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differentiate Alzheimer disease subtypes
synergistically
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Abstract

Background: Both cerebral amyloid angiopathy (CAA) and hypertensive arteriopathy (HA) are related to cognitive
impairment and dementia. This study aimed to clarify CAA- and HA-related small vessel disease (SVD) imaging marker
associations with cognitive dysfunction and Alzheimer disease (AD) subtypes.

Methods: A sample of 137 subjects with clinically diagnosed late-onset AD identified from the dementia registry of
a single center from January 2017 to October 2021 were enrolled. Semi-quantitative imaging changes (visual rat-

ing scale grading) suggestive of SVD were analyzed singularly and compositely, and their correlations with cognitive
domains and AD subtypes were examined.

Results: Patients with typical and limbic-predominant AD subtypes had worse cognitive performance and higher
dementia severity than minimal-atrophy subtype patients. Deep white matter hyperintensity (WMH) presence corre-
lated inversely with short-term memory (STM) performance. The three composite SVD scores correlated with different
cognitive domains and had distinct associations with AD subtypes. After adjusting for relevant demographic factors,
multivariate logistic regression (using minimal-atrophy subtype as the reference condition) revealed the following:
associations of the typical subtype with periventricular WMH [odds ratio (OR) 2.62; 95% confidence interval (Cl), 1.23—
5.57,p=0.012], global SVD score (OR 1.67; 95%Cl, 1.11-2.52, p=0.009), and HA-SVD score (OR 1.93; 95%Cl, 1.10-3.52,
p=0.034); associations of limbic-predominant subtype with HA-SVD score (OR 2.57; 95%Cl, 1.23-5.37, p=0.012) and
most global and domain-specific cognitive scores; and an association of hippocampal-sparing subtype with HA-SVD
score (OR 3.30; 95%Cl, 1.58-6.85, p=0.001).
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Conclusion: Composite SVD imaging markers reflect overall CAA and/or HA severity and may have differential asso-
ciations with cognitive domains and AD subtypes. Our finding supports the possibility that the clinical AD subtypes
may reflect differing burdens of underlying CAA and HA microangiopathologies.

Keywords: Biomarkers, Lacunes, Microbleeds, Small vessel disease, White matter hyperintensities

Background

Alzheimer’s disease (AD) has a heterogeneous presenta-
tion and several subtypes of AD have been distinguished
based on clinical and neuropathological features [1-4].
Advances in postmortem biomarker research, neuroim-
aging, and in vivo biomarker methods have yielded data
supporting these biologically defined subtypes of AD [1,
5, 6]. The neurobiological profiles of AD subtypes can-
not be distinguished based solely on B-amyloid pathol-
ogy or distribution of -amyloid retention on positron
emission tomography [7]. Because the subtypes have
differing demographic, neuropathological, neuropsycho-
logical, and neuroimaging correlates as well as differen-
tial biomarker profiles and clinical trajectories over time
[1, 5, 6, 8, 9], it is possible that their particular etiologies
may underlie patient variance in responsiveness to trial
anti-amyloid medications. Hence, clarifying the changes
to brain structure, neuropathology, and cognition that
are characteristic of each subtype may explain, to some
extent, known AD heterogeneity and lead to improved
predictability of how individual patients are likely to
respond to treatments.

AD pathology rarely occurs in isolation and the num-
ber of co-pathologies tends to increase with age [10,
11]. The added burden of other vascular and degen-
erative pathologies—such as cerebrovascular lesions,
Lewy body-related pathology, and limbic TAR-DNA
binding protein-43 (TDP-43) deposition—can affect
the clinical picture of AD and may accelerate disease
progression by lowering the threshold of AD pathol-
ogy that produces clinical symptoms [5]. In particu-
lar, small vessel disease (SVD) may play a central role
in AD heterogeneity [12, 13]. SVD shares risk fac-
tors with AD, namely hypertension, diabetes mellitus,
smoking, hyperlipidemia, and apolipoprotein E €4 allele
presence, and the presence of SVD is associated with
increased risk for stroke, cognitive decline, and demen-
tia in the older adults [14, 15]. Various features of SVD
pathologies reflective of cerebral amyloid angiopathy
(CAA) and hypertensive arteriopathy (HA) are preva-
lent in AD brains [13, 16]. CAA and HA are distinct
microangiopathies with differentiated pathophysiolo-
gies, clinical significances, and prognoses [17]. There
are well established associations of CAA and HA with
distributions of magnetic resonance imaging (MRI)

markers, including cerebral microbleeds (CMBs), white
matter hyperintensities (WMH), lacunar infarcts, and
perivascular space enlargements (PVSEs) that are help-
ful for differentiating between CAA and HA neurora-
diologically [18]. CAA is characteristic of progressive
B-amyloid deposition in small cortical vessels overly-
ing the leptomeninges and gray-WM junction, while
HA primarily affects the small perforating arteries of
deep gray nuclei and deep WM [19]. Thus, the topo-
graphic distribution of CAA imaging markers tends to
be in lobar regions or centrum semiovale (CSO), while
that of HA markers tends to be in deep/infratentorial
regions or basal ganglia (BG) [20, 21]. In combination,
these markers constitute clinically salient MRI signa-
tures of SVD burden, and composite SVD scores have
been shown to associate inversely with performance
on cognitive, functional ability, gait, and balance tests
[22—-25]. Based on the common coexistence of CAA
and HA and possible interactions between them, it has
been suggested that both may involve impairments of
the blood-brain barrier (BBB) and glymphatic clear-
ance system [19]. However, their pathophysiological
and clinical impacts on AD subtypes are not clear.

The aim of this study was to investigate the dif-
ferences of SVD imaging markers across AD sub-
types based on patterns of brain atrophy on MRI. For
this purpose, we adopted the following four previ-
ously established AD subtypes based on brain atrophy
revealed by MRI: typical, limbic-predominant (LP),
hippocampal-sparing (HS), and minimal-atrophy (MA)
subtypes [1, 8, 26-28]. SVD load evident on MRI was
semi-quantified based on three validated scales used
to assess global SVD, CAA-specific burden, and HA-
specific burden [22, 23, 29, 30]. The data obtained were
used firstly to characterize cognitive and imaging varia-
bles across the four AD subtypes and secondly to deter-
mine whether SVD imaging markers correlate with
cognitive performance and AD subtype. The findings
may have both research and clinical applications. The
present study may help to elucidate complex microan-
giopathic mechanisms underlying the development of
AD subtype-distinct atrophy patterns in outpatients
with a clinical diagnosis of late-onset AD based on the
criteria proposed by the National Institute on Aging/
Alzheimer’s Association (NTA-AA) [31].
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Methods

Subjects

We identified patients with a diagnosis of AD who were
seen at Taichung Veterans General Hospital between
January 2017 and October 2021 retrospectively from the
hospital’s dementia care database. All enrolled patients
were at least 65 years old and clinically diagnosed with
AD.

Data collection, including a brief medical history,
examination findings, age, sex, body mass index, docu-
mented medical comorbidities (including cardiovascu-
lar and metabolic diseases), and cigarette and alcohol
usage, was conducted by one well-trained licensed nurse
case manager. Vascular risk factors, including hyperten-
sion, diabetes mellitus, hyperlipidemia, peripheral or
cardiac vasculopathy, atrial fibrillation, were gathered
to represent comorbid vascular burden of each partici-
pant. Each patient’s cognitive ability was assessed with
a 12-item word recall test (total correct trials 1-3, and
15-min delayed free recall) [32], an estimated Mini-
Mental State Examination (MMSE) converted from the
Cognitive Abilities Screening Instrument [33, 34], the
Montreal Cognitive Assessment (MoCA) [35], and the
Clinical Dementia Rating scale (CDR) [36]. Cognitive
performance was registered together with diagnostic
work-up findings, dementia type, and pharmacological
management.

Clinical diagnosis

Medical records and registry data were reviewed in detail.
Dementia diagnoses were based on a clinical interview,
functional assessments, neurological examinations, cog-
nitive screening, brain MRI, and blood analyses. Probable
AD was diagnosed in accordance with the clinical crite-
ria proposed by the National Institute on Aging/Alzhei-
mer’s Association workgroup [31] as well as the criterion
of a global CDR score >0.5. Non-AD causes of dementia,
such as stroke, Parkinson disease, thyroid dysfunction,
renal insufficiency, unstable diabetes mellitus, trace ele-
ment deficiency, and neurosyphilis, were excluded.

