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Abstract

Background—We assessed whether MCI subtypes could be empirically derived within the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) MCI cohort and examined associated
biomarkers and clinical outcomes.

Methods—Cluster analysis was performed on neuropsychological data from 825 MCI ADNI
participants.
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Results—Four subtypes emerged: 1) Dysnomic (n=153), 2) Dysexecutive (n=102), 3) Amnestic
(n=288), and 4) Cluster-Derived Normal (n=282) who performed within normal limits on
cognitive testing. The Cluster-Derived Normal group had significantly fewer APOE-g4 carriers
and fewer who progressed to dementia compared to the other subtypes; they also evidenced
cerebrospinal fluid AD biomarker profiles that did not differ from the normative reference group.

Conclusions—Identification of empirically-derived MCI subtypes demonstrates heterogeneity
in MCI cognitive profiles that is not captured by conventional criteria. The large Cluster-Derived
Normal group suggests that conventional diagnostic criteria are susceptible to false positive errors,
with the result that prior MCI studies may be diluting important biomarker relationships.
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Mild Cognitive Impairment; MCI; Alzheimer’s Disease; Dementia; Neuropsychology;
Misdiagnosis; Misclassification; Cluster analysis

1. Introduction

Mild Cognitive Impairment (MCI), conceptualized as a transitional state between normal
aging and dementia, is defined by objective evidence for cognitive impairment along with a
subjective memory complaint in the context of preserved global cognition and activities of
daily living [1-3]. Objective impairment is typically operationalized as 1.5 standard
deviations (SDs) or more below normative means on at least one measure in a
neuropsychological battery. MCI has been further divided as “amnestic” and “non-
amnestic,” which involves deficits in other cognitive domains such as executive functions or
language. However, recent research using cluster analytic techniques has demonstrated that
individuals with MCI can be grouped based on similarities in their neuropsychological
profiles, providing an actuarial method of describing MCI subtypes without being confined
to the amnestic/non-amnestic distinction [4-6].

One critical finding from a recent cluster analytic study was the identification of a large
subgroup who performed within normal limits on neuropsychological testing despite their
MCI diagnosis [4]. This Cluster-Derived Normal group did not differ from a normal control
group in terms of cognition or imaging measures of cortical thickness in areas usually
affected in MCI or Alzheimer’s disease (AD). These results suggest that the conventional
diagnosis of MCI may be highly susceptible to false positive diagnostic errors, which is
consistent with previous reports of high reversion rates or lack of progression in those with
MCI [7-12].

To replicate and extend our previous findings to a large cohort with longitudinal clinical
outcomes, we assessed whether distinct MCI subtypes could be empirically derived within
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) MCI cohort, and if present
examined associated clinical characteristics, biological markers, and longitudinal outcomes.

2. Methods

Data were obtained from the ADNI database (adni.loni.usc.edu). The primary goal of ADNI
is to test whether neuroimaging, other biological markers, and clinical and
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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 are recruited via newsletters, web-based
communication, direct mail, and press releases. Inclusion criteria include age 55-90,
permitted medications stable for 4 weeks, study partner who can accompany participant to
visits, Geriatric Depression Scale less than 6, Hachinski Ischemic Score of less than or equal
to 4, adequate visual and auditory acuity, good general health, 6 grades of education or work
history equivalent, and ability to speak English or Spanish fluently. Exclusion criteria for
cognitively normal and MCI participants include any significant neurologic disease or
history of significant head trauma. For more information, see www.adni-info.org.

