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ABSTRACT

We investigated whether telomere length (TL) reflecting physical rather than chronological aging is associated with
disease progression in the different cognitive stages of Alzheimer’s disease (AD). Study participants included 89
subjects with amyloid pathology (A+), determined through amyloid PET or cerebrospinal fluid analysis, including 26
cognitively unimpaired (CU A+) individuals, 28 subjects with mild cognitive impairment (MCI A+), and 35 subjects
with AD dementia (ADD A+). As controls, 104 CU A- individuals were selected. The participants were evaluated
annually over two years from baseline. Compared to the highest TL quartile group of MCI A+ participants, the
lowest TL quartile group yielded 2-year differences of -9.438 (95% confidence interval [CI] = -14.567 ~ -4.309), -
26.708 (-41.576 ~ -11.839), 3.198 (1.323 ~ 5.056), and 2.549 (0.527 ~ 4.571) on the Mini-Mental State Examination,
Consortium to Establish a Registry for AD, Clinical Dementia Rating-Sum of Boxes, and Blessed Dementia Scale-
Activities of Daily Living, respectively. With this group, the lowest TL quartile group had a significantly greater
probability of progressing to ADD than the highest TL quartile group (hazard ratio = 13.16, 95% Cl = 1.11 ~ 156.61).
Telomere shortening may be associated with rapid cognitive decline and conversion to dementia in MCI A+.
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INTRODUCTION

The number of people with age-related dementia,
particularly Alzheimer's disease dementia (ADD), is
rapidly increasing due to worldwide aging populations.
Over the past decade, significant advances have been
made in identifying AD biomarkers, mainly through
neuroimaging and cerebrospinal fluid (CSF) molecular
analysis. The biomarkers associated with amyloid
(APB) plaques include cortical amyloid positron emission
tomography (PET) ligand binding [1-3] or low CSF
AP42 [4], both of which provide evidence of the AD
pathophysiological process in vivo. Recent studies
using AD biomarkers suggest a 20- to 30-year interval
between initial amyloid positivity and the onset of
dementia [5]. Approximately 25% of cognitively
unimpaired (CU) individuals and 50-70% of individuals
with mild cognitive impairment (MCI) in the AD
syndromal cognitive staging show amyloid deposition
on PET or CSF studies [6-8]. CU individuals with a
positive amyloid biomarker are classified as having
preclinical AD [9].

Despite extensive research in the field of AD, no
treatment has yet been developed to modify its
progression. Thus, alternative therapies, including
nonpharmacological approaches and risk factor
controls, are becoming more important. Interventions
targeting diverse risk factors, including more childhood
education, exercise, maintaining social engagement,
reducing smoking, and management of diabetes mellitus
(DM), depression, poor sleep, and midlife hearing loss,
obesity, and hypertension might have the potential to
delay or prevent a third of dementia cases [10, 11].
Physical activity (PA) has also been associated with
slower progression of dementia and with a lower risk of
mortality in ADD [12]. However, age is a robust
nonmodifiable risk factor for AD [10].

Telomeres are repetitive nucleotide sequences at the end
of chromosomes that are shortened by cell division and
oxidative stress [13, 14]. Critically short telomeres
induce cellular senescence [13, 15], and telomere
shortening is associated with aging and age-related
chronic diseases [16]. Measurement of leukocyte
telomere length (TL) is widely used as a marker of TL
in other tissues because of their easy availability [17].
Regulation of TL is the result of the interplay between
multiple environmental and genetic factors. Recently,
TL has emerged as a promising biomarker to assess the
cumulative influence of psychosocial, environmental,
and behavioral factors on complex disease risk. Shorter
TL is associated with high levels of perceived stress,
major depressive disorder, low educational attainment,
physical inactivity, and short sleep duration [18].
Therefore, TL is increasingly being studied as a

possible  epigenomic  marker  associated  with
neurodegenerative diseases such as AD [19]. Since the
main risk factors associated with telomere shortening
are also related to the pathogenesis of AD, it is
speculated that telomere attrition may be associated
with the progression of AD.

However, the data from published studies on TL in AD
and MCI patients are both scarce and contradictory [17,
20-22], which  likely  reflects  methodological
shortcomings (i.e. undetermined amyloid pathology)
resulting in inadequate group allocation of study subjects.
Therefore, the present study aimed to investigate whether
TL shortening was associated with AD progression over
two years in participants with amyloid pathology
determined by PET or CSF studies, at the different
cognitive stages of AD.

