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ABSTRACT

Objective: To estimate the prevalence of elevated brain amyloid and reduced cortical thickness (as
a marker for neurodegeneration) in a defined population.

Methods: Mayo Clinic Study of Aging participants underwent MRI to assess a composite
Alzheimer disease (AD) signature cortical thickness measure and PET to assess brain amyloid
accumulation. Participants were characterized as having elevated amyloid (A1/A2), reduced
cortical thickness (N1/N2), and A1N1, A1N2, A2N1, or A2N2. The prevalence of AD bio-
markers was derived by adjusting for nonparticipation and standardizing to the Olmsted County,
Minnesota, population.

Results: Among 1,646 participants without dementia (mean age 70.8 years; 53.2% men), the
prevalence (95% confidence interval) of amyloidosis was 21.1% (19.1%–23.2%):
women, 24.3%; men, 17.5%. The prevalence of reduced cortical thickness was 28.9%
(26.4%–31.5%): women, 27.9%; men, 30.2%. The prevalence estimates of biomarker catego-
ries were as follows: A2N2: 61.4%; A1N2: 9.7%; A2N1: 17.4%; and A1N1: 11.5%, and
varied by sex and by APOE e4 carrier status. In men, prevalence estimates were as follows:
A2N2: 62.6%; A1N2: 7.3%; A2N1: 19.9%; and A1N1: 10.2%. In women, prevalence esti-
mates were as follows: A2N2: 60.4%; A1N2: 11.7%; A2N1: 15.3%; and A1N1: 12.6%. In e4
carriers, prevalence estimates were as follows: A2N2: 54.6%; A1N2: 16.6%; A2N1: 12.4%;
and A1N1: 16.4%. In non-e4 carriers, prevalence estimates were as follows: A2N2: 63.3%;
A1N2: 6.9%; A2N1: 19.9%; and A1N1: 10.0%.

Conclusions: These prevalence estimates are important for understanding age-related trends in
amyloid positivity and AD signature cortical thickness in the population, and for potentially projec-
ting the future burden of biomarkers in elderly persons. Neurology® 2017;89:2039–2048

GLOSSARY
A1 5 elevated brain amyloid; AD 5 Alzheimer disease; ADNI 5 Alzheimer’s Dementia Neuroimaging Initiative; CN 5 cogni-
tively normal; DSM-IV 5 Diagnostic and Statistical Manual of Mental Disorders, 4th edition; IPW 5 inverse probability
weighting; MCI 5 mild cognitive impairment; MCSA 5 Mayo Clinic Study of Aging; N1 5 elevated brain neurodegeneration;
PiB 5 Pittsburgh compound B; REP 5 Rochester Epidemiology Project; ROI 5 region of interest; SUVR 5 standardized
uptake value ratio.

To determine the effect of interventions for reducing the burden of the clinical dementia phe-
notype prior to widespread initiation of interventions, it is necessary to understand the preva-
lence of Alzheimer disease (AD) biomarkers (i.e., elevated brain amyloid [A1] or
neurodegeneration [N1]) in the population without dementia. A problem, however, is that
estimates of prevalence (defined as the proportion of individuals in a defined population with
a given condition or characteristic) of AD biomarkers in the population without dementia are
lacking because few studies have the ability to estimate prevalence.

Staging of AD-related pathology is determined using MRI measures of atrophy, PET meas-
ures of amyloid PET and brain metabolism, and CSF amyloid b42,1,2 from which participants
are characterized as A2N2, A1N2, A2N1, or A1N1.1,3,4 The frequency of AD biomarkers
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has been reported in persons attending mem-
ory clinics and convenience samples such as
the Alzheimer’s Dementia Neuroimaging Ini-
tiative (ADNI).5 These frequencies do not
translate to population-based estimates needed
for public health planning.

Frequencies of A/N biomarkers have been
published for cognitively normal Mayo Clinic
Study of Aging (MCSA) participants based on
amyloidosis (amyloid PET) and neurodegen-
eration (MRI hippocampal volume or FDG
brain metabolism),6 and using different defi-
nitions of neurodegeneration.7 Unlike hippo-
campal volume, which varies by sex and is
highly correlated with head size, and FDG
PET, which is not entirely specific for AD,
AD signature cortical thickness does not vary
by sex or head size and predicts memory
decline. Thus, in the present study, AD signa-
ture cortical thickness was used as a marker for
neurodegeneration (N1).7,8 The objective of
this present study was to estimate the preva-
lence of the A/N categories of AD pathology
in the population without dementia (cogni-
tively normal and mild cognitive impairment
[MCI]) by weighting the frequencies to
account for potential nonparticipation bias in
the MCSA and standardizing to the Olmsted
County, Minnesota, population.

