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Abstract

Background: The Alzheimer’s Disease Neuroimaging Initiative (ADNI) separates “early” and 

“late” Mild Cognitive Impairment (MCI) based on a single memory test. We compared ADNI’s 

MCI classifications to our neuropsychological approach, which more broadly assesses cognitive 

abilities.

Methods: 336 ADNI-2 participants were classified as “early” or “late” MCI. Cluster analysis was 

performed on neuropsychological test data and participants were reclassified based on cluster 

results. These two staging approaches were compared on progression rates, CSF biomarkers, and 

cortical thickness profiles.

Results: There was little correspondence between the two staging methods. ADNI’s early MCI 

group included a large proportion of false positive diagnostic errors. The reclassified 

neuropsychological MCI groups showed steeper survival curves and more abnormal biomarkers.

*Data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (http://
adni.loni.usc.edu). As such, the investigators within the ADNI contributed to the design and implementation of the ADNI and/or 
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http://adni.loni.usc.edu/wpcontent/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf.
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Conclusions: Our novel neuropsychological approach improved the staging of MCI by (1) 

capturing individuals at an early symptomatic stage, (2) minimizing false positive cases, and (3) 

identifying a late MCI group further along the disease trajectory.
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Mild cognitive impairment; Early stage MCI; Late stage MCI; Alzheimer’s disease; Dementia; 
Neuropsychology; Misdiagnosis; False Positive; Cluster analysis

1. Introduction

Accurate identification of individuals in the early stages of dementia is vital to providing 

therapeutic interventions when they are likely to be most effective. Mild cognitive 

impairment (MCI) is transitional phase between normal cognitive aging and Alzheimer’s 

disease (AD) in which individuals demonstrate objective cognitive impairment and report 

subjective complaints but have relatively intact functional abilities. In the Alzheimer’s 

Disease Neuroimaging Initiative (ADNI), a multisite observational study of normal aging, 

MCI, and AD, participants are diagnosed with MCI based on their performance on a single 

episodic memory measure, subjective cognitive complaints, normal performance on a 

screening measure of global cognition, and a clinician’s judgement of mild impairment 

based on a semi-structure clinical interview [1].

This conventional diagnostic method, which is standard procedure for clinical trials and 

large-scale studies of MCI, has been shown to be limited given its high susceptibility to false 

positive diagnostic errors [2,3]. Within the ADNI MCI cohort, we have employed statistical 

methods such as cluster analysis and latent profile analysis and found that a large proportion 

of participants diagnosed with MCI (up to one-third of ADNI’s MCI sample) demonstrate 

intact performance on a more extensive neuropsychological test battery and show a low rate 

of progression to dementia [3,4]. Examination of AD biomarkers in this presumptive “false 

positive” group has revealed normal CSF concentrations of beta-amyloid and 

phosphorylated tau [3], normal levels of cortical amyloid burden [5], and normal cortical 

thickness profiles [6] as compared to a sample of robust normal controls. This false positive 

group also tends to over-report subjective cognitive complaints, likely contributing to their 

MCI diagnosis [7], but they remain cognitively normal and functionally independent over 

time [8,9].

Our findings demonstrating a high rate of misdiagnosis via the conventional diagnostic 

criteria are consistent with previous research showing the unreliability of using a single test 

score [10-13] and subjective complaints [14,15] in the diagnosis of MCI. Several studies 

have explored alternative methods of MCI diagnosis by utilizing comprehensive 

neuropsychological data and requiring more than one impaired score for a diagnosis of MCI. 

Such neuropsychological criteria have been found to significantly improve diagnostic 

accuracy, produce MCI cohorts that show stronger associations with AD biomarkers, and 

improve prediction models for the development of AD [16-19].

In an attempt to identify participants as early as possible in the course of the disease, ADNI 

began subdividing MCI into “early” and “late” stages. While individuals in both stages meet 
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the conventional criteria for MCI, “early MCI” is thought to reflect those at an earlier point 

in the clinical spectrum [20]. ADNI assigns these stages based on different levels of 

impairment on the same single episodic memory measure that is used to diagnose MCI (i.e., 

one story from the Wechsler Memory Scale-Revised [WMS-R] Logical Memory II subtest).

