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Abstract
Objective
To identify heterogeneity in cognitive profiles of patients with probable Alzheimer disease
(AD) who have mild to moderate dementia and satisfy inclusion and exclusion criteria for
a typical AD clinical trial, and to determine whether cognitive profiles are systematically related
to the clinical course and neuropathologic features of the disease.

Methods
Neuropsychological test data from patients with mild to moderate probable AD (n = 4,711)
were obtained from the National Alzheimer’s Coordinating Center. Inclusion and exclusion
criteria usually used in AD clinical trials were applied. Principal component analysis and model-
based clustering were used to identify cognitive profiles in a subset of patients with autopsy-
verified AD (n = 800) and validated in the overall (nonautopsy) sample and an independent
cohort with similar test data. Relationships between cognitive profile, clinical characteristics,
and rate of decline were examined with mixed-effects models.

Results
In the autopsy-confirmed sample, 79.6% of patients had a typical AD cognitive profile (greater
impairment of episodic memory than other cognitive functions), and 20.4% had an atypical
profile (comparable impairment across cognitive domains). Similar results were obtained in the
overall (typical 79.8%, atypical 20.2%) and validation (typical 71.8%, atypical 28.2%) samples.
Atypicality was associated with younger age, male sex, lower probability of APOE e4, less severe
global dementia, higher depression scores, lower Braak stage at autopsy, and slower cognitive
decline.

Conclusion
We can reliably identify distinct cognitive profiles among patients with clinically diagnosed
probable AD that are associated with tangle pathology and with different rates of decline. This
may have implications for clinical trials in AD, especially therapies targeting tau.
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An important source of variability that may bias the results of
therapeutic trials for Alzheimer disease (AD) is heterogeneity
in the presentation and course of cognitive deficits that are
expressed within its clinical syndrome. Although AD is most
commonly characterized by initial predominant impairment
in learning and memory, variants of AD with primary deficits
in language (i.e., logopenic primary progressive aphasia),
visuospatial abilities (i.e., posterior cortical atrophy), or ex-
ecutive functions (i.e., executive variant AD) with relative
sparing of memory have been identified.1–10 The use of best
practices for assessment of dementia11 and standardized
clinical criteria for the diagnosis of AD dementia12–14 allow
many of these variants to be identified, and patients with these
variants are usually excluded from AD clinical trials because
they are likely to progress in an atypical fashion and have
predominant deficits that are not sensitively measured by
widely used clinical trial cognitive outcomemeasures. AD trial
cohorts often are further restricted to patients with mild to
moderate dementia severity to ensure sufficient range to
measure change over time. While these inclusion criteria
provide a relatively homogeneous sample, the relative degree
of impairment in memory vs other cognitive abilities may still
vary in a systematic manner that can be identified and con-
sidered in the analysis and interpretation of AD clinical trial
results. Therefore, the present study investigates cognitive
heterogeneity in patients with probable AD with mild to
moderate dementia who satisfy the inclusion and exclusion
criteria of a typical AD clinical trial and whether cognitive
profiles are systematically related to the clinical course and
neuropathologic features of the disease.

Methods
Participants
Data from participants in the NIH Alzheimer’s Disease
Centers program were downloaded from the National Alz-
heimer’s Coordinating Center (NACC) database as of the
September 2017 data freeze. Sample 1 consisted of 4,711
participants diagnosed between 2005 and 2015 who met
National Institute of Neurological and Communicative Dis-
orders and Stroke–Alzheimer’s Disease and Related Disorders
Association diagnostic criteria for probable AD,15 scored 16 to
24 (inclusive) on the Mini-Mental State Examination
(MMSE), and had neuropsychological test data available.
Sample 2 consisted of 692 participants enrolled after March
2015 (when NACC Uniform Data Set [UDS] version 3 was

implemented and some study procedures were changed) who
met National Institute on Aging–Alzheimer’s Association di-
agnostic criteria for probable AD dementia,12 scored 7 to 19
(inclusive) on the Montreal Cognitive Assessment (MoCA),
and had neuropsychological test data available. A MoCA range
of 7 to 19 is equivalent to an MMSE range of 16 to 24,16 and
both ranges are indicative of mild to moderate dementia se-
verity. Participants were not included in either sample if they
had a clinical diagnosis of primary progressive aphasia, posterior
cortical atrophy, frontotemporal dementia, Parkinson disease,
corticobasal syndrome, dementia with Lewy bodies (DLB),
cerebrovascular disease (CVD), prion disease, traumatic brain
injury, normal pressure hydrocephalus, or other neurologic
disease contributing to the cognitive impairment. Clinical data
from the UDS visit at which a participant was initially diagnosed
with probable AD dementia were used in analyses.

Procedure
At each approximately annual visit, participants received
a standardized dementia evaluation17 that included medical
and family history, physical and neurologic examination,
neuropsychological testing, functional assessment with the
Clinical Dementia Rating (CDR) scale18 and Functional As-
sessment Questionnaire (FAQ),19 and assessment of de-
pressive symptomology with the Geriatric Depression Scale
(GDS).20 A categorical decision of whether depression was
contributing to cognitive dysfunction was also made accord-
ing to a clinician’s judgment.

