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Abstract
Objective
We previously identiﬁed 4 empirically derived mild cognitive impairment (MCI) subtypes via
cluster analysis within the Alzheimer’s Disease Neuroimaging Initiative (ADNI) and demonstrated high correspondence between patterns of cortical thinning at baseline and each cognitive subtype. We aimed to determine whether our MCI subtypes demonstrate unique
longitudinal atrophy patterns.
Methods
ADNI participants (295 with MCI and 134 cognitively normal [CN]) underwent annual
structural MRI and neuropsychological assessments. General linear modeling compared vertexwise diﬀerences in cortical atrophy rates between each MCI subtype and the CN group. Linear
mixed models examined trajectories of cortical atrophy over 3 years within lobar regions of
interest.
Results
Compared to the CN group, those with amnestic MCI (memory deﬁcit) initially demonstrated
greater atrophy rates within medial temporal lobe regions that became more widespread over
time. Those with dysnomic/amnestic MCI (naming/memory deﬁcits) showed greater atrophy
rates largely localized to temporal lobe regions. The mixed MCI (impairment in all cognitive
domains) group showed greater atrophy rates in widespread regions at all time points. The
cluster-derived normal group, who had intact neuropsychological performance and normal
cortical thickness at baseline despite their MCI diagnosis via conventional diagnostic criteria,
continued to show normal cognition and minimal cortical atrophy over 3 years.
Conclusions
ADNI’s purported amnestic MCI sample produced more reﬁned cognitive subtypes with
unique longitudinal cortical atrophy rates. These novel MCI subtypes reliably reﬂect underlying
atrophy, reduce false-positive diagnostic errors, and improve prediction of clinical course. Such
improvements have implications for the selection of participants for clinical trials and for
providing more precise risk assessment for individuals diagnosed with MCI.
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Glossary
AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; AVLT = Auditory Verbal Learning Test;
CDN = cluster-derived normal; CN = cognitively normal; MCI = mild cognitive impairment; NFT = neuroﬁbrillary tangle;
ROI = region of interest.

The diagnostic criteria for mild cognitive impairment (MCI),
as operationalized by large-scale studies such as the Alzheimer’s Disease Neuroimaging Initiative (ADNI), include
a subjective memory complaint, an objective memory impairment, normal general cognitive functioning, and intact
activities of daily living/absence of dementia.1–5 This diagnostic method, which focuses exclusively on the amnestic
form of MCI and does not consider nonamnestic subtypes,4
has nonetheless been shown to produce heterogeneous MCI
cohorts. In a previous study6 using data from ADNI’s MCI
cohort, cluster analysis of participants’ neuropsychological
test scores identiﬁed 4 cognitive subtypes: amnestic MCI
(34.9%) with an isolated memory impairment; dysnomic/
amnestic MCI (18.5%) with impairments in language
(i.e., confrontation naming) and memory; mixed MCI
(12.5%) with memory, language, and attention/executive
function deﬁcits; and a cluster-derived normal (CDN) group
(34.2%) who, despite meeting ADNI’s criteria for MCI diagnosis, demonstrated intact performance on more extensive
cognitive testing and normal Alzheimer disease (AD)
biomarkers.6–8
We previously investigated diﬀerences in regional cortical
thickness in these 4 empirically derived MCI subtypes and
found that the unique patterns of cortical atrophy identiﬁed at
baseline closely corresponded to the cognitive proﬁle of each
subtype.8 The current study builds on our prior work by
examining whole-brain neocortical atrophy rates within each
subtype to determine whether they have prognostic value for
improving the prediction of clinical course in MCI.

