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Distinct Characteristics of Suspected Non-Alzheimer
Pathophysiology in Relation to Cognitive Status and
Cerebrovascular Burden
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Purpose of the Report: This study investigated the prevalence and
clinical characteristics of suspected non-Alzheimer disease
pathophysiology (SNAP) across varying cognitive statuses and
cerebral small vessel disease (CSVD) burden.

Patients and Methods: We included 1992 participants with cognitive
status categorized as cognitively unimpaired, mild cognitive
impairment, or dementia. f-amyloid (A, A) positivity was assessed
by A PET, and neurodegeneration (N) positivity was determined
through hippocampal volume. Participants were further divided by
the presence or absence of severe CSVD. The clinical and imaging
characteristics of A—N+ (SNAP) group were compared with those
of the A—N— and A+N+ groups.

Results: SNAP participants were older and had more vascular risk
factors compared with A-N— and A+N+ in the CSVD(-) cohort.
SNAP and A+N+ showed similar cortical thinning. At the
dementia stage, SNAP had a cognitive trajectory similar to A+N+
in the CSVD(—) cohort. However, SNAP exhibited less cognitive
decline than A+N+ in the CSVD(+) cohort.

Conclusions: SNAP is characterized by distinct clinical and imaging
characteristics; however, it does not necessarily indicate a benign
prognosis, particularly at the dementia stage. These findings high-
light the need to assess SNAP in relation to the cognitive stage and

CSVD presence to better understand its progression and guide
interventions.

Key Words: suspected non-Alzheimer pathology, amyloid, neuro-
degeneration, cognitive impairment, cerebrovascular small vessel
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eurodegeneration is the key process underlying cogni-

tive impairment and dementia. Among the different
primary pathologies contributing to neurodegeneration,!-4
Alzheimer disease (AD), characterized by p-amyloid (Ap)
deposition, is one of the most important causes.3->¢ The
advances in the domain of neuroimaging have facilitated the
detection of AP and neurodegeneration in vivo.” Con-
sequently, the National Institute on Aging and Alzheimer’s
Association (NIA-AA) has introduced diagnostic criteria for
AD based on the AB (A) and neurodegeneration (N)
classification.#8-11 Notably, suspected non-Alzheimer dis-
ease pathophysiology (SNAP) has been described as a
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biomarker-based concept of positive neurodegeneration
without significant Af deposition by the NIA-AA.3-11

Most previous studies$!2 on SNAP in cognitively
unimpaired (CU) participants have reported that SNAP-
CU is associated with a benign clinical outcome.413.14
However, compared with individuals without Af or neuro-
degeneration, individuals with SNAP-mild cognitive impair-
ment (SNAP-MCI) exhibited poorer lower metabolic
activity in the temporoparietal region, hippocampal atro-
phy, and cognitive deterioration.!520 These findings indi-
cate the potential differences between SNAP-CU and
SNAP-MCI. The characteristics of SNAP in dementia are
underexplored. Some studies have suggested that SNAP
may relate to non-AD pathophysiology, such as cerebral
small vessel diseases (CSVD).1:17.21 However, evidence on
the prevalence of SNAP and its clinical characteristics
according to the CSVD burden remains scarce. Thus,
investigating the prevalence and characteristics of SNAP
by cognitive status and CSVD burden can elucidate the
underlying etiology of SNAP.

AP positron emission tomography (PET) scans and
cerebrospinal fluid studies have been used widely to
determine A positivity (A+/A-); however, defining neuro-
degeneration as negative (N-) or positive (N+) remains
challenging. Most previous studies established the 90th
percentile of hippocampal volume (HV) residuals (calcu-
lated from the regression in the cognitively normal group) of
individuals with AD dementia as the cutoff for defining
neurodegeneration.$:22-24 However, this method is critically
dependent on the data distribution and structure in the CU
or dementia group, limiting its broad application due to
variability issues, particularly if the CU or dementia group
is small. Machine-learning (ML) clustering methods, which
naturally develop the cutoff in a data-driven manner, have
been proposed as an alternative. These methods are less
likely to deviate as they use data encompassing normal to
severe neurodegeneration.

This study aimed to (1) investigate the distribution of
A/N classification using an ML-derived neurodegeneration
cutoff in a large memory clinic cohort according to the
cognitive status and CSVD burden, and (2) explore the
brain imaging and clinical characteristics of SNAP in each
cognitive status and CSVD burden group. The comprehen-
sive analysis conducted in this study could provide insights
into the prevalence of SNAP, which has shown distinct
associations with cognitive status and CSVD burden, as well
as the possible etiologies of SNAP.

PATIENTS AND METHODS

Participants

A total of 1992 participants with CU (n=630), MCI
(n=750), or dementia (n=612) who visited the memory
clinic at Samsung Medical Center (SMC) in Seoul, Korea,
between August 2015 and December 2021, were included in
this study. All participants had undergone comprehensive
dementia evaluation, including a neuropsychological test
[Seoul Neuropsychological Screening Battery (SNSB)];25:26
blood tests, including apolipoprotein (4POE) genotyping;
brain magnetic resonance imaging (MRI); and Ap PET
scans. The syndromal cognitive staging proposed by the
NIA-AA Research Framework was used to classify the
participants into the CU, MCI, and dementia stages.2” The
CU participants met the following criteria: (1) no medical
history that is likely to affect cognitive function based on
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Christensen’s health screening criteria?8 and (2) no objective
cognitive impairment according to a comprehensive neuro-
psychological test battery in any cognitive domains (above
—1.0 SD of age-matched and education-matched norms in
the memory domain and —1.5 SD in other cognitive
domains).2? All participants with MCI exhibited objective
cognitive impairment in any cognitive domain; however, no
significant impairment in activities of daily living was
observed.!0 The participants with dementia met the NIA-
AA criteria.!l Individuals with white matter hyperintensities
(WMH) owing to etiologies other than vascular pathology,
including radiation injury, leukodystrophy, demyelinating
disorders (eg, multiple sclerosis), or metabolic/toxic disor-
ders; traumatic brain injury; territorial infarction; brain
tumor; or rapidly progressive dementias and treatable
dementias, including conditions such as normal pressure
hydrocephalus, vitamin By, deficiency, and hypothyroidism,
were excluded from the study. Details of Brain MRI
acquisition and Ap PET imaging acquisition are provided
in the Supplementary Methods, Supplemental Digital
Content 1, http://links.lww.com/CNM/A539.