Brain MRI

All subjects were scanned in a 1.5-T MRI scanner (MAG-
NETOM Aera, Siemens Healthcare, Erlangen, Ger-
many) within 3 months of their cognitive assessment
date. The following standardized MR sequences were
used: axial spin echo (SE) T1-weighted imaging [rep-
etition time (TR)/echo time (TE)=550/8.9 ms, field of
view (FOV)=230x 230 mm?, matrix size=320 x 256,
slice thickness=6 mm), axial turbo-spin echo (TSE)
T2-weighted imaging (T2WI) (TR/TE=3500/103 ms,
FOV=230x208 mm? matrix size=512x 384, slice
thickness=6 mm), oblique coronal T2WI TSE scan
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perpendicular to the axis of the hippocampus (TR/
TE=4000/83 ms, FOV=180x180 mm? matrix
size =384 x 307, slice thickness=3 mm), axial fluid-
attenuated inversion recovery (FLAIR)(TR/TE/inver-
sion time=9000/86/2500 ms, FOV =230 x 201 mm?
matrix size =320 x 240, slice thickness=6 mm), axial
diffusion weighted imaging (TR/TE=6300/89 ms,
FOV=230x230 mm? matrix size=192x192, slice
thickness=6 mm), axial susceptibility-weighted imag-
ing (SWI) (TR/TE=49/40 ms, FOV =230 x 186 mm?,
flip angle=15°, matrix size=288x 230, slice thick-
ness=2 mm), and three-dimensional time-of-flight
magnetic resonance angiography (TR/TE=24/7 ms,
FOV=180x 180 mm? matrix size=256x 218, flip
angle=25°, slice thickness=0.5 mm, slabs=4 slices per
slab=>52). The total examination is about 35 min.

Visual rating scales

The MRI data were rated by two independent experi-
enced neuroradiologists (Chun-Fu Lin and Hung-Chieh
Chen) who were blinded to patient diagnoses. Regional
brain atrophy was measured with visual rating scales
based on the T1-weighted images as previously described
[37]. Medial temporal atrophy (MTA), posterior atrophy
(PA), and frontal lobe atrophy were assessed with the
MTA scale (range, 0—4) [38], Koedam’s scale (range, 0—3)
[39], and global cortical atrophy scale—frontal subscale
(GCA-F) (range, 0-3) [40], respectively.

SVD imaging markers were assessed according to the
STRIVE consensus [41]. CMBs, recognized as < 10-mm-
diameter circular hypointense lesions on SWI, were
counted in lobar, deep, and infratentorial regions
recorded based on the Microbleed Anatomical Rat-
ing Scale (MARS) [42]. CMBs in all brain regions were
summed to determine the total CMB burden. Ill-defined
hyperintensities>5 mm across on T2WI and FLAIR
images were considered WMH and graded according to
the age-related White Matter Change (ARWMC) scale
(range, 0-3) in the hemisphere of more severe hyper-
intensity [43]. ARWMC scores detected in five brain
regions (frontal, parietal-occipital, temporal, BG, and
infratentorial) were summed to represent total WMH
burden. The ARWMC scale has been shown to corre-
late with WMH volume [44]. A modified Fazekas scale
(range, 0-3) was used to grade periventricular and
deep WMH [45]. PVSEs were identified when perivas-
cular space regions exceeding 3 mm with signal inten-
sity similar to cerebrospinal fluid on T2WI were visible
[46]. PVSEs were counted in the BG and CSO and rated
according to quantity as follows: 0, no PVSEs; 1, 1-10; 2,
11-20; 3, 21-40; and 4,>40 PVSEs. PVSE scores in the
BG and CSO were summed to obtain the total PVSE
burden. We counted lacunes visible on FLAIR sequence
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images. Curvilinear hypointensities that followed the
gyral surface on SWI were recorded as cortical superficial
sideroses (CSSs). Hippocampal sclerosis was defined as
an atrophic hippocampus associated with hyperintense
signal on long-repetition-time sequences confined to the
hippocampus on MRI [47, 48]. The inter-rater reliability
for MTA, PA, GCA-F, modified Fazekas scale, MARS
total score, ARWMC total score, PVSE total score, and
lacune count were between 0.87 and 1.

AD subtypes based on brain atrophy patterns

Deviation from normality was established following pub-
lished cutoffs [37]. MTA scores>1.5,>1.5,>2, and > 2.5
were considered abnormal for the respective age ranges
of 45-64, 65-74, 75-84, and 85-94 years. A score > 1 was
defined as abnormal irrespective of age range because
age correction does not improve PA and GCA-F diag-
nostic performance [37]. Based on the combination of
MTA, PA, and GCA-F grades, AD can be classified into
four subtypes [1, 8, 26—28, 49] (see Table 1 in Additional
file 1). The typical AD subtype was defined as abnormal
MTA with abnormal PA and/or abnormal GCA-F. The LP
subtype was defined as abnormal MTA with normal PA
and GCA-E. The HS subtype was defined as abnormal PA
and/or abnormal GCA-F but normal MTA. The MA sub-
type was defined as normal MTA, PA, and GCA-F.

SVD composite scoring

We adopted three validated composite scoring systems
based on four established MRI markers of SVD to com-
pile and semi-quantify global SVD severity, CAA-specific
pathological burden, and HA-specific pathological bur-
den as a global SVD score, CAA-SVD score, and HA-
SVD score, respectively [22, 23, 29, 30]. Briefly, in global
SVD scoring (ordinal 0-6 scale), one point (each) was
scored for 1-4 lobar CMBs, > 1 lacunes, > 20 BG PVSEs,
and moderate WMH (total periventricular +deep WMH
grade of 3—4), while 2 points (each) were allocated for > 5
CMBs and severe WMH (total periventricular+ deep
WMH grade of 5-6). In CAA-SVD scoring (ordinal
0-6 scale), one point (each) was allocated for 2—4 lobar
CMBs,>20 CSO PVSEs, presence of>2 deep WMH
or 3 periventricular WMH or focal CSSs, while 2 points
(each) were allocated for > 5 lobar CMBs or disseminated
CSSs. In HA-SVD scoring (ordinal 0—4 scale), one point
(each) was scored for>1 deep CMBs,>1 lacunes,>10
BG PVSEs, and the presence of>2 deep WMH or 3
periventricular WMH.

Z-score generation

Z-score was expressed in terms of standard deviation
from its mean. The z score of each SVD marker measure
and cognitive measure of a participant was calculated as
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follows: z= (x — u)/0 where x was the raw score, 4 was the
cohort mean, and ¢ was the cohort standard deviation.
Individual z-score was computed with the entire group of
the enrolled subjects in this study as a reference.

Composite cognitive score

We generated neurocognitive numeric composite
z-scores by calculating individual z-scores for each test
and then averaging them across the cognitive test set. The
constituents of the composite z-scores were as follows:
orientation (orientation tests in the MMSE and MoCA);
attention (serial 7 s on the MMSE; sustained attention
task; and MoCA forward and backward digit span assess-
ments), short-term memory (STM) registration (total
number of items remembered over 3 trials on a 12-item
memory test; and MMSE immediate memory task), STM
recall (15-min delayed recall on the 12-item memory
test; and delayed memory recall tasks in the MMSE and
MoCA); language (confrontation naming task, repetition
of two syntactically complex sentences, writing, and flu-
ency tasks of the MMSE and MoCA); and visual execu-
tive function (MMSE pentagon test; and modified trail
making test, clock-drawing task, and three-dimensional
cube copy in the MoCA).