Neuropsychological measures
The NACC neuropsychological test battery administered
from 2005 to 2015 (UDS version 2) consisted of the MMSE
and measures of verbal learning and memory (Logical Mem-
ory Test [story A only] I and II), attention and executive
function (Digit Span Forward andDigit Span Backward; Trail-
Making A and B; Digit Symbol Substitution), and language/
semantic memory (30-item Boston Naming Test, Animal
Fluency).21 In March 2015, the NACC protocol (UDS ver-
sion 3) replaced several tests with comparable nonproprietary
measures and added 3 tests to broaden the scope of the bat-
tery. Details of the revised battery and demonstration of its
comparability to the original are described elsewhere.16,22

Neuropathologic diagnosis
Neuropathologic findings were available for 976 participants
from sample 1. Diagnostic classification was based on Braak
staging of neurofibrillary tangles23 and Consortium to

Glossary
AD = Alzheimer disease; ADC = Alzheimer’s Disease Center; CDR = Clinical Dementia Rating; CERAD = Consortium to
Establish a Registry for Alzheimer’s Disease; CVD = cardiovascular disease; DLB = dementia with Lewy bodies; FAQ =
Functional Assessment Questionnaire; FTLD = frontotemporal lobar degeneration; GDS = Geriatric Depression Scale;
MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment; NACC = National Alzheimer’s
Coordinating Center; PCA = principal component analysis; PC1 = first principal component; PC2 = second principal
component; UDS = Uniform Data Set.

Neurology.org/N Neurology | Volume 93, Number 8 | August 20, 2019 e779

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


Establish a Registry for Alzheimer’s Disease (CERAD) scor-
ing of neocortical neuritic plaque density.24 Definite AD was
defined as Braak stage III to VI plus moderate or frequent
neocortical plaques. With these criteria, the UDS clinical di-
agnosis of probable AD has been shown to have ≈71% sen-
sitivity and specificity and 83% positive predictive value.25

Other pathologic diagnoses such as frontotemporal lobar
degeneration (FTLD; Picks, corticobasal ganglionic de-
generation, progressive supranuclear palsy), DLB, and CVD
(e.g., infarct, lacune, hemorrhage, microbleed, microinfarct)
were made according to standard published criteria.

Statistical methods
Data from sample 1 were used to identify potential cognitive
subtypes and to investigate their association with clinical fea-
tures, rate of decline, and pathologic findings. Data from
sample 2 were used to investigate whether the subtypes
identified from sample 1 would replicate in an independent
sample with potentially different baseline characteristics and
similar, but not identical, neuropsychological test measures.
Neuropsychological test scores were standardized within each
sample, and all measures were coded so that a higher test score
indicated better performance. Because time-to-completion
scores on the Trail-Making Test were truncated (maximum
time 150 seconds for part A and 300 seconds for part B), a rate
measure was calculated by dividing the number of correct lines
drawn by testing time. Computations used R26 version 3.4.1.

Identifying and validating AD cognitive subgroups
Principal component analysis (PCA; using the stats:princomp
function) and model-based clustering (using the mclust
package,27,28 allowing for different means and covariance
structures with number of clusters determined by bayesian
information criterion29) were used to identify characteristic
patterns of performance on neuropsychological test scores
within each sample. First, PCA was used to identify the linear
combinations, or factor loadings, of the original test scores
that best constructed 2 informative and independent com-
ponents. Then, these first 2 principal component scores for
each participant were used in model-based clustering to
identify subgroups of participants with distinct patterns of
test performance. Analyses initially were performed using
sample 1 participants with definite AD pathology and then all
of sample 1 (with restriction to 2 clusters); finally, analyses
were repeated again using sample 2 as an independent vali-
dation cohort.

Characterizing AD cognitive subgroups
Linear regression was used to explore association between
cluster membership (i.e., AD cognitive subtype) and de-
mographic variables, clinical characteristics, global cognitive
test scores, and neuropathologic features. AD pathology (Braak
stage andCERADplaque score) was coded as an ordinal factor.

Linear mixed-effects models were used to examine the asso-
ciation of AD cognitive subtype with the rate of longitudinal
decline by investigating the interaction between time slope

and subtype. Models controlled for baseline cognitive score
and APOE genotype and included a random intercept and
slope for each participant. Only the first 2 years of follow-up
data were used in these analyses because of apparent in-
formative censoring after 2 years (i.e., more severely impaired
participants were more likely to discontinue). Similar analyses
were used to investigate the stability of the AD cognitive
subtype classification over time.

Missing data
Missing test scores in the UDS dataset are designated as
missing due to cognitive problems, other noncognitive prob-
lems, or not collected at that assessment. For scores missing
due to cognitive problems, we imputed the worst possible
score for the measure. For scores missing due to noncognitive
reasons, we imputed a score using linear regression with
predictors age, education, MMSE or MoCA score, CDR Sum
of Boxes score, and all available neuropsychological measures,
computed in the R package mice.30

Standard protocol approvals, registrations,
and patient consents
Written informed consents were obtained from participants at
each Alzheimer’s Disease Center (ADC) and approved by the
ADC’s Institutional Review Board. Research using the NACC
database was approved by the University of Washington In-
stitutional Review Board.

Data availability policy
NACC has developed and maintains a large relational data-
base of standardized clinical and neuropathologic research
data collected from the National Institute on Aging–funded
ADCs across the United States. NACC data are freely avail-
able to all researchers.

Results
Participant characteristics
The pathologically verified subsample from sample 1 did not
differ from the overall sample 1 in age, MMSE score, CDR
global rating, GDS score, or percent APOE e4 genotype but
was more educated and had worse FAQ scores (table 1).
Sample 2 did not differ from sample 1 in CDR global rating,
FAQ score, GDS score, sex distribution, or percent APOE e4
genotype but was younger and more educated.

