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While clinically significant cognitive impairment is the key feature of the symptomatic stages of the Alzheimer’s disease (AD) continuum, subtle cognitive decline is now known to occur years before a clinical diagnosis of mild cognitive impairment (MCI) or dementia due to AD is made. The primary aim of this study was to examine criterion validity evidence for an operational definition of “cognitively unimpaired-declining” (CU-D) in the Wisconsin Registry for Alzheimer’s Prevention (WRAP), a longitudinal cohort study following cognition and risk factors from mid-life and on. Cognitive status was determined for each visit using a consensus review process that incorporated internal norms and published norms; a multi-disciplinary panel reviewed cases first to determine whether MCI or dementia was present, and subsequently whether CU-D was present, The CU-D group differed from CU-stable (CU-S) and MCI on concurrent measures of cognition, demonstrating concurrent validity. Participants who changed from CU-S to CU-D at the next study visit demonstrated greater declines than those who stayed CU-S. In addition, those who were CU-D were more likely to progress to MCI or dementia than those who were CU-S (predictive validity). In a subsample with positron emission tomography (PET) imaging, the CU-D group also differed from the CU-S and MCI/Dementia groups on measures of amyloid and tau burden, indicating that biomarker evidence of AD was elevated in those showing sub-clinical (CU-D) decline. Together, the results corroborate other studies showing that cognitive decline begins long before a dementia diagnosis and indicate that operational criteria can detect subclinical decline that may signal AD or other dementia risk.
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INTRODUCTION

While clinically significant cognitive impairment tends to occur later in the Alzheimer’s disease (AD) continuum, subtle cognitive decline is now known to occur years before a clinical diagnosis of mild cognitive impairment (MCI) or dementia due to AD is made (Bäckman et al., 2001; Amieva et al., 2008). Recent efforts to describe this preclinical phase of AD have specified cognitive subtypes at increased risk (Sperling et al., 2011). For example, Jack et al. (2018) defined a subset of cognitively unimpaired individuals in the preclinical AD continuum as stage 2 (i.e., transitional cognitive decline) if they evidenced subtle, progressive cognitive decline that did not meet clinical criteria for MCI.

Although current guidelines conceptually define subclinical cognitive decline, researchers and clinicians must ultimately decide how to determine whether subclinical cognitive decline is present. Several groups, including ours, have proposed operational criteria for identifying subtle subclinical cognitive decline (Aisen et al., 2010; Duara et al., 2011; Jessen et al., 2014; Koscik et al., 2014, 2016; Edmonds et al., 2015; Clark et al., 2016). These early criteria typically include the presence of subtle cognitive decline over time and/or lower than expected cognitive performance for sociodemographic expectations, as well as failure to meet criteria for MCI (Albert et al., 2011) or dementia (McKhann et al., 2011). Such criteria may include the option to define subclinical impairment based on the presence of self- or informant-reported subjective cognitive complaints, with or without evidence of subtle cognitive decline on neuropsychological tests (Jack et al., 2018).

To demonstrate that recommended guidelines for subclinical cognitive decline have criterion validity, it is important to show that a cognitively unimpaired but declining (CU-D) group, proposed to be at increased risk for progressive cognitive and eventual functional decline, differs from those who are cognitively unimpaired and stable (CU-S) as well as those who meet standard criteria for MCI. If the operational criteria have concurrent validity, there should be separation between CU-S, CU-D, and MCI groups in cognitive outcomes sensitive to early AD-related cognitive changes (e.g., absolute scores and within-person change) as well as elevated AD biomarkers among people with CU-D compared to CU-S if the operational criteria are sensitive to concurrent AD pathology. If predictive validity is present, faster cognitive decline and/or increased risk of progression to MCI or dementia among those with CU-D would be expected compared to those who are CU-S.

The primary aim of this study was to examine criterion validity evidence for an operational definition of CU-D. Our analyses examined the following hypotheses: (1) CU-S, CU-D, and MCI groups will differ on concurrent objective cognitive performance and subjective reports of functioning; (2) Among those who began CU-S, within-person cognitive declines over subsequent years will vary by cognitive status at the time of follow-up (CU-S, CU-D, MCI/Dementia); (3) Persons identified as CU-D will be at increased risk of progression to a clinical diagnosis (e.g., diagnosis of MCI or dementia) at subsequent visits compared to those who are CU-S; and (4) In the subset who have completed AD-biomarker positron emission tomography (PET) imaging, measures of beta-amyloid plaques and neurofibrillary tangles will vary across cognitive status groups at the most recent cognitive assessment.



MATERIALS AND METHODS


Study Design

Participants were from the Wisconsin Registry for Alzheimer’s Prevention (WRAP), a risk-enriched longitudinal study designed to identify mid-life factors associated with the development of AD (Sager et al., 2005; Johnson et al., 2018). Enrollment of participants began in 2001, with the first follow-up visit (“visit 2”) occurring 2–4 years after the baseline visit and all additional visits occurring at approximate 2-year intervals thereafter; enrollment of new participants, particularly those from underrepresented groups, is ongoing. All study procedures were approved by the University of Wisconsin School of Medicine and Public Health Institutional Review Board and are in concordance with the Declaration of Helsinki.

At the time of selecting WRAP participants who were eligible for these analyses, 1573 people had been enrolled in WRAP and the distribution of most recent number of visits completed was: baseline (i.e., visit 1), n = 219; visit 2, n = 131; visit 3, n = 183; visit 4, n = 325; visit 5, n = 481; visit 6, n = 234 (∼81% overall retention, study baseline mean age = 54 years, 73% with parental history of dementia, and 40% APOE ε4 carriers). Participants were excluded from these analyses if they: had completed only the baseline visit (n = 219) or had incomplete cognitive data at visit 2 (n = 49); reported presence of one or more neurological problems at baseline (n = 45; i.e., epilepsy/seizure, multiple sclerosis (MS), and stroke, were not CU-S or CU-D at baseline per review process described in section “Cognitive Status Determination”; n = 9), or had non-progressive impairment due to long-standing conditions (e.g., learning disability, n = 22), leaving n = 1229 meeting initial inclusion criteria. Additional exclusions and corresponding variations in sample sizes are detailed separately below for each hypothesis.



Study Visit Procedures

At each study visit, participants completed a comprehensive neuropsychological test battery and multiple questionnaires related to lifestyle, health, and subjective self-report of memory functioning. As described in detail by Johnson et al. (2018), the core battery expanded over time to include more measures of memory and executive function and include informant reports of participant functioning. The Clinical Dementia Rating Scale (CDR; Morris, 1997) was added to the protocol in 2012 (initially to the fourth visit and onward) and later used in combination with the Quick Dementia Rating Scale at all study visits (QDRS, Galvin, 2015; Berman et al., 2017) to obtain global ratings (0 = unimpaired, >0 = impaired). The WRAP battery was expanded further in 2014 to include several tests from the CogState computerized cognitive battery (see Hammers et al., 2012; Lim et al., 2013; Racine et al., 2016, for details on CogState). Of the 1229 meeting initial eligibility criteria, 960 (78.1%) had completed at least one CogState assessment (visit 5 = median WRAP study visit of first CogState assessment).



Cognitive Status Determination

As shown in Figure 1, cognitive status for each visit was determined via a two-tiered review process (Koscik et al., 2016; Johnson et al., 2018). First, visit data were screened by a comprehensive “flagging algorithm” designed to minimize false negatives for subclinical or clinical decline. The flagging algorithm details are shown in Supplementary Table 1. For records that were not flagged, a cognitive status of cognitively unimpaired-stable (CU-S) was assigned. For records that were flagged, the participant’s record was examined during a multi-disciplinary consensus review team which included neuropsychologists, nurse practitioners, geriatricians, psychometricians, and others who review the data. In the review, one team member reviewed the participant’s chart and shared relevant details with the consensus team. After this brief summary, the team also reviewed a snapshot of the participant’s medical history, medications, demographics, longitudinal cognitive performance on a core subset of cognitive measures and longitudinal participant and proxy reports of subjective cognitive and independent function. This review process resulted in one of the following cognitive status assignments for each study visit: cognitively unimpaired-stable (CU-S); cognitively unimpaired-declining (CU-D, i.e., subtle cognitive impairment consistent with a trajectory toward MCI or dementia but not reaching clinical thresholds of impairment); MCI (based on NIA-AA criteria; Albert et al., 2011); dementia (McKhann et al., 2011); and impaired non-MCI (i.e., impairment such as that associated with presence of a learning disability or longstanding brain dysfunction). The CU-D label was assigned when the consensus team determined that cognitive performance was lower than expected based on all available information (including prior performance, or a discrepancy from indicators of crystalized knowledge or from occupational and social histories) but that this decline and current functional status did not reach a threshold of impairment consistent with a diagnosis of MCI or dementia. See Supplementary Table 2 for more details on diagnostic criteria. The consensus review team was blind to biomarker results and performance on the CogState when determining cognitive status leaving the opportunity to consider outcomes that are not circularly linked with cognitive status.


[image: image]

FIGURE 1. Flow chart of WRAP approach to determining cognitive syndromal staging. Two-tiered review process for determining cognitive status at any given visit. (1) Koscik et al. (2014) describes robust internal norms for factor scores. (2) Clark et al. (2016) describes robust internal norms for individual neuropsychological test scores and how they were combined within theoretical domains. (3) Individual test score cut-offs include: Clock Draw Test ≤ 7; MMSE ≤ 26; AVLT Delayed Recall ≤ 5; and Logical Memory Delayed Recall ≤ 16. (4) Informant report cut-offs include CDR ≥ 0.5; QDRS ≥ 0.5; Lawton IADL < 14; and IQ Code > 52. (5) Jack et al. (2018) [Tables 3, 6 definition of dementia (McKhann et al., 2011)]. (6) Jack et al. (2018) [Tables 3, 6 definition of MCI (Albert et al., 2011)]. (7) As described in Jack et al. (2018; Table 3, and Stage 2 of Table 6). ∗Impairment due to something other than probable developing dementia such as long-standing impairment associated with a learning disability or neurological disorder such as epilepsy. ∗∗Probable/possible, primary/contributing etiologies assigned. CU-D group was referred to in previous WRAP publications as psychometric MCI and early MCI.