Although it has been shown that the use of comprehensive neuropsychological data can 

improve the diagnosis of MCI [16-19], it is unknown how effectively these data can be 

applied to improve the staging of early and late MCI. Thus, we compared ADNI’s early/late 

MCI classifications to our neuropsychological approach which more broadly canvasses 

breadth and depth of cognitive functioning. We hypothesized that ADNI’s early MCI group 

would include a substantial number of people with false positive diagnoses due to the 

unreliability of MCI characterization based on a single memory measure. Further, we 

expected that the neuropsychological approach would identify early and late MCI 

participants with higher rates of biomarker abnormalities and progression to AD relative to 

ADNI’s conventional approach.

2. Methods

Data were obtained from the ADNI database (adni.loni.usc.edu). ADNI was launched in 

2003 by the National Institute on Aging (NIA), National Institute of Biomedical Imaging 

and Bioengineering (NIBIB), Food and Drug Administration (FDA), private pharmaceutical 

companies, and non-profit organizations. The primary goal of ADNI is to test whether 

neuroimaging, other biological markers, and clinical and neuropsychological assessment can 

be combined to measure the progression of MCI and early AD. ADNI is the result of efforts 

of many coinvestigators from a range of academic institutions and private corporations, and 

subjects have been recruited from over 50 sites across the U.S. and Canada. Participants in 

ADNI are between the ages of 55 and 90 years old, completed at least 6 years of education, 

are fluent in English or Spanish, and are free of any significant neurological disease other 

than AD. The study was approved by the Institutional Review Boards of all participating 

institutions. Informed written consent was obtained from all participants. For more 

information, see http://www.adni-info.org.

2.1. Participants

Participants were 336 individuals diagnosed with MCI and 294 cognitively normal (CN) 

individuals from the ADNI-2 MCI cohort. ADNI’s MCI diagnoses were based on the 

following [1]: 1) subjective memory concern reported by the participant, study partner, or 

clinician; 2) abnormal memory function documented by scoring within education-adjusted 

ranges on delayed free recall of Story A from the WMS-R Logical Memory II subtest; 3) 

Mini-Mental State Examination (MMSE) score between 24-30; 4) global Clinical Dementia 

Rating (CDR) score of 0.5, with a Memory Box score of at least 0.5; and 5) general 

cognition and functional performance sufficiently preserved such that a diagnosis of AD 

could not be made. All MCI participants who met these criteria were further classified as 

“early MCI” (n=178) or “late MCI” (n=158) by ADNI based on the WMS-R Logical 

Memory II Story A score. The specific cutoff scores were as follows (out of a maximum 

score of 25): Early MCI (ADNI-EMCI) was assigned for a score of 9-11 for 16 or more 
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years of education; a score of 5-9 for 8-15 years of education; or a score of 3-6 for 0-7 years 

of education. Late MCI (ADNI-LMCI) was assigned for a score of ≤8 for 16 or more years 

of education; a score of ≤4 for 8-15 years of education; or a score of ≤2 for 0-7 years of 

education.

CN participants in ADNI-2 were classified via the following criteria [1]: 1) no memory 

complaints, beyond what would be expected for age; 2) normal memory function 

documented by scoring above education-adjusted cutoffs on delayed free recall of Story A 

from WMS-R Logical Memory II (score of ≥9 for 16 or more years of education; score of 

≥5 for 8-15 years of education; or score of ≥3 for 0-7 years of education); 3) MMSE score 

between 24-30; 4) global CDR of 0; and 5) absence of significant impairment in cognitive 

functions or activities of daily living.

2.2. Materials and Procedure

2.2.1. Neuropsychological Staging Approach—Cluster analysis was performed on 

baseline neuropsychological test data from all MCI participants (n=336). 

Neuropsychological scores examined included two measures of language (animal fluency, 

total score; 30-item Boston Naming Test, total score), two measures of attention/executive 

function (Trail Making Test, Parts A and B, time to completion), and two measures of 

memory (Rey Auditory Verbal Learning Test [RAVLT], 30-minute delayed free recall, 

number of words recalled; RAVLT corrected recognition score [hits minus false alarms]). 

These measures were selected because they were administered to all ADNI participants and 

they were not used in ADNI’s diagnostic criteria. Visuospatial/visuoconstructional measures 

were not included in the cluster analysis given that measures assessing this domain are 

limited in ADNI.

Raw scores for each of the six neuropsychological measures were transformed into 

standardized z-scores based on demographically-corrected (age, sex, education) normative 

data, and z-scores were entered into a hierarchical cluster analysis. All MCI participants 

were reclassified as neuropsychological-early MCI (NP-EMCI), neuropsychological-late 

MCI (NP-LMCI), or “false positive” based on results of the cluster analysis.