PCA of neuropsychological tests
The results of the PCAs were consistent across sample 1 (the
discovery dataset), the autopsy-confirmed subset of sample 1
(the gold standard dataset), and sample 2 (the independent
validation dataset). Each PCA identified 2 independent, mean
zero principal components that together explained 47% to
58% of variance. Factor loadings for each principal compo-
nent were similar in the 3 analyses and were not sensitive to
the imputation (table 2). The first principal component
(PC1) had positive factor loadings for all neuropsychological
tests, thus reflecting overall cognitive performance or
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dementia severity (i.e., a positive score for PC1 indicates
above the mean on cognitive performance, and a negative
score indicates below the mean). The second principal
component (PC2) had positive factor loadings for neuro-
psychological tests of episodic memory and naming and
negative factor loadings for nonmemory tests; thus, a higher
PC2 score reflects relatively better performance on memory-

related cognitive tests and relatively worse performance on
non–memory-related tests. Therefore, PC2 can be inter-
preted as a continuous measure that discriminates between
cognitive profiles within probable AD, independently of
cognitive severity (i.e., PC1). This pattern of factor loadings
for PC2 was reproduced in all 3 samples. Results were nearly
identical in each sample after the exclusion of the ≈20% of

Table 1 Cohort characteristics:

Overall Sample 1 (n = 4,711) Sample 2 (n = 692)
Neuropathologically
confirmed ADa (n = 800)

Participant characteristics

Age, yb 76.15 (9.45) 74.25 (9.78) 76.98 (10.04)

Female, n (%) 2,680 (56.9) 380 (54.9) 386 (48.2)

Educational attainment, yb,c 14.24 (3.54) 15.42 (3.05) 15.12 (3.12)

APOE «4 positive, n (%) 2,207 (59.1) (n = 3,732) 270 (61.5) (n = 439) 443 (60.4) (n = 733)

Clinical ratings

MMSE score 20.77 (2.45) NA 20.53 (2.55)

MoCA score NA 14.07 (3.49) NA

CDR global rating 0.97 (0.45) 0.97 (0.48) 1.07 (0.50)

CDR Sum of Boxes score 5.58 (2.62) 5.61 (2.77) 6.23 (2.81)

GDS score 2.41 (2.52) 2.35 (2.62) 2.27 (2.29)

FAQ scorec 17.16 (7.73) 17.18 (7.45) 19.63 (7.06)

Depression, n (%) 1,010 (21.4) 162 (23.4) 140 (17.5)

Neuropsychological test measures

Paragraph Immediate Recall score 3.66 (3.0) 5.66 (3.9) 3.37 (3.1)

Paragraph Delayed Recall score 1.44 (2.4) 2.12 (3.2) 1.32 (2.4)

Benson Figure Delayed Recall score NA 1.87 (2.9) NA

Benson Figure Copy score NA 12.8 (4.4) NA

Confrontation Naming score 19.1 (6.9) 22.9 (6.7) 19.3 (6.9)

Category Fluency score 17.0 (7.2) 16.9 (7.0) 15.9 (6.8)

Letter Fluency score NA 18.2 (8.5) NA

Digit Span Forward score 3 6.84 (2.2) 6.37 (2.2) 6.80 (2.4)

Digit Span Backward score 3 4.31 (1.9) 4.18 (2.0) 4.35 (1.9)

WAIS-R Digit Symbol score 21.6 (13.4) NA 20.2 (13.4)

Trail-Making A—time to completion score 76.4 (41.7) 71.3 (39.9) 83.2 (43.3)

Trail-Making A—correct lines score 21.7 (5.2) 22.4 (5.2) 20.7 (6.5)

Trail-Making B—time to completion score 249.5 (75.3) 248.2 (78.0) 254.2 (72.8)

Trail-Making B—correct lines score 12.2 (9.9) 12.7 (10.5) 11.1 (10.0)

Abbreviations: CDR = Clinical Dementia Rating; FAQ = Functional Activities Questionnaire; GDS = Geriatric Depression Scale; MMSE = Mini-Mental State
Examination; MoCA = Montreal Cognitive Assessment score; WAIS-R = Wechsler Adult Intelligence Scale–Revised.
Depression is clinician impression that depression contributed to participant’s cognitive impairment. Values are mean (SD).
a Sample 1 participants with Braak stage III to VI plus moderate or frequent neocortical plaques.
b Age and education are significantly different between samples 1 and 2.
c Education and FAQ scores are significantly different between the pathologically verified subsample from sample 1 and the overall sample 1.
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participants for whom depression was considered to have
contributed to the cognitive impairment. The correlation
between factor loadings for PC2 computed separately from
samples 1 and 2 (using only tests that were identical or
analogous in both samples) was 0.99, indicating strong re-
producibility. Thus, we conclude that ≈50% of the variance
in UDS neuropsychological test scores in patients with
probable AD is due jointly to overall cognitive severity and
to the relative pattern of severity of memory vs nonmemory

deficits. Furthermore, these 2 factors can be consistently
measured across independent cohorts using standardized
data from similar (although different) neuropsychological
tests.

