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Abstract

INTRODUCTION: Data-driven neuropsychological methods can identify mild cogni-

tive impairment (MCI) subtypes with stronger associations to dementia risk factors

than conventional diagnostic methods.

METHODS: Cluster analysis used neuropsychological data from participants without

dementia (mean age = 71.6 years) in the National Alzheimer’s Coordinating Cen-

ter (NACC) Uniform Data Set (n = 26,255) and the “normal cognition” subsample

(n= 16,005). Survival analyses examinedMCI or dementia progression.

RESULTS: Five clusters were identified: “Optimal” cognitively normal (oCN; 13.2%),

“Typical” CN (tCN; 28.0%), Amnestic MCI (aMCI; 25.3%), Mixed MCI-Mild (mMCI-

Mild; 20.4%), andMixedMCI-Severe (mMCI-Severe; 13.0%). Progression to dementia

differed across clusters (oCN < tCN < aMCI < mMCI-Mild < mMCI-Severe). Clus-

ter analysis identified more MCI cases than consensus diagnosis. In the “normal

cognition” subsample, five clusters emerged: High-All Domains (High-All; 16.7%),

Low-Attention/Working Memory (Low-WM; 22.1%), Low-Memory (36.3%), Amnestic

MCI (16.7%), and Non-amnestic MCI (naMCI; 8.3%), with differing progression rates

(High-All< Low-WM= Low-Memory< aMCI< naMCI).

DISCUSSION:Our data-drivenmethods outperformed consensus diagnosis by provid-

ing more precise information about progression risk and revealing heterogeneity in

cognition and progression risk within the NACC “normal cognition” group.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.
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1 BACKGROUND

Mild cognitive impairment (MCI) is typically diagnosed based on the

presence of a subjective cognitive complaint, objective impairment

on a cognitive test, and essentially normal day-to-day functioning.1,2

A “consensus diagnosis” approach is often applied in which several

experts use subjective andobjective assessments toarrive at adiagnos-

tic impression based on the above criteria in the context of information

about a participant’s background. The consensus approach is consid-

ered the “gold standard” method for MCI diagnosis and is widely used

by MCI research studies, including the National Institute on Aging

(NIA)-funded Alzheimer’s Disease Research Centers (ADRC) across

the United States.3–5 However, this method has limitations such as

reliance on clinical judgment, which can vary across clinicians, time

points, and sites.

Previous work has shown that using objective, data-driven sta-

tistical methods for identifying MCI based on comprehensive neu-

ropsychological test data is an alternative approach that can reliably

identify subtypes of MCI. This data-driven approach identifies MCI

groups that show stronger associations among cognition, Alzheimer’s

disease (AD) biomarkers, and risk for dementia than do groups based

on conventional diagnostic methods.6–13 It has also been shown that

objective methods, including those that combine cognitive test scores

withADbiomarkers, outperform the clinical judgment ofmemory clinic

physicians in predicting risk of developing AD dementia.14

We recently applied adata-driven cluster analysis approach tobase-

line neuropsychological test data from > 700 non-demented older

adult participants from the University of California San Diego (UCSD)

ADRC, and identified five cognitive subgroups: “optimal” cognitively

normalwith above-average cognition, “typical” cognitively normalwith

average cognition, non-amnesticMCI, amnesticMCI, andmixedMCI.15

Progression to dementia within the next 6 years (on average) differed

across the three MCI subtypes with mixed MCI showing the highest

rate of progression (mixed > amnestic > non-amnestic). Mixed MCI

also had the highest prevalence of cerebrospinal fluid (CSF) biomarker

positivity during life and AD pathology at autopsy. Our data-driven

approach to identifying MCI outperformed consensus diagnoses in

capturing those who had abnormal biomarkers, progressed to demen-

tia, or had AD pathology at autopsy.15

To examine cognitive heterogeneitywithin pre-MCI, we also applied

our objective methods to comprehensive neuropsychological test data

from 365 participants in the UCSD ADRC sample who were deter-

mined to have “normal cognition” based on consensus diagnosis.

Cluster analysis of neuropsychological test scores identified four sub-

groups of participants, including three with subtle cognitive decline

who had low scores in memory/language, executive, and/or visuospa-

tial domains, and a cognitively normal groupwith average performance

across all cognitive domains assessed (i.e., an All-Average group).

Rates of cognitive decline and progression to MCI/dementia were

steeper in the subtle cognitive decline groups (Low-All Domains> Low

Memory/Language ≥ Low-Visuospatial and Low-Executive) than the

All-Average group.16

The present study extends this work from a single ADRC to the

larger National Alzheimer’s Coordinating Center (NACC) sample by

applying cluster analysis to baseline neuropsychological test data for

all NACC participants without dementia, and to a subsample limited to

those classified as “normal cognition.” Based on previous findings,15,16

we hypothesized that cognitive subtypes of MCI and subtle cognitive

impairment would emerge that would be predictive of subsequent risk

of progression toMCI/dementia.