2.2.2. Cerebrospinal Fluid Biomarkers—Cerebrospinal fluid (CSF) data was 

available for 307 of the MCI participants and 255 of the CN participants. CSF was processed 

using Elecsys immunoassays. Biomarkers included beta-amyloid (Aβ1-42) concentration, 

and the ratios of phosphorylated tau over Aβ (pTau/ Aβ1-42) and total tau over Aβ (tTau/

Aβ1-42). Published cutoff scores optimized for ADNI were used to determine biomarker 

positivity [21]: <977 pg/ml for Aβ1-42, >.025 for pTau/ Aβ1-42, and >.27 for tTau/Aβ1-42.

2.2.3. Cortical Thickness Biomarkers—A subset of the sample, including 172 of the 

MCI participants (95 ADNI-EMCI; 77 ADNI-LMCI) and 82 of the CN participants, had 

neuroimaging data (i.e., T1-weighted MRI) available which passed our local quality control 

procedure (described in [6]). Images were processed using FreeSurfer software (v.5.3.0) and 

cortical thickness measurements were obtained using standard validated procedures [22,23]. 

Cortical thickness estimates for each participant were computed at each vertex (~1mm 

spacing) across the cortical mantle and within 34 gyral-based regions of interest (ROIs) per 
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hemisphere [24]. Mean thickness for each ROI was calculated by averaging the cortical 

thickness measurements across vertices within a given region based on unsmoothed data.

2.3. Statistical Analyses

Z-scores for the six neuropsychological variables for each MCI participant were entered into 

a hierarchical cluster analysis using Ward’s method, consistent with our previous work 

[2,3,16,25]. To examine how well the cluster solution fit the data, a discriminant function 

analysis was conducted using the six neuropsychological measures to predict group 

membership based on the number of clusters derived. The stability of the cluster solution 

was also examined using the leave-one-out cross-validation method.

Group differences in demographic variables, apolipoprotein E (APOE) ε4 status, and CDR 

Sum of Boxes (CDR-SOB) were examined using chi-square and one-way analysis of 

variance (ANOVA) with post-hoc t-tests. Kaplan-Meier survival analysis was used to test for 

group differences in progression to AD and curves were compared using a log-rank test. 

Chi-square analyses were used to compare rates of CSF biomarker positivity between 

diagnostic groups. In order to create cortical thickness surface maps, individual surfaces 

were resampled into a common spherical coordinate system that aligned cortical folding 

patterns across participants [26]. A general linear model was used to compare surface maps 

for each group relative to the CN group, and a false discovery rate (FDR) correction was 

applied to account for multiple comparisons.

3. Results

3.1. Neuropsychological Cluster Groups

Cluster analysis of the six neuropsychological scores from the 336 MCI participants resulted 

in three groups: 1) NP-EMCI with impaired memory and below average naming (n=147); 2) 

NP-LMCI with deficits across all three cognitive domains (n=49); and 3) a “false positive” 

(FP) group that performed within normal limits on the more extensive neuropsychological 

testing despite their original MCI diagnosis (n=140), consistent with our previous studies 

[3,4,16]; see Fig. 1. A discriminant function analysis using the six neuropsychological 

measures to predict group membership into these three clusters correctly classified 93.2% of 

the participants, and cross-validation using the leave-one-out method showed only a mild 

reduction in classification accuracy (91.4%). There were significant differences in age and 

rate of APOE ε4 carriers between groups, but no differences in education or sex (see Table 

1).

3.2. Comparison of Staging Methods

Comparison of the neuropsychological staging method and ADNI’s staging method is 

shown in Fig. 2. There was little correspondence between the two approaches, as 

participants were not consistently categorized as EMCI or LMCI. For participants in the 

ADNI-EMCI group, 56% fell into the FP group, 34% were classified as NP-EMCI, and 10% 

were classified as NP-LMCI. For participants in the ADNI-LMCI group, 26% fell into the 

FP group, 54% were classified as NP-EMCI, and 20% were classified as NP-LMCI.
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An ANOVA showed significant group differences in the CDR (CDR-SOB: F=174.79, p<.