Methods
Data were obtained from the ADNI database (adni.loni.usc.
edu). ADNI was launched in 2003 by the National Institute
on Aging, National Institute of Biomedical Imaging and
Bioengineering, Food and Drug Administration, private
pharmaceutical companies, and nonproﬁt organizations. The
primary goal of ADNI is to test whether neuroimaging, other
biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of
MCI and early AD. ADNI is the result of the eﬀorts of many
coinvestigators from a range of academic institutions and
private corporations, and participants have been recruited
from >50 sites across the United States and Canada. Participants in ADNI are between the ages of 55 and 90 years,
completed at least 6 years of education, are ﬂuent in English or
Spanish, and are free of any signiﬁcant neurologic disease
other than AD. For more information, see adni-info.org.
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Standard protocol approvals, registrations,
and patient consents
The ADNI study was approved by an ethics standards committee on human experimentation at each institution. Written
informed consent was obtained from all participants.
Data availability
The data are available on request to qualiﬁed investigators.
The data used for this study are available from the ADNI
database (adni.loni.usc.edu).
Participants
Participants were individuals with MCI (n = 295) and cognitively normal (CN; n = 134) individuals from our baseline
cortical thickness study8 who had longitudinal neuroimaging
data available. ADNI participants underwent annual structural
MRI and neuropsychological assessments. For the current
study, we examined annual follow-up data for up to 3 years
after baseline.
ADNI’s MCI diagnosis was based on the following criteria5:
(1) subjective memory concern as reported by the participant,
study partner, or clinician; (2) abnormal memory function
documented by scoring within the education-adjusted ranges
on delayed free recall of Story A from the Wechsler Memory
Scale–Revised Logical Memory II subtest; (3) Mini-Mental
State Examination score between 24 and 30; (4) global
Clinical Dementia Rating Scale score of 0.5, indicating mild
impairment, with a Memory Box score of at least 0.5; and (5)
largely intact general cognition and functional performance,
such that a diagnosis of AD could not be made.
All participants who had been diagnosed with MCI by ADNI
were previously classiﬁed into 1 of 4 MCI subtypes: amnestic
MCI, dysnomic/amnestic MCI, mixed MCI, and a CDN
group.6,8 These MCI subgroups were determined by performing a cluster analysis of participants’ baseline neuropsychological test scores on 2 measures of memory (Rey
Auditory Verbal Learning Test [AVLT] delayed recall; AVLT
recognition), 2 measures of language (Animal Fluency; 30item Boston Naming Test), and 2 measures of attention/
executive function (Trail Making Test, Parts A and B). Prior
to the cluster analysis, raw neuropsychological scores for each
MCI participant were converted into age- and educationadjusted z scores based on regression coeﬃcients derived
from the CN group.6
All CN individuals included in our previous studies6,8 and in
the current study were individuals who remained classiﬁed as
CN based on ADNI’s criteria5 (i.e., they did not progress to
Neurology.org/N
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MCI or dementia) for the duration of their participation in the
ADNI study.
MRI processing and analysis
Image processing and analyses were performed at the Center
for Multimodal Imaging and Genetics, University of California,
San Diego. T1-weighted MRIs were downloaded from the
ADNI database and processed with FreeSurfer software (version 5.3.0). All baseline scans had been previously quality
controlled,8 and we applied this same method to scans from the
follow-up visits. We excluded a total of 52 follow-up scans from
the analyses (22 scans from the year 1 follow-up, 19 scans from
year 2, and 11 scans from year 3) due to poor quality. Images
were excluded if they had signiﬁcant motion artifact or poor
segmentation of gray/white matter boundaries. Cortical
thickness estimates were computed at each vertex (≈1-mm
spacing) across the cortical mantle and within 32 gyral-based
regions of interest (ROIs) per hemisphere using the DesikanKilliany atlas.9 Mean thickness for each ROI was calculated by
averaging the cortical thickness measurements across vertices
within a given region based on unsmoothed data.
Statistical analyses
Analysis of variance and χ 2 tests examined group diﬀerences
in demographics, APOE e4 genotype, CSF AD biomarkers
(available for 57% of the sample), and rates of progression to
dementia. To assess stability of the cluster groups, linear
mixed models examined longitudinal neuropsychological
performance within each group on the same 6 measures that
were used to characterize participants at baseline while
covarying for demographic variables. To assess attrition,
analysis of variance and χ 2 tests were performed to examine
whether demographic or diagnostic characteristics diﬀered
between participants who had data available at each time
point and those who did not. Analyses were conducted with
the Statistical Package for the Social Sciences version 25
(SPSS IBM, Armonk, NY).
Longitudinal change in cortical thickness was calculated from
T1-weighted images with quantitative anatomic regional
change analysis.10 This involves nonlinear registration of
participants’ baseline image to each of their follow-up images.
The cortical atrophy rate was calculated as the percent volume
change at each vertex from baseline to each follow-up. General linear modeling was used to compare diﬀerences in cortical atrophy rates between the CN group and each MCI
group separately, controlling for age, age2, sex, education, time
since baseline, and magnet strength (false discovery rate
corrected for p < 0.05 across both hemispheres), and cortical
volume diﬀerence maps were concatenated at each time point
by resampling individual surfaces into a common sphere that
aligned cortical vertices across participants.11 Diﬀerences in
cortical atrophy at each time point were also examined between the 3 impaired MCI subtypes (amnestic, dysnomic/
amnestic, and mixed MCI). The vertex-wise analyses using
quantitative anatomic regional change values allowed visualization of the dynamic pattern of atrophy across time.
Neurology.org/N

Linear mixed models were then used to examine trajectories
of cortical atrophy among diagnostic groups over the full
3-year period within 12 composite lobar ROIs. The visit
variable included 4 time points (baseline and year 1, 2, and 3
follow-ups) and was modeled as a continuous parameter.
Both linear and quadratic eﬀects of visit were examined, but
including quadratic visit did not improve model ﬁt based
on the −2 log likelihood, Akaike information criterion, and
bayesian information criterion. Covariates included in the
model were age, age2, sex, education, time since baseline, and
magnet strength. The random eﬀects of intercept and slope
were included. The full information maximum likelihood
method was used to estimate the model, allowing all available
data to be used for parameter estimates.12
For composite ROIs showing a signiﬁcant group main eﬀect
or a group × visit interaction, each MCI subtype was compared to the CN reference group (12 ROIs: Bonferronicorrected p < 0.004). Secondary analyses also tested the
models with amnestic MCI or dysnomic/amnestic MCI as the
reference group to examine diﬀerences between the 3 cognitively impaired MCI subtypes.

