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Abstract

Background/Aims—Alzheimer’s disease (AD) onset before 65 (early-onset AD (EOAD))
occurs in approximately 6% of cases and can affect non-memory domains. Here, we analyze
patterns of impairment in amnestic EOAD individuals using data-driven statistical analyses.

Methods—Cognitive data of 146 EOAD subjects were Z-normalized to 395 cognitively-normal
(CN) individuals. Domain-averaged Z-scores were adjusted for age, sex and education followed by
Wald cluster analysis of residuals. MRI and PET comparisons of EOAD clusters to age-matched
CN was done using SPM8. Cluster-level-family-wise error (p<0.05) correction was applied.
Mixed-effect models were used to compute longitudinal change across clusters.

Results—Scree plot using the pseudo-T-squared suggested a 4-cluster solution. Cluster 1
(memory-predominant impairment) showed atrophy/hypometabolism in medial/lateral temporal,
lateral parietal and posterior cingulate regions. Cluster 2 showed (memory/visuospatial-
predominant) atrophy/hypometabolism of medial temporal, temporoparietal and frontal cortices.
Cluster 3 (memory, language and executive function) and Cluster 4 (all domains) manifested
atrophy and hypometabolism throughout the brain. Longitudinally between-cluster differences in
the visuospatial and language/executive domains were significant, suggesting phenotypic
variation.

Conclusion—We observed significant heterogeneity in cognitive presentation among amnestic
EOAD subjects and patterns of atrophy/hypometabolism in each cluster in agreement with the
observed cognitive phenotype.

Keywords

Early onset Alzheimer’s disease; Cognition; Heterogeneity; Magnetic Resonance Imaging;
Positron Emission Tomography

1. Introduction

In the United States, an estimated 5.5 million people are diagnosed with Alzheimer’s disease
(AD) - the leading cause of dementia world-wide[1]. Approximately 94% of patients with
AD become symptomatic after age 65 [late-onset AD (LOAD)] and 6% before age 65 [early
onset AD (EOAD)][2]. It has been shown that EOAD patients have more diverse disease
presentations and more aggressive disease courses [3-25]. While many LOAD cases have
stereotypic memory-predominant deficits, EOAD patients often have atypical presentations
with non-memory impairments early in the disease course [3,5-9,11-18,25]. As many as
64% of EOAD vs. only 12.5% of LOAD patients present with focal non-amnestic symptoms
[18].

Several studies have investigated the heterogeneity of EOAD compared to LOAD. Some
studies [7,9,16] reported that, after memory, the language domain is most severely affected
in EOAD, while visuospatial function is preserved; others indicate that praxis and
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visuospatial function are most affected [15,26]. This inconsistency between EOAD
presentations seems to suggest high disease heterogeneity.

We aimed to use a data-driven approach to improve our understanding of the phenotypic
heterogeneity among EOAD patients in the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) cohort. As ADNI requires all cognitively impaired individuals to manifest
significant memory impairment at baseline, our analyses were limited to the amnestic EOAD
subtype. We hypothesized that we would find several cognitive subtypes within the amnestic
EO group and that the subsequent patterns of neurodegeneration correspond closely to their
respective cognitive phenotype. Furthermore, we hypothesized that amyloid deposition
would be similarly diffuse regardless of cognitive subtype. Longitudinal cognitive
differences between and within clusters were also analyzed.

2. Materials and Methods

2.1. Subjects

Data used for this analysis were obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (adni.loni.usc.edu). ADNI was launched in 2003 as a public-
private partnership, led by Principal Investigator Michael W. Weiner, MD. 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
assessments can be combined to measure the progression of mild cognitive impairment
(MCI) and early Alzheimer’s disease (AD).

The clinical description of the ADNI cohort has been described previously [27-29].
Diagnosis of AD was based on the National Institute of Neurological and Communicative
Disorders and Stroke and the AD and Related Disorders Association (NINCDS-ADRDA)
criteria [30-32]. The full list of inclusion/exclusion criteria may be accessed on pages 23—-29
of the online ADNI protocol (see http://www.adni-info.org/Scientists/
ADNIScientistsHome.aspx). Written informed consent was obtained from all participants.