RESULTS

Demographic and clinical characteristics of study
subjects

The study included 104 CU A-, 26 CU A+, 28 MCI A+,
and 35 ADD A+ cases. Table 1 shows the demographic
and clinical characteristics of participants by AD
cognitive stage. The CU A- and CU A+ participants had
a significantly lower mean age than the MCIl A+ and
ADD A+ nparticipants. The ADD A+ patients had
significantly lower educational levels and Mini-Mental
State Examination (MMSE) scores than the other
groups. The prevalence of men was lower in the ADD
A+ group than in the other groups. The Consortium to
Establish a Registry for AD (CERAD) and Clinical
Dementia Rating-Sum of Boxes (CDR-SB) scores
differed by cognitive stage, with better performance in
the order of CU A+ > MCI A+ > ADD A+. The Logical
Memory (LM) delayed recall score was significantly
higher in the CU A- and CU A+ groups than in the MCI
A+ and ADD A+ groups. The CU A- group had
significantly lower standard uptake value ratios
(SUVRs) on 8F-flutemetamol PET and 'C-Pittsburgh
compound-B  (PiB) PET, lower prevalence of
Apolipoprotein E (APOE) €4 carrier, and higher CSF
AP42 levels than the other groups. The ADD A+
patients had significantly higher CSF total tau (t-tau),
tau phosphorylated at Thr181 (p-tau), t-tau/AB42, and
p-tau/AP42 levels than the other groups. There were no
differences between the groups regarding mean cortical
thickness and TL (Table 1).

Associations between telomere length and cognitive
function or AD biomarkers

The results of simple linear regression analyses of the
association between TL as independent variable and
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Table 1. Demographic and clinical characteristics of the participants by AD cognitive stage.

CU A- CUA+ MCI A+ ADD A+ P P <0.05"
N 104 26 28 35
Age, years 67.1(7.5) 66.7 (7.0) 74.6 (7.8) 75.1 (7.5) <0.001 b,c,d, e
Male 44 (42.3%) 12 (46.2%) 18 (64.3%) 9 (25.7%) 0.023
Education, years 10.1 (5.3) 10.4 (5.1) 10.1 (3.6) 6.3 (4.0) 0.001 c,ef
MMSE 26.4 (2.8) 26.2 (3.1) 23.1 (4.4) 16.7 (3.8) <0.001 b,c, e, f
CERAD 79.1 (12.4) 76.7 (13.5) 55.3(13.5) 37.4(10.6) <0.001 b,c,d,e, f
LM delayed recall 12.2 (7.8) 9.1(6.4) 2.8 (3.5) 0.5(1.2) <0.001 b,c,d, e
CDR-SB 0.01 (0.05) 0.02 (0.10) 1.21 (0.93) 4.64 (2.30) <0.001 b,c,d,e, f
Geriatric Depression Scale 8.3 (6.1) 11.3 (8.4) 11.9 (7.8) 11.4 (7.5) 0.045
APOE g4 carrier 15 (14.4%) 11 (42.3%) 12 (42.9%) 18 (51.4%) <0.001
FMM composite SUVR? 0.57 (0.03) 0.70 (0.14) 0.74 (0.13) 0.82 (0.13) <0.001 a,b,c e
PiB composite SUVR?® 1.08 (0.05) 1.43 (0.22) 1.60 (0.19) 1.70 (0.36) <0.001 a,b,c
CSF Ap42, pg/ml' 556.0 (55.8) 386.5 (108.8) 308.2 (86.8) 275.7 (79.2) <0.001 a,b,c e
CSF t-tau, pg/mlT 49.5 (10.5) 59.1 (36.0) 60.0 (23.5) 96.4 (62.3) <0.001 c,e f
CSF p-tau, pg/mlT 16.6 (4.5) 23.4(10.8) 27.5 (18.7) 39.4 (23.9) <0.001 b,c, e, f
CSF t-tau/AB427 0.09 (0.02) 0.19 (0.19) 0.21 (0.11) 0.40 (0.35) <0.001 c,e f
CSF p-tau/Ap421 0.03 (0.01) 0.07 (0.05) 0.10 (0.08) 0.16 (0.11) <0.001 b,c, e, f
Cortical thickness, mm 3.10 (0.14) 3.05(0.17) 3.03 (0.14) 2.95(0.14) 0.119
Hippocampal volume, cm? 5.14 (0.74) 5.04 (0.70) 4.45 (1.10) 4.45 (0.87) 0.004 c
Telomere length, kb 7.83 (2.03) 8.39 (2.43) 7.52 (1.95) 7.84 (2.04) 0.538

Values are means (standard deviations) or number (%). CU, cognitively unimpaired; MCI, mild cognitive impairment; ADD,
Alzheimer’s disease dementia; A-, absence of amyloid pathology determined by normal amyloid PET finding or CSF study; A+,
presence of amyloid pathology determined by abnormal amyloid PET finding or CSF study; MMSE, Mini-Mental State
Examination; CERAD, Consortium to Establish a Registry for AD; LM, logical memory; CDR-SB, Clinical Dementia Rating-Sum of
Boxes; APOE, apolipoprotein E; FMM, flutemetamol; PIB, Pittsburgh compound-B; CSF, cerebrospinal fluid; AR, amyloid B; t-
tau, total tau; p-tau, tau phosphorylated at Thr181. *Chi-square test for categorical variables, analysis of variance for age and
education, analysis of covariance (ANCOVA) for GDS with age, sex, and education level as covariates, and ANCOVA for other
continuous variables with age, sex, education level, and GDS as covariates. "Tukey method for age and education and
Bonferroni analysis for other continuous variables. a, CU A- vs. CU A+; b, CU A- vs. MCI A+; c, CU A- vs. ADD A+; d, CU A+ vs.
MCI A+; e, CU A+ vs. ADD A+; f, MCI A+ vs. ADD A+. *Measured in 53 CU A-, 20 CU A+, 21 MCI A+, and 22 ADD A+ participants.
$Measured in 42 CU A-, 6 CU A+, 6 MCI A+, and 10 ADD A+ participants. "Measured in 69 CU A-, 17 CU A+, 16 MCI A+, and 21

