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Abstract

Importance—Preclinical Alzheimer disease (AD) can be staged using a 2-factor model denoting 

the presence or absence of β-amyloid (Aβ+/−) and neurodegeneration (ND+/−). The association of 

these stages with longitudinal biomarker outcomes is unknown.

Objective—To examine whether longitudinal Aβ accumulation and hippocampal atrophy differ 

based on initial preclinical staging.

Design, Setting, and Participants—This longitudinal population-based cohort study used 

data collected at the Knight Alzheimer Disease Research Center, Washington University, St Louis, 

Missouri, from December 1, 2006, to June 31, 2015. Cognitively normal older adults (n = 174) 

were recruited from the longitudinal Adult Children Study and Healthy Aging and Senile 

Dementia Study at the Knight Alzheimer Disease Research Center. At baseline, all participants 

had magnetic resonance imaging (MRI) scans, positron emission tomography (PET) scans with 

carbon 11-labeled Pittsburgh Compound B (PiB), and cerebrospinal fluid assays of tau and 

phosphorylated tau (ptau) acquired within 12 months. Using the baseline biomarkers, individuals 
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were classified into preclinical stage 0 (Aβ−/ND−), 1 (Aβ+/ND−), or 2+ (Aβ+/ND+) or suspected 

non-AD pathophysiology (SNAP; Aβ−/ND+).

Main Outcomes and Measures—Subsequent longitudinal accumulation of Aβ assessed with 

PiB PET and loss of hippocampal volume assessed with MRI in each group.

Results—Among the 174 participants (81 men [46.6%]; 93 women [53.4%]; mean [SD] age, 

65.7 [8.9] years), a proportion (14%-17%) of individuals with neurodegeneration alone (SNAP) 

later demonstrated Aβ+. The rates of Aβ accumulation and loss of hippocampal volume in 

individuals with SNAP were indistinguishable from those without any pathologic features at 

baseline (for Aβ accumulation: when hippocampal volume was used to define ND, t = 0.00 [P > .

99]; when tau and ptau were used to define ND, t = −0.02 [P = .98]; for loss of hippocampal 

volume: when hippocampal volume was used to define ND, t = −1.34 [P = .18]; when tau and ptau 

were used to define ND, t = 0.84 [P = .40]). Later preclinical stages (stages 1 and 2+) had elevated 

Aβ accumulation. Using hippocampal volume to define ND, individuals with stage 1 had 

accelerated Aβ accumulation relative to stage 0 (t = 11.06; P < .001), stage 2+ (t = 2.10; P = .04), 

and SNAP (t = 9.32; P < .001), and those with stage 2+ had accelerated Aβ accumulation relative 

to stage 0 (t = 4.38; P < .001) and SNAP (t = 4.08; P < .001). When ND was defined using tau and 

ptau, individuals with stage 2+had accelerated Aβ accumulation relative to stage 0 (t = 4.96) and 

SNAP (t = 4.06), and those with stage 1 had accelerated Aβ accumulation relative to stage 0 (t = 

8.44) and SNAP (t = 6.61) (P < .001 for all comparisons). When ND was defined using 

cerebrospinal fluid biomarkers, individuals with stage 2+ had accelerated hippocampal atrophy 

relative to stage 0 (t = −3.41; P < .001), stage 1 (t = −2.48; P = .03), and SNAP (t = −2.26; P = .

03).

Conclusions and Relevance—More advanced preclinical stages of AD have greater 

longitudinal Aβ accumulation. SNAP appears most likely to capture inherent individual variability 

in brain structure or to represent comorbid pathologic features rather than early emerging AD. 

Low hippocampal volumes or elevated levels of tau or ptau in isolation may not accurately 

represent ongoing neurodegenerative processes.