The ADNI cohort includes 146 subjects diagnosed with MCI or probable AD with an age of
symptom onset less than 65. Of these, 143 had at least one imaging modality available. Our
comparison group consisted of 395 cognitively normal (CN) subjects who had GWAS data
available and were between the ages of 55 and 80.

2.2 MRI and PET Acquisition and Analyses

The protocols for MRI image acquisition and preprocessing can be found on www.adni-
info.org. ADNI MRI data acquisition and preprocessing has been described elsewhere [33—
35]. We downloaded the preprocessed MRI data from LONI IDA (https://ida.loni.usc.edu).
All scans were analyzed using voxel-based morphometry using Statistic Parametric Mapping
(SPMB8), as previously described [36,37]. Scans were downloaded in NifTI format, co-
registered to Montreal Neurological Institute (MNI) space and segmented into gray matter
(GM), white matter, and cerebrospinal fluid. The GM maps were normalized to MNI space
at Immx1mmx1mm voxel resolution and smoothed using a 10mm full-width half maximum
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Gaussian kernel resulting in GM density (GMD) maps. The intracranial volume (ICV) was
extracted for each subject using FreeSurfer version 5.1 [38,39].

The F18-Fluorodeoxyglucose positron emission tomography (FDG PET) and 18F-
Florbetapir PET scan acquisition and pre-processing protocols are available at www.adni-
info.org. Scans were obtained using scanners and related equipment that were calibrated and
standardized, as described previously [40]. Preprocessed scans were downloaded from LONI
IDA (https://ida.loni.usc.edu). The downloaded scans were already averaged, aligned to
standard space, re-sampled to a standard image and voxel size, and smoothed to a uniform
resolution [40]. Each image was aligned to the corresponding MRI scan and normalized to
MNI space using parameters from the MRI segmentation with 2mm x 2mm x 2mm
resolution [40]. FDG PET scans were intensity-normalized to the pons and the Florbetapir
PET scans were intensity-normalized to the whole cerebellum to create Standard Uptake
Volume Ratios (SUVR) images as previously described [40]. These images were then used
for voxel-wise analysis as described below.

We used the mean amyloid whole brain SUVR from the University of California Berkeley
(UCB) downloaded from ADNI’s database (http://adni.loni.usc.edu). The UCB protocols for
18F-Florbetapir preprocessing, co-registration and normalization have been previously
described [41].

2.3 Statistical Analyses

2.3.1 Cluster Analysis—Baseline cognitive data from the 146 EOAD subjects meeting
criteria for mild cognitive impairment or dementia were Z-normalized using the mean and
standard deviation of the cognitive performance of the 395 CN participants.
Neuropsychological tests from the ADNI battery were grouped in four domains — memory,
language, visuospatial and executive. The memory domain included the Wechsler Logical
Memory Story Recall [42] and the Rey Auditory Verbal Learning Tests (RAVLT) [43]. For
the RAVLT, we computed percent learned, which was derived by dividing the total score
achieved at trial five by the total possible score (15) and multiplying by 100, and RAVLT
percent retained, calculated by dividing the score after a 30-minute delay by the score
achieved after trial 5, multiplied by 100. The language domain included the Boston Naming
test [44] and animal fluency [45]. The visuospatial domain included clock drawing and clock
copy [46]. The executive domain included Trailmaking A and B [47]. For the EOAD
participants, all included individuals had complete test data except for a single subject, who
was missing a single clock copy score. Domain averaged Z-scores were produced and
adjusted for age, sex and education. Cluster analysis using the Ward method on the residuals
for the 4 cognitive domains was performed [48]. Scree plot using the pseudo T-squared was
used to determine the optimal number of clusters.

2.3.2 Baseline Demographic and Cognitive Comparisons—Baseline clinical and
demographic between-cluster comparisons were conducted using analysis of variance
(ANOVA) for continuous outcomes and chi-square tests for categorical outcomes.