Results
Demographic, biomarker, and clinical
characteristics of MCI subtypes
There were no signiﬁcant group diﬀerences in age or sex, but
mixed MCI was the least educated group (table 1). The 3
impaired MCI subtypes had a higher prevalence of APOE e4
carriers and abnormal CSF AD biomarkers (based on established cut-point concentrations13) compared to the CDN and
CN groups, which did not diﬀer. Over the 3-year follow-up
period, a proportion of participants progressed to a diagnosis
of probable AD. At years 1 and 2, the mixed MCI group had
a higher rate of progression to AD (32%–36%) than the
amnestic MCI group (13%–15%). At year 3, the mixed MCI
group had a higher rate of progression (75%) than both the
amnestic MCI (39%) and dysnomic/amnestic MCI (33%)
groups. As anticipated, the CDN group had a lower rate of
progression to probable AD than all other groups at all time
points.
Examination of longitudinal neuropsychological data showed
stability of the cluster groups with regard to their overall
pattern of cognitive performance (ﬁgure 1), although each
group showed cognitive decline over time. The amnestic MCI
group demonstrated a consistent memory deﬁcit and began
showing impairment (with scores approaching or below −1.5
SD) in the areas of language and attention/executive functioning by years 2 and 3; linear mixed models showed a decline from baseline on all 6 cognitive scores (p < 0.001). The
dysnomic/amnestic MCI group showed consistent deﬁcits in
naming and memory at all time points, along with impairment
in executive functioning at years 2 and 3; linear mixed models
showed a decline from baseline on all cognitive scores (p ≤
Neurology | Volume , Number  | March 24, 2020
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Table 1 Demographic, biomarker, and clinical characteristics of the MCI subtypes and CN group
Amnestic
MCI

Dysnomic/amnestic
MCI

Mixed
MCI

n = 106 (61)

n = 55 (59)

Age (SD), y

73.4 (7.3)

Education (SD), y
Sex, % female

Year 1, n (% of baseline
sample8)

F or χ2

p
Value

75.3 (5.5)

F = 1.21

0.31

η2p = 0.01

16.4 (2.6)

16.3 (2.6)

F = 5.34

<0.001a

η2p = 0.05

40.2

43.3

χ2 = 1.18

0.88

φc = 0.05

CDN

CN

n = 38 (61)

n = 97
(62)

n = 134
(75)

74.9 (7.0)

74.6 (8.1)

74.0 (8.2)

16.4 (2.5)

16.0 (3.1)

14.2 (3.4)

44.3

38.2

47.4

2

Effect
size

b

φc = 0.29

APOE «4, % carriers

65.1

54.5

50.0

39.2

28.4

χ =
36.53

<0.001

Abnormal p-tau181p/Aβ1-42, %

72.9

73.3

91.3

38.2

39.2

χ2=
38.23

<0.001c

φc = 0.39

AD diagnosis, n (%)

16 (15.1%)

11 (20.4%)

12 (31.6%)

3 (3.1%)

—d

χ2=
20.95

<0.001e

φc = 0.27

98

44

28

89

113

Age (SD), y

74.1 (7.4)

75.6 (7.2)

75.3 (8.9)

74.9 (8.0)

76.2 (5.6)

F = 1.17

0.32

η2p = 0.01

Education (SD), y

16.4 (2.5)

16.1 (2.8)

14.1 (3.3)

16.5 (2.6)

16.2 (2.6)

F = 4.51

0.001a

η2p = 0.05

Sex, % female

42.9

40.9

50.0

37.1

41.6

χ 2 = 1.63

0.80

φc = 0.07

APOE «4, % carriers

64.3

56.8

53.6

38.2

28.3

χ2=
32.37

<0.001b

φc = 0.30

Abnormal p-tau181p/Aβ1-42, %

75.9

73.1

93.8

38.5

35.9

χ2=
37.91

<0.001c

φc = 0.42

AD diagnosis, n (%)

13 (13.3)

10 (22.7)

10 (35.7)

3 (3.4)

—d

χ2=
22.28

<0.001e

φc = 0.29

54

21

16

44

58

Age (SD), y

74.2 (8.0)

76.7 (6.4)

78.7 (8.4)

76.0 (7.7)

77.4 (4.7)

F = 2.08

0.09

η2p = 0.04

Education (SD), y

16.3 (2.4)

15.9 (2.1)

14.1 (3.5)

16.1 (2.4)

16.2 (2.8)

F = 2.51

0.04a

η2p = 0.05

Sex, % female

42.6

19.0

37.5

36.4

44.8

χ 2 = 4.78

0.31

Year 2, n

Year 3, n

2

φc = 0.16
b

φc = 0.27

APOE «4, % carriers, %

59.3

57.1

37.5

31.8

29.3

χ =
14.03

0.007

Abnormal p-tau181p/Aβ1-42, %

75.9

69.2

100.0

32.3

37.0

χ2=
24.38

<0.001c

φc = 0.47

AD diagnosis, n (%)

21 (38.9)

7 (33.3)

12 (75.0)

5 (11.4)

—d

χ2=
22.81

<0.001e

φc = 0.41

Abbreviations: Aβ1-42 = β-amyloid; AD = Alzheimer disease; CDN = cluster-derived normal; CN = cognitively normal; MCI = mild cognitive impairment; p-tau181p
= hyperphosphorylated tau.
a
Mixed MCI was less educated than all other groups (p < 0.05).
b
Amnestic and dysnomic/amnestic MCI had more APOE e4 carriers than CN at all years; mixed MCI had more carriers than CN at years 1 and 2; amnestic MCI
had more carriers than CDN at all years; and dysnomic/amnestic MCI had more carriers than CDN at year 2.
c
CSF data available for 57% the overall sample; amnestic and mixed MCI had more abnormal CSF biomarkers than CDN and CN at all years; and dysnomic/
amnestic MCI had more abnormal CSF biomarkers than CDN at all years and CN at years 1 and 2.
d
CN participants were selected on the basis of remaining CN (did not progress to MCI or dementia) throughout the course of their participation in ADNI; this
group was excluded from χ2 analyses examining progression to AD.
e
Mixed MCI had a higher rate of progression than amnestic MCI and CDN at years 1 and 2 and a higher rate than amnestic MCI and dysnomic/amnestic MCI at
year 3; CDN had lower rate of progression than all other groups at all years.