Statistical analysis

Analyses were performed in SPSS version 22.0 for Win-
dows (SPSS Inc., Chicago, IL). Two-tailed p-values <0.05
were considered significant. Differences in continuous/
categorical variables between AD subtypes were exam-
ined with Kruskal-Wallis test/chi-square tests. Linear
regression analysis was completed to detect imaging vari-
able associations with global cognition and constituent
cognitive domains after controlling for age, sex, number
of vascular risk factors, and CDR. Cognitive and imag-
ing differences among the subtype groups were exam-
ined with multivariate general linear models that were
controlled for age, sex, vascular risk factors, and CDR,
with multiple comparison testing by way of the least
significant difference method. To investigate cognitive
and imaging variable associations with AD subtypes
(reference group: MA subtype), we developed a logistic
regression model after adjustment for age, sex, number
of vascular risk factors, and CDR. Adjusted odds ratio
(OR) values are reported with 95% confidence intervals
(ClIs). Finally, to examine the synergistic effect of CAA
and HA on cognitive performance across subtypes, first,
we did receiver operating characteristic and area under
the curve analyses to define the CAA-SVD cut-off value
for discriminating the MA subtype vs. non-MA subtype
(i.e., typical, LP, and HS subtypes), and subsequently, we
conducted Pearson correlation coefficient to determine
the correlation of HA-SVD score with domain-specific
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Table 1 Clinical and imaging characteristics of the cohort, N=137
Characteristic Typical (N=33) LP (N=26) HS (N=40) MA (N=38) P value
Sex, female, N (%) 20 (60.6%) 12 (46.2%) 25 (62.5%) 31 (81.6%) 0.030"
Age, years 810 (74 5-83.5) 76.5 (65.8-84.3) 795 (76.0-84.0) 77.0 (70.8-79.0) 0010
Education, years 6.0 (6-10.5) 6.0 (6.0-12.0) 6.0 (6.0-9.0) 6.0 (0.0-12.0) 0.659
Smoking, N (%) 4 (121 %) 1 (3 8%) 2 (5.0%) 3 (7 9%) 0.588
Vascular risk factors
Hypertension, N (%) 18 (54.5%) 12 (46.2%) 26 (65.0%) 23 (60.5%) 0.466
Diabetes mellitus, N (%) 12 (36.4%) 7 (26.9%) 21 (52.5%) 10 (26.3%) 0.067
Hyperlipidemia, N (%) 7 (21.2%) 9 (34.6%) 21 (52.5%) 14 (36.8%) 0.053
Peripheral or cardiac vasculopathy? 0 (0.0%) 6 (23.1%) 7 (17.5%) 6 (15.8%) 0.052
Atrial fibrillation, N (%) 4 (12.1%) 1 (3.8%) 2 (5.0%) 3 (7.9%) 0.588
Number of vascular risk factors 1.0 (0.0-2.0) 0.5 (0.0-3.0) 2.0 (1.0-3.0) 1.0 (0.0-3.0) 0.091
Use of antiplatelet, N (%) 5 (15.2%) 5 (19.2%) 13 (32.5%) 13 (34.2%) 0.186
Use of anticoagulant, N (%) 3 (9.1%) 1 (3.8%) 2 (5.0%) 2 (5.3%) 0.826
MMSE 18.0 (12.5-21.5) 16.0 (12.5-21.0) 20.0 (16.0-22.8) 20.0 (14.0-22.5) 0117
MoCA 12.0 (9.5-14.0) 9.0 (6.5-13.5) 14.0 (10.0-18.0) 14.5 (83-18.8) 0.045"
CDR 1.0 (0.5-1.0) 1.0 (0.8-1.0) 1.0 (0.5-1.0) 0.5 (0.5-1.0) 0.021"
CDR—sum of boxes 6.0 (3.6-8. 0) 6.0 4.3-7. 5) 40 (3.0-5. 5) 45 (3.0-5 4) 0.006™
Hippocampal sclerosis 16 (48.5%) 21 (80.8%) 1 (2.5%) 0 (0.0%) <0.001™
Cortical superficial siderosis 1 (3.1%) 1 3 8%) 1 (2.5%) 0 (0.0%) 0.724
CMB 1.0 (0.0-2 O) 0.0 (0.0-1.3) 1.0 (0.0-3. O) 0.0 (0.0-2 O) 0.677
Lobar CMB 0.0 (0.0-1.0) 0.0 (0.0-1.0) 1.0 (0.0-1.5) 0.0 (0.0-1.0) 0.648
Non-lobar CMB 0.0 (0.0-1.0) 0.0 (0.0-1.0) 0.0 (0.0-1.0) 0.0 (0.0- 05) 0.945
Lacunae 0.0 (0.0-2. O) 0.5 (0.0-3. O) 1.0 (0.0-3. O) 0.0 (0.0-1.0) 0.023"
Periventricular WMH 2.0 (1.0-3.0) 2.0 (1.0-2.0) 15 (1.0-2.0) 1.0 (1.0- 20) 0.013"
Deep WMH 1.0 (1.0-3.0) 1.5 (1.0-2.0) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 0.248
WMH burden 5.0 (3.0-8.5) 5.0 (2.8-7.3) 5.0 (2.0-7.0) 40 (2.0-6.0) 0.298
BG PVSE 3.0 (20-3.5) 3.0 (2.0-3.0) 3.0 (2.0-3.0) 25 (2.0-3.0) 0.956
CSO PVSE 3.0 (2.5-4.0) 3.0 (20-3.0) 3.0 (2.0-4.0) 3.0 (20-3.0) 0.381
PVSE burden 6.0 (4.5-7.0) 6.0 (4.0-6.0) 5.0 (4.0-7.0) 5.0 (4.0-6.0) 0527
Global SVD score 30 (2.0-4.0) 20 (1.0-3.0) 25 (2.0-4.0) 10 (1.0-3. o> 0.001™
CAA-SVD score 2.0 (1.0-2.0) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 1.0 (0.0-1.0) 0.038"
HA-SVD score 20 (1.0-3.0) 20 (1.0-3.0) 20 (1.0-3.0) 10 (0.0-2. 0) 0.002"

Continuous variables, presented as median values and interquartile ranges, were analyzed with the Kruskal-Wallis test; categorical variables, presented as number of

patients with percentage, were examined with the chi-square test

Abbreviations: LP limbic-predominant type, HS hippocampal-sparing type, MA minimal-atrophy type, MMSE mini-mental state examination, MoCA Montreal Cognitive
Assessment, CDR clinical dementia rating, CMB cerebral microbleeds, WMH white matter hyperintensity, BG basal ganglia, CSO centrum semiovale, PVSE perivascular
space enlargement, SVD small vessel disease, CAA cerebral amyloid angiopathy, HA hypertensive arteriopathy

p<0.05
"p<0.01

2 Includes carotid artery stenosis, coronary artery disease, myocardial infarction, and peripheral artery disease

cognitive performance between CAA-SVD score<1
vs.>1 across AD subtypes (see Additional file 1).

Results

Clinical and imaging characteristics of the entire cohort
The main demographic and imaging characteristics of the
study cohort are summarized in Table 1. A total of 137
patients with AD were classified into four groups: typi-
cal subtype (N=33), LP subtype (N=26), HS subtype

(N=40), and MA subtype (N=38). The median dura-
tion between MRI testing and cognitive evaluation was
1.1 months. The four subtype groups differed signifi-
cantly with respect to age, sex, MoCA score, CDR scale,
and sum of boxes of CDR (CDR-SB) score. Additionally,
the groups differed significantly with respect to the imag-
ing prevalence of hippocampal sclerosis, lacune amount,
periventricular WMH, composite global SVD scores,
composite CAA-SVD scores, and composite HA-SVD



Chen et al. Alzheimer’s Research & Therapy ~ (2022) 14:141 Page 6 of 14

B Typical LP mmm HS MA
p=0.031 p=0.022
1.0+ —_——
* * * * * .L'
— —_— — — .L.'_'

Z-score

-0.5- l

[E—

-1.0 T T T T T T T

T T
< v Q & = D Q) @ &
¢ ¢ & N S & &
S &® & o @ & S &
R v @ ,\\& NG oF
& ® >
& &
é\ A\

Fig. 1 Relation of cognitive measures to AD subtypes

The bar graph depicts z-scores (mean and standard error) of cognitive measures. P-values indicate the main effect of subtype grouping on the
respective scores in multivariate general linear models controlled for age, sex, vascular risk factors, and CDR with multiple comparison tested by
least significant difference; *p < 0.05. LP limbic-predominant type, HS, hippocampal-sparing type; MA, minimal-atrophy type, MMSE, mini-mental
state examination, MoCA Montreal cognitive assessment, CDR-SB clinical dementia rating-sum of boxes, STM short-term memory
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Fig. 2 Relation of singular imaging markers to AD subtypes

The bar graph depicts z-scores (mean and standard error) of marker measures. P-values indicate the main effect of subtype grouping on the
respective imaging visual rating scores in multivariate general linear models controlled for age, sex, vascular risk factors, and CDR with multiple
comparison tested by least significant difference; *p <0.05. LP limbic-predominant type, HS hippocampal-sparing type, MA minimal-atrophy type,
CMB cerebral microbleeds, WMH white matter hyperintensity, BG basal ganglia, CSO centrum semiovale, PVSE perivascular space enlargement
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Fig. 3 Relation of composite imaging markers to AD subtypes
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The bar graph depicts z-scores (mean and standard error) of composite imaging measures. P-values indicate the main effect of subtype
grouping on each composite imaging visual rating score using multivariate general linear models controlled for age, sex, vascular risk factors,
and CDR with multiple comparison tested by least significant difference; *p < 0.05. LP limbic-predominant type, HS hippocampal-sparing type,
MA minimal-atrophy type, SVD small vessel disease, CAA cerebral amyloid angiopathy, HA hypertensive arteriopathy

scores. All enrolled subjects did not fulfill the modi-
fied Boston criteria for CAA [50]. Correlations between
composite cognitive scores were examined (see Fig. 1 in
Additional file 1).

