
Journal of Alzheimer’s Disease 90 (2022) 543–551
DOI 10.3233/JAD-220448
IOS Press

543

Short Communication

Amyloid-Tau-Neurodegeneration Profiles
and Longitudinal Cognition in Sporadic
Young-Onset Dementia

Ashwati Vipina,b, Chen Ling Kohb, Benjamin Yi Xin Wongb, Fatin Zahra Zailana,b, Jayne Yi Tanb,
See Ann Sooa,b, Vaynii Satishb, Dilip Kumara,b, Brian Zhiyang Wangb, Adeline Su Lyn Ngb,c, Hui
Jin Chiewb, Kok Pin Nga,b,c and Nagaendran Kandiaha,b,c,∗
aLee Kong Chian School of Medicine, Nanyang Technological University Singapore, Singapore
bNational Neuroscience Institute, Singapore, Singapore
cDuke-NUS Medical School, Singapore, Singapore

Accepted 1 September 2022
Pre-press 22 August 2022

Handling Associate Editor: Ashley Stokes

Abstract. We examined amyloid-tau-neurodegeneration biomarker effects on cognition in a Southeast-Asian cohort of
84 sporadic young-onset dementia (YOD; age-at-onset <65 years) patients. They were stratified into A+N+, A–N+,
and A–N– profiles via cerebrospinal fluid amyloid-�1–42 (A), phosphorylated-tau (T), MRI medial temporal atrophy
(neurodegeneration–N), and confluent white matter hyperintensities cerebrovascular disease (CVD). A, T, and CVD effects on
longitudinal Mini-Mental State Examination (MMSE) were evaluated. A+N+ patients demonstrated steeper MMSE decline
than A–N+ (� = 1.53; p = 0.036; CI 0.15:2.92) and A–N– (� = 4.68; p = 0.001; CI 1.98:7.38) over a mean follow-up of 1.24
years. Within A–N+, T–CVD+ patients showed greater MMSE decline compared to T+CVD– patients (� = –2.37; p = 0.030;
CI –4.41:–0.39). A+ results in significant cognitive decline, while CVD influences longitudinal cognition in the A– sub-group.
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INTRODUCTION

The Amyloid-Tau-Neurodegeneration (ATN) clas-
sification enables an unbiased biomarker-based
diagnosis of Alzheimer’s disease (AD), independent
of cognitive status and temporal ordering of AD
pathogenic mechanisms [1]. ATN biomarker status
is defined by: A, amyloid-� deposition (amyloid-
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PET; cerebrospinal fluid [CSF]); T, tauopathy
(tau-PET; CSF phosphorylated-tau); N, neurode-
generation (MRI; FDG-PET; CSF total-tau) [1–3].
Examining ATN biomarker profiles across diverse
age-groups and geographies in clinical settings will
inform model generalizability and need for revisions
[4, 5]. Biomarker profiles may differ widely between
young and elderly, given higher mixed brain pathol-
ogy with increasing age [6]. While prior studies have
illustrated greater amyloid-� deposition in young-
onset compared to late-onset dementia, differences
in biomarker-related cognitive trajectory in sporadic
young-onset dementia need to be explored further,

ISSN 1387-2877 © 2022 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).

mailto:nagaendran_kandiah@ntu.edu.sg
https://orcid.org/0000-0001-9244-4298
https://creativecommons.org/licenses/by-nc/4.0/


544 A. Vipin et al. / ATN Profiles in Sporadic Young-Onset Dementia

especially in Asian cohorts [7, 8]. Recent studies
also indicate a low prevalence of APOE4 in Asia
which in its association with amyloid positivity, may
contribute to differences in biomarker-related dis-
ease trajectory and prevalence [9]. Moreover, a recent
meta-analysis on the global prevalence of young-
onset dementia illustrates the lack of data from Asia
including southeast Asia, thus indicating the need for
more studies from the region [10].