0.004) with the exception of AVLT recall. The mixed MCI
group showed consistent impairment across cognitive measures and a decline from baseline on all scores (p ≤ 0.004)
except for Trail Making Test, Part B, which was likely at ﬂoor
levels at baseline. Finally, although the CDN group declined
on all measures (p ≤ 0.02) except Animal Fluency, all scores
remained within normal limits at all time points.
4
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Attrition
Attrition from baseline to year 1 did not diﬀer on age (F =
0.02, p = 0.88), education (F = 0.01, p = 0.94), or sex (χ 2 =
0.24, p = 0.61). However, there was an eﬀect of diagnostic
group (χ 2 = 11.96, p = 0.02) in that the CN group has less
attrition than all other groups. Attrition from baseline to year
2 did not diﬀer on age (F = 0.42, p = 0.52), education (F =
Neurology.org/N
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0.01, p = 0.94), sex (χ 2 < 0.001, p = 0.98), or diagnostic group
(χ 2 = 8.60, p = 0.07). Attrition from baseline to year 3 also did
not diﬀer on age (F = 0.07, p = 0.79), education (F = 1.14, p =
0.29), sex (χ 2 = 0.86, p = 0.35), or diagnostic group (χ 2 = 4.54,
p = 0.34).
Cortical atrophy in MCI subtypes relative to
CN participants
Diﬀerences in cortical atrophy rates at each time point between each MCI subtype relative to the CN group are displayed in ﬁgure 2. Linear mixed models examining trajectories
of cortical atrophy over 3 years revealed a signiﬁcant main
eﬀect of group for bilateral medial temporal, lateral temporal,
frontal, and parietal ROIs; a signiﬁcant main eﬀect of visit for
bilateral medial temporal, lateral temporal, frontal, parietal,
right cingulate, and left occipital ROIs; and a signiﬁcant group
× visit interaction for bilateral medial temporal, lateral temporal, left frontal, right parietal, and left cingulate ROIs (p <
0.004; table 2 and ﬁgure 3).

Consistent with their isolated deﬁcit in memory, the amnestic
MCI group showed bilateral medial temporal lobe cortical
thickness reductions at baseline compared to the CN group.8
Longitudinally, surface-based atrophy rate maps showed that
the amnestic MCI group demonstrated atrophy restricted to
bilateral medial temporal lobe regions at year 1. This atrophy
became more pronounced in medial temporal regions and
more widespread over the subsequent 2 years, aﬀecting lateral
temporal, frontal, parietal, cingulate, and occipital regions
(ﬁgure 2A). Linear mixed models examining cortical atrophy in
composite ROIs across the full 3-year interval conﬁrmed
greater cortical thinning overall (main eﬀect of group) in bilateral medial temporal, lateral temporal, frontal, and left parietal areas relative to the CN group (p ≤ 0.003), as well as an
increased rate of cortical atrophy (group × visit interaction) in
the left medial temporal lobe (p < 0.001; table 2 and ﬁgure 3).
At baseline, the dysnomic/amnestic MCI group demonstrated reduced cortical thickness in lateral and medial

Figure 1 Neuropsychological performance of the cluster groups at each time point

Mean demographically corrected z scores at (A) baseline, (B) year 1, (C) year 2, and (D) year 3. Error bars denote SEM; horizontal dotted line indicates the typical
cutoff for impairment (−1.5 SDs). AVLT = Rey Auditory Verbal Learning Test; BNT = Boston Naming Test; MCI = mild cognitive impairment; TMT = Trail Making
Test.

Neurology.org/N
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Figure 2 Surface-based atrophy rate maps showing differences in cortical atrophy rates between each MCI subgroup and
the CN group from baseline to each annual follow-up visit

Cyan/blue shades represent areas where the mild cognitive impairment (MCI) subgroup had greater atrophy relative to the cognitively normal (CN) group.
Surface-based maps are false discovery rate (FDR) corrected and covary for age, age2, sex, education, days from baseline (BL), and magnet strength. Number
of CN participants at each time point: year (Y) 1, n = 134; Y2, n = 113; and Y3, n = 58.