Figures 1, 2, and 3 displayed the cognitive and imaging
differences across the subtype groups using multivariate
general linear models controlled for age, sex, vascular
risk factors, and CDR, with multiple comparison test-
ing by way of the least significant difference method. In
Fig. 1, there were significant differences in CDR-SB and
visual executive function among 4 subtypes. MoCA,
CDR-SB, orientation, and STM (registration) differed sig-
nificantly between the LP and HS subtypes, while MMSE,
STM (registration), and visual executive function differed
significantly between the LP and MA subtypes. Also,
CDR-SB significantly differed between the typical and HS
subtypes.

SVD marker distributions across the AD subtypes are
presented in Fig. 2 and Fig. 3. The typical subtype was the
subtype with the greatest periventricular WMH presence
and global SVD scores, whereas the MA subtype group
had the lowest periventricular WMH presence, global
SVD scores, and HA-SVD scores. Meanwhile, we found
that the subtype groups had differing distribution pat-
terns of the three composite scores along the spectrum
of CAA and HA (Fig. 3). The global SVD scores obtained
for the LP and HS subtypes were intermediate between
the typical and MA subtypes. CAA-SVD scores showed a

decreasing trend in the order of typical, LP, HS, and MA
subtypes. Of the four groups, the MA subtype group had
the lowest HA-SVD scores. The three scores reflective of
two distinct underlying pathophysiological processes in
CAA and HA yielded differential associations with the
four AD subtypes.

Associations of imaging variables with global cognition
and cognitive domains

Linear regression analysis adjusted for age, sex, vascu-
lar risk factors, and CDR (Table 2) showed that deep
WMH presence correlated with poorer STM (registra-
tion and recall). All three composite SVD scores cor-
related with lower global cognition (i.e., lower MMSE
score). Additionally, global SVD scores correlated with
higher global disease severity (i.e., higher CDR-SB
score). CAA-SVD scores correlated with poorer per-
formance on STM (registration) while HA-SVD scores
correlated with lower global cognition (i.e., lower
MoCA score) and poorer orientation, attention, lan-
guage, and visual executive functions.

Associations of cognitive and imaging variables with AD
subtypes

The relationship between cognitive and imaging vari-
ables and AD subtypes was examined through a logistic
regression analysis controlled for age, sex, and vascular



Page 8 of 14

(2022) 14:141

Chen et al. Alzheimer’s Research & Therapy

LS ‘s9X0q JO wins-Huiiel eRUSWSP [e

gS-4@> ‘2402s Buies ejpusWAp |ed

L00>d ,

'50'0>d

Kiowaw wia-10ys

D YD WUBWISSaSSY w>_u_:mou |e241UO DO ‘uoileulwexa 31els |elusw-luiu IS Sr_quO:wtm m>_mcmu‘_wn>r_ VYH Ssumao_mcm _u_o_>r:m

1e1g2193 YYD ‘9SISIP [9SSIA [[WS S ‘Uswabiejud adeds Jejndseauad J5Ad ‘9_AOIWS WINIIUID OS) ‘eljbueb jeseq Dg ‘AususiuuadAy Ja1iew a)Iym HAM “4e[nduuaALIRd Ad ‘SPa9|qoIdiw [eIgaIdd gD [SUOIDIARIGQY

3|qeue Buibew pue aARIUBOD USIMIST SUOIIR[D110D 210|dXa O} PAleIND|ED SeM ‘YD PUe ‘S1010.) 3SLI JBNJSeA ‘X3S ‘9B 10y palsnipe ‘uolssaibal Jeaur]

Lo — o — Lel LI 910 — Lot Lee €90° 900 74N 1354 uolINdaXa [eNSIA
Lo — 000 — vl — Sl — Sl — 160" — jade) 8v0’ 080" — 0¢ 88l abenbue
1co — 600" — e — 89l SOl S00° LIV — ol — 9¢0' — 0 v0E — (I1e231) WLS
80C — LoLe— SSC— €0 SOl — 100} 86¢ — L0 — 60— LSC L& — (uonensibal) WIS
L= 9l — 0 — 080 00— 740 680" — 620° 090" — 120 (VA uonueny
L0 — 50" — VA 00— €0 — Lol /0" — 600 8¢0 — 110 — /Y0 — uoneuslo
S0 1340} Kare [41%) 9t €L 8¢0’ € 0 al 04 gs-4d>
,.890 — o - L0O° eor [4) L1L0 [440) 0co €00 — LYO 60" VOOW
1Y L0 — P90 — 790" 9o L10° S0 SLO 900" — L0 — 600" — IS
g g g ) g ) ) g ) g )

21035 AAS-YH 91035 AAS-YYD 91035 QAS [eqo|D

udpiNg3ISAd  ISAdOSD  ISAdDYd USPINGHWM  HWM 3™  HWMAd ~ 3undeq dWD  urewop aAnubo)

/€1 =N ‘sujewop aAIUB0D0IN3U UM sa|qelie Buibew seinbuls Jo suolie2io) g ajqeL



Chen et al. Alzheimer’s Research & Therapy (2022) 14:141 Page 9 of 14
Table 3 Associations of neurocognitive domains and imaging variables with AD subtypes (MA subtype as the reference).
Domain/Variable Typical LP HS

OR 95%ClI Pvalue OR 95%Cl Pvalue OR 95%Cl Pvalue
MMSE 0.96 (0.85-1.09) 0514 0.82 (0.69-0.96) 0.015* 1.02 (0.90-1.15) 0.750
MoCA 0.92 (0.80-1.06) 0.259 0.76 (0.61-0.94) 0.014* 1.04 (0.92-1.19) 0.486
CDR-SB 127 (0.84-1.91) 0.254 159 (0.93-2.71) 0.086 0.77 (0.46-1.27) 0317
Orientation 0.75 (0.33-1.69) 0.492 0.18 (0.05-0.70) 0.013* 117 (0.60-2.30) 0.640
Attention 0.69 (0.34-141) 0.307 0.15 (0.04-0.52) 0.003** 1.07 (0.55-2.07) 0.838
STM (registration) 0.61 (0.27-1.36) 0.225 0.26 (0.10-0.70) 0.007** 1.07 (0.57-2.01) 0.823
STM (recall) 0.977 (0.51-1.86) 0.944 047 (0.17-1.28) 0.141 112 (0.61-2.04) 0.704
Language 0.62 (0.29-1.30) 0.207 0.21 (0.07-0.66) 0.008** 0.97 (0.48-1.99) 0.948
Visual execution 0.68 (0.33-1.39) 0.288 0.12 (0.03-0.54) 0.006** 0.77 (0.40-1.51) 0.456
CMB 0.98 (0.87-1.10) 0.806 0.88 (0.69-1.12) 0.297 0.96 (0.83-1.11) 0.590
Lacune 1.01 (0.75-1.34 0.961 1.04 (0.75-1.44) 0.819 1.24 (0.93-1.68) 0.147
Periventricular WMH 262 (1.23-5.57) 0.012* 2.06 (0.85-4.97) 0.108 122 (0.63-2.33) 0.549
Deep WMH 1.65 (0.93-2.96 0.089 1.18 (0.61-2.30) 0.630 117 (0.68-2.00) 0.555
WMH burden .11 (0.94-1.32) 0.244 1.14 (0.93-1.40) 0.200 0.994 (0.82-1.20) 0.947
BG PVSE 1.03 (0.57-1.87) 0914 0.99 (0.49-1.99) 0.988 0.74 (0.39-1.37) 0.340
CSO PVSE 1.45 (0.84-2.50) 0.182 1.24 (0.65-2.40) 0516 1.13 (0.67-1.89) 0.635
PVSE burden 1.25 (0.86-1.80) 0.237 1.02 (0.70-1.47) 0.924 1.03 (0.72-1.47) 0.850
Global SVD score 1.67 (1.11-2.52) 0.009** 1.16 (0.75-1.79) 0.502 1.23 (0.85-1.78) 0.269
CAA-SVD score 153 (0.79-2.95) 0.204 1.14 (0.56-2.33) 0.767 1.09 (0.63-1.90) 0.761
HA-SVD score 1.93 (1.10-3.52) 0.034* 257 (1.23-5.37) 0.012* 3.30 (1.58-6.85) 0.001**

ORs determined by multivariate logistic regression, adjusted for age, sex, vascular risk factors, and CDR

LP limbic-predominant type, HS hippocampal-sparing type, MA minimal-atrophy type, MMSE mini-mental state examination, MoCA Montreal Cognitive Assessment,
CDR clinical dementia rating score, CDR-SB clinical dementia rating-sum of boxes, STM short-term memory, CMB cerebral microbleeds, WMH white matter
hyperintensity, BG basal ganglia, CSO centrum semiovale, PVSE perivascular space enlargement, SVD small vessel disease, CAA cerebral amyloid angiopathy, HA

hypertensive arteriopathy
"p<0.05
"p<0.01

risk factors, and CDR (Table 3). Typical subtype was
found to be positively associated with periventricular
WMH (OR 2.62; 95%CI, 1.23-5.57, p=0.012), global
SVD score (OR 1.67; 95%CI, 1.11-2.52, p =0.009), and
HA-SVD score (OR 1.93; 95%CI, 1.10-3.52, p=0.034).
LP subtype was found to be positively associated with
HA-SVD score (OR 2.57; 95%CI, 1.23-5.37, p=0.012)
but negatively associated with all global and domain-
specific cognitive scores, except for CDR-SB and STM
(recall). HS subtype was found to be positively associ-
ated with HA-SVD score (OR 3.30; 95%CI, 1.58—6.85,
p=0.001).