This study was approved by the institutional review
board of SMC. Written informed consent was obtained
from the patients and caregivers.

Definitions of key abbreviations used in this study are
provided in Supplementary Table 1, Supplemental Digital
Content 1, http://links.lww.com/CNM/A539.

WMH Visual Rating

The participants were considered to have CSVD when
their WMH was classified as severe based on the WMH
visual rating scale (Fig. 1A) proposed by the Clinical
Research Center for Dementia, which is comparable to the
Fazekas scale.30-32 Criteria for severe WMH included: (1)
deep WMH longest diameter >25 mm and (2) periven-
tricular WMH maximum length (perpendicular or horizon-
tal) >10 mm. To assess interrater reliability, 3 neurologists
rated WMH severity on 100 randomly selected fluid-
attenuated inversion recovery images, achieving excellent
agreement (Fleiss k =0.84). Finally, 1594 participants with-
out severe WMH were categorized as CSVD(—) and 398
with severe WMH as CSVD(+).

Measurement of Cortical Thickness and HV

The images were processed using the CIVET anatomic
pipeline (version 2.1.0) (Fig. 1B).33 The native MR images
were registered to the Montreal Neurological Institute’s 152
brain template via a linear transformation34 and corrected
for intensity nonuniformities using the N3 algorithm.3> The
images were separated into white matter, gray matter,
cerebrospinal fluid, and background. The Marching-cubes
algorithm extracted the inner and outer surfaces of the
cortex to determine cortical thickness defined as the
Euclidean distance between corresponding vertices.3®

The total volume of the voxels within the skull-stripped
brain mask was measured to determine the intracranial
volume (ICV). The cortical thickness was measured in the
native space by applying an inverse transformation matrix
to the cortical surface and reconstructing them in native
space, as the cortical surface models were extracted from
MRI volumes transformed into stereotaxic space.3’

Surface-based two-dimensional registration was per-
formed using a sphere-to-sphere warping algorithm. The
cortical thickness values were normalized spatially to
compare the thickness of the corresponding registration
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FIGURE 1. Representative imaging of white matter hyperintensity, cortical thickness, and amyloid PET scans. (A) Brain axial MR images
showing severe white matter hyperintensity as classified by the visual rating scale, (B) Representative cortical thickness measurements
obtained using the 3T MRI and CIVET anatomic pipeline, with regions of interest highlighted, (C) '8F-florbetaben (FBB) PET scan
illustrating a negative case without p-amyloid (Ap) deposition, (D) FBB PET scan demonstrating a positive case with significant Ap
deposition, (E) '8F-flutemetamol (FMM) scan showing a negative case without AB deposition, and (F) FMM PET scan illustrating a positive
case with A deposition.
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algorithm with that of an unbiased iterative group template
with enhanced anatomic detail® to transform the thickness
information for the vertices into an unbiased iterative group
template. Each map of cortical thickness was blurred via
surface-based diffusion smoothing with a full width at half-
maximum of 20 mm, to increase the signal-to-noise ratio
and statistical power.37:39

An automated hippocampus segmentation method,
which combined a graph cut algorithm with an atlas-based
segmentation and morphologic opening, was used to
determine HV, as previously described.40

ML Method for Defining the Neurodegeneration
Cutoff

Adjusted HV (HVa) was used to define neurodegener-
ation, as described in previous studies.3:22-2441 Two separate
datasets (Supplementary Figure 1, Supplemental Digital
Content 1, http://links.lww.com/CNM/A539) were used to
obtain the HVa cutoff. An independent dataset of 591
healthy participants aged >55 years who had undergone a
health screening examination at the Health Promotion
Center of SMC and had a Korean-Mini Mental State
Examination (K-MMSE)#2 score of > 24 (Set 1) was used to
generate the HVa value. The right and left HV were
averaged, and a linear regression of HV versus ICV was
performed within this population to calculate the residual
HV for individuals, referred to as HVa. This value
represents the deviation in cubic millimeter from the
expected HV based on the ICV.22 Another independent
dataset comprising 1123 participants (CU, MCI, and
dementia) from the 3T-MRI registry in SMC (set 2) was
used to develop the HVa cutoff. The k-means clustering
method was applied in this subset to determine the HVa
cutoff. This method adopts a centroid-model approach to
group data by computing a putative representative point
(centroid) per group and assigns actual data points to a
group based on their distance from the nearest centroid and
the distance between the centroids. The centroid is a means
vector, and 10,000 iterations were included in this study to
prevent poor random seeding of initial clusters. The
Euclidean distance was set as the distance metric. The
analysis was limited to 2 clusters. Each participant was
assigned a probability of belonging to cluster A (low HV) or
cluster B (high HV). The k-means analysis determined this
value to be —0.478 cm® when the HVa cutoff value for
defining neurodegeneration (N+/N-) was set to the 10th
percentile of cluster B.43

Definition of Ap Positivity Based on Amyloid PET

The AP PET images were co-registered on individual
three-dimensional (3D)-T1 weighted MR images normal-
ized to the T1-weighted MNI-152 template using Statistical
Parametric Mapping (SPM) 8. The standardized uptake
value ratio (SUVR) of the '®F-florbetaben (FBB) or
8F_flutemetamol (FMM) cortical target volume of interest
was directly converted into a direct comparison of Centiloid
units (dcCL) using the dcCL conversion equation from our
previous study.444> Cerebral cortex segmentation was
performed using the segmentation method on the SPMS§
and automatic anatomic labeling template. The whole-
cerebellum mask was downloaded from the website of the
Global Alzheimer’s Association Interactive Network (http:/
www.gaain.org). No corrections were applied to the PET
images for brain atrophy or partial-volume effects. The
FBB-FMM cortical target region volume of interest-derived

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc.