temporal lobe regions, consistent with their naming and
memory deﬁcits.8 Longitudinally, surface-based atrophy rate
maps showed that the dysnomic/amnestic MCI group
exhibited atrophy localized largely to bilateral temporal lobe
regions over the 3 years of follow-up, along with circumscribed areas of atrophy in cingulate, right parietal, and occipital lobe regions (ﬁgure 2b). Linear mixed models
conﬁrmed greater cortical thinning overall in bilateral medial
and lateral temporal, right frontal, and left parietal areas relative to the CN group (p ≤ 0.002), as well as an increased rate
of cortical atrophy in bilateral medial and lateral temporal
lobes (p ≤ 0.003; table 2 and ﬁgure 3).
The mixed MCI group showed a widespread pattern of cortical thinning compared to the CN group at baseline, which
reﬂected their extensive neuropsychological dysfunction.8
Longitudinally, surface-based atrophy rate maps showed that
the mixed MCI group demonstrated atrophy in bilateral
medial temporal, lateral temporal, frontal, parietal, and
6
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occipital regions at all follow-up visits, as well as atrophy in
cingulate regions at years 2 and 3 (ﬁgure 2C). Linear mixed
models revealed greater cortical thinning overall in bilateral
medial temporal, lateral temporal, frontal, and parietal areas
relative to the CN group (p < 0.001), as well as an increased
rate of cortical atrophy in bilateral medial and lateral temporal,
left frontal, and right parietal regions (p < 0.001; table 2 and
ﬁgure 3).
Lastly, the CDN group demonstrated cortical thickness at
baseline that did not diﬀer from the CN group, consistent
with the normal neuropsychological performance of those
participants.8 Longitudinally, surface-based atrophy rate maps
showed that the CDN group exhibited cortical atrophy that
was largely comparable to the CN group over the 3-year
follow-up period. The only exception was greater atrophy in
some medial temporal lobe regions at the year 2 follow-up
visit (ﬁgure 2D). Linear mixed models over the 3-year interval
revealed no signiﬁcant diﬀerences in overall cortical thinning
Neurology.org/N
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−319.2 to
−173.7