METHODS Sampling frame and recruitment of partic-
ipants. To establish the MCSA, Olmsted County residents aged

70–89 years on October 1, 2004, were enumerated using the

medical records linkage system of the Rochester Epidemiology

Project (REP).9–11 From this enumeration, potential participants

were selected using a random sampling strategy stratified by age

and sex to ensure equal allocation by age and sex. Exclusion

criteria were dementia, being in hospice, or being terminally ill.

Using the same study protocols, we began continuous recruit-

ment of participants in 2008; in 2012 and 2015, we began to

recruit participants aged 50–69 years and persons with dementia,

respectively. The demographic and clinical characteristics of all

randomly selected participants were abstracted from the medical

records using the REP in order to assess potential nonparticipa-

tion bias. Persons who agreed to a telephone-only component but

declined face-to-face participation were considered non-

participants.12 Data were abstracted for 4,552 (89% of 5,110)

nonparticipants who provided authorization for use of their

medical records in research.

Standard protocol approvals, registrations, and patient
consents. All study protocols were approved by the institutional
review boards of the Mayo Clinic and the Olmsted Medical Cen-

ter. Written informed consent was obtained from all participants.

Clinical evaluations and diagnostic assessment. Partici-

pants were evaluated by 3 study personnel. A study coordinator

assessed memory (using questions from the Blessed Test), medical

conditions, and sociodemographic information, and interviewed

a study partner to assess functioning of the participant. A physi-

cian assessed memory and medical conditions and performed

a neurologic evaluation, and each participant completed

a neuropsychological testing battery that consisted of 9 tests to

assess performance in 4 cognitive domains: memory (Wechsler

Memory Scale–Revised Logical Memory II [delayed recall],

Wechsler Memory Scale–Revised Visual Reproduction II [de-

layed recall], and the Auditory Verbal Learning Test [delayed

recall]), attention-executive function (Trail Making Test Part B

and Digit Symbol Substitution from the Wechsler Adult Intel-

ligent Scale–Revised), language (Boston Naming Test and cate-

gory fluency), and visuospatial skills (Block Design and Picture

Completion tests from the Wechsler Adult Intelligent Scale–

Revised). For diagnostic purposes, the raw scores from each

cognitive domain were transformed into age-adjusted scores,

averaged, and scaled to allow comparisons across domains.13 The

raw test scores were also averaged and scaled to create a z score for
each of the 4 cognitive domains, and a global cognitive z score
was calculated by averaging and scaling the 4 domain z scores.
The coordinator and physician, and a neuropsychologist, re-

viewed all information for a participant and assigned a diagnosis

of MCI by consensus: (1) cognitive concern by the individual,

informant, or physician; (2) impairment in one or more cognitive

domains; (3) essentially normal functional activities; and (4)

absence of dementia (DSM-IV) according to published data.14

Participants were considered cognitively normal (CN) if they did

not meet criteria for MCI or dementia. Only 22 participants with

dementia had imaging data and were therefore excluded.

Covariates. The coordinator assessed depressive symptoms

(Beck Depression Inventory) and measured weight and height

to estimate body mass index (BMI). APOE e4 genotyping was

performed. Research nurses abstracted information on clinical

comorbidities (e.g., type 2 diabetes, hypertension) from partici-

pant medical records using REP resources.

Assessment of imaging biomarkers. Beginning in 2005, par-

ticipants were invited to undergo MRI to assess structural brain

changes and in 2008 they were invited to undergo Pittsburgh

compound B (PiB) PET imaging to assess amyloid accumulation.

For this study, we considered a baseline visit as the first visit on or

after August 1, 2008, at which both MRI and PiB PET imaging

were performed.

Neuroimaging protocols. MRI was performed at 3T and

a marker for neurodegeneration was derived from FreeSurfer

(v5.3) as an AD-signature meta–region of interest (ROI) com-

posed of the surface-area weighted average of the mean cortical

thickness in the following individual ROIs: entorhinal, inferior

temporal, middle temporal, and fusiform from both hemispheres

as described.15 An abnormal (reduced) AD signature cortical

thickness (N1) was defined as ,2.67 mm to capture the earliest

stages of abnormality.15

Amyloid PET imaging was performed using 11C-PiB PET. A

CT was obtained for attenuation correction. Amyloid PET imag-

ing consisted of four 5-minute dynamic frames acquired

40–60 minutes after injection of 11C-PiB; images were analyzed

with a fully automated image-processing pipeline.16 PiB PET

ROIs were derived from automatically labeled ROIs from an

MRI template.17 An amyloid PET standardized uptake value ratio

(SUVR) was calculated from the voxel number weighted average

of the median uptake in the parietal, temporal, prefrontal,

orbitofrontal, precuneus, anterior and posterior cingulate, and

precuneus ROIs referenced to the cerebellar gray crus region.