SUVR was converted to dcCL using a transformation
equation derived from previous studies of FBB (dcCLgpp =
151.42xdcSUVREggg — 142.24) and FMM (dcCLgym =
148.52xdcSUVR gy — 137.09).45

Receiver operating characteristic analysis was per-
formed for each PET scan using Af positivity based on
the SUVR cutoff as the standard to determine the dcCL
cutoff value. AP positivity (A+) was defined according to the
cutoff value of the FBB or FMM PET global dcCL, which
was previously computed as 25.11.46 Representative images
showing negative and positive findings on Ap PET scans are
presented in Figures 1C-F.

Definition of A/N Classification

The HVa cutoff values were used to classify the
participants into the following subgroups based on the Af
and neurodegeneration status: AP negative and neuro-
degeneration negative (A-N-), AP negative and neuro-
degeneration positive (A-N+, SNAP), AP positive and
neurodegeneration negative (A+N-), and AP positive and
neurodegeneration positive (A+N+) subgroups.

Neuropsychological Tests and Longitudinal
Assessment

All participants underwent neuropsychological tests
using SNSB,2947 which assesses attention, language, visuo-
spatial function, verbal and visual memory, and frontal/
executive function. Composite scores for each cognitive
domain were generated as follows: attention domain from
Digit Span forward and backward scores (total: 17),
language domain from the Korean version of the Boston
Naming Test (total: 60), visuospatial function from the Rey
Complex Figure Test (RCFT) copy score (total: 36),
memory domain from the sum of delayed-recall scores of
the Seoul Verbal Learning Test and RCFT (total: 48), and
frontal/executive function from phonemic and semantic
controlled oral word association tests and the Stroop color
test (total: unlimited). The longitudinal SNSB results were
obtained for 1310 participants over an average follow-up of
4.1%3.1 years, with 2-16 time points.

Statistical Analysis

The demographics and clinical characteristics of the 3
A/N groups were compared using an analysis of variance
model and y? tests, as appropriate, to investigate the
characteristics of the A-N+ subgroup compared with those
of the control (A-N-) and AD with high likelihood (A+N+)
subgroups.

A MATLAB toolbox was used for the cortical thick-
ness analysis of the MRI data from participants. The
localized differences in cortical thickness among the
subgroups were analyzed using a general linear model to
identify the cortical thinning pattern in subgroups after
controlling for age, sex, education years, and ICV. The
threshold for the statistical maps was set at P <0.05 using
the random field theory. Post hoc analysis was performed
with Bonferroni adjustment.

Analysis of covariance was performed using age, sex,
and education years as covariates to compare the cognitive
profiles among the subgroups. Post hoc analysis was
performed with a Bonferroni adjustment. A linear mixed
effects model, with fixed effects of age, sex, education years,
A/N subgroups, baseline score for each cognitive domain of
neuropsychological tests, and time interval (between base-
line and assessments), was used to investigate the differences
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in cognitive trajectories across the three A/N subgroups. A
two-way interaction term for time interval and A/N
subgroups [age, sex, education, A/N subgroups, time
interval (t), A/N subgroups X time interval (t)] was used.
The patients were included as random effects. A log
transformation was applied to the memory domain score
variable, which had high skewness.

All statistical analyses were performed with R (version
1.2.5). Statistical significance was set at two-tailed P <0.05.

RESULTS

Clinical Characteristics According to the A/N
Biomarker Subgroups

The CSVD(-) cohort comprised 513 CU participants,
469 participants with MCI, and 380 participants with
dementia. The average age of the participants in the
CSVD(-) cohort was 71.1 8.1 years, with women account-
ing for 56.4% of the cohort population and APOE €4
carriers accounting for 38.9% of the cohort population. The
CSVD(+) cohort comprised 53 CU participants, 172
participants with MCI, and 173 participants with dementia.
The average age of the participants in the CSVD(+) was
76.2+6.7 years, with women accounting for 66.3% of the
cohort population and €4 carriers accounting for 25.2% of
the cohort population. Figure 2 presents the distribution of
each A/N group according to cognitive status and CSVD
burden. Particularly, SNAP (A-N+) was more prevalent
among the A-— participants in the CSVD(+) cohort than
those in the CSVD(-) cohort (58.4% vs. 25.8%). Table 1
presents the detailed demographics and characteristics of

participants.
100%
90% A+N., 1%
- A+N+, 38%
) AN+, 12%
70%

Within the CSVD(-) cohort, at the CU and MCI
stages, A—N+ participants were older than those in A-N-.
At the MCI and dementia stages, A-N+ was significantly
older than A+N+. No differences were observed between
the A-N+ and other subgroups in terms of education years
according to cognitive status. No differences were observed
between A—N— and A-N+ in the prevalence of €4 carriers
across all cognitive statuses; however, the proportion of €4
carriers in A+N+ was significantly higher than in A—-N- and
A-N+. Among the CU participants, the prevalence of
hypertension (HTN) and diabetes mellitus (DM) in A-N+
was higher than in A-N-. Among the participants with
MCI, the prevalence of DM in A-N+ was significantly
higher than in A+N+. Among the participants with
dementia, the prevalence of HTN and DM in A-N+ was
higher than in A+N+; the prevalence of DM in A-N+ was
also higher than in A-N-. No significant differences were
observed between A—N+ and A—N-in terms of the Ap PET
uptake across all cognitive statuses.