<0.001a

<0.001a

0.12

−246.5

−218.7

−49.4

Dysn/
Amn

Mixed

CDN

<0.001

<0.001a

<0.001a

0.28

−2.8

−3.4

−4.7

−0.6

Amnestic
× visit

Dysn/
Amn ×
visit

Mixed ×
visit

CDN ×
visit

−1.7 to 0.5

−6.2 to
−3.2

−4.7 to
−2.1

−3.8 to
−1.8

−0.6

−3.1

−2.5

−1.5

0.32

<0.001a

0.001a

0.009

F4,391.2 = 5.5, p < 0.001a

F4,407.4 = 17.0, p < 0.001a

Group × visit

a

F1,626.6 = 90.9, p < 0.001a

0.04

<0.001a

<0.001a

<0.001a

F1,695.6 = 148.8, p < 0.001a

−64.3

−226.5

−244.2

−188.4

F4,468.3 = 17.4, p < 001

a

p
Value

R medial temporal

b

Visit

−111.1 to
12.2

−302.5 to
−134.9

−211.5 to
−91.9

<0.001a

−151.7

F4,459.5 = 16.2, p < 0.001

95% CI

Amnestic

Group

a

p
Value

L medial temporal

b

−1.8 to 0.6

−4.7 to
−1.4

−4.0 to
−1.1

−2.7 to
−0.4

−127.0 to
−1.6

−311.7 to
−141.3

−318.0 to
−170.3

−249.1 to
−127.6

95% CI

0.14

<0.001a

<0.001a

<0.001a

0.2

−2.2

−1.5

−0.4

0.57

<0.001a

0.003a

0.28

F4,397.2 = 6.1, p < 0.001a

F1,551.6 = 89.1, p < 0.001a

−25.8

−181.4

−107.7

−79.2

F4,470.2 = 19.0, p < 0.001

a

p
Value

L lateral temporal

b

−0.6 to 1.1

−3.4 to
−1.1

−2.6 to
−0.5

−1.3 to 0.4

−60.3 to
8.8

−228.3 to
−134.5

−148.4 to
−67.1

−112.6 to
−45.8

95% CI

0.12

<0.001a

<0.001a

<0.001a

−0.3

−2.3

−1.8

−1.0

0.41

<0.001a

<0.001a

0.01

F4,368.0 = 6.7, p < 0.001a

F1,535.1 = 74.6, p < 0.001a

−28.6

−137.5

−84.9

−69.1

F4,464.5 = 10.4, p < 0.001

a

p
Value

R lateral temporal

b

−1.1 to
0.5

−3.4 to
−1.2

−2.8 to
−0.9

−1.8 to
−0.2

−64.4 to
7.2

−186.2 to
−8.9

−127.1 to
−42.7

−103.7 to
−34.4

95% CI
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0.16

<0.001a

0.008

0.001a

0.15

−1.92

−0.69

−0.43

0.68

<0.001a

0.13

0.23

F4,368.9 = 4.4, p = 0.002a

F1,501.1 = 42.3, p < 0.001a

−21.0

−105.4

−47.2

−47.2

a

p
Value

F4,479.9 = 7.8, p < 0.001

L frontal

b

−0.6 to
0.9

−3.0 to
−0.9

−1.6 to
0.2

−1.1 to
0.3

−50.6 to
8.5

−145.5 to
−65.2

−82.0 to
−12.5

−75.8 to
−18.6

95% CI

p
Value

0.004

<0.001a

0.002a

<0.001a

—

—

—

—

—

—

—

—

F4,383.2 = 3.3, p = 0.01

−91.08 to
−21.51

−81.93 to
−24.69

95%
CI

—

—

—

—

−72.72 to
−13.60

−139.61 to
−59.33

F1,532.0 = 37.8, p < 0.001a

−43.2

−99.5

−56.3

−53.3

F4,485.4 = 7.6, p < 0.001a

R frontal

b

8
b

p Value

95% CI

L parietal
Group

F4,470.2 = 10.9, p < 0.001
−47.0

0.003a

Dysn/Amn

−68.9

Mixed

−131.6

<0.001

CDN

−10.2

0.54

Group × visit

p Value

95% CI

R parietal

Amnestic

Visit

b

a

−42.8

0.006

<0.001a

−107.0 to −30.9

−52.4

0.006

a

−175.5 to −87.7

−105.4

<0.001

−42.5 to 22.1

−24.2

0.13

F1,516.7 = 53.9, p < 0.001a

a

p Value

95% CI

b

p Value

95% CI

b

p Value

95% CI

b

p Value

95% CI

L cingulate

R cingulate

L occipital

R occipital

a

F4,477.5 = 3.5, p = 0.009

F4,478.9 = 3.1, p = 0.02

F4,494.0 = 3.0, p = 0.02

F4,478.2 = 1.8, p = 0.13

−73.4, −12.2

—

—

—

—

—

—

—

—

—

—

—

—

−89.5, −15.2

—

—

—

—

—

—

—

—

—

—

—

—

−148.3, −62.5

—

—

—

—

—

—

—

—

—

—

—

—

−55.7, 7.4

—

—

—

—

—

—

—

—

—

—

—

—

F4,470.8 = 6.7, p < 0.001

−78.3 to −15.7

b

F1,523.8 = 45.0, p < 0.001a

F1,631.1 = 5.4, p = 0.02
a

F1,568.7 = 13.7, p < 0.001a

F1,503.2 = 9.1, p = 0.003a

F1,488.1 = 2.1, p = 0.15

F4,340.3 = 2.0, p = 0.10

F4,358.1 = 2.3, p = 0.06

F4,346.4 = 1.0, p = 0.42

F4,367.1 = 3.8, p = 0.005

F4,381.2 = 4.8, p = 0.001

F4,369.3 = 4.5, p = 0.001

Amnestic × visit

—

—

—

−0.6

0.12

−1.3 to 0.2

−0.9

0.006

−1.6 to −0.3

—

—

—

—

—

—

—

—

—

Dysn/Amn × visit

—

—

—

−0.7

0.16

−1.6 to 0.3

−0.8

0.05

−1.7 to 0.0

—

—

—

—

—

—

—

—

—

−3.2 to −1.0

−1.1

0.02

−2.1 to −0.2

—

—

—

—

—

—

—

—

—

−0.6 to 0.9

0.2

0.52

−0.5 to 0.9

—

—

—

—

—

—

—

—

—

Mixed × visit

—

—

—

−2.1

<0.001

CDN × visit

—

—

—

0.1

0.71

a

Abbreviations: CI = confidence interval; CDN = cluster-derived normal; Dysn/Amn = dysnomic/amnestic.
a
p < 0.004 (Bonferroni corrected); reference group is cognitively normal; estimates (b) are scaled by a factor of 1,000.
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Table 2 Effects of group, visit, and group by visit interactions on cortical thickness in composite regions of interest (continued)

Figure 3 Trajectories of cortical thickness by group in select composite regions of interest showing significant group × visit
interactions

(A) Left medial temporal, (B) right medial temporal, (C) left lateral temporal, (D) right lateral temporal, (E) left frontal, and (F) right parietal; 0 = baseline; 1 = year
1; 2 = year 2; and 3 = year 3. Error bars represent 95% confidence intervals. MCI = mild cognitive impairment.

relative to the CN group (p > 0.004) and no diﬀerences in
cortical atrophy rate (p > 0.20; table 2 and ﬁgure 3).
Cortical atrophy comparisons between
MCI subtypes
Diﬀerences in cortical atrophy were examined between the 3
cognitively impaired MCI subtypes. Surface-based atrophy
rate maps showed that, relative to the amnestic MCI group,
the dysnomic/amnestic MCI group demonstrated greater
atrophy from baseline to year 1 in lateral temporal lobe
regions, primarily on the left; there were no diﬀerences between the amnestic and dysnomic/amnestic MCI groups at
Neurology.org/N

subsequent follow-up visits. Linear mixed models examining
the trajectory of cortical atrophy across the full 3-year interval
revealed no diﬀerences in overall cortical thinning or cortical
atrophy rate between the amnestic and dysnomic/amnestic
MCI groups once Bonferroni correction was applied (diﬀerence in atrophy rate for left lateral temporal ROI: p = 0.04).
Relative to the amnestic MCI group, surface-based atrophy
rate maps showed that the mixed MCI group had greater
atrophy in the left medial temporal, bilateral lateral temporal,
bilateral frontal, and bilateral parietal regions at year 1 and
greater atrophy in right lateral temporal and right parietal
Neurology | Volume , Number  | March 24, 2020
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regions at year 2; there were no signiﬁcant diﬀerences at year
3. Linear mixed models across the 3-year interval showed that
the mixed MCI group had greater cortical thinning overall in
the left lateral temporal lobe and left parietal lobe relative to
the amnestic MCI group (p < 0.001). There were no significant diﬀerences in cortical atrophy rate between the 2 groups
once Bonferroni correction was applied, although several
regions diﬀered on the basis of a less stringent threshold (left
lateral temporal: p = 0.004; left frontal: p = 0.005; bilateral
parietal: p = 0.007).
Relative to the dysnomic/amnestic MCI group, surface-based
atrophy rate maps showed that the mixed MCI group had
greater atrophy in right lateral temporal, right parietal, and
bilateral cingulate regions at year 2; there were no signiﬁcant
diﬀerences at years 1 or 3. Linear mixed models across the full
3-year interval showed that the mixed MCI group had greater
cortical thinning overall in the left cingulate relative to
dysnomic/amnestic MCI (p < 0.001). There were no significant diﬀerences in cortical atrophy rate between the 2 groups
once Bonferroni correction was applied.