Indeed, AD pathology can co-exist with cere-
brovascular disease (CVD) pathologies [11, 12].
Findings from our group demonstrate a high preva-
lence of CVD in Asians and hence the impact of CVD
on biomarker influence on dementia is important to
elucidate [13]. Additionally, prior studies show accel-
erated cognitive decline in A–N+ subjects as well as
A+N– and A+N+ groups, but have largely focused
on older individuals [14, 15]. Examining biomarker
distribution among young-onset patients with age-
at-onset below 65 years will help understand effects
of age-at-onset on pathology and provide important
insights into the ATN framework [4, 12].

Here, in a Southeast-Asian memory clinic cohort,
we report preliminary ATN profiles and examine the
contribution of A, T, and CVD on cognitive decline in
sporadic young-onset dementia. Based on our prior
work, we demonstrated that CVD moderated the
influence of A on cognitive outcomes, but does not
have a direct effect on cognition [16]. We thus hypoth-
esized that while A+ patients will show the greatest
cognitive decline, presence of CVD+ and T+ among
A– patients will also contribute to cognitive decline.

METHODS

Participants and study design

Study patients were recruited from the Singapore
Young Onset Dementia Cohort and Neurocogni-
tion, Imaging, and Biomarker Longitudinal Study in
SingaporE research studies at the National Neuro-
science Institute, Singapore between August 2016
and November 2020. Only consecutive patients who
underwent structural MRI and consented for lumbar
puncture for CSF Amyloid-� (1–42), phosphory-
lated tau (phospho-tau), and total tau (t-tau) were
included for the present study. Clinical diagnosis of
dementia was made by cognitive neurologists based
on established diagnostic criteria [17–24]. Demen-
tia patients included amnestic and non-amnestic
dementia presentation and had a Clinical Dementia
Rating of 1-2. Amnestic dementia included patients

reporting a predominant impairment in memory func-
tion. Non-amnestic dementia included participants
presenting with predominant language impairment,
behavioral changes, or visual agnosia. Exclusion cri-
teria included a history of alcohol or drug abuse, a
current or known history of major depression, pres-
ence of comorbid neurodegenerative disease such as
Parkinson’s disease, history of stroke, and presence
of contraindications to MRI. In total, 84 patients were
included in our study. All participants were aged
below 65 years at symptom onset and classified as
young-onset dementia [25].

Informed consent was sought from each patient
according to the Declaration of Helsinki and local
clinical research regulations. The study was granted
approval by the Singhealth Centralized Review
Board.

Neuropsychological assessment

Patients underwent a standardized battery of neu-
ropsychological assessments administered by trained
staff. Measures of global cognition included the Mini-
Mental State Examination (MMSE) [26]. Of the 84
patients, 69 had at least one follow-up MMSE avail-
able, with the mean number of follow-up MMSE
scores being 3.85 (median 3). Mean MMSE follow-
up time was 1.24 years (median follow-up = 1.08
years). The remaining 15 patients were lost to follow-
up either due to not being within the duration of study,
change of doctor or passing away and thus did not
have any follow-up MMSE available.

Imaging

Patients underwent neuroimaging assessments
using either 1.5T MRI scanner (Philips Ingenia) or 3T
Siemens Prisma Fit (Siemens, Erlangen, Germany).
T1-weighted and FLAIR scans were used for visual
rating of scans. Subject FLAIR scans were visually
rated based on the modified Fazekas scale for white
matter hyperintensity (WMH) severity [27]. Patients
were classified as having confluent WMH and non-
confluent WMH based on the Staals criteria [28]: a
WMH rating of 3 in either periventricular and/or a
rating of 2 or 3 in deep white matter regions in either
hemisphere were assigned as confluent. Raters doing
the MRI visual ratings were blinded to diagnosis and
clinical information.

The neurodegeneration (N) profile was assigned
based on the medial temporal lobe atrophy (MTA)
scores based on the Schelten’s scale [29].
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Cerebrospinal fluid analysis

All patients underwent a lumbar puncture for CSF
collection and tested for levels of amyloid-�, total tau,
and phosphorylated-tau proteins. ELISA immunoas-
says were used to process the CSF specimens
collected in polypropylene tubes, in accordance with
prescribed protocol and requirements (INNOTEST
tTau Ag, INNOTEST PHOSPHO-TAU(181) and
INNOTEST-AMYLOID(1–42); Innogenetics Inc.,
Alpharetta, GA) [30, 31].