Synergistic effects of CAA and HA across AD subtypes
Pearson correlation coefficient revealed that HA-SVD
score correlates differently with cognitive performance
between CAA-SVD>1 vs. CAA-SVD score <1 in each
atrophic subtype (see Table 2 and Table 3 in Additional
file 1).

Discussion

This retrospective cohort study of clinically diagnosed
late-onset AD examined the role of SVD across AD
subtypes and their clinical implications. We found that
the four examined AD subtypes had comparable clini-
cal vascular risk factor burdens. The typical and LP
subtype groups had more cognitive impairment and
greater dementia severity than the MA subtype group.
Regarding singular SVD imaging markers, only perive-
ntricular WMH was highest in the typical subtype
group and deep WMH correlated with poor STM. The
three composite scores correlated differentially with
cognitive domain performance and were found to have
differential associations with the four AD subtypes. In
reference to the MA subtype, the typical subtype group
had the most periventricular WMH, the greatest dis-
ease severity, the highest global SVD burden, and high
HA-SVD scores. The LP subtype group had extensive
cognitive impairment and high HA-SVD scores. The
HS subtype group had high HA-SVD scores. Compared
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to singular MRI markers, the composite scores, which
include CAA and HA SVD contributions, correlated
more robustly with global and domain-specific cogni-
tive function performance and associated more dis-
tinctly with AD subtypes. Each subtype group exhibited
a distinctive pattern of the three composite scores over
the spectrum of CAA and HA. Of the three, HA-SVD
score was the most essential in determining cognitive
consequences. CAA and HA seem to pose differen-
tial synergistic effects on cognitive performance and
atrophic patterns in AD. To the best of our knowledge,
the current study is the first to report domain-specific
cognitive associations of comprehensive SVD imaging
markers as well as data pointing to their implications
across subtypes.

The prevalence of AD subtypes varied across studies [1,
5, 6]. A meta-analysis of 24 studies examined the pooled
frequency of the four subtypes, showing that typical sub-
type is most common, with a pooled frequency of 55%
[1]. LP, HS, and MA subtypes had a pooled frequency of
21, 17, and 15%, respectively [1]. The prevalence rates of
subtypes in our cohort were discordant with the previous
finding might be partially explained by different cohort
characteristics and sample size.

Although it may be argued that the four subtypes
reflect AD patients at different stages of the disease,
rather than exactly distinct AD subtypes, it has been
demonstrated that these subtypes indeed have differen-
tial spread of neurofibrillary tangles in the circumstance
of similar disease duration and disease severity staged by
CDR score [3]. Likewise, evidence has shown that there
are no differences in CDR or disease duration in the MA
subtype, suggesting that this subtype might not be an
initial stage of AD [6, 8]. Alternatively, it may be argued
that visual rating scales might not be sensitive enough to
detect minimal atrophy in the MA subtype, but lack of
atrophy has been confirmed in the MA subtype in pre-
vious studies using automated MRI method and voxel-
based morphometry [8, 51].

Numerous differences have been identified across AD
subtypes [1, 5, 6]. Several clinical features of the 4 sub-
types have been well described. The typical subtype is
prone to be old age of onset, multidomain amnestic syn-
drome, low final MMSE score, high burden of WMH
and CAA, and frequent APOE &4 carrier [1, 5, 6]. The LP
subtype is apt to be old age at onset/death, female sex,
amnestic syndrome, slow disease progression, higher
burden of WMH, frequent APOE &4 and MAPT H1H1
genotypes, hippocampal sclerosis, and more HA but less
CAA [1, 5, 6]. The HS subtype tends to be young age of
onset/death, male sex, nonamnestic syndrome, faster
disease progression, APOE €4 noncarrier, low WMH
burden, and more CAA, but less HA [1, 5, 6]. The MA
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subtype has intermediate/young age of onset, slow cogni-
tive decline, and tendency to be misdiagnosed as normal
old or other dementia syndromes [1, 5, 6]. In line with
the above-mentioned characteristics of each subtype, our
typical subtype patients tended to be older; typical and
LP subtype patients often had amnestic presentations; LP
subtype patients often had hippocampal sclerosis; typical
subtype patients had a prominent WMH burden and a
strong HA influence.

CAA and HA pathologies, which are common in
late-onset AD [13, 52], may modify AD progression
or aggravate risk by shifting the threshold for cognitive
impairment and dementia. The contribution of SVD to
AD pathogenesis has been reviewed in detail elsewhere
[15, 53, 54]. The mechanisms by which CAA and HA pro-
mote AD pathology may involve chronic cerebral hypop-
erfusion or BBB dysfunction. The former could cause
white matter neurodegeneration and worsen AD pathol-
ogy (pB-amyloid and tau), while the latter could impede
vascular clearance path through the BBB and glymphatic
system; furthermore, aggregated neurotoxic peptides
lead to ischemic neuronal death [15, 53, 54]. Our findings
might support that clinical AD subtyping may be partially
the consequence of differing CAA and HA burdens in
the AD brains. Although the exact interactions between
vascular and neurodegenerative processes in AD are not
completely understood, SVD changes precede p-amyloid
deposition over long periods of time and can predict dis-
ease progression [53, 55].

Of all the markers assessed here, deep WMH burden
and the three composite scores were associated with cog-
nition, suggesting that different MRI markers of vascular
brain injury have differing cognitive significance. Of sin-
gular imaging markers, we found that only periventricu-
lar WMH is more pervasive in the typical subtype than
in the MA subtype. Studies have shown that WMH could
predate dementia symptoms in both autosomal domi-
nant AD and late-onset AD [56—58]. In late-onset AD,
WMH are commonly present in periventricular and deep
regions and a high WMH burden has been related to poor
clinical and cognitive outcomes [15, 59]. WMH pathol-
ogy correlates with demyelination, axonal abnormalities,
pericyte cell loss, hemosiderin deposition, arterioloscle-
rosis, and BBB dysfunction of vascular origin as well as
with degenerative axonal loss (Wallerian degeneration)
secondary to the deposition of cortical AD pathology of
non-vascular origin [60, 61]. The presence of concomi-
tant cortical AD pathology and varying CAA and/or HA
severity leads to a dissociation between AD diagnosis and
SVD imaging makers [15]. Of singular imaging markers,
a previous study showed that typical subtype is associ-
ated with a relatively high burden of lobar CMB, WMH,
and CSO PVSE among clinically diagnosed AD patients
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[27]. MA subtype had the highest prevalence of probable
CAA across subtypes [27]. Their findings suggested that
CAA pathology may contribute particularly to the MA
subtype, while HA pathology contributes particularly to
the typical and LP subtypes. The differences in the find-
ings between our study and their study may be attrib-
uted to varying SVD imaging variables, methodological
approaches, cohort age, and traditional vascular risk fac-
tor burden.

Regarding composite markers, we found that global
SVD MRI burden contributed to the typical subtype
while HA-specific MRI burden contributed to the typical,
LP, and HS subtypes. We found no significant difference
in CAA-specific MRI burden across subtypes, although
previous pathological and imaging investigations have
revealed that pathological burdens and imaging mark-
ers of CAA were topographically increased in the lobar
regions, particularly with occipital/posterior predomi-
nance of CMB and cerebral amyloidosis [20, 62, 63]. We
did observe a descending trend from typical, to LP, to HS,
to MA subtype, which might suggest that vascular amy-
loid pathology should have been present in the demen-
tia stage of AD represented by our cohort, irrespective of
subtype. Our findings in Fig. 3 and Table 3 suggest that
the typical subtype has predominantly high HA burdens,
relatively high CAA burdens, and heavy global SVD bur-
dens as compared to other subtypes, which was different
from the result of a previous study [27], showing typical
and MA subtypes being at opposite ends in a hypotheti-
cal continuum of HA and CAA. The disparate finding
could be attributable in part to differences in comorbid
vascular burden, age, and cohort size. On the basis of our
and the previous imaging findings, we infer that (1) CAA
burden is prevalent in the dementia stage of AD regard-
less of subtype and (2) both HA and CAA potentially play
synergistic roles in AD subtyping with respect to cogni-
tion and atrophic patterns. Our findings reinforce the
concept that different cerebrovascular burdens and neu-
rodegeneration patterns may reflect distinct AD subtypes
[8, 27, 64].