001, ηp
2 = . 48), a measure utilized in ADNI’s original diagnoses. Comparison of the two 

“early”groups showed that the NP-EMCI scored higher on the CDR-SOB (indicating greater 

impairment) than the ADNI-EMCI group (p<.001). Similarly, the NP-LMCI group scored 

higher than the ADNI-LMCI group (p=.02). The CDR-SOB did not differ between the NP-

EMCI and the ADNI-LMCI groups (p=.22), which is not surprising since these two groups 

included many of the same participants (see Fig. 2). Additionally, the FP and the ADNI-

EMCI group did not differ from one another, again due to these groups being comprised of 

many of the same participants.

3.3. Progression to AD

Follow-up data for an average of 30 months (SD=15.9; range 0-60 months) showed that a 

subset of participants (n=185) progressed to meet criteria for a diagnosis of probable AD 

based on NINCDS/ADRDA criteria. Kaplan-Meier survival curves showing rate of 

progression to AD in the groups using each staging method is shown in Fig. 3. A log-rank 

test revealed significant differences in survival curves (χ2(5)=232.53; p<.001). Comparison 

of the two “early” groups showed that the NP-EMCI curve was significantly steeper than the 

ADNI-EMCI curve (p<.001). Similarly, the NP-LMCI curve was significantly steeper than 

the ADNI-LMCI curve (p=.01). The survival curves did not differ between the NP-EMCI 

and the ADNI-LMCI groups (p=.24). Of note, there was no significant difference in the 

survival curves for the CN and FP groups, supporting the conclusion that many of these 

individuals likely represent false positive cases and their original diagnosis of MCI should 

be revisited.

3.4. CSF Biomarkers

Chi-square analyses showed significant group differences in CSF biomarker positivity for 

Aβ1-42 (χ2=92.13, p<.001, ϕc=.33), pTauAβ1-42 (χ2=106.11, p<.001, ϕc=.35), and tTau/

Aβ1-42 (χ2=100.29, p<.001, ϕc=.34). For each of the CSF variables, the proportion of 

biomarker positive individuals did not differ between the CN and FP groups, nor between 

the FP and ADNI-EMCI groups. A higher rate of biomarker positivity was observed in the 

ADNI-LMCI, NP-EMCI, and NP-LMCI groups; however, these three groups did not 

significantly differ from one another; see Fig. 4.

3.5. Cortical Thickness Biomarkers

Differences in regional cortical thickness between each diagnostic group relative to the CN 

group are displayed at the vertex-wise level on the lateral and medial surfaces in Fig. 5. For 

the ADNI-EMCI and ADNI-LMCI groups, only very minimal thinning in the left medial 

temporal lobe (MTL) was observed. The NP-EMCI group showed thinning in bilateral 

MTLs and left lateral temporal lobe regions, while the NP-LMCI group showed widespread 

cortical thinning bilaterally. Surface maps for the FP group actually showed thicker cortex 

relative to the CN group in left occipito-temporal regions.

Edmonds et al. Page 6

Alzheimers Dement. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Discussion

We reclassified participants in ADNI’s MCI cohort as either EMCI or LMCI based on a 

cluster analysis of performance on multiple neuropsychological measures. This 

neuropsychological method represents a novel approach to staging the early and late phases 

of MCI, since staging has traditionally been based only on level of impairment on one 

memory measure. This conventional method has been used not only by ADNI [20] but also 

by studies published on early and late MCI in other samples (e.g., [27]). Results of our 

cluster analysis identified a large group of participants (42% of the MCI sample) who 

performed normally on neuropsychological testing despite having been diagnosed with MCI 

by ADNI based on subjective ratings (i.e., CDR; subjective cognitive complaints) and 

limited objective testing (i.e., MMSE; delayed memory for one story).

We have studied this FP group extensively in previous studies and found them to have 

normal CSF and imaging biomarkers [3-6], as well as intact cognitive performance and 

functional independence over time [8,9]. Consistent with this, the current study showed no 

differences in progression to AD, CSF biomarkers, or cortical thickness between the FP and 

CN participants. Prior work has also shown these FP individuals tend to over-report 

subjective cognitive complaints (relative to informant report) [7] which may have 

contributed to their CDR score of 0.5 and subsequent MCI diagnosis. These self-reported 

subjective complaints were found to be unrelated to objective cognitive functioning but 

associated with depressive symptoms [28]. Although the FP group is at higher genetic risk 

relative to the CN group based on APOE ε4 findings, a diagnosis of MCI is not warranted at 

this time given their intact performances on neuropsychological testing.