As with many neurodegenerative diseases, pathophysiological processes in Alzheimer 

disease (AD) begin well before the onset of clinical symptoms. Using cerebro-spinal fluid 

(CSF) assays and neuroimaging, detection of preclinical β-amyloid (Aβ) deposition in the 

brain and purported markers of neurodegeneration (ND) are possible. Based on proposed 

and observed temporal orderings of biomarkers,1-5 a National Institute on Aging–

Alzheimer's Association (NIA-AA) workgroup developed recommendations for the staging 

of preclinical AD.6

According to the NIA-AA guidelines, Aβ deposition can be measured in vivo using CSF 

assays or positron emission tomography (PET), and ND can be assessed in CSF assays, 

fluorodeoxyglucose PET, or volumetric magnetic resonance imaging (MRI). In stage 1, 

evidence of β-amyloidosis only is found; in stage 2, evidence of β-amyloidosis and ND; and 

in stage 3, both biomarkers are abnormal along with subtle cognitive declines. Additional 

suggestions have been proposed7,8 to incorporate individuals with no abnormal biomarkers 

(stage 0), and those with evidence of ND in the absence of abnormal Aβ levels, termed 

suspected non-AD pathophysiology (SNAP).7
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This 2-factor model of pathologic features has been applied to cognitively normal older 

adults,7,9-16 patients at memory clinics,17,18 and cognitively impaired individuals.19-22 The 

proportion of individuals classified as having SNAP ranges from 12% to 29%, with similar 

percentages across cohorts. Work by Knopman and colleagues16 indicate that SNAP cohorts 

are comparable to individuals with Aβ-positive findings on levels of cerebrovascular disease, 

α-synucleinopathy, and other imaging and clinical features. This work, and parallel work 

examining incident amyloid positivity,23 indicates that the appearance of neuronal injury 

biomarkers may not depend on the presence of Aβ and could represent multiple 

abnormalities. Alternatively, such biomarkers could represent pathologic features of AD, but 

precede evidence of amyloidosis.24,25

Given its substantial portion in cross-sectional studies, SNAP has deservedly received more 

in-depthattention.25 The objective of the present study was to examine longitudinal Aβ 
accumulation and ND in each preclinical stage and individuals classified as having SNAP. 

Because both biomarkers have been used in the literature, we defined ND at baseline using 

hippocampal volume and CSF measures of tau and phosphorylated tau (ptau) 181.

Methods

Participants

We drew 174 participants from the Adult Children Study and the Healthy Aging and Senile 

Dementia Study through the Knight Alzheimer Disease Research Center, Washington 

University in St Louis, St Louis, Missouri, based on the following criteria: baseline clinical 

examination, PET with carbon 11–labeled Pittsburgh Compound B (PiB), and MRI within 

12 months; cognitively normal (Clinical Dementia Rating score, 0)26 at baseline; and at least 

1 subsequent PET session. Demographic characteristics are presented in Table 1. A subset of 

110 individuals also had CSF samples drawn within 12 months of the baseline PiB PET 

assessment. Longitudinal volumetric information was available for 171 participants. Written 

informed consent was obtained from all participants, and the Human Research Protection 

Office of Washington University in St Louis approved all procedures.

PET Imaging

Methods of PET imaging have been described elsewhere.27,28 Participants underwent a 60-

minute dynamic scan with PiB. In each region, a tissue mask (gray matter, white matter, and 

CSF) was generated based on the FreeSurfer segmentation.29 A regional spread function–

based technique28,30 was used to correct for partial volume effects and obtain corrected 

regional time-activity curves. Binding potentials were calculated using the corrected regional 

time-activity curves in each region of interest with a cerebellar gray reference region. A 

mean of the data across the left and right lateral orbitofrontal, medial orbitofrontal, rostral 

middle frontal, superior frontal, superior temporal, middle temporal, and precuneus regions 

was used to create a mean cortical binding potential (MCBP).

MRI Data

We acquired T1-weighted magnetization-prepared rapid gradient-echo sequences on 1 of 2 

3T MRI scanners (TIM Trio; Siemens) with 1-mm isotropic resolution (repetition time, 2400 

Gordon et al. Page 3

JAMA Neurol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



milliseconds; flip angle, 8°; and field of view, 256 × 256 mm). Hippocampal volumes were 

obtained using FreeSurfer (version 5.1; http://freesurfer.net/) and adjusted for total intra-

cranial volume using a regression approach. For classification into preclinical stages, 

hippocampal volumes were converted to age-adjusted z scores (HCVz) relative to a 

normative cohort of 196 individuals (mean age, 64.8 [range, 43-90] years; 128 women 