2.3.4 Imaging Analyses—Using SPM8, we ran voxel-wise regression analyses to
visualize the pattern of GMD, FDG PET and amyloid PET differences between each EOAD
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cluster and CN. EOAD cluster was used as the predictor variable with age, sex and
education as covariates. ICV and MRI field strength were also used as covariates for the
MRI analyses. Cluster-level family-wise error (FWE) correction for multiple comparisons
was applied. Only clusters surviving FWE correction at the threshold of p < 0.05 with a
minimum cluster size (k) equal to the smallest significant cluster size were displayed.

2.3.5 Longitudinal Analyses of Cognitive Decline—Longitudinal cognitive data
was available on 140 of the 146 subjects. Follow-up varied between 6 months and 10 years.
Due to reduction in sample sizes after 60 months, we limited our analyses at 5 years (see
Table 1). Longitudinal rates of decline in each cognitive domain were examined and
compared between the clusters using mixed effects models with repeated measures on all
cognitive outcomes after adjusting for education, age and sex using SAS 9.4. The models
included an interaction between time of evaluation from baseline treated as a continuous
variable and cluster. The results were visualized by deriving predicted means and 95%
confidence intervals and plotting these for each cluster over time.

3. Results

3.1 Baseline Cognitive and Imaging Analyses

The scree plot suggested a four-cluster solution. As seen in Table 1, Cluster 1 was comprised
of 64 subjects (51 MCI and 13 dementia) with isolated memory deficits (Z=-1.77+0.95).
Cluster 2 contained 31 subjects (18 MCI and 13 dementia) with memory and visuospatial
domain deficits (Zymemory=—2.07£1.02 and Zyjsyospatiai=—2.91+1.88). Cluster 3 had 37
individuals (9 MCI and 28 dementia) with impairment in memory, language, and executive
function (Zmemory=—2.32£0.75, Zjanguage=—1.82+1.51, and Zeyecutive 3. 56+1.80). For cluster
4, there were 14 subjects (14 dementia) with deficits in all four domains (Zmemory=
—2.89£0.57, Zjanguage=—2.76%1.84, Zyjisyospatial=—6.86+2.08, and Zeyecutive=7-45+2.30).

There were no significant between-cluster differences in age, gender, education, APOE4
genotype distribution, age at symptom onset, disease duration or mean amyloid SUVR.
There was a significant between-cluster difference in baseline clinical dementia rating
(CDR) and mini-mental state exam (MMSE), with cluster 1 performing the best and cluster
4 the worst (p<0.001 for both). The distribution of diagnoses between the four clusters was
also significant (p<0.001). The number of subjects used in each imaging analysis varies
slightly due to image availability (see Table 1).

The MRI and FDG PET imaging comparisons of each cluster relative to the CN sample can
be seen in Figures 1 and 2, respectively. Cluster 1 showed isolated memory impairment and
reduced GMD across the temporal, parietal, and frontal lobes with cluster peaks in the left
medial temporal lobe (MTL) (ppwe<0.001, k=86842 voxels), the right temporal cortex
(prwe <0.001, k=87521) and the left and right posterior cingulate cortices (PCC) (single
cluster prywe =0.002, k=5882). They also showed reduced brain metabolism in the MTL
(left: pewe =0.002, k=722; right: peywe=0.013, k=494), the bilateral parietal cortices (both
Prwe <0.001, kief=2865, Kright= 1133) and the right temporal cortex (prwe =0.003, k=688).
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Cluster 2 subjects demonstrated impaired memory and visuospatial function (Table 1).
Compared to the CN group they showed significant reduction in GMD in one large cluster
spanning the bilateral MTLs, parietal, and frontal lobes with peak in the left MTL (prwe
<0.001, k=573,388). Cluster 2 showed hypometabolism in the left MTL (ppywg<0.001,
k=14,309) as well as the left and right parietal cortices (left: ppywe<0.001, k=1,457; right:
PFWEZO-OOZy k:736).