APOE4 genotyping

Genomic DNA was extracted from peripheral
blood using QIAamp® DNA Blood Maxi Kit (Qiagen
GmbH, Hilden, Germany) as per standard pro-
tocol. Genotyping for APOE isoforms [rs429358
(ABI assay ID:C 3084793 20) was performed using
TaqMan SNP genotyping assays on ABI 7900HT
PCR system (Applied Biosystems, Foster City, CA).
APOE genotype assignments were performed as
described [32].

Classification of ATN profiles

ATN classification was assigned as CSF amyloid-
� (1–42) (A), phosphorylated (phospho)-tau (T),
and MTA (N) measurements using cut-offs of CSF
amyloid-� (1–42)<550 pg/ml for A+, CSF phospho-
tau>60 pg/ml for T+ [29, 33] and age-specific MTA
positivity (N+) cut-offs based on previous studies
with N+ defined as average MTA of ≥1 for individu-
als aged <65 [34]. Patients were CVD+ if their WMH
visual ratings indicated presence of confluent WMH.

Statistical analyses

Demographic features involving continuous vari-
ables are described as mean (SD) and categorical
variables are described as percentages. Comparison
tests comprised independent samples T-test for con-
tinuous variables and Pearson’s chi-square analysis
for categorical variables. Comparisons were carried
out between the A+N+, A–N+, and A–N– groups.

We used linear mixed-effects models to assess the
influence of pathological burden on the association
between biomarkers (amyloid-�, MTA) and cogni-
tive decline in MMSE scores.

In the first analysis set, longitudinal MMSE
scores were the key dependent variable. The key
independent variables comprised biomarker status

comprising amyloid and neurodegeneration status as
a categorical variable (A+N+, A–N+, A–N–), age-at-
onset and an ANStatus * Time interaction term.

As our first set of analyses demonstrated that T
had no effect on longitudinal cognition, in the sec-
ond analysis, we assessed the specific influence of
A+CVD–T± and CVD+A–T± on longitudinal cog-
nition. Here, longitudinal MMSE scores were the key
dependent variable and BiomarkerStatus * Time was
the interaction term.

In an additional analysis, we specifically evalu-
ated the effects of CVD and T among A–N+ patients
on longitudinal MMSE scores. The key indepen-
dent variables comprised biomarker status within
A–N+ group, i.e., T+CVD–, T–CVD+ or Others
(T–CVD–), age-at-onset and a A–N+Group*Time
interaction term.

Baseline age, sex, education years, and baseline
MMSE were included as covariates for all analyses.
The random intercept and slopes were modelled at
the individual subject level.

All statistical analyses were performed using R
3.6.3 (R Core Team, 2014) with Rstudio (Rstudio
Team, 2012) with the lme4, lmertest, sjPlot, ggforce,
ggraph, ggthemes, and ggplot2 packages.

RESULTS

ATN biomarker characteristics in sporadic
young onset dementia

Key summary characteristics of the cohort are pro-
vided in Table 1.

Based on the A and N status, patient break-
down included A+N+ (n = 29, 34.5%), A–N+ (n = 47,
55.9%), and A–N– (n = 8, 9.6%). Within the A–N+
group, sixteen patients (34.0%) were T+, nineteen
(40.4%) were CVD+ and twelve (25.6%) were neither
CVD+ nor T+.

A+ in amnestic dementia was 41.1% while in non-
amnestic dementia was 21.4%. Among non-amnestic
dementia, 35.7% were T+ and 57.1% were CVD+.
Eight patients were A–N–, three of whom had ele-
vated total-tau, five were T+, and four were CVD+.
The proportion of APOE4 carriers was highest in the
A+N+ group at 40.9%.