[65.3%]; 45 apolipoprotein E [APOE] ε4 carriers [23.0%]) partially overlapping with the 

present sample who had negative findings for any PiB PET biomarker or Aβ42 data within a 

year of the scan and remained cognitively normal for at least 3 years. A mean z score was 

calculated for the left and right sides together. By converting hippocampal volume to z 
scores, ND can be interpreted as a reduced volume relative to the individual's peers, and 

such approaches are common in the literature.31-33

CSF Samples

The CSF samples (20-30 mL) were collected after overnight fasting as described 

previously.34 Total tau and ptau 181 levels were measured using an enzyme-linked 

immunosorbent assay (INNOTEST; Fujirebio [formerly Innogenetics]).

NIA-AA Classification

Participants were classified using a 2-factor model10-13,23 denoting abnormality of Aβ (Aβ
+/−) and ND (ND+/−) biomarkers. Individuals with Aβ−/ND− were designated as stage 0; 

Aβ+ only, as stage 1; Aβ+/ND+, as stage 2+ (combined stages 2 and 3); and ND+/Aβ− as 

SNAP. Although the initial preclinical stages6 included a stage 3 (Aβ+/ND+ with subtle 

cognitive impairment), the definition of impairment has not been established in the field. As 

a result, we combined stages 2 and 3 into a single stage 2+ category.

Abnormal PiB PET Aβ levels and HCVz were determined using a receiver operating 

characteristics curve to maximize the Youden index (sensitivity + specificity −1) that best 

differentiated a population of cognitively normal older adults (n = 212) from those with a 

Clinical Dementia Rating score of 0.5 and a clinical diagnosis of AD (59 patients with PiB 

PET findings; 141 patients with hippocampal volume findings). The age-adjusted HCVz was 

used to classify ND at baseline to prevent ND from being a proxy for older age. Cutoffs to 

determine CSF abnormality were taken from previously published work14 using the Youden 

index in a similar population. Abnormality was defined as a corrected MCBP greater than 

0.23, HCVz less than −0.3023, tau level greater than 339 pg/mL; and ptau 181 level greater 

than 67 pg/mL.

Owing to potential incongruences in markers of ND,35 participants were classified into NIA-

AA stages at baseline in 2 ways. For the first set of analyses, baseline ND+ was defined 

using only HCVz. Because the 2 values were highly correlated (r = 0.81; 91.8% 

concordance), in the second set of analyses ND+ was defined if tau or ptau 181 levels were 

abnormal. For both sets of analyses, Aβ+ was defined using PiB PET. Using these baseline 

NIA-AA classifications, we then examined longitudinal Aβ deposition and hippocampal 

volume (in cubic millimeters).

Gordon et al. Page 4

JAMA Neurol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://freesurfer.net/


Statistical Analysis

Baseline differences in demographic features across NIA-AA subgroups were analyzed 

using analysis of variance for continuous variables and the χ2 test or logistic regression 

models for categorical variables. Longitudinal data were analyzed in 2 ways. The first 

method used a χ2 analysis to examine the proportion of individuals in each NIA-AA stage 

who were Aβ+ or ND+ at any subsequent longitudinal time point (eFigure and eTable in the 

Supplement).

The second set of analyses used linear mixed-effects models implemented in the R software 

suite36 using the nlme package.37 With this approach we examined the longitudinal rate of 

Aβ accumulation or hippocampal change in each NIA-AA group, modeling the individual as 

a random effect and controlling for baseline age and sex. Time at each data point was 

quantified as months after the initial baseline visit. When examining the main effect of 

group, stage 0 was set as the reference group. When examining the main effect of sex, 

female participants were set as the reference group. The B values represent a change in the 

outcome (eg, MCBP) with a 1-unit change of the variable (eg, female to male, 1 year of age, 

and 1 month of time).

Results

Preclinical AD Stages

The final sample included 174 participants, of whom 81 were men (46.6%) and 93 were 

women (53.4%), with a mean (SD) age of 65.7 (8.9) years. Baseline frequencies of each 

NIA-AA stage are presented in Table 1 with sampled emographics. Educational levels were 

not available for 8 individuals.