Discussion
We demonstrated unique patterns of longitudinal cortical
atrophy over a 3-year period in our 4 cognitive subtypes of
MCI, which were empirically derived via cluster analysis of
neuropsychological scores. Rather than grouping all participants into a single amnestic MCI group, as was originally
done by ADNI, the identiﬁcation of these subgroups revealed
varying levels of severity of both cognitive impairment and
cortical thinning, as well as diﬀering rates of progression to
AD. The MCI subgroups were found to be robust over time;
their overall pattern of performance on neuropsychological
testing remained largely stable over the 3-year interval. The
identiﬁcation of these unique MCI subtypes and their diﬀering cortical atrophy trajectories may have important prognostic value for improving the prediction of clinical course.
Within our empirically derived amnestic MCI group, cortical
atrophy was initially restricted to the medial temporal lobe
regions in the ﬁrst year and then became more widespread over
the subsequent 2 years. This trajectory is consistent with the
pattern of atrophy that has been observed in previous studies of
prodromal AD. For example, one study14 examined cortical
thickness diﬀerences between diagnostic groups (healthy elderly, MCI, AD) in a non-ADNI sample (i.e., participants from
a university memory clinic) and found that medial temporal
lobe thinning was the most signiﬁcant diﬀerence between
healthy elderly and MCI, while lateral temporal lobe thinning
was the most pronounced diﬀerence between MCI and AD;
frontal and parietal changes were also observed at the MCI
stage but became more diﬀuse in AD. A pair of studies15,16 from
the Mayo Clinic’s Alzheimer’s Disease Research Program using
voxel-based morphometry found that participants with conventionally deﬁned single-domain amnestic MCI had gray
10
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matter loss in the medial and inferior temporal lobes compared
to CN participants, while those with multiple-domain amnestic
MCI also showed involvement of the posterior temporal lobe,
parietal association cortex, and posterior cingulate.15 Furthermore, such gray matter loss was seen only in participants with
amnestic MCI who later progressed to AD, indicating that
patterns of atrophy on MRI correspond to their subsequent
clinical course.16 These consistent ﬁndings between previous
studies of prodromal AD and our empirically derived amnestic
MCI group provide validation for our MCI subtyping technique and its ability to produce reliable cognitive phenotypes.
Our dysnomic/amnestic MCI group is a unique subtype that
is not speciﬁcally identiﬁed by the conventional MCI subtyping scheme. Instead, given their impairment in both language and memory domains, these individuals would be
subsumed by a catch-all “multidomain amnestic MCI” label
according to Petersen/Winblad criteria.1–5 The dysnomic/
amnestic MCI group was distinguished by greater left lateral
temporal thinning at early time points (baseline8 and year 1
follow-up) and a corresponding impairment in confrontation
naming ability that was not observed in the amnestic MCI
group. Given these additional ﬁndings in the dysnomic/
amnestic MCI group, it is possible that this subtype represents
a more advanced stage of MCI relative to the amnestic MCI
group. However, there is also evidence to the contrary; the
dysnomic/amnestic MCI subtype displayed many similarities
to the amnestic MCI subtype, including rate of progression to
AD and cortical atrophy rates over the entire 3-year interval.
The mixed MCI group showed multidomain cognitive impairment and extensive cortical thinning relative to the CN group.
They also evinced increased atrophy rates across widespread
neocortical regions relative to the amnestic and dysnomic/
amnestic MCI groups in the ﬁrst 1 to 2 years of follow-up; no
diﬀerences in cortical atrophy were observed at year 3, although
it should be noted that sample sizes of some of the groups were
relatively small at that time point, which may have limited our
power to detect group diﬀerences. The mixed MCI group also
showed the highest rate of progression to a diagnosis of AD over
the 3-year period, with as many of 75% of the group developing
AD by year 3. As with our dysnomic/amnestic MCI subtype,
individuals in our mixed MCI group would also be classiﬁed as
having “multidomain amnestic MCI” according to Petersen/
Winblad criteria.1–5 However, our ﬁndings suggest that the
mixed MCI group is clearly more at risk than the dysnomic/
amnestic MCI group, providing further evidence for the value of
identifying these smaller, more reﬁned MCI subtypes.
Comparisons of the MCI subtypes suggest that some of the
groups may represent diﬀerent stages of disease.17 For example, the trajectory of cortical thinning observed in our
amnestic MCI group appears to map onto the spread of
neuroﬁbrillary tangle (NFT) pathology described by Braak
et al.18 In the Braak staging schema, pretangle material initially
appears in the transentorhinal region (stages 1a, 1b, I–II),
followed by formation of NFTs spreading from entorhinal/
Neurology.org/N
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medial temporal cortex to adjacent neocortical association
areas (e.g., lateral temporal and frontal cortices; stages III–
IV).18 Thus, it is possible that the observed longitudinal cortical
atrophy pattern in our amnestic MCI subtype may reﬂect the
accumulation and progression of underlying NFT pathology.
Similarly, it could be speculated that the mixed MCI group may
be closer to the later stages (V–VI) based on the Braak staging
schema in which NFT pathology becomes more widespread,
moving to primary and secondary cortical regions.18
As many as one-third of the participants in the ADNI MCI
cohort were classiﬁed into the CDN group,6 a subgroup who
were diagnosed with MCI based on the ADNI diagnostic
method5 (i.e., subjective memory complaint, delayed memory
for 1 story, cognitive screening measure, clinical judgment) but
scored within normal limits on more extensive neuropsychological testing. Our research group has conducted
a number of studies examining this CDN group and has found
them to have normal CSF biomarkers of β-amyloid and tau,6
normal β-amyloid burden on PET imaging,7 and normal cortical thickness8 at baseline. Longitudinal data have also shown
that the CDN group remains functionally independent over
time,19 overreports subjective cognitive diﬃculty despite normal objective cognitive performance over time,20 and shows
a low rate of progression to dementia.6 In the current study, the
CDN group showed consistently normal neuropsychological
performance across visits and exhibited cortical atrophy that
was largely comparable to that of the CN group over the 3-year
follow-up period. Taken together, the data strongly suggest that
ADNI’s diagnostic criteria for MCI produce a high rate of falsepositive diagnostic errors, secondary to the unreliability of using a single test score to diagnose MCI21,22 and the lack of
relationship between subjective memory complaints and objective performance.20,23 This issue is not speciﬁc to ADNI;
large false-positive MCI groups have been identiﬁed in other
samples when the conventional diagnostic criteria are used,
including community-based samples24 and clinical trials.25
Despite largely normal cortical thickness over the 3-year period,
results showed that the CDN group had greater atrophy relative
to the CN group in some medial temporal lobe regions at the
year 2 follow-up visit. In addition, 5 individuals in the CDN
group progressed to a diagnosis of AD. Incorporation of additional neuropsychological measures and additional cognitive
domains (e.g., visuospatial) into our classiﬁcation of empirically
derived MCI subtypes may improve classiﬁcation accuracy
(i.e., those 5 individuals may have been moved to an impaired
MCI subtype).24,26 However, this was limited by ADNI’s relatively brief neuropsychological battery, and previous work has
shown that visuospatial measures available in ADNI have psychometric properties (e.g., ceiling eﬀect) that limit their ability
to discriminate between normal and mildly impaired individuals.26 Nonetheless, this small cost in sensitivity is outweighed by
greatly increased speciﬁcity, as the vast majority of participants
in the CDN group appear to be better categorized as CN rather
than MCI. Improvement in the speciﬁcity of an MCI diagnosis
has substantial implications for the selection of participants for
Neurology.org/N

