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IMPORTANCE A National Institute on Aging and Alzheimer’s Association workgroup proposed
a research framework for Alzheimer disease in which biomarker classification of research
participants is labeled AT(N) for amyloid, tau, and neurodegeneration biomarkers.

OBJECTIVE To determine the associations between AT(N) biomarker profiles and memory
decline in a population-based cohort of individuals without dementia age 60 years or older,
and to determine whether biomarkers provide incremental prognostic value beyond more
readily available clinical and genetic information.

DESIGN, SETTING, AND PARTICIPANTS Population-based cohort study of cognitive agingin
Olmsted County, Minnesota, that included 480 nondemented Mayo Clinic Study of Aging
participants who had a clinical evaluation and amyloid positron emission tomography

(PET) (A), tau PET (T), and magnetic resonance imaging (MRI) cortical thickness (N) measures
between April 16, 2015, and November 1, 2017, and at least 1 clinical evaluation follow-up by
November 12, 2018.

EXPOSURES Age, sex, education, cardiovascular and metabolic conditions score, APOE
genotype, and AT(N) biomarker profiles. Each of A, T, or (N) can be abnormal (+) or normal
(=), resulting in 8 AT(N) profiles.

MAIN OUTCOMES AND MEASURES Primary outcome was a composite memory score
measured longitudinally at 15-month intervals. Analyses measured the associations between
predictor variables and the memory score, and whether AT(N) biomarker profiles significantly
improved prediction of memory z score rates of change beyond a model with clinical and
genetic variables only.

RESULTS Participants were followed up for a median of 4.8 years (interquartile range [IQR],
3.8-5.1) and 44% were women (211/480). Median (IQR) ages ranged from 67 years (65-73) in
the A-T-(N)- group to 83 years (76-87) in the A+T+(N)+ group. Of the participants, 92%
(441/480) were cognitively unimpaired but the A+T+(N)+ group had the largest proportion of
mild cognitive impairment (30%). AT(N) biomarkers improved the prediction of memory
performance over a clinical model from an R? of 0.26 to 0.31 (P < .00T). Memory declined
fastest in the A+T+(N)+, A+T+(N)-, and A+T-(N)+ groups compared with the other 5 AT(N)
groups (P = .002). Estimated rates of decline in the 3 fastest declining groups were -0.13
(95% Cl, -0.17 to -0.09), -0.10 (95% Cl, -0.16 to —0.05), and -0.10 (95% Cl, -0.13 to -0.06)
z score units per year, respectively, for an 85-year-old APOE €4 noncarrier.

CONCLUSIONS AND RELEVANCE Among older persons without baseline dementia followed for
a median of 4.8 years, a prediction model that included amyloid PET, tau PET, and MRI
cortical thickness resulted in a small but statistically significant improvement in predicting
memory decline over a model with more readily available clinical and genetic variables. The
clinical importance of this difference is uncertain.
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Amyloid, Tau, and Neurodegeneration Biomarker Profiles and Memory Decline In Individuals Without Dementia

work group commissioned by the National Institute on

Aging and the Alzheimer’s Association (NIA-AA) re-

cently published a research framework for Alzheimer
disease.! The framework used a scheme for biomarker classi-
fication of research participants that was labeled AT(N) for amy-
loid, tau, and neurodegeneration (or neuronal injury) biomark-
ers. A and T biomarkers are specific for the hallmark
neuropathologic indicators of Alzheimer disease (amyloid
plaques and tau neurofibrillary tangles),? while biomarkers of
(N) (eg, atrophy on magnetic resonance imaging [MRI]) are not
disease specific; this distinction was connoted by placing Nin
parentheses. With the application of cut points,> each of A, T,
or (N) can be classified as abnormal (+) or normal (-), result-
ing in 8 different AT(N) biomarker profiles.

The NIA-AA Research Framework was created with the
expectation that the biological information captured by
AT(N) biomarker profiles would be clinically relevant; how-
ever, this was posed as a hypothesis to be tested. It was not
known whether memory performance, which is demonstra-
bly worse at older ages,* declines more quickly among those
with abnormal AT(N) biomarker profiles. Therefore, the aim
of this study was to determine the associations between the
8 AT(N) biomarker profiles and the rates of memory decline
over several years in a population-based cohort of individu-
als without dementia aged 60 years and older, and to deter-
mine whether AT(N) biomarkers provided additional prog-
nostic value beyond more readily available clinical and
genetic information.

Methods

Participants

This study was approved by the Mayo Clinic and the Olmsted
Medical Center institutional review boards. All participants pro-
vided written informed consent at the time of enrollment.

