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Abstract. Although episodic memory impairment is usually the earliest sign of Alzheimer’s disease (AD), there are up to 15%
of patients presenting with early impairment in non-memory cognitive functions (i.e., atypical AD). Stratifying patients with AD
may aid clinical trials. Previous studies divided patients by cognitive profile, focusing on cross-sectional analyses without testing
stability of clusters over time. We used principal component analysis followed by cluster analyses in 127 patients with AD based
on 24 cognitive scores at 0, 6, 12, and 24 months follow-up. We investigated the definition of clusters and their stability over time
as well as interactions of cluster assignment and disease severity. At each time point, six distinct factors and four distinct clusters
were extracted that did not differ substantially between time points. Clusters were defined by cognitive profile rather than disease
severity. 85% of patients fell into the same cluster twice, 42% three times, and 17% four times. Subjects with focal semantic
impairment progressed significantly faster than the other cluster. Longitudinally, focal deficits increased relatively rather than
tending toward average disease severity. The observed similar cluster definitions at each time point indicate the validity of the
approach. Cluster-specific longitudinal increases of focal impairments and significant between-cluster differences in disease
progression make this approach useful for stratified inclusion into clinical trials.
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INTRODUCTION

Alzheimer’s disease (AD) usually presents with
early episodic memory impairment, followed by
deficits in attention, visuospatial abilities, and lan-
guage [1, 2]. Although episodic memory deficits are
typically considered the earliest symptoms of AD [3,
4], it is suggested that up to 15% of patients with AD
in dementia centers present with prominent ‘atypical’
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cognitive features [5, 6]. One of these focal presen-
tations is described as ‘posterior cortical atrophy’ [6]
with patients tending to be younger than those with
typical AD [7]. Other subtypes include ‘frontal’ [1, 8]
and ‘logopenic’ [9] variants, characterized by distinct
clinical and pathological features. Further subtypes
have been identified based on the relative density of
neurofibrillary tangles in the hippocampus and associ-
ation cortices: typical AD, hippocampal-sparing AD,
and limbic-predominant AD which may have a corre-
sponding clinical phenotype [10, 11].

There are a number of studies aiming to charac-
terize the heterogeneity in the cognitive presentation
of AD, using cluster or principal component analy-
sis (PCA) alone or in combination. One study using
PCA reported a single common factor (referred to
as dementia severity) to explain 60% variability of
the cognitive profile [5]. Stopford and colleagues [12]
identified 13 different clusters with 4 of them represent-
ing focal impairments in spatial perception, executive
functions, praxis, or language abilities. Using latent
class analysis, Davidson et al. [13] also found 4 distinct
clusters. Two of them were labelled ‘mild’ or ‘severe’
and could therefore reflect a single common factor ‘dis-
ease severity’ at different levels. The other two clusters
showed distinct patterns of predominant impairment
in attention or memory, respectively. Methodologi-
cal differences (i.e., choice of neuropsychological test
instruments, the cognitive domains assessed, or the
statistical approach used) or a highly time-dependent
variability of the identified clusters could explain these
discordant results. Indeed, from the existing literature,
it is difficult to deduct if clinically defined clusters
remain stable over time as most studies focused on
a single time point.

When looking at cluster stability it is important to
define stability. If clusters reflect cognitive domains
most severely affected, patients sharing a similar cog-
nitive profile would remain together in a cluster over
time and cluster characteristics would change with
diseases progression (i.e., a similar profile but at an
increasingly lower level of cognitive performance).
Alternatively, if clusters reflect disease severity, the
majority of subjects in each cluster would have a rel-
atively ‘typical AD’ pattern but at different average
levels. Individuals would then change clusters during
the disease course. In the first scenario, the absence of
stability could mean that patients would show different
domain specific impairments over time. The cluster-
ing would therefore be relatively arbitrary. If clusters
represent disease severity, a high instability would
occur if cognitive deterioration is very heterogeneous

with some patients being able to maintain performance
and others showing relatively rapid decline. Of note,
changes observed over time are likely to be continu-
ous while clustering is categorical and small changes
in cluster definitions could alter the grouping of many
subjects. However, should clusters reflect a specific
cognitive domain or should clusters differ by rate of
cognitive decline, they may aid a stratified inclusion
into clinical trials and help to inform patients and rel-
atives more specifically about the individual course of
the disease.