Identification of subtypes of
neuropsychological deficit patterns
To identify subgroups with distinct neuropsychological pro-
files, model-based clustering was applied to the autopsy-

Table 2 Factor loadings and missing data rates for each sample

Cognitive domain

Neuropsychological tests Sample 1 (n = 4,711) Sample 2 (n = 692)
Neuropathologically
confirmed AD (n = 800)

Cumulative variance explained 56.5% 48.3% 57.7%

UDS 2 UDS 3 PC1 PC2
Missing
rateb PC1 PC2

Missing
rateb PC1 PC2

Missing
rateb

Memory-related
domains

Episodic memory Logical
Memory
Immediate
Recall

Craft Story 21
Immediate
Recall

0.23 0.58 0.02 0.30 0.43 0.01 0.25 0.56 0.03

Episodic memory Logical
Memory
Delayed
Recall

Craft Story 21
Delayed
Recall

0.08 0.66 0.03 0.13 0.60 0.02 0.08 0.66 0.03

Language/
semantic
memory

Boston
Naming

Multilingual
Naming

0.31 0.22 0.02 0.28 0.14 0.02 0.30 0.25 0.03

Language/
semantic
memory

Category
Fluency

Category
Fluency

0.35 0.18 0.02 0.38 0.09 0.03 0.37 0.15 0.02

Episodic memory — Benson Figure
Recall

— — — 0.11 0.49 0.01 — — —

Non–memory-
related domains

Attention/
executive

Digit Span
Forward

Number Span
Forward

0.27 −0.16 0.01 0.28 −0.20 0.01 0.26 −0.13 0.02

Attention/
executive

Digit Span
Backward

Number Span
Backward

0.34 −0.23 0.01 0.34 −0.27 0.02 0.33 −0.23 0.02

Attention/
executive

WAIS-R Digit
Symbol

— 0.44 −0.16 0.05 — — — 0.43 −0.18 0.06

Attention/
executive

Trail-Making A
ratea

Trail-Making A
ratea

0.42 −0.18 0.44 0.39 −0.15 0.01 0.42 −0.19 0.59

Attention/
executive

Trail-Making B
ratea

Trail-Making B
ratea

0.41 −0.13 0.37 0.36 −0.16 0.05 0.41 −0.17 0.47

Language/
executive

— Letter Fluency — — — 0.33 −0.12 0.01 — — —

Visuospatial — Benson Figure
Copy

— — — 0.28 −0.13 0.01 — — —

Abbreviations: AD = Alzheimer disease; PC = principal component; UDS = Uniform Data Set; WAIS‐R = Wechsler Adult Intelligence Scale–Revised
a Trail Making rates were derived by dividing the number of correct lines completed by the time to completion.
b Missing rate is the proportion of missing data due to noncognitive problems for each neuropsychological test measure in each sample. Missing rates were
<0.06 (i.e., 6%) with the exception of the Trail-Making Test parts A and B in sample 1 and in the autopsy-confirmed subset of sample 1 (due to correct lines
completed on the Trail-Making Test not being recorded until late in the study). When principal component analysis was performed on sample 1 without the
Trail-Making Test and on samples 1 and 2 without imputation, results were consistent with those presented.
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verified subset of sample 1 (as the gold standard) using the
derived factor scores for cognitive severity (PC1) and cog-
nitive profile (PC2). Two clusters of participants were de-
termined by the model (figure 1A): cluster 1 (n = 637, 79.6%
of participants) was generally above the sample mean on the
cognitive profile factor (PC2, mean 2.0) and nearly centered
at the mean on cognitive severity (PC1, mean 0.3); and
cluster 2 (n = 163, 20.4% of participants) was generally below
the mean on the cognitive profile factor (mean −0.5) and
nearly centered at the mean on cognitive severity (mean
−0.08). Thus, the 2 clusters are separated by cognitive profile
but are largely overlapping on cognitive severity. The≈80% of
participants in cluster 2 were thus classified as having a typical
AD cognitive profile, while the remaining 20% of participants
(cluster 1) were classified as having an atypical AD cognitive
profile.

When the same clustering procedure was applied to sample 1
(the entire sample) and the number of clusters was set at 2
(based on results from the autopsy-verified subset), similar
clusters were observed, and a similar proportion of typical
(n = 3,761, 79.8%) vs atypical (n = 950, 20.2%) classifica-
tion was obtained (figure 1C). An analysis without pre-
determining the number of clusters gave similar results but
further split the 2 main clusters into subclusters. When the
identical clustering procedure was applied to sample 2, 2
clusters (typical and atypical) were again identified, with
similar characteristics (typical n = 497, 71.8% of sample vs
atypical n = 195, 28.2% of sample; figure 1E).

To further explore the consistency of the classification pro-
cedure across different cohorts, we applied the sample 1
classification rule to the PC scores identified from participants
in sample 2 and investigated whether the sample 1–based rule
and the sample 2–based classification agreed in their assign-
ment to a typical or atypical AD cognitive profile. The
agreement rate was 94.7%: all 497 typical sample 2 partic-
ipants (as shown in figure 1E) were also called typical with
the sample 1–determined rule; of the 195 atypical sample 2
participants, 37 were misclassified as typical with the sample
1 rule. For completeness, the classification rules from sam-
ples 1 and 2 are given below, and the R code to compute
these assignments from the underlying raw neuro-
psychological test scores is available on the Alzheimer’s
Disease Cooperative Study website (data-archive.adcs.
ucsd.edu).