As hypothesized, a large proportion (56%) of the ADNI-EMCI group fell into the FP group. 

Thus, ADNI’s attempt to identify participants as early as possible in the course of the 

disease [20] appears to have resulted in an unreliable EMCI diagnosis that is over-inclusive. 

Another concerning finding is that 26% of the ADNI-LMCI group appeared to represent 

false positive diagnostic errors. This emphasizes the importance of considering multiple 

cognitive measures when assigning an MCI diagnosis, as performing below 1.5 SD on a 

single memory test is not atypical in healthy older adults (e.g., 39% of heathy older adults in 

the WMS-III standardization sample had at least one memory score 1.5 SD below the mean 

[11]). In addition, requiring two impaired scores within a cognitive domain has been shown 

to be more reliable than one impaired score when diagnosing MCI [16,19,28]. Support for 

this comes from a previous study which found that 20% of healthy older adults obtained one 

impaired score (−2.0 SD) in two different cognitive domains, but far fewer (approximately 

5% or less) had two or more impaired scores within the same cognitive domain [29].

ADNI’s use of education-adjusted cutoffs to classify EMCI and LMCI may have contributed 

to the false positive error rate, particularly for older individuals. For example, a 75-year-old 

with 16 years of education who achieved a raw score of 11 on delayed recall of Story A 

from WMS-R Logical Memory II would be considered solidly average based on published 

ageadjusted normative data (scaled score=10; [30]). However, this performance could lead to 

a classification of EMCI according to ADNI’s education-adjusted cutoffs [20]. Similarly, a 

raw score of 8 would be considered intact for an 82-year-old (scaled score=8; [30]) but 
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would fall into ADNI’s LMCI range if the individual had 16 years of education. ADNI’s 

cutoffs alone, however, cannot entirely account for the high frequency of false positive cases, 

as the false positive group was not older on average, and there were no differences in 

education between groups (see Table 1). Rather, it appears that the diagnostic approach itself 

is susceptible to errors. The inclusion of false positive cases in observational studies or 

clinical trials of MCI may lead to diluted results or a reduced ability to detect treatment 

effects [32]. In addition, false positive diagnoses may have clinical implications, including 

the potential for inappropriate medication use or undue anxiety that could result from an 

inaccurate diagnosis.

The notion that “level of impairment” (e.g., −1 SD versus −1.5 SD) on a test corresponds to 

degree of disease (early/late or mild/severe) is a concept that is pervasive in the field. For 

instance, the DSM-5 [32] makes a distinction between cognitive test scores that are 1-2 SDs 

versus 2 or more SDs below the normative mean, with performance corresponding to a 

diagnosis of Mild Neurocognitive Disorder or Major Neurocognitive Disorder, respectively. 

Such an approach is limited by the psychometric properties of normative scores. For 

example, an 83-year-old participant with 12 years of education in the current study had a 

raw score of 0 on RAVLT delayed recall, which corresponded to a demographically-adjusted 

z-score of −1.41. This individual would be considered EMCI by the conventional staging 

approach but would never reach the −1.5 SD threshold on this test to be considered LMCI. 

Our neuropsychological method of staging MCI is less affected by these psychometric issues 

since it examines the number and pattern of impaired tests across multiple measures and 

several cognitive domains, rather than simply the degree of impairment on one measure.

Examination of rates of progression to AD in our study showed that our reclassified MCI 

groups had steeper survival curves than ADNI’s MCI groups. Similarly, the reclassified 

groups had a higher proportion of individuals with abnormal CSF AD biomarkers, 

particularly the NP-EMCI group relative to the ADNI-EMCI group. Furthermore, analysis 

of a large subset of the sample revealed that ADNI’s EMCI and LMCI groups showed 

whole-brain cortical thickness estimates that were similar to CN participants, with only 

minimal MTL thinning in both groups. Our reclassified groups, on the other hand, showed 

more robust MTL thinning in the NP-EMCI group and widespread bilateral cortical thinning 

in the NP-LMCI group. These findings in the reclassified groups correspond more closely to 

the known biological underpinnings of AD, with pathology (e.g., neurofibrillary tangles) 

initially restricted to medial temporal lobe regions in early phases of the disease and 

progressing to cortical association areas in later phases [33].