Using a sample of AD cases who received cogni-
tive testing at baseline and after 6, 12, and 24 months,
we performed cluster analyses separately for each time
point and characterized the resulting clusters. In com-
plementary analyses, we used the cluster definition
from baseline to describe how subjects would group
in these clusters with their follow-up cognitive scores.
We aimed to identify two types of stability:

1) Clusters reflect domains most severely affected:
By repeating the cluster analyses for each time
point, we sought to identify if the same profiles
of impairment could be observed. In addition,
we investigated the longitudinal progression
of cluster-defining impairment when projecting
follow-up data using baseline criteria.

2) Clusters reflect disease severity: If true, clus-
ters should differ in well-established markers of
global disease severity, such as the Mini Mental
State Examination (MMSE) [14]. We also tested
if clustering is predictive of disease progression.

METHODS

Participants

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (http://adni.loni.usc.edu).
The ADNI was launched in 2003 by the National
Institute on Aging (NIA), the National Institute of
Biomedical Imaging and Bioengineering (NIBIB), the
Food and Drug Administration (FDA), private phar-
maceutical companies and non-profit organizations,
as a $60 million, 5-year public-private partnership.
The primary goal of ADNI has been to test whether
serial magnetic resonance imaging (MRI), positron
emission tomography (PET), other biological markers,
and clinical and neuropsychological assessment can be
combined to measure the progression of mild cogni-

http://adni.loni.usc.edu
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tive impairment (MCI) and early AD. Determination
of sensitive and specific markers of very early AD pro-
gression is intended to aid researchers and clinicians
to develop new treatments and monitor their effective-
ness, as well as lessen the time and cost of clinical
trials. The Principal Investigator of this initiative is
Michael W. Weiner, MD, VA Medical Center and Uni-
versity of California–San Francisco. ADNI is the result
of efforts of many co-investigators from a broad range
of academic institutions and private corporations, and
subjects have been recruited from over 50 sites across
the U.S. and Canada. The initial goal of ADNI was
to recruit 800 subjects but ADNI has been followed
by ADNI-GO and ADNI-2. The ADNI protocol was
approved by the human studies committees at all insti-
tutions in the United States and Canada. Written and
verbal informed consents were obtained from partici-
pants at screening and enrollment. To date these three
protocols have recruited over 1500 adults, ages 55 to
90, to participate in the research, consisting of cogni-
tively normal older individuals, people with early or
late MCI, and people with early AD. The follow up
duration of each group is specified in the protocols for
ADNI-1, ADNI-2, and ADNI-GO. Subjects originally
recruited for ADNI-1 and ADNI-GO had the option
to be followed in ADNI-2. For up-to-date information,
see http://www.adni-info.org.

A total of 127 individuals (aged 76.5 ± 7.2; 51%
male) with probable AD (according to NINCDS/
ADRDA criteria) were included in our study (see
Supplementary Table 1). Data of 0, 6, 12, and 24
months follow-up were used for statistical analysis.
AD patients were not assessed at 18 months. Patients
with complete data from at least three time-points were
included in the analysis.

Neuropsychological battery

All available ADNI neuropsychological scores were
included in the analysis, except those scores which
were used for AD diagnosis (i.e., logical memory,
MMSE) to avoid circularity. Trail Making Test A and B
were excluded because of almost 20% missing values.
Thus, the following neuropsychological sub-scores
were included in the analysis: Clock Drawing Test
[15]: drawing (total score) and copying (total score);
Rey Auditory Verbal Learning Test [16]: immediate
recall (recalled words within trial 1 to 5), intrusions
(recalled words that were not part of the list), imme-
diate recall after interference (trial 6), delayed recall
after 30 minutes (trial 7), recognition (hits and false
alarms); Digit Span from the Wechsler Memory Scale

[17]: forward, backwards (number); Category Flu-
ency [18]: animals, vegetables (count per minute),
a reduced version (30 items) of the Boston Naming
Test [19]: spontaneously named items; semantic cues
given and phonemic cues given (maximum 30). As the
Digit Span and the Category Fluency Vegetables were
not part of the ADNI 2 study (see http://www.adni-
info.org/scientists/ADNIStudyProcedures.aspx) only
data of ADNI 1 were used in our study. Of note, scores
of the MMSE were used as markers of disease severity
but did not enter the factor analyses.