All participants in this study were enrolled in the Mayo
Clinic Study of Aging (MCSA), which is a population-based study
of cognitive aging among a stratified random sample of a geo-
graphically defined population: Olmsted County, Minnesota.>
Residents aged 30 to 89 years old were enumerated using the
medical records-linkage system of the Rochester Epidemiol-
ogy Project.® From this sampling frame, individuals were ran-
domly selected by 10-year age and sex strata such that men and
women were equally represented. Enumeration, stratified ran-
dom sampling, and screening procedures were repeated to
maintain a target of 2500 active participants who were evalu-
ated approximately every 15 months.

A clinical diagnosis was determined independent of
biomarkers for each participant by a consensus committee
composed of physicians, neuropsychologists, and study
coordinators.® Participants who did not meet established
criteria for mild cognitive impairment (MCI)” or dementia®
were deemed cognitively unimpaired.

Exposures
Clinical and genetic predictor variables were age, sex, educa-
tion, APOE genotype, and a composite cardiovascular and
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Key Points

Question Do rates of memory decline vary by the amyloid,
tau, and neurodegeneration biomarker profiles described in
the recent National Institute on Aging-Alzheimer’s Association
Research Framework?

Findings In this longitudinal cohort study that included 480
participants without dementia, the addition of amyloid positron
emission tomography, tau positron emission tomography, and
magnetic resonance imaging cortical thickness to a model that
included clinical and genetic variables resulted in a small but
statistically significant improvement in predictive accuracy for
memory decline (R?, 0.31vs 0.26).

Meaning Amyloid, tau, and neurodegeneration biomarkers may
provide incremental prognostic value in addition to more readily
available clinical and genetic variables, but the clinical importance
of this difference is uncertain.

metabolic conditions (CMC) score. A CMC score for each par-
ticipant was computed as the sum of 7 conditions proposed
by the US Department of Health and Human Services as indi-
cators of vascular health. Using the Rochester Epidemiology
Project database, International Classification of Diseases,
Ninth Revision, and International Statistical Classification of
Diseases and Related Health Problems, Tenth Revision codes
were used to identify these 7 CMCs: hypertension, hyperlip-
idemia, cardiac arrhythmias, coronary artery disease, conges-
tive heart failure, diabetes, and stroke.® The epidemiologic
nature of the cohort is relevant to interpretation of results
and, therefore, race/ethnicity of participants was assessed
here by self-report of fixed categories.

MCSA participants without a medical contraindication were
invited to participate in imaging studies. All participants in-
cluded in this study had a study visit including a clinical evalu-
ation incorporating cognitive testing, amyloid positron emis-
sion tomography (PET), tau PET, and magnetic resonance
imaging (MRI) between April 16, 2015, and November 1, 2017,
and at least 1 follow-up visit with a clinical evaluation by
November 12, 2018. Because the prevalence of biomarker ab-
normalities is low at younger than age 60 years,'° we included
only participants aged 60 and older in this analysis. Tau PET was
added to the MCSA imaging protocol in 2015 and a partici-
pant’s first visit that included tau PET, amyloid PET, and MRI
was labeled the index or baseline visit for this study.

Imaging predictor variables were AT(N) biomarker pro-
files. Amyloid PET imaging was performed with Pittsburgh
Compound B and tau PET with [*®F]flortaucipir.!? Amyloid
and tau PET standardized uptake value ratios (SUVRs) were
formed by normalizing composite multiregion target
regions of interest (ROISs) to the cerebellar crus gray matter.>
The amyloid PET target meta-ROI included the prefrontal,
orbitofrontal, parietal, temporal, anterior, and posterior cin-
gulate and the precuneus.® The tau PET target meta-ROI
used in the primary analysis included the amygdala, ento-
rhinal cortex, fusiform, parahippocampal, and inferior tem-
poral and middle temporal gyri.> MRI was performed at 3T.
The MRI measure was a FreeSurfer (version 5.3)-derived
cortical thickness meta-ROI (entorhinal cortex, fusiform,
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inferior temporal, and middle temporal gyri).> The amyloid
PET cut point denoting normal or abnormal was the SUVR
value of 1.48 (centiloid 22'%), beyond which rates of amyloid
PET reliably increased.® The cut points for tau PET (SUVR,
1.25) and cortical thickness (2.68 mm) were those that most
accurately discriminated between cognitively impaired
individuals with abnormal amyloid PET and cognitively
unimpaired young (aged 30-49 years) individuals with nor-
mal amyloid PET.? For tau PET, a more conservative cut
point of an SUVR of 1.33, which most accurately discrimi-
nated between cognitively impaired individuals with abnor-
mal amyloid PET and age-matched cognitively unimpaired
individuals with normal amyloid PET,? was also evaluated
in a post hoc sensitivity analysis.

