
INTRODUCTION

The striatum is a region of particular interest in autosomal domi-
nant Alzheimer’s disease (AD) research with evidence of promi-
nent and early amyloid accumulation. We investigated whether age 
of symptom onset in sporadic AD can affect the accumulation of 
amyloid beta and subsequent changes in the striatum by assessing 
structural and functional images of early onset AD (EOAD) and 
late onset AD (LOAD). 

Patients with EOAD, arbitrarily distinguished from LOAD by 
age of onset before 65, are known to have more prominent visuo-
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Short Communication

Striatal changes in the pathogenesis of Alzheimer’s disease (AD) is not fully understood yet. We compared structural and functional image differ-
ences in the striatum between patients with early onset AD (EOAD) and late onset AD (LOAD) to investigate whether EOAD harbors autosomal 
dominant AD like imaging findings. The clinical, neuropsychological and neuroimaging biomarkers of 77 probable AD patients and 107 elderly 
subjects with normal cognition (NC) from the Alzheimer’s Disease Neuroimaging Initiative (ADNI)-2 dataset were analyzed. Enrolled each subject 
completed a 3-Tesla MRI, baseline 18F-FDG-PET, and baseline 18F-AV-45 (Florbetapir) amyloid PET studies. AD patients were divided into two 
groups based on the onset age of clinical symptoms (EOAD <65 yrs; LOAD ≥65 yrs). A standardized uptake value ratio of the striatum and subcor-
tical structures was obtained from both amyloid and FDG-PET scans. Structural MR imaging analysis was conducted using a parametric boundary 
description protocol, SPHARM-PDM. Of the 77 AD patients, 18 were EOAD and 59 were LOAD. Except for age of symptom onset, there were 
no statistically significant differences between the groups in demographics and detailed neuropsychological test results. 18F-AV-45 amyloid PET 
showed marked β-amyloid accumulation in the bilateral caudate nucleus and left pallidum in the EOAD group. Intriguingly, the caudate nucleus 
and putamen showed maintained glucose metabolism in the EOAD group compared to the LOAD group. Our image findings in the striatum of 
EOAD patients suggest that sporadic EOAD may share some pathophysiological changes noted in autosomal dominant AD.
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spatial, executive and language deficits and extrapyramidal signs 
compared to LOAD patients [1]. If the disease severity is similar, 
neocortical atrophy can be more prominent in EOAD [2]. In ad-
dition, autopsy studies showed greater burden of neuritic plaques 
and neurofibrillary tangles in patients with EOAD compared to 
LOAD [3]. 

The striatum, a central hub of the frontal-subcortical circuits, is 
closely connected and oscillates with prefrontal cortical activity 
through cortical-striatal-thalamic-cortical circuits [4]. Emerging 
evidences from autosomal dominant AD (ADAD) studies strongly 
suggest that the striatum is one of the first sites having amyloid 
beta pathology in the brain [5]. Given the similar clinical charac-
teristics of EOAD and ADAD, we hypothesized that initial patho-
logical changes in sporadic EOAD might involve the striatum 
similar to those in ADAD. We investigated patterns of amyloid ac-
cumulation, glucose metabolism, and shape and volume changes 
in the striatum and subcortical structures in patients with EOAD 
and LOAD.