Among participants in the CSVD(+) cohort, A-N+
was significantly older than A-N-across all cognitive
statuses. Participants with dementia in A-N+ were younger
than those in A+N+. No differences were observed in sex
and educational years according to cognitive status. Similar
to the CSVD(-) cohort, no difference was observed between
A-N- and A-N+ in the proportion of €4 carriers; however,
the proportion of €4 carriers in A+N+ was higher than in
A-N- and A-N+. Notably, the distribution of vascular risk
factors such as HTN and DM did not differ across cognitive
statuses. No significant differences in Ap PET uptake were
observed between A-N+ and A-N-across all cognitive
statuses.

A+N+, 13%

A+N+, 26%
A+N+, 34%

A+N-, 13%
A+N-, 13%
ARNETI% A+N., 9%
60%
AN+, 36%
A+N-, 19%
50%
AN+, 31%
40%
A-N-, 72% AN+, 16% A-N+, 40%
30%
20% A+N., 13% AN., 38%
A-N-, 28% A0
109
% A-N+,10% AN-, 17%
CSVD(-) CSVD(+)
cu McCI Dementia cu MCI Dementia
W A+N+ 30 216 321 i 45 58
A+N- 62 107 57 7 22 16
A-N+ 70 93 42 19 54 69
H A-N- 43 160 17 20 51 30

FIGURE 2. Distribution of the A/N biomarker subgroups based on the cognitive status and CSVD burden. A indicates p-amyloid; CSVD,
cerebral small vessel disease; CU, cognitively unimpaired; N, neurodegeneration; MCI, mild cognitive impairment.
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TABLE 1. Demographics and Clinical Characteristics of the A/N Biomarker Subgroups

CSVD(-)
CU MCI Dementia
A-N- A-N+ A+N+ A-N- A-N+ A+N+ A-N- A-N+ A+N+

N 413 70 30 P 160 93 216 P 17 42 321 P
Age, y 69.2+7.1 75.7+7.0*% 76.8 £5.3*% <0.001 67.6+74 75.816.5* 73.0+£7.9%F <0.001 73.7+7.1 77.1£8.2 70.8 £ 8.8 <0.001
Women, N (%) 257 (62.2) 34 (48.6) 21 (70.0) 0.055 73 (45.6) 42 (45.2) 113 (52.3) 0.333 3(17.6) 23 (54.8) 188 (58.6)* 0.004
Education, y 11.9+47 124148 10.4+4.7 0.169 124+45 11.7%£5.0 11.8+4.9 0.427 10.2+5.6 9.9+6.2 11.4+438 0.154
APOE ¢4 carrier, N (%) 71 (17.5) 11 (16.4) 14 (48.3)*t <0.001 25 (16.2) 17 (18.9) 142 (66.0)*t  <0.001 3 (20.0) 3(7.5) 198 (62.9)*t <0.001
Vascular risk factor, N (%)

Hypertension 153 (42.4) 43 (68.3)* 13 (46.4) 0.001 67 (43.5) 43 (46.2) 81 (37.9) 0.318 10 (58.8) 25 (59.5) 129 (40.4)F 0.027

Diabetes mellitus 64 (17.7) 24 (38.1)* 8 (28.6) 0.001 28 (18.2) 28 (30.1) 31 (14.5)1 0.006 8 (47.1) 23 (54.8)* 50 (15.7)f <0.001

K-MMSE 282+19 27.5+£2.7* 27.2+2.0* 0.001 27.0+2.6 25.1+3.5% 24.4+3.6* <0.001 22.7£4.7 19.9+438 18.8 £5.6* 0.013

AP PET Centiloid unit 3.31£7.89 1.71£9.01 72.55+£32.11*f <0.001 3.72+7.55 0.94%10.62 91.44+31.20*F <0.001 —-1.09+7.53 —1.14+£11.58 102.06£30.88*f <0.001
CSVD(+)

CU MCI Dementia
A-N- A-N+ A+N+ A-N- A-N+ A+N+ A-N- A-N+ A+N+

N 20 19 7 P 51 54 45 P 30 69 58 P
Age, y 70.8+6.2 78.0+6.8*% 83.6 £2.5% <0.001 71.5+58 77.8+5.6* 79.1£5.0* <0.001 70.5%£7.6 77.3+£5.9* 79.9 £4.8%F <0.001
Women, N (%) 13 (65.0) 15 (78.9) 6 (85.7) 0.454 28 (54.9) 35 (64.8) 30 (66.7) 0.430 18 (60.0) 51 (73.9) 39 (67.2) 0.370
Education, years 11.0£5.6 7.7%£43 11.3%£43 0.081 10.0+x57 10.5%5.1 10.0£5.8 0.879 8.414.6 9.2%+54 9.6+5.7 0.596
APOE ¢4 carrier, N (%) 2 (10.0) 1(5.3) 3 (42.9) 0.036 8 (15.7) 8 (14.8) 19 (42.2)*% 0.002 3 (10.0) 11 (15.9) 26 (45.6)*F <0.001
Vascular risk factor, N (%)

Hypertension 13 (65.0) 11 (57.9) 5(71.4) 0.794 44 (86.3) 39 (72.2) 29 (64.4) 0.043 24 (80.0) 55 (79.7) 41 (70.7) 0.431

Diabetes mellitus 2 (10.0) 3 (15.8) 2 (28.6) 0.498 18 (35.3) 22 (40.7) 13 (28.9) 0.470 10 (33.3) 29 (42.0) 15 (25.9) 0.160

K-MMSE 273+2.0 263%29 253+2.8 0.175 26.1£33 249%3.6 242+472 0.054  21.1x£39 19.2+4.5 19.1£5.2 0.113

AP PET Centiloid unit 1.48+7.71 2.60+11.71 71.43+£38.17*f <0.001 2.11+9.05 3.14%£10.89 78.29+33.79*F <0.001 3.65%£9.12 -2.06%£10.98 88.57+34.09*F <0.001

Data are expressed as number (proportion) or mean * SD.
*P <0.05 compared with the A—N- subgroup.
TP <0.05 compared with the A-N+ subgroup.