2.1. Participants

Participants were 1,109 ADNI participants who completed a neuropsychological evaluation:
825 diagnosed as MCI at their initial screening evaluation based on ADNI diagnostic criteria
[2,13], and 284 classified as cognitively normal. Nearly all of the 825 MCI participants were
classified as “amnestic MCI” by ADNI, with only 2 being coded as “non-amnestic MCI.”
Criteria for MCI were: 1) subjective memory complaint reported by participant or study
partner; 2) Mini-Mental State Examination (MMSE) scores between 24-30 (inclusive); 3)
global Clinical Dementia Rating Scale (CDR) score of 0.5; 4) abnormal memory function
documented by scoring below education-adjusted cutoffs for delayed free recall on Story A
of the Wechsler Memory Scale-Revised (WMS-R) Logical Memory Il subtest [14], and 5)
general cognition and functional performance sufficiently preserved to an extent that they
could not qualify for a diagnosis of Alzheimer’s disease. Importantly, we retained in the
Normal Control group all participants who had at least one year of follow-up data and who
remained classified as normal for the duration of their participation in the study (range of 1—-
7 years of follow-up). The Normal Control group of 284 participants did not differ from the
MCI group in terms of age, education, or gender (p-values > .05).

2.2. Materials and procedure

Neuropsychological battery—Cognitive measures consisted of six scores from each
participant’s baseline neuropsychological evaluation: 1) Animal Fluency; total score, 2) 30-
item Boston Naming Test (BNT) total score; 3) Trail Making Test (TMT), Part A; time to
completion, 4) TMT, Part B; time to completion, 5) Rey Auditory Verbal Learning Test
(AVLT) 30-minute delayed free recall; number of words recalled, and 6) AVLT recognition;
number of words correctly recognized. These variables were selected because they were
administered to all participants and they assessed three different domains of cognitive ability
— language (Animal Fluency, BNT), attention/executive function (TMT, Parts A & B), and
memory (AVLT recall & recognition).

Cerebrospinal fluid (CSF) and genetic biomarkers—Biological markers included
CSF concentrations of hyperphosphorylated tau (p-tau;g;p), beta-amyloid (AB;.42), and the
ratio of p-tau;g1p/AB1-42 [15]; and frequency of the apolipoprotein E (APOE) e4 allele [16—
18].
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2.3. Statistical analyses

Raw neuropsychological scores for each MCI participant were converted into age- and
education-adjusted z-scores based on regression coefficients derived from the Normal
Control group. A hierarchical cluster analysis was performed on the z-scores using Ward’s
method, consistent with previous MCI studies [4,5]. A discriminant function analysis (DFA)
was conducted to in order to more quantitatively examine the ability of the six
neuropsychological measures to discriminate the cluster subgroups. The stability of the
cluster solution was also examined using leave-one-out cross-validation procedure, a method
that reduces the potential bias of using the same individuals to develop the classification
matrix and to compute the discriminant function. Following these analyses, differences
between groups (i.e., cluster and normal control groups) were examined using a series of
ANOVA/ANCOVAs with post-hoc t-tests, and chi-squares. Bonferroni correction was used
to adjust for multiple comparisons. Survival curves and Cox regression explored progression
and reversion rates.

3. Results

3.1. Cluster and discriminant function analyses

A cluster analysis of the neuropsychological scores from 825 MCI participants resulted in
four distinct subgroups based on the mean performance for each group (see Fig. 1): 1)
Dysnomic MCI (n = 153; 18.5%) with a significant deficit in naming; 2) Dysexecutive MCI
(n = 102; 12.4%) with a significant deficit in executive function, as well as impairments in
attention, naming, and memory; 3) Amnestic MCI (n = 288; 34.9%) with isolated memory
impairment; and 4) a Cluster-Derived Normal group (n = 282; 34.2%) that performed within
normal limits on cognitive testing.

DFA using the six neuropsychological measures to predict group membership in the four
cluster groups identified three discriminant functions: the first accounted for 74.0% of the
variance between groups, the second for 17.1%, and the third for 8.8%. The full predictive
model accurately classified 88.0% of participants, and cross-validation of the four-cluster
solution using the leave-one-out method showed only mild expected reduction in correct
classification (87.3%). A four cluster solution was determined to be optimal relative to a
three cluster solution that combined the Dysnomic and Amnestic groups into one group (as
this did not allow us to examine how the traditional “amnestic MCI” subtype compared to
other cognitive phenotypes), or a five cluster solution that produced unbalanced groups (i.e.,
one group had only 10 participants). Notably, all the cluster solutions produced an invariant
Cluster-Derived Normal group of 282 participants.