clinical trials in that accurate MCI diagnoses and removal of false
positives at study enrollment can lead to more eﬃcient trials and
more robust study ﬁndings.25 False-positive MCI diagnoses may
also have clinical implications, including psychological consequences that could result from an inaccurate diagnosis or the
potential for inappropriate medication use.
A limitation of the current study was our inability to examine
cortical atrophy trajectories in participants who met criteria for
a nonamnestic MCI subtype as ADNI’s intention is to recruit
only participants with amnestic MCI. This also limited our
ability to investigate less common variants27 of AD and their
cortical thickness proﬁles, reducing the generalizability of the
ﬁndings. That said, the ADNI MCI criteria are highly representative of those used for participant selection in clinical trials28; therefore, ﬁndings in the current sample are at least partly
representative of the population of interest. Our investigation
of cortical atrophy diﬀerences obviated the possibility of examining subcortical structures (e.g., hippocampus, thalamus,
putamen) that have been shown to play an important role in
AD pathogenesis,29,30 and future work investigating group
diﬀerences in atrophy of subcortical regions is warranted. Another weakness of the current study was attrition over the 3year follow-up period. Although attrition was not related to
demographic variables and did not diﬀer across MCI subtypes,
there may still be important diﬀerences between individuals
who completed each follow-up visit and those who did not.
Lastly, the ADNI sample tends to be well educated and relatively homogeneous with regard to ethnic and racial diversity,
which limits the generalizability of our ﬁndings.
Strengths of this study include the longitudinal design, examination of cortical atrophy both at the vertex-wise level and
in lobar ROIs, application of a novel MCI subtyping technique, and examination of longitudinal stability of the cluster
groups. The identiﬁcation of unique cortical atrophy trajectories has clear prognostic value, given previous research
showing an association between regional cortical atrophy
rates in MCI and a corresponding domain-speciﬁc decline in
cognition.31 Our ﬁndings show that ADNI’s purported
amnestic MCI sample is heterogeneous and can be broken
down into more reﬁned cognitive subtypes with unique
proﬁles of cortical atrophy and diﬀering rates of progression
to AD. Our cluster analysis method produces robust MCI
subtypes that have been shown to be highly robust and stable
across cohorts.24,25,32 Identiﬁcation of these novel MCI subtypes can reduce false-positive diagnostic errors, improve the
prediction of clinical course, and promote greater speciﬁcity
of cognitive signatures to underlying pathology. Such
improvements have clear implications for the selection of
participants for clinical trials aimed at ﬁnding diseasemodifying therapies of AD and for providing more precise
risk assessments for individuals diagnosed with MCI.
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