Study Outcomes


Continuous Cognitive Outcomes

Our analyses of continuous outcomes focused on five cognitive composites in the subset of participants who had completed at least one CogState assessment (N = 960). Four of the composites were calculated using previously published demographically adjusted z-scores for several cognitive tests in the pencil-and-paper portion of the WRAP battery (Clark et al., 2016) including immediate memory, delayed memory, executive function, and a Preclinical Alzheimer Cognitive Composite (PACC; Donohue et al., 2014; Jonaitis et al., 2019). We also created a comparable CogState composite as follows: first, we selected four tests from several we had published on previously (Racine et al., 2016) and which correlated at least modestly (>0.25) with tests contributing to the other four composites. Second, we transformed all scores such that higher indicated better cognitive performance. Third, we computed demographically adjusted z-scores for the CogState tests. Each test z-score was adjusted for age, gender, and WRAT3 reading standard scores as described previously (Clark et al., 2016); the reading score is considered a marker of literacy/verbal abilities that avoids quality-of-education issues inherent in using years of education (Manly et al., 2003). Composites were calculated by averaging z-scores of contributing tests and then converting the average to demographically adjusted standard scores (mean = 100, SD = 15; higher scores indicating better performance). Tests contributing to each composite are shown in Table 1 (top) along with Pearson correlation coefficients among the composite scores (bottom).


TABLE 1. Neuropsychological tests contributing to cognitive composites and correlations among composites.
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Subjective Memory Ratings and Informant Reports of Functioning

We analyzed two self-reported memory questions, including “Do you think you have a memory problem” (responses: Yes, no, don’t know; available since study baseline) and “Overall, how would you rate your memory in terms of the kinds of problems that you have” (Likert response ranging from 1 = Major problems to 7 = No problems; available since visit 2; Gilewski et al., 1990). We also analyzed informant reports of participant functioning, including the Instrumental Activities of Daily Living scale (IADL, Lawton and Brody, 1970; range 0–16, <14 indicates possible impaired functioning, Clark et al., 2016) and the Informant Questionnaire of Cognitive Decline in the Elderly (IQCODE; Jorm and Jacomb, 1989; range 16–80, >52 indicates possible impaired function). Informant reports of cognitive functioning were coded as normal or abnormal based on the CDR scale (Morris, 1997) and/or the QDRS, as described in Berman et al. (2017) (>0 indicates abnormal/possible impairment).



Progression to Clinical Impairment Status

The primary progression outcome was defined as conversion to MCI or dementia at or after visit 2 and no reversion to non-clinical diagnosis at most recent visit. Secondary progression outcomes included: (1) conversion to MCI or dementia at or after visit 2 (even if someone reverted back to a non-clinical diagnosis at most recent visit), and (2) conversion to MCI or dementia at the subsequent visit from any visit (i.e., next-visit progression).



Neuroimaging

Of the 1229 meeting overall inclusion criteria, 262 participants underwent T1-weighted magnetic resonance (MR; GE 3.0 T MR750) and [11C]PIB ([11C]6-OH-BTA-1) (Klunk et al., 2005) amyloid PET imaging at the University of Wisconsin-Madison Waisman Brain Imaging Lab. A subset of 206 also underwent [18F]MK-6240 [6-(Fluoro-18F)-3-(1H-pyrrolo[2,3-c]pyridine-1-yl)isoquinolin-5-amine] tau PET imaging (Hostetler et al., 2016). PET radiopharmaceuticals were synthesized and administered under the Federal Drug Administration Investigational New Drug mechanism. Details regarding PET radioligand synthesis, PET and MRI acquisition protocols, image reconstruction, and post-reconstruction imaging processing have been previously described (Johnson et al., 2014; Betthauser et al., 2019). Image processing was performed using in-house code in MATLAB.

T1-w MRI were tissue-class segmented using the unified segmentation in SPM121. PET regions of interest (ROIs) were generated in subject space by applying the deformation fields defined during segmentation to MNI152 template space atlases [Harvard-Oxford, Desikan et al., 2006; Automated Anatomical Labeling (AAL) Atlas, Tzourio-Mazoyer et al., 2002; MICCAI cerebellum (Landman and Warfield, 2012)] and restricting subject space ROIs to voxels with gray matter probabilities greater than 0.3. PET reference region ROIs were generated by smoothing binary subject space ROIs with a 6 mm isotropic Gaussian kernel (to simulate PET resolution) and keeping resultant voxels with intensity > 0.7.

Positron emission tomography scans were acquired on either a Siemens EXACT HR+ or a Siemens Biograph PET/CT ([11C]PiB: 555 MBq nominal dose, 0–70 min dynamic, 5 × 2-min, 12 × 5-min frames; [18F]MK-6240: 185 or 370 MBq nominal dose, 60–120 or 70–110 min, 5-min frames). Reconstructed PET time series were smoothed, interframe realigned (SPM12), dynamically denoized [HYPR-LR for PiB only (Christian et al., 2010)] and registered to each subject’s T1-w MRI.

Amyloid burden was assessed as a global average distribution volume ratio (DVR; Logan graphical analysis, cerebellum gray matter reference region, k2’ = 0.149 min–1 (Lopresti et al., 2005), taken across 8 bi-lateral AAL atlas ROIs (Sprecher et al., 2015). PiB positivity [PiB(+)] was ascertained using global PiB DVR ≥ 1.2 as described previously (Racine et al., 2016). Using recently published amyloid accumulation trajectories and estimated age of reaching PiB(+) (Koscik et al., 2020), we also estimated chronicity of PiB(+) status [i.e., duration PiB(+)] at the cognitive status closest to PET imaging; chronicity was calculated as age at cognitive assessment minus estimated age of reaching the PIB(+) DVR threshold. Thus, PiB+ chronicity estimates the number of years a person has had amyloid above the PiB+ threshold; negative chronicity values indicate estimated time until PiB+.

Tau burden was ascertained from regional [18F]MK-6240 standard uptake value ratios (SUVRs; inferior cerebellum reference region, 70–90 min post-injection) using the anterior parahippocampal gyrus (entorhinal cortex) and hippocampus ROIs from the Harvard-Oxford atlas. These regions were selected as they are posited to be the first regions involved in neurofibrillary tangle deposition and match the sampling regions used in Braak neurofibrillary tangle staging (Braak et al., 2006). We identified thresholds for tau positive within a region as SUVR’s that were >2 SD above mean of the PiB(-) subset; this resulted in cut-offs of SUVR > 1.27 for entorhinal cortex and >1.12 for hippocampus.



Statistical Analysis

Sample characteristics (e.g., demographics, premorbid IQ estimate, self-reported memory function) were compared across cognitive status groups using tests appropriate to the distribution and number of groups being compared (e.g., t-test or ANOVA for normally distributed variables and chi-square or Fisher’s exact for categorical comparisons of two variables; Kruskal–Wallis for comparisons of three groups with non-normal data, etc.). The primary outcome for each hypothesis was tested at alpha = 0.05. When multiple outcomes were of primary interest for a hypothesis, we used the Benjamini–Hochberg false discovery rate (FDR) approach (family-wise error = 0.05; Curran-Everett, 2000). If cognitive status group was significant, post-omnibus pairwise comparisons were conducted. Magnitudes of between-group differences were characterized using Cramer’s V for categorical variables or Cliff’s delta. Cliff’s delta is a robust effect size estimate for continuous and ordinal variables which is less susceptible to outliers and skewness than Hedges’ g or Cohen’s d and better in circumstances where the homogeneity of variance assumption does not hold (Cliff, 1993). It estimates the probability that a randomly selected observation from one group is larger than a randomly selected observation from another group. Guidelines for negligible, small, medium, and large effect size ranges are listed in footnotes of corresponding tables (Cliff, 1993). Analyses were performed in SAS v9.4, with the exception of Cliff’s delta effect size estimates, which were calculated using the effsize package in R (Torchiano, 2020).

Analyses testing the first hypothesis, that CU-S, CU-D, and MCI groups will differ on concurrent measures of functioning, used data obtained at first CogState assessment (n = 960). Analysis of variance (ANOVA), Kruskal–Wallis or Fisher’s exact tests were used (depending on distribution of the outcomes) to determine whether cognitive status group predicted concurrent cognitive composite scores (primary outcomes), and subjective reports of cognition and function (secondary outcomes).

In the subset that was CU-S at first CogState assessment and had a follow-up CogState assessment (n = 257), we calculated change as (Standard score at CogState 2 minus Standard score at CogState 1 visit) such that negative scores indicated worsening in cognition. We compared change in composite scores among those who transitioned from CU-S to MCI or CU-D, or remained CU-S, using analysis of covariance (adjusting for years between CogState assessments and baseline score on the same measure to adjust for regression to the mean). In exploratory analyses of this subset, we compared composites from the first CogState visit across cognitive status groups at the second CogState to examine whether cognitive differences were apparent already at the first CogState visit when all in the subset were still considered CU-S. In sensitivity analyses of continuous composites and change in composites, we ran Kruskal–Wallis tests; for models that had included covariates, the Kruskal–Wallis tests were performed on the residuals from the covariate(s)-only models.

We used the larger set of n = 1229 participants and logistic regression to test our third hypothesis that CU-D status was associated with increased risk (compared to CU-S) of subsequently being diagnosed with cognitive impairment (MCI or dementia; adjusting for sex, baseline age, WRAT3 reading and years of follow-up). Given the low prevalence of MCI in our sample, prior to testing hypothesis 3, we conducted preliminary power calculations to ensure we had adequate statistical power to detect meaningful differences in progression rates between CU-S and CU-D groups. Based on a whole sample progression rate of 3–4%, we estimated that we had over 80% power (two-tailed alpha = 0.05) to detect plausible differences in progression rates between CU-S and CU-D such as 2.5% vs. 10.1%; 3% vs. 10.8%; and 3.5% vs. 11.5%. In descriptive analyses, we also characterized visit-to-visit stability of CU-D and MCI by reporting proportions and confidence intervals for proportions of people reverting at next visit to a less impaired status from CU-D and MCI, respectively.

Using the cognitive status closest to the most recent PET imaging in the subset with amyloid PET (n = 262) and tau PET (n = 209) to test hypothesis 4, we compared Global PiB DVR (amyloid plaque accumulation), and estimated PiB+ chronicity at the time of the cognitive assessment (Koscik et al., 2020) across CU-S, CU-D and MCI groups using the Kruskal–Wallis test to compare the distributions (with follow-up pairwise 2-sample Wilcoxon if the Kruskal–Wallis test was significant). We performed the same analyses on entorhinal cortex and hippocampus MK-6240 SUVR’s (neurofibrillary tangle accumulation). We used Fisher’s exact tests to examine whether the proportion passing thresholds for elevated PiB or elevated entorhinal or hippocampal MK-6240 SUVR differed across cognitive status groups (see section “Neuroimaging” for thresholds).