2 METHODS

2.1 Participants

Participantswere26,255 individuals aged≥50 (mean age=71.6 [stan-

dard deviation (SD) = 8.9]; mean education = 15.7 [SD = 3.1]; 60.0%

female; 77.7% White; 92.4% non-Hispanic) with neuropsychological

test scores in the NACC Uniform Data Set (UDS).17,18 Baseline data

were collected from 2005 to 2022 across 46 ADRC study sites. Writ-

ten informed consent to participate in the study was obtained from all

participants or their caregivers at each individual ADRC, as approved

by individual institutional review boards (IRBs) at each site; the cur-

rent study was approved by the Banner Health IRB. Inclusion criteria

for enrollment in an ADRC include stable health status with no history

of major stroke, neurologic disorders, severe psychiatric illness, sub-

stance abuse, or learning disability. For the current study, we excluded

participants with a diagnosis of dementia at baseline, as determined

by NACC via consensus diagnosis and National Institute of Neurologi-

cal andCommunicativeDisorders and Stroke–Alzheimer’sDisease and

Related Disorders Association criteria.19,20

2.2 Diagnostic and neuropsychological
procedures

Participants completed annual clinical, neurological, and neuropsycho-

logical evaluations as part of the ADRC/NACC research protocol. A

diagnosis of normal cognition, impaired-not-MCI (i.e., used for partic-

ipants whose presentation did not clearly fit into the normal cognition

or MCI categories), MCI, or dementia was determined at baseline

and at each subsequent annual visit by the consensus of a multidisci-

plinary team at each site. (One caveat is that some data in NACC may
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include diagnostic decisions that did not result from a consensus con-

ference process. Per the NACCwebsite: Depending on a given ADRC’s

protocol, diagnosis is made by either a consensus team or a single

physician [the one who conducted the examination]). For participants

diagnosedwith a cognitive disorder, the presumptive primary etiologic

diagnosis and any contributing conditions are specified in the NACC

database.

The UDS neuropsychological tests examined in the current study

included measures of memory (Immediate and Delayed Recall

from Logical Memory or Craft Story), attention/working memory

(Forward and Backward Digit Span or Number Span), processing

speed/executive functioning (Trail Making Test, Parts A and B), and

language (Category Fluency [animals, vegetables], BostonNaming Test

[BNT] orMultilingual Naming Test [MINT]).

Raw scores on each of these measures were converted into demo-

graphical adjusted (age, education, sex) z scores based on regression

coefficients derived fromperformance of a subset of theNACC sample

that we identified as “robust CN” participants (n = 9742). The robust

CN group was defined as participants who had at least 2 years of data

available andwho remained classified as “normal cognition” by consen-

sus diagnosis for the duration of their participation in the longitudinal

study (mean follow-up = 5.4 years [SD = 3.4]). The robust CN sample

was generally well matched at baseline (mean age = 70.3 [SD = 8.8];

mean education = 16.0 [SD = 2.9]; 66.7% female; 78.3%White; 93.7%

non-Hispanic) to the full study sample.

The NACC UDS Neuropsychological Battery Crosswalk Study21

found good correlation between different versions of tests that

changed from UDS version 2 to version 3. Thus, for the current

study, z scores were generated separately for each test and then com-

bined for corresponding tests (i.e., Logical Memory/Craft Story, Digit

Span/Number Span, andBNT/MINT). Theother tests (TrailMakingTest

and Category Fluency) were administrated across UDS versions.

2.3 Statistical analysis

Cluster analysis of baseline neuropsychological data was conducted

by entering z scores into a hierarchical cluster analysis using the

Ward method, consistent with our previous work.6,10,15,16 Analysis of

variance, Kruskal–Wallis tests, or chi-square tests compared cluster-

derived groups on demographic characteristics, clinical and cognitive

measures, apolipoprotein E (APOE) ε4 status, rate of progression, and

year of dementia diagnosis. Bonferroni correctionwas used to account

for multiple comparisons between cluster groups. A proportional haz-

ardsmodel for progression to adiagnosis of dementia orMCI/dementia

was carried out using a Cox regression model that adjusted for demo-

graphics (age, education, sex, race, ethnicity). Kaplan–Meier curves

were used to depict the rate of progression over time by cluster group,

and survival curves were compared using a log-rank test with pairwise

comparisons. Participants who did not progress during their follow-up

period were censored at their last visit. Chi-square analysis was used

to examine the presumptive primary etiology in those who progressed

to dementia.

RESEARCH INCONTEXT

1. Systematic review: The authors searched PubMed for

studies related to cognitive subtypes in the National

Alzheimer’s Coordinating Center (NACC) Uniform Data

Set (UDS). Results revealed that previous studies have

identified subgroups of mild cognitive impairment (MCI)

and cognitively normal in either single Alzheimer’s Dis-

easeResearchCenter samples or in smaller subsets of the

NACCUDS sample.

2. Interpretation: We extend this work by applying clus-

ter analysis to baseline neuropsychological data from

all NACC participants without dementia, and to those

classified as “normal cognition.” Our data-driven method

outperformed the consensus diagnostic approach by pro-

viding more precise information about risk for future

MCI/dementia, and by revealing heterogeneitywithin the

NACC normal cognition group.

3. Future directions: Results have implications for future

research by demonstrating a method to identify empir-

ically derived subtypes of MCI and subtle cognitive

decline that optimize prediction of progression. Contin-

ued research incorporating Alzheimer’s disease biomark-

ers is needed to further determine the utility of data-

driven diagnoses in diverse samples.

3 RESULTS

3.1 Neuropsychological cluster-derived groups

Results of the cluster analysis on the full sample of 26,255 participants

revealed five cognitive subgroups: (1) Optimal CN (oCN; n = 3465;

13.2%) with above-average to average cognition in all domains exam-

ined; (2) Typical CN (tCN; n = 7358; 28.0%) with average cognition

across domains; (3) Amnestic MCI (aMCI; n = 6649; 25.3%) with

isolated low memory performance; (4) Mixed MCI-Mild (mMCI-Mild;

n= 5363; 20.4%) with low performance across domains; and (5)Mixed

MCI-Severe (mMCI-Severe; n = 3420; 13.0%) with more severe mul-

tidomain impairment including significant executive dysfunction; see

Figure 1.