Outcomes

The primary outcome was a numeric memory composite
score.!* Memory tests included the Wechsler Memory Scale-
Revised Logical Memory-II (delayed recall), Wechsler Memory
Scale-Revised Visual Reproduction-II (delayed recall), and
Auditory Verbal Learning Test (delayed recall). Each test was
z scored using the mean (SD) among cognitively unimpaired
participants aged 50 and older who were newly enrolled in the
MCSA between 2004 and 2012. A memory domain z score
was calculated as the mean of these 3 component z scores and
this domain score was itself z scored based on calculating
a weighted mean and a weighted SD where the weights were
based on the age and sex distribution of the Olmsted County
population.'® Therefore, approximately 68% of the popula-
tion would have z scores in the range of -1 to +1.

Statistical Methods

We used linear mixed-effects models with a continuous
memory z score as the outcome with terms for both memory
effects at the index visit and longitudinal change from that time
point. To address the question of incremental prognostic value
of AT(N) biomarkers, we assessed the ability of 2 models to pre-
dict memory performance. The first model, termed the clini-
calmodel, included age atindex date, sex, education, CMC score
atindex, and APOE €4 status (carrier vs noncarrier). In the sec-
ond model, the 8 AT(N) biomarker groups were added. Be-
cause the length of follow-up after the index AT(N) imaging
visit was limited due to the recent introduction of tau PET to
better estimate the within-person memory change over time,
we included memory z score measurements obtained within
2 visits prior to the index visit along with all follow-up mea-
surements. Because each participant contributed multiple ob-
servations to the model, a per-person intercept and slope were
included as random effects to accommodate within-person cor-
relation. Previous research'® has shown that mean memory
zscores in cognitively unimpaired individuals increased over
the first few visits, a learning effect, by an amount of 0.23 be-
tween the first and second exposures to the test instruments,
and there are further increases of 0.07 between the second and
third exposures and 0.04 between the third and fourth expo-
sures. To avoid confounding with this effect, we included these
amounts as a fixed offset in the model (a term with known, pre-
specified coefficients). To be included in this study, all par-
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ticipants were required to have nonmissing data for the pre-
dictor and outcome variables used in the models. Therefore,
the analyses did not have to account for missing data.

We tested whether AT(N) significantly predicted rates of
memory decline relative to the clinical model using a 7-df
likelihood ratio test. We followed this with a cluster analysis
to determine which AT(N) groups were declining at different
rates. To address the relative contribution of age vs AT(N) to
the memory declines seen at older ages in the population, we
presented AT(N) biomarker group prevalence weighted esti-
mates of annual memory decline rates for the cohort and for
a hypothetical subsample where AT(N) prevalence was con-
stant. Further details on model specification can be found in
the eMethods in the Supplement.

We also performed several post hoc sensitivity analyses
in which we refit the AT(N) model: (1) excluding memory
z score data collected prior to the index visit (ie, fitting
the models with memory z score data from the index visit
and subsequent visits only); (2) excluding participants
with MCI to examine the relationships between AT(N)
group and memory decline among the subset of cognitively
unimpaired participants alone; (3) defining AT(N) using
a more conservative cut point for the tau PET meta-ROI;
(4) defining AT(N) using different tau PET reporter ROIs of
entorhinal cortex alone and inferior temporal gyrus alone'”!8;
and (5) defining AT(N) using the tau PET meta-ROI with
2-compartment partial volume correction'® (the main analy-
sis was done without).

In addition, among 88 participants in our sample who
had follow-up imaging at the next visit after the index visit,
we examined the agreement between their AT(N) categori-
zations at baseline and at follow-up to assess stability of the
AT(N) categorizations.

All analyses were done using the R language and environ-
ment for statistical computing version 3.4.2 (R Foundation for
Statistical Computing) with mixed models fit using the nlme
package version 3.1-131. All P values were two-sided. P values
less than .05 were considered statistically significant.

. |
Results

Demographics

The Table shows characteristics of the 480 participants in the
study by AT(N) group. Median ages ranged from 67 years (in-
terquartile range [IQR], 65-73) in the A-T-(N)- group to 83
years (IQR, 76-87) in the A+T+(N)+ group. Overall, 92% of
participants were cognitively unimpaired but the A+T+(N)+
group had the largest proportion of MCI (30%). The propor-
tion of APOE €4 carriers was greater among the 4 A+ groups
than the 4 A- groups (40% vs 21%, P < .001). Ninety-one per-
cent of study participants had undergone cognitive testing
before the index visit. Including up to 2 cognitive visits prior
to the index visit, participants were followed up for a median
of 4.8 years (IQR, 3.8-5.1), with median intervals varying
from 4.1 to 5.0 years across AT(N) groups. Examples of some
of the different AT(N) profiles are shown in Figure 1. Of the
480 participants, 473 (99%) self-reported their race as white.
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Table. Characteristics of Study Participants by Amyloid, Tau, and Neurodegeneration (AT[N]) Biomarker Group?®

Biomarker Group, No. (%)

