0.015 and p = 0.039 using age and years
since baseline as the timescale, respectively) (figure 2, A and
B). In addition, the A+/T+/N+ group had lower baseline

factor scores than the reference group, using years since
baseline as the timescale (p = 0.004).

Similarly, for the MMSE, only the group positive for all bio-
markers (A+/T+/N+) demonstrated greater cognitive decline
compared to the reference group (p = 0.014 and p = 0.007 using
years since baseline and age as the timescale, respectively; see
figure 2, C andD). In addition, the group positive for Aβ1–42 and
tau but not neurodegeneration (A+/T+/N−) had a more pos-
itive MMSE trajectory (p = 0.003) than the biomarker-negative
group (A−/T−/N−) using years since baseline as the timescale.
None of the other groups showed reliable differences in the rate
of change of the MMSE or the cognitive factor score relative to
the reference group. When more stringent cut points were used
to define the groups (e.g., quartiles), again only the A+T+N+
group showed more negative cognitive trajectories than the
biomarker-negative group (A−T−N−) (data available from
Dryad, tables e-5 and e-6 and figure e-2, doi.org/10.5061/dryad.
88br3tn).

Discussion
This study investigated longitudinal cognitive trajectories
among 814 primarily middle-aged individuals with normal
cognition and different CSF biomarker profiles at baseline by
pooling data across 4 independent cohorts. The large sample
size of the current study and the 7-year follow-up period
allowed us to examine the long-term cognitive trajectories of
individuals in the 8 ATN biomarker groups.10 Using different
cut points and model formulations, we found that only the
group with abnormal levels of amyloid, tau, and neuro-
degeneration (A+T+N+), as assessed by CSF Aβ1–42, p-tau181,
and t-tau, respectively, showed consistently greater cognitive

Table 4 Baseline characteristics of participants in the 8 ATN profile group

Baseline participant characteristics A2T2N2 A2T+N2 A2T2N+ A2T+N+ A+N2T2 A+T+N2 A+T2N+ A+T+N+

No. (%) 317 (38.9) 45 (5.5) 46 (5.7) 140 (17.2) 156 (19.2) 19 (2.3) 19 (2.3) 72 (8.8)

2 or more visits, n (%) 267 (84.2) 34 (75.6) 39 (84.8) 121 (86.4) 137 (87.8) 17 (89.5) 15 (78.9) 62 (86.1)

No. of visits, mean (SD) 4.8 (3.0) 4.2 (2.6) 5.1 (3.3) 4.5 (2.4) 4.7 (2.4) 4.3 (2.5) 4.9 (2.9) 5.1 (2.5)

Sex, female, n (%) 202 (63.7) 29 (64.4) 30 (65.2) 93 (66.4) 92 (59.0) 13 (68.4) 10 (52.6) 41 (56.9)

White race, n (%) 300 (94.6) 43 (95.6) 45 (97.8) 135 (96.4) 145 (92.9) 18 (94.7) 17 (89.5) 69 (95.8)

APOE «4 carrier, n (%) 84 (26.5) 13 (28.9) 15 (37.0) 46 (32.9) 67 (42.9)a 13 (68.4)a 11 (57.9)a 42 (58.3)a

Follow-up, y, mean (SD) 7.3 (4.8) 6.4 (4.3) 7.5 (5.3) 6.9 (4.4) 6.6 (4.0) 6.4 (4.3) 7.0 (4.1) 7.0 (4.2)

Age, y, mean (SD) 58.4 (7.9) 58.7 (7.6) 59.7 (6.5) 60.3 (8.7)b 58.9 (8.1) 57.7 (6.1) 62.9 (6.5)b 64.5 (7.6)a

Education, y, mean (SD) 16.1 (2.7) 15.9 (2.8) 16.5 (2.3) 15.7 (2.7) 16.0 (3.0) 15.4 (2.4) 16.0 (3.4) 16.0 (2.7)

MMSE score, mean (SD) 29.5 (0.8) 29.3 (1.1) 29.3 (1.0) 29.3 (1.1) 29.3 (1.0) 29.5 (0.8) 29.0 (1.7)b 29.1 (1.2)b

Cognitive factor score, mean (SD) 53.7 (7.0) 54.0 (7.8) 53.6 (6.7) 52.4 (7.3) 53.1 (7.2) 54.1 (6.2) 52.8 (7.4) 48.5 (8.9)a