Demographics Using HCVz and PiB PET

We found a main effect of NIA-AA stage on age (F3,170 = 5.75; P < .001). The stages 1 and 

2+ cohorts were significantly older than the stage 0 (t = 3.20 [P = .002] and t = 3.08 [P = .

002], respectively) and SNAP (t = 2.06 [P = .04] and t = 2.39 [P = .02], respectively) 

cohorts. Mini-Mental State Examination scores differed (F3,170 = 2.91; P = .04), with the 

stage 0 (t = 2.51; P = .01) and stage 1 (t = 2.95; P = .004) cohorts having higher scores than 

the stage 2+ cohort. The APOE ε4 distribution differed significantly among the stages (χ2 = 

31.3; P < .001), with a greater frequency in the stage 1 compared with stage 0 (χ2 = 24.1; P 
< .001) and SNAP (χ2 = 12.9; P < .001) cohorts and the stage 2+ cohort having a greater 

frequency than the stage 0 (χ2 = 11.5; P < .001) and SNAP (χ2 = 7.2; P = .007) cohorts. We 

found no significant differences in the number of visits for MRI or the days of MRI follow-

up or between the numbers of visits for MRI (χ2 = 9.9; P = .36) or PET (χ2 = 5.6; P = .46). 

However, we found a significant effect on days of PET follow-up (F3,170 = 3.82; P = .01), 

with the stage 0 cohort having more days of follow-up than the stage 2+ (t = 2.73; P = .007) 

and stage 1 (t = 2.37; P = .02) cohorts. In the subset with CSF findings, we found a main 

effect on tau level (F3,106 = 9.53; P < .001), with the stages 1 and 2+ cohorts having higher 

levels than the stage 0 (t = 4.96 [P < .001] and t = 2.53 [P = .01], respectively) and SNAP (t 
= 3.58 [P = .001] and t = 2.01 [P = .047], respectively) cohorts. We found an effect on ptau 

181 level (F3,106 = 5.92; P < .001), with the stage 1 (t = 3.88; P < .001) and stage 2+ (t = 
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2.14; P = .04) cohorts having higher levels than the stage 0 cohort and the stage 1 cohort 

having elevated levels relative to the SNAP cohort (t = 2.59; P = .01).

Demographics Using CSF Tau and pTau 181 Levels

When we examined baseline demographics using PiB PET and CSF measures of tau and 

ptau 181 levels to classify participants into NIA-AA stages, we found significant group 

effects on age (F3,106 = 4.30; P = .0071), with the stage 2+ cohort being older than the stage 

0 cohort (t = 3.32; P = .001). We found a significant difference in APOE ε4 frequency (χ2 = 

22.3; P < .001), with higher frequencies in the stage 1 cohort relative to the stage 0 (χ2 = 

17.0; P < .001) and SNAP (χ2 = 7.8; P < .001) cohorts and the stage 2+ cohort more than the 

stage 0 cohort (χ2 = 9.2; P = .002). We found no significant effects for educational level 

(F3,98 = 0.87; P = .46), Mini-Mental State Examination score (F3,106 = 0.43; P = .73), the 

number of longitudinal PET (χ2 = 5.6; P = .46) or MRI (χ2 = 5.6; P = .46) visits, or the 

length of PET (F3,106 = 2.3; P = .08) or MRI (F3,106 = 2.3; P = .08) follow-up. We found no 

main effect on HCVz volume (F3,106 = 0.84; P = .47), although a significant effect on 

hippocampal volumes (F3,106 = 3.32; P = .02) occurred, with the stage 2+ cohort having 

smaller adjusted volumes than the stage 0 (t = 2.82; P = .006) and stage 1 (t = 2.06; P = .04) 

cohorts.

Linear Mixed Models

Aβ Accumulation Using HCVz to Denote ND—Longitudinal changes in PiB 

deposition (MCBP) within individuals are depicted in Figure 1A, which illustrates change in 

each cohort using the coefficients derived from the linear mixed models. The main effects 

and interaction results from the linear mixed models are presented in Table 2. The intercept 

represents the mean baseline MCBP in stage 0 (reference group) accounting for covariates. 