ADD A+ participants.

each baseline cognitive function test as dependent
variable are shown in Figure 1. Across all A+
participants, higher TL was associated with better
global cognition measured with MMSE after adjustment
for age, sex, and education (Table 2). Higher TLs were
associated with better global cognition, measured with
MMSE, as well as better memory function, measured
with LM delayed recall, in the MCI A+ group. The
relationship between CERAD and TL also showed a
positive trend in the MCI A+ group, although it did not
reach statistical significance.

TL was not correlated with CSF AP42, t-tau, p-tau, t-
tau/AP42, or p-tau/AP42 levels, composite SUVRs on
UC-PiB PET or on ®F-flutemetamol PET, cortical
thickness, or hippocampal volume in all A+ participants
as well as in each cognitive stage A+ group (Table 3).

Influence of telomere length on clinical outcomes
over time

There were no differences between the TL quartile
groups in each cognitive stage group with regard to
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age, sex, education, body mass index (BMI),
homocysteine level, total sleep time, Mini Nutritional
Assessment (MNA) and Geriatric Depression Scale
(GDS) scores, or the prevalence of hypertension, DM,
dyslipidemia, current smoking, current drinking,
sarcopenia, APOE €4 carriers, or for participants that
met the World Health Organization PA guidelines (>
600 metabolic equivalent minutes of PA per week)
[23] (Supplementary Table 1). Thus, the relationship
of the baseline TL quartile level (as the explanatory
variable) with the four clinical outcome measures was
analyzed using linear mixed models with a function of
TL quartile group, age, time, and group X time
interaction, in each AD cognitive stage group
(Supplementary Table 2).

In the lowest TL quartile group of MCI A+ participants,
the estimated mean differences on 2-year follow-up
evaluation compared with the highest TL quartile group
were -9.438 (95% confidence interval [CI] = -14.567 ~ -
4.309, P = 0.001), -26.708 (95% CI = -41.576 ~ -11.839,
P = 0.001), 3.198 (95% CI = 1.323 ~ 5.056, P = 0.001),
and 2.549 (95% Cl = 0.527 ~ 4571, P = 0.014) on
MMSE, CERAD, CDR-SB, and Blessed Dementia Scale-
Activities of Daily Living (BDS-ADL), respectively
(Figure 2A-2D and Supplementary Table 2). Meanwhile,
in the lowest TL quartile group of CU A- participants, the
estimated mean difference over the same 2-year period
compared with the highest TL quartile group was 0.524
(95% CI = 0.201 ~ 0.846, P = 0.002) on the BDS-ADL
(Supplementary Table 2).

A sof B 120} — CUA-(P=0615)
=—a CUA+ (P=0.639)
e—e MCIA+(P=0.101)
100 - . A---A ADD A+ (P =0.021)
25— m
5./ l. . a
L ) [
% E 80 DR = .
2 20 @ L) .
= o Tese 4 i
.g g 60 |- L ¢ S o 4 =
° = o A
§ 15 z . 2 A. A A
4
T '% o?_AA Bpg—" A
A e o 5
10 — CUA-(P=0.058) A A o
m—a CUA+ (P=0.026) 20 xR
A e——e MCIA+ (P =0.050) A
N~/  ADD A+ (P =0.148)
5H L 1 L 1 L 1 L 1 L 1 L 1 1 0 1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Telomere length (kb) Telomere length (kb)
8 ANAA D 40 -
| A —> CUA-(P=0.678) —<> CUA-(P=0.868)
s—a CUA+ (P=0.992) = =—a CUA+ (P =0.664)
7+ e—e MCIA+ (P=0.271) S 351 e—e MCI A+ (P=0.007)
- 4---A  ADD A+ (P = 0.514) & A—~--A ADD A+ (P = 0.851)
6 MA A A B 30
>
o | 3
? 5| D o 25} =
8 3 VN A B A 5
o 4 e A 5 20 =
£ s s
3 T e A A 5 .
12}
& 3 AA £ 151 s
L o A 5
2+ o o 3 g 10 -
i W 3 S ) ZLEE
1} S s —— ° A ] 5 « DA D .
e — T «© LN ety o .
®w A\wCe ool /e e * ® ,’05 E .
o WL W e | e =
of ; ; e e ! ] S v ey S —_——_—
4 6 8 10 12 14 16 18 6 8 10 12 14 16 18