Data analyses

Time point specific analyses
The analysis of the neuropsychological data was

conducted in a two-stage sequence following Stopford
and colleagues [12]. First, a PCA was carried out to
represent items that are related to one another by a
more general term, following a cluster analysis with the
extracted factors using SPSS software package (ver-
sion 21.0; IBM Inc.; USA). In the following, each step
is explained in greater detail.

Principal component analysis: A PCA with
orthogonal rotation (varimax) was done using non-
normalized raw data of all subjects. To verify sample
adequacy Kaiser-Meyer-Olkin (KMO) criterion and
Bartlett’s test of sphericity were computed. Factor
solutions were extracted using both the Kaiser-
Guttmann criterion [20] and the scree-test [21].

Cluster analysis: The extracted factor scores were
entered into a hierarchical cluster analysis using
Ward’s method [22] with squared Euclidian distance
as a measure of proximity. After determining the
optimum number of clusters using an agglomeration
schedule (i.e., the change in agglomeration coefficients
as the number of clusters increase), cluster analysis
was rerun to assign each patient to the corresponding
cluster.

Cluster membership and disease severity
We reasoned that high between-cluster differences

(i.e., high effect sizes) unexplained by markers of
global disease severity (i.e., MMSE), would be a strong
indicator that clusters reflect cognitive domains most
severely affected. Significance tests were done using a
critical p < 0.05 after applying Bonferroni’s correction
for multiple comparisons.

Within time-point analyses: Factor scores entered a
Mann-Whitney-U Test to compare one cluster against
a combination of the remaining clusters (e.g., clus-
ter ‘intrusions’ versus all other clusters together).

http://www.adni-info.org
http://www.adni-info.org/scientists/ADNIStudyProcedures.aspx
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Significant results were qualified by effect sizes com-
puted as r = z − score/

√
N, with N being the total

sample size [23]. Effect sizes were evaluated accord-
ing to Cohen [24] with r ≥ 0.1; r ≥ 0.3; and r ≥ 0.5 as
being small, medium, and large, respectively.

At each time point, MMSE scores of clusters were
compared using Kruskal-Wallis Tests followed by
post-hoc Mann-Whitney U-Tests.

Between time-point analyses: Using factor scores
and cluster assignment defined at baseline, we exam-
ined the longitudinal development of the cognitive
profile. Therefore, baseline factor loadings were
multiplied with z-transformed neuropsychological
follow-up scores (i.e., z-transformation of all subjects
of 6-months, 12-months, or 24-months scores) to iden-
tify the longitudinal progression of patients in each
cluster for any given factor by projecting follow-up
data on baseline data. Z-transformation, done implic-
itly through PCA and explicitly for the follow-up data,
allowed us to correct for global effects of disease pro-
gression. A higher z-score of change in cognitive score
at follow-up thus indicates that the corresponding fac-
tor is affected more than average.

Longitudinal progression of MMSE scores were
computed using difference scores (baseline minus
12-months follow-up or 24-months follow-up, respec-
tively) and Kruskal-Wallis Tests followed by Mann-
Whitney U-tests comparing MMSE difference scores
of one cluster against another.

Stability of cluster assignment
Using the identical statistical pipeline as at base-

line: We examined what percentage of subjects would
fall into the same cluster at follow-up using the identi-
cal statistical pipeline as at baseline (i.e., PCA followed
by hierarchical clustering). Cohen’s kappa [25] was
computed to test the consistency of cluster assign-
ment given different group sizes. Cohen’s kappa was
evaluated with κ ≤ 0.2; κ ≤ 0.4; κ ≤ 0.6; κ ≤ 0.8; and
κ ≥ 0.8 as being a slight, fair, moderate, substantial, or
almost perfect agreement, respectively. If clusters sep-
arate disease stages, we would expect that increasingly
many subjects would fall into the cluster for the more
advanced disease stages.

Using a projection of follow-up on baseline data:
Since minor fluctuations could affect clustering, the
longitudinal stability of patients’ global cognitive
profiles was evaluated using projected factor scores
of each patient. Therefore, baseline factor loadings
were multiplied with z-transformed neuropsycholog-
ical scores of a given time-point to compute factor
scores.