Characteristic A-T-(N)- A-T+(N)- A-T-(N)+ A-T+(N)+ A+T-(N)- A+T+(N)- A+T-(N)+ A+T+(N)+
Participants 140 (29) 33(7) 81(17) 22 (5) 54(11) 24 (5) 69 (14) 57 (12)
Clinical diagnosis
Cognitively 139(99) 32(97) 72 (89) 20(91) 52 (96) 24 (100) 62 (90) 40 (70)
unimpaired
Mild cognitive 1(1) 1(3) 9(11) 2(9) 2(4) 0(0) 7 (10) 17 (30)
impairment
Age, y
60-69 92 (66) 13(39) 24(30) 3(14) 17 (31) 5(21) 10 (14) 4(7)
70-79 37(26) 13(39) 32 (40) 8(36) 22 (41) 12 (50) 18 (26) 21(37)
280 11(8) 7(21) 25(31) 11 (50) 15 (28) 7(29) 41 (59) 32(56)
Median (IQR) 67(65t073) 75(67to79) 76(69t0o82) 80(73t083) 74(69t0o80) 78(70t082) 82(77t086) 83(76t087)
[range], y [60 to 86] [60 to 89] [60 to 90] [63 to 94] [62 to 90] [65 to 94] [63 to 94] [63t092]
Sex
Male 68 (49) 21 (64) 60 (74) 10 (45) 22 (41) 15(62) 40 (58) 33 (58)
Female 72 (51) 12 (36) 21(26) 12 (55) 32(59) 9(38) 29 (42) 24 (42)
Education, 16(13to16) 15(13to16) 15(12to17) 16(13to16) 14(12to17) 16 (l4to 16) 14(12t016) 14 (12to 16)
median (IQR), y
APOE €4 carrier 32(23) 5(15) 19(23) 1(5) 23(43) 13 (54) 28 (41) 18(32)
MCSA cycle, 3(3to4) 4(3tob5) 4(3to06) 5(4t08) 4(3to5) 4(3to6) 6(4t08) 6(4t09)
median (IQR)°
Memory z score, 0.7 0.1 0.0 0.4 0.5 0.6 -0.2 -0.4
median (IQR)© (0.2t01.3) (-0.8t00.5) (-0.7t00.9) (-0.6t0 1.0) (-0.2t0 1.0) (-0.2t0 1.2) (-1.1t00.4) (-2.0t0 0.6)
Amyloid PET, SUVR, 1.36 1.37 1.37 1.38 1.72 1.92 1.82 2.23
median (IQR) (1.32t01.41) (1.34t01.42) (1.32t01.42) (1.34t01.42) (1.55t02.00) (1.62t02.16) (1.54t02.15) (1.61t02.56)
Tau PET, SUVR, 1.16 1.29 1.16 1.28 1.18 1.29 1.18 1.33
median (IQR) (1.11t01.20) (1.27t01.31) (1.10t0o1.20) (1.26t01.31) (1.13to1.21) (1.26t01.37) (1.14t01.22) (1.29t01.42)
Cortical thickness, 2.78 2.77 2.60 2.59 2.74 2.75 2.60 2.56

median (IQR), mm
Memory z score

(2.73 10 2.85)

(2.73 10 2.85)

(2.53102.63)

(2.53t02.62)

(2.71 0 2.80)

(2.72t02.78)

(2.48t02.65)

(2.50t02.62)

evaluations including
the index AT(N) visit
and follow-up visits

2 49 (35) 15 (45) 38 (47) 7(32) 26 (48) 4(17) 35(51) 21(37)
3 91 (65) 18 (55) 43 (53) 15 (68) 28 (52) 20 (83) 34 (49) 36 (63)
Visit span, 2.5(1.3t02.6) 2.4(1.3t02.5) 2.4(1.3t02.5) 2.4(1.3t02.6) 2.4(1.3t02.5) 2.5(2.3t02.6) 2.0(1.2t02.5) 2.5(1.3t02.5)
median (IQR) [1.1t03.1] [1.2t02.9] [1.2t02.9] [1.2t02.9] [1.0t03.0] [1.3t03.0] [1.0t03.2] [1.0t02.7]
[range], y
Individuals with
memory z score
evaluations prior to 131(%4) 28 (85) 75(93) 21(95) 47 (87) 23 (96) 64 (93) 50(88)
the AT(N) index visit
Total memory z score
evaluations®
2 6(4) 2 (6) 3(4) 1(5) 5(9) 0 4(6) 6(11)
3 6 (4) 3(9) 7(9) 0 5(9) 1(4) 4(6) 2(4)
4 59 (42) 14 (42) 34 (42) 7(32) 20(37) 5(21) 30 (43) 16 (28)
5 69 (49) 14 (42) 37 (46) 14 (64) 24 (44) 18 (75) 31 (45) 33(58)
Visit span, 4.8(3.8t05.0) 4.5(3.8t05.0) 4.1(3.8t05.0) 4.9(4.0to5.1) 4.2(3.8t05.0) 50(4.8t05.1) 4.4(3.7t0o5.1) 4.9(3.8t05.1)
median (IQR) [1.2t05.9] [1.2t05.5] [1.2t06.7] [1.3t05.7] [1.2t05.9] [2.9t05.5] [1.1t05.9] [1.0t0 5.5]
[range], y°
Annual change in
memory z scored
Median (IQR) 0.00 -0.04 0.00 -0.03 -0.02 -0.07 -0.07 -0.08
(-0.06t00.07) (-0.11t00.08) (-0.15t00.08) (-0.10t00.01) (-0.11t00.07) (-0.15t0-0.01) (-0.241t00.05) (-0.18t0-0.01)
Annual change <0 71 (51) 18 (55) 41(51) 14 (64) 31(57) 18 (75) 48 (70) 43 (75)