A indicates B-amyloid; 4 POE, apolipoprotein; Af, f-amyloid; CSVD, cerebral small vessel disease; CU, cognitively unimpaired; K-MMSE, Korean-Mini Mental State Examination; MCI, mild cognitive impairment;

N, neurodegeneration.
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TABLE 2. Cortical Thickness of the MRI Structural Measures According to A/N Biomarker Subgroups and CSVD Burden

CSVD(-)
CU MCI Dementia
A-N- A-N+ A+N+ A-N- A-N+ A+N+ A-N- A-N+ A+N+
N (%) 413 70 30 P 160 93 216 P 17 42 321 P
Cingulate 3.25%0.14 322+0.14 3.14+0.16% <0.001 3.26%0.17 3.16x0.15*% 3.16+0.15* <0.001 3.13+0.20 3.10+0.16 3.04%0.20 0.039
Frontal 3.16+0.09 3.09+0.10* 3.07+0.12* <0.001 3.17%£0.10 3.07x0.11* 3.08+0.12* <0.001 3.08+0.14 2.95+0.17* 3.01£0.15 0.009
Parietal 3.09%0.10 3.02+0.11* 2,98 £0.14* <0.001 3.11%£0.12 2.99+0.11* 2.98+£0.14* <0.001 3.01+0.20 2.90+0.16 2.88+£0.20* 0.016
Temporal 3.30%0.10 3.24+0.13* 3.18+0.13* <0.001 3.31£0.12 3.17£0.12* 3.18+0.15* <0.001 3.21+0.16 3.07+0.17* 3.06£0.19* 0.004
Occipital 3.00+0.15 2.92+0.17* 2.87+0.17* <0.001 3.02%£0.15 2.85+0.15* 2.87+0.15* <0.001 2.88+0.18 2.79+0.12 2.79+0.18 0.122
CSVD(+)
CU MCI Dementia
A-N- A-N+ A+N+ A-N- A-N+ A+N+ A-N- A-N+ A+N+
N (%) 20 19 7 P 51 54 45 P 30 69 58 P
Cingulate 3.23+0.16 3.15+0.12 3.26%0.14 0.094 3.21£0.12 3.13+0.16* 3.18%£0.18 0.017 3.14%0.11 3.08+0.15 3.11%£0.15 0.136
Frontal 3.14%0.09 3.07+0.11 3.0710.07 0.071 3.14%0.08 3.070.11* 3.09+0.12* 0.001 3.11+0.10 3.03+0.14* 3.04%0.14 0.044
Parietal 3.10%0.11 3.07+0.12 2.97+0.08* 0.036 3.09%0.10 3.01£0.12* 3.02+0.13* 0.001 3.03+0.10 3.01+0.15 2.99+0.15 0.433
Temporal 3.27+0.10 3.21+0.09 3.15+0.06* 0.014 3.27%0.10 3.16£0.12* 3.17+0.13* <0.001 3.22+0.08 3.13+0.14* 3.11£0.14* 0.002
Occipital 2.97+0.13 2.96+0.15 2.8340.08 0.064 2.96+0.11 2.85+0.13* 2.87+0.15* <0.001 2.93+0.09 2.86+0.14 2.85+0.16* 0.039

Data are expressed as mean + SD. The P-values were obtained by analysis of covariance model adjusted for age, sex, and education.
*P <0.05 compared with the A-N- group.
TP <0.05 compared with the A-N+ group.

A indicates B-amyloid; CSVD, cerebral small vessel disease; CU, cognitively unimpaired; MCI, mild cognitive impairment; N, neurodegeneration.
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Comparison of Cortical Thickness According to
A/N Biomarker Subgroups

Table 2 presents the differences in cortical thickness
among A-N—-, A-N+, and A+N+ according to cognitive
status. In the CSVD(-) cohort, at the CU stage, cortical
thickness in A-N+ and A+N+ was lower than in A-N-in
the frontal, parietal, temporal, and occipital regions. A
significant difference in cortical thickness was observed
between A-N+ and A+N+ only in the cingulate region. At
the MCI stage, the cortical thickness in A-N+ and A+N+
was lower than in A-N-in widespread cortical regions.
However, at the dementia stage, cortical thickness in A-N+
was lower than in A-N-only in the frontal and temporal
regions. No significant differences were observed between
A-N+ and A+N+ in cortical thickness in the MCI and
dementia stages.

In the CSVD(+) cohort, CU participants showed no
significant differences between A—N+ and A-N- in cortical
thickness. However, participants with MCI in A-N+
exhibited more pronounced atrophy than in A-N- across
widespread cortical regions. Similarly, participants with
dementia in A-N+ exhibited greater atrophy in the frontal
and temporal regions than in A-N-. No significant differ-
ences were observed between A—-N+ and A+N+ in cortical
thickness across all cognitive statuses.