The stages 1 and 2+ cohorts had a higher baseline MCBP compared with the stage 0 cohort, 

but the stage 0 and SNAP cohorts did not differ. Levels of Aβ accumulation increased 

longitudinally in all 4 groups (P < .01 for all). We found no difference in this increase 

between the stage 0 and SNAP cohorts, and the longitudinal increase in the stage 1 cohort 

was significantly greater than that observed in the SNAP, stage 0, and stage 2+ cohorts. The 

increase in the stage 2+ cohort was significantly greater than in the SNAP and stage 0 

cohorts.

Aβ Accumulation Using CSF to Denote ND—Longitudinal changes in Aβ levels are 

presented in Figure 1B, and statistical results are in Table 2. We found a change in baseline 

MCBP when comparing the stage 0 with stage 1 and the stage 0 with stage 2+ cohorts, but 

no differences between the stage 0 and SNAP cohorts. We found a significant longitudinal 

increase in Aβ levels for all 4 cohorts (P < .05 for all). No differences in these longitudinal 

increases were seen between the stage 0 and SNAP cohorts. The longitudinal increase in the 

stage 1 cohort was significantly greater than in the SNAP and stage 0 cohorts, but 

differences were not significant compared with the stage 2+ cohort (t = 2.0; P = .052). The 

increase in the stage 2+ cohort was significantly greater than in the SNAP and stage 0 

cohorts. The results across the stages were highly similar across classification schemes.
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Hippocampal Atrophy Using HCVz to Denote ND—Longitudinal changes in 

hippocampal volume are depicted in Figure 2A, and statistical results are presented in Table 

3. Results looking at longitudinal change in HCVz are presented in the eFigure and eTable in 

the Supplement. The stage 2+ and SNAP cohorts had lower baseline hippocampal volumes 

compared with the stage 0 cohort (t = −7.40 [P < .001] and t = −11.59 [P < .001], 

respectively). Significant atrophy occurred in all 4 groups (P < .001 for all). Numerically 

atrophy was the slowest in the SNAP cohort, although this was only significant compared 

with the stage 1 cohort (t = −1.98; P = .049).

Hippocampal Atrophy Using CSF to Denote ND—Longitudinal changes in 

hippocampal volume are presented in Figure 2B, and results are presented in Table 3. 

Results looking at longitudinal change in HCVz are presented in the eFigure and eTable in 

the Supplement. We found no significant differences in baseline hippocampal volume. The 

stage 2+cohort demonstrated greater atrophy than the stage 0 (t = 3.31; P < .0001), stage 1 (t 
= 2.28; P = .01), and SNAP (t = 2.19; P = .03) cohorts.

Discussion

We performed analyses examining longitudinal Aβ deposition and hippocampal atrophy in 

cognitively normal individuals grouped according to NIA-AA staging criteria. A proportion 

(14%-17%) of individuals classified as Aβ− and ND+ (SNAP) at baseline become Aβ+ over 

time and subsequently would shift into a canonical AD preclinical classification. In the 

longitudinal rates of Aβ accumulation and hippocampal atrophy, the SNAP cohort was near 

identical to the stage 0 cohort. As predicted by their later disease stage, individuals classified 

as stage 1 or 2+ have greater baseline levels and rates of Aβ accumulation than the stage 0 

and SNAP cohorts. Our work is consistent with prior reports denoting that more advanced 

preclinical stages have greater Aβ accumulation10 and hippocampal volume loss.10,12

Proposed patterns of biomarker progression1-5 place elevated levels of amyloid before 

neuronal dysfunction and ND. Work using preclinical staging has raised the possibility that 

the initial appearance of brain injury biomarkers may not depend on β-amyloidosis.24,25 The 

fact that apportion of our SNAP cohort later show elevated Aβ levels would be consistent 

with this interpretation. However, this atypical temporal ordering could result from other 

causes. One explanation is that true discrepancies may exist in the detectable temporal 

profiles of Aβ and ND in AD.24 Neuropathologic studies demonstrate that tau pathology in 

limbic regions precede Aβ pathology,38 and at least some level of tau pathology is present in 

middle age39-43 or earlier.44 However, this age-related tau accumulation alone is thought to 

be insufficient to cause ND42,45,46 in the absence of Aβ accumulation.10,42,47

Alternatively, the altered ordering of ND and Aβ positivity may have to do with the nature of 

biomarker positivity that transforms continuous measures into dichotomous ones. Such 

transformations inherently create subthreshold, but meaningful, levels of abnormality.25 

Indeed, when defining ND with HCVz, individuals in the SNAP cohort who later become 

Aβ+ have higher levels of Aβ at baseline than those who remain Aβ− (F1,32 = 9.34; P = .