Abbreviations: ATN = amyloid/tau/neurodegeneration; MMSE = Mini-Mental State Examination.
Differences between each biomarker-positive group relative to the biomarker-negative group (A−T−N−):
a p < 0.005.
b p < 0.05.
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Table 5 Results of linear growth curve models assessing level and change of cognitive trajectories of the 8 ATN groups

Model predictors

Timescale: Years from baseline Timescale: Chronological age

Mean estimate SE p Value vs A2T2N2 Mean estimate SE p Value vs A2T2N2

Cognitive factor score

A2T2N2: Level 51.40 0.48 — 52.29 0.81 —

A2T+N2: Level 51.71 1.38 NS 52.27 1.42 NS

A2T2N+: Level 51.15 1.33 NS 53.08 1.40 NS

A2T+N+: Level 50.06 0.75 NS 51.91 0.82 NS

A+T2N2: Level 50.44 0.71 NS 51.54 0.81 NS

A+T+N2: Level 51.38 1.60 NS 52.70 1.40 NS

A+T2N+: Level 52.78 2.49 NS 53.17 2.90 NS

A+T+N+: Level 47.04 1.41 0.004 49.56 1.79 NS

A2T2N2: Slope 0.11 0.07 — 0.12 0.06 —

A2T+N2: Slope 0.06 0.14 NS 0.08 0.13 NS

A2T2N+: Slope −0.04 0.22 NS −0.08 0.17 NS

A2T+N+: Slope 0.04 0.12 NS −0.04 0.09 0.089

A+T2N2: Slope 0.21 0.13 NS 0.15 0.10 NS

A+T+N2: Slope 0.26 0.24 NS 0.13 0.20 NS

A+T2N+: Slope −0.61 0.42 0.094 −0.28 0.34 NS

A+T+N+: Slope −0.40 0.24 0.039 −0.31 0.17 0.015

MMSE score

A2T2N2: Level 51.73 0.40 — 52.86 0.49 —

A2T+N2: Level 51.20 1.57 NS 51.01 1.05 0.073

A2T2N+: Level 49.84 1.32 NS 51.67 1.01 NS

A2T+N+: Level 51.76 0.66 NS 53.13 0.61 NS

A+T2N2: Level 51.50 0.70 NS 51.46 0.71 0.082

A+T+N2: Level 53.30 1.28 NS 55.92 0.90 0.001

A+T2N+: Level 46.79 4.21 NS 52.58 1.96 NS

A+T+N+: Level 50.46 1.42 NS 50.50 2.11 NS

A2T2N2: Slope −0.42 0.08 — −0.50 0.07 —

A2T+N2: Slope −0.80 0.25 NS −0.67 0.13 NS

A2T2N+: Slope −0.25 0.25 NS −0.46 0.14 NS

A2T+N+: Slope −0.37 0.13 NS −0.59 0.09 NS

A+T2N2: Slope −0.57 0.17 NS −0.59 0.10 NS

A+T+N2: Slope 0.06 0.15 0.003 −0.51 0.15 NS

A+T2N+: Slope −0.43 0.57 NS −1.01 0.47 NS

A+T+N+: Slope −1.88 0.58 0.014 −1.12 0.25 0.007

Abbreviations: ATN = amyloid/tau/neurodegeneration; NS = not significant (p > 0.1).
All models were adjusted for baseline age, sex, years of education, prior cognitive test exposure, and the age × time interaction. The p values represent
differences between each biomarker-positive group relative to the biomarker-negative group (A−T−N−).
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decline than the group with normal biomarker levels
(A−T−N−). This may suggest that abnormality in all 3 bio-
markers is necessary for observing accelerated cognitive decline
during preclinical AD. However, we cannot rule out the possi-
bility that we were unable to detect real differences between A+
groups discordant for T and N because of insufficient power. In
addition, replicating results from prior studies that examined the
2011 NIA-AA/SNAP schema, we found that, relative to indi-
viduals with normal CSF levels of amyloid, p-tau181, and t-tau
(stage 0), only those with abnormal levels of both amyloid and
p-tau181 or t-tau (i.e., stage 2) showed greater cognitive decline
over time.3–9 These results are consistent with the hypothesis that
the presence of both elevated brain amyloid and neurofibrillary
tangles is necessary for acceleration in neurodegeneration,29,30

which in turn leads to cognitive decline.31

It is also possible that some degree of cognitive decline ob-
served among the A+T+N+ group stems from neuro-
degeneration due to non-AD related causes, including
cerebrovascular disease. However, given the cohort’s rela-
tively young age, strong family history of AD, and high

proportion of APOE e4 carriers, we hypothesize that much of
the elevation in t-tau reflects AD-related processes. More
broadly, it seems unlikely that non-AD neurodegenerative
processes are major contributors to cognitive decline in this
study because none of the other N+ groups showed acceler-
ated cognitive decline. Disentangling the relative con-
tributions of different sources of neurodegeneration in
general, and among the A+T+N+ group more specifically, is
an important avenue for future research.