An abnormal (elevated) amyloid (A1) was defined as PiB
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SUVR.1.42, based on a single cutpoint using the reliable wors-

ening cutpoint method.15 PET values were gray matter and white

matter sharpened, but were not partial volume corrected.

Statistical analyses. Population prevalence was estimated from

the frequencies of A/N categories for 5-year, 20-year, and the

entire 50–89 year age ranges. First, to account for potential bias

from nonparticipation in the face-to-face MCSA, the frequencies

were adjusted by the probability of participating in the MCSA

using inverse probability weighting (IPW) where weights were

a function of age, sex, and education18–20 such that MCSA par-

ticipants who were more like nonparticipants in the MCSA in

regard to age, sex, and education were assigned a greater weight

(figure 1; IPW adjustment 1). Second, to account for potential

bias from nonparticipation in imaging studies among MCSA

participants, the frequencies were adjusted by the probability of

being imaged using IPW where weights were a function of age,

sex, education, and MCI status (figure 1; IPW adjustment 2). For

both sets of IPWs, we derived the individual weights using logistic

regression models; there were no differences when the clinical

covariates were considered in deriving IPWs, thus they were not

included in the final IPW estimates. Finally, the adjusted fre-

quency estimates were directly standardized by age, and age and

sex, where applicable, to the 2010 Olmsted County population

aged 50–89 years, using the sampling fractions from our

population-based sampling.21–23

RESULTS A total of 1,646 MCSA participants with-
out dementia completed both MRI and PET scan-
ning at the same evaluation between August 1,
2008, and October 20, 2016. The mean (SD) age
at imaging was 70.8 (9.8) years, 53.2% were men,
97.1% had $12 years of education, 28.0% had an
APOE e4 allele, and 13.6% had prevalent MCI (table
1). Compared to women, men were older (p5 0.02);

had a higher frequency of hypertension (p 5 0.005),
diabetes (p , 0.001), dyslipidemia (p 5 0.01), and
coronary artery disease (p , 0.001); had a lower
global cognitive z score (p, 0.001); and had a higher
frequency of an abnormal AD signature cortical
thickness (N1) (p 5 0.001).

Compared to participants with imaging, MCSA
participants who were seen on or after August 1,
2008, but not included (n 5 2,248), were older
(mean age 73.7 vs 70.8 years; p , 0.001), and fewer
were men (48.7% vs 53.2%; p 5 0.01), and had
a higher frequency of hypertension (p , 0.001), cor-
onary artery disease (p , 0.001), and stroke (p 5

0.01), and a lower education (p , 0.001) and global
cognitive z score (p , 0.001) (table 1). Similar pat-
terns were observed for imaged MCSA participants
compared with the total MCSA participants not
included in the study (table e-1 at Neurology.org).

Across A/N biomarker categories (unadjusted for
age), the A1N1 group had the highest mean age
(79.3 years), the frequency of men was highest in
A2N1 (60.7%) or A1N1 (55.5%), and frequency
of women was highest in A1N2 (54.5%); the fre-
quency of an APOE e4 allele was highest in the
A1N2 (48.6%) and A1N1 (41.1%) groups (table
e-2). The frequencies of hypertension, diabetes, dys-
lipidemia, and coronary artery disease were highest in
A1N1 followed by A2N1 groups and lowest in the
A2N2 group. The frequency of prevalent MCI was
highest in the A1N1 group (30.1%), followed by
the A1N2 group (15.2%).

Amyloid levels increased with age in both men and
women. AD signature cortical thickness decreased with
age and was similar in men and women in the youngest
and oldest ages, but lower in men than women in the
intervening age groups (figure e-1). The overall preva-
lence of amyloidosis was 21.1% (95% confidence
interval 19.1%–23.2%). The prevalence was higher
in women, 24.3% (21.1%–27.5%), than men,
17.5% (15.0%–20.0%). The prevalence of reduced
AD signature cortical thickness was 28.9% (26.4%–

31.5%), similar in men, 30.2% (26.4%–33.9%), and
women, 27.9% (24.4%–31.4%). Both A1 and N1

increased with age, N1more steeply than A1 after 69
years; A1 plateaued after age 79 in men, but contin-
ued to increase in women (figure e-2).