Telomere length (kb)

Telomere length (kb)

Figure 1. Associations between telomere length (TL) and baseline cognitive function in each Alzheimer’s disease (AD)
cognitive stage group. Simple linear regression was performed with TL as independent variable and each cognitive function
test as dependent variable. (A) Significant positive association between TL and Mini-Mental State Examination (MMSE) scores in the
cognitively unimpaired (CU) A+ group (R?= 0.190). (B) Significant positive association between TL and Consortium to Establish a Registry for
AD (CERAD) scores in the AD dementia (ADD) A+ group (R?= 0.152). (C) No significant association was detected between TL and Clinical
Dementia Rating-Sum of Boxes (CDR-SB) in each AD cognitive stage group. (D) Significant positive association between TL and Logical
Memory delayed recall scores in the mild cognitive impairment (MCI) A+ group (R? = 0.245). Higher scores suggest better cognition in MMSE,
CERAD, and LM delayed recall test, and lower scores suggest better performance in CDR-SB.

WWW.aging-us.com

4410

AGING



Table 2. Associations between telomere length and cognitive function in the AD cognitive stage groups.

MMSE CERAD CDR-SB LM delayed recall
b* (95% CI) P b* (95% CI) P b* (95% CI) P b* (95% CI) P

CUA-(N=104)

TL 0.190 0.108 -0.446 0.310 -0.001 0.706 -0.476 0.170
(-0.042 ~ 0.422) (-1.314 ~ 0.421) (-0.006 ~ 0.004) (-1.160 ~ 0.208)

CUA+ (N=26)

TL 0.339 0.075 -0.480 0.557 0.002 0.811 -0.268 0.562
(-0.037 ~ 0.715) (-2.151 ~ 1.192) (-0.016 ~ 0.020) (-1.218 ~ 0.681)

MCI A+ (N = 28)

TL 1.026 0.041 2.487 0.058 -0.128 0.242 1.048 0.005
(0.047 ~2.005) (-0.090 ~ 5.060) (-0.348 ~ 0.092) (0.348 ~ 1.747)

ADD A+ (N = 35)

TL 0.356 0.312 1.539 0.095 -0.040 0.862 0.072 0.535
(-0.351 ~ 1.063) (-0.287 ~ 3.365) (-0.499 ~ 0.420) (-0.162 ~ 0.306)

All A+ (N =89)

TL 0.531 0.024 1.244 0.124 -0.058 0.636 0.334 0.164

(0.070 ~ 0.991)

(-0.348 ~ 2.836)

(-0.300 ~ 0.184)

(-0.139 ~ 0.808)

TL, telomere length; CU, cognitively unimpaired; MCI, mild cognitive impairment; ADD, Alzheimer’s disease dementia; A-,
absence of amyloid pathology determined by normal amyloid PET finding or CSF study; A+, presence of amyloid pathology
determined by abnormal amyloid PET finding or CSF study; MMSE, Mini-Mental State Examination; CERAD, Consortium to

Establish a Registry for AD; CDR-SB, Clinical Dementia Rating-Sum of Boxes; LM, logical memory; Cl, confidence interval.

*Unstandardized coefficient of regression. Linear regression analysis with each cognitive function test as dependent variable

and TL as independent variable, controlling for age, sex, and education.

Influence of telomere length on AD cognitive stage
progression

Eight (7.7%) participants from the CU A- group
progressed to MCI over two years. Seven (26.9%)
participants from the CU A+ group showed cognitive
impairment over two years, with five progressing to
MCI and two progressing to ADD. Ten (35.7%)
participants from the MCI A+ group progressed to ADD
within the two-year follow-up. There were no
differences between the TL quartile groups in each
cognitive stage group with respect to demographic
factors, BMI, MNA, homocysteine level, total sleep
time, hypertension, DM, dyslipidemia, current smoking,
current drinking, sarcopenia, APOE &4, PA, and GDS
(Supplementary Table 1). Therefore, the Cox
proportional hazards model was adjusted only for age.
This analysis showed that among MCI A+ participants
the lowest TL quartile group had a significantly greater
probability of progressing to ADD compared with the
highest TL quartile group (hazard ratio [HR] = 13.16,
95% Cl =1.11 ~ 156.61, P = 0.041) (Table 4 and Figure
3). Among CU A+ participants, rate of progression to

MCI or ADD was higher in the lowest TL quartile
group than in the other groups. However, for CU A+
participants the HR of conversion to MCI or ADD did
not differ significantly between the lowest and highest
TL quartile groups.