The classification rule is given by:

if PrðY = TypicaljXÞ = π̂1f1ðXÞ
π̂1f1ðXÞ + π̂2f2ðXÞ > 0:5;

we classify Y as typical; otherwise, we classify it as atypical.
Here, X is the pair of scores (PC1, PC2) for the participant,
computed from the standardized neuropsychological test
scores with the factor loadings given in table 2 and standardized
with the data in table 1, and f1ðXÞ and f2ðXÞ are 2-dimensional

normal densities with; μ1 =

�
−0:03
−0:50

�
; μ2 =

�
0:08
1:29

�
;

Σ1 =

�
3:76 −0:25
−0:25 0:54

�
; Σ2 =

�
2:57 0:51
0:51 2:23

�
for typi-

cal AD and atypical AD in sample 1. In sample 1, π̂1is 0.72
and π̂2 is 0.28; these are the estimated proportions from the
model for typical AD and atypical AD. In sample 2, π̂1is 0.65
and π̂2 is 0.35, and

μ1 =

�
−0:13
−0:72

�
; μ2 =

�
0:24
1:32

�
; Σ1 =

�
3:79 −0:62
−0:62 0:51

�
;

Σ2 =

�
2:45 0:65
0:65 1:97

�
.

Mean differences in the individual neuropsychological test
scores for the typical and atypical AD subtypes are illustrated
graphically in figure 1, B, D, and F. Raw test scores are scaled
to z scores based on normative data from ≈3,600 cognitively
normal UDS participants.21,22 Atypical participants had better
performance than typical participants on episodic and se-
mantic memory measures on average but slightly worse per-
formance on measures of attention and executive function.
Table 3 compares demographic features and clinical and
neuropsychological test scores for typical and atypical par-
ticipants within each of the 3 datasets.

Demographic and clinical characteristics of
neuropsychological subtypes
Univariate linear models showed that higher scores on PC2
(i.e., a higher measure of atypicality in cognitive profile) are
significantly associated with younger age, male sex, lower
probability of APOE e4, less severe global dementia, higher
GDS scores, and greater likelihood that the clinician believes
depression contributes to cognitive impairment (all p < 0.001).
A multivariate linear regression model (omitting clinician-rated
depression because of collinearity with GDS score) showed that
all variables significant in the univariate models remained sig-
nificantly associated with atypicality, with similar effect sizes.

Neuropathologic characteristics of
neuropsychological subtypes
Approximately 82% (800 of 976) of individuals diagnosed
with probable AD in sample 1 met neuropathologic criteria
for AD at autopsy. The 176 misdiagnosed cases included 14
with FTLD, 49 with DLB, 62 with CVD, and 56 with low
levels of AD pathology that did not reach diagnostic thresh-
olds. Cognitive profile classification of these individuals was as
follows: FTLD 78.6% typical (11 typical, 3 atypical), DLB
55.1% typical (27 typical, 22 atypical), CVD 69.3% typical (43
typical, 19 atypical), and low level of pathology 78.6% typical
(44 typical, 12 atypical).

A number of the 800 individuals who met neuropathologic
criteria for AD had a secondary pathologic diagnosis. These
included 4 with secondary FTLD, 269 with secondary DLB,
and 271 with secondary CVD. Cognitive profile classification
of these individuals was as follows: AD and secondary FTLD
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Figure 1 Results of model-based clustering and z scores on neuropsychological test measures

Clustering results and z scores on neuropsychological test measures for participants from the neuropathologically confirmed subsample of (A and B) sample
1, (C andD) overall sample 1, and (E and F) independent sample 2. In panels A, C, and E, each ellipse is the estimated 95th percentile for each cluster (95%of the
estimated population lies within this ellipse). In panels B, D, and F, test measures were grouped as episodic/semantic memory (left) and nonmemory (right)
cognitive domains. Because normative data were not available to compute z scores for Trail-Making rate, time to completion is displayed. AD = Alzheimer
disease; BENS-I = Benson Figure Delayed Recall; BENS-II = Benson Figure Copy; BNT = Boston Naming Test; CatFlu = Category Fluency; CRFT-I = Craft 21 Story
Immediate Recall; CRFT-II = Craft 21 Story Delayed Recall; Dig sym=Wechsler Adult Intelligence Scale–RevisedDigit Symbol; LM-I = LogicalMemory Immediate
Recall; LM-II = Logical Memory Delayed Recall; MINT = Multilingual Naming Test; Span-B = Digit Span Backward; Span-F = Digit Span Forward; Trail A Time =
Trail-Making Test Part A—time to completion; Trail B Time = Trail-Making Test Part B—time to completion; Letter Flu = Letter Fluency.
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Table 3 Mean (SD) demographic characteristics, clinical test scores, and neuropsychological test scores for typical and
atypical AD subtypes within each sample

Sample 1 Sample 2 Neuropathologically confirmed AD

Typical Atypical Typical Atypical Typical Atypical

No. 3,761 950 497 195 637 163

Age, y 76.5 (9.1)b 74.6 (10.5)b 75.0 (9.5)b 72.4 (10.2)b 77.5 (9.5)b 74.9 (11.6)b

Female, n (%) 2,191 (58.3)b 489 (51.5)b 272 (54.7) 108 (55.4) 313 (49.1) 73 (44.8)

Education, y 14.2 (3.5) 14.4 (3.9) 15.5 (3.0) 15.3 (3.3) 15.1 (3.1) 15.1 (3.4)

MMSE score 20.6 (2.5)b 21.6 (2.2)b NA NA 20.3 (2.6)b 21.4 (2.3)b

MoCA score NA NA 13.7 (3.6)b 15.1 (3.1)b NA NA

CDR global rating score 1.01 (0.5)b 0.82 (0.4)b 1.04 (0.5)b 0.78 (0.4)b 1.11 (0.5)b 0.91 (0.4)b

CDR Sum of Boxes score 5.84 (2.7)b 4.53 (2.1)b 6.10 (2.8)b 4.36 (2.2)b 6.52 (2.9)b 5.10 (2.1)b