According to both biomarker schemas, the A+ groups are
thought to represent different stages of the AD pathophysi-
ologic cascade, beginning with the accumulation of amyloid
(A+T−N−), followed by the deposition of tau (A+T+N−)
and subsequent neurodegeneration (A+T+N+), which
eventually leads to cognitive decline. The finding that cogni-
tive decline in the current study was most prominent among
individuals with abnormalities in all 3 classes of biomarkers is
consistent with this hypothesized sequence of events. How-
ever, the sample sizes of the A+ groups discordant for T and N
were too small (approximately 10–20, depending on the cut

Figure 2 Estimates of longitudinal change in cognition for the 8 ATN profile groups

Estimates from linear growth curvemodels predicting cognitive factor scores (A and B) andMMSE scores (C andD) over time among individuals classified into
the 8 ATN profile groups using baseline CSF β-amyloid 1–42 as a measure of amyloid, CSF phosphorylated tau 181 as a measure of tau, and CSF total tau as
a measure of neurodegeneration. The estimates are adjusted for baseline age, sex, education, and the age × time interaction, and the timescale was years
since baseline (A and C) or chronological age (B and D). Only the A+T+N+ group (solid black line) consistently showed greater decline than the biomarker-
negative (A−T−N−) group (solid orange line). ATN = amyloid/tau/neurodegeneration; MMSE = Mini-Mental State Examination.
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point) to reliably differentiate their cognitive trajectories from
that of the A+T+N+ group (due to the high correlation be-
tween CSF p-tau181 and t-tau). Consequently, we cannot rule
out the possibility that the presence of high amyloid and either
tau or neurodegeneration are sufficient to cause accelerated
cognitive decline, as might be expected based on the finding
that the stage 2 group (which requires abnormality in only
N or T) showed accelerated cognitive decline. Consistent
with this possibility, the mean slopes of the cognitive trajec-
tories of the A+T+N− and A+T−N+ groups often approached
that of the A+T+N+ group (figure 2 and data available from
Dryad, figure e-2, doi.org/10.5061/dryad.88br3tn). It is also
possible, however, that the cognitive decline among individ-
uals in the stage 2 group in this, as well as in prior studies, was
primarily driven by individuals with abnormality in both T
and N because only one of these biomarkers was measured
and statistically controlled. Themore positive trajectory of the
A + T+N− group relative to the biomarker-negative
(A−T−N−) group for the MMSE when using years since
baseline as the timescale likely presents a false-positive finding
related to the small sample size of the group. This is supported
by the fact that this group did not differ from (and tended to
be more negative relative to) the A−T−N− group, when using
age as the timescale or other cut points (data available from
Dryad, tables e-5 and e-6, doi.org/10.5061/dryad.88br3tn).

In light of the low frequency of A+ individuals who are discor-
dant for T and N as measured by CSF p-tau181 and t-tau, our
findings further suggest that it may not be possible or practical to
differentiate the cognitive trajectories of cognitively normal
individuals with these CSF profiles. Future studies are needed to
examinewhether other CSFmarkers of neurodegeneration, such
as VILIP-1, neurogranin, neurofilament light chain, or neuronal
pentraxin 2,32–34 add discriminating power, above and beyond
the standard CSF biomarkers, facilitating differentiation among
the ATN profile groups. More broadly, the finding that in a co-
hort of 814 individuals, we were able to reliably differentiate the
cognitive trajectories of only 2 groups (A−T−N− vs A+T+N+)
may further suggest that in a preclinical, largely middle-aged
cohort, the ATN staging system may not be sensitive to differ-
ences in risk of cognitive decline.

In addition, it has been hypothesized that the A−T−N+ profile
is associated with non-AD neurodegenerative conditions,
such as TDP-43 (TAR DNA-binding protein 43), hippo-
campal sclerosis, or cerebrovascular disease, while the
A−T+N− profile may represent primary age-related tauop-
athy, and the A−T+N+ profile a combination of both.12 Al-
though the current results do not directly address these
hypotheses, they do suggest that in the absence of amyloid,
the levels of tau and neurodegeneration present in middle age
are not sufficient to cause accelerated cognitive decline. Dif-
ferent findings might be obtained for older cohorts, who tend
to harbor higher levels of tau and neurodegeneration.