3.2. Clinical characteristics of the cluster and normal control groups

Demographic characteristics—As shown in Table 1, the five groups differed in terms
of age and education (ps <.001). For age, the Amnestic group was significantly younger
than the Dysnomic, Dysexecutive, and Normal Control groups; and the Cluster-Derived
Normal group was younger than the Dysnomic group. For education, the Dysexeuctive group
was significantly less educated than the all other groups. There was no gender difference
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between groups (p > .05). Therefore, all further analyses used age and education as
covariates.

Neuropsychological performance—As shown in Table 1, there were significant group
differences on all six neuropsychological measures (ps < .001). Post-hoc t-tests with
Bonferroni correction confirmed that the Dysnomic group performed worse than all other
groups on measures of language, with the exception of equivalent performance between the
Dysnomic and Dysexecutive groups on Animal Fluency. The Dysexecutive group performed
worse than all other groups on measures of attention/executive functioning. The Amnestic
group performed worse than the Cluster-Derived Normal and Normal Control groups on
both measures of memory, and worse than the Dysnomic group on one measure of memory
(AVLT recognition). There was no significant difference between the Cluster-Derived
Normal and the Normal Controls on five of the six neuropsychological measures (p > .05);
although there was a statistically significant difference in performance on AVLT Recall (p
<.01), the Cluster-Derived Normal group’s performance was less than a one-word
difference (7.1 vs. 7.9 words) and their mean score on this measure fell well within normal
limits (z-score = —0.26).

Performances on ADNI’s diagnostic measures—On the WMS-R Logical Memory Il
subtest, which was used in ADNI’s MCI diagnosis and thus not included in the cluster
analysis, the Dysnomic, Dysexecutive, and Amnestic groups performed similarly to each
other (p > .05) but worse than the Cluster-Derived Normal group (ps < .001). A similar
pattern was found on the MMSE, as the three impaired groups performed worse than the
Cluster-Derived Normal group (ps < .001). Global CDR scores were 0.5 for all cluster
groups, as this was a criterion for an MCI diagnosis; however, the Dysnomic, Dysexecutive,
and Amnestic groups scored higher on the CDR Sum of Boxes compared to the Cluster-
Derived Normal group (ps < .001).

3.3. Biomarker characteristics of the cluster and normal control groups

CSF biomarkers—CSF data were available for 53.2% of the sample (see footnote of
Table 1). Based on established CSF cut-point concentrations for p-tausgip, AB1-42, and p-
tauyg1p/AB1-42 [19], participants were classified into dichotomous groups (high/low) for
each variable. Chi-square analysis showed significant differences between groups for all
three CSF measures (p < .001; see Table 1). Specifically, all MCI groups demonstrated a
greater percentage of individuals with positive CSF AD biomarkers (i.e., high p-tau;g;p, low
ABy.42, high p-tau;g1p/AB1.42) compared to the Cluster-Derived Normal and the Normal
Control groups, while percentages were comparable between the Cluster-Derived Normal
and Normal Control groups. In addition, the Dysexecutive group had higher percentages of
individuals with positive CSF AD biomarkers compared to the Dysnomic and Amnestic
groups. When CSF measures were analyzed as continuous variables, the same pattern was
found for all three measures (see Fig. 2): no differences between the Dysnomic,
Dysexecutive, and Amnestic groups (ps > .05), but all had higher p-tau;gyp, lower ABy 45,
and larger p-tausg;p/AB1-42 compared to the Cluster-Derived Normal and Normal Control
groups (ps < .001). No differences were observed between the Cluster-Derived Normal and
Normal Control groups for any CSF measure (ps > .05).
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A DFA was conducted with only the subgroup of MCI cases who had CSF data available
(n=434). The model accurately classified 86.6% of participants, and cross-validation fell
minimally to 85.3%. Thus, the classification rates with this subset were comparable to the
rates in the entire MCI sample.

APOE—APOE genotypes were available for 98.9% of the sample (see footnote of Table 1).
A 2 (APOE-¢4 vs. non-g4) x 5 (group) chi-square analysis revealed significant group
differences in APOE-¢4 frequencies (see Table 1). The Dysnomic, Dysexecutive, and
Amnestic groups all had significantly more APOE-¢4 carriers (53.6—-60.4%) than the
Cluster-Derived Normal (37.8%) and Normal Control (27.7%) groups, although the Cluster-
Derived Normal percentage was also significantly higher than the Normal Control group.