004), and individuals in the stage 0 cohort show similar findings (F1,96 = 3.68; P = .06). The 

comparison of dichotomized biomarkers to determine ordering is problematic because 
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modalities inherently have different levels of noise, leading to variable sensitivity to subtle 

changes in the underlying biological features. As a result, the point when an individual 

crosses a threshold to denote abnormality is at best only a rough approximation of timing.

Prior work in the field suggests in congruences between markers of ND.19,35,48 This 

heterogeneity suggests that multiple pathways could lead to abnormal markers of neuronal 

injury and ND. Individuals who are initially classified as SNAP but go onto demonstrate 

Aβ+ would technically then fall into preclinical stage 2. However, this finding likely 

represents individuals with initial comorbid pathologic features who are in the early stages 

of AD rather than individuals at a later preclinical stage. This interpretation is supported by 

the similar frequencies of later Aβ+ as well as near identical slopes of Aβ accumulation in 

stage 0 and SNAP cohorts. This finding is in contrast to the influence of ND in the presence 

of abnormal Aβ levels. Individuals in the stage 2+ cohort had higher baseline levels, but 

qualitatively similar longitudinal accumulation of Aβ as individuals in the stage 1 cohort, 

and when defined using CSF, more rapid declines in hippocampal volume. This finding 

suggests that in general, stage 2+ represents a more advanced preclinical AD phase.

Finally, more important may be the term neurodegeneration used in the context of these 

biomarkers. Smaller hippocampal volumes at baseline (SNAP and stage 2+ cohorts) were 

not associated with a more rapid loss of tissue relative to those groups without abnormal 

hippocampal volumes (stages 0 and 1). This finding is true when examining hippocampal 

volume or HCVz over time (eTable and eFigure in the Supplement). Abnormal levels of CSF 

tau and ptau 181 were associated with an accelerated volume loss, but only in the presence 

of abnormal Aβ accumulation. These results suggest that the SNAP designation derived 

from cross-sectional data does not always represent an ongoing degenerative process. 

Instead, these biomarker abnormalities could represent individual variability in morphologic 

features (ie, inherently smaller hippocampi) or transient (eg, ischemia, head trauma) rather 

than persistent neuronal insults. This finding suggests that cross-sectional measures 

purported to measure degeneration, particularly hippocampal volume, may not accurately 

capture ongoing neurodegenerative processes. Additional work must be performed to 

separate AD neuronal injury from more nebulous factors to increase specificity.

Our work is consistent with disagreements between markers of ND noted in the 

literature.19,35,48 Of the 24 individuals defined as ND+ using CSF, 8 (33.3%) were defined as 

ND+ using HCVz. Although hippocampal volume is often used as a proxy for atrophy, it 

may be more appropriate for the field to shift toward using a summary volumetric signature 

selective for AD.6,49-51 Further volumetrics may demonstrate floor effects or residual effects 

of sex, whereas CSF markers could be a more active marker of degeneration. Future work 

should focus on integrating volumetrics and CSF measures into models predicting 

longitudinal biomarker and cognitive change.

Strengths of the current analyses include a large cohort of cognitively normal older adults, 

multiple measures of neurodegeneration, and the long duration of follow-up. The study is 

limited by constraints imposed by dichotomizing a continuous variable, that only 

longitudinal volumetric but not CSF data were available, and the modest number of 

individuals in advanced preclinical stages.
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Conclusions

Our combined PET, MRI, and CSF study supports the general framework of the NIA-AA 

staging, and most individuals classified in the SNAP group do not demonstrate elevated AD 

processes. Our analyses revealed increasing Aβ deposition over time in a SNAP cohort, and 

a proportion of these individuals later became Aβ+. The rate of accumulation and frequency 

of biomarker conversion in individuals with SNAP were similar to those without any 

pathology at baseline.
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Key Points

Question

Do β-amyloid accumulation and hippocampal atrophy over time differ based on initial 

preclinical Alzheimer disease (AD) staging?