Abbreviations: MCSA, Mayo Clinic Study of Aging; PET, positron emission
tomography; SUVR, standardized uptake value ratio.

2 Cut points are 1.48 SUVR (centiloid 22) for amyloid PET to 1.25 SUVR for tau
PET and 2.68 mm for cortical thickness.

index visit, and up to 2 visits after the index visit. All of these measurements
areincluded in the main models.

f Number of years between the first and last memory z score evaluations for all
evaluations included in this study.

b Cycle 1defined as the first assessment, cycle 2 as the second, and so on. 8 Calculated by fitting a line within each participant across all available memory
z score measurements including the AT(N) index visit, up to 2 visits prior to the
index visit, and up to 2 visits after the index visit. Annual change in memory
was adjusted for number of prior exposures to cognitive testing, which may
differ across participants to account for potential learning effects in the

cognitive tests.

€ Not adjusted for previous exposures to cognitive testing (ie, for potential
learning effects).

9 Number of years between the memory z score evaluation at the index AT(N)
visit to the memory z score evaluation at the last follow-up visit.

€ Include measurements from the AT(N) index visit, up to 2 visits prior to the
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Figure 1. Amyloid, Tau, and Neurodegeneration Biomarker
(AT[N]) Examples

Amyloid PET Tau PET MRI

A-T+(N)-

1
~
=
-~
+

-
+

<<

A+T+(N)+

The amyloid positron emission tomography (PET) images show axial views and
the tau PET and magnetic resonance imaing (MRI) images show coronal views.
Amyloidosis characteristically appears diffusely throughout the cortex, whereas
in the typical aging to Alzheimer disease continuum, both tauopathy and
atrophy are most prominent in the medial-basal-lateral temporal lobes and thus
are best displayed with coronal views. Five different participants are illustrated
down the rows: A-T-(N)-, a 60-year old cognitively unimpaired man with
nonspecific uptake of the amyloid PET ligand present in the white matter but no
uptake present in the cortex; A-T+(N)-, an 81-year-old cognitively unimpaired
woman; A+T-(N)-, a 70-year-old cognitively unimpaired woman; A+T+(N)-,

a 75-year-old cognitively unimpaired man; and A+T+(N)+, an 84-year-old man
with mild cognitive impairment.

Participants in this study were more often male than the 1442
participants not in this study (56% vs 49%, P = .005), but did
not significantly differ on clinical diagnosis, age, education,
proportion of APOE €4 carriers, memory z score at index
date, or annual change in memory z score (eTable 1 in the
Supplement). Sixteen otherwise eligible individuals were
excluded from this study for missing imaging or clinical data.

JAMA Junel8,2019 Volume 321, Number 23
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Primary Analysis: Predictors of Memory Performance

Plots of individual trajectories of memory z score by age
within each AT(N) group (Figure 2) demonstrated substantial
intraindividual variation in memory z scores over time
and showed few participants older than age 80 were in the
A-T-(N)- group and few younger than 70 were in the A+T+
(N)+ group. In particular, only 11 participants (7%) aged 80 or
older were A-T-(N)- and only 4 participants (2%) younger
than 70 were A+T+(N)+ (eTable 2 in the Supplement).