Association between ATN with cognitive decline
in sporadic young-onset dementia

Young-onset A+N+ patients showed steeper
decline in MMSE scores over mean follow-up time
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Table 1
Patient characteristics of sporadic young-onset dementia

A+N+ A–N+ A–N– p
(N = 29) (N = 47) (N = 8)

Age (mean, SD) 57.7 (4.8) 57.0 (5.5) 56.5 (6.3) 0.806
Range: 35.4–64.5 years
Sex (F %) 19 (65.5%) 20 (42.6%) 4 (50%) 0.150
Education years (mean, SD, n = 82) 12.1 (4.2) 11.4 (4.2) 13.3 (6.4) 0.539
Range: 1–25 years
Clinical Dementia Diagnosis: 0.200
Amnestic 23 (79.3%) 28 (59.6%) 5 (62.5%)
Non-amnestic 6 (20.7%) 19 (40.4%) 3 (37.5%)
Confluent WMH (n %) 11/29 (37.9%) 26/47 (55.3%) 4/7 (57.1%) 0.304
APOE4 carriers (n = 63, %) 9/22 (40.9%) 7/37 (18.9%) 0/4 (0%) 0.083
Baseline MMSE (mean, SD, n = 81) 18.3 (6.2) 21.9 (6.7) 21.7 (6.5) 0.068
Range: 6–30
CSF amyloid-� levels 391.1 (78.7)b,c 899.3 (315.3) 944.5 (409.2) <0.001
CSF phospho-tau levels 98.5 (62.8)b 54.9 (33.2) 65.3 (35.5) 0.001
CSF total-tau levels 827.2 (466.5)b 486.5 (444.5) 566.5 (450.2) 0.008

Values represent mean (SD) unless otherwise stated. Superscript letters indicate whether group mean was
significantly different compared with bA–N+, cA–N– groups. A, amyloid; T, tau; N, neurodegeneration;
F, Female; WMH, white matter hyperintensities; APOE4, apolipoprotein epsilon 4; MMSE, Mini-Mental
State Examination; CSF, cerebrospinal fluid.

Fig. 1. Young-onset amyloid-positive neurodegeneration-
positive dementia patients exhibit greater longitudinal
decline in MMSE scores compared to young-onset amyloid-
negative neurodegeneration-positive and amyloid-negative
neurodegeneration-negative dementia patients. Young-onset
patients with high amyloid-� burden (A+) and neurodegeneration
(N+), that is, high MTA burden, showed steeper decline in MMSE
scores over time when compared to their young-onset A–N+ and
A–N– counterparts. Baseline age, sex, education years and base-
line MMSE were included as covariates. MMSE, Mini-Mental
State Examination; A, amyloid-�; N, neurodegeneration; MTA,
medial temporal atrophy.

of 1.24 years (Fig. 1; median follow-up = 1.08 years;
follow-up visits range = 2 to 9; average follow-up vis-
its = 3.85) compared to both A–N+ (ANGroup*Time:
� = 1.53, p = 0.0359, CI 0.15:2.92) and A–N– coun-
terparts (ANGroup*Time: � = 4.68, p = 0.0013, CI
1.98:7.38).

In the second analyses set, young-onset
A+(T ± CVD–) patients showed the steepest decline
in MMSE scores compared to A–T–CVD– patients
(BiomarkerStatus*Time: � = –2.91, p = 0.0119, CI
–5.03:–0.79; Fig. 1). CVD+(A–T±) patients, also
showed MMSE decline, although this did not reach
significance. T+(A–CVD–) patients demonstrated an
MMSE trajectory comparable to that of A–T–CVD–
patients (Fig. 2).

Further sub-group analyses within A–N+ revealed
that CVD+T– patients showed steeper longitudinal
MMSE decline compared to T+CVD– counter-
parts (A–N+Group*Time: � = –2.37, p = 0.0298, CI
–4.41:–0.39). There were no differences in MMSE
decline between CVD+ and others (T–CVD–)
group.

DISCUSSION

In this study of sporadic young onset dementia
patients, we demonstrate that A–N+ accounted for the
largest ATN group with A+ present only in 34.5%.
Our findings further demonstrate that among those
with A–N+ profile, CVD + accounted for the largest
group. Amyloid pathology resulted in significant
cognitive decline in this young sporadic dementia
cohort, with CVD only influencing longitudinal cog-
nition among patients without amyloid-� pathology.
Phospho-tau pathology in the absence of amyloid-
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Fig. 2. Young-onset sporadic dementia with amyloid-� pathol-
ogy show steepest decline in MMSE scores compared to patients
without amyloid-�, phosphorylated tau or cerebrovascular disease
pathology. A+ Young-onset dementia patients showed significant
decline in MMSE score than their A–T–CVD– counterparts. How-
ever, predominant CVD pathology and predominant T pathology
did not significantly influence cognitive decline in comparison to
normal biomarker A–T–CVD– patients. Baseline age, sex, edu-
cation years and baseline MMSE were included as covariates.
MMSE, Mini-Mental State Examination; A, amyloid-�; CVD,
cerebrovascular disease; T, phospho-tau.