RESULTS

Time-point specific PCA and clustering

Principal component analysis
A PCA with varimax rotation was conducted on a

data matrix of 127 subjects and 24 neuropsychological
scores.

At all time-points, the KMO measure verified sam-
pling adequacy (rated as ‘middling’ to ‘meritorious’
according to Kaiser [26]). Likewise, Bartlett’s test of
sphericity indicated that correlations between variables
were sufficiently high. At each time point, six rele-
vant components were identified (see Supplementary
Table 2).

At the first three time points, the item loadings
were interpreted as follows: component 1: verbal
episodic memory; component 2: intrusions; compo-
nent 3: semantic knowledge; component 4: working
memory; component 5: visuo-constructive abilities,
and component 6: recognition. At 24-months follow-
up, representations were similar with the exception that
visuo-construction and working memory loaded on to
the same factor while immediate recall and delayed
recall formed two separate ones (see Supplementary
Tables 3–6 for factor loadings).

Cluster analysis
As with factor loading, clustering was very simi-

lar for the first three time points with agglomeration
schedules indicating four distinct clusters (‘typical
AD’, ‘focal semantic impairment’, ‘preserved mem-
ory with focal visuo-constructive impairment’, ‘focal
intrusions’), while five distinct clusters were identified
at 24-months follow-up (additional ‘preserved delayed
recall’).

Mann-Whitney U-Tests were applied using Bon-
ferroni correction reporting significant results at
p < 0.002. A comparison of the 4 distinct clusters and
their corresponding neuropsychological characteristic
is presented in Fig. 1.

Cluster membership and disease severity

Within time point analyses
No significant differences could be observed

between cluster specific MMSE-scores at either base-
line or 6-months follow-up.

At 12-months follow-up MMSE scores dif-
fered significantly between clusters (H (3) = 225.548,
p < 0.001). Post-hoc Mann-Whitney U-Tests (critical
p < 0.003) revealed that cluster ‘semantic knowledge’
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Fig. 1. Progression of cognitive profiles over time (within time-point analyses). At 24-months follow-up two slightly different factors (shown
in red) were revealed by principal component analysis. Stars indicate significant different performance in the respective domain (at p < 0.001)
between the indicated cluster and the combination of all other clusters.

Table 1
MMSE progression for all clusters (within time-point analyses). Mean values with one standard deviation are reported

Baseline 6-months FU 12-months FU 24-months FU

cluster n/f Age MMSE n/f Age MMSE n/f Age MMSE n/f Age MMSE

intrusions 11/6 72.1 ± 9.3 23.9 ± 1.3 6/4 64.5 ± 8.5 24.3 ± 1.8 7/5 76.1 ± 6.5 24.1 ± 2.7 12/5 74.8 ± 6.8 21.5 ± 4.1
typ. AD 43/17 76.3 ± 6.3 23.4 ± 2.1 89/42 77.9 ± 6.3 23.4 ± 2.7 82/40 77.0 ± 7.1 22.6 ± 3.4 57/31 77.3 ± 7.5 20.0 ± 4.6
sem.know 21/12 77.9 ± 6.9 23.0 ± 2.2 15/9 75.4 ± 7.1 22.1 ± 2.1 15/7 75.1 ± 8.9 19.2 ± 4.5 9/5 73.4 ± 6.2 13.7 ± 5.6
verb.mem 52/27 77.0 ± 7.5 24.1 ± 1.9 14/7 73.5 ± 6.9 21.8 ± 3.6 23/10 75.7 ± 6.8 20.8 ± 3.9 18/7 77.5 ± 5.9 22.2 ± 3.3
del.recall 2/0 72.5 ± 9.8 24.0 ± 1.4

FU, follow up; MMSE, Mini-Mental Status Examination; n, number of subjects; f, number of female subjects; SD, standard deviation;
AD, Alzheimer’s disease; typ.AD, typical AD; sem.know, semantic knowledge; verb.mem, preserved verbal memory with visuo-constructive
impairment; del. recall, preserved delayed recall.

showed significantly lower MMSE scores compared
to cluster ‘typical AD’ (p < 0.002). At 24-months
follow-up MMSE scores differed significantly between
clusters (H (3) = 11.482, p < 0.001). Post-hoc tests
again revealed that cluster ‘semantic knowledge’
showed significantly lower MMSE scores compared
to cluster ‘typical AD’ (p = 0.002) and cluster ‘pre-

served memory with visuo-constructive impairment’
(p < 0.001) (see Table 1 and Fig. 2).