In the clinical prediction model, age (P < .001) and
APOE €4 status (P = .006) were significantly associated with
faster rates of memory decline, while sex (likelihood ratio
test P = .72), education (likelihood ratio test P = .99), and
CMC score (likelihood ratio test P = .89) were not (eTables 3
and 4 in the Supplement). Figure 3 shows estimated rates of
memory decline by age and APOE status. The estimated rate
of memory decline in a 75-year-old individual who was an
APOE €4 noncarrier was -0.04 (95% CI, -0.05 to -0.02)
z score units per year. An 85-year-old individual who was
also an APOE €4 noncarrier could be expected to have
a decline of -0.08 (95% CI, -0.10 to —0.06) units per year,
while a 75-year-old €4 carrier could be expected to have
a decline of -0.08 (95% CI, -0.10 to -0.05) units per year.
eFigure 1 in the Supplement shows the estimated memory
z score at index date (ie, cross-sectionally) for a female with
14 years of education, CMC score of 0, and who was an
APOE €4 noncarrier for 3 ages. A 10-year increase in age was
significantly associated with a 0.4 (95% CI, 0.3-0.5;
P < .001) lower memory z score at the index date and men
had 0.5 (95% CI, 0.4-0.7; P < .001) lower memory z scores
than women. A 4-year difference in education was signifi-
cantly associated with a 0.6 (95% CI, 0.4-0.7; P < .001)
higher memory z score at the index date, and APOE €4 carri-
ers had 0.3 (95% CI, 0.1-0.5; P = .004) lower memory
z scores (eTable 4 in the Supplement).

The AT(N) model is summarized in eTable 5 in the
Supplement. The AT(N) model offered a significant predic-
tion improvement over the longitudinal clinical model (likeli-
hood ratio test P < .001), with R? increasing from 0.26 (clini-
cal model) to 0.31 (AT[N] model). AT(N) biomarkers were
significantly associated with both rates of memory decline
(likelihood ratio test P < .001) and memory z score at the
index date (likelihood ratio test P = .008). The AT(N) associa-
tion with memory decline was not significantly different by
age (likelihood ratio test P = .42) or sex (likelihood ratio test
P = .47) (eTable 3 in the Supplement).

The improvement in predicting rates of memory decline
from adding AT(N) to the clinical model can be seen in
Figure 3 where considerable variability in the rate of decline
was present across the different AT(N) groups relative to the
mean in the overall cohort. The A+T+(N)+, A+T+(N)-, and
A+T-(N)+ groups had the fastest rates of memory decline
compared with the other 5 groups (P = .002). At age 85 years,
the estimated annual rates of decline in an APOE €4 noncar-
rier were -0.13 (95% CI, -0.17 to —0.09), -0.10 (95% CI, -0.16
to -0.05), and -0.10 (95% CI, -0.13 to -0.06) for A+T+(N)+,
A+T+(N)-, and A+T-(N)+, respectively, compared with
arange of -0.02 to -0.06 for the other AT(N) groups.
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Figure 2. Plots of Individual Memory z Score Trajectories by Age and Amyloid, Tau, and Neurodegeneration Biomarker (AT[N]) Group
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Each line represents 1 participant's trajectory, with the thinner portion of the learning effect. The individual trajectories illustrate that there is substantial
line indicating memory z scores prior to the index (baseline) AT(N) imaging visit intraindividual variation in memory z scores over time.

and the thicker portion of the line indicating memory z scores after the index
AT(N) imaging visit. The z scores have been adjusted to account for the number
of exposures to the cognitive battery by subtracting the estimated mean

2 For the A-T-(N)- panel, a random subset of 50% of the data are shown to
reduce overlap in the lines.

jama.com JAMA Juneil8,2019 Volume 321, Number 23 2321

© 2019 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwor k.com/ on 03/06/2022


http://www.jama.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2019.7437

Research Original Investigation

Amyloid, Tau, and Neurodegeneration Biomarker Profiles and Memory Decline In Individuals Without Dementia

Figure 3. Estimated Rates of Annual Change in Memory z Score for 3 Exemplar Ages and APOE €4 Carriers and Noncarriers
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Rate estimates (95% Cls) are from 2 models: a clinical model in which rates
depended on age and APOE status and an AT(N) model in which rates
depended on age, APOE status, and AT(N) group. As illustrated in each age

panel and for both APOE €4 carriers and €4 noncarriers, the rates of memory
decline vary by AT(N), indicating better prediction of mean memory decline by
age and APOE status (ie, the clinical model).

Secondary Analysis

Previous research has shown that prevalence of more abnormal
AT(N) biomarker groups increased with age in the MCSA.'° The
consequences of the combination of increasing prevalence and
faster declines in memory with age are graphically shown in
Figure 4, which uses previous research!© for the age-specific
biomarker group prevalence estimates. The mean annual
change in memory z score units in the population (blue line)
was 0.02 (95% CL, -0.01to 0.04) at age 60 and changed to -0.11
(95% CI, -0.14 to -0.08) by age 90. Forty-six percent of this
increase in decline rate (-0.06) was partitioned to the increas-
ing prevalence of abnormal AT(N) profiles while the remain-
ing decline (-0.07) was partitioned to age, assuming a con-
stant AT(N) prevalence.

Post Hoc Sensitivity Analyses

The estimated rates of memory decline by AT(N) group were
similar across different variations of the models assessed in our
sensitivity analyses (eFigure 2 in the Supplement).