GDS score 2.29 (2.5)b 2.86 (2.8)b 2.07 (2.5)b 3.05 (2.8)b 2.18 (2.3)b 2.61 (2.4)b

FAQ score 17.9 (7.6)b 14.0 (7.7)b 18.6 (7.0)b 13.2 (7.2)b 20.4 (7.0)b 16.4 (6.5)b

APOE «4 positive, n (%) 1818 (60.7)b 389 (52.8)b 221 (68.0)b 49 (43.0)b 355 (60.8) 88 (59.1)

Depression,a n (%) 781 (20.8)b 229 (24.1)b 112 (22.5) 50 (25.6) 111 (17.4) 29 (17.8)

Neuropsychological
test measures

Memory related
cognitive domains

Episodic memory Paragraph
Immediate Recall

2.72 (2.2)b 7.37 (2.9)b 4.29 (3.1)b 9.13 (3.3)b 2.41 (2.1)b 7.14 (3.4)b

Episodic memory Paragraph Delayed Recall 0.54 (0.9)b 5.00 (3.2)b 0.59 (1.2)b 6.03 (3.3)b 0.44 (0.9)b 4.73 (3.2)b

Language/Semantic
Memory

Confrontation Naming 18.4 (7.0)b 21.8 (5.5)b 22.1 (6.9)b 25.0 (5.6)b 18.4 (7.0)b 23.0 (4.9)b

Language/semantic
memory

Category Fluency 16.3 (6.8)b 19.8 (8.3)b 16.0 (7.0)b 19.1 (6.6)b 15.2 (6.6)b 18.3 (6.8)b

Episodic memory Benson Figure Recall NA NA 0.78 (1.5)b 4.64 (3.7)b NA NA

Non–memory-related
cognitive domains

Attention/executive Digit Span Backward 4.44 (1.9)b 3.82 (1.6)b 4.40 (2.1)b 3.63 (1.7)b 4.48 (1.9)b 3.81 (1.6)b

Attention/executive Digit Span Forward 6.93 (2.2)b 6.49 (2.1)b 6.50 (2.3)b 6.06 (1.9)b 6.84 (2.4)b 6.65 (2.4)

Attention/executive WAIS-R Digit Symbol 22.1 (13.7)b 19.7 (12.1)b — — 20.8 (13.5)b 18.0 (12.6)b

Attention/executive Trail-Making A time
to completion

74.1 (41.4)b 85.2 (41.7)b 70.7 (40.0) 73.3 (40.0) 80.3 (42.7)b 94.7 (43.9)b

Attention/executive Trail-Making
A correct lines

21.8 (5.2) 21.6 (5.3) 22.3 (5.4) 22.4 (4.9) 20.8 (6.4) 20.3 (6.7)

Attention/executive Trail-Making B time
to completion

245.8
(77.4)b

264.0
(64.2)b

244.4
(80.8)b

257.8
(69.7)b

250.3
(75.2)b

269.5
(60.9)b

Attention/executive Trail-Making
B correct lines

12.4 (10.1)b 11.3 (9.5)b 12.8 (10.6) 12.3 (10.3) 11.3 (10.0)b 10.1 (9.7)

Language/executive Letter Fluency — — 18.4 (8.9) 17.8 (7.5) — —

Visuospatial Benson Figure Copy — — 12.9 (4.4) 12.6 (4.4) — —

Abbreviations: AD = Alzheimer disease; CDR = Clinical Dementia Rating; FAQ = Functional Activities Questionnaire; GDS = Geriatric Depression Scale; MMSE =
Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment score; NA = not applicable; WAIS‐R = Wechsler Adult Intelligence Scale–Revised.
a Clinician impression that depression contributed to participant’s cognitive impairment.
b Statistically significant difference between AD subtypes within the sample (p < 0.05).
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100% typical (4 typical, 0 atypical), AD and secondary DLB
82.1% typical (221 typical, 48 atypical), and AD and sec-
ondary CVD 81.9% typical (222 typical, 49 atypical). Those
with AD and no secondary pathologic diagnosis included
79.9% typical (163 typical, 41 atypical).

Overall, a lower Braak stage was associated with a higher
likelihood of an atypical cognitive profile (figure 2A); 32% (76
of 238) of Braak stage 0 to IV, 17.2% (43 of 250) of Braak
stage V, and 16.0% (77 of 480) of Braak stage VI were clas-
sified as atypical (Braak stage was missing for 8 participants).
Linear regression showed a strong inverse relationship be-
tween atypicality score (PC2) and Braak stage treated as an
ordinal predictor (p < 0.001). There was only a marginally
significant negative linear relationship between atypicality
score and degree of neocortical plaque pathology (p = 0.04;
figure 2B). When both neuropathologic measures were in-
cluded in a multivariate model, there was a highly significant
negative effect of Braak stage (p < 0.001), as well as no

significant effect of plaque pathology. Similar results were
obtained when these analyses were restricted to the 800
participants with neuropathologically confirmed AD (figures
2, C and D). Univariate linear regression models showed no
significant relationship between degree of atypicality in cog-
nitive profile and the presence of FTLD pathology (n = 18),
DLB pathology (n = 318), or CVD pathology (n = 333).