� or CVD pathology had no impact on longitudinal
cognition.

The overall prevalence of A+ in our cohort was
34.5% which was lower in comparison to other world-
wide cohorts, wherein A+ frequency among dementia
patients ranged between 66% and 96.9% [5, 35].
Importantly, prior memory clinic cohorts comprised
predominantly of older patients with an average age
between 63.3 and 75.6 years, while our cohort had
an average age of 57.2 years. Prior studies have
indeed shown linear increases in amyloid-� burden
with increasing age [36, 37]. While one may argue
that younger patients are more likely to have non-
amnestic forms of dementia and hence would be less
likely to be A+, we demonstrate in our cohort that
even among young patients with amnestic demen-
tia, A+ frequency was only 41.1%. In addition to
the lower average age, the frequency of APOE4
carriers in our cohort was low at 25.4% compared
to 55.2% in a Korean memory clinic cohort and
46.9% in a European memory clinic study [5, 35].
In line with our findings, past studies have shown
lower APOE4 frequency among Southeast Asians
[9]. Since APOE4 has been correlated to A+, a
lower APOE4 frequency among Asians may reflect a
genetic contribution to lower frequency of A+ among

Southeast-Asian patients with dementia [36]. Thus,
further studies with broader age ranges and varied
ethnicities are required to understand the contribu-
tion of APOE4 on A+ rates in sporadic young onset
dementia.

Additionally, A–N+ often referred to as suspected
non-Alzheimer’s pathology (SNAP) was the largest
group (55.9%) in our young cohort. Compared to
other older Asian and western cohorts, our cohort
showed a higher prevalence of A–N+ patients [5,
35]. In the Alzheimer’s Biomarkers in Daily Practice
cohort with mean age of 63.3, the prevalence of A–N+
in dementia patients was 28%, while in the Samsung
Medical Centre study, with mean age of 75.6, the
prevalence of A–N+ in dementia patients was 1.5%
[5, 35]. Our findings highlight the importance of non-
amyloid pathologies in furthering our understanding
of the pathobiology and trajectory in younger demen-
tia patients [5, 35, 38]. Within this group of A–N+,
we demonstrate that CVD+ patients comprised the
largest group and displayed MMSE decline. While
CVD is often reported to be more prevalent in older
dementia populations, notably, we report that CVD is
prevalent in young A– patients. In this study, CVD+
was defined by the presence of confluent WMH. Con-
fluent WMH has been shown to correlate to lacune
count and suggested to represent active on-going
occlusion of arterioles with greater clinical and cogni-
tive consequences compared to non-confluent WMH
[28, 39–41]. Confluent WMH has also been shown to
be associated with functional connectivity changes
and greater cognitive decline even in older patients
[42, 43]. Additionally, prior studies have illustrated
that WMH predict longitudinal increases in CSF tau
[44]. Recent findings in dementia patients provide
evidence for influence of CVD pathology on AD
expression, likely through promotion of tau pathol-
ogy, independent of amyloid-� [45]. In this regard,
our findings of CVD+ dementia patients showing
worse cognitive decline compared to T+ patients
in the absence of amyloidosis may reflect a stage
wherein CVD has not resulted in significant tau
pathology. The lack of tau effects on cognitive decline
in young-onset dementia were evident through our
findings of no negative effects on MMSE decline.
Indeed, while previous studies have found tau pathol-
ogy to be associated with cognitive decline, this was
not the case in our study in comparison to A+ subjects.
We offer two possible explanations for our finding.
Firstly, most prior studies that showed a relationship
between tau pathology and cognitive decline were
in the setting of amyloid positivity, wherein amy-
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loid positivity was a pre-requisite for tau to impact
cognition [46, 47]. Previous studies indicate that cog-
nitive decline seen in primary tauopathy is usually in
the setting of tau and CVD [48, 49]. In our study
since we separated the presence of tau pathology
from the presence of CVD, our findings are con-
sistent with reports that show that pure tauopathy
results in less several cognitive decline compared to
presence of AD neuropathology [49, 50]. Therefore,
this may underlie the absence of significant cogni-
tive decline in our sample of tau positive dementia
patients.