3.4. Longitudinal clinical outcomes

Progression/reversion rates—Longitudinal data (mean follow-up = 22.9 months; range
6-84 months), which was available for 93.7% of the MCI sample (see footnote of Table 1),
showed that a subset of participants in ADNI’s MCI sample progressed to meet criteria for a
diagnosis for probable AD, while a smaller subset reverted to normal (i.e., no longer met
criteria for MCI) over time. The Dysexecutive group had slightly less follow-up (18.6
months) than the other three cluster groups (22—-25 months; p < .05). A 3 (no change,
progression from MCI to AD, reversion from MCI to NC) x 4 (cluster group) chi-square
analysis revealed significant differences between the cluster groups (see Table 1), with the
Cluster-Derived Normal group showing the lowest rate of progression to dementia (10.7%)
and the highest rate of reversion to normalcy (9.2%). The Cluster-Derived Normal group
also showed a different survival curve compared to the other cluster groups (see Fig. 3). The
Dysexecutive group showed the highest rate of progression to dementia (55.6%). Cox
regression including demographic, neuropsychological, and biomarker variables showed that
reduced risk of progression to dementia was associated with better scores on the AVLT
delayed recall (p <.001, hazard ratio = .504) and TMT, Part B (p < .01, hazard ratio = .848).
The Normal Control group was not included in these analyses since they were selected on
the basis of remaining normal (did not progress/revert) throughout the course of their
participation in ADNI.

Post-hoc analysis showed that, within the Cluster-Derived Normal group, the 28 individuals
who progressed to dementia were slightly older (p = .03), performed worse on memory
testing (ps = .001), and had lower AB;_4, (p < .01) and slightly higher p-tauyg1p/AB1.42 (p = .
04) in comparison to those who did not progress. Also, 15 of the 28 (53.6%) who progressed
carried the APOE-¢4 allele. The mean time point at which a dementia diagnosis was made
for these 28 individuals was 33.2 months post-screening.

4. Discussion

We empirically derived subgroups from the ADNI MCI cohort using cluster analysis based
on performances on six neuropsychological measures. Four MCI subgroups emerged:
Dysnomic, Dysexecutive, Amnestic, and a Cluster-Derived Normal group who performed
within normal limits on all six neuropsychological measures (mean z-scores ranged from
-0.26 to +0.87) despite their other performances on Logical Memory, MMSE, and Global
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CDR rating that lead to their ADNI MCI diagnosis. The Cluster-Derived Normal group
comprised one-third (34%) of the ADNI MCI sample and was comparable to a robust
normal control group in neuropsychological test performance and percentage of individuals
with positive CSF biomarkers for AD. In addition, the Cluster-Derived Normal group had
fewer APOE-¢4 carriers and fewer individuals with positive CSF biomarkers of AD than the
Dysnomic, Dysexecutive, and Amnestic MCI groups. The Cluster-Derived Normal group
was also less likely to progress to AD and more likely to revert to normal than the other
three MCI groups.

These results are consistent with those of previous cluster-analytic studies showing
heterogeneity in neuropsychological® and biomarker profiles?? in MCI. Despite nearly all
participants being classified as “amnestic MCI” by ADNI, results suggest that only one third
of the ADNI MCI cohort was solely amnestic, with another third representing primarily
dysnomic or dysexecutive subtypes. It is possible that combing subtypes of MCI may limit
the generalizability of research findings. In addition to identifying subtypes of MCI, our
results also suggest that a significant proportion of individuals in the ADNI MCI sample are
cognitively normal once detailed testing is taken into account (i.e., a false-positive error in
classification) and do not represent prodromal AD. It is plausible that at least a subset of the
Cluster-Derived Normal group may represent a group of individuals who are nevertheless at
risk for cognitive decline and AD, particularly given their lower performance on Logical
Memory and their higher prevalence of the APOE-¢4 allele relative to the robust Normal
Control group, although as a group their intact performances across the neuropsychological
tests indicate that a diagnosis of MCI is not warranted.