In men and women combined, the prevalence of
A/N biomarker categories for 50–89 years combined
was A2N2: 61.4%; A1N2: 9.7%; A2N1:
17.4%; and A1N1: 11.5% (table 2). The preva-
lence of A2N2 declined with age; A1N2 was
,3% before age 60, increased with age until the
70s, and declined thereafter; A2N1 was ,13%
before age 65 and increased with age; A1N1

was 0% below age 60 years and increased to 53.8%
in 85- to 89-year-olds. Age-specific frequencies did

Figure 1 Conceptual design of estimating prevalence

Inverse probability weighting (IPW) adjustment 1 adjusts for nonparticipation in the Mayo
Clinic Study of Aging (MCSA); IPW adjustment 2 adjusts for participation in MCSA, but
not in imaging studies; standardization involves direct standardization to the Olmsted
County 2010 population by age and or sex, where applicable. Of the 5,110 nonparticipants
in the MCSA, 1,822 declined the face-to-face evaluation and participated by telephone only;
3,288 refused to participate. A total of 796 people who participated in the face-to-face
evaluation were lost to the study prior to August 1, 2008, or were not eligible for imaging.
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not differ much from age-specific estimates of preva-
lence; however, larger differences were observed
between frequencies and summary prevalence esti-
mates (IPW-adjusted, pooled across age, and age and
sex categories, and standardized to the population).
Prevalence of A/N biomarker categories varied by sex
and APOE e4 carrier status.

In men, the prevalence of biomarkers (50–89
years) was A2N2: 62.6%; A1N2: 7.3%; A2N1:
19.9%; and A1N1: 10.2% (table 2). In women,
estimates were A2N2: 60.4%; A1N2: 11.7%;
A2N1: 15.3%; and A1N1: 12.6%. Thus, A1N1

prevalence was comparable in men and women,
A1N2 was more prevalent in women, A2N1 was

Table 1 Characteristics of participants with MRI and PiB PET by sex and nonimaged participants at first visit on or after August 1, 2008

Characteristics Women (n 5 770) Men (n 5 876) p Valuea
Imaged (MRI 1 PiB)
(n 5 1,646)

Not imaged
(n 5 2,248) p Valueb

Age, y, mean (SD) 70.3 (9.8) 71.4 (9.8) 0.02 70.8 (9.8) 73.7 (9.8) ,0.001

50–59 121 (15.7) 124 (14.2) 0.03 245 (14.9) 245 (10.9) ,0.001

60–69 232 (30.1) 238 (27.2) 470 (28.6) 410 (18.2)

70–79 272 (35.3) 296 (33.8) 568 (34.5) 862 (38.3)

80–89 145 (18.8) 218 (24.9) 363 (22.1) 731 (32.5)

Male sex — — 876 (53.2) 1,094 (48.7) 0.01

Education, y, mean (SD) 14.4 (2.4) 15.0 (2.8) ,0.001 14.7 (2.6) 14.2 (2.7) ,0.001

<12 13 (1.7) 35 (4.0) 0.01 48 (2.9) 118 (5.3) ,0.001

‡12 757 (98.3) 841 (96.0) 1,598 (97.1) 2,127 (94.7)

APOE e4 carrier 226 (29.7) 230 (26.5) 0.15 456 (28.0) 606 (28.4) 0.79

e3e3/e3e2/e2e2 534 (70.3) 638 (73.5) 0.22 1,172 (72.0) 1,527 (71.6) 0.82

e2e4/e3e4 206 (27.1) 215 (24.8) 421 (25.9) 565 (26.5)

e4e4 20 (2.6) 15 (1.7) 35 (2.1) 41 (1.9)

Hypertension 450 (58.4) 571 (65.3) 0.005 1,021 (62.1) 1,637 (72.9) ,0.001

Diabetes 107 (13.9) 176 (20.1) ,0.001 283 (17.2) 440 (19.6) 0.06

Dyslipidemia 598 (77.7) 725 (82.9) 0.01 1,323 (80.4) 1,829 (81.5) 0.41

Coronary artery disease 138 (17.9) 305 (34.9) ,0.001 443 (26.9) 754 (33.6) ,0.001

Stroke 24 (3.1) 32 (3.7) 0.55 56 (3.4) 113 (5.0) 0.01

Obesity (BMI ‡30 kg/m2) 256 (33.5) 286 (32.9) 0.79 542 (33.2) 745 (35.0) 0.35

Smoking status

Never 476 (61.8) 428 (48.9) ,0.001 904 (54.9) 1,145 (51.0) 0.05

Former 256 (33.2) 408 (46.6) 664 (40.3) 990 (44.1)