RESULTS


CU-S, CU-D, and MCI Group Differences on Concurrent Objective Cognitive Performance and Subjective Reports of Functioning

Nine hundred and sixty participants had at least one CogState cognitive composite and were thus eligible for inclusion in Aim 1 analyses. We focused on this subset for concurrent validity evidence to minimize circularity (CogState scores are not reviewed in any part of the consensus review process). In this subsample, the CU-S and MCI groups had more non-Hispanic Caucasians than the CU-D group; the CU-S group was younger than both other groups; and the CU-S group had a higher proportion of women than the MCI group (details and additional sample characteristics in Table 2). The CogState composite correlated moderately with the four pencil-and-paper based cognitive composites (Pearson rho range = 0.33–0.47; Table 1).


TABLE 2. Sample characteristics by cognitive status at first CogState assessment for subset used in analyses using CogState data.

[image: Table 2]Figure 2 depicts a consistent pattern of lower demographically adjusted composite scores across the concurrent CU-D and MCI/Dementia groups compared to CU-S MCI/Dementia groups; this predictor was significant for all five cognitive composites (ANOVA p < 0.0001 for each). Means (SD) for each composite are shown by cognitive status group in the top portion of Table 3 along with pairwise Cliff’s delta effect sizes. Follow-up pairwise comparisons showed that all pairs differed significantly for the Immediate Memory, Delayed Memory and PACC3 composites. For the CogState and Executive Function Composites, only the CU-D and MCI/Dementia comparison did not differ significantly (p = 0.07 for Cogstate, and p = 0.97 for Executive Function). Effect sizes for CU-S vs. CU-D ranged from medium (CogState and Executive Function) to large (the other three composites). Effect sizes for CU-D vs. MCI ranged from negligible (Executive Function) to large (Delayed Memory). Model diagnostics suggested some potential influential observations, so we conducted sensitivity analyses using non-parametric Kruskal–Wallis tests; significance patterns were unchanged and effect sizes were similar.
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FIGURE 2. Notched boxplots of cognitive composites by concurrent cognitive status, where notches represent the median ± 1.58*(interquartile range/square root of n). CogState, CogState composite; Imm.Memory, immediate memory composite; Del.Memory, delayed memory composite; Exec Func, executive function composite; WRAP-PACC3, WRAP’s version of the preclinical Alzheimer’s cognitive composite (see Table 1 for tests contributing to each composite). Values represent demographically adjusted standard scores [mean (SD) = 100 (15)]. P < 0.0001 for all five composites; pairwise differences and effect sizes indicated in Table 3.



TABLE 3. Concurrent validity evidence (subset with CogState).

[image: Table 3]
Chi-square tests showed that cognitive status at first CogState visit was associated with the self-reported memory problem item, “Do you think you have a memory problem” (Table 3); follow-up pairwise analyses indicate that fewer participants endorsed no memory problems in the CU-D and MCI groups than in the CU-S group, although Cramer’s V values indicated these relationships represented weak effect sizes. The Kruskal–Wallis test of the seven-point Likert scale item, “Overall, how would you rate your memory in terms of the kinds of problems that you have” showed no significant differences across the three groups (p = 0.056; Table 3). Despite ratings generally showing little functional impairment in our sample, IADL and IQCODE ratings differed across concurrent cognitive status groups; follow-up comparisons showing significant IADL differences between the CU-S and CU-D group and significant IQCode differences between CU-S and each of the other groups (Table 3). CDR ratings also differed across all groups, with 3%, 12%, and 42% of the CU-S, CU-D, and MCI/Dementia group, respectively, having a rating greater than 0.



Examining Within-Person Cognitive Declines Over Subsequent Years From CU-S at First CogState to CU-S, CU-D, or MCI/Dementia at Second CogState

In the subset that was CU-S at first CogState and who also had a second CogState assessment (n = 257), changes in standard scores from first to second CogState differed across cognitive status groups at second CogState for all composites (largest p = 0.0065, Executive Function; see Table 4 for descriptive statistics). Pairwise follow-up comparisons showed that all cognitive status pairs differed in change for the PACC and memory composites. For the CogState composites, the CU-S vs. MCI/Dementia comparison was significant and CU-S vs. CU-D differences were marginal/weak (p = 0.051). Similarly, for Executive function CU-S and MCI differed significantly while CU-D vs. MCI was marginal/weak (p = 0.056). Effect sizes for CU-S vs. CU-D ranged from negligible (Executive function) to large (the Memory and PACC composites). Effect sizes for CU-S vs. MCI were all large. Effect sizes for CU-D vs. MCI were small for the CogState composite and large for the other four composites. In sensitivity analyses using non-parametric Kruskal–Wallis tests on the residuals from models that adjusted only for score at CogState 1 and years between CogState 1 and 2, significance patterns were unchanged except for two contrasts: CogState composite, CU-S vs. CU-D, Kruskal–Wallis p-value = 0.035; Delayed Memory, CU-D vs. MCI, Kruskal–Wallis p-value = 0.077).


TABLE 4. Cognitive composites and change in subset that had two CogState assessments.

[image: Table 4]In exploratory analyses of this subset that was CU-S at first CogState visit, we also examined whether subtle cognitive differences were evident at the first CogState among those who were CU-D or MCI/Dementia at their second CogState visit. As shown in the bottom of Table 4, average performance in each of the three groups was clearly in a non-impaired range at the time of the first CogState assessment (group standard score averages ranging from 89.7 to 107.8). After adjusting for years between the first and second CogState assessments, all composites except the Executive function composite showed significant group effects. Follow-up pairwise comparisons showed that for those that were CU-S vs. CU-D at second CogState, scores at CogState 1 differed for both memory composites and the PACC composite with effect sizes ranging from small to medium; differences on the CogState were marginal/weak (p = 0.051, small effect size).



Examining Whether Persons Identified as CU-D Were at Increased Risk of Progression to Clinical Impairment Compared to Those Who Were CU-S

The n = 1229 who met initial eligibility criteria were used to test the hypothesis that CU-D at baseline was associated with higher risk of progression to MCI compared with CU-S at baseline (hypothesis 3). Sample characteristics are presented in Table 5, by CU-S vs. CU-D baseline groups. The CU-D at baseline group (n = 119) was 1.8 years older on average and had more males and more participants from underrepresented groups. In addition, the CU-D group had lower demographically adjusted z-scores for AVLT total, AVLT delay, and Trails B (tests used in the composites that were available at baseline). Both cognitive status groups had completed a median of five study visits, corresponding to a mean (SD) of 10.2 (3.0) years of follow-up.


TABLE 5. Sample characteristics in larger sample used to examine the progression hypothesis.

[image: Table 5]Forty-eight participants (3.9%) had progressed to MCI or dementia at their most recent cognitive assessment (n = 42 progressed to MCI, n = 6 progressed to dementia). Among the 1110 who were CU-S at baseline, n (%) = 32 (2.9%) progressed to a clinical status (95% CI = 1.9 to 3.9%) compared with 16 of 119 (13.5%) who were CU-D at baseline (95% CI = 7.4 to 19.6%). In logistic regression analyses, CU-D at baseline was associated with higher risk of progressing to a clinical status at most recent assessment (p < 0.0001, after adjusting for baseline age, sex, literacy and follow-up years; see Figure 3 for model Odds Ratios and 95% CIs). These results suggest CU-D has predictive validity for MCI.
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FIGURE 3. Baseline cognitive status of CU-D predicts increased risk of progressing to MCI/Dementia at last assessment. Ln(odds ratios) and 95% CI’s from logistic regression model. CU-D, cognitive unimpaired-declining.


Patterns were consistent in our secondary outcomes. Sixty-five participants had progressed to a clinical status at any visit after baseline (allowing reversion to non-clinical status at most recent visit). In logistic regression analyses, CU-D at baseline was associated with higher risk of progressing to a clinical status any time after baseline [OR (95% CI) = 4.6 (2.6–8.3); p < 0.0001]. Similarly, CU-D predicted greater risk than CU-S of progressing to a clinical status at the next visit [OR (95% CI) = 9.1 (5.3–15.8); p < 0.0001; 2.5% of CU-S progressed vs. 19.1% of CU-D at next visit; Figure 4].
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FIGURE 4. CU-D increases risk of later clinical status in secondary progression outcomes. (Left) Odds ratios and 95% CI’s from logistic regression models showing risk of progression for primary outcome (top row) and secondary outcomes (MCI/Dementia at visit 2 or later; and MCI/Dementia at “next visit” from CU-S or CU-D at previous visit). CU-S, cognitively unimpaired-stable; CU-D, cognitive unimpaired-declining. (Right) 95% confidence interval for proportion progressing to MCI/Dementia, by CU-D and CU-S.



Reversion to Less Impaired Cognitive Statuses

In exploratory analyses we calculated the 95% CI for proportion reverting to less impaired status as a descriptor of the stability of CU-D and MCI. Of the 558 CU-D visits with a follow-up status (i.e., allowing repeat CU-D statuses within person across visits), 269 (48.2%) reverted to CU-S at the next visit (95% CI = 44%–52% reversion). Similarly, 43 of 77 MCI visits had follow-up statuses; in this subset, 13 (30.2%) reverted to CU-D (CI = 17.7–46.3) and 9 (20.9%) reverted to CU-S (CI = 10.6–36.5) at the next visit.



Examining Whether AD-Biomarker PET Imaging, Measures of Beta-Amyloid Plaques and Neurofibrillary Tangles Vary Across Cognitive Status Groups

Sample characteristics and PiB and MK-6240 summary data for the subset with PiB PET (n = 262) or MK-6240 PET (n = 209) are found in Table 6 by cognitive status at most recent neuropsychological assessment. Sample characteristics of the PiB subset were similar to the larger sets. Global PiB DVR differed between cognitive status groups (Kruskal–Wallis p = 0.0003); follow-up pairwise comparisons showed that both CU-S and CU-D differed from MCI (large Cliff’s delta effect sizes), though not from each other (negligible effect size). Parallel analyses of PiB chronicity at time of cognitive assessment differed across all pairs (Table 6; CU-S vs. CU-D small effect size; large for other pairs) with higher average years of PiB(+) duration as level of impairment worsened. Notched boxplots of Global PiB DVR and PiB chronicity are shown in Figures 5A,B, respectively (top row). Fisher’s exact test indicated that the proportion PiB(+) differed across cognitive status groups. Follow-up pairwise comparisons indicated that the proportion PiB(+) differed between CU-S and CU-D (p = 0.033) and CU-S and MCI (p = 0.0005), but not CU-D vs. MCI (p = 0.092). The proportion PiB(+) was highest in the MCI group (66.7%, 95% CI: 35.4% to 88.7%). Approximately 35.5% in the CU-D group were PiB(+), yielding a 95% CI of 19.8 to 54.6% compared with approximately 18.3% PiB(+) in the CU-S group (95% CI of 13.5% to 24.2%).