Stability of neuropsychological subtype
classification over time
Because the UDS clinical and neuropsychological evaluations
were repeated approximately annually, 2,944 of the 4,711
participants with probable AD in sample 1 had ≥2 evaluations,
including the baseline evaluations used to determine the table
2 factor loadings and thus define the cognitive atypicality
score (PC2). We used these fixed factor loadings in table 2 to
calculate the degree of cognitive atypicality from test scores at
each subsequent evaluation. For participants in the atypical
cluster at baseline, the mean cognitive atypicality score was

Figure 2 Proportion of typical and atypical participants by Braak and CERAD rating

Distribution of cognitive subtype by Braak stage and Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) plaque density rating (A and B) for all
sample 1 participants with autopsy (n = 976) and (C and D) restricted to those with pathologically confirmed Alzheimer disease (AD) (n = 800). Number over
each bar is the sample size for that stage/level. Classification was based on clustering results of sample 1.
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2.02 at baseline and 1.33 at the second evaluation and then
decreased by only 0.34 over the next 2 annual evaluations. For
those in the typical cluster at baseline, the mean cognitive
atypicality score was −0.50 at baseline and −0.33 at the second
evaluation and then increased by only 0.11 over the next 2
evaluations. Thus, the cognitive atypicality score is relatively
stable over a 4-year interval.

Rates of decline of neuropsychological
subtypes over time
The rate of global cognitive/clinical decline was compared
between participants with typical and those with atypical
cognitive profile at baseline using linear mixed-effects models.
Decline was measured by MMSE score, CDR Sum of Boxes
score, and CDR global ratings over 2 years with 3 annual
evaluations in sample 1 (baseline, year 1, year 2). Predictors
were time (year), AD cognitive subtype, and time by AD
cognitive subtype interaction. As expected, patients worsened
significantly over time, with estimated trends for MMSE score
of −2.59 (−2.73, −2.44) points per year, CDR global ratings of
0.32 (0.31, 0.34) point per year, and CDR Sum of Boxes score
of 2.03 (1.94, 2.12) points per year (figure 3). The interaction
between time and AD cognitive subtype was statistically sig-
nificant for MMSE score (0.35 [0.03, 0.67] point per year)
and CDR global ratings (−0.04 [-0.08, −0.001] point per
year), indicating that atypical patients declined more slowly
than typical patients. Mean 2-year decline on the MMSE was
4.47 points for the cognitively atypical patients with AD and
5.17 points for the cognitively typical patients, a 15.7% dif-
ference in total change between subtypes. The mean 2-year
increase in CDR global ratings was 0.56 points for the cog-
nitively atypical patients with AD and 0.65 points for the
cognitively typical patients, a 16.1% difference. The mean
2-year increase in CDR Sum of Boxes score was 3.75 points
for the cognitively atypical patients with AD and 4.07 points
for the cognitively typical patients, an 8.5% difference.

Discussion
Our objectives were to identify heterogeneity in cognitive
profiles of patients with mild to moderate probable AD de-
mentia and to determine whether cognitive profiles are sys-
tematically related to the clinical course and neuropathologic
features of the disease. To achieve our objectives, we de-
termined an empirically derived classification rule based on
neuropsychological test scores that revealed cognitive sub-
groups within a sample of patients with mild to moderate
dementia with probable AD; validated the classification rule in
an independent sample of patients with AD, tested with a sim-
ilar set of neuropsychological measures; assessed the stability of
subtype classification over time and compared rates of cognitive
and functional decline among cognitive subgroups; and com-
pared neuropathologic features among cognitive subgroups.

Model-based clustering of PCA factor scores produced typical
(79.6% of the sample) and atypical (20.4% of the sample)

cognitive profile subgroups in a sample with autopsy-verified
AD. The typical profile was characterized by greater deficits in
episodic and semantic memory than in attention and execu-
tive functions, whereas the atypical profile had similar levels of
impairment across all cognitive domains. From another per-
spective, the atypical profile could be viewed as having milder-
than-expected memory impairment given the severity of
deficits in attention and executive functions. Similar results
were obtained in the discovery (typical 79.8%, atypical 20.2%)
and independent validation (typical 71.8%, atypical 28.2%)
samples. Furthermore, the exclusion of participants for whom
depression may have contributed to cognitive impairment did
not alter this pattern of results. The reproducibility of these
subtypes was evidenced by a strong correlation in factor
loadings between samples and the similarity of the identified
cognitive profiles and is notable given minor differences in the
specific neuropsychological tests that were administered
across the original and validation samples.

The 2-cluster solution we observed is consistent with previous
results. Although the prevalence of the atypical cognitive sub-
type was lower (20%–28%) in the present study than in some
previous reports (e.g., 29%–52%5), this difference could be
related to our exclusion of clinically diagnosed variant pheno-
types of AD (e.g., logopenic primary progressive aphasia,
posterior cortical atrophy) that would usually not be included
in an AD clinical trial. These phenotypic AD variants were not
excluded in other studies,1–6 which may explain why they
identified a preservedmemory subtype that we did not observe.

A strength of our study is the neuropathologic validation of
the clinical diagnosis of probable AD in a large subset of
patients. Approximately 82% of those diagnosed with prob-
able AD met neuropathologic criteria for AD, and 68% of
those had a secondary pathologic diagnosis in addition to AD
(e.g., DLB, CVD). The distribution of atypical cognitive
profiles in patients with autopsy-verified AD was similar in
those with (typical 81.6%, atypical 18.4%) and in those
without (typical 79.9%, atypical 20.1%) secondary pathology.
There was a slightly higher percentage of atypical cognitive
profiles in those who had been clinically misdiagnosed
(i.e., those with non-AD pathology only; typical 70.5%,
atypical 29.5%) compared to the overall sample, but this
difference was not significant. These findings suggest that the
atypical cognitive profile we observed in a subset of patients is
not due to the presence of non-AD pathology but more likely
is driven by variability in the severity and distribution of AD
pathology. Furthermore, our results suggest that identification
of an atypical cognitive profile will not be particularly helpful
in differentiating between those with and those without AD
pathology, supporting the need to measure amyloid and tau
biomarkers in the selection of participants for clinical trials.