Individual SVD markers (i.e., microbleed, WMH,
lacune, and PVSE) have been related to cognitive func-
tion [24, 65-67]. Our composite SVD scores encompass-
ing both CAA and HA not only varied differentially with
AD subtypes but also correlated with domain-specific
cognitive functions more strongly than singular mark-
ers. Global SVD scoring and HA-SVD scoring appear to
be more associated with non-MA subtypes than the MA
subtype, while HA-SVD scoring seems to be the most
essential for determining cognitive consequences. Fur-
ther research is needed to clarify the exact interactions
of amyloid and nonamyloid vasculopathies in the SVD
spectrum and their contributions to neurodegenerative
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processes in AD [19]. Indeed, total burden of coexisting
vascular pathological abnormalities, rather than any sin-
gle lesion type, is the most relevant determinant of cogni-
tive impairment and might offer a window into differing
vascular and neurodegenerative interactions across AD
subtypes.

The four subtypes represented in this study reflect con-
sistently categorized patterns of brain atrophy in MRI
studies [1, 8, 26—-28, 49], confirming their usefulness for
examining AD subtyping in routine practice. The dif-
ferential constellations of underlying SVD pathologies
could, at least in part, underlie the different patterns of
neurodegeneration observed across these subtypes. Dif-
ferent subtypes have varying age of onset/death, clinical
manifestations, prevalence of APOE e4 carriers, deposi-
tions of amyloid and tau, vascular burdens of HA and/or
CAA, and progression rate [1, 5, 6]. These results imply
that (1) early identification and diagnosis of AD subtypes
are clinically relevant and the basis for further proper
managements since distinct subtypes have different cog-
nitive features and clinical prognoses, (2) differing pre-
ventive interventions, disease-modifying therapies, and
treatment strategies for different subtypes are urgently
needed to be explored and implemented, and (3) thera-
peutic strategies for SVD should be more specifically tai-
lored since SVD burdens of HA and/or CAA vary across
subtypes. Finally, we suggest that applying this MRI-
based AD subtyping in clinical trials and practice as well
as integrating SVD markers into the ATX(N) classifica-
tion scheme for AD biomarkers may help to improve the
framing of hypotheses, study designs, and the elucidation
of mechanisms in subtype and SVD studies [68, 69].

Limitations of the study

The cohort consisted of consecutive patients diagnosed
with AD based only on clinical information. The lack of
a biomarker-based scheme for AD diagnosis remains a
clinical challenge. A diagnostic accuracy was reported
to range from 70 to 80% for a clinical diagnosis of AD
[70]. Possibly, some AD-like dementia syndromes might
be included in our cohort, such as primary age-related
tauopathy, tangle-predominant dementia, limbic-pre-
dominant age-related TDP-43 encephalopathy, argyro-
philic grain disease, frontotemporal dementia, or Lewy
body disease. Despite this potential limitation, the pri-
mary motif of this study was to provide information
relevant to the interactions between SVD and atrophic
patterns in clinically diagnosed AD. Because of lack of
lobe-specific distributions of individual imaging variables
in this AD subtyping classification system based on the
atrophic severities of medial temporal, parietal, and fron-
tal lobes, we might not be able to detect differences in
CAA-specific MRI burden across subtypes. Additionally,
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we used a retrospective and cross-sectional cohort. Lon-
gitudinal studies are needed to clarify progression over
time. We did not collect comprehensive neuropsycho-
logical assessments. Finally, although identifying AD sub-
types and semi-quantifying SVD burden on MRI based
on visual rating scales should be clinically informative, it
remains to be determined whether implementing these
methods in clinical settings would improve diagnosis and
prognosis for AD patients.

Conclusions of the study

Our findings add extensive information on singular
and composite MRI-based SVD markers and provide
insight into CAA and HA synergistic effects on cogni-
tive domains and brain atrophy patterns in AD. Despite
CAA burden being homogeneous across the subtypes,
HA and CAA differentiate AD subtyping synergisti-
cally, with contribution of both CAA and HA to the
typical subtype, while HA contributes more to the LP
and HS subtypes than to the MA subtype. Our data
suggest that the different subtypes could potentially
have distinct vascular contributions. If so, distinct com-
binations of clinical features and concomitant cerebro-
vascular pathologies may inform treatment planning.
Incorporating both MRI-based subtyping and SVD
scoring in clinical research and AD patient care may,
in addition to elucidating the complex vascular patho-
genic mechanisms in the AD spectrum, contribute to
the future individualization of patient-tailored thera-
peutic strategies for addressing vascular contributions.

Abbreviations

AD: Alzheimer disease; ARWMC: Age-Related White Matter Change scale;

BG: Basal ganglia; CAA: Cerebral amyloid angiopathy; CDR: Clinical dementia
rating; CDR-SB: Clinical dementia rating-sum of boxes; CMB: Cerebral micro-
bleeds; CSO: Centrum semiovale; CSS: Cortical superficial siderosis; GCA-F:
Global cortical atrophy scale—frontal subscale; HA: Hypertensive arteriopathy;
HS: Hippocampal-sparing type; LP: Limbic-predominant type; MA: Minimal-
atrophy type; MARS: Microbleed Anatomical Rating Scale; MMSE: Mini-mental
state examination; MoCA: Montreal Cognitive Assessment; MRI: Magnetic
resonance imaging; MTA: Medial temporal atrophy; PA: Posterior atrophy;
PVSE: Perivascular space enlargement; STM: Short-term memory; SVD: Small
vessel disease; WMH: White matter hyperintensity.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513195-022-01083-8.

Additional file 1:Supplementary Table 1. Subtypes of AD based on pat-
terns of brain atrophy from visual rating scales. Supplementary Table 2.
ROC analysis for CAA-SVD score in differentiating the MA subtype from
non-MA subtypes. Supplementary Table 3. Associations of HA-SVD
scores with composite cognitive scores between patients with CAA-SVD
score < 1vs. >1 across AD subtypes. Supplementary Figure 1. The heat-
map of the correlation matrix across composite cognitive scores using
Pearson correlation coefficient.

Page 12 of 14

Acknowledgements
The authors acknowledge all participants in the study.

Authors’ contributions

TC conceptualized and designed the study, analyzed the data, and wrote the
manuscript. SC and CL participated in the acquisition and interpretation of the
data and performed the statistical analysis. HC supervised the imaging study
and acquired the imaging data. TC and WL contributed to patient collection.
TC and HC acquired the funding. JC did the statistical analysis. All authors read
and approved the submitted version.

Funding
We are deeply indebted to Taichung Veterans General Hospital for providing
the grants for this study (TCVGH-1103401A and TCVGH-1115502C).

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The data collection protocol was approved by the institutional review board
and the ethics committee of Taichung Veterans General Hospital (CE21064B).
Informed consent was waived by the ethics committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Neurology, Neurological Institute, Taichung Veterans General
Hospital, No.1650, Sect. 4, Taiwan Boulevard, Taichung 40705, Taiwan. 2Demen-
tia Center, Taichung Veterans General Hospital, Taichung, Taiwan. 3Center

for Geriatrics and Gerontology, Taichung Veterans General Hospital, Taichung,
Taiwan. “School of Medicine, National Yang-Ming Chiao Tung University,
Taipei, Taiwan. *Biostatistics Task Force of Taichung Veterans General Hospital,
Taichung, Taiwan. ®Division of Neuroradiology, Department of Radiology,
Taichung Veterans General Hospital, No.1650, Sect. 4, Taiwan Boulevard,
Taichung 40705, Taiwan.

Received: 7 February 2022 Accepted: 16 September 2022
Published online: 30 September 2022

References

1. Ferreira D, Nordberg A, Westman E. Biological subtypes of Alzhei-
mer disease: a systematic review and meta-analysis. Neurology.
2020;,94(10):436-48.

2. Graff-Radford J, Yong KXX, Apostolova LG, Bouwman FH, Carrillo M, Dick-
erson BC, et al. New insights into atypical Alzheimer’s disease in the era of
biomarkers. Lancet Neurol. 2021;20(3):222-34.