Current 38 (4.9) 40 (4.6) 78 (4.7) 112 (5.0)

Depressive symptoms 57 (7.5) 59 (6.7) 0.58 116 (7.1) 157 (7.2) 0.92

Normal cognition 672 (87.4) 746 (85.4) 0.23 1,418 (86.3) 1,859 (84.4) 0.10

MCI (prevalent) 97 (12.6) 127 (14.5) 0.26 224 (13.6) 341 (15.2) 0.17

Amnestic 65 (67.7) 98 (77.2) 0.11 163 (73.1) 245 (74.2) 0.76

Nonamnestic 31 (32.3) 29 (22.8) 60 (26.9) 85 (25.8)

Z global, mean (SD)c 0.291 (0.99) 0.129 (0.92) ,0.001 0.205 (0.96) 20.160 (1.0) ,0.001

Abnormal biomarkers

AD sign CT (<2.67 mm) 284 (36.9) 396 (45.2) 0.001 680 (41.3)

PiB PET (>1.42) 260 (33.8) 277 (31.6) 0.35 537 (32.6)

Abbreviations: AD 5 Alzheimer disease; BMI 5 body mass index; MCI 5 mild cognitive impairment; PiB 5 Pittsburgh compound B.
Estimates are n (%) of nonmissing cells, unless otherwise stated. Age is the age at imaging for those imaged and age at first evaluation on or after August
1, 2008, for those not imaged (total sample evaluated on or after August 1, 2008 5 3,894).
ap for comparison of men vs women; x2 test for categorical measures and Kruskal-Wallis test for continuous measures.
bp for comparison of imaged vs not imaged (n 5 1,669) or not included if PiB PET and MRI were not performed at the same visit (n 5 579); x2 test for
categorical measures and Kruskal-Wallis test for continuous measures.
cGlobal summary measure of cognitive performance derived from averaged and scaled scores for memory, executive function, language, and visuospatial
skills domains.
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Table 2 Prevalence of abnormal imaging biomarker categories in men and women

Age by A/N
status

Men (n 5 876) Women (n 5 770)
Men and women combined
(n 5 1,646)

N (%)a
Prevalence %
(95% CI)b N (%)a

Prevalence %
(95% CI)b N (%)a

Prevalence %
(95% CI)c

A2N2

50–54 49 (90.7) 89.4 (80.4–98.5) 44 (86.3) 85.0 (74.4–95.7) 93 (88.6) 87.1 (80.1–94.1)

55–59 60 (85.7) 83.2 (73.5–93.0) 62 (88.6) 88.6 (80.8–96.4) 122 (87.1) 85.9 (79.7–92.1)

60–64 87 (77.0) 76.6 (67.5–85.7) 82 (71.9) 70.4 (60.6–80.3) 169 (74.4) 73.2 (66.5–80.0)

65–69 72 (57.6) 56.9 (47.7–66.0) 65 (55.1) 53.9 (44.5–63.2) 137 (56.4) 55.3 (48.8–61.8)

70–74 59 (40.4) 41.4 (31.6–51.1) 64 (47.1) 47.0 (37.0–56.9) 123 (43.6) 44.4 (37.4–51.3)

75–79 34 (22.7) 22.4 (15.2–29.5) 38 (27.9) 26.9 (19.0–34.9) 72 (25.2) 25.0 (19.5–30.4)

80–84 21 (13.9) 14.0 (7.6–20.4) 9 (11.5) 13.3 (4.2–22.3) 30 (13.1) 13.7 (8.3–19.0)

85–89 2 (3.0) 2.0 (0.0–4.9) 7 (10.4) 6.1 (1.2–11.1) 9 (6.7) 4.7 (1.3–8.0)

50–69 268 (74.0) 78.1 (73.4–82.8) 253 (71.7) 76.1 (71.4–80.8) 521 (72.9) 77.0 (73.7–80.3)

70–89 116 (22.6) 21.4 (17.1–25.7) 118 (28.3) 23.5 (19.1–27.9) 234 (25.1) 22.6 (19.5–25.6)

All 384 (43.8) 62.6 (58.7–66.4) 371 (48.2) 60.4 (56.6–64.2) 755 (45.9) 61.4 (58.7–64.1)

A1N2

50–54 1 (1.9) 2.4 (0.0–7.3) 1 (2.0) 2.7 (0.0–8.0) 2 (1.9) 2.6 (0.0–6.1)

55–59 1 (1.4) 1.6 (0.0–4.8) 2 (2.9) 2.8 (0.0–6.8) 3 (2.1) 2.2 (0.0–4.8)