Between time point analyses
We observed a significant main effect (critical

p < 0.025) of cluster specific MMSE progression after
12 months (H (3) = 18.1, p < 0.001) and 24 months
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‘intrusions’
‘typical AD’
‘semantic knowledge’
‘verbal memory with visuo-constructive impairment’
‘delayed recall’

Fig. 2. Scores of Mini-Mental State Examination (MMSE) for clusters within and across time points. Stars indicate significant differences at
p < 0.001. Dotted lines indicate MMSE cut-off scores for mild, moderate and severe stage of AD. Error bars indicate 1 standard deviation from
the mean.

Table 2
MMSE progression of baseline cluster members (between time-point analyses). Mean values with one standard deviation are reported

Baseline 6-months FU 12-months FU 24-months FU
(n = 127, 51% male) (n = 124, 50% male) (n = 127, 51% male) (n = 98, 51% male)

Age MMSE MMSE MMSE MMSE

all subjects 76.5 ± 7.2 23.7 ± 2.0 22.9 ± 2.9 21.9 ± 3.8 20.1 ± 4.8
‘intrusions’ 72.1 ± 9.3 23.9 ± 1.3 23.7 ± 3.6 19.8 ± 5.7 18.9 ± 8.2
‘typical AD’ 76.3 ± 6.3 23.4 ± 2.1 22.8 ± 2.9 22.8 ± 3.4 20.7 ± 4.6
‘semantic knowledge’ 77.9 ± 6.9 23.0 ± 2.2 21.7 ± 2.4 18.6 ± 3.6 16.6 ± 4.7
‘verbal memory’ 77.0 ± 7.5 24.1 ± 1.9 23.5 ± 2.8 22.9 ± 2.6 21.2 ± 3.7

FU, follow up; MMSE, Mini-Mental Status Examination; n, number of subjects; SD, standard deviation; AD, Alzheimer’s disease.

(H (3) = 10.1, p < 0.01). Post-hoc Mann-Whitney U-
tests (critical p < 0.004) revealed that significance was
due to cluster ‘semantic knowledge’ showing a sig-
nificantly steeper progression compared to cluster
‘typical AD’ and cluster ‘verbal memory with visuo-
constructive impairment’ after 12 months (p < 0.001)
and again after 24 months (p = 0.003) (see MMSE
scores in Table 2).

Stability of cluster assignment

Performing PCA and clustering separately for
each time point

Figure 3 provides an overview of stability of cluster
assignment over time where we observed the follow-
ing typical pathways: No typical pathways for patients
in the cluster ‘intrusions’. In contrast, the majority
of cluster ‘typical AD’ (77%; 33/43) were assigned
to the same cluster after both six months and 12

months (65%; 28/43). 17 patients (40%; 17/43) were
assigned to the cluster at all 4 time-points. In clus-
ters ‘semantic knowledge’ (57% two times, 38% three
times, 24% four times) and ‘verbal memory with visuo-
constructive impairment’ (12% two times, 6% three
times, 4% four times), high proportions of subjects
either remained in the initial cluster of changed to ‘typ-
ical AD’ (semantic knowledge: 14%; ‘verbal memory
with visuo-constructive impairment’: 40%).

Comparing cluster assignment for each time point
to the next was significantly different from change.
Cohen’s kappa indicated only ‘slight’ to ‘fair’ agree-
ment except when comparing 6-months and 12-months
follow up (p < 0.001; κ = 0.46, ‘moderate’ agreement).

Using a projection on baseline data
Longitudinal stability of patients’ global cognitive

profiles was evaluated using their individual factor
scores with baseline factor loadings. Progression of
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Fig. 3. Cluster change over time based on clustering at every time point for each cluster (within time-point analyses). Dashed lines indicate
cluster change of one patient. Warmer colors indicate more patients with identical cluster change.

cognitive profiles is shown in Fig. 4. Subjects in most
clusters kept a similar profile but the domain most
affected at baseline often deteriorated faster than the
others. Subjects in the cluster ‘semantic knowledge’
continued to be particularly impaired in that domain
but several other domains declined rapidly making this
the overall fastest declining cluster.