TABLE 6. PiB and MK-6240 PET subset by most recent cognitive status.
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FIGURE 5. PET PiB, PiB chronicity and MK-6240 values by last cognitive status. Notched boxplots of amyloid and tau PET data, where notches represent the median ± 1.58*(interquartile range/square root of n). (A) Most recent global PET PiB DVR value by most recent cognitive status. (B) Estimated PiB chronicity at time of most recent cognitive status. (C) MK-6240 entorhinal cortex SUVR by most recent cognitive status. (D) MK-6240 hippocampal SUVR by most recent cognitive status. CU-S, cognitively unimpaired-stable; CU-D, cognitive unimpaired-declining; MCI/D, MCI or dementia. N’s within the CU-S, CU-D, and MCI/Dementia groups were, respectively 219, 31, 12 for PET PiB, and 181, 21, 7 for MK-6240.


In parallel analyses of the subset with MK-6240 SUVR data (n = 209), Kruskal–Wallis tests indicated that both entorhinal cortex and hippocampal SUVR differed by cognitive status (Table 6 and Figures 5C,D, respectively). In follow-up pairwise comparisons, CU-S and CU-D MK-6240 SUVR levels did not differ in either region (p = 0.41, entorhinal cortex; p = 0.48, hippocampus; medium Cliff’s d effect sizes); the CU-S and MCI groups differed across both regions (p = 0.0018, entorhinal cortex; p = 0.0021, hippocampus; large effect sizes); and CU-D and MCI differed on both regions (p = 0.024, entorhinal cortex; p = 0.047, hippocampus; large effect sizes). Fisher’s exact test indicated that the proportion with elevated entorhinal SUVR or elevated hippocampus SUVR differed by cognitive statuses (p < 0.0001 for both). For both ROI’s, the proportion with elevated SUVR was higher in the MCI group compared to CU-S (p = 0.0002, entorhinal cortex; p < 0.0001, hippocampus). The proportions differed between CU-S and CU-D for hippocampus (p = 0.044) but not the entorhinal cortex (p = 0.12). Despite the small sample sizes, differences in proportions with elevated MK-6240 SUVR in the 17 with CU-D vs. 7 with MCI were significant (p = 0.02, entorhinal cortex; p = 0.02, hippocampus; Table 6).



DISCUSSION

We presented a two-tiered consensus diagnosis approach to determining cognitive status in the WRAP study. Through the use of published norms and internal demographically adjusted norms, a flagging algorithm identified people with potential clinical or subclinical deficits. The multidisciplinary team reviewed those identified by the algorithm and determined whether the performance was consistent with traditional categories of MCI or dementia. For those who did not meet clinical criteria, the team determined whether the flagged deficits were severe enough to warrant a subclinical category called cognitively unimpaired-declining (CU-D). We then examined the concurrent and predictive criterion-related validity of our CU-D category. Four major findings resulted, and each is discussed below. Overall, evidence supports the idea that subclinical cognitive decline, a stage of disease progression important in the examination of preclinical AD, can be detected and that for a subset of those with such deficits, signs of AD-related brain pathology are also evident.


Finding 1: CU-S, CU-D and MCI Cognitive Status Groups Differed in Concurrent Objective Cognitive Performance and Subjective Reports of Functioning

Concurrent cognitive status was a significant predictor for all cognitive composite metrics with a consistent pattern of lower average demographically adjusted standard scores from CU-S to CU-D to MCI. Importantly, the CU-S average CogState score was 10 points higher than the CU-D group and the CU-D group average was six points higher than the MCI group [on a scale with mean (SD) 100 (15)]; since CogState scores were not used in consensus conference decisions and correlations between this composite and the other composites was modest (0.33–0.47), this provided non-circular evidence of separation among cognitive status groups. Between-group effect sizes for the CogState comparisons ranged from small (CU-D vs. MCI) to large (CU-S vs. MCI). Not surprisingly, between group effect sizes were generally larger for the composites calculated from tests used in consensus review, with the memory and PACC composites all showing medium to large effect sizes. Although the tests comprising the Executive function composite are reviewed during consensus conferences, this composite correlated most weakly with the other four and showed the smallest between-group effect sizes.

Concurrent between-cognitive-group differences in informant ratings of functioning were consistent with the CogState results, showing little to no functional difficulties in CU-S and increasing slightly across the CU-D and MCI groups. Subjective self-report of memory problems were inconsistent with no overall group difference on the Likert index but a group difference on the single item with fewer participants endorsing no memory problems in CU-D and MCI than CU-S. A previous study (Edmonds et al., 2018) showed similar patterns; in that study, self-reported subjective cognitive complaints became increasingly discordant with objective cognitive status as objective cognitive impairment became more pronounced.

Overall, concurrent validity for the operationalization of CU-D is provided by the consistency across these objective and subjective measures. The stair-step decreases from CU-S to CU-D to MCI are consistent with the suggestion that CU-D is a preclinical cognitive condition antecedent to a clinical diagnosis of MCI.



Finding 2: Among Those Who Began CU-S, Within-Person Cognitive Declines at Next Visit Varied by Cognitive Status at Follow-Up

To reduce circularity with consensus status determination, our analyses of within-person change focused on the subset of people who were CU-S at their first CogState assessment and had a second CogState assessment (n = 257). Given the relative newness of CogState in the WRAP battery, we had few who had transitioned from CU-S to CU-D (n = 16) or MCI (n = 6) between their first and second CogState assessment. Despite the small cell sizes, we again saw a stair-step decrease in average within-person changes across those who remained CU-S at second CogState vs. those who transitioned to CU-D or MCI. For the CogState composite, the CU-D group declined approximately six points more (on a 100 point scale) than the CU-S group (Cliff’s delta effect size in upper end of small range). The MCI group decline was 14 points lower on CogState than the CU-S group (large Cliff’s delta). Effect sizes were again larger for declines in the two memory composites and the PACC composite. Interestingly, although all were CU-S at baseline with mean baseline standard scores ranging from ∼90 to 108 at that visit, those who stayed CU-S at CogState follow-up were performing better on average at first CogState for all but the Executive function composite than those who progressed to CU-D or MCI at last visit.

Prior work suggests that non-pathologic (i.e., “normal”) aging is associated with declines in executive function and processing speed, and that when these factors are taken into account, the relationship between normal aging and memory performance is greatly reduced (Salthouse, 1996). Results from this study and others support the use of learning/memory measures or multi-domain composites when examining cognitive performance in individuals early in the Alzheimer’s disease process. Together, these findings are consistent with other studies indicating that cognitive declines start well before a diagnosis of MCI or dementia (e.g., Wilson et al., 2011; Karr et al., 2018) and our results suggest that subtle declines in cognitive functioning (i.e., observable in CU-D) are detectable cross-sectionally and longitudinally prior to a diagnosis of MCI.



Finding 3: CU-D Persons Were at Increased Risk of Progression to MCI/Dementia Compared to CU-S Persons

Although rate of progression to clinical statuses in our late-middle-aged sample was relatively low, we found consistent evidence across different definitions of “progression to clinical impairment” that CU-D was associated with increased risk of progression compared with CU-S. When examining groups at-risk for later development of dementia due to AD, the majority of research has focused on individuals with a diagnosis of MCI, as well as those with subjective memory complaints or modifiable risk factors (Mitchell and Shiri-Feshki, 2009; Mitchell et al., 2014; Cooper et al., 2015). The current findings add to the broader literature by providing additional support for the validity of CU-D as a subgroup of CU individuals who are at an increased risk of later development of clinical impairment.

Despite the strong support for an increased risk of clinical progression when examining CU-D individuals, about half of these individuals reverted to CU-S status at a subsequent visit and about half with MCI reverted to a CU group at a subsequent visit. These findings are consistent with other reports of instability in MCI within longitudinal cohort studies as compared with clinical settings. For example, in a Swedish population study of 60- to 95-year-olds, over half of those with MCI initially had reverted to unimpaired at the 6-year follow-up (Overton et al., 2019). Other studies with lower to similar reversion rates have shown that individuals who revert from MCI to CU are still at increased risk of future cognitive decline compared to those who maintain normal cognitive status (Koepsell and Monsell, 2012; Roberts et al., 2012; Aerts et al., 2017); thus, the categories of MCI and CU-D may still allow us to identify individuals at risk for subsequent decline. Future research may benefit from examining additional ways to improve the test–retest reliability of these constructs, including collecting more frequent cognitive assessments (such as those obtained from mobile devices, Kaye, 2008) or requiring subtle deficits at multiple visits (Koscik et al., 2014) or on multiple tests (e.g., Jak et al., 2009; Clark et al., 2016).



Finding 4: PET Measures of Beta-Amyloid Plaques and Neurofibrillary Tangles Varied Across Cognitive Status Groups

Despite small n’s in our CU-D and MCI groups with PET data, we cautiously interpret our results as preliminary evidence that the CU-D group includes participants with elevated amyloid and tau PET biomarkers and longer duration of PET amyloid burden. Specifically, when using most recent PET scan and most recent cognitive status, those in the CU-D group who are positive for amyloid represent persons with AD-related “transitional cognitive decline” as described by Jack et al. (2018) in the NIA-AA research framework for AD. These results align with recently published WRAP data which showed that decline in continuous longitudinal cognition (PACC3 composite) was more rapid among those with vs. without amyloid at baseline and that longer duration of amyloid at baseline PACC3 was associated with faster decline (Koscik et al., 2020). These results also fit well with the findings from a prior meta-analysis demonstrating consistent relationships between measures of beta-amyloid deposition and both episodic learning/memory and global cognition, with less consistent findings for executive function (Hedden et al., 2013; Clark et al., 2018).



Strengths, Limitations, and Future Directions

Strengths of this study include that our operationalization of CU-D is strongly aligned with recommendations in the literature for identifying impairment antecedent to MCI, including cognitive criteria for “preclinical AD” described by Epelbaum et al. (2017) as well as the “transitional cognitive decline” construct described recently as a stage of subtle cognitive decline in the presence of AD-related biomarkers in Jack et al. (2018). The described flagging algorithm was informed by actuarial approaches that have been shown to detect early cognitive decline (e.g., Jak et al., 2009; Koscik et al., 2014; Clark et al., 2016). The current findings indicate that an early, CU-D stage is associated with subclinical cognitive decline that is detectable in late middle-age, and that such declines are associated with increased prevalence of elevated amyloid and tau PET biomarkers and increased risk of future clinical impairment. The identification of a subclinical category and evidence of different rates of cognitive change within this category relative to CU-S and MCI have implications for clinical trial design and early intervention/secondary prevention efforts.