Cluster 3 subjects had impaired memory, language, and executive function (Table 1). They
showed reduced GMD throughout the brain sparing only portions of the sensorimotor
cortex. The GMD cluster peak localized to the left temporal lobe (ppywe<0.001,
k=1,299,556). Impaired glucose metabolism was seen in the temporal, parietal, and frontal
lobes with peak in the fusiform gyrus (ppwe<0.001, k=63,532).

Cluster 4 individuals had impairment across all cognitive domains (Table 1). The GMD
neurodegeneration spanned the entire brain including the sensorimotor cortices (peak in the
right temporal cortex, ppywe<0.001, k=1,471,637). There was also a global reduction in
glucose metabolism sparing the sensorimotor cortices (peak in the left PCC pgwe <0.00l,
k=97,037). Overall, the largest effect sizes were seen in cluster 4 for both GMD and brain
metabolism (Figures 1 and 2, bottom rows). There were no regional differences in amyloid
distribution between the clusters (Figure 3). While cluster 4 showed the highest and cluster |
the lowest mean cortical amyloid SUVR, the difference only reached a trend level in the
ANOVA analysis (p=0.09I, Table 1).

3.2 Longitudinal Cognitive Decline

Table 1 shows the estimated domain-specific change from baseline to 60 months for subjects
in each cognitive cluster. Cluster 1, who at baseline showed only memory deficits,
progressed to develop significant decline in language (overall change —0.84 SD, 95% ClI
-1.29; -0.39), visuospatial (-1.60 SD, 95% Cl -2.26; —0.93) and executive skills (6.68 SD,
95% CI 1.0;2.37) over 5 years. Cluster 2, with baseline deficits in memory and visuospatial
function, showed significant improvement of visuospatial function over time (1.53 SD, 95%
Cl 0.38; 2.68). Cluster 3, subjects who had baseline impairments in memory, language, and
executive function, showed progressive worsening in their visuospatial skills (=3.11 SD,
95% CI —4.66; —1.56). Cluster 4, which included individuals who already were impaired in
all domains, showed a significant decline in language skills (-4.87 SD, 95% CI -7.81;
-1.94). The longitudinal changes can be visualized in Figure 4.

We further tested the hypothesis that the EOAD clusters will show differences in their
pattern of cognitive change over time. We found no difference in the rates of memory and
executive decline over time (Time*cluster interaction pmemory=0.15 and Pexecutive=0-16).
Significant differences in rate of decline were seen for the language (p=0.013) and
visuospatial domains (p<0.001). In terms of language function, the overall decline of cluster
4 was significantly greater than the decline observed in other clusters (cluster 4 vs. 1
p=0.008, cluster 4 vs. 2 p=0.0021 and cluster 4 vs. 3 p=0.005). The between-clusters
significant difference in visuospatial decline was driven by cluster 2 who, interestingly,
improved in visuospatial performance over time (cluster 2 vs 1 p<0.001, clusters 2 vs. 3
p<0.001, clusters 2 vs. 4 p=0.0251).
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4. Discussion/Conclusion

We identified several cognitive clusters among amnestic sporadic EOAD participants in the
ADNI cohort. This finding agrees with previous work suggesting a heterogeneity among
sporadic EOAD patients [12,49,50]. We found in addition to a cluster with a presentation of
isolated memory impairment and a globally impaired cluster, two more presentations- one
with additional visuospatial impairment and another with additional language + executive
dysfunction.

As expected, neurodegenerative changes affected brain regions responsible for the respective
cognitive functions that are impaired in each cluster (Figures 1 and 2). Such regional
specificity was not observed for brain amyloidosis (Figure 3). Cluster 1 showed a purely
amnestic dysfunction with a corresponding reduction in GMD and glucose metabolism
centered in memory regions. The memory and visuospatial deficits of Cluster 2
corresponded to neurodegeneration of the medial temporal and parietal lobes. In Cluster 3,
who had affected memory, language, and executive function, the neurodegeneration spread
to the memory, language and executive centers of the brain (medial temporal, lateral
temporal and frontal lobes, respectively; greater in the left hemispheric). Not surprisingly,
cluster 4 with global cognitive impairment also had global reduction in GMD and glucose
metabolism in all cortical regions. Invariably across all clusters, the structural
neurodegenerative changes were more extensive compared to the metabolic ones.