The results from the current study have implications for the
practical implementation of the ATN research framework as

proposed by the NIA-AA 2018 workgroup.11 First, these
findings suggest that very large sample sizes will be needed to
assess this framework, since even with 814 participants, some
of the subgroups were extremely small, and thereby had
limited power. Second, these data suggest that the AD bio-
markers examined in this study (CSF Aβ1–42, p-tau, and t-tau)
did not incrementally improve the ability to predict future
cognitive outcomes among initially cognitively unimpaired,
late-middle-aged individuals. The new framework makes the
implicit assumption that each added biomarker will in-
crementally add predictive power, whereas it may be the case
that only certain types of biomarkers add orthogonal in-
formation. Moreover, it seems likely that the added value of
a biomarker may depend on the characteristics of the partic-
ipants being studied. For example, evidence suggests that
among the oldest old, the vascular (V) biomarker category
may be particularly important.35 For a theoretical critique of
the ATN framework, see reference 36.

Our results showed no baseline differences in MMSE scores
among individuals in the 2011 NIA-AA/SNAP or ATN
groups, likely reflecting ceiling effects among these cognitively
normal individuals.37,38 However, participants in NIA-AA
stage 2 and the A+T+N+ group tended to score lower on the
global cognitive factor score at baseline. These results confirm
that the level of cognitive impairment among those in NIA-
AA stage 2 and the A+T+N+ group may be quite subtle and
primarily detectable with sensitive tests, such as composite
scores that assess multiple cognitive domains. Our results are
consistent with our previous finding that lower baseline
cognitive factor scores, as calculated in this study, are asso-
ciated with elevated risk of progression to mild cognitive
impairment 5 years later.13 It will be important for future
studies to determine which cognitive measures show the
greatest difference between the biomarker-positive (stage 2,
A+T+N+) and biomarker-negative (stage 0, A−T−N−)
groups, since they might be useful for initial screening of
participants most likely to harbor both amyloid and tau pa-
thology for AD clinical trials.

The interlaboratory variability in CSF measurements of AD
biomarkers23 necessitated the use of cohort-specific cut points
for classifying individuals as biomarker positive or negative.
This could have resulted in an over- and/or underestimation
of biomarker-positive individuals within cohorts, depending
on whether overall pathology levels differed across cohorts. In
this study, it is unlikely that this represents a large bias because
individuals in all cohorts were cognitively normal at baseline,
were enriched for a family history of AD, and with the exception
of the AIBL cohort, had a similar baseline age (mid to late 50s in
all cohorts, with AIBL baseline age = 68.8). This suggests that
levels of baseline pathology are likely very similar across cohorts,
in which case any bias associated with using cohort-specific
biomarker cutoffs would likely be relatively minor.

Our study has several limitations. First, participants in all
cohorts were primarily of white race, well-educated, middle-
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aged at baseline, and females were overrepresented. There-
fore, the results may not generalize to the broader population
and to older cohorts. However, we also note that because the
preclinical phase of AD can precede the symptomatic phase
by a decade or more,1 studies among middle-aged individuals
are vital for understanding the earliest phases of AD and for
identifying individuals at greatest risk of future cognitive de-
cline, who would be most likely to benefit from interventions.
Second, most participants had a family history of AD-
dementia, which may make it more likely that cognitive de-
cline is due to AD pathology rather than other pathologies.
While this may be beneficial for testing the new AD-
biomarker framework, it may influence cognitive performance
and biomarker profiles in ways that cannot be fully un-
derstood. To address this issue, larger studies are needed that
could subdivide individuals in each biomarker profile group
into those with and without a family history of dementia.
Third, we did not use clinically validated cut points to classify
individuals into 2011 NIA-AA/SNAP stages or ATN profile
groups and usage of cohort-specific cut points might bias the
results if distributions of AD pathology are different across the
cohorts. Future studies are needed to determine whether
results differ across cognitive domains and whether similar
findings would be obtained using clinically validated CSF cut
points or imaging biomarker measures of amyloid, tau, and
neurodegeneration. With the recently obtained NIH funding
for the Preclinical AD Consortium, we are now in a position
to address these and related questions.
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