60–64 8 (7.1) 7.7 (1.7–13.7) 16 (14.0) 16.3 (8.1–24.6) 24 (10.6) 12.5 (7.2–17.7)

65–69 18 (14.4) 14.1 (7.9–20.4) 25 (21.2) 21.7 (13.9–29.6) 43 (17.7) 18.2 (13.1–23.3)

70–74 28 (19.2) 17.7 (10.4–25.1) 33 (24.3) 26.9 (17.9–35.8) 61 (21.6) 22.6 (16.7–28.5)

75–79 19 (12.7) 11.8 (6.4–17.3) 20 (14.7) 15.0 (8.4–21.5) 39 (13.6) 13.6 (9.2–18.0)

80–84 16 (10.6) 9.7 (4.9–14.6) 13 (16.7) 19.5 (9.2–29.8) 29 (12.7) 14.3 (8.8–19.8)

85–89 5 (7.5) 4.3 (0.0–8.7) 5 (7.5) 3.9 (0.20–7.5) 10 (7.5) 4.0 (1.2–6.8)

50–69 28 (7.7) 5.7 (3.3–8.1) 44 (12.5) 10.1 (6.9–13.2) 72 (10.1) 8.0 (6.0–10.0)

70–89 68 (13.2) 11.4 (8.3–14.5) 71 (17.0) 15.7 (11.8–19.5) 139 (14.9) 13.8 (11.2–16.3)

All 96 (11.0) 7.3 (5.3–9.2) 115 (14.9) 11.7 (9.3–14.2) 211 (12.8) 9.7 (8.1–11.3)

A2N1

50–54 4 (7.4) 8.1 (0.18–16.0) 6 (11.8) 12.3 (2.7–22.0) 10 (9.5) 10.3 (4.1–16.6)

55–59 9 (12.9) 15.2 (5.7–24.6) 6 (8.6) 8.6 (1.6–15.5) 15 (10.7) 11.8 (6.0–17.7)

60–64 16 (14.2) 14.5 (6.9–22.1) 12 (10.5) 10.9 (4.2–17.6) 28 (12.3) 12.5 (7.5–17.5)

65–69 27 (21.6) 23.0 (14.9–31.0) 16 (13.6) 13.6 (7.2–20.0) 43 (17.7) 18.0 (12.9–23.0)

70–74 34 (23.3) 23.5 (15.2–31.8) 23 (16.9) 17.6 (9.4–25.9) 57 (20.2) 20.3 (14.5–26.2)

75–79 51 (34.0) 33.0 (24.9–41.1) 39 (28.7) 29.8 (21.3–38.2) 90 (31.5) 31.2 (25.3–37.1)

80–84 50 (33.1) 32.8 (24.7–40.8) 16 (20.5) 20.5 (10.8–30.1) 66 (28.8) 27.0 (20.8–33.2)

85–89 24 (35.8) 49.5 (24.1–74.9) 21 (31.3) 30.9 (15.1–46.8) 45 (33.6) 37.6 (23.2–51.9)

50–69 56 (15.5) 14.8 (10.5–19.1) 40 (11.3) 11.1 (7.3–14.9) 96 (13.4) 12.8 (10.0–15.7)

70–89 159 (30.9) 33.6 (26.5–40.7) 99 (23.7) 25.1 (19.3–30.9) 258 (27.7) 28.9 (24.3–33.5)

All 215 (24.5) 19.9 (16.2–23.7) 139 (18.1) 15.3 (12.1–18.4) 354 (21.5) 17.4 (15.0–19.9)

A1N1

50–54 0 0 0 0 0 0

55–59 0 0 0 0 0 0

60–64 2 (1.8) 1.2 (0.0–2.8) 4 (3.5) 2.3 (0.0–4.7) 6 (2.6) 1.8 (0.31–3.3)

65–69 8 (6.4) 6.0 (1.7–10.3) 12 (10.2) 10.8 (4.9–16.7) 20 (8.2) 8.6 (4.8–12.3)

70–74 25 (17.1) 17.4 (10.0–24.8) 16 (11.8) 8.6 (4.0–13.1) 41 (14.5) 12.7 (8.4–16.9)

Continued
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more prevalent in men, and A2N2 was similar in
men and women. Across 20-year age groups, A1N1

prevalence was similar in both age groups (but slightly
higher in women); A1N2 prevalence was higher in
women in both the 50–69 and 70–89 age groups.
Conversely, the prevalence of A2N1 was higher in
men than in women in both age groups. Figure 2
graphically presents these age-specific and summary
estimates (all biomarker groups) of prevalence.