Comparison of Cross-sectional and Longitudinal
Cognition According to the A/N Biomarker
Subgroups

Table 3 presents the comparison of cognition among
the A/N biomarker subgroups according to cognitive status
and CSVD burden. Among the CSVD(-) cohort, at the CU
stage, A-N+ had significantly lower scores in the memory,
language, and frontal/executive domains, and the K-MMSE
scores compared with A—-N-. No significant differences were
observed between the CU participants in A-N+ and A+N+
across all cognitive domains. However, at the MCI stage,
A-N+ exhibited higher scores in the memory domain and
lower scores in the language domain compared with A+N+.
No significant differences were observed at the dementia
stage between A—N+ and A+N+ in terms of the cognitive
domain and K-MMSE scores; however, A-N+ exhibited
better performance in the memory domain compared with
A+N+.

Among the CSVD(+) cohort, CU participants in A-N
+ had lower scores in the memory domain than those in A—
N- (P<0.05); however, no significant differences were
noted in other cognitive domains. At the MCI stage, A-N+
had lower language scores than A—N-, while their memory
scores were higher than those in A+N+. In participants with
dementia, memory scores in A-N+ were lower than in A—
N-; however, no significant differences were observed across
cognitive domains in A+N+.

Supplementary Table 2, Supplemental Digital Content
1, http://links.lww.com/CNM/A539 presents the results of
the comparison of longitudinal cognition according to the 3
A/N subgroups for each cognitive status. Figure 3 depicts
representative domains. Among the participants in the
CSVD(-) cohort, CU participants in A-N+ exhibited worse
trajectories in the memory, language, visuospatial, and
frontal/executive domains compared with A-N-. Compared
with A+N+, A-N+ demonstrated better trajectories in the
memory domain and K-MMSE. Similarly, among partic-
ipants with MCI, A-N+ exhibited worse trajectories across

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc.

all cognitive domains and K-MMSE compared with A—N—,
while exhibiting better trajectories in memory, language,
and frontal/executive domains and K-MMSE than A+N+.
For participants with dementia, no differences were
observed between A-N+ and A-N-across all cognitive
domains; however, A-N+ exhibited a better trajectory in the
frontal/executive domain than in A+N+.

Within the CSVD(+) cohort, CU participants showed
no significant difference across the 3 A/N subgroups for all
cognitive domains. For participants with MCI, A-N+
exhibited steeper slopes in the memory and language
domains and K-MMSE than A-N-, while no differences
were found between A—N+ and A+N+ across all cognitive
domains. Among participants with dementia, no differences
were observed between A—N+ and A—N- in any cognitive
domains. However, A—N+ exhibited better trajectory in the
language and frontal/executive domains, as well as
K-MMSE scores, compared with A+N+.

DISCUSSION

The present study investigated the clinical and imaging
characteristics of A/N subgroups, particularly focusing on
SNAP, in a memory clinic cohort encompassing varying
cognitive status and CSVD burden. The main findings are as
follows (Table 4). First, in the CSVD(-) cohort, participants
with SNAP (A-N+) were older and had more vascular risk
factors than those in A-N- or A+N+; however, these
characteristics were not observed in the SNAP group within
the CSVD(+) cohort. Second, SNAP and A+N+ exhibited
similar cortical thinning regardless of the cognitive status
and CSVD burden. Lastly, SNAP exhibited cognitive
decline, although the progression varied compared with
A-N- or A+N+ according to cognitive status and CSVD
burden. Taken together, these findings suggest that com-
pared with their biomarker counterparts such as A-N—or A
+N+, SNAP has distinct characteristics (encompassing
demographics, cortical thickness, and cognitive decline)
that vary according to the cognitive status and CSVD
burden.

The proportion of SNAP among the A— participants
was higher in the presence of CSVD burden than that
observed in its absence, indicating that SNAP is associated
with CSVD burden. Hippocampal atrophy without Ap
deposition can develop from non-Af pathways such as
CSVD, Lewy body disease, TAR DNA-binding protein 43
(TDP-43) proteinopathy, limbic-predominant age-related
TDP-43 encephalopathy (LATE), primary age-related
tauopathy (PART), hippocampal sclerosis, or argyrophilic
grain disease.!22148-50 The present study revealed that
CSVD is closely associated with neurodegeneration and
cognitive impairment in the absence of Af, which may be
mediated by various mechanisms.!2:51-54 This assumption is
supported by earlier findings demonstrating that SNAP had
more vascular burden than that in the A-N- or A+
populations.12:14:48.50

The first major finding of the present study was that
SNAP exhibited distinct clinical characteristics compared
with its biomarker counterparts (A-N— or A+N+) depend-
ing on cognitive status and CSVD burden. In the CU and
MCI stages, individuals with SNAP were older than those in
A-N-, regardless of the CSVD burden, consistent with
previous studies suggesting that age-related pathology
contributes to neurodegeneration.!2 However, in the MCI
and dementia stages of the CSVD(-) cohort, those with
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TABLE 3. Comparison of Cognition According to the A/N Biomarker Subgroups and CSVD Burden