DISCUSSION

The present results demonstrate that very short
telomeres reflecting pathological aging are associated
with a rapid decline in cognitive function in MCIl A+
individuals and with conversion from MCI to dementia.
In previous long-term follow-up studies, telomere
shortening was not associated with either disease
progression in MCI or AD [21, 24] or progression of
cognitive status in MCI or CU [24]. However, in the
referred studies subjects were enrolled based solely on
clinical diagnostic criteria, and evaluation of brain
amyloid pathology was not described. Thus, some
patients without brain amyloid pathology may have
been included in the AD or MCI group, while
individuals with brain amyloid pathology may have
been included in the healthy elderly group. Therefore,
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Table 3. Correlation between telomere length and biomarkers of Alzheimer’s disease in the Alzheimer’s continuum
groups.

CUA+ MCI A+ ADD A+ All A+
r P r P r P r P
CSF Ap42” 0.130 0.608 0.171 0.511 -0.082 0.724 0.104 0.444
CSF t-tau” -0.054 0.830 -0.091 0.737 0.225 0.328 0.082 0.553
CSF p-tau” -0.171 0.498 -0.158 0.545 -0.012 0.958 -0.081 0.554
CSF t-tau/AB42" -0.097 0.701 -0.160 0.553 0.355 0.114 0.124 0.366
CSF p-tau/Ap42° -0.165 0.514 -0.173 0.507 0.133 0.565 -0.027 0.844
FMM composite SUVR' 0.008 0.972 0.360 0.109 -0.050 0.824 0.012 0.925
PiB composite SUVR? -0.535 0.216 0.248 0.591 0.009 0.980 -0.208 0.328
Cortical thickness -0.122 0.544 -0.006 0.975 -0.060 0.737 -0.039 0.719
Hippocampal volume 0.153 0.447 0.157 0.426 0.022 0.900 0.152 0.156

CU, cognitively unimpaired; MCI, mild cognitive impairment; ADD, Alzheimer’s disease dementia; CSF, cerebrospinal fluid; A-,
absence of amyloid pathology determined by normal amyloid PET finding or CSF study; A+, presence of amyloid pathology
determined by abnormal amyloid PET finding or CSF study; AR, amyloid B3; t-tau, total tau; p-tau, tau phosphorylated at
Thr181; FMM, flutemetamol; PIB, Pittsburgh compound-B. "“Measured in 17 CU A+, 16 MCI A+, and 21 ADD A+ participants.
"Measured in 20 CU A+, 21 MCI A+, and 22 ADD A+ participants. *Measured in 6 CU A+, 6 MCI A+, and 10 ADD A+ participants.
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Figure 2. Changes in cognitive performance over 2 years according to telomere length (TL) in mild cognitive impairment (MCl)
A+ participants. (A) Mini-Mental State Examination (MMSE). (B) Consortium to Establish a Registry for Alzheimer’s Disease (CERAD). (C)
Clinical Dementia Rating-Sum of Boxes (CDR-SB). (D) Blessed Dementia Scale-Activities of Daily Living (BDS-ADL). Figures show estimated
means of clinical outcome measures from baseline to 1- and 2-year follow-up in each TL quartile group. The relationship of baseline TL
quartile level (as the explanatory variable) with each clinical outcome measure (as a dependent variable) was analyzed using linear mixed
models with a function of TL quartile group, age, time, and group x time interaction. Lower scores suggest worse cognition in MMSE and
CERAD, and higher scores suggest worse performance in CDR-SB and BDS-ADL.
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Table 4. Hazard ratios of conversion to MCI or dementia according to the telomere length quartile groups of each CU

and MCI groups.

Group Telomere length (kb) Total Event HR (95% CI) P
CUA- 8.11 < 26 2 1 (reference)
(N=104) 7.17-8.11 26 2 0.84 (0.11 ~ 6.51) 0.866
6.64—7.16 26 3 1.25 (0.20 ~ 8.00) 0.815
<6.63 26 1 0.51 (0.04 ~ 6.08) 0.597
CUA+ 8.60 < 5 1 1 (reference)
(N=26) 7.74 - 8.60 8 2 1.35(0.11 ~ 16.95) 0.817
6.68 -7.73 7 0 0.965
<6.67 6 4 3.18 (0.32 ~ 31.68) 0.323
MCIT A + 7.85< 7 1 1 (reference)
(N =28) 7.04-7.85 6 2 2.93 (0.25 ~ 34.93) 0.395
6.62-7.03 8 4 3.63 (0.39 ~ 33.96) 0.259
<6.61 7 3 13.16 (1.11 ~ 156.61) 0.041

CU, cognitively unimpaired; MCI, mild cognitive impairment; A—, absence of amyloid pathology determined by normal
amyloid PET finding or CSF study; A+, presence of amyloid pathology determined by abnormal amyloid PET finding or CSF
study; HR, hazard ratio; Cl, confidence interval. *Cox proportional hazards model adjusted for age.

the negative results of those studies might be due to
misclassification of patients. To our knowledge, this is
the first study to evaluate the long-term prognostic
effect of TL in patients with amyloid pathology
confirmed by AD biomarkers. There was no dose-
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Figure 3. Conversion from mild cognitive impairment
(MCI) to dementia according to the telomere length (TL)
quartile groups in MCI A+. Normalized cumulative conversion
data are based on Cox proportional hazards regression analysis
adjusted for age as a covariate. The lowest TL quartile group (TL <
6.61 kb) had a significantly greater probability of progressing to
dementia compared with the highest TL quartile group (TL > 7.85
kb) in the MClI A+ participants (hazard ratio = 13.16, 95%
confidence interval = 1.11 ~ 156.61, P = 0.041).

response relationship between telomere shortening and
cognitive decline or between telomere shortening and
dementia conversion. This may be because critically
short telomeres induce cellular senescence [13, 15].