In APOE e4 carriers, the prevalence of biomarker
categories for 50- to 89-year-olds was A2N2:
54.6%; A1N2: 16.6%; A2N1: 12.4%; and
A1N1: 16.4%. In non-e4 carriers, the prevalence
was A2N2: 63.3%; A1N2: 6.9%; A2N1:
19.9%; and A1N1: 10.0%. By 20-year age groups,
A2N2 was most prevalent in 50- to 69-year-old
non-e4 carriers; A1N2 was most prevalent in 70-
to 89-year-old APOE e4 carriers; A2N1 was most
prevalent in 70- to 89-year-old non-e4 carriers; and
A1N1 was most prevalent in 70- to 89-year-old
APOE e4 carriers (figure 3).

DISCUSSION Our findings demonstrate an increas-
ing prevalence of abnormal AD biomarkers with age
that varied with biomarker groups. Specifically, the
prevalence of A1N1 and A2N1 increased with
age whereas A1N2 increased to the early 70s, then
declined. These estimates of prevalence also varied by
sex and by APOE e4 allele. There were small differ-
ences between age-specific observed frequencies and
estimated prevalence, but there were larger differences
when frequencies across age, and age and sex cate-
gories were adjusted for nonparticipation and stan-
dardized to the Olmsted County population
(prevalence).

Our findings are consistent with those of others.
The overall prevalence of amyloidosis of 21% among
50- to 89-year-olds in the present study is similar to
24% reported for 50- to 90-year-olds in a meta-
analysis of amyloid positivity.24 Similarly, a study that
combined data from several clinic- and population-
based studies showed an increasing trend in amyloid
positivity with age from,20% at or below age 40 years
to 50% by age 100 years.25 Other studies, including
the Harvard Brain Aging Study,26 participants with
MCI in the ADNI, and in the European Consor-
tium,27,28 have reported estimates of A2N1 frequency
that are higher in men vs women. In contrast, one
study among CN participants reported a lower fre-
quency of A2N1 in men vs women based on CSF
b-amyloid and tau.29 The prevalence estimates for A/N
categories are also consistent with our unadjusted esti-
mates of frequencies previously reported among
a smaller sample of CN MCSA participants.6

Despite the cross-sectional design, the low preva-
lence of positive biomarkers in 50- to 69-year-olds
is consistent with the strong age dependence of de-
clines in cortical thickness and elevations in brain
amyloid levels.30 The high prevalence of A1N1

among persons 70 and older is consistent with
increasing incidence of MCI and AD dementia with
increasing age. The higher prevalence of A1N2 in
women than in men (1.8-fold higher in 50- to 69-
year-olds and 1.4-fold higher in 70- to 89-year-olds)
raises questions about potential differences in the
mechanisms that underlie the development of A1
in women vs men. Understanding these mechanisms
will inform the development of strategies to reduce
the burden of amyloid positivity in women, some of
which may also benefit men.

Table 2 Continued

Age by A/N
status

Men (n 5 876) Women (n 5 770)
Men and women combined
(n 5 1,646)

N (%)a
Prevalence %
(95% CI)b N (%)a

Prevalence %
(95% CI)b N (%)a

Prevalence %
(95% CI)c

75–79 46 (30.7) 32.7 (24.5–41.0) 39 (28.7) 28.3 (20.3–36.4) 85 (29.7) 30.2 (24.4–36.0)

80–84 64 (42.4) 43.5 (34.8–52.2) 40 (51.3) 46.7 (34.6–58.8) 104 (45.4) 45.0 (37.8–52.3)

85–89 36 (53.7) 44.2 (20.0–68.4) 34 (50.7) 59.1 (42.3–75.8) 70 (52.2) 54.8 (39.4–68.1)

50–69 10 (2.8) 1.4 (0.52–2.4) 16 (4.5) 2.8 (1.4–4.1) 26 (3.6) 2.1 (1.3–3.0)

70–89 171 (33.3) 33.6 (27.6–39.6) 129 (30.9) 35.7 (29.1–42.4) 300 (32.2) 34.8 (30.2–39.4)

All 181 (20.7) 10.2 (8.4–12.0) 145 (18.8) 12.6 (10.1–15.1) 326 (19.8) 11.5 (9.9–13.1)