Limitations include the following. First, as may be expected given the relatively young age of the WRAP sample, there was a modest number of MCI, AD or other dementia cases. To fully understand how the CU-D construct aligns with dementia endpoints and the new NIA-AA A/T(N) framework (Jack et al., 2018), a larger sample of participants would be beneficial to see if amyloid and tau patterns persist, as would examining how CU-S, CU-D and MCI groups differ on additional biomarkers (e.g., neurodegeneration and vascular biomarkers). The higher proportions of men and non-white participants flagged as CU-D or MCI needs further study to understand whether clinician bias may influence status determinations. There is both ecological validity and circularity in the analyses of progression or decline since some of the tests that were used to determine baseline cognitive status (CU-S vs. CU-D) were also included when determining cognitive status at later visits; our inclusion of the CogState composite sought to minimize this circularity since it is not part of the consensus process. Finally, although clinicians reviewed longitudinal patterns in raw and standard scores from the core battery in determining cognitive status, no formal within-person change norms are currently part of the cognitive status determination. Future research will examine several additional areas including: comparing the current approach to approaches incorporating our internally derived algorithmic longitudinal change (conditional) norms (Koscik et al., 2019) to see if the CU-D can be further improved; examining whether subjective complaints of functioning are sensitive to subclinical decline in this sample; and whether factors can be identified that predict reversion to less impaired or progression to more impaired statuses.



CONCLUSION

Findings from this study indicate that traditional neuropsychological data offer a means of identifying CU people who are at-risk of progressing to clinical MCI or dementia, including AD dementia. Although the current AT(N) framework emphasizes the use of biomarkers for defining the preclinical phase of the disease, the current study indicates that neuropsychological performance and informant reports can be used to define a subclinical syndrome with both concurrent and predictive validity, and that this syndrome is associated with AD biomarkers in late middle age. Although not all who meet CU-D criteria will have AD disease or will progress to clinical dementia, this group appears to be at increased risk. Future research will follow this group over time and will also examine how other variables such as CSF AD markers, genetics, and lifestyle factors differ between CU-S and CU-D. The ability to identify persons prior to reaching clinical levels of impairment has implications for clinical trial design and early intervention or prevention efforts.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by University of Wisconsin School of Medicine and Public Health Institutional Review Board. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

RL, BH, SA, LC, EJ, KM, and SJ contributed to the conception and design of the work. RL performed data analyses and drafted the manuscript. All co-authors provided approval and contributed to interpretation of the results and critical revisions. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by the National Institutes of Health: RF-1 AG027161, R01 AG021155, P30 AG062715; P50 AG033514, S10 OD025245-01. This work was also supported by The Alzheimer’s Association award #AARF-19-614533, R01A6062167, R01AG070940, and AA-FAIM, R01 AG54059.



ACKNOWLEDGMENTS

We gratefully acknowledge our dedicated WRAP participants and the personnel from the study teams associated with all of the grants contributing to this study’s data.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2021.688478/full#supplementary-material


FOOTNOTES

1
www.fil.ion.ucl.ac.uk/spm


REFERENCES

Aerts, L., Heffernan, M., Kochan, N. A., Crawford, J. D., Draper, B., Trollor, J. N., et al. (2017). Effects of MCI subtype and reversion on progression to dementia in a community sample. Neurology 88, 2225–2232. doi: 10.1212/WNL.0000000000004015

Aisen, P. S., Petersen, R. C., Donohue, M. C., Gamst, A., Raman, R., Thomas, R. G., et al. (2010). Clinical core of the Alzheimer’s disease neuroimaging initiative: progress and plans. Alzheimers Dement. 6, 239–246. doi: 10.1016/j.jalz.2010.03.006

Albert, M. S., DeKosky, S. T., Dickson, D., Dubois, B., Feldman, H. H., Fox, N. C., et al. (2011). The diagnosis of mild cognitive impairment due to Alzheimer’s disease: recommendations from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 7, 270–279. doi: 10.1016/j.jalz.2011.03.008

Amieva, H., Le Goff, M., Millet, X., Orgogozo, J. M., Pérès, K., Barberger−Gateau, P., et al. (2008). Prodromal Alzheimer’s disease: successive emergence of the clinical symptoms. Ann. Neurol. 64, 492–498. doi: 10.1002/ana.21509

Bäckman, L., Small, B. J., and Fratiglioni, L. (2001). Stability of the preclinical episodic memory deficit in Alzheimer’s disease. Brain 124, 96–102. doi: 10.1093/brain/124.1.96

Berman, S. E., Koscik, R. L., Clark, L. R., Mueller, K. D., Bluder, L., Galvin, J. E., et al. (2017). Use of the Quick Dementia Rating System (QDRS) as an initial screening measure in a longitudinal cohort at risk for Alzheimer’s disease. J. Alzheimers Dis. Rep. 1, 9–13. doi: 10.3233/ADR-170004

Betthauser, T. J., Cody, K. A., Zammit, M. D., Murali, D., Converse, A. K., Barnhart, T. E., et al. (2019). In vivo characterization and quantification of neurofibrillary tau PET radioligand 18F-MK-6240 in humans from Alzheimer disease dementia to young controls. J. Nucl. Med. 60, 93–99. doi: 10.2967/jnumed.118.209650

Braak, H., Alafuzoff, I., Arzberger, T., Kretzschmar, H., and Del Tredici, K. (2006). Staging of Alzheimer disease-associated neurofibrillary pathology using paraffin sections and immunocytochemistry. Acta Neuropathol. 112, 389–404. doi: 10.1007/s00401-006-0127-z

Christian, B. T., Vandehey, N. T., Floberg, J. M., and Mistretta, C. A. (2010). Dynamic PET denoising with HYPR processing. J. Nucl. Med. 51, 1147–1154. doi: 10.2967/jnumed.109.073999

Clark, L. R., Koscik, R. L., Allison, S. L., Berman, S. E., Norton, D., Carlsson, C. M., et al. (2018). Hypertension and obesity moderate the relationship between beta-amyloid and cognitive decline in midlife. Alzheimers Dement. 15, 418–428. doi: 10.1016/j.jalz.2018.09.008

Clark, L. R., Koscik, R. L., Nicholas, C. R., Okonkwo, O. C., Engelman, C. D., Bratzke, L. C., et al. (2016). Mild cognitive impairment in late middle age in the wisconsin registry for Alzheimer’s prevention study: prevalence and characteristics using robust and standard neuropsychological normative data. Arch. Clin. Neuropsychol. 31, 675–688. doi: 10.1093/arclin/acw024

Cliff, N. (1993). Dominance statistics: ordinal analyses to answer ordinal questions. Psychol. Bull. 114, 494–509. doi: 10.1037/0033-2909.114.3.494

Cooper, S.-A., McLean, G., Guthrie, B., McConnachie, A., Mercer, S., Sullivan, F., et al. (2015). Multiple physical and mental health comorbidity in adults with intellectual disabilities: population-based cross-sectional analysis. BMC Fam. Pract. 16:110. doi: 10.1186/s12875-015-0329-3

Curran-Everett, D. (2000). Multiple comparisons: philosophies and illustrations. Am. J. Physiol. Regul. Integr. Comp. Physiol. 279, R1–R8. doi: 10.1152/ajpregu.2000.279.1.R1

Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., et al. (2006). An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest. Neuroimage 31, 968–980. doi: 10.1016/j.neuroimage.2006.01.021

Donohue, M. C., Sperling, R. A., Salmon, D. P., Rentz, D. M., Raman, R., Thomas, R. G., et al. (2014). The preclinical Alzheimer cognitive composite: measuring amyloid-related decline. JAMA Neurol. 71, 961–970. doi: 10.1001/jamaneurol.2014.803

Duara, R., Loewenstein, D. A., Potter, E., Barker, W., Raj, A., Schoenberg, M., et al. (2011). Pre-MCI and MCI: neuropsychological, clinical, and imaging features and progression rates. Am. J. Geriatr. Psychiatry 19, 951–960. doi: 10.1097/JGP.0b013e3182107c69

Edmonds, E. C., Delano-Wood, L., Galasko, D. R., Salmon, D. P., and Bondi, M. W. (2015). Subtle cognitive decline and biomarker staging in preclinical Alzheimer’s disease. J. Alzheimers Dis. 47, 231–242. doi: 10.3233/JAD-150128

Edmonds, E. C., Weigand, A. J., Thomas, K. R., Eppig, J., Delano-Wood, L., Galasko, D. R., et al. (2018). Increasing inaccuracy of self-reported subjective cognitive complaints over 24 months in empirically derived subtypes of mild cognitive impairment. J. Int. Neuropsychol. Soc. 24, 842–853. doi: 10.1017/S1355617718000486

Epelbaum, S., Genthon, R., Cavedo, E., Habert, M. O., Lamari, F., Gagliardi, G., et al. (2017). Preclinical Alzheimer’s disease: a systematic review of the cohorts underlying the concept. Alzheimers Dement. 13, 454–467. doi: 10.1016/j.jalz.2016.12.003

Galvin, J. E. (2015). The Quick Dementia Rating System (QDRS): a rapid dementia staging tool. Alzheimers Dement. (Amst.) 1, 249–259. doi: 10.1016/j.dadm.2015.03.003

Gilewski, M. J., Zelinski, E. M., and Schaie, K. W. (1990). The memory functioning questionnaire for assessment of memory complaints in adulthood and old age. Psychol. Aging 5, 482–490. doi: 10.1037//0882-7974.5.4.482

Hammers, D., Spurgeon, E., Ryan, K., Persad, C., Barbas, N., Heidebrink, J., et al. (2012). Validity of a brief computerized cognitive screening test in dementia. J. Geriatr. Psychiatry Neurol. 25, 89–99. doi: 10.1177/0891988712447894

Hedden, T., Oh, H., Younger, A. P., and Patel, T. A. (2013). Meta-analysis of amyloid-cognition relations in cognitively normal older adults. Neurology 80, 1341–1348. doi: 10.1212/WNL.0b013e31828ab35d

Hostetler, E. D., Walji, A. M., Zeng, Z., Miller, P., Bennacef, I., Salinas, C., et al. (2016). Preclinical characterization of 18F-MK-6240, a promising PET tracer for in vivo quantification of human neurofibrillary tangles. J. Nucl. Med. 57, 1599–1606. doi: 10.2967/jnumed.115.171678