MATERIALS AND METHODS

Subjects

AD patients and normal controls from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI)-2 cohort, who completed 
a 3-Tesla MRI, baseline 18F-FDG-PET, and baseline 18F-AV-45 
(Florbetapir) amyloid PET studies were enrolled. Initially, we se-
lected 89 probable AD subjects from the ADNI-2 dataset and 12 
cases were excluded due to failures in cortical surface modeling. 
Consequently, a total of 77 probable AD patients (18 EOAD and 
59 LOAD) whose diagnosis did not change during the follow-up 
period were included for final analysis. Using the same enrollment 
criteria, a total of 107 cognitively normal elderly subjects who re-
mained normal cognition at a 2-year follow-up were also enrolled 
from the ADNI-2 dataset. Among 107 cognitively normal elderly 
subjects, we only included MRI data using the same MRI scanner 
and the same imaging protocols (magnetization-prepared rapid 
gradient-echo protocol; sagittal acquisition, repetition time=3,000 
ms, echo time=3.55 ms, inversion time=1,000 ms, flip angle=8°, 
voxel dimensions of 0.94×0.94×1.2 mm) for volume and shape 
analysis. Finally, 28 control subjects were excluded from volume 
and shape analyses due to usage of different MRI scanners. For 
18F-FDG PET analysis,14 control subjects were excluded and 8 
subjects were excluded from 18F-AV-45 amyloid PET analysis due 
to imaging processing errors. 

Clinical and neuropsychological assessments

Baseline age, gender, age of symptom onset, duration of disease, 

handedness, education, vascular risk factors, including hyperten-
sion, alcohol and smoking, family history of dementia (only for 
parental history of dementia, not including sibling history; des-
ignated for not only AD but also other types of dementia), and 
APOE ε4 allele status were reviewed. All subjects underwent the 
MMSE (Mini-Mental State Examination). Global scales, including 
FAQ (Functional Activities Questionnaire), NPI (Neuropsychiatric 
Inventory), CDR (Clinical dementia rating), CDR-SOB (sum of 
boxes) and GDS (Geriatric Depression scale) were additionally 
conducted in AD groups. Detailed neuropsychological tests to as-
sess frontal-executive domain (trail-making test A, B and category 
fluency test), memory domain (logical memory test, immediate 
and delayed), and language domain (Boston naming test-30) were 
conducted in AD groups.

Imaging processing

Detailed analysis methods for amyloid and FDG-PET scans 
have been previously described [2]. We performed volumetric and 
shape analysis of subcortical regions using the FSL-FIRST algo-
rithm and spherical harmonic parameterization and sampling in 
a three-dimensional point distribution model (SPHARM-PDM) 
algorithm. Detailed methods for subcortical structure analyses are 
described in the following section.

Shape and volume analysis for subcortical structures

First, image segmentation processing of subcortical regions 
were performed using the FSL-FIRST module (part of FMRIB’s 
Software Library, version 5.0.0, http://fsl.fmrib.ox.ac.uk/fsl) [6]. 
FSL-FIRST uses a subcortical model comprising shape and inten-
sity information. The model atlas is constructed from manually 
segmented images of 15 subcortical structures from 336 manually 
labeled T1-weighted MR images. The manual labels are modeled 
as a point distribution model. To fit the models, the Active Appear-
ance Model in a Bayesian framework was performed. The Active 
Appearance Model relates intensity models to each other with a 
weighting matrix estimated from the training set. Fitting images to 
new images is done by minimizing the squared difference between 
the predicted intensities and the observed image intensities. All 
this processing was performed using the ‘run first all’ command. 

Second, shape analysis processing of subcortical regions was per-
formed using SPHARM-PDM [7, 8]. Shape approximation using 
the first-order spherical harmonic aligns subcortical ROI accord-
ing to the structure’s main axes, whereas higher-order spherical 
harmonics refine the surface modeling. One randomly selected 
subject was defined as the target subject. Then, the alignment was 
performed by minimizing the mean squared difference between 
the distances from the target subject to another subjects. The dis-

http://fsl.fmrib.ox.ac.uk/fsl
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tance was mapped as a feature on the sphere of the same spatial 
domain. Each vertex of the sphere contained the distance from the 
target subject to each of the other subject. 