Therewere demographic differences among the five cluster groups;

see Table 1. The oCN and tCN groups were significantly younger than

the threeMCI groups, and themMCI-Severe groupwas the oldest of all

five groups. The groups also differed in years of education, as the tCN

group had a significantly higher level of education relative to all groups

except mMCI-Mild, and the mMCI-Severe group the lowest level of

education relative to all groups. The oCN group hadmore women rela-

tive to all other groups, and the tCN group hadmorewomen relative to

the mMCI-Mild group. The proportion of non-White participants was

lowest in the oCN group and increased across the declining cognitive
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(A) (B)

F IGURE 1 Baseline neuropsychological performance of the (A) cluster-derived groups, and (B) NACC consensus diagnostic groups. Error bars
denote standard error of themean. CN, cognitively normal; MCI, mild cognitive impairment; NACC, National Alzheimer’s Coordinating Center.

continuum, with the exception of similar proportions in the tCN and

aMCI groups. The proportion of Hispanic participants also increased

across the groups.

APOE genetic biomarkers were available for 77.7% of the sample.

The oCN and tCN groups had the fewest number of APOE ε4 carriers

relative to the threeMCI groupswhich did not differ from one another.

Baseline Clinical Dementia Rating (CDR) scores (available for 100% of

the sample) differed significantly among all groups and were higher

(worse) across the declining cognitive continuum. Scores on the Mini-

Mental State Examination (MMSE; available for 68.6% of the sample)

andMontreal Cognitive Assessment (MoCA; available for 31.2% of the

sample) declined across the groups, while depressive symptoms on the

Geriatric Depression Scale (GDS-15 item; available for 98.7% of the

sample) increased. Scoreson theFunctionalAssessmentQuestionnaire

(FAQ; available for 77.0% of the sample) increased (indicating greater

functional difficulty) across the groups.

3.2 Progression to dementia

Of the 26,255 participants at baseline, 3784 (14.4%) progressed to a

consensusdiagnosis of dementia after anaverageof4.3yearsof follow-

up (SD = 2.8, range 2–17). Cox regression using tCN as the reference

groupandadjusting for demographics (age, education, sex, race, ethnic-

ity) showed an increased risk of progression to dementia in the aMCI

(hazard ratio [HR] = 2.42, 95% confidence interval [CI; 2.18, 2.68],

P < 0.001), mMCI-Mild (HR = 4.04, 95% CI [3.63, 4.48], P < 0.001),

and mMCI-Severe (HR= 9.14, 95%CI [8.18, 10.21], P< 0.001) groups.

Therewas adecreased risk of progression in theoCNgroup (HR=0.61,

95%CI [0.52, 0.72], P< 0.001) relative to tCN.

Kaplan–Meier curves depicting rate of progression to dementia

over time by group are shown in Figure 2. A log-rank test revealed

significant group differences in survival curves (χ2[4] = 2677.94;

P < 0.001), with pairwise comparisons showing that all five groups dif-

fered significantly from one another (Ps < 0.001). The mMCI-Severe

group had the steepest survival curve (i.e., fastest rate of progression),

followed bymMCI-Mild, aMCI, tCN, and oCN.

Regarding type of dementia, 79.6% (n = 3012) of the participants

who progressed were presumed to have AD as the primary etiology.

The aMCI group had the highest rate of progression to AD demen-

tia (significantly higher than the tCN and mMCI-Severe groups); see

Table 1.

The remaining 20.4% (n=772) of participantswho progressedwere

presumed tohave aprimary etiology of non-AD. Themost commonwas

Lewy body disease (LBD; 6.2%), followed by vascular disease (4.8%);

frontotemporal dementia (FTD; 3.2%); and other neurological, medical,

psychiatric, or undetermined causes (6.6%). The mMCI-Severe group

had a higher rate of dementia due to LBD relative to the aMCI and

mMCI-Mild groups, and a higher rate of FTD relative to the aMCI

group. The tCN group had a higher rate of progression to vascular

dementia relative to the aMCI andmMCI-Severe groups.

Mixed etiologies were common. In participants with a primary etiol-

ogy of AD (n = 3012), one or more secondary etiologies were present

in 29.0% of cases, the most common being psychiatric conditions

(14.8%), vascular disease (7.3%), systemic/medical illness (2.9%), and

LBD (2.6%). In participants with a primary non-AD etiology (n = 772),

one or more secondary etiologies were present in 46.6% of cases,

the most common being AD (21.9%), psychiatric conditions (20.3%),

systemic/medical illness (4.0%), and vascular disease (3.5%).

3.3 Progression to dementia in non-White
participants

Given that race differed across the cluster-derived groups, with a

higher proportion of Black participants in particular in the MCI sub-

groups, we conducted subanalyses with only non-White participants

(n = 5558; 69.9% Black; 11.3% Asian; 15.7% multiracial; 3.0% other).

In this subsample, 505 (9.1%) progressed to a consensus diagnosis

of dementia after an average of 4.2 years post-baseline (SD = 2.7,
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TABLE 1 Baseline demographic and clinical characteristics of the cluster-derived groups in the full sample.

Optimal CN

(n= 3465)

Typical CN

(n= 7358)

AmnesticMCI

(n= 6649)

Mixed

MCI-Mild

(n= 5363)

Mixed

MCI-Severe

(n= 3420) F, H, orΧ2 Effect size P

Demographic variables

Age, years 70.96 (8.62) 70.84 (8.61) 71.50 (8.82) 71.77 (8.92) 74.02 (9.20) F= 83.44 ηp2= 0.01 P< 0.001

Education, years 15.74 (2.74) 15.96 (2.79) 15.78 (2.78) 15.85 (3.17) 14.33 (3.89) F= 193.28 ηp2= 0.03 P< 0.001