3. Murray ME, Graff-Radford NR, Ross OA, Petersen RC, Duara R, Dickson
DW. Neuropathologically defined subtypes of Alzheimer’s disease with
distinct clinical characteristics: a retrospective study. Lancet Neurol.
2011;10(9):785-96.

4. Whitwell JL, Dickson DW, Murray ME, Weigand SD, Tosakulwong N,
Senjem ML, et al. Neuroimaging correlates of pathologically defined
subtypes of Alzheimer’s disease: a case-control study. Lancet Neurol.
2012;11(10):868-77.

5. Jellinger KA. Pathobiological subtypes of Alzheimer disease. Dement
Geriatr Cogn Disord. 2020;49(4):321-33.

6. Zhang B, Lin L, Wu S. A Review of brain atrophy subtypes definition and
analysis for Alzheimer’s disease heterogeneity studies. J Alzheimers Dis.
2021,80(4):1339-52.

7. Lehmann M, Ghosh PM, Madison C, Laforce R Jr, Corbetta-Rastelli
C, Weiner MW, et al. Diverging patterns of amyloid deposition and


https://doi.org/10.1186/s13195-022-01083-8
https://doi.org/10.1186/s13195-022-01083-8

Chen et al. Alzheimer’s Research & Therapy

20.

21.

22.

23.

24.

25.

26.

27.

28.

(2022) 14:141

hypometabolism in clinical variants of probable Alzheimer’s disease.
Brain. 2013;136(Pt 3):844-58.

Ferreira D, Verhagen C, Herndndez-Cabrera JA, Cavallin L, Guo CJ, Ekman
U, et al. Distinct subtypes of Alzheimer’s disease based on patterns of
brain atrophy: longitudinal trajectories and clinical applications. Sci Rep.
2017,7:46263.

Dong A, Toledo JB, Honnorat N, Doshi J, Varol E, Sotiras A, et al. Heteroge-
neity of neuroanatomical patterns in prodromal Alzheimer’s disease: links
to cognition, progression and biomarkers. Brain. 2017;140(3):735-47.
Boyle PA, Yu L, Wilson RS, Leurgans SE, Schneider JA, Bennett DA. Person-
specific contribution of neuropathologies to cognitive loss in old age.
Ann Neurol. 2018;83(1):74-83.

. Thomas DX, Bajaj S, McRae-McKee K, Hadjichrysanthou C, Anderson RM,

Collinge J. Association of TDP-43 proteinopathy, cerebral amyloid angiop-
athy, and Lewy bodies with cognitive impairment in individuals with or
without Alzheimer’s disease neuropathology. Sci Rep. 2020;10(1):14579.
DeramecourtV, Slade JY, Oakley AE, Perry RH, Ince PG, Maurage CA, et al.
Staging and natural history of cerebrovascular pathology in dementia.
Neurology. 2012;78(14):1043-50.

Toledo JB, Arold SE, Raible K, Brettschneider J, Xie SX, Grossman M, et al.
Contribution of cerebrovascular disease in autopsy confirmed neurode-
generative disease cases in the National Alzheimer's Coordinating Centre.
Brain. 2013;136(Pt 9):2697-706.

Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg SM, ladecola C, et al.
Vascular contributions to cognitive impairment and dementia: a state-
ment for healthcare professionals from the American Heart Association/
American Stroke Association. Stroke. 2011;42(9):2672-713.

Kim HW, Hong J, Jeon JC. Cerebral small vessel disease and Alzheimer’s
disease: a review. Front Neurol. 2020;11:927.

Hase Y, Polvikoski TM, Firbank MJ, Craggs LJL, Hawthorne E, Platten C,

et al. Small vessel disease pathological changes in neurodegenerative
and vascular dementias concomitant with autonomic dysfunction. Brain
Pathol. 2020;30(1):191-202.

Charidimou A, Boulouis G, Haley K, Auriel E, van Etten ES, Fotiadis P, et al.
White matter hyperintensity patterns in cerebral amyloid angiopathy and
hypertensive arteriopathy. Neurology. 2016;86(6):505-11.

Mahammedi A, Wang LL, Williamson BJ, Khatri P, Kissela B, Sawyer RP, et al.
Small vessel disease, a marker of brain health: what the radiologist needs
to know. AJNR Am J Neuroradiol. 2021.

Schreiber S, Wilisch-Neumann A, Schreiber F, Assmann A, Scheumann'V,
PerosaV, et al. Invited Review: The spectrum of age-related small vessel
diseases: potential overlap and interactions of amyloid and nonamyloid
vasculopathies. Neuropathol Appl Neurobiol. 2020;46(3):219-39.

Chen SJ, Tsai HH, Tsai LK, Tang SC, Lee BC, Liu HM, et al. Advances

in cerebral amyloid angiopathy imaging. Ther Adv Neurol Disord.
2019;12:1756286419844113.

Biffi A, Greenberg SM. Cerebral amyloid angiopathy: a systematic review.
J Clin Neurol. 2011;7(1):1-9.

Charidimou A, Martinez-Ramirez S, Reijmer YD, Oliveira-Filho J, Lauer A,
Roongpiboonsopit D, et al. Total magnetic resonance imaging burden of
small vessel disease in cerebral amyloid angiopathy: an imaging-patho-
logic study of concept validation. JAMA Neurol. 2016;73(8):994-1001.

Pasi M, Sugita L, Xiong L, Charidimou A, Boulouis G, Pongpitakmetha T,

et al. Association of cerebral small vessel disease and cognitive decline
after intracerebral hemorrhage. Neurology. 2021;96(2):e182-92.

Lin CY, Jhan SR, Lee WJ, Chen PL, Chen JP, Chen HC, et al. Imaging markers
of subcortical vascular dementia in patients with multiple-lobar cerebral
microbleeds. Front Neurol. 2021;12: 747536.

Pinter D, Ritchie SJ, Doubal F, Gattringer T, Morris Z, Bastin ME, et al.
Impact of small vessel disease in the brain on gait and balance. Sci Rep.
2017;7:41637.

Machado A, Ferreira D, Grothe MJ, Eyjolfsdottir H, Aimqvist PM, Cavallin L,
et al. The cholinergic system in subtypes of Alzheimer's disease: an in vivo
longitudinal MRI study. Alzheimers Res Ther. 2020;12(1):51.

Ferreira D, Shams S, Cavallin L, Viitanen M, Martola J, Granberg T, et al. The
contribution of small vessel disease to subtypes of Alzheimer’s disease: a
study on cerebrospinal fluid and imaging biomarkers. Neurobiol Aging.
2018;70:18-29.

Persson K, Eldholm RS, Barca ML, Cavallin L, Ferreira D, Knapskog AB, et al.
MRI-assessed atrophy subtypes in Alzheimer’s disease and the cognitive
reserve hypothesis. PLoS ONE. 2017;12(10): e0186595.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 13 of 14

Lau KK, Li L, Schulz U, Simoni M, Chan KH, Ho SL, et al. Total small vessel
disease score and risk of recurrent stroke: Validation in 2 large cohorts.
Neurology. 2017,88(24):2260-7.

Staals J, Makin SD, Doubal FN, Dennis MS, Wardlaw JM. Stroke subtype,
vascular risk factors, and total MRI brain small-vessel disease burden.
Neurology. 2014;83(14):1228-34.

McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas
CH, et al. The diagnosis of dementia due to Alzheimer’s disease: recom-
mendations from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers
Dement. 2011;7(3):263-9.

Vakil E, Blachstein H. Rey Auditory-Verbal Learning Test: structure analysis.
J Clin Psychol. 1993;49(6):883-90.

Chiu EC, Chien TH, Lee YC. Measurement equivalence between the
original and estimated mini-mental state examination in people with
dementia. Int J Environ Res Public Health. 2021;18(14):7616.

Teng EL, Hasegawa K, Homma A, Imai Y, Larson E, Graves A, et al. The
Cognitive Abilities Screening Instrument (CASI): a practical test for
cross-cultural epidemiological studies of dementia. Int Psychogeriatr.
1994;6(1):45-58; discussion 62.

Tsai CF, Lee WJ, Wang SJ, Shia BC, Nasreddine Z, Fuh JL. Psychometrics of
the Montreal Cognitive Assessment (MoCA) and its subscales: validation
of the Taiwanese version of the MoCA and an item response theory
analysis. Int Psychogeriatr. 2012;24(4):651-8.

Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL. A new clinical scale
for the staging of dementia. Br J Psychiatry. 1982;140:566-72.