Consistent with the notion that variability in AD pathology
drives the typical-atypical distinction, we found that the typ-
ical cognitive profile was associated with higher Braak stages
than the atypical cognitive profile. There was a strong inverse
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relationship between Braak stage and atypicality score that
was not modified significantly by level of neocortical plaque
pathology. There was no significant independent relationship
between level of plaque pathology (i.e., amyloid burden) and
atypicality score. These results suggest that the typical-
atypical distinction is determined largely by tangle pathology.
The milder-than-expected memory impairment (given the
severity of deficits in executive functions and attention) of the
atypical group suggests that they have less pathology in the
entorhinal cortex, hippocampus, and surrounding temporal
lobe neocortex than those in the typical subgroup. This is
consistent with their lower average Braak stage (which
reflects both severity and distribution of tangle pathology)
and lower likelihood of having an APOE e4 genotype com-
pared to the typical subgroup. Other researchers have also

reported more extensive tangle pathology and a higher
prevalence of APOE e4 in patients with AD with substantial
relative memory impairment.1 The typical-atypical classifi-
cation does not simply reflect stage of disease, however, be-
cause subgroup classification remained stable across
longitudinal assessments (i.e., patients with an atypical profile
did not develop a typical profile over time). Our ability to
address the effect of comorbid pathologies on degree of
atypicality was limited by the lack of systematic character-
ization of the severity of comorbid neuropathology in the
NACC database.

Comparison of rates of cognitive and functional decline
among cognitive subgroups showed that the atypical cognitive
profile was associated with slower decline on the MMSE

Figure 3 Model fitted lines comparing rate of change over 2 years for typical and atypical AD

Predicted rate of decline over 2 years for typical vs atypical Alzheimer disease (AD) cognitive subtypes based on mixed effects models from sample 1 for (A)
Mini-Mental State Examination (MMSE), (B) Clinical Dementia Rating (CDR) global rating, and (C) CDR Sum of Boxes (SOB). (D) Differences in proportion of 2-
year decline between typical and atypical AD with 95% confidence interval bars.
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(typical 2.59 points per year, atypical 2.17 points per year) and
the CDR (global rating: typical 0.32 point per year, atypical
0.27 point per year; Sum of Boxes: typical 2.03 points per year,
atypical 1.87 points per year). Over 2 years, there was an
≈16% difference in rate of decline on both the MMSE and the
CDR global rating, as well as an 9% difference on the CDR
Sum of Boxes score. These differences in rate of decline are
noteworthy given the typical therapeutic effect sizes reported
in AD trials, suggesting that cognitive heterogeneity may be
a source of variability that should be considered in trial design
and interpretation. For example, a trial that included 80%
typical and 20% atypical patients (the composition of our
sample) would need ≈10% more participants (678 vs 616)
than a trial that included only typical patients to achieve 90%
power to observe a 25% difference between treatment and
control groups in 2-year rate of decline on the MMSE.
However, if the composition of the group were 50% typical
and 50% atypical, a distribution that has been observed in
several cohorts,5 ≈30%more participants (794 vs 616 for 90%
power) would be needed. Thus, cognitive heterogeneity could
have a considerable effect on statistical power, depending on
the prevalence of atypicality.

The decision rule we developed with model-based clustering
methods can be used to classify patients with probable AD
into typical and atypical subtypes in other samples tested with
the same or similar neuropsychological tests. When we used
the rule developed in sample 1 to classify patients in the
autopsy-confirmed subsample or in the independent valida-
tion sample, there were low misclassification rates (5% and
1%), high sensitivity (both 100%), and good specificity (81%
and 94%) in relation to classification using their own models.
Thus, cognitive subtype can be determined easily in the future
by applying our proposed decision rule.

Our study has several limitations. First, data on timing and
reasons for dropout were limited, restricting the opportunity for
modeling of early dropouts who might have had more aggres-
sive decline within the 4-year study timeline. However, the rates
of dropout in the typical and atypical subgroups were similar.
Second, the neuropathologic diagnosis of AD was based on
a relatively low threshold of Braak stage III or higher with
a CERAD neuritic plaque rating of moderate or frequent. Our
overall pattern of results did not change, however, whenwe used
more stringent neuropathologic diagnostic criteria (Braak stage
V or higher with a CERAD neuritic plaque rating of frequent,
data not shown). Finally, the UDS neuropsychological test
battery is brief and limited in scope, which may have precluded
our ability to detect additional cognitive subtypes; however,
similar 2-cluster solutions have been reported in 4 different AD
cohorts using 4 different neuropsychological test batteries,5

suggesting that this is a robust finding. Nevertheless, more de-
tailed neuropsychological assessment may reveal additional
cognitive subtypes, particularly in early dementia.

Despite these limitations, our results show that we can reliably
identify distinct cognitive profiles among patients with

clinically diagnosed probable AD. These cognitive profiles are
differentially associated with tangle pathology and have dif-
ferent rates of decline; hence, cognitive heterogeneity in
probable AD may have implications for clinical trials, espe-
cially therapies targeting tau.
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