Since all participants had an amnestic phenotype the partially overlapping patterns of
neurodegeneration is not surprising. The amnestic AD variant shows the classic
neurodegenerative pattern of medial and in later stages lateral temporal involvement,
followed by parietal, occipital and lastly frontal lobe changes. The more strikingly different
patterns of neurodegeneration such as those seen in logopenic aphasia due to AD and
posterior cortical atrophy due to AD were not observed in this study as subjects with these
presentations were explicitly excluded from ADNI.

Longitudinally, we found significant differences between the rate of decline in the language
and visuospatial domains. For the language domain, this was primarily due to the significant
decline observed in cluster 4. For the visuospatial domain, it was driven by an overall
improvement in visuospatial function that was observed in cluster 2 suggesting that the
participants in cluster 2 experienced a learning effect longitudinally. Such improvement has
been previously observed by others in a cohort of subjects with mild dementia with a mean
age 76.4 year [51]. Overall the data suggests that Cluster 4 has a more aggressive form of
EOAD, as none of the other clusters reach the level or pattern of cognitive decline observed
in Cluster 4 at baseline, even with a similar disease duration at baseline (4.8 years for cluster
4 vs. 4.5- 5.8 years for clusters 1-3). Further studies with larger sample size will be needed
to better characterize this aggressive variant.

Several strengths and limitations of this study warrant mention. The strengths of our study
include the standardization of imaging and neuropsychological data across sites in the ADNI
protocol. However, the requirement that all participants have memory impairment limited
our ability to study other relatively common non-amnestic EOAD presentations, such as
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posterior cortical atrophy, logopenic aphasia or the frontal dysexecutive variant. ADNI
employs strict inclusion and exclusion criteria, which means the ADNI sample is not fully
representative of all dementia patients. Also as seen in Table 1, there are large between-
clusters differences in the sample sizes, both at baseline and in follow-up. The small sample
sizes reduced the power of our analysis, thereby diminishing the ability to present
statistically significant differences in the longitudinal decline, both within and between
clusters. An ongoing large multi-site study — the Longitudinal Early-onset AD study
(LEADS, Principal Investigator Liana Apostolova) is currently ongoing. LEADS will
prospectively enroll and follow 600 early onset cognitively impaired individuals (CDR=0.5-
1) and 100 controls (CDR=0) ages 40-64. LEADS will be able to definitively ascertain
whether different patterns of cognitive decline are detectable among study participants.

In conclusion, we found 4 distinct amnestic variants of EOAD suggestive of a high degree of
heterogeneity among AD patients in this age group. Larger prospective studies are needed to
better characterize these subtypes of sporadic EOAD and delve deeper into any potential
environmental, genetic, epigenetic and pathophysiologic differences that could potentially
explain the observed clinical variability.
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Figure 1.
MRI significance and p Coefficient maps showing the comparison of each cluster to

cognitively normal participants. The significance maps show p<0.05 thresholded FWE
cluster-level corrected results.
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Figure 2.
[18F]FDG PET significance and B Coefficient maps showing the comparison of each cluster

to cognitively normal participants. The significance maps show p<0.05 thresholded FWE
cluster-level corrected results.
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Figure 3.
Amyloid PET Significance and p Coefficient maps showing the comparison of each cluster

to cognitively normal participants. The significance maps show p<0.05 thresholded FWE
cluster-level corrected results.
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Longitudinal Cognitive Decline with 95% confidence interval by domain. Each figure shows
the predicted change in standard deviation over 60 months of each cluster.
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Table 1.