The long-term prognostic effect of short telomeres was
more pronounced in the MCI A+ stage than in the CU
A+ or mild ADD A+ stages. There was no relationship
between telomere shortening and rapid cognitive
decline or ADL deterioration in the ADD A+ group.
This may be due to severe neuroinflammation and the
relatively weak effect of telomere shortening on the
dementia stage of AD. This is supported by a previous
CSF study showing that: i) soluble triggering receptor
expressed on myeloid cells 2 (STREM-2), a microglial
activation marker, was increased in the CU, MCI, and
ADD stages; ii) monocyte chemoattractant protein-1
(MCP-1), a marker of microglial inflammatory reaction,
was increased in the MCI and ADD stages but not in the
CU stage; and iii) chitinase-3-like protein 1 (CHI3L1),
an astroglial activation marker, was increased only in
the ADD stage [25]. In the CU A+ stage (preclinical
AD), the effect of telomere shortening on clinical
deterioration may have been decreased because of the
weak  neuroinflammatory  response and  slow
progression. In contrast, in the MCI stage of AD, where
a moderate neuroinflammatory response occurs, the
synergistic effect with telomere shortening may have
been strongest. This suggests that the control of risk
factors affecting telomere shortening is likely to be
more important in the MCI stage. On the other hand,
very short telomeres were associated with a rapid
decline in ADL performance in the CU A- group. This
suggests that pronounced telomere shortening may be
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causally correlated with functional deterioration in
normal aging.

According to cross-sectional analyses, telomere
shortening was also associated with poor cognitive
function in the MCI stage of AD, as assessed by MMSE
and LM tests, and tended to be associated with worse
global cognition in the CU stage of AD, as assessed by
MMSE. In contrast, telomere shortening was not
associated with cognitive function in the ADD stage.
These cross-sectional results also suggest that the effect
of short telomeres was more pronounced in the MCI
stage than in the CU or ADD stages.

In this study, TL was not correlated with AD
biomarkers such as CSF Ap42, t-tau, and p-tau, or
composite SUVR on amyloid PET. This suggests that
telomere shortening may act as a synergistic factor
rather than as a cause of AD pathogenesis. TL was also
not correlated with neurodegeneration markers such as
cortical thickness or hippocampal volume. However,
because this result was obtained from a cross-sectional
analysis, a definitive conclusion could not be reached.
To clarify this link, it will be necessary to investigate
whether telomere length at baseline is related to cortical
and hippocampal atrophy progression through follow-
up brain imaging analyses.

TL was not significantly different among the A+
cognitive stage groups in our study, nor it varied
between each A+ and the CU A- group. This reinforces
the notion that, unlike AP or tau protein, telomere
shortening is not directly related to AD pathogenesis. A
previous study reported significantly shorter TL in AD
patients than in healthy elderly individuals [20].
However, other studies reported no significant
difference in TL between healthy elderly individuals
and dementia or MCI patients [24], or in cerebellum TL
between pathologically confirmed AD patients and age-
matched control subjects [26]. In line with these
findings, our results indicate no significant TL
shortening in the MCI and ADD stages compared with
healthy elderly individuals.

This study has several limitations. First, the number of
participants was relatively small, and this may have
influenced the lack of association detected between TL
and some clinical variables in cross-sectional and
longitudinal analyses. Second, the follow-up time (2
years) was short, which may have also prevented
detection of true correlations between TL and clinical
variables or cognitive status progression that might be
revealed over longer periods of time. Third, TL was
measured in peripheral leukocytes but not in the brain.
Although it might not be a perfect surrogate, the
measurement of leukocyte TL is used as a marker of TL

in the brain because of the easy availability of blood
leukocytes [17]. Indeed, in a previous study leukocyte
and cerebellum TLs were directly correlated in
individuals with pathologically confirmed sporadic AD
[26]. Therefore, in this study leukocyte TL is likely to
reflect TL in the brain. Fourth, we evaluated disease
progression only through cognitive and functional
assessments; we did not investigate the effects of
telomere shortening on the progression of brain atrophy
through follow-up brain imaging analysis, or on
changes in biomarkers through continued amyloid PET
imaging or CSF studies. In the future, this analysis may
be necessary to increase correlation accuracy and to
elucidate the mechanism of action of telomere
shortening in AD. Fifth, we did not measure telomerase
activity, aberrant telomeric structures, and oxidative
stress parameters. Oxidative stress induces a decrease in
telomerase activity and telomeric replication defects
[27, 28], and reduced telomerase activity as well as
telomere attrition are considered markers of accelerated
cellular aging [28]. In addition, telomeric replication
defects leading to aberrant telomeric structures also
contribute to telomere shortening [27]. In the future, the
relationship of aberrant telomere structures, telomerase
activity, and oxidative stress parameters with cognitive
decline should be investigated in individuals with
different AD cognitive stages. Sixth, we only evaluated
TL at baseline and not since then. There is a possibility
that changes in TL during the observation period may
have affected the cognitive decline and progression in
clinical stage. In the future, the effect of TL changes on
disease progression in AD clinical stages should be
investigated.