Our findings demonstrate that young-onset demen-
tia patients show steeper decline in global cognition in
the presence of elevated amyloid-� and neurodegen-
eration burden when compared to A– counterparts.
Such associations may be reflective of the patholog-
ical effect of amyloid-� burden in young patients
[8]. Importantly, our findings of steeper cognitive
decline in A+ young-onset patients are also in line
with studies indicating that young-onset AD is asso-
ciated with a more aggressive disease course [51,
52]. Possible mechanisms underlying steeper cogni-
tive decline in A+ young-onset patients may involve
greater neuronal loss and hypometabolism [53, 54].
Younger patients may be particularly sensitive to
neural insults as a result of aggressive increases in
elevated amyloid-� levels.

The limitations of this study include the relatively
small cohort size; however, this being a report of ATN
in young sporadic dementia, and first from South-
east Asia adds important biomarker knowledge in
this population. Another limitation is the relatively
short follow-up period, however even with the exist-
ing follow-up duration, clear evidence of differential
cognitive trajectories based on ATN profiles were
demonstrated. The use of visual ratings for CVD bur-
den instead of quantitative WMH methods is also a
limitation of our study. Additionally, we were not
able to quantify TDP or alpha-synuclein pathology
and did not have complete information on duration of
disease.

In summary, in a cohort of sporadic young-onset
dementia, we show a high prevalence of non-
amyloid pathology (A–N+), a majority of which
had high CVD pathology and elevated phospho-tau.
Nonetheless, A+N+ patients showed steepest cog-
nitive decline compared to their A–N+ and A–N–
counterparts. Within the A–N+ group, presence of
CVD resulted in poor cognitive outcomes. Our find-
ings highlight the need for further studies of ATN in
diverse age groups and ethnicities.
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K (2020) Cerebrospinal fluid tau fragment correlates with
tau PET: A candidate biomarker for tangle pathology. Brain
143, 650-660.

[34] Rhodius-Meester HFM, Benedictus MR, Wattjes MP,
Barkhof F, Scheltens P, Muller M, van der Flier WM (2017)
MRI visual ratings of brain atrophy and white matter hyper-
intensities across the spectrum of cognitive decline are
differently affected by age and diagnosis. Front Aging Neu-
rosci 9, 117.

[35] Lee J, Jang H, Kang SH, Kim J, Kim JS, Kim JP, Kim
HJ, Seo SW, Na DL (2020) Cerebrospinal fluid biomarkers
for the diagnosis and classification of Alzheimer’s disease
spectrum. J Korean Med Sci 35, e361.