This statistical method of classifying MCI based on neuropsychological test scores resulted
in a significant improvement in the specificity of the diagnosis, as it identified 282
participants with potentially false positive diagnoses. However, it was at a cost of some
modest corresponding decline in sensitivity, as a subset of 28 individuals (10.7%) in the
Cluster-Derived Normal group did progress to dementia over time (Fig. 3 shows the
increase in risk of dementia over time for the Cluster-Derived Normal group due to the
inclusion of these 28 participants). Thus their original ADNI diagnosis of MCI could be
considered accurate. However, it is important to note that nearly an equal number of
individuals (24 participants; 9.2%) in the Cluster-Derived Normal group reverted a
cognitively normal classification by ADNI at follow-up, suggesting roughly equal diagnostic
errors in the opposite direction. All told, our findings suggest the very modest loss in
sensitivity (i.e., 28 of the 282 participants) is far outweighed by the large gains in specificity
(i.e., 254 of the 282 participants). In addition, the progression rate of the Cluster-Derived
Normal group might be best considered in the context of base rates of cognitive decline for
the overall ADNI cohort. Examination of the base rate of cognitive decline in ADNI’s entire
normal control group of 404 normal control participants with neuropsychological and
follow-up data in ADNI (not just the 284 participants retained for the robust normal group in
the current study) was found to be 13%, with 2% of the normal control sample progressing
to dementia and 11% progressing to MCI.

There are several possible shortcomings to the diagnostic criteria employed by ADNI that
could account for low specificity and large numbers of false positive misclassifications.
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First, abnormal memory function was determined by a single memory score (delayed recall
of Story A from WMS-R Logical Memory), despite evidence showing that isolated low
memory test scores are quite common in older adult populations (e.g., 39% of healthy older
adults in the WMS-I11 standardization sample scored in the impaired range on at least one
memory measure) [21-23]. Such findings emphasize the importance of considering normal
variability and base rates of low memory scores in healthy older adults when interpreting a
single test score. Second, only half of the Logical Memory test was administered to ADNI
participants (Story A), potentially diminishing its reliability. Third, there is evidence that
measures of story memory may be less sensitive to incipient dementia relative to verbal list
learning tasks [24,25], suggesting that a list learning test may be a better screening measure.
Fourth, general cognitive function was assessed only with the MMSE, a crude measure with
limited ability to differentiate healthy controls versus MCI, or MCI versus AD [26]. Finally,
the MCI diagnosis required a global score of 0.5 on the CDR [27]. Given the wide range of
cognitive and biomarker profiles seen within the four clusters that emerged from the ADNI
MCI cohort, it is clear that the global CDR score of 0.5 does not capture variability in
cognitive phenotype or level of severity of MCI. This conclusion is supported by previous
research showing that global CDR scores of 0.5 in an MCI sample masked variability in
cortical thinning and activities of daily living, and was not sensitive to level of MCI severity
or in predicting progression to AD [28]. Other research also shows that reliance on global
CDR scores in MCI diagnosis results in a high rate of false positive diagnostic errors [29].
The CDR may be susceptible to recall bias or influenced by psychiatric factors, and it is
possible that “worried well” individuals could report enough difficulties to obtain a CDR
score of 0.5 [29]. Subjective memory complaints can also be related to depressive or
personality features [30], or knowledge that one carries a risk factor for AD [31]. In the
current sample, the Cluster-Derived Normal group reported more depressive symptoms than
Normal Controls on a self-report measure of depression (p < .001), but there were no
differences between the four cluster groups (p > .05). This finding supports the possibility
that reliance on subjective memory complaints in diagnosis may be another source of
variability that contributes to false positive diagnostic errors.