Page 16

Demographic and Z-normalized cognitive data (top) and longitudinal data, and estimated change and 95%
confidence intervals in cognitive scores adjusting for age, sex and education over 60 months of follow-up
(bottom). Bold values indicate cognitively significant decline and significant p-values.

scores mean (SD)

Variable Cluster 1 (N=64) Cluster 2 (N=31) Cluster 3 (N=37) Cluster 4 (N=14) p-value
Number MCI/Dementia 51/13 18/13 9/28 0/14 <0.001
Age, Mean Years (SD) 63.7 (4.4) 65.1 (6.1) 64.8 (6.2) 63.1 (5.6) 0.49

Age of Symptom Onset,
Mean Yoars (SD. 59.2 (4.5) 59.3 (5.1) 59.5 (4.1) 58.3 (3.6) 0.87
Sex (Male %) 516 452 45.9 57.1 0.84
Educatio’z's’[\)")ea” Years 16.4 (2.8) 158 (2.4) 15.9 (3.1) 16.0 (2.9) 0.76
Disease Duration, Mean
Vears (SD) 45 (3.5) 5.8 (4.9) 5.3 (4.4) 4.8 (3.0) 051
Amyloid PET SUVR,
my ,‘\’/'I ean (SD) 1.26 (0.23) 1.33(0.26) 1.34(0.23) 1.48 (0.09) 0.091
% APOE &4, 0/1/2 34/39/27 23/45/32 38/32/30 36/43/21 0.86
allele(s)
Baseline 'zg"é')SE' Mean 270 (2.) 25.8 (3.1) 242 (2.5) 219 (1.7) <0.001
Baseline CDR-SOB,
ase,\'/lr‘:an (SD) 2.0(L2) 2.9 (1.9) 3.9(1.9) 5.5 (1.6) <0.001
% of N with MRI/FDG/
Amyloid Scans 95.3/79.7/78.1 87.1/90.3/83.9 97.3/62.2/59.5 92.9/78.6/50.0 -
Memory Domain Z- _ _ _ _
scoresmean (SD) 1.77 (0.95) 2.07 (1.02) 2.32(0.75) 2.89 (0.57) <0.001
Language Domain Z- _ _ _ _
Scores mean (SD) 0.35 (0.87) 0.99 (0.74) 1.82 (1.51) 2.76 (1.84) <0.001
Visuospatial Domain Z- _ _ _
Scores mean (SD) 0.22 (0.43) 2.91 (1.88) 0.96 (0.97) 6.86 (2.09) <0.001
Executive Domain Z- 0.01 (0.70) 0.71 (1.37) 3.56 (1.80) 7.45 (2.30) <0.001

Cluster 1 (N=64)

Cluster 2 (N=31)

Cluster 3 (N=37)

Cluster 4 (N=14)

time*cluster
interaction p-

value
Memory -0.077 (-047,0.31) | 058 (-0.09,1.24) | 0.37(-051,1.24) | -1.91(-4.59, 0.76) 0.5
Language —0.51%(3—91).29, -0.10 (-0.86, 0.65) | —0.40 (~1.45, 0.64) a8 C 47)'81' 0.013
Visuospatial '1'§%(g32)'26’ 1,53 (0.38, 2.68) ] (5'5-66' -3.88 (-8.46, 0.71) <0.001
Executive 168(1.00,237) | 0.25(-0.92,1.41) | 1.21(-0.39,2.80) | 3.61(-1.45,8.67) 0.16
Number of Longitudinal
rLor 299 114 99 31 -
% 6-month visit 98.4 96.8 94.6 85.7 -
% 12-month visit 93.8 903 78.4 85.7 ]
% 18-month visit 31.3 129 5.4 0.0 -
% 24-month visit 82.8 67.7 54.1 50.0 ]
% 36-month visit 70.3 45.2 16.2 0.0 -
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up (SD)

% 48-month visit 59.4 38.7 10.8 0.0
% 60-month visit 313 16.1 8.1 0.0
Mean months of follow- 41.44 (18.08) 32.90 (18.72) 21.16 (15.60) 17.14 (7.12)
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