Statistical analysis

Statistical analyses were performed using Statistical Package for 
the Social Sciences (SPSS version 21.0, SPSS Inc., Chicago, IL, US). 
For analysis of demographic data, Student’s t-tests and one-way 
analysis of variance (ANOVA) were used to assess continuous 
variables with normal distribution. Chi-square tests and Fisher’s 
exact tests were used to assess categorical variables. The normal 
control group of the ADNI-2 fulfils the minimum age criteria of 
65 for the study enrolment (https://www.alzheimers.gov/clinical-
trials/alzheimers-disease-neuroimaging-initiative-2-adni2). 
Therefore, instead of separating the normal control participants 
into 2 groups, we used analysis of covariance (ANCOVA) control-
ling for age to compare the mean SUVR of subregions between 

the EOAD and LOAD groups. Two-tailed p<0.05 was considered 
statistically significant. Bonferroni corrections for multiple com-
parisons were used where appropriate.

RESULTS

Demographic and clinical characteristics

Detailed demographic and clinical characteristics are presented 
in Table 1. Age of onset in the EOAD group was 58.1±4.4 years 
and 72.3±5.6 years in the LOAD group. The frequency of the apo-
lipoprotein ε4 (APOEε4) allele did not differ between the EOAD 
and the LOAD groups but both groups showed more frequent 
APOEε4 allele when compared to controls (p<0.001, respectively). 
Except for onset age, there was no difference between the EOAD 
and LOAD.

Table 1. Demographic and clinical characteristics

EOAD LOAD Control p-value

N (%) 18 59 107
Sex
    Male (%) 8 (44.4) 35 (59.3) 58 (54.2) 0.527
    Female (%) 10 (55.6) 24 (40.7) 49 (45.8)
Baseline age 63.5±6.3a,b 76.8±5.1a  73.3±6.4b LOAD vs Control=0.052
Onset age 58.1±4.4 72.3±5.6 N/A <0.001
Disease duration 5.4±4.3 4.6±3.1 N/A 0.370
Education 15.8±2.2 16.0±2.6 16.8±2.5 0.069
Handedness
    Right (%) 16 (88.9) 55 (93.2) 97 (90.7) 0.794
    Left (%) 2 (11.1) 4 (6.8) 10 (9.3)
ApoE4 genotype
    ≥1 allele (%) 13 (72.2) 42 (71.2) 30 (28.0) <0.001
    None (%) 5 (27.8) 17 (28.8) 77 (72.0)
Family history of dementia
    Yes (%) 7 (38.9) 26 (44.1) 50 (46.7) 0.059
    No (%) 10 (55.6) 25 (42.4) 56 (52.3)
    Unsure (%) 1 (5.6) 8 (13.6) 1 (0.9)
Hypertension (%) 7 (38.9) 31 (52.5) 49 (45.8) 0.533
Alcohol (%) 1 (5.6) 0 (0.0) 6 (5.6) 0.180
Smoking (%) 4 (22.2) 23 (39.0) 49 (45.8) 0.155
MMSE 21.9±3.6b 23.2±2.4c  29.2±0.9b,c EOAD vs LOAD=0.391
CDR 0.8±0.3 (0.5, 1) 0.8±0.3 (0.5, 2) N/A 0.894
CDR-SB 5.4±4.3 4.6±3.1 N/A 0.777
Logical memory, immediate 3.7±2.3 4.8±2.9 N/A 0.175
Logical memory, delayed 1.1±2.2 1.9±2.0 N/A 0.164
BNT-30 24.9±4.6 22.6±5.5 N/A 0.109
Category fluency (animal) 12.8±5.0 12.3±4.9 N/A 0.674
TMT-A (time) 15.8±2.2 16.0±2.6 N/A 0.844
TMT-B (time) 166.3±64.3 177.4±84.9 N/A 0.618
FAQ total score 13.7±7.9 12.3±6.5 N/A 0.472
NPI total score 6.4±7.3 6.8±8.8 N/A 0.867
GDS 1.6±0.9 1.4±1.3 N/A 0.617

MMSE, Mini-Mental State Examination; CDR, Clinical Dementia Rating; CDR-SB, CDR sum of boxes; BNT, Boston naming test; TMT, Trail-making 
Test; FAQ, Functional Activities Questionnaire; NPI, Neuropsychiatric Inventory; GDS, Geriatric Depression Scale.
ap<0.001 between EOAD versus LOAD; bp<0.001 between EOAD versus control; cp<0.001 between LOAD versus control.