Abbreviations: A 5 amyloid accumulation; CI 5 confidence interval; N 5 Alzheimer disease signature cortical thickness.
A composite measure formed from cortical thickness from various regions of interest associated with Alzheimer disease was used as a marker for
neurodegeneration.
aNumber and frequency of abnormal biomarkers in persons who had both MRI and PET by age at neuroimaging; these frequencies are presented to
demonstrate the (potential) effect of the weighting and standardization methodology.
b Prevalence, adjusted for nonparticipation, using inverse probability weighting (IPW) in Mayo Clinic Study of Aging and in imaging studies by age, sex, and
education (for step 1 of IPW) and for prevalent MCI (added for step 2 of IPW). Prevalence estimates across multiple age categories were standardized by
sex to the Olmsted County, Minnesota, 2010 population.
c Estimates for men and women pooled across age and sex strata were standardized by both age and sex to the Olmsted County, Minnesota, population.
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In contrast to A1N2, the prevalence of A2N1

was higher in men than in women in all age groups
except age 50–54. This further underscores the
importance of understanding how and why the prev-
alence of these markers varies by sex. The higher
prevalence of A2N1 in men vs women may partly

explain the earlier occurrence and higher prevalence
of MCI in men compared to women in our previous
studies31,32 and is consistent with studies suggesting
that neurodegeneration, rather than amyloid, triggers
symptomatic cognitive impairment.33 The higher
prevalence of A2N1 in older women (11% in

Figure 2 Prevalence of biomarker categories overall, by sex and age group (years)

Summary figures (bottom) show all 4 biomarker categories (A2N2, A1N2, A2N1, and A1N1) on the same plot for both
sexes combined and for men and women, separately, where N represents a composite Alzheimer disease signature cortical
thickness as a marker for neurodegeneration. By permission of Mayo Foundation for Medical Education and Research. All
rights reserved.
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50- to 69-year-olds, 25% in 70- to 89-year-olds) may
have implications for later onset of clinical symptoms
in women. In particular, since the prevalence of
A2N1 continues to increase with age, this together
with the higher prevalence of A1N1 in women than
in men may contribute to a higher prevalence of AD
dementia in women at advanced ages. We also
observed a higher prevalence of A1 categories in
APOE e4 carriers vs non-e4 carriers that is consistent
with the known association of the APOE e4 allele
with amyloidosis.

The characteristics of participants by sex and bio-
marker group also generate hypotheses about etio-
logic factors for prevalence of AD biomarkers. The
high frequency of vascular risk factors in men may
contribute to the higher prevalence of A2N1 in
men than in women, potentially due to cerebrovas-
cular disease.34 The high frequency of vascular risk
factors in the A1N1 and A2N1 groups suggests
that lifestyle and related vascular risk factors may have
additive effects on the development of AD-related
neurodegeneration.35 The high frequency of low edu-
cation in A1N1 and A2N1 groups raises the ques-
tion that sociodemographic and lifestyle factors may
be linked to greater vascular pathology leading to
neurodegeneration.

The A2N2 group, a large component of the
study, was much healthier than the groups with
pathology. They were younger (69% aged,70 years;
table e-2), had the lowest frequencies of diabetes,

dyslipidemia, hypertension, stroke, and coronary
artery disease, and had the highest level of education
compared to remaining groups. This suggests that an
increasing burden of chronic conditions with aging
may contribute to brain pathology; prevention of these
conditions may offer opportunities for intervention.

Limitations of our study include possible nonpar-
ticipation bias, but adjustment for potential nonpartic-
ipation bias had minimal effects on the unadjusted
age-specific frequencies. Yet, potential residual bias
from factors that differed in participants and nonparti-
cipants could contribute to underestimation of preva-
lence estimates. Tau imaging was not considered in
AD biomarkers since relatively fewMCSA participants
had undergone tau imaging at the onset of the present
study. Since this is a prevalence study, we cannot make
reliable inferences about etiology or causation. Con-
trary to amyloid positivity, hippocampal volume, and
FDG hypometabolism that have been associated with
clinical progression, data on the predictive role of
AD signature cortical thickness for progression are lim-
ited.7 The predominant race/ethnicity of the MCSA is
96% white; therefore estimates of prevalence need to
be explored in nonwhite populations.

The strengths of our article include the large sam-
ple size that enhances the internal validity of the
study, the ability to characterize AD pathology in par-
ticipants using amyloid and neurodegeneration bio-
markers, and the population-based study design.
More importantly, conducting the study in a defined
population, combined with our ability to adjust for
potential nonparticipation bias using information
from participant medical records, enabled us to esti-
mate prevalence in the population without dementia.

These estimates of prevalence may have important
implications for projections of the future population
burden of age-related amyloid positivity and reduced
AD signature cortical thickness. The role of AD sig-
nature cortical thickness as a predictor of progression
and the public health implications remain to be deter-
mined prospectively.
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