Sex: female, % 65.4% 60.5% 59.5% 57.3% 58.4% Χ2
= 63.21 φc= 0.05 P< 0.001

Race, %: Χ2
= 1762.52 φc= 0.13 P< 0.001

White 89.4% 83.4% 83.5% 68.3% 57.3%

Black or African

American

6.7% 10.4% 11.1% 21.3% 29.4%

Amer. Indian or Alaska

Native

0.1% 0.6% 0.5% 0.9% 0.6%

Native Hawaiian or

Pacific Islander

0.1% 0.0% 0.0% 0.2% 0.1%

Asian 1.1% 1.7% 1.9% 3.9% 4.0%

Multiracial 2.3% 3.0% 2.5% 4.2% 5.3%

Unknown 0.3% 0.9% 0.5% 1.3% 3.2%

Ethnicity: Hispanic, % 2.0% 6.0% 3.9% 10.7% 16.1% Χ2
= 757.37 φc= 0.17 P< 0.001

Clinical variablesa

APOE ε4 carrier, % 28.9% 31.2% 38.0% 39.7% 38.4% Χ2
= 154.94 φc= 0.09 P< 0.001

CDRGlobal 0.08 (0.18) 0.12 (0.22) 0.21 (0.25) 0.27 (0.26) 0.36 (0.24) H= 3453.98 η2= 0.13 P< 0.001

CDR Sum of Boxes 0.17 (0.51) 0.29 (0.63) 0.56 (0.91) 0.79 (1.05) 1.18 (0.93) H= 4000.93 η2= 0.15 P< 0.001

MMSE 29.35 (0.94) 28.84 (1.37) 28.49 (1.67) 27.80 (1.96) 26.33 (2.68) H= 3419.73 η2= 0.19 P< 0.001

MoCA 27.38 (2.06) 26.21 (2.51) 25.30 (2.75) 23.44 (3.24) 20.89 (3.64) H= 2339.15 η2= 0.29 P< 0.001

GDS 1.31 (1.95) 1.50 (2.12) 1.70 (2.26) 2.07 (2.58) 2.69 (2.91) H= 829.61 η2= 0.03 P< 0.001

FAQ 0.32 (1.31) 0.53 (1.87) 1.09 (2.84) 1.60 (3.47) 2.92 (4.86) H= 1586.04 η2= 0.08 P< 0.001

Clinical outcome

Progression to dementia, % 5.7% 7.4% 15.7% 18.8% 28.8% Χ2
= 1171.83 φc= 0.21 P< 0.001

Year of dementia diagnosis 7.82 (3.47) 6.05 (3.33) 4.41 (2.70) 3.67 (2.06) 3.01 (1.67) H= 714.89 η2= 0.19 P< 0.001

Primary dementia etiology: Χ2
= 123.70 φc= 0.09 P< 0.001

AD 77.7% 73.2% 85.5% 80.9% 76.0%

LBD 6.1% 6.8% 5.0% 4.9% 8.7%

Vascular 6.1% 7.8% 3.3% 5.1% 4.4%

FTD 2.5% 3.8% 1.0% 3.7% 4.9%

TBI 1.0% 0.4% 0.6% 0.2% 0.2%

Systemic/medical illness 1.5% 0.5% 0.2% 0.4% 0.2%

PSP 0.5% 0.4% 0.0% 0.3% 1.4%

CBD 0.5% 0.5% 0.4% 0.5% 0.7%

Psychiatric 0.0% 1.5% 0.4% 0.6% 0.3%

Otherb 2.0% 3.6% 2.3% 1.8% 2.1%

Undetermined 2.0% 1.5% 1.5% 1.7% 1.1%

Note: Values represent mean (standard deviation), unless otherwise indicated.

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CBD, corticobasal degeneration; CDR, Clinical Dementia Rating; CN, cognitively normal;

CNS, central nervous system; FAQ, Functional Assessment Questionnaire; FTD, frontotemporal dementia; GDS, Geriatric Depression Scale; LBD, Lewy

body disease; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment (education corrected);

PSP, progressive supranuclear palsy; TBI, traumatic brain injury.
aAPOE available for 77.7% of sample; CDR available for 100% of the sample; MMSE available for 68.6% of sample; MoCA available for 31.2% of sample; GDS

available for 98.7% of the sample; FAQ available for 77.0% of sample.
bOther: Normal-pressure hydrocephalus (n = 8), prion disease (n = 3), CNS neoplasm (n = 2), epilepsy (n = 1), cognitive impairment due to alcohol abuse

(n= 4), cognitive impairment due tomedications (n= 5), other unspecified reason (n= 64).
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(A) (B)

F IGURE 2 Kaplan–Meier survival curves showing progression to a consensus diagnosis of dementia in the (A) cluster-derived groups, and (B)
NACC consensus diagnostic groups. An event was defined as the visit at which a participant first received a diagnosis of dementia. Participants
who did not progress to dementia during their follow-up period were censored at their last visit. All groups in both analyses differed significantly
from one another (Ps< 0.001). CN, cognitively normal; MCI, mild cognitive impairment; NACC, National Alzheimer’s Coordinating Center.

F IGURE 3 Kaplan–Meier survival curves showing progression to a consensus diagnosis of dementia in the cluster-derived groups for
non-White participants (n= 5558 at baseline). An event was defined as the visit at which a participant first received a diagnosis of dementia.
Participants who did not progress to dementia during their follow-up period were censored at their last visit. TheOptimal CN and Typical CN
groups did not differ from one another, but both showed lower rates of progression than the amnesticMCI andmixedMCI-Mild groups, which did
not differ; themixedMCI-Severe group had the highest rate of progression (Ps< 0.001). CN, cognitively normal; MCI, mild cognitive impairment.

range 2–14). Kaplan–Meier curves depicting rate of progression to

dementia over time by group in non-White participants are shown

in Figure 3. A log-rank test revealed significant group differences in

survival curves (χ2[4] = 305.25; P < 0.001). Although all five cluster

groups differed significantly in the full sample, pairwise comparisons

showed that there were only three levels of risk within the non-White

participants. Specifically, the oCN and tCN groups did not differ from

one another, but both showed lower rates of progression than the

aMCI and mMCI-Mild groups, which did not differ. Similar to results

in the full sample, non-White participants in the mMCI-Severe group
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TABLE 2 Number of participants in each cluster-derived group as
a function of consensus diagnostic group at baseline.