Ferreira D, Cavallin L, Larsson EM, Muehlboeck JS, Mecocci P, Vellas B, et al.
Practical cut-offs for visual rating scales of medial temporal, frontal and
posterior atrophy in Alzheimer’s disease and mild cognitive impairment. J
Intern Med. 2015;278(3):277-90.

Scheltens P, Leys D, Barkhof F, Huglo D, Weinstein HC, Vermersch P, et al.
Atrophy of medial temporal lobes on MRI in “probable” Alzheimer's
disease and normal ageing: diagnostic value and neuropsychological
correlates. J Neurol Neurosurg Psychiatry. 1992;55(10):967-72.

Koedam EL, Lehmann M, van der Flier WM, Scheltens P, Pijnenburg YA,
Fox N, et al. Visual assessment of posterior atrophy development of a MRI
rating scale. Eur Radiol. 2011;21(12):2618-25.

Ferreira D, Cavallin L, Granberg T, Lindberg O, Aguilar C, Mecocci P, et al.
Quantitative validation of a visual rating scale for frontal atrophy: associa-
tions with clinical status, APOE e4. CSF biomarkers and cognition Eur
Radiol. 2016;26(8):2597-610.

Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, Frayne R,

et al. Neuroimaging standards for research into small vessel disease

and its contribution to ageing and neurodegeneration. Lancet Neurol.
2013;12(8):822-38.

Gregoire SM, Chaudhary UJ, Brown MM, Yousry TA, Kallis C, Jager HR, et al.
The Microbleed Anatomical Rating Scale (MARS): reliability of a tool to
map brain microbleeds. Neurology. 2009;73(21):1759-66.

Wahlund LO, Barkhof F, Fazekas F, Bronge L, Augustin M, Sjégren M, et al.
A new rating scale for age-related white matter changes applicable to
MRI'and CT. Stroke. 2001;32(6):1318-22.

Fan YH, Lam WW, Mok VC, Huang RX, Wong KS. Variability and validity of a
simple visual rating scale in grading white matter changes on magnetic
resonance imaging. J Neuroimaging. 2003;13(3):255-8.

Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA. MR signal
abnormalities at 1.5 T in Alzheimer’s dementia and normal aging. AJR Am
J Roentgenol. 1987;149(2):351-6.

Doubal FN, MacLullich AM, Ferguson KJ, Dennis MS, Wardlaw JM.
Enlarged perivascular spaces on MRI are a feature of cerebral small vessel
disease. Stroke. 2010;41(3):450-4.

Jackson GD, Berkovic SF, Duncan JS, Connelly A. Optimizing the diagnosis
of hippocampal sclerosis using MR imaging. AJNR Am J Neuroradiol.
1993;14(3):753-62.

Bronen R. MR of mesial temporal sclerosis: how much is enough? AJNR
Am J Neuroradiol. 1998;19(1):15-8.

Ferreira D, Pereira JB, Volpe G, Westman E. Subtypes of Alzheimer’s
disease display distinct network abnormalities extending beyond their
pattern of brain atrophy. Front Neurol. 2019;10:524.

Linn J, Halpin A, Demaerel P, Ruhland J, Giese AD, Dichgans M, et al.
Prevalence of superficial siderosis in patients with cerebral amyloid
angiopathy. Neurology. 2010;74(17):1346-50.



Chen et al. Alzheimer’s Research & Therapy

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

(2022) 14:141

Byun MS, Kim SE, Park J, Yi D, Choe YM, Sohn BK, et al. Heterogeneity of
regional brain atrophy patterns associated with distinct progression rates
in Alzheimer’s disease. PLoS ONE. 2015;10(11): e0142756.

Jakel L, De Kort AM, Klijn CJM, Schreuder F, Verbeek MM. Prevalence of
cerebral amyloid angiopathy: a systematic review and meta-analysis.
Alzheimers Dement. 2021.

Kalaria RN, Sepulveda-Falla D. Cerebral small vessel disease in sporadic
and familial alzheimer disease. Am J Pathol. 2021;191(11):1888-905.
Paolini Paoletti F, Simoni S, Parnetti L, Gaetani L. The contribution of
small vessel disease to neurodegeneration: focus on Alzheimer’s disease,
Parkinson’s disease and multiple sclerosis. Int J Mol Sci. 2021;22(9):4958.
Korte N, Nortley R, Attwell D. Cerebral blood flow decrease as an early
pathological mechanism in Alzheimer’s disease. Acta Neuropathol.
2020;140(6):793-810.

Lee S, Zimmerman ME, Narkhede A, Nasrabady SE, Tosto G, Meier IB, et al.
White matter hyperintensities and the mediating role of cerebral amyloid
angiopathy in dominantly-inherited Alzheimer’s disease. PLoS ONE.
2018;13(5): e0195838.

Lee S, Vigar F, Zimmerman ME, Narkhede A, Tosto G, Benzinger TL, et al.
White matter hyperintensities are a core feature of Alzheimer’s disease:
Evidence from the dominantly inherited Alzheimer network. Ann Neurol.
2016;79(6):929-39.

Rizvi B, Lao PJ, Chesebro AG, Dworkin JD, Amarante E, Beato JM, et al.
Association of regional white matter hyperintensities with longitudinal
Alzheimer-like pattern of neurodegeneration in older adults. JAMA Netw
Open. 2021;4(10): e2125166.

Prins ND, Scheltens P. White matter hyperintensities, cognitive impair-
ment and dementia: an update. Nat Rev Neurol. 2015;11(3):157-65.

Ding R, Hase Y, Ameen-Ali KE, Ndung'u M, Stevenson W, Barsby J, et al.
Loss of capillary pericytes and the blood-brain barrier in white matter in
poststroke and vascular dementias and Alzheimer’s disease. Brain Pathol.
2020;30(6):1087-101.

McAleese KE, Firbank M, Dey M, Colloby SJ, Walker L, Johnson M, et al.
Cortical tau load is associated with white matter hyperintensities. Acta
Neuropathol Commun. 2015;3:60.

Attems J, Jellinger KA, Lintner F. Alzheimer’s disease pathology influences
severity and topographical distribution of cerebral amyloid angiopathy.
Acta Neuropathol. 2005;110(3):222-31.

Attems J, Quass M, Jellinger KA, Lintner F. Topographical distribution of
cerebral amyloid angiopathy and its effect on cognitive decline are influ-

enced by Alzheimer disease pathology. J Neurol Sci. 2007;257(1-2):49-55.

Risacher SL, Anderson WH, Charil A, Castelluccio PF, Shcherbinin S, Saykin
AJ, et al. Alzheimer disease brain atrophy subtypes are associated with
cognition and rate of decline. Neurology. 2017,89(21):2176-86.

Edwards JD, Jacova C, Sepehry AA, Pratt B, Benavente OR. A quantitative
systematic review of domain-specific cognitive impairment in lacunar
stroke. Neurology. 2013;80(3):315-22.

van den Berg E, Geerlings MI, Biessels GJ, Nederkoorn PJ, Kloppenborg
RP. White matter hyperintensities and cognition in mild cognitive
impairment and Alzheimer’s disease: a domain-specific meta-analysis. J
Alzheimers Dis. 2018;63(2):515-27.

Paradise M, Crawford JD, Lam BCP, Wen W, Kochan NA, Makkar S, et al.
Association of dilated perivascular spaces with cognitive decline and
incident dementia. Neurology. 2021;96(11):¢1501-11.

Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB,
et al. NIA-AA Research Framework: toward a biological definition of
Alzheimer’s disease. Alzheimers Dement. 2018;14(4):535-62.

Hampel H, Cummings J, Blennow K, Gao P, Jack CR Jr, Vergallo A. Devel-
oping the ATX(N) classification for use across the Alzheimer disease
continuum. Nat Rev Neurol. 2021;17(9):580-9.

Sabbagh MN, Lue LF, Fayard D, Shi J. Increasing precision of clinical diag-
nosis of Alzheimer’s disease using a combined algorithm incorporating
clinical and novel biomarker data. Neurol Ther. 2017;6(Suppl 1):83-95.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Imaging markers of cerebral amyloid angiopathy and hypertensive arteriopathy differentiate Alzheimer disease subtypes synergistically
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Subjects
	Clinical diagnosis
	Brain MRI
	Visual rating scales
	AD subtypes based on brain atrophy patterns
	SVD composite scoring
	Z-score generation
	Composite cognitive score
	Statistical analysis

	Results
	Clinical and imaging characteristics of the entire cohort
	Associations of imaging variables with global cognition and cognitive domains
	Associations of cognitive and imaging variables with AD subtypes
	Synergistic effects of CAA and HA across AD subtypes

	Discussion
	Limitations of the study

	Conclusions of the study
	Acknowledgements
	References