Consistency of AT(N) Classification

Eighty-eight participants in our sample had a second AT(N)
imaging visit at a median of 15 months (range, 12-19 months)
after the index imaging visit (eTable 6 in the Supplement).

2322 JAMA Junel8,2019 Volume 321, Number 23

Eighty-two percent (72/88) had no change in AT(N) classifica-
tion from index to follow-up AT(N) imaging visit. AT(N)
group classification was either stable or more abnormal in 80
of 88 individuals (91%) in the sample. A and T classifications
were stable (98% and 97%, respectively) while (N) classifica-
tion was slightly less stable (84%). Participants in the serial
imaging subset (n = 88) more often had MCI (22% Vs 5%;
P <.001) and were slightly older (78 years [IQR, 69-83] vs 74
[67-81] years; P = .05) than participants in the study without
serial imaging (n = 392), but they did not differ significantly
on sex, education, proportion of APOE €4 carriers, memory
z score at the index date, or annual change in memory z score
(eTable 1in the Supplement).

|
Discussion

In this study, AT(N) biomarkers provided modest but statis-
tically significant incremental information beyond more
readily available clinical and genetic information in predict-
ing memory decline. The variation in rate of memory
decline between AT(N) groups was large at any age among
both APOE €4 carriers and noncarriers, indicating that the
AT(N) biomarker groups provided more precise prediction
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of memory decline rates beyond the variables in the clinical
model (eTable 5 in the Supplement; Figure 3). To place the
predictive utility of biomarkers in clinical context, the
decline in rates of memory for A+T+(N)-, A+T-(N)+, A+T+
(N)+ compared with A-T-(N)- were of similar magnitude to
a 20-year increase in age and were twice that associated
with APOE €4 carriership, using estimates from the clinical
model (eTables 4 and 5 in the Supplement; Figure 3).

In this study, the 3 groups with the fastest rates of
memory decline all had abnormal amyloid (A+T+[N]-,
A+T-[N]+, and A+T+[N]+). This illustrated a dominant asso-
ciation of memory decline with amyloidosis but only when
present in combination with tauopathy, neurodegeneration,
or both. However, biomarkers predicted not only which
groups were likely to decline, but also which were not. APOE
€4 noncarriers who were A-T-(N)- exhibited minimal
decline through age 85 (Figure 3).

Many recent Alzheimer disease trials have focused on an-
tiamyloid interventions and hence require enrollees to have
an abnormal amyloid biomarker for inclusion.?°?2 However,
the abnormal amyloid PET population consists of 4 sub-
groups. Both the A+T+(N)- and A+T+(N)+ groups were likely
to decline cognitively over 2 to 3 years regardless of age or APOE
genotype (Figure 3). The other 2 subgroups with abnormal amy-
loid (A+T-[N]- and A+T-[N]+), however, may present concep-
tual and practical challenges in clinical trials.

The A+T-(N)- group declined more slowly than the other
A+ groups (eTable 5 in the Supplement; Figure 3) and there-
fore would give little signal on a memory composite in a 2- to
3-year clinical trial. Yet, this group constituted 26% of all par-
ticipants with abnormal amyloid PET in this sample (Table).

Memory performance declined in the A+T-(N)+ group
at all ages and in both APOE €4 carriers and noncarriers
(Figure 3); however, the biology underlying A+T-(N)+ is
unclear at this point. A possible explanation is that these
individuals have early Alzheimer disease (denoted by A+T-)
plus neurodegeneration due to comorbid non-Alzheimer dis-
ease neuropathic changes.»?>2* Cognitive decline in Alzhei-
mer disease may be driven by pathologic tau,?> not amyloido-
sis (whose hypothesized pathogenic role is to facilitate the
spread of pathological tau).?® If so, it is not clear why the
memory decline rate in A+T-(N)+ would be greater (eTable 5
in the Supplement) than that of A-T-(N)+. One possible
explanation is an effect of subthreshold tau in A+T-(N)+ indi-
viduals, but this is speculative. Clearer understanding of the
neuropathologic bases for the A+T-(N)+ group, as well as
other AT(N) groups, awaits future biomarker-autopsy correla-
tion studies.

In a secondary analysis, 46% of the mean rate of memory
decline with age in the cohort was partitioned to the increas-
ing prevalence of abnormal AT(N) groups with age (Figure 4).
This observation is conceptually consistent with autopsy-
based modeling.?” Alzheimer disease is only one of several
common diseases that are both associated with cognitive de-
cline and increase in frequency with age.?#-2® These diseases
(particularly a-synucleinopathy, cerebral microinfarctions, and
TAR DNA-binding protein 43 proteinopathy) usually occur to-
gether rather than in isolation, particularly at older ages.?°-3°
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Figure 4. Estimates of Annual Rate of Change in Memory z Score
at Each Age
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The solid blue line shows the expected annual rate of decline in memory z score
at each age in the cohort. This reflects both aging alone and increasing fractions
who will have a more abnormal amyloid, tau, and neurodegeneration biomarker
(ATIN]) profile. The solid orange line shows the estimated portion of the rate of
decline that is partitioned to aging alone, ie, if individuals of different ages but
the same AT(N) profile were compared. The shaded blue region represents the
portion of the rate that is partitioned to the change in AT(N) biomarker
prevalence with age. Vertical bars show 95% confidence limits at 3 different
ages for each line.