In conclusion, a critically short telomere was associated
with a rapid decline in cognitive function in the MCI
A+ group and with a rapid conversion from MCI A+ to
ADD. TL was not different among the A+ cognitive
stage groups and did not differ either between the CU
A- group and each A+ clinical stage group. In addition,
TL was not correlated with AD biomarkers. This
suggests that telomere shortening may act as a
synergistic factor rather than as a direct driver of AD
pathogenesis. Nevertheless, our data indicate that
marked telomere shortening may help predict cognitive
decline in AD, especially in the MCI stage.

MATERIALS AND METHODS
Participants

In the present study, 89 participants with amyloid
pathology (A+; determined by abnormal amyloid PET
findings or CSF Ap42 levels below the cutoff point)
and 104 CU individuals without amyloid pathology
(A-) as a control group were selected from
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participants of the independent Validation cohort of
the Korean Brain Aging Study for the Early Diagnosis
and Prediction of AD (KBASE-V) [7]. The KBASE-V
is an independent nationwide cohort from nine
hospitals that reconfirms new potential biomarkers
identified in the KBASE study and is intended to
identify risk and prognostic factors for AD in
additional studies. There were 167 CU, 72 MCI, and
56 ADD participants in the KBASE-V. The amyloid
PET or CSF study was performed in 131 CU, 58 MCI,
and 40 ADD participants. The number of participants
with amyloid pathology proven by amyloid PET or
CSF studies was 26, 28, and 36 in the CU A+, MCI
A+, and ADD A+ groups, respectively. A patient in
the ADD A+ group and a participant in the CU A-
group were excluded because of inability to measure
leukocyte TL. Finally, we included 26 CU A+, 28
MCI A+, 35 ADD A+, and 104 CU A- participants in
the present study.

All of the CU participants had normal age-, sex-, and
education-adjusted performance on four memory tests of
the Korean version of CERAD (word list immediate
recall, word list delayed recall, word list recognition, and
constructional praxis recall) [29] and had a global CDR
scale score of 0 [30]. The participants with MCI met the
core clinical criteria for MCI due to AD established by the
National Institute on Aging-Alzheimer’s Association
(NIA-AA) workgroups [31], and the following criteria
modified from the criteria proposed by Petersen et al.
[32]: (1) CDR 0.5; (2) memory complaints compared to
the participant’s previous memory function by patients,
caregivers, or clinicians; (3) a performance score that was
lower than 1.5 standard deviations (SDs) below the age-,
education-, and sex-adjusted normative means for one or
more of the four memory tests included in the CERAD
[29]; (4) the ability to perform independent ADL [33];
and (5) not dementia. The ADD participants in the mild
dementia stage met the following inclusion criteria: (1)
dementia according to the Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition (DSM-IV-TR)
[34]; (2) probable ADD according to the NIA-AA core
clinical criteria [35]; and (3) CDR 0.5 or 1. All
participants were aged between 55 and 90 years, and had
a reliable informant who could provide the requested
information to investigators. For all participants, the
exclusion criteria included [7]: (1) the presence of major
psychiatric illness; (2) significant neurological or medical
condition or comorbidities that could affect cognitive
functions; (3) contraindications for magnetic resonance
imaging (MRI) scans (e.g., pacemaker, claustrophobia);
(4) illiteracy; (5) severe visual or hearing difficulty or
serious communication or behavioral problems that could
make a clinical examination or brain scan difficult; (6)
taking an investigational drug; and (7) pregnancy or
breastfeeding.

The study was performed in accordance with the
International Harmonization Conference guidelines on
Good Clinical Practice, and was approved by the
institutional review board of each center. All
participants, as well as legal representatives of ADD
patients, provided written informed consent prior to
study initiation.

Clinical assessment

All participants underwent physical and neurological
examinations and thorough diagnostic procedures
including assessment of participants’ cognition, abnormal
behaviors, ADL, demographic characteristics, family
history, current medications, vascular risk factors, and
other comorbidities through the MMSE [29], GDS [36],
BDS-ADL [37], and CDR yearly. The participants also
underwent the CERAD every year and more detailed
neuropsychological tests, including the Wechsler Memory
Scale-Fourth edition Korean version LM I, 1l and
recognition test, every two years [7]. Brain MRI and
laboratory tests that included blood chemistry; lipid panel;
complete blood count; serum levels of folate, vitamin
B12, 25-hydroxy vitamin D, and brain-derived
neurotrophic factor; C-peptide; glycated hemoglobin
(HbAlc); homocysteine; adiponectin; venereal disease
research laboratory test; thyroid function test; and APOE
genotyping were performed at baseline.