Findings

This population-based cohort study of 174 cognitively normal older adults found that 

more advanced preclinical AD stages have greater β-amyloid accumulation than those 

without any abnormal biomarkers or only abnormal neurodegenerative biomarkers at 

baseline.

Meaning

These results support the framework of AD preclinical stages and that neurodegeneration 

in isolation often represents comorbid influences rather than emerging AD.
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Figure 1. Longitudinal Change in β-Amyloid (Aβ) Deposition Across Preclinical Stages of 
Alzheimer Disease
Stages are determined using the recommendations of the National Institute on Aging–

Alzheimer Association described in the Introduction. Deposition of Aβ is measured by 

positron emission tomography with carbon 11–labeled Pittsburgh Compound B (PiB). Rates 

of change in Aβ deposition in individuals and for the groups are assessed using hippocampal 

volumes converted to age-adjusted z scores (HCVz) to define neurodegeneration (A) and 

using cerebrospinal fluid levels of tau and phosphorylated tau 181 (B) to define 

neurodegeneration at baseline. The dotted line represents an abnormal level of amyloid 

defined by mean cortical binding potential. SNAP indicates suspected non–Alzheimer 

disease pathophysiology.
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Figure 2. Longitudinal Change in Hippocampal Volume Across Preclinical Stages of Alzheimer 
Disease (AD)
Stages are determined using the recommendations of the National Institute on Aging–

Alzheimer Association described in the Introduction. Rates of change in hippocampal 

volume in individuals and by stages use hippocampal volumes converted to age-adjusted z 
scores (HCVz) (A) and cerebrospinal fluid levels of tau and phosphorylated tau 181 (B) to 

define neurodegeneration at baseline. The dotted line represents an abnormal level of 

neurodegeneration defined by hippocampal volume. SNAP indicates suspected non-AD 

pathophysiology.
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Table 2
Linear Mixed Models Examining Longitudinal Aβ Accumulation Across NIA-AA Staging 