Jack, C. R., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B., Haeberlein, S. B., et al. (2018). NIA-AA research framework: toward a biological definition of Alzheimer’s disease. Alzheimers Dement. 14, 535–562. doi: 10.1016/j.jalz.2018.02.018

Jak, A. J., Bondi, M. W., Delano-Wood, L., Wierenga, C., Corey-Bloom, J., Salmon, D. P., et al. (2009). Quantification of five neuropsychological approaches to defining mild cognitive impairment. Am. J. Geriatr. Psychiatry 17, 368–375. doi: 10.1097/JGP.0b013e31819431d5

Jessen, F., Wolfsgruber, S., Wiese, B., Bickel, H., Mösch, E., Kaduszkiewicz, H., et al. (2014). AD dementia risk in late MCI, in early MCI, and in subjective memory impairment. Alzheimers Dement. 10, 76–83. doi: 10.1016/j.jalz.2012.09.017

Johnson, S. C., Christian, B. T., Okonkwo, O. C., Oh, J. M., Harding, S., Xu, G., et al. (2014). Amyloid burden and neural function in people at risk for Alzheimer’s disease. Neurobiol. Aging 35, 576–584. doi: 10.1016/j.neurobiolaging.2013.09.028

Johnson, S. C., Koscik, R. L., Jonaitis, E. M., Clark, L. R., Mueller, K. D., Berman, S. E., et al. (2018). The wisconsin registry for Alzheimer’s prevention: a review of findings and current directions. Alzheimers Dement. 10, 130–142. doi: 10.1016/j.dadm.2017.11.007

Jonaitis, E. M., Koscik, R. L., Clark, L. R., Ma, Y., Betthauser, T. J., Berman, S. E., et al. (2019). Measuring longitudinal cognition: individual tests versus composites. Alzheimers Dement. 11, 74–84. doi: 10.1016/j.dadm.2018.11.006

Jorm, A., and Jacomb, P. (1989). The Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE): socio-demographic correlates, reliability, validity and some norms. Psychol. Med. 19, 1015–1022. doi: 10.1017/s0033291700005742

Karr, J. E., Graham, R. B., Hofer, S. M., and Muniz-Terrera, G. (2018). When does cognitive decline begin? A systematic review of change point studies on accelerated decline in cognitive and neurological outcomes preceding mild cognitive impairment, dementia, and death. Psychol. Aging 33:195. doi: 10.1037/pag0000236

Klunk, W. E., Lopresti, B. J., Ikonomovic, M. D., Lefterov, I. M., Koldamova, R. P., Abrahamson, E. E., et al. (2005). Binding of the positron emission tomography tracer Pittsburgh compound-B reflects the amount of amyloid-β in Alzheimer’s disease brain but not in transgenic mouse brain. J. Neurosci. 25, 10598–10606. doi: 10.1523/JNEUROSCI.2990-05.2005

Koepsell, T. D., and Monsell, S. E. (2012). Reversion from mild cognitive impairment to normal or near-normal cognition risk factors and prognosis. Neurology 79, 1591–1598. doi: 10.1212/WNL.0b013e31826e26b7

Koscik, R. L., Berman, S. E., Clark, L. R., Mueller, K. D., Okonkwo, O. C., Gleason, C. E., et al. (2016). Intraindividual cognitive variability in middle age predicts cognitive impairment. J. Int. Neuropsychol. Soc. 22, 1016–1025. doi: 10.1017/S135561771600093X

Koscik, R. L., Betthauser, T. J., Jonaitis, E. M., Allison, S. L., Clark, L. R., Hermann, B. P., et al. (2020). Amyloid duration is associated with preclinical cognitive decline and tau PET. Alzheimers Dement. 12:e12007. doi: 10.1002/dad2.12007

Koscik, R. L., Jonaitis, E. M., Clark, L. R., Mueller, K. D., Allison, S. L., Gleason, C. E., et al. (2019). Longitudinal standards for mid-life cognitive performance: identifying abnormal within-person changes in the wisconsin registry for Alzheimer’s prevention. J. Int. Neuropsychol. Soc. 25, 1–14. doi: 10.1017/S1355617718000929

Koscik, R. L., La Rue, A., Jonaitis, E. M., Okonkwo, O. C., Johnson, S. C., Bendlin, B. B., et al. (2014). Emergence of mild cognitive impairment in late middle-aged adults in the wisconsin registry for Alzheimer’s prevention. Dement. Geriatr. Cogn. Disord. 38, 16–30. doi: 10.1159/000355682

Landman, B. A., and Warfield, S. (2012). “MICCAI 2012: grand challenge and workshop on multi-atlas labeling,” in Proceedings of the International Conference on Medical Image Computing and Computer Assisted Intervention (Rochester, MN: MICCAI), 2012.

Lawton, M. P., and Brody, E. M. (1970). Assessment of older people: self-maintaining and instrumental activities of daily living. Nurs. Res. 19:278. doi: 10.1097/00006199-197005000-00029

Lim, Y. Y., Jaeger, J., Harrington, K., Ashwood, T., Ellis, K. A., Stöffler, A., et al. (2013). Three-month stability of the CogState brief battery in healthy older adults, mild cognitive impairment, and Alzheimer’s disease: results from the australian imaging, biomarkers, and lifestyle-rate of change substudy (AIBL-ROCS). Arch. Clin. Neuropsychol. 28, 320–330. doi: 10.1093/arclin/act021

Lopresti, B. J., Klunk, W. E., Mathis, C. A., Hoge, J. A., Ziolko, S. K., Lu, X., et al. (2005). Simplified quantification of pittsburgh compound B amyloid imaging PET studies: a comparative analysis. J. Nucl. Med. 46, 1959–1972.

Manly, J. J., Touradji, P., Tang, M.-X., and Stern, Y. (2003). Literacy and memory decline among ethnically diverse elders. J. Clin. Exp. Neuropsychol. 25, 680–690. doi: 10.1076/jcen.25.5.680.14579

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R. Jr., Kawas, C. H., et al. (2011). The diagnosis of dementia due to Alzheimer’s disease: recommendations from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 7, 263–269. doi: 10.1016/j.jalz.2011.03.005

Mitchell, A. J., Beaumont, H., Ferguson, D., Yadegarfar, M., and Stubbs, B. (2014). Risk of dementia and mild cognitive impairment in older people with subjective memory complaints: meta-analysis. Acta Psychiatr. Scand. 130, 439–451. doi: 10.1111/acps.12336

Mitchell, A. J., and Shiri-Feshki, M. (2009). Rate of progression of mild cognitive impairment to dementia—meta-analysis of 41 robust inception cohort studies. Acta Psychiatr. Scand. 119, 252–265. doi: 10.1111/j.1600-0447.2008.01326.x

Morris, J. C. (1997). Clinical dementia rating: a reliable and valid diagnostic and staging measure for dementia of the Alzheimer type. Int. Psychogeriatr. 9 (Suppl. 1), 173–176. doi: 10.1017/s1041610297004870 discussion 177-178,

Overton, M., Pihlsgård, M., and Elmståhl, S. (2019). Diagnostic stability of mild cognitive impairment, and predictors of reversion to normal cognitive functioning. Dement. Geriatr. Cogn. Disord. 48, 317–329. doi: 10.1159/000506255

Racine, A. M., Clark, L. R., Berman, S. E., Koscik, R. L., Mueller, K. D., Norton, D., et al. (2016). Associations between performance on an abbreviated CogState battery, other measures of cognitive function, and biomarkers in people at risk for Alzheimer’s disease. J. Alzheimers Dis. 54, 1395–1408. doi: 10.3233/JAD-160528

Roberts, R. O., Geda, Y. E., Knopman, D. S., Cha, R. H., Pankratz, V. S., Boeve, B. F., et al. (2012). The incidence of MCI differs by subtype and is higher in men: the mayo clinic study of aging. Neurology 78, 342–351. doi: 10.1212/WNL.0b013e3182452862

Romano, J., Kromrey, J. D., Coraggio, J., and Skowronek, J. (2006). Appropriate statistics for ordinal level data: should we really be using t-test and Cohen’sd for evaluating group differences on the NSSE and other surveys. Annu. Meet. Flor. Associat. Institut. Res. 177.

Sager, M. A., Hermann, B., and La Rue, A. (2005). Middle-aged children of persons with Alzheimer’s disease: APOE genotypes and cognitive function in the wisconsin registry for Alzheimer’s prevention. J. Geriatr. Psychiatry Neurol. 18, 245–249. doi: 10.1177/0891988705281882

Salthouse, T. A. (1996). The processing-speed theory of adult age differences in cognition. Psychol. Rev. 103, 403–428. doi: 10.1037/0033-295X.103.3.403

Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A., Craft, S., Fagan, A. M., et al. (2011). Toward defining the preclinical stages of Alzheimer’s disease: recommendations from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 7, 280–292. doi: 10.1016/j.jalz.2011.03.003

Sprecher, K. E., Bendlin, B. B., Racine, A. M., Okonkwo, O. C., Christian, B. T., Koscik, R. L., et al. (2015). Amyloid burden is associated with self-reported sleep in nondemented late middle-aged adults. Neurobiol. Aging 36, 2568–2576. doi: 10.1016/j.neurobiolaging.2015.05.004

Torchiano, M. (2020). effsize: Efficient Effect Size Computation. R Package Version 0.8.1. Available online at: https://CRAN.R-project.org/package=effsize

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject brain. Neuroimage 15, 273–289. doi: 10.1006/nimg.2001.0978

Wilson, R. S., Leurgans, S. E., Boyle, P. A., and Bennett, D. A. (2011). Cognitive decline in prodromal Alzheimer disease and mild cognitive impairment. Arch. Neurol. 68, 351–356. doi: 10.1001/archneurol.2011.31


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Langhough Koscik, Hermann, Allison, Clark, Jonaitis, Mueller, Betthauser, Christian, Du, Okonkwo, Birdsill, Chin, Gleason and Johnson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnagi-13-688478-t006.jpg
Most recent cognitive status (n = 262*)