DISCUSSION

The aim of our study was to identify subgroups of
AD and to investigate their stability over time.

Baseline factor analyses

In line with previous single time-point studies, PCA
revealed memory, visuospatial abilities, and language
[27–29] as separate cognitive components in AD. In
contrast to previous studies, memory recall and recog-
nition did not load on to the same factor, suggesting two
separate aspects of memory. This notion is supported
by studies hypothesizing different stages of the ver-
bal learning test to map onto dissociable brain regions
(e.g., memory recall is related to hippocampus whereas
recognition is associated with perirhinal/entorhinal
cortex) [30]. Number of intrusions (recalled items
which were not part of the list) loaded on to a distinct

factor. Interestingly, previous studies didn’t include
intrusions in the analysis of verbal episodic memory
[e.g., 5, 12] although they reflect distortions of existing
memories possibly due to source-monitoring deficits
in AD [31]. To our knowledge, this is the first study
revealing a distinct factor of ‘intrusions’ with PCA in
AD.

Cluster analyses

Cluster analyses revealed 4 distinct clusters at base-
line, 6-month, and 12-months follow-up, while 5
distinct clusters were found at 24-months follow-up.
Of note, 29 out of 127 cases dropped out of the study,
possibly explaining slight differences in cluster defini-
tion at the last time-point.

Compared to the ‘typical AD’ cluster (n = 43), 66%
of all patients (n = 84) were distinctively impaired in
at least one cognitive domain (i.e., one specific factor)
at baseline (6-months follow-up: 28%; 12-months
follow-up: 35%; 24-months follow-up: 42%). These
findings are consistent with former studies showing
AD patients with relative isolated word-finding and
other language deficits [3, 30], or impairments in
visuospatial abilities [32], which might reflect pro-
nounced neuronal loss in the left or right hemispheres
respectively.
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Fig. 4. Progression of cognitive profiles over time using projections of baseline factor loadings (between time-point analyses).

We repeatedly observed a cluster with pronounced
difficulties in semantic knowledge as did Martin and
colleagues [29] and Fisher and colleagues [33]. Seman-
tic memory deficits in AD may be caused by an
impaired access to vocabulary [38] or reflect a gen-
uine deterioration in the structure and organization of
semantic knowledge [39]. Although Stopford et al.
[12] found a group of patients impaired in a factor
termed ‘language’, their definition was substantially
broader and is thus not directly comparable to our
cluster ‘semantic knowledge’. They suggested that
naming deficits are attributable to impaired retrieval
rather than semantic knowledge since naming and
category fluency both loaded on to different factors
although both have significant semantic demands. Our
study indicates a different view, since category flu-
ency and naming loaded on to one factor, namely
‘semantic knowledge’. This has been corroborated by
studies investigating semantic deficits in AD [34] and

by distinctive FDG-PET and MRI findings [35]. Some
authors argued that the episodic memory deficit in AD
is portrayed by poor performance on both recall and
recognition measures indicative of impairment in both
encoding and storing information [36, 37]. This is not
supported by our study as we found different clusters
with unequal impairment on both factors (i.e., patients
of cluster ‘semantic knowledge’ were impaired in ver-
bal memory but well preserved in recognition).

Another cluster which was found at all time-points
represented preserved verbal memory functions with
visuo-constructive impairment (characterized by the
clock drawing test). A similar cluster was also found
by Fisher et al. [33]. Of note, we observed a subgroup
characterized by frequent intrusions at all time-points.
Intrusions may be related to memory distortion and
seem to indicate a breakdown in the ability to moni-
tor and constrain recall responses [38]. Former studies
never included intrusions in their analysis (neither PCA
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nor cluster analysis) although intrusions are typically
assessed in every verbal memory tests.