https://www.alzheimers.gov/clinical-trials/alzheimers-disease-neuroimaging-initiative-2-adni2
https://www.alzheimers.gov/clinical-trials/alzheimers-disease-neuroimaging-initiative-2-adni2
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PET findings in the striatum 

The EOAD group showed a greater degree of β-amyloid accu-
mulation in all striatal subregions, including caudate nucleus and 
putamen compared to the LOAD group (Fig. 1A). Similar patterns 
were also found in other subcortical structures, such as parahippo-
campal gyrus, amygdala, and thalamus (Fig. 1B). Intriguingly, stria-

tal glucose metabolism was more preserved in the EOAD group 
than in the LOAD group (Fig. 1C). This pattern was not found 
in other subcortical structures except for the thalamus (Fig. 1D). 
When the comparisons between young NC (YC) and EOAD and 
between old NC (OC) and LOAD were performed to reduce the 
effect of age on imaging biomarkers, similar patterns of functional 

Fig. 1. Functional and structural changes in the striatum. (A, B) Amyloid uptake. The EOAD group showed a greater degree of amyloid uptake in the 
striatum (A) and other subcortical structures (B) compared to the LOAD group. (C, D) Glucose metabolism. Glucose metabolism was more preserved in 
the EOAD group in the striatum (C) and thalamus (D) compared to the LOAD group. (E, F) Volume changes. Volume change was not significant in the 
striatum (E) but noted in the thalamus (F) in the EOAD group compared to the LOAD group. CN, Caudate nucleus; Put, Putamen; GP, Globus pallidus; 
Hipp, Hippocampus; PHG, Parahippocampal gyrus; AMG, Amygdala; Thal, Thalamus; SUVR, a standardized uptake value ratio.
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changes were noted in the putamen. Amyloid uptake was more 
prominent in the left putamen of EOAD and glucose metabolism 
remained devoid of changes in putamen of EOAD compared 
to the YC (Fig. 2 A, B) as have been shown in the comparisons 
with the NC as a whole. PET images from representative patients 
showed increased amyloid uptakes and maintained glucose me-

tabolism in the striatum and thalamus in EOAD compared to 
LOAD (Fig. 3).

Volume and shape analysis of the striatum

Compared to control subjects, volume reduction in the left puta-
men was noted in the LOAD group and reduction in the bilateral 
thalamus was shown in the EOAD group (Fig. 1E, F). When the 
comparisons between YC and EOAD and between OC and LOAD 
were performed, similar patterns of volume reduction in EOAD 
was shown in the putamen and thalamus (Fig. 2C).

DISCUSSION

We focused on patterns of imaging biomarker changes of sub-
cortical structures in patients with sporadic EOAD. Similar to 
ADAD, more prominent β-amyloid deposition and relatively 
increased glucose metabolism in the striatum were observed in 
EOAD compared to LOAD. These findings were particularly sig-
nificant in the putamen and less notable in pallidum, suggesting a 
sophisticated regional vulnerability. Recently, amyloid accumula-
tion and preserved glucose metabolism in the striatum of ADAD 
patients were reported from the Dominantly Inherited Alzheimer 
Network cohort [9]. In contrast to the hypothetical models indi-
cating glucose hypometabolism and volume reduction following 
amyloid beta accumulation, some subcortical regions, including 
the putamen and nucleus accumbens, showed preserved glucose 
metabolism and disproportionally increased amyloid uptake [9].

Intriguingly, the changes noted in the striatum of sporadic 
EOAD patients in this study were very similar to ADAD patients. 
These similarities are probably due to several potential mecha-
nisms. First, regional glucose hypermetabolism in the striatum of 
EOAD can be explained by compensation to cope with regional 
amyloid accumulation. Activated microglia found within amyloid 
plaque, overproduction of inflammatory substances, excessive 
calcium entry into neurons, or effects from inappropriately hyper-
active neurons in cortical circuits are regarded as potential mecha-
nism of regional glucose hypermetabolism in the striatum [10]. 
Second, baseline levels of glucose metabolism might be higher in 
patients with EOAD. Aging process appears to increase the risk 
for deteriorating systemic glucose utilization, which in turn may 
diminish brain glucose uptake in LOAD rather than EOAD [11]. 