CU-S CuU-D MCIl/Dementia  p-value**

Sample characteristics 219 (83.6%) 31 (11.8%) 12 (4.6%)
Most recent cognitive status age, mean (SD) 66.4 (6.4) 69.2 (4.8) 70.8 (5.7) 0.006 CU-S vs. CU-D and MCI
Literacy/WRAT3, mean (SD) 107.2 (8.7) 106.5 (9.7) 108.8 (7.5) 0.76
Years of education (max 20), median [Q1-Q3] 16 [14-18] 17 [14-18] 16.5 [13-17.5] 0.54
Female, n (%) 1565 (70.8%) 15 (48.4%) 8 (66.7%) 0.049
APOE ¢4 carrier, n (%) 84 (38.4%) 14 (45.2%) 7 (568.3%) 0.30
Race/ethnicity = non-Hispanic Caucasian, n (%)* 210 (95.9) 27 (87.1) 11 91.7)
Memory rating (1 = worst, 7 = best), median [Q1-Q3] 5 [6-6] 5 [4-5.5] 4 [3-4] 0.0006 CU-S vs. MClI; CU-D vs. MCI (0.05 < p < 0.1 for CU-S vs. CU-D)
Concurrent QDRS/CDR > 0, n (%) [total n = 143] 3(2.6%) 3(16.7%) 6 (66.7%) <0.0001
PET scan information Follow-up pairwise p-values, Cliff’s delta effect sizes
PiB scan age — cognitive status age, mean (SD) —0.22 (2.5) —0.53 (8.0) 0.27 (1.58) 0.63 CU-Svs.CU-D CU-Svs. MCl/Dementia CU-D vs. MCl/Dementia
Global PiB DVR, median [Q1-Q3] 1.06 [1.03-1.12] 1.07 [1.02-1.36] 1.37 [1.16-1.73]  0.0003 0.56, 0.065 <0.0001, 0.70 0.0097, 0.52
PiB chronicity at last NP, median [Q1-Q3] —-17.3[-22.6,-11.6] —15.0[-18.6,4.80] 8.9[-1.9, 18.0] <0.0001 0.014, 0.27 <0.0001, 0.73 0.011, 0.51
Elevated PiB (>1.2), n (%) 40 (18.3%) 11 (35.5%) 8 (66.7%) <0.0001 0.033, 0.14 0.0005, 0.26 0.092, 0.28
MK-6240 scan subset (n = 209%) CU-S CU-D MCI p-value**

181 (86.5%) 21 (10.3%) 7 (3.3%)
MK-6240 scan age, mean (SD) 67.2 (6.4) 68.9 (4.3) 73.2 (4.0) 0.024
MK-6240 scan age — Cog Status age, mean (SD) 0.61 (1.21) 0.59 (0.87) 0.86 (1.05) 0.85 CU-Svs.CU-D CU-Svs. MCl/Dementia CU-D vs. MCl/Dementia
MK-6240 entorhinal SUVR, median [Q1-Q3] 1.00 [0.92-1.11] 1.01 [0.94-1.14] 1.82 [1.22-2.08] 0.0062 0.41, 0.40 0.0018, 0.82 0.024, 0.75
MK-6240 hippocampus SUVR, median [Q1-Q3] 0.90 [0.81-0.99] 0.92 [0.84-0.98] 1.29 [1.00-1.48] 0.0085 0.48,0.39 0.0021, 0.82 0.047, 0.71
Elevated MK-6240 entorhinal SUVR, n (%) 15 (8.1%) 4 (18.2%) 5(71.4%) <0.0001 0.12,0.11 0.0002, 0.39 0.020, 0.49
Elevated MK-6240 hippocampus SUVR, n (%) 10 (5.4%) 4 (18.2%) 5(71.4%) <0.0001 0.044, 0.16 <0.0001, 0.46 0.020, 0.49

“Among the n = 9 in CU-S group who are not non-Hispanic Caucasian, 4 (%) were African American compared with 3 of 4 (75%) in the CU-D group and 1 of 1 in the MCI group.
*p-Values are from t-tests for rows reporting mean (SD), Kruskal-Wallis for median [Q1-Q3] and chi-square/Fisher’s exact test for n (%). Means adjusted for age at scan.
CU-S, cognitively unimpaired-stable; CU-D, cognitively unimpaired-declining;, MCI, mild cognitive impairment.
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Baseline cognitive status (n = 1229)

CU-S CU-D p-value**
Demographics n=1110 n=119
Age, mean (SD) 54.0 (6.6) 55.8 (5.9) 0.006
Years of education (max 20), median (Q1-Q3) 16 (14-18) 16 (14-18) 0.25
Literacy/VIQ, mean (SD) WRAT3 Reading standard score 106.1 (9.1) 105.1 (9.5 0.29
Female, n (%) 792 (71.4) 60 (50.4) <0.0001
APOE &4 carrier, n (%) 425 (38.3) 46 (38.7) 0.94
Race/ethnicity = non-Hispanic Caucasian, n (%)* 1052 (94.8) 103 (86.6) 0.002
Self-report of memory problems 0.34
Yes, n (%) 264 (23.9) 32 (26.9)
Don’t know, n (%) 208 (18.8) 27 (22.7)
No, n (%) 634 (57.3) 60 (50.4)
Baseline lICV*, adjusted mean (SE) 0.69 (0.012) 1.18 (0.033) <0.0001
AVLT Total, adjusted mean (SE) 0.02 (0.027) —1.22 (0.076) <0.0001
AVLT Delay, adjusted mean (SE) 0.04 (0.027) —1.30 (0.077) <0.0001
Trails B, adjusted mean (SE) 0.07 (0.029) —0.95 (0.082) <0.0001

*Among the n = 58 in CU-S group who are not non-Hispanic Caucasian, 30 (51.7%) were African American compared with 11 of 16 (68.8%) in the CU-D group.
**p-values are from t-tests for rows reporting mean (SD), Mann-Whitney U or Kruskal-Wallis for rows reporting medians, and chi-square or Fisher’s exact for rows
reporting n (%).

CU-S, cognitively unimpaired-stable; CU-D, cognitively unimpaired-declining; MCI, mild cognitive impairment; lICV, intraindividual cognitive variability calculated as the
standard deviation of the baseline z-scores of WRAT reading, AVLT Total, AVLT delayed recall, and Trails B.
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Age at CogState 1, mean (SD)

Years between CogState 1 and 2, mean (SD)

By last cognitive status

CU-s CU-D
n=235 n=16
63.5 (6.4) 64.7 (7.0)

2.4(0.3) 2.5(0.4)

MCI/Dementia

n=6

67.4 (5.0)
2.5 (0.4)

Change in composites from CU-S at CogState 1 to CU-S, CU-D or MCI at CogState 2

CogState composite, Ismean (SE)
Immediate memory, Ismean (SE)

Delayed memory, Ismean (SE)
Executive function, Ismean (SE)
PACCS3, Ismean (SE)

Composites at CogState 1 by status at CogState 2

CogsState, Ismean (SE)

Immediate memory, Ismean (SE)

Delayed memory, Ismean (SE)
Executive function, Ismean (SE)
PACC3, Ismean (SE)

3308  -27(9
1706 -11.9(23)
2406 —-10.9(2.2)
1405  -091(1.8
19005  —10.2(2.0)
102.5(0.9) 955 (3.4)
107.8(0.8)  97.0(3.0)
107.3(0.7)  99.4(2.9)
104.4(0.9) 101.6 (3.3)
106.3(0.8)  98.8(3.0)

—10.7 (4.8)
—295(3.6)
~31.0(3.6)
7429
—26.4(3.3)

89.7 (5.6)
100.0 (4.9)
89.7 (3.0)
93.9 (6.0
93.9 (6.0

p-value

0.26
0.81

0.0038
<0.0001
<0.0001

0.0065
<0.0001

0.015*
0.0009
<0.0001
0.13
0.0039

Follow-up pairwise p-values, Cliff’s delta effect sizes

CU-S vs. CU-D

NA
NA

0.051 (KW p = 0.035), 0.31
<0.0001, 0.68
<0.0001, 0.64

0.21,0.12
<0.0001, 0.63

0.051, 0.25
0.0005, 0.44
0.008, 0.37
NA, 0.09
0.018, 0.31

CU-S vs. MCl/Dementia

NA
NA

0.0046, 0.52
<0.0001, 0.93
<0.0001, 0.84
0.003, 0.70
<0.0001, 0.97

0.026 (KW p = 0.055), 0.46
0.12,0.40
0.0002, 0.69
NA, 0.53
0.014, 0.64

CU-D vs. MClI/Dementia

NA
NA

0.16, 0.33
<0.0001, 0.60
<0.0001 (KW p = 0.077), 0.50
0.056, 0.50
<0.0001, 0.73

0.38,0.10
0.60, 0.17
0.078, 0.42
NA, 0.27
0.39, 0.38

For change in composites, Ismeans are adjusted for baseline score on that composite and years between CogState 1 and 2; For the CogState 1 analysis of scores by CogState 2 cognitive status (same subset),

Ismeans adjust for time between CogState 1 and 2.
*KW p = 0.044. marginal by FDR correction).

Cliff’s d’s obtained in R using ‘cliff.delta’ function on the covariate-adjusted residuals of the change in standard scores for each composite (upper half of table) and standard scores for each composite at CogState 1
(lower half-subjective reports of functioning). Magnitude can be assessed using the thresholds provided in Romano et al. (2006), i.e., | d| < 0.147 ‘negligible,” | d| < 0.33 “smal,” | d| < 0.474 “medium,” otherwise

“large.”
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1st CogState Cog Status Post-omnibus pairwise comparisons and Cliff’s delta
Cognitive composites CU-s CU-D MCI Omnibus CU-S vs. CU-D CU-S vs. MCI CU-D vs. MCI
n =816 n=123 n=21 p-value* p-value, Cliff’s delta p-value, Cliff’s delta p-value, Cliff’s delta
CogState (n = 960), mean (SD) 101.4 (13.5)  90.7 (14.4) 84.8(17.3) <0.0001 <0.0001, 0.42 <0.0001, 0.57 0.069, 0.22
Immediate memory (n = 958), mean (SD) 106.6 (12.2)  86.7 (11.1)  75.8 (14.1) <0.0001 <0.0001, 0.77 <0.0001, 0.89 0.0001, 0.50
Delayed memory (n = 957), mean (SD) 106.5(11.9) 86.5(13.0) 74.4(12.9) <0.0001 <0.0001, 0.74 <0.0001, 0.92 <0.0001, 0.49
Executive function (n = 959), mean (SD) 103.6 (14.0) 91.5(15.6) 91.4(17.3) <0.0001 <0.0001, 0.42 0.0001, 0.40 0.97, 0.009
PACCS3 (n = 952), mean (SD) 105.0(12.7) 84.5(11.2) 75.3(14.7) <0.0001 <0.0001, 0.77 <0.0001, 0.85 0.0028, 0.42
Subjective reports of functioning CU-S CU-D MCI Omnibus CU-Svs. CU-D CU-S vs. MCI CU-D vs. MCI
p-value* p-value, Cramer’s V p-value, Cramer’s V p-value, Cramer’s V
Self-report of memory problems at time of first CogState 0.0043 0.015, 0.095 0.023, 0.091 0.48,0.10
Yes, n (%) 139 (17.1) 29 (23.6) 7(33.3)
Don’t know, n (%) 141 (17.4) 30 (24.4) 6 (28.6)
No, n (%) 532 (65.5) 64 (52.0) 8(38.1)
CU-S vs. CU-D CU-S vs. MCI CU-D vs. MCI
p-value, effect size p-value, effect size p-value, effect size
Likert scale self-memory rating, 1 is worst, 7 is best; median [Q1-Q3] 5 [4-6] 5 [4-6] 5 [4-5] 0.056 NA NA NA
IADL, 16 is best, median [Q1-Q3] 16 [16-16] 16[16-16] 16 [16-16] 0.0034 0.002, 0.17 0.08, 0.19 0.81,0.19
1Q-Code, 48 is no change, median [Q1-Q3] 48 [48-48] 48 [48-49]  49[48-51] 0.0007 0.045, 0.013 0.007, 0.25 0.054, 0.014
QDRS/CDR > 0, n (%) [total n = 792] 21 (3.1%) 11(12.4%) 8(42.1%) <0.0001 0.0004, 0.15 <0.0001, 0.32 0.005, 0.30