Consensus diagnosis

Normal cognition Impaired-not-MCI MCI

Cluster-derived group

oCN 3081 (19.3%) 152 (8.8%) 232 (2.7%)

tCN 5797 (36.2%) 446 (25.7%) 1115 (13.1%)

aMCI 3937 (24.6%) 429 (24.7%) 2283 (26.8%)

mMCI-Mild 2354 (14.7%) 423 (24.4%) 2586 (30.4%)

mMCI-Severe 836 (5.2%) 287 (16.5%) 2297 (27.0%)

Total 16,005 (100%) 1737 (100%) 8513 (100%)

Abbreviations: aMCI, amnestic mild cognitive impairment; MCI; MCI, mild

cognitive impairment; mMCI, mixed mild cognitive impairment; oCN, Opti-

mal cognitively normal; tCN, Typical cognitively normal.

had a higher rate of progression to dementia than all other groups

(oCN= tCN< aMCI=mMCI-Mild<mMCI-Severe). Three levels of risk

were also found in a subanalysis limited to only Hispanic participants

(n = 175 of 1892 Hispanic participants progressed; χ2[4] = 107.00;

P< 0.001; oCN= tCN= aMCI<mMCI-Mild<mMCI-Severe).

Regarding the type of dementia, 81.6% (n = 412) of the non-White

participants who progressed were thought to have AD as the primary

etiology. Themost common primary non-AD etiology was vascular dis-

ease (7.5%), followed by LBD (3.0%). Chi-square analysis showed no

significant difference in primary etiology across the cluster-derived

groups in the non-White participants who progressed (χ2[36]= 30.79;

P= 0.72).

In those with a primary etiology of AD (n = 412), one or more

secondary etiologies were present in 26.5% of cases, the most com-

mon being psychiatric conditions (12.9%), vascular disease (9.2%), and

systemic or medical illness (3.2%). In participants with a primary non-

AD etiology (n = 93), one or more secondary etiologies were present

in 54.8% of cases, the most common being AD (28.0%), psychiatric

conditions (18.3%), and systemic or medical illness (5.4%).

3.4 Comparisons to consensus diagnosis

The number of participants in each cluster-derived group is shown

as a function of consensus diagnostic groups in Table 2. Overall, the

cluster analysis classified a greater number of individuals as having

MCI (58.8% of the sample) than did the consensus method (32.4% of

the sample with MCI, plus another 6.6% impaired-not-MCI). Within

NACC’s MCI cohort, 84.2% were also classified into one of the

cluster-derived MCI groups. However, only 55.5% of NACC’s “normal

cognition” cohort were classified into one of the cluster-derived CN

groups, while 24.6% were classified into our amnestic MCI group and

19.9% into one of the mixed MCI groups. The majority of the NACC

“impaired-not-MCI” groupwas split fairly evenly across the tCN, aMCI,

and mMCI-Mild groups. In contrast to the cluster-derived groups that

were based on comprehensive neuropsychological test performance,

the consensus diagnoses appeared to be heavily driven by CDR scores,

as roughly 90% of consensus “normal cognition” participants had a

global CDR of 0.0 (mean CDR = 0.05, SD = 0.15), and ≈ 90% of

consensus MCI participants had a global CDR of 0.5 or above (mean

CDR= 0.46, SD= 0.17).

Of participants who progressed to a diagnosis of dementia, 68.2%

(n = 2579) were classified as having MCI at baseline by the con-

sensus diagnosis, while 80.3% (n = 3039) were classified as having

MCI at baseline by the cluster analysis (1046 aMCI, 1007 mMCI-Mild,

986 mMCI-Severe), suggesting that the data-driven method was more

sensitive for detecting at-risk participants.

3.5 Neuropsychological cluster-derived groups in
the NACC UDS “normal cognition” subsample

Cluster analysis of baseline neuropsychological data from only those

participants classified as “normal cognition” by consensus diagnosis

in the NACC UDS (n = 16,005) revealed five cognitive subgroups:

(1) High-All Domains (High-All n = 2672; 16.7%) with above aver-

age performance across domains; (2) Low-Attention/WorkingMemory

(Low-WM; n = 3532; 22.1%) with low scores (approximately half a SD

below themean) onmeasuresof verbal attention andworkingmemory;

(3) Low-Memory (n = 5811; 36.3%) with low immediate and delayed

verbal memory scores; (4) Amnestic MCI (aMCI; n = 2669; 16.7%)

with impaired performance (1 SD below the mean) on memory mea-

sures and low scores across other domains; and (5) Non-amnestic MCI

(naMCI; n = 1321; 8.3%) with impaired performance on measures of

processing speed, executive functioning, and language, as well as low

scores across other domains; see Figure 4.

The naMCI group was significantly older than the other groups,

and the Low-Memory group was older than the High-All and Low-WM

groups; see Table 3. The naMCI group also had less education than

all other groups, while the Low-WM group had higher education then

the High-All and Low-Memory groups. The naMCI group had more

women than the other groups except High-All. The proportion of non-

White and Hispanic participants was lowest in the High-All group and

increased across the five groups.

APOE genotype was available for 79.4% of the sample. The aMCI

group had a higher proportion of APOE ε4 carriers than the High-All

group. Baseline CDR scores (available for 100% of the sample) were

near zero across all the groups, but were lowest for theHigh-All group;

followed by the Low-WM and Low-Memory groups, which did not

differ; followed by the aMCI and naMCI groups, which did not dif-

fer. Scores on the MMSE (available for 67.9% of the sample) and the

MoCA (available for 31.9%of the sample)were similar for the Low-WM

and Low-Memory groups, but otherwise differed significantly across

groups. Scores on GDS and FAQ (available for 98.9% and 84.0% of

the sample, respectively) were minimal overall, but were highest in

naMCI, followed by aMCI, followed by the other groups, which did not

differ.
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F IGURE 4 Baseline neuropsychological performance of the cluster-derived groups within NACC’s “normal cognition” sample. CN, cognitively
normal; MCI, mild cognitive impairment; NACC, National Alzheimer’s Coordinating Center;WM, workingmemory.