[36] Jansen WJ, Ossenkoppele R, Knol DL, Tijms BM, Scheltens
P, Verhey FRJ, Visser PJ, Aalten P, Aarsland D, Alcolea D,
Alexander M, Almdahl IS, Arnold SE, Baldeiras I, Barthel
H, Van Berckel BNM, Bibeau K, Blennow K, Brooks DJ,
Van Buchem MA, Camus V, Cavedo E, Chen K, Chete-
lat G, Cohen AD, Drzezga A, Engelborghs S, Fagan AM,
Fladby T, Fleisher AS, Van Der Flier WM, Ford L, Forster
S, Fortea J, Foskett N, Frederiksen KS, Freund-Levi Y,
Frisoni GB, Froelich L, Gabryelewicz T, Gill KD, Gkatzima
O, Gomez-Tortosa E, Gordon MF, Grimmer T, Hampel H,
Hausner L, Hellwig S, Herukka SK, Hildebrandt H, Ishi-
hara L, Ivanoiu A, Jagust WJ, Johannsen P, Kandimalla
R, Kapaki E, Klimkowicz-Mrowiec A, Klunk WE, Kohler
S, Koglin N, Kornhuber J, Kramberger MG, Van Laere
K, Landau SM, Lee DY, De Leon M, Lisetti V, Lleo A,
Madsen K, Maier W, Marcusson J, Mattsson N, De Men-
donca A, Meulenbroek O, Meyer PT, Mintun MA, Mok
V, Molinuevo JL, Mollergard HM, Morris JC, Mroczko
B, Van Der Mussele S, Na DL, Newberg A, Nordberg A,
Nordlund A, Novak GP, Paraskevas GP, Parnetti L, Per-
era G, Peters O, Popp J, Prabhakar S, Rabinovici GD,
Ramakers IHGB, Rami L, De Oliveira CR, Rinne JO,
Rodrigue KM, Rodriguez-Rodriguez E, Roe CM, Rot U,
Rowe CC, Ruther E, Sabri O, Sanchez-Juan P, Santana I,
Sarazin M, Schroder J, Schutte C, Seo SW, Soetewey F,
Soininen H, Spiru L, Struyfs H, Teunissen CE, Tsolaki
M, Vandenberghe R, Verbeek MM, Villemagne VL, Vos
SJB, Van Waalwijk Van Doorn LJC, Waldemar G, Wallin
A, Wallin AK, Wiltfang J, Wolk DA, Zboch M, Zetter-
berg H (2015) Prevalence of cerebral amyloid pathology

in persons without dementia: A meta-analysis. JAMA 313,
1924-1938.

[37] Rodrigue KM, Kennedy KM, Devous MD, Rieck JR,
Hebrank AC, Diaz-Arrastia R, Mathews D, Park DC (2012)
�-amyloid burden in healthy aging: Regional distribution
and cognitive consequences. Neurology 78, 387-395.

[38] Mohamed Lafirdeen AS, Cognat E, Sabia S, Hourregue C,
Lilamand M, Dugravot A, Bouaziz-Amar E, Laplanche JL,
Hugon J, Singh-Manoux A, Paquet C, Dumurgier J (2019)
Biomarker profiles of Alzheimer’s disease and dynamic
of the association between cerebrospinal fluid levels of �-
amyloid peptide and tau. PLoS One 14, e0217026.

[39] Van Dijk EJ, Prins ND, Vrooman HA, Hofman A, Koud-
staal PJ, Breteler MMB (2008) Progression of cerebral small
vessel disease in relation to risk factors and cognitive con-
sequences: Rotterdam scan study. Stroke 39, 2712-2719.

[40] Ghaznawi R, Geerlings MI, Jaarsma-Coes MG, Zwartbol
MHT, Kuijf HJ, van der Graaf Y, Witkamp TD, Hendrikse
J, de Bresser J (2019) The association between lacunes and
white matter hyperintensity features on MRI: The SMART-
MR study. J Cereb Blood Flow Metab 39, 2486-2496.

[41] Silbert LC, Dodge HH, Perkins LG, Sherbakov L, Lahna
D, Erten-Lyons D, Woltjer R, Shinto L, Kaye JA (2012)
Trajectory of white matter hyperintensity burden preceding
mild cognitive impairment. Neurology 79, 741-747.

[42] Kumar D, Vipin A, Wong B, Ng KP, Kandiah N (2020) Dif-
ferential effects of confluent and nonconfluent white matter
hyperintensities on functional connectivity in mild cognitive
impairment. Brain Connect 10, 547-554.

[43] Heng LC, Lim SH, Foo H, Kandiah N (2021) Conflu-
ent white matter in progression to alzheimer dementia.
Alzheimer Dis Assoc Disord 35, 8-13.

[44] Tosto G, Zimmerman ME, Hamilton JL, Carmichael OT,
Brickman AM (2015) The effect of white matter hyperinten-
sities on neurodegeneration in mild cognitive impairment.
Alzheimers Dement 11, 1510-1519.

[45] Kim HJ, Park S, Cho H, Jang YK, Lee JS, Jang H, Kim Y,
Kim KW, Ryu YH, Choi JY, Moon SH, Weiner MW, Jagust
WJ, Rabinovici GD, DeCarli C, Lyoo CH, Na DL, Seo SW
(2018) Assessment of extent and role of tau in subcortical
vascular cognitive impairment using 18F-AV1451 positron
emission tomography imaging. JAMA Neurol 75, 999-1007.