At present, specific biomarkers do not exist for these com-
mon non-Alzheimer age-related neuropathologies. Given the
pathologic heterogeneity of the aging brain, the observation
that AT(N) biomarker abnormalities were associated with 46%
of mean memory decline rates by age was interesting be-
cause A and T biomarkers are related only to Alzheimer dis-
ease. The explanation could lie with the (N) biomarker group.
(N) biomarkers (in this study, medial-basal-lateral temporal lobe
atrophy) are nonspecific measures of damage to the brain from
all etiologies. Thus, this (N) term captures, to some extent, the
degenerative effects of Alzheimer disease plus the effects of
non-Alzheimer pathologies.?*

This study included several post hoc sensitivity analyses
(eFigure 2 in the Supplement). While the primary analysis
was in individuals without dementia (cognitively unimpaired
plus MCI), most clinical trials would enroll either cognitively
unimpaired individuals or individuals with MCI, not a mixed
group. However, no substantive differences in findings were
seen when only the cognitively unimpaired subset was
examined vs the whole sample without dementia. This study
also examined different tau PET implementations including
choosing commonly used alternative target ROIs!”3134 ag
well as using partial volume correction!® (the primary analy-
sis was without). Results did not change notably, indicating
robustness to different choices of imaging implementation.

AT(N) classification is the result of 3 independent bio-
marker test measurements. The potential for instability in
AT(N) classification is high because measurement variance for
the AT(N) group is compounded multiplicatively over the 3 in-
dependent tests. However, the AT(N) classification was found
to be stable over short periods (eTable 6 in the Supplement).
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Memory decline is a common clinical concern with ad-
vancing age.>>° This study illustrates the potential clinical util-
ity of AT(N) biomarkers to improve prediction of short-term
memory decline over commonly available clinical and ge-
neticinformation, although the added predictive value of bio-
markers, while significant, was small in magnitude.

Limitations
This study has several limitations. First, high inherent test-
retest variance in memory z scores was evident in the indi-
vidual trajectory plots in Figure 2. Within-person rates of
memory decline were modeled as linear functions and used
up to 2 cognitive test visits prior to the index AT(N) visit to sta-
bilize the estimates of individual trajectories. A post hoc sen-
sitivity analysis (eFigure 2 in the Supplement) demonstrated
similar associations with and without including memory com-
posite scores prior to the index AT(N) date, but with greater
precision using the former approach. Memory decline is non-
linear over long periods but can be modeled as a linear func-
tion over the shorter periods® that were assessed in this study.

Second, new measures of interest will always be intro-
duced into longitudinal natural history studies. Tau PET was
introduced in 2015 and thus long-term follow-up in partici-
pants who have undergone tau PET imaging is not yet avail-
able. The neuropathologic processes that underlie age-
related cognitive decline act over decades.®” The length of
follow-up from index visit (1-3 years) in this study was fairly
short for processes of this nature and studies with longer
follow-up times will be needed.

Third, a memory composite was used in this study
because memory decline is often a harbinger of future
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global cognitive deterioration.*®3° However, age-related
cognitive decline is more complex than memory perfor-
mance alone. It is possible that other composite measures
might be more sensitive.*®

Fourth, the NIA-AA research framework defines Alzhei-
mer disease by B-amyloid plaques and pathologic tau deposits,!
thus, the notion of cut points defining individuals who have
abnormal amyloid and tau biomarkers is conceptually impor-
tant. However, all biomarkers exist on a continuum and this
continuous information is important for assessing disease se-
verity and progression.

Fifth, this study is specific for the particular imaging bio-
markers used and it is not yet known if these results will be
replicated with biofluid biomarkers of AT(N).

Sixth, this cohort is from a population-based sample and
so by design reflects the demographics of Olmsted County,
Minnesota, which consists largely of a white population.
Results may differ in populations where the prevalence of
different neuropathologies underlying age-related cognitive
decline or specific risk genes (eg, APOE €4) differ.

. |
Conclusions

Among older persons without baseline dementia followed for
a median of 4.8 years, a prediction model that included amy-
loid PET, tau PET, and MRI cortical thickness resulted in a
small but statistically significant improvement in predicting
memory decline over a model with more readily available
clinical and genetic variables. The clinical importance of this
difference is uncertain.
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