Comparing the pattern of deficits in the four distinct
clusters to clinically defined variants of AD indicates
that patients in the cluster ‘verbal memory with visuo-
constructive abilities’ might be comparable to the
variant ‘posterior cortical atrophy’, showing preserved
verbal memory and recognition with deficits in visuo-
construction. However, this interpretation is made less
likely as this cluster contains the most patients at base-
line and patients from that cluster tended to fall into the
‘average AD’ cluster at follow-up (see Fig. 3). Patients
in the cluster ‘semantic knowledge’ showing deficits
in semantic knowledge and verbal memory might rep-
resent an aphasia subtype of AD but additional aphasia
tests would be required to put such an interpretation on
firmer grounds.

Of note, frequency of APOE allele (distribution of
genotypes APOE 2/3; APOE 2/4; APOE 3/3; APOE
3/4; and APOE 4/4) did not differ significantly between
clusters at any time-point as measured using χ²-test
on cross-tables (baseline: χ 2 = 12.3, p = 0.42; 6m-FU:
χ2 = 12.9, p = 0.37; 12m-FU χ2 = 13.2, p = 0.32; 24m-
FU χ 2 = 17.7, p = 0.34). Nevertheless, in the ‘focal
semantic impairment’ cluster (the fastest progressing
cluster), the frequency (in percent) of APOE 4/4 geno-
type was the highest at all time-points, although not
significantly so.

Longitudinal stability of cluster assignment

Cluster definitions remained relatively constant over
time with time point specific PCA and cluster analy-
ses. A significant amount of patients were assigned
to the same cluster at follow-up. 53 patients (42%)
were assigned to the same cluster at three time points
subsequently and 21 patients (17%) were assigned to
the same cluster at every time-point. In general, sta-
bility of cluster assignment was significant but to a
slight extent. The highest stability was observed in the
cluster ‘typical AD’ followed by the cluster ‘seman-
tic knowledge’. Figure 3 indicates that subjects in
clusters ‘semantic knowledge’ and ‘verbal memory’
frequently changed to the ‘typical AD’ cluster. Figure 4
on the other hand, indicates more pronounced impair-
ments in the domains that were already predominantly
affected at baseline, even when correcting for the over-
all disease progression by using z-scores. This apparent
contradiction could result if those patients remain-
ing in the cluster would continue to develop a more
pronounced deficit and would dominate the cluster
average.

Effects of disease severity on clustering

Using MMSE as a marker of disease severity, within
time-point differences in MMSE were insignificant
for baseline and 6 months follow-up. This observa-
tions contradicts the argument, that diseases severity is
the primary distinction between clusters [5]. Of note,
Ralph et al. [5] included MMSE in the factor anal-
ysis, which could lead to circularity when MMSE is
used to rate disease severity. While we retrospectively
compared MMSE between clusters, one could also
regress out disease severity from the raw data before
PCA and clustering. This would allow observing a
clustering independently of disease severity. Ideally,
non-cognitive markers (e.g., hippocampus atrophy)
should be used for that purpose, as the MMSE is
not independent from cognitive scores. Regressing out
disease severity using MMSE scores could therefore
distort the relation between cognitive scores and alter
the results substantially.

Comparing cognitive decline over time averaged
across all participants of this study (i.e., about 2 points
per year on the MMSE), patients assigned to the cluster
‘semantic knowledge’ at baseline showed a signifi-
cantly steeper decline of about 4 points per year (see
Table 2). Lower MMSE scores in subjects with ‘focal
language’ deficits have also been reported by Stopford
et al. [12] who explained this by higher demands of the
MMSE test on language compared to, for example,
visuo-construction. This is not supported by former
studies, identifying two factors using PCA with the
‘verbal abilities’ factor explaining only 20% of total
variance and not being related to cognitive deterio-
ration [39]. Of note, when repeating these analyses
using Clinical Dementia Rating-Sum of Boxes [40],
a measure of cognitive and functional performance
without reference to psychometric presentation as an
index of disease severity, no significant differences
could be observed for any time point but descriptively
patients of cluster ‘semantic knowledge’ increased
fastest.

Limitation

The neuropsychological tests available in ADNI are
partly unbalanced with some cognitive domains rep-
resented with multiple scores and others with one or
even not at all. For instance, genuine tests of executive
functions are underrepresented. Future studies should
therefore include a wider test set.

In summary, the observed similar cluster definitions
at each time point support the stability of the clusters.
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Cluster specific longitudinal increases of focal impair-
ments and significant between cluster differences in
disease progression make this approach useful for strat-
ified inclusions into clinical trials.
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