CSVD(-)
CU MCI Dementia
A-N- A-N+ A+N+ A-N- A-N+ A+N+ A-N- A-N+ A+N+
N 413 70 30 P 160 93 216 P 17 42 321 P
Memory 231173 19.0+7.9* 15.4+5.0* <0.001 14.1+£7.5 8.515.4* 4.8 +4.7*F <0.001 39145 33142 1.7+3.1*%% 0.001
Attention 10.5+£2.5 10.1+24 9.1+2.1* 0.015 9.8+2.2 9.1+£23 94+24 0.083 7.8+2.7 7224 8.1x25 0.131
Language 49.516.2 46.8 +8.3* 442 £8.0* <0.001 43.8+9.1 369+ 11.7%  40.1 £10.5*%t <0.001 38.4+9.1 304%£10.7 322%14.0 0.138
Visuospatial 32.8%3.6 322%4.7 32629 0.398 30.1+6.5 28.5+7.8 28.5+7.4 0.102 23.8+8.8 22.1+11.0 20.6%x12.1 0.457
Frontal/executive  130.2+32.3 116.2%£36.7* 108.2+£26.5* <0.001 112.6%x34.6 79.2+38.1* 90.8 +41.3* <0.001 66.3%x43.1 51.0+347 51.8%384 0.327
K-MMSE 282+1.9 27.5+2.7* 27.2+2.0* 0.001 27.0%2.6 25.1+3.5*% 24.4+3.6* <0.001  22.7+4.7 19.9+4.8 18.8+5.6* 0.013
CSVD(+)
CU MCI Dementia
A-N- A-N+ A+N+ A-N- A-N+ A+N+ A-N- A-N+ A+N+

N 20 19 7 P 51 54 45 P 30 69 58 P
Memory 22.6+6.3 15.0+7.1* 15.4+6.0* 0.002 13.3+7.0 10.5+6.5 6.6+ 5.8*F <0.001 6.61+6.1 3.81+4.3* 2.5+3.3*% <0.001
Attention 92%+1.9 89+19 9.1+1.5 0.935 85%2.1 84+19 8.6%19 0.960 7.1+2.1 73125 7.5%+1.7 0.703
Language 45.6x7.1 43.1+10.9 40.0£10.3 0.374 42.0+8.4 36.4+10.7* 36.8+9.5% 0.006 33.0+8.6 302%x10.0 279=x11.1 0.089
Visuospatial 324+3.1 29.5+43 29.2+49 0.056 28.3+7.7 26.2+8.8 26.6+7.7 0.365 21.2+9.1 18.4+10.3 21.9+9.8 0.137
Frontal/executive ~ 109.2+30.1 96.4+39.3 92.0+22.3 0.365 88.0+31.3 74.6+36.3 76.9+31.5 0.097 41.3+£294 40.6+299 458%27.6 0.600
K-MMSE 27.3%12.0 26.3+2.9 25328 0.175 26.1+3.3 249%3.6 242142 0.054 21.1+£4.0 19.2+45 19.1+£5.2 0.113

Data are expressed as mean * standard deviation. The P-values were obtained by analysis of covariance model adjusted for age, sex, and education.
*P <0.05 compared with the A-N- group.
TP <0.05 compared with the A-N+ group.

A indicates B-amyloid; CSVD, cerebral small vessel disease; CU, cognitively unimpaired; K-MMSE, Korean-Mini Mental State Examination; MCI, mild cognitive impairment; N, neurodegeneration.
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FIGURE 3. Distinctive cognitive trajectories according to the A/N biomarker and CSVD burden. The y-axis represents the predicted
cognitive function scores for each follow-up year derived from the predicted model equation using a linear mixed effect model. The blue
line is the A-N- subgroup; the orange line is the A-N+ subgroup; and the red line is A+N+ subgroup. *P<0.05 compared with A-N-
group; TP <0.05 compared with A-N+ group. CU indicates cognitively unimpaired; MCI, mild cognitive impairment.

SNAP were older than A+N+. In contrast, in the CSVD(+)
cohort, participants in A+N+ were older than those with
SNAP. These findings suggest that the pathology underlying
SNAP, which contributes to cognitive impairment in the
absence of CSVD (severe WMH), is associated with age.
Conversely, in the presence of CSVD, older age is predictive
of AP positivity.55 The prevalence of APOE e4 carriers in
A-N+ was lower than in A+N+ for all cognitive statuses,
regardless of CSVD. The APOE €4 allele is a major risk
factor for AP deposition;>6-57 thus, the prevalence of &4
carriers among SNAP participants is expected to be lower
than in A+N+, consistent with previous studies.$!2 Com-
pared with A-N-, the SNAP (A-N+) showed no differences
in €4 carrier prevalence or quantitative Af uptake, arguing
against the possibility of subclinical (subthreshold) AP
deposition in SNAP. Thus, neurodegeneration in SNAP
might progress via a pathway unrelated to the APOE €4
allele and Ap deposition. In the CSVD(-) cohort, SNAP had
a higher ratio of vascular risk factors, such as HTN or DM,
compared with A-N- or A+N+ in the present study.
This finding aligns with earlier studies demonstrating that

SNAP-CU had a higher ratio of vascular risk factors than
A-N- CU individuals,!? and that HTN was more frequently
observed in A- than A+ individuals with dementia.20
Therefore, vascular risk factors may be one of the main
contributors to neurodegeneration, leading to cognitive
impairment in the absence of a marker of severe CSVD
on MRL

The second major finding of the present study was that
SNAP and A+N+ exhibited similar cortical thinning in
widespread regions, regardless of the cognitive status and
CSVD burden, despite neurodegeneration being defined
based on HV atrophy only. In the CSVD(-) CU group;
however, SNAP showed a preserved cingulate cortex
compared with A+N+. These findings align with previous
studies, indicating that SNAP exhibits a structural neuro-
degeneration pattern similar to preclinical AD (A+ CU)>
and prodromal AD (A+ MCI).!> Notably, in the MCI and
dementia stages across both CSVD(-) and CSVD(+)
cohorts, SNAP exhibited more pronounced cortical thinning
than A—N-, but no significant differences compared with A
+N+. The similarity in cortical thinning between SNAP and

TABLE 4. Summary of Clinical Outcomes Across Cohorts

Cohort

Key findings

CSVD(-) General
Cognitive Cortical thinning
Status
CU
A+N+ but preserved cingulate cortex.
MCI
A+N+
Dementia
A+N+
CSVD(+) General  SNAP is younger than A+N+
Cognitive Cortical thinning
Status
CU/MCI SNAP and A+N+ exhibited similar
cortical thinning
Dementia SNAP and A+N+ exhibited similar

cortical thinning

SNAP is older and more likely to have vascular risk factors than A-N- and A+N+.