Our cortical thickness findings are comparable to a previous study in a clinic-based sample, 

which found that EMCI participants had thinning in MTL and insular regions, while LMCI 

participants exhibited cortical thinning in multiple regions bilaterally [34]. This previous 

study examined more than one memory measure to classify their MCI groups (i.e., they used 

a verbal and a visual memory test, both of which were required to be impaired for an EMCI 

diagnosis) [34], which likely improved reliability relative to ADNI’s use of delayed memory 

for one story. Taken together, progression rates and biomarker profiles indicate that the 

neuropsychological method for staging MCI improved the identification of at-risk 

individuals. This is highlighted by the finding that, across analyses, subjects classified as 
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having early MCI based on our neuropsychological method were comparable to the late 
MCI group based on ADNI’s criteria.

Results of the current study have implications for the interpretation of previous studies that 

have been conducted using ADNI’s EMCI and LMCI designations. For example, one study 

examined biomarkers in ADNI’s EMCI and cognitively healthy participants and found that 

cortical amyloid accumulation and lower CSF Aβ levels were associated with APOE ε4 

status, but not with diagnostic group [35]. It can be speculated that this lack of difference 

between EMCI and control participants could be at least partially attributed to inclusion of 

false positive diagnostic errors in the EMCI sample, thereby diminishing the utility of 

ADNI’s EMCI group to differentiate between CN and at-risk individuals.

Other studies have shown differences between ADNI’s EMCI and LMCI groups on 

variables such as amyloid burden and metabolism [36], hippocampal atrophy [37], and 

functional connectivity in the default mode network [38] and in the thalamus [39]. However, 

ADNI’s MCI staging method limits the interpretation of these studies since the sample, 

particularly the EMCI group, is contaminated by the inclusion of a large number of false 

positive diagnostic errors. This may have led to a somewhat artificial separation of ADNI’s 

EMCI and LMCI groups and contributed to the differences found between these two stages 

in previous work.

A limitation of this study is that early and late MCI designations were assigned at a group 

level based on results of a cluster analysis (following the methodology of our previous work 

[2,3,16,25]), rather than based on an individual’s specific test scores. The pattern of 

neuropsychological performance observed indicates that EMCI is consistent with a 

singledomain amnestic profile, while LMCI reflects multi-domain cognitive impairment, but 

further research is needed to determine the optimal way of applying these stages at an 

individual level (e.g., [16]). Future studies should also focus on longitudinal staging of MCI 

to determine how a participant’s MCI stage progresses over time, as well as examination of 

additional biomarkers that may distinguish EMCI and LMCI groups (e.g., neuroimaging of 

subcortical structures).

Strengths of our study include the examination of multiple neuropsychological tests across 

several cognitive domains to classify MCI stages, and examination of both CSF and 

neuroimaging biomarkers. Our novel neuropsychological method improved the staging of 

MCI by (1) capturing an early MCI group comprising memory-impaired individuals in an 

early symptomatic stage of MCI, (2) minimizing false positive cases, and (3) identifying a 

late MCI group that is further along the disease trajectory given their multi-domain cognitive 

impairment, higher rate of progression to AD, abnormal CSF biomarkers, and extensive 

cortical thinning. Results have important implications for future studies attempting to 

examine early versus late stages of prodromal AD, as well as clinical trials testing 

medications designed to target AD pathology in order to modify the course of the disease 

and improve outcomes.
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Fig. 1. 
Neuropsychological performance of cluster-derived groups and CN group. Error bars denote 

standard error of the mean. The horizontal dotted line indicates the typical cutoff for 

impairment (−1.5 SDs). BNT=Boston Naming Test; TMT=Trail Making Test; RAVLT=Rey 

Auditory Verbal Learning Test; NP=neuropsychological; MCI=mild cognitive impairment.
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Fig. 2. 
Percentage of participants in the early and late MCI groups by staging method.
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Fig. 3. 
Kaplan-Meier survival curves showing rate of progression to AD in the MCI groups by 

staging method.
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Fig. 4. 
Proportion of CSF AD biomarker positive individuals in each group by staging method. Cut-

offs used to determine biomarker positivity [21]: <977 pg/ml for Aβ1-42, >.025 for pTau/ 

Aβ1-42, and >.27 for tTau/Aβ1-42.
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Fig. 5. 
T-value surface maps showing regional cortical thickness on the left and right lateral and 

medial pial surfaces for each group relative to the CN group with FDR correction for 

multiple comparisons. The cyan/blue shades represent areas where the MCI subgroup has 

thinner cortex than the CN group, while the red regions represent areas were the subgroup 

has thicker cortex than the CN group.
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