*Omnibus p-values and follow-up pairwise comparison p-values from ANOVA for mean (SD), Kruskal-Wallis for median [Q1-Q3] and chi-square/Fisher’s exact test for n (%).
Effect sizes are either Cliff's d [for mean (SD) or median [Q1-Q3] variables] or Cramer’s V [for n (%) variables]. Cliff's d’s obtained in R using ‘cliff.delta’ function (absolute value reported). Magnitude can be assessed
using the thresholds provided in Romano et al. (2006), i.e., | d| < 0.147 ‘negligible,” | d| < 0.33 “small,” | d| < 0.474 “medium,” otherwise “large”; Cramer’s V effect sizes are considered low/weak at ~0.1.
All Cog composites sig using BH corrected p-values. Secondary outcomes: least sig (memrate) compared to p = 0.05. NS. Memprobs compared t0.05/4 0f.0125. That test and others in set are significant.
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Cognitive status at 1st CogState

CU-S CU-D MCI p-value** Pairwise info
Sample characteristics n =816 n=123 n=21
Age at first CogState assessment, mean (SD) 64.0 (6.4) 65.9 (6.4) 68.3 (4.6) 0.0002 CU-S and MCI; CU-D and MCI differ
Years of education (max 20), median (Q1-Q3) 16 (14-18) 16 (14-18) 14 (13-16) 0.12
WRATS reading recognition, mean (SD) 106.3 (8.9) 105.8 (8.7) 104.9 (12.2) 0.63
Female, n (%) 568 (69.6) 75 (61.0) 10 (47.6) 0.022 CU-S vs. MCI
APOQE ¢4 carrier, n (%) 309 (37.9) 51 (41.5) 10 (47.6) 0.49
Non-Hispanic Caucasian, n (%)* 788 (96.6) 107 (87.0) 20 (95.2) 0.0001 CU-D < CU-S

*Among the n = 28 in CU-S group who are not non-Hispanic Caucasian, 13 (21.4%) were African American compared with 12 of 16 (75%) in the CU-D group and 0 of 1

in the MCI group.

**p-values are from analysis of variance for rows reporting mean (SD), Kruskal-Wallis for rows reporting medians, and chi-square or Fisher’s exact for rows reporting n (%).
CU-S, cognitively unimpaired-stable; CU-D, cognitively unimpaired-declining; MCI, mild cognitive impairment; WRAT, wide range achievement test; APOE, apolipoprotein.
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Tests contributing to composites Immediate learning Delayed recall Executive function PACC3 CogState global
n =958 n =957 n =959 n =952 n = 960

Pencil and paper tests

Rey AVLT Total X - - X -

Rey AVLT Delayed - X - - =

WMS-R Logical Memory-I X = - = =

WMS-R Logical Memory-II = X = X -

BVMT-R Total X - - - -

BVMT-R Delayed - X - - -

Stroop Color-Word - - X - -

TMT Part B - - X - -

WAIS-R Digit Symbol - - X X -

CogState tests*

CPAL - - - - X

GML-MPS - - - - X

GML-CT - - - - X

OoCL - - - - X
Immediate learning Delayed recall Executive function PACC3

Pearson correlation matrix (composites only)**

Delayed recall 0.87

Executive function 0.2 0.25

PACC3 0.84 0.77 0.57

CogState global 0.47 0.47 0.33 0.43

*The CogState tests were not used in determining cognitive status; prior to adjusting for demographics, CPAL and GML variables were square root transformed and
reversed (*—1) so that higher meant better on all four variables.

**p < 0.0001 for all.

AVLT, Auditory Verbal Learning Task; WMS-R, Wechsler Memory Scale-Revised; BVMT-R, Brief Visuospatial Memory Test-Revised; TMT, Trail Making Test; WAIS-R,
Wechsler Adult Intelligence Scale-Revised; CPAL, Continuous Paired Associate Learning; GML-MPS, Groton Maze Learning-Moves Per Second; CT, Chase Test; OCL,

One Card Learning.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Validity Evidence for the Research Category, “Cognitively Unimpaired – Declining,” as a Risk Marker for Mild Cognitive Impairment and Alzheimer’s Disease



		INTRODUCTION



		MATERIALS AND METHODS



		Study Design



		Study Visit Procedures



		Cognitive Status Determination



		Study Outcomes



		Continuous Cognitive Outcomes



		Subjective Memory Ratings and Informant Reports of Functioning



		Progression to Clinical Impairment Status



		Neuroimaging







		Statistical Analysis







		RESULTS



		CU-S, CU-D, and MCI Group Differences on Concurrent Objective Cognitive Performance and Subjective Reports of Functioning



		Examining Within-Person Cognitive Declines Over Subsequent Years From CU-S at First CogState to CU-S, CU-D, or MCI/Dementia at Second CogState



		Examining Whether Persons Identified as CU-D Were at Increased Risk of Progression to Clinical Impairment Compared to Those Who Were CU-S



		Reversion to Less Impaired Cognitive Statuses







		Examining Whether AD-Biomarker PET Imaging, Measures of Beta-Amyloid Plaques and Neurofibrillary Tangles Vary Across Cognitive Status Groups







		DISCUSSION



		Finding 1: CU-S, CU-D and MCI Cognitive Status Groups Differed in Concurrent Objective Cognitive Performance and Subjective Reports of Functioning



		Finding 2: Among Those Who Began CU-S, Within-Person Cognitive Declines at Next Visit Varied by Cognitive Status at Follow-Up



		Finding 3: CU-D Persons Were at Increased Risk of Progression to MCI/Dementia Compared to CU-S Persons



		Finding 4: PET Measures of Beta-Amyloid Plaques and Neurofibrillary Tangles Varied Across Cognitive Status Groups



		Strengths, Limitations, and Future Directions







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fnagi-13-688478-g001.jpg
[ )

STEP 1. Apply the flagging algorithm to all records with new data in the past month.

e Are any of the most recent scores 1.5 SD or more below expected for = 1 factor® or test
score??

e Is > 1 selected individual test score beyond specific cutoffs®?

e Is > 1 informant report of participant functioning beyond specific cut-offs*?

& ¥4
8 “YES” to any, proceed to STEP 2.
% A 4 Py
= [ STEP 2. Review participant data at consensus conference. |
O
. Are the abnormalities widespread and/or severe enough to indicate impairment on a
g - presumable dementia trajectory? )
NO YES
v v
Is there evidence of E)o the abnormalities meet NIA-AA criteria for dementia®? \
abnormalities due to long
—standing causes*? NO YES
NO YES >
v Are the abnormalities severe enough to meet
i Impairment*, not NIA-AA criteria for Mild Cognitive Impairment®?
MCI or dementia
; NO YES
A \ 4
Cc?gnltl.vely Co.gr.ntl\ylely Ummpalrfed - Mild Cognitive -
Unimpaired - Declining’ (CU-D) (previously : - Dementia
i A Impairment (MCI)
Stable (CU-S) Early MCI”)**

WRAP Cognitive Svnd@rﬁal Staging categories





OPS/images/fnagi-13-688478-g003.jpg
Cognitive Status and Covariates

CU-D - |
Years follow - Ho—
WRAT reading - L g
Age - -
Male | | + i 1
0 1

In(OR) and 95% Cl






OPS/images/cover.jpg
, frontiers
in Aging Neuroscience

Validity Evidence
for the Research Category,
“Cognitively Unimpaired —
Declining,” as a Risk Marker
for Mild Cognitive Impairment
and Alzheimer’s Disease





OPS/images/fnagi-13-688478-g002.jpg
composite

Composite Scores by Concurrent Cognitive Status

150 o o
9 - 8 0
125 =
- : o
)
100
75
L
3
50 O o O
O
25

1. CogState 2. Imm.Memory 3. Del.Memory 4. Exec Func 5. WRAP-PACC3

Cognitive Status at 1st CogState | 1. CU-S (n=81 6) M 2.CU-D (n=123) @ 3.MCI (n=21)





OPS/images/fnagi-13-688478-g005.jpg
Global PiB DVR

MK-6240 Entorhinal Cortex SUVR

2.00

1.75

1.50

1.25

1.00

Global PiB DVR by Last Cognitive Status

(o]

......

0.CuU-S 1.CU-D

MK-6240 Entorhinal Cortex SUVR by Last Cognitive Status

2. MCIID

20

o

1.CU-D

2. MCIID

PiB Chronicity [Years Pib(+)]

MK-6240 Hippocampus SUVR

PiB Chronicity by Last Cognitive Status

20

O
o
o

1.75

1.50

1.25

1.00

0.75

o )
o
@

1.CU-D 2. MCIID
MK-6240 Hippocampus SUVR by Last Cognitive Status
- .

1.CU-D 2. MCIID







OPS/images/fnagi-13-688478-g004.jpg
Progression to MCl/Dementia at last visit -

Progression to MCl/Dementia at visit 2 or later
(allows reverters at last visit)

Outcome

Progression to MCIl/Dementia at next visit -

- CU-D

- |
- ! - CU-S

5 10
Odds ratio (CU-D vs CU-S)

0.0

0.1 0.2 0.3 0.4 05

Proportion progressing








OPS/images/logo.jpg
’ frontiers
in Aging Neuroscience