On the contrary, higher basal metabolism may have accelerated 
amyloid deposition. In line with default mode network theory, 
findings from mild cognitive impairment patients [12] and cog-
nitively normal elderly subjects [13] showed that cortical regions 
that accumulate greater levels of amyloid correspond to functional 
hubs identified by increased functional connectivity with other 

Fig. 2. Functional and structural imaging changes in the putamen and 
thalamus compared to young and old normal control groups. (A) The 
EOAD group showed a greater degree of amyloid uptake in the left puta-
men and both thalamus compared to the young control group (YC). (B) 
Glucose hypometabolism was not noted both in the putamen and thala-
mus of EOAD patients compared to YC subjects. (C) Volume reduction 
was noted both in the striatum and thalamus of EOAD patients compared 
to YC subjects. Put, Putamen; Thal, Thalamus; SUVR, a standardized up-
take value ratio.
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brain regions. Based on these findings, one may assume that the 
striatum, linked by complex connections with various cortical and 
subcortical brain regions, may demonstrate increased metabolism 
consequently resulting in increased amyloid accumulation. 

It is also notable that putamen and thalamus showed similar pat-
terns of changes in amyloid accumulation, glucose metabolism, 
and volumetric change in EOAD. Cortical–striatal–thalamic–cor-
tical loop circuits play a central role in cognitive function as a part 
of salience network. A bundle of connections originating from 
cortical neurons to striatal–thalamic circuits may have contributed 
to the compensatory responses of preserved glucose metabolism 
not noted in other subcortical structures [14]. Additionally, the 
regional microglial activation involved in AD pathogenesis might 
have contributed to the increased glucose uptake measured by 
FDG-PET along with inflammatory mediators. Given the vicious 
cycle of neuroinflammation resulted from bi-directional influence 
between the microglial activation and Aβ aggregation, there might 
be paradoxically preserved or increased glucose metabolism in 
the regions with active neuroinflammation and neuropathologic 
changes [15]. Although the changes in the striatum was high-
lighted in ADAD due to prominent amyloid deposition in the area 

from the early stages of the disease and specific pathologic find-
ings – cotton wool plaques, emerging bodies of evidence suggest 
that ADAD individuals develop pathologies and atrophy in the 
thalamus as well as in the striatum [9, 16]. Regional changes in the 
striatum and thalamus of EOAD in our study potentially explain 
the similarities between EOAD and ADAD.

As noted in methods section, authors enrolled subjects with AD 
and normal cognition when the diagnosis of each subject did not 
change during the follow-up period for the best diagnostic accu-
racy of study participants. There are limitations that may have at-
tributed to such enrollment process. First, the number of subjects 
enrolled was relatively small. Second, this is a cross-sectional study 
and a longitudinal replication will elucidate more putative trajec-
tories in the striatum. Third, there was a lack of genetic assessment 
except for APOEε4, which is not obtainable in the current ADNI-
2 dataset. Additional genetic assessment, including ADAD genes, 
in EOAD subjects will provide further understanding of current 
findings. 

Taken together, image findings in the striatum of EOAD patients 
in this study suggest that sporadic EOAD may share some patho-
physiological changes noted in ADAD.

Fig. 3. PET images of the representative patients with EOAD and LOAD. (A) Thalamus (blue) and putamen (red) labelled on MR T1 images imple-
mented on MNI template. (B) AV-45 PET images showed increased SUVR in the striatum and thalamus in EOAD compared to LOAD. (C) FDG-PET 
images showed maintained glucose metabolism in the putamen and thalamus in EOAD compared to LOAD. SUVR, a standardized uptake value ratio.
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