3.6 Progression to MCI/dementia in the NACC
UDS “normal cognition” sample

Of the 16,005 “normal cognition” participants, 2810 (17.6%) pro-

gressed to a consensus diagnosis of eitherMCI (n= 1846) or dementia

(n = 964) after an average of 4.8 years post-baseline (SD = 3.1, range

2–16). Cox regressionusingHigh-All as the reference groupandadjust-

ing for demographics (age, education, sex, race, ethnicity) showed

an increased risk of progression to MCI/dementia in the Low-WM

(HR = 1.79, 95% CI [1.55, 2.06], P < 0.001), Low-Memory (HR = 1.79,

95% CI [1.57, 2.04], P < 0.001), aMCI (HR = 3.26, 95% CI [2.82,

3.76], P < 0.001), and naMCI groups (HR = 3.44, 95% CI [2.92, 4.06],

P< 0.001).

Kaplan–Meier curves depicting rate of progression to dementia

over time by group are shown in Figure 5. A log-rank test revealed sig-

nificant groupdifferences in survival curves (χ2[4]=507.28;P<0.001).

Pairwise comparisons showed that the naMCI group had the steep-

est survival curve (i.e., fastest rate of progression); followed by the

aMCI group; followed by the Low-WM and Low-Memory groups,

which did not differ from one another (P = 0.57); followed by the

High-All group, which had slower progression than all other groups

(Ps< 0.001).

For those participants who progressed to a consensus diagnosis

of dementia specifically (n = 964), 78.8% (n = 760) were presumed

to have AD as the primary etiology. The most common primary non-

AD etiology was vascular disease (7.1%), followed by LBD (5.1%); see

Table 3. Chi-square analysis showed no significant difference in pri-

mary etiology across the “normal cognition” cluster-derived groups

(χ2[24]= 26.07; P= 0.35).

4 DISCUSSION

Cluster analytic techniques that group individuals with similar cogni-

tive profiles identified five distinct neuropsychological subgroups in

26,255older adultswithoutdementiawithin theNACCdataset, includ-

ing two cognitively normal subtypes (oCN, tCN) and three MCI sub-

types (aMCI, mMCI-Mild, and mMCI-Severe). The extent of cognitive

impairment across the five groups was related to risk of progression

to a diagnosis of dementia. The most impaired subtype, mMCI-Severe,

was the oldest and had the fewest years of education, and the most

functional difficulty (although still independent). Our MCI subgroups

likely reflect a continuum of AD pathology, with mMCI-Severe repre-

senting amore advanced stage and aMCI an earlier stage. This is based

on our previous work showing that a cluster-derived mixedMCI group

had widespread cortical atrophy (corresponding to Braak stages V–

VI), whereas an aMCI group had atrophy largely limited to medial and

lateral temporal lobe regions (Braak stages III–IV).10,13

Most participants who progressed to dementia were presumed to

have AD as the primary etiology (80%), althoughmixed etiologies were

common. The aMCI group was most likely to progress to a primary

etiology of AD dementia, while mMCI-Severe had the highest rate of

non-AD pathologies (e.g., LBD, FTD), and tCN had a higher rate of pro-

gression to a primary etiology of vascular dementia. These findings

suggest that our identified subtypes may help to guide individual-

ized treatments, although future studies examining neuropathological

diagnoses are needed.

We observed higher rates of racial/ethnic diversity in our more

cognitively impaired groups, and subanalyses within non-White par-

ticipants showed that participants in the more impaired groups had
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TABLE 3 Baseline demographic and clinical characteristics of the cluster-derived groups in the NACC “normal cognition” sample only.

High-All

(n= 2672)

Low-WM

(n= 3532)

Low-

memory

(5811)

AmnesticMCI

(n= 2669)

Non-amnestic

MCI (n= 1321) F, H, orΧ2 Effect Size P

Demographic variables

Age, years 70.33 (8.53) 70.38 (8.67) 71.18 (8.84) 70.91 (9.07) 73.44 (9.61) F= 33.96 ηp2= 0.01 P< 0.001

Education, years 15.82 (2.61) 16.24 (2.66) 15.86 (2.75) 16.05 (3.03) 14.45 (3.94) F= 97.72 ηp2= 0.02 P< 0.001

Sex: Female, % 68.1% 64.6% 65.2% 64.9% 69.6% Χ2
= 18.89 φc= 0.03 P< 0.001

Race, %: Χ2
= 1744.20 φc= 0.17 P< 0.001

White 91.2% 81.3% 84.0% 63.7% 42.9%

Black or African American 5.6% 12.2% 10.5% 25.3% 40.7%

American Indian or Alaska

Native

0.1% 0.6% 0.4% 1.2% 0.9%

Native Hawaiian or Pacific

Islander

0.0% 0.1% 0.1% 0.1% 0.1%

Asian 0.9% 2.0% 1.7% 3.9% 5.8%

Multiracial 2.0% 2.9% 2.9% 3.9% 6.4%

Unknown 0.2% 0.9% 0.4% 1.8% 3.2%

Ethnicity: Hispanic, % 2.0% 6.0% 3.9% 11.8% 17.8% Χ2
= 557.73 φc= 0.19 P< 0.001

Clinical variablesa

APOE ε4 carrier, % 29.3% 30.8% 30.6% 33.7% 31.0% Χ2
= 10.14 φc= 0.03 P= 0.04

CDR: Global 0.03 (0.13) 0.05 (0.15) 0.05 (0.15) 0.06 (0.17) 0.07 (0.18) H= 74.74 η2= 0.004 P< 0.001