[46] Bejanin A, Schonhaut DR, La Joie R, Kramer JH, Baker
SL, Sosa N, Ayakta N, Cantwell A, Janabi M, Lauriola
M, O’Neil JP, Gorno-Tempini ML, Miller ZA, Rosen HJ,
Miller BL, Jagust WJ, Rabinovici GD (2017) Tau pathology
and neurodegeneration contribute to cognitive impairment
in Alzheimer’s disease. Brain 140, 3286-3300.

[47] Chen Y-H, Lin R-R, Huang H-F, Xue Y-Y, Tao Q-Q (2022)
Microglial activation, tau pathology, and neurodegenera-
tion biomarkers predict longitudinal cognitive decline in
Alzheimer’s disease continuum. Front Aging Neurosci 14,
848180.

[48] Iida MA, Farrell K, Walker JM, Richardson TE, Marx GA,
Bryce CH, Purohit D, Ayalon G, Beach TG, Bigio EH,
Cortes EP, Gearing M, Haroutunian V, McMillan CT, Lee
EB, Dickson DW, McKee AC, Stein TD, Trojanowski JQ,
Woltjer RL, Kovacs GG, Kofler JK, Kaye J, White CL, Crary
JF (2021) Predictors of cognitive impairment in primary
age-related tauopathy: An autopsy study. Acta Neuropathol
Commun 9, 134.

[49] Teylan M, Mock C, Gauthreaux K, Chen YC, Chan KCG,
Hassenstab J, Besser LM, Kukull WA, Crary JF (2020) Cog-
nitive trajectory in mild cognitive impairment due to primary
age-related tauopathy. Brain 143, 611.



A. Vipin et al. / ATN Profiles in Sporadic Young-Onset Dementia 551

[50] Crary JF, Trojanowski JQ, Schneider JA, Abisambra JF,
Abner EL, Alafuzoff I, Arnold SE, Attems J, Beach TG,
Bigio EH, Cairns NJ, Dickson DW, Gearing M, Grinberg
LT, Hof PR, Hyman BT, Jellinger K, Jicha GA, Kovacs GG,
Knopman DS, Kofler J, Kukull WA, Mackenzie IR, Masliah
E, McKee A, Montine TJ, Murray ME, Neltner JH, Santa-
Maria I, Seeley WW, Serrano-Pozo A, Shelanski ML, Stein
T, Takao M, Thal DR, Toledo JB, Troncoso JC, Vonsat-
tel JP, White CL, Wisniewski T, Woltjer RL, Yamada M,
Nelson PT (2014) Primary age-related tauopathy (PART):
A common pathology associated with human aging. Acta
Neuropathol 128, 755-66.

[51] Jacobs D, Sano M, Marder K, Bell K, Bylsma F, Lafleche
G, Albert M, Brandt J, Stern Y (1994) Age at onset of
Alzheimer’s disease: Relation to pattern of cognitive dys-
function and rate of decline. Neurology 44, 1215-1220.

[52] Smits LL, Pijnenburg YAL, van der Vlies AE, Koedam
ELGE, Bouwman FH, Reuling IEW, Scheltens P, van
der Flier WM (2015) Early onset APOE E4-negative

Alzheimer’s disease patients show faster cognitive decline
on non-memory domains. Eur Neuropsychopharmacol 25,
1010-1017.

[53] Migliaccio R, Agosta F, Possin KL, Canu E, Filippi M,
Rabinovici GD, Rosen HJ, Miller BL, Gorno-Tempini ML
(2015) Mapping the progression of atrophy in early- and
late-onset alzheimer’s disease. J Alzheimers Dis 46, 351-
364.

[54] Lehmann M, Ghosh PM, Madison C, Laforce R, Corbetta-
Rastelli C, Weiner MW, Greicius MD, Seeley WW,
Gorno-Tempini ML, Rosen HJ, Miller BL, Jagust WJ,
Rabinovici GD (2013) Diverging patterns of amyloid depo-
sition and hypometabolism in clinical variants of probable
Alzheimer’s disease. Brain 136, 844-858.