The observed difficulties in conventional criteria for MCI diagnosis have implications for
both practice and research. From a practice perspective, DSM-5 criteria for Mild
Neurocognitive Disorder requires a “modest impairment in cognitive performance,” but does
not state specifically how the determination of cognitive impairment should be made
(“preferably documented by standardized neuropsychological testing or, in its absence,
another quantified clinical assessment”). Our results suggest that false positive errors in
diagnosis are more likely if such determination relies on a single cognitive measure,
subjective complaints, or subjective rating scales, rather than based on more detailed
neuropsychological evaluation. From a research perspective, findings from studies of the
natural history or potential treatment of MCI could be diluted or obscured by the inclusion
of individuals who are better classified as cognitively normal by a more thorough sampling
of neuropsychological functions (i.e., false positive diagnostic errors). These implications
will only assume greater importance as studies begin to examine “preclinical” AD [32] and
assign such diagnoses based on fine-grained distinctions of “subtle cognitive declines.”
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With regard to the three cognitively impaired MCI subgroups, the groups were similar with
regard to APOE status, CSF AD biomarkers, and performance on measures used in ADNI’s
diagnosis (e.g., MMSE, CDR, Logical Memory). However, the Dysexecutive MCI group
was older, demonstrated impairment in multiple cognitive domains, had higher percentages
of individuals with positive CSF AD biomarkers (when CSF was used as a dichotomous
measure), and showed the highest rate of progression to dementia compared to the Dysnomic
and Amnestic groups. It is not clear whether this group represents more “severe” form MCI
or whether primary deficits in attention/executive functioning are impacting performance in
other cognitive domains. Additional research is needed to explore whether these different
cognitive phenotypes of MCI are associated with distinct clinical outcomes.

Strengths of the present study include a large, well-characterized sample, and use of robust
norms [33] that were age- and education-adjusted and derived from a sample of normal
control participants that excluded individuals with preclinical dementia (based on 1-7 years
of follow-up). A limitation of the current study was the lack of visuospatial measures in the
cluster analyses, particularly since a visuospatial MCI subgroup was identified by Clark et
al. [4]. If this additional cognitive domain had been included, it is possible that some of the
28 individuals in the Cluster-Derived Normal group who ultimately progressed to AD might
have been identified as belonging to a non-normal cluster. The possibility that including
more or different neuropsychological measures could modify cluster solutions and
potentially identify more individuals at risk for progression to AD will be explored in future
studies, in addition to examining the effect of different normative reference methods on
cluster solutions. Another future direction will be to compare the conventional MCI
diagnostic criteria to actuarial neuropsychological MCI criteria put forth by Jak and Bondi
[34] to determine whether this method reduces the number of false positive diagnostic
errors. The overarching aim of these efforts is to improve diagnostic accuracy and better
characterize distinct prodromal cognitive phenotypes, as the determination of biomarkers
cannot substitute for accurate characterization of the clinical syndrome of MCI or prodromal
AD. It is hoped that improving diagnostic accuracy will enhance biomarker study findings,
opportunities for earlier interventions, and better clinical decision-making.
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Panel: Research in Context
Systematic review

The authors searched PubMed for studies related to misdiagnosis or misclassification of
mild cognitive impairment. Review of the literature revealed that the conventional MCI
diagnostic criteria are susceptible to errors. Specifically, isolated low scores on cognitive
measures can result in false positive errors. The use of subjective memory complaints can
elevate both false positive and false negative rates of MCI diagnoses.

Interpretation

Our study supports previous findings showing high rates of diagnostic errors based on
conventional criteria, as one-third of our sample was misclassified as MCI. Results
further show that this misdiagnosed subgroup had different CSF profiles, APOE allelic
frequencies, and rates of progression to dementia in comparison to other MCI subtypes.

Future directions

Future research is needed to improve diagnostic accuracy and better characterize distinct
prodromal cognitive phenotypes, including determining whether more comprehensive
neuropsychological assessment reduces the number of false positive diagnostic errors.
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Neuropsychological performance for the cluster groups. Error bars denote standard
deviations. The horizontal dotted line indicates the typical cutoff for impairment (-=1.5 SDs).
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CSF (A) hyperphosphorylated tau (p-tau;gyp) concentrations (B) beta-amyloid (AB1.42)

concentrations and (C) ratio

of p-tau;g1p/AB1.42 for the cluster groups and normal control

group. Error bars denote standard deviations.
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