Cognition

SNAP exhibits cortical thinning similar to SNAP shows worse cognitive decline than A-N- but less decline in

memory than A+N+

SNAP exhibits cortical thinning similar to SNAP shows worse cognitive decline than A—N- but less decline than

A+N+

SNAP exhibits cortical thinning similar to No differences were observed in cognitive trajectories between SNAP

and A+N+, except in the frontal/executive domain, where A+N+
showed more rapid decline.

Cognition
SNAP showed a similar cognitive trajectory with A+N+
SNAP exhibited better trajectory in the language and frontal/

executive domains, as well as K-MMSE scores, compared with A
+N+.

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc.
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A+N+ suggests that non-Ap pathways, including old age,
vascular risk factors, TDP-43 proteinopathy, LATE, or
PART, may drive comparable neurodegeneration. TDP-43
and tau pathology are known to contribute to hippocampal
and entorhinal cortex atrophy in the absence of AB.58 Tau
pathology in PART, which extends beyond the medial
temporal lobe, may directly involve the medial parietal and
lateral temporal/parietal cortex, functionally connected to
the medial temporal lobe through the posterior default
mode network.5%:60 Given that similar cortical thinning may
result from distinct underlying pathologic mechanisms, it is
crucial to account for diverse contributors when evaluating
neurodegeneration.

The final major finding of the present study was that
participants with SNAP exhibited cognitive decline, with
variations in progression compared with A—-N- or A+N+,
based on the cognitive status and CSVD burden. Specifi-
cally, in the CSVD(-) cohort, SNAP-CU, and SNAP-MCI
had lower cognitive function scores and worse trajectories in
memory, language, and frontal/executive domains than A—
N- CU and A-N- MCI, respectively. Conversely, no
differences were observed between SNAP-CU and A+N+
CU in cognitive function, except for a longitudinal
divergence in the memory domain favoring SNAP-CU.
SNAP-MCI demonstrated better baseline memory function
and preserved cognitive trajectories in memory, language,
and frontal/executive domains compared with A+N+ MCI.
At the dementia stage, no differences were observed in the
cognitive trajectories between SNAP-dementia and A+N+
dementia, except in the frontal/executive domain, where A
+N+ dementia showed more rapid decline. Thus, in the
CSVD(-) cohort, SNAP exhibited overall worse cognitive
decline than A-N- but a better trajectory than A+N+ in
both CU and MCI stages. In the dementia stage, SNAP
dementia exhibited cognitive decline similar to A-N- and
A+N+.

In the CSVD(+) cohort, no significant differences in
cognitive trajectories were observed at the CU stage, except
in the language domain, where A+N+ exhibited the fastest
decline. At the MCI stage, SNAP-MCI experienced greater
cognitive decline in memory and language domains than A—
N-. In the dementia stage, SNAP exhibited less deterio-
ration in language and frontal/executive domains than A+N
+. Overall, in the CSVD(+) cohort, SNAP showed a similar
cognitive decline compared with A+N+ in the CU and MCI
stages; however, SNAP-dementia exhibited less cognitive
decline than those in A+N+. Although several previous
studies have suggested that SNAP might be benign,*6! the
present study demonstrated that SNAP without CSVD
burden aligns with AD-like cortical thinning and cognitive
trajectory. Conversely, in SNAP-dementia with CSVD
burden, vascular pathology likely contributed primarily to
cognitive impairment, independent of Af-related pathology.
In contrast, A+N+ dementia with CSVD burden had
additional AD pathology, which could explain why SNAP
dementia showed a better cognitive trajectory than A+N+
dementia. Our findings align with earlier studies indicating
that CSVD and Ap-related pathology may synergistically
contribute to cognitive decline,%2%5 through disrupted
microvascular integrity, neuroinflammation, and blood-
brain barrier dysfunction.%6.67 These interactions underscore
the importance of targeting both vascular and Ap-related
mechanisms to mitigate cognitive decline effectively.

The strength of the present study is the detailed
investigation of clinical and imaging characteristics of
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SNAP according to cognitive status and CSVD burden,
which helps to clarify SNAP’s distinctive features. However,
there are some limitations. First, due to the lack of autopsy
data, the clustering methods for SNAP detection and
underlying pathologies could not be fully validated. Second,
neurodegeneration was defined solely by HVa, given
hippocampal atrophy’s clinical relevance,%® though it may
not capture all neurodegeneration types. Further studies
using other neurodegeneration biomarkers could be helpful
to support these findings. Third, CSVD burden was defined
using severe WMH based on the classification system for
ischemia,30 rather than lacunes or microbleeds. However,
our previous validation study suggested the severe WMH
classification system could distinguish the severity of
CSVD,30 and would be appropriate as a representative
system for CSVD burden.

Nevertheless, the present study is valuable as its
findings indicate that SNAP does not exhibit a benign
course and may present a pattern of cortical thinning and
cognitive decline similar to that of AD, particularly in the
absence of CSVD. Although previous studies have inves-
tigated the characteristics of SNAP, especially in CU or
MCI statuses, the present study characterized SNAP in a
large memory clinic cohort that included patients with
dementia and CSVD burden. SNAP is associated with
distinctive clinical and imaging characteristics such as a
higher number of vascular risk factors and older age, which
might be related to neurodegeneration. The clinical impli-
cations of SNAP, particularly concerning cognitive trajec-
tory, should be interpreted differently according to the
cognitive status and CSVD burden.
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