CDR: Sum of Boxes 0.07 (0.26) 0.10 (0.33) 0.10 (0.33) 0.15 (0.42) 0.18 (0.51) H= 146.56 η2= 0.01 P< 0.001

MMSE 29.40 (0.89) 29.07 (1.17) 29.03 (1.20) 28.50 (1.55) 27.54 (2.11) H= 1047.97 η2= 0.10 P< 0.001

MoCA 27.60 (1.88) 26.61 (2.28) 26.59 (2.22) 24.80 (2.84) 23.32 (3.46) H= 787.32 η2= 0.15 P< 0.001

GDS 1.17 (1.84) 1.24 (1.84) 1.29 (1.95) 1.53 (2.21) 1.81 (2.41) H= 98.73 η2= 0.01 P< 0.001

FAQ 0.16 (0.76) 0.21 (0.98) 0.23 (1.05) 0.43 (1.79) 0.70 (2.53) H= 110.09 η2= 0.01 P< 0.001

Clinical outcome

Progression toMCI/dementia, % 11.2% 16.3% 16.8% 22.4% 27.4% Χ2
= 214.60 φc= 0.12 P< 0.001

Year ofMCI/dementia diagnosis 6.19 (3.49) 5.22 (3.23) 4.90 (3.06) 4.16 (2.64) 3.90 (2.41) H= 124.30 η2= 0.04 P< 0.001

Progression to dementia, % 4.0% 4.9% 6.2% 6.7% 10.7% Χ2
= 80.57 φc= 0.07 P< 0.001

Year of dementia diagnosis 8.71 (3.57) 7.19 (3.18) 6.75 (3.12) 5.47 (2.72) 4.99 (2.59) H= 106.64 η2= 0.11 P< 0.001

Primary dementia etiology: Χ2
= 26.07 φc= 0.08 P= 0.35

AD 80.4% 77.5% 80.4% 78.3% 75.9%

LBD 5.6% 6.9% 3.9% 4.4% 6.4%

Vascular 6.5% 4.6% 8.8% 7.2% 5.7%

FTD 1.9% 4.0% 0.6% 1.1% 1.4%

Psychiatric 0.9% 1.2% 1.1% 1.7% 0.7%

Otherb 1.9% 5.2% 4.4% 6.1% 7.8%

Undetermined 2.8% 0.6% 0.8% 1.1% 2.1%

Note: Data are summarized asmean (standard deviation), unless otherwise indicated.

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CDR, Clinical Dementia Rating; CN, cognitively normal; CNS, central nervous system;

FAQ, Functional Assessment Questionnaire; FTD, frontotemporal dementia; GDS, Geriatric Depression Scale; LBD, Lewy body disease; MCI, mild cognitive

impairment;MMSE,Mini-Mental State Examination;MoCA,Montreal Cognitive Assessment (education corrected).
aAPOE available for 79.4% of sample; CDR available for 100% of the sample; MMSE available for 67.9% of sample; MoCA available for 31.9% of sample; GDS

available for 98.9% of the sample; FAQ available for 84.0% of sample.
bOther: Progressive supranuclear palsy (n = 1), corticobasal degeneration (n = 4), traumatic brain injury (n = 8), systemic/medical illness (n = 6), normal-

pressure hydrocephalus (n = 5), CNS neoplasm (n = 2), epilepsy (n = 1), cognitive impairment due to alcohol abuse (n = 2), cognitive impairment due to

medications (n= 3), other unspecified reason (n= 17).
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F IGURE 5 Kaplan–Meier survival curves showing progression to a consensus diagnosis ofMCI or dementia in the cluster-derived groups
within NACC’s “normal cognition” sample (n= 16,005 at baseline). An event was defined as the visit at which a participant first received a diagnosis
of eitherMCI or dementia. Participants who did not progress during their follow-up period were censored at their last visit. All groups differed
significantly from one another (Ps< 0.001) except for similar progression rates in the Low-WMand Low-Memory groups (P= 0.57). MCI, mild
cognitive impairment; NACC, National Alzheimer’s Coordinating Center;WM, workingmemory.

higher rates of progression. Similar to the full sample, most non-

White participants who progressed were presumed to have AD as

the primary etiology (82%) and secondary etiologies were present

in many cases. A previous study22 using the NACC cohort also

found that, relative to non-Hispanic White participants, non-Hispanic

Black participants were more likely to meet criteria for a data-

driven diagnosis of MCI based on neuropsychological testing, despite

being classified as CN or impaired-not-MCI by consensus diagno-

sis. Other work comparing the utility of diagnostic methods found

that consensus MCI diagnoses best predicted incident dementia in a

mixed-raced sample, but data-driven diagnoses based on neuropsy-

chological testing were more sensitive to early signs of decline and

better predicted functional changes, particularly among Black older

adults.23

The overrepresentation of racially/ethnically diverse participants in

our MCI groups may reflect increased risk of cognitive decline and

dementia inminoritized populations secondary to disparities in quality

of education, access to health care, quality of health care, socioeco-

nomic opportunities, chronic stress due to racism, and other social

determinants of health.24–27 Additionally, there may be implications

of using a “robust” CN sample to determine normative performance

in racial/ethnic minority participants. This method excludes individuals

with prodromal neurodegenerative disease from normal aging com-

parison samples.28,29 Robust norms may create a higher standard for

“normal” and thus identify more individuals as falling into an MCI

group. Indeed, previous work has shown that use of a robust nor-

mative sample results in higher sensitivity for detecting preclinical

dementia.28

While the robust norms provided an adjustment for demographic

variables at an individual level, it is noted that raw scores and z scores

were highly correlated, both within the full sample (r = 0.92 to 0.98

for normally distributed variables, ρ = 0.85 to 0.88 for non-normally

distributed variables) and the non-White subsample (r = 0.90 to 0.98,

ρ=0.92 to 0.97). Thus, our normativemethodmaynot fully account for

the higher rates of diverse participants in our MCI groups, and future

studies should explore the benefit of stratifying normative approaches

by race/ethnicity and/or including additional variables that could be

adjusted for during the normative process (e.g., education quality,

socioeconomic status).