Groupsa

Model Variable

Aβ Accumulation

B Value (SE) t Value P Value

ND defined by HCVz

 Intercept 0.1257 (0.0316) 3.66 <.001

 Male sex 0.0412 (0.0419) 0.98 .34

 Age 0.0040 (0.0023) 1.71 .09

 Stage 1 0.5474 (0.0551) 9.94 <.001

 Stage 2+ 0.8317 (0.0850) 9.78 <.001

 SNAP −0.0022 (0.0526) −0.04 .97

 Stage 0 × time 0.0010 (0.0002) 4.74 <.001

 Stage 1 × time 0.0065 (0.0004) 14.73 <.001

 Stage 2+ × time 0.0046 (0.0008) 5.88 <.001

 SNAP × time 0.0010 (0.0004) 2.73 .007

 Longitudinal slopes

  Stage 0 vs 1 −0.0054 (0.0005) −11.06 <.001

  Stage 0 vs 2+ −0.0036 (0.0008) −4.38 <.001

  Stage 0 vs SNAP 0.0000 (0.0004) 0.00 >.99

  Stage 1 vs 2+ 0.0019 (0.0009) 2.10 .04

  Stage 1 vs SNAP 0.0054 (0.0006) 9.32 <.001

  Stage 2+ vs SNAP 0.0036 (0.0009) 4.08 <.001

ND defined by CSF ptau level

 Intercept 0.1469 (0.0320) 4.59 <.001

 Male sex −0.0460 (0.0464) −0.99 .32

 Age 0.0058 (0.0028) 2.04 .04

 Stage 1 0.4533 (0.0676) 6.70 <.001

 Stage 2+ 0.8951 (0.0748) 11.96 <.001

 SNAP −0.0305 (0.0722) −0.42 .67

 Stage 0 × time 0.0013 (0.0003) 4.96 <.001

 Stage 1 × time 0.0071 (0.0006) 11.18 <.001

 Stage 2+ × time 0.0052 (0.0007) 7.02 <.001

 SNAP × time 0.0013 (0.0006) 2.18 .03

 Longitudinal slopes

  Stage 0 vs 1 −0.0058 (0.0007) −8.44 <.001

  Stage 0 vs 2+ −0.0039 (0.0008) −4.96 <.001

  Stage 0 vs SNAP 0.0000 (0.0007) −0.02 .98

  Stage 1 vs 2+ 0.0019 (0.0010) 1.96 .052

  Stage 1 vs SNAP 0.0058 (0.0009) 6.61 <.001
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Model Variable

Aβ Accumulation

B Value (SE) t Value P Value

  Stage 2+ vs SNAP 0.0039 (0.0010) 4.06 <.001

Abbreviations: Aβ, β-amyloid; CSF, cerebrospinal fluid; HCVz, hippocampal age-adjusted z scores; ND, neuronal degeneration; NIA-AA, 
National Institute on Aging–Alzheimer's Association; ptau, phosphorylated tau; SNAP, suspected non-Alzheimer disease pathophysiology.

a
Stages are described in the Introduction.
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Table 3
Linear Mixed Models Examining Longitudinal Total Hippocampal Volume Across NIA-

AA Staging Groupsa

Model Variable

Hippocampal Atrophy

B Value (SE) t Value P Value

ND defined by HCVz

 Intercept 7892.32 (63.59) 124.11 <.001

 Male sex 152.47 (83.98) 1.82 .07

 Age −54.77 (4.70) −11.66 <.001

 Stage 1 36.95 (110.12) 0.34 .74

 Stage 2+ −1278.74 (176.63) −7.24 <.001

 SNAP −1182.63 (105.29) −11.23 <.001

 Stage 0 × time −6.25 (0.73) −8.52 <.001

 Stage 1 × time −7.81 (1.33) −5.86 <.001

 Stage 2+ × time −6.94 (2.68) −2.59 .01

 SNAP × time −4.12 (1.25) −3.29 .001

 Longitudinal slopes

  Stage 0 vs 1 1.63 (1.48) 1.10 .27

  Stage 0 vs 2+ 0.99 (2.72) 0.36 .72

  Stage 0 vs SNAP −1.88 (1.41) −1.34 .18

  Stage 1 vs 2+ −0.64 (2.92) −0.22 .83

  Stage 1 vs SNAP −3.51 (1.77) −1.98 .049

  Stage 2+ vs SNAP −2.87 (2.89) −0.99 .32

ND defined by CSF ptau level

 Intercept 7647.58 (100.80) 75.87 <.001

 Male sex 116.45 (146.43) 0.80 .43

 Age −46.14 (9.12) −5.06 <.001

 Stage 1 108.03 (210.79) 0.52 .61

 Stage 2+ −221.03 (240.26) −0.92 .36

 SNAP −252.86 (225.52) −1.14 .26

 Stage 0 × time −5.59 (0.76) −7.31 <.001

 Stage 1 × time −6.55 (1.64) −4.20 .001

 Stage 2+ × time −13.07 (2.06) −6.25 <.001

 SNAP × time −7.12 (1.64) −4.32 <.001

 Longitudinal slopes

  Stage 0 vs 1 0.96 (1.80) 0.53 .60

  Stage 0 vs 2+ 7.48 (2.20) 3.41 <.001

  Stage 0 vs SNAP 1.52 (1.81) 0.84 .40

  Stage 1 vs 2+ 6.52 (2.63) 2.48 .01

  Stage 1 vs SNAP 0.56 (2.32) 0.24 .81
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Model Variable

Hippocampal Atrophy

B Value (SE) t Value P Value

  Stage 2+ vs SNAP −5.96 (2.63) −2.26 .03

Abbreviations: CSF, cerebrospinal fluid; HCVz, hippocampal age-adjusted z scores; ND, neuronal degeneration; NIA-AA, National Institute on 
Aging–Alzheimer's Association; ptau, phosphorylated tau; SNAP, suspected non-Alzheimer disease pathophysiology.

a
Stages are described in the Introduction.
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