Comparison of our cluster-derived groups to the NACC consen-

sus diagnoses showed that our method classified a greater number of

MCI cases. Consensus diagnoses closely corresponded to global CDR

scores, which likely explains the considerable discrepancy between

diagnostic methods. Specifically, the consensus panel may have been

less likely to diagnose a participant with MCI, despite low test scores,

if they or their study partner did not report subjective complaints (a

requirement of conventional diagnosticmethods1,2) on theCDR.While

this approachmay have applicability in clinical settings, itmay have less

utility in research studies aimed at detecting early objective cognitive

changes in at-risk older adults.
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All threeof our cluster-derivedMCI subgroupsdemonstratedobjec-

tive memory impairment, with two memory scores that were ≥ 1

SD below the demographic mean. This is generally consistent with

published neuropsychologically-defined criteria for MCI, which define

objective impairment as having two test scores within a particular

cognitive domain > 1 SD below the normative mean.7,22,30 However,

conventional criteria for MCI1,2 typically define objective memory

impairment as having at least one score> 1.5 SD below the mean. This

difference in the definition of what constitutes memory impairment

may have contributed to more participants being classified with MCI

using our data-driven approach.

The current finding of a discrepancy between the cluster-derived

classifications and consensus diagnoses differs fromaprevious study23

that found 90% concordance between statistically-determined MCI

diagnoses from a latent profile analysis and consensus diagnoses.

While both studies leveraged demographically-adjusted neuropsycho-

logical z scores, only the current study derived z scores from the

performance of robust cognitively normal participants. Additionally,

the previous study was conducted in a sample of participants from one

ADRC while we used the larger NACC UDS sample. Despite these dif-

ferences, the subgroups identified by the previous study were similar

to our cluster-derived subgroups, as that study identified two nor-

mal groups (Low-Normal and High-Normal) and three MCI groups

(Memory-Only, Memory/Language, Memory/Executive).23

Our data-driven method of classifying participants into five neu-

ropsychological subgroups provided more precise information about

progression risk than did the consensus method of dividing the sam-

ple into three groups (normal cognition, impaired-not-MCI, MCI).

Additionally, a higher percentage of participants who progressed to

dementia had been classified as MCI at baseline by the cluster analy-

sis (80%) than by the consensus approach (68%), suggesting the cluster

method is more sensitive for detecting subtle cognitive changes early

in the course of the disease.

We further explored subtle cognitive weaknesses by restricting

the sample to those classified as “normal cognition” by NACC’s con-

sensus diagnostic approach. Cluster analysis within this subsample

revealed five neuropsychological subgroups, including above average

performance (High-All), and groups with low scores in particular cog-

nitive domains (Low-Attention/Working Memory and Low-Memory)

that potentially reflect preclinical AD.31,32 Additionally, there were

participants whose performance was categorized as amnestic or non-

amnestic MCI who were missed by the consensus approach. The focus

on memory on the CDR may explain why some participants with

non-amnestic impairments were not captured by consensus diagnosis.

Across the “normal cognition” cluster groups, the extent and pattern of

cognitive weaknesses was predictive of progression to MCI/dementia.

Importantly, progression rates did not differ between the subgroups

with weaknesses in attention/working memory versus weaknesses in

memory, emphasizing that there are different initial presentations, and

paths to a diagnosis ofMCI/dementia may vary.

Other studies have demonstrated multiple cognitive subgroups

within subsets of NACC’s MCI33–35 or CN sample36 using statistical

methods such as latent profile analysis. These studies have shown that

subgroups have unique cognitive features, and differing longitudinal

clinical outcomes and neuropathological findings,33–36 highlighting the

significant heterogeneity within the NACC sample. Our study extends

this work by including all NACC UDS participants without demen-

tia, thereby increasing the sample size substantially, and applying a

data-driven approach to define CN versusMCI.

The current study used the very large, well-characterized NACC

samplewith longitudinal clinical outcomedata spanning up to 17 years.

A limitation of the study, and of the NACC more generally, is that

participants tend to be highly educated and are largelyWhite and non-

Hispanic, which limits generalizability of results. Further, differences in

enrollment factors (e.g., referral source) by race have been shown to

impact observed associations betweenMCI status and rate of progres-

sion to dementia in NACC.37 Continued research, particularly studies

incorporating AD biomarkers in more representative cohorts, will be

critical for further determining the utility of data-driven diagnoses in

diverse samples.

Results of the present study have implications for future research

by demonstrating amethod to identify empirically-derived subtypes of

subtle cognitive decline and MCI that optimizes prediction of future

risk for MCI/dementia. This is critically important given the costs and

stakes of past and ongoing clinical trials. Our previous work38 with the

Alzheimer’s Disease Cooperative Study (ADCS) Vitamin E/donepezil

trial dataset revealed a stronger effect of donepezil in patients with

MCI diagnosed post hoc using themore rigorous cluster analyticmeth-

ods thatwere applied in the current study. Thiswork showed that com-

prehensive neuropsychological testing and a data-driven diagnostic

approach can result inmore efficient clinical trials and improved ability

to detect treatment effects.38 Application of our data-driven meth-

ods can provide improved diagnostic classification and a more precise

assessment of relationships among cognitive decline and underlying

AD biomarkers, clinical trial outcomes, and various risk and resilience

factors associated with AD.
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