Hypertension was defined as systolic blood pressure >
140 mmHg, diastolic blood pressure > 90 mmHg, or use
of antihypertensive medication [38]. DM was defined
based on current treatment with insulin or oral
hypoglycemic medication, 8-h fasting plasma glucose >
126 mg/dl, or HbAlc > 6.5% [39]. Dyslipidemia was
defined as total cholesterol > 200 mg/dl, low-density
lipoprotein cholesterol > 130 mg/dl, high-density
lipoprotein cholesterol < 40 mg/dl, triglyceride level >
150 mg/dl, or the use of lipid-lowering drugs [40].
Participants’ weight and height were measured while
they were wearing light clothing. BMI was calculated as
their weight (kg) divided by the square of their height
(m?). Participants underwent bioelectrical impedance
analysis to measure the appendicular skeletal muscle
mass index and sarcopenia was diagnosed according to
the Asian Working Group criteria [41]. Nutritional
status was evaluated using MNA [42]. PA was assessed
using the International PA Questionnaire [43], and total
sleep time was assessed using the Pittsburgh Sleep
Quality Index [44].

Brain MRI
Brain MRI data were obtained from all participants

using a 3.0 T MR scanner, which captured 3D T1-
weighted and T2-weighted SPACE sagittal images of

WWW.aging-us.com 4415

AGING



0.8-mm thickness without gap as well as diffusion
tensor imaging, axial fluid-attenuated inversion
recovery imaging, and resting-state functional MRI. The
MRI protocols were based on the AD Neuroimaging
Initiative phase 2 MRI protocols [7, 45]. The 3D T1-
weighted MRI parameters were as follows: repetition
time (TR) = 2300 ms, echo time (TE) = 2.14 ms,
inversion time (T1) = 900 ms, Flip Angle (FA) = 9°, and
voxel resolution of 0.8 x 0.8 x 0.8 mm? in the Skyra and
Trio Tim scanners (Siemens, Washington DC, USA);
TR =7.32 ms, TE = 3.02 ms, Tl = 400 ms, FA = 11°,
and voxel resolution of 0.8 x 0.8 x 0.8 mm? in the
General Electric (GE) Discovery MR750 scanner (GE
Healthcare, Milwaukee, WI, USA); and TR = shortest
(6.8 ms), TE = shortest (3.1 ms), FA = 9°, and voxel
resolution of 0.8 x 0.8 x 0.8 mm? in the Achieva
scanner (Philips Healthcare, Andover, MA, USA).

The 3D T1l-weighted MRI data were processed using
CIVET pipeline v2.1 (http://mcin-cnim.ca/
neuroimagingtechnologies/civet/) [46]. The N3 intensity
nonuniformity correction algorithm was used to calibrate
the intensity difference due to an inhomogeneity in a
magnetic field [47]. Corrected T1-weighted images in
native space were aligned to the Montreal Neurological
Institute 152 standard space [48]. Non-brain tissue was
excluded using the BET algorithm [49]. The registered
images were classified into white matter, gray matter, and
CSF using an advanced neural-net classifier [46]. The
inner surfaces of the cortex were extracted from the partial
volume corrected white matter mask using deformable
spherical mesh, and then the outer surface of the cortex
was automatically extracted using the constrained
Laplacian-Based = Automated  Segmentation  with
Proximities algorithm [50]. Using the Euclidean distance
between the linked vertices of the inner and outer
surfaces, cortical thickness values in native space were
calculated [51]. After intensity inhomogeneity correction,
the corrected T1-weighted images were segmented into
the left and right sides of hippocampus using FMRIB’s
Integrated Registration and Segmentation Tool [52].
Hippocampal volumes were normalized for total
intracranial volume.

Amyloid PET

Of the total 193 participants in this study, 181
underwent amyloid PET at baseline. There were 116
participants who underwent ‘®F-flutemetamol PET, 64
who underwent *C-PiB PET, and one participant with
the historical 8F-florbetapir PET result. The PET
methods for each of the tracers have been previously
described [7]. The SUVR was obtained by using the
pons as a reference region on F-flutemetamol PET and
the cerebellar gray matter as the reference region on
11C-piB PET. Composite SUVR values were formed by

averaging the SUVR values for frontal, temporal,
parietal, occipital, anterior cingulate, and posterior
cingulate/precuneus cortices. Based on previous work,
elevated Ap PET was defined as composite SUVR >
0.634 on 8F-flutemetamol PET and composite SUVR >
1.21 on 'C-PiB PET [7].

Cerebrospinal fluid analysis

At baseline, 123 of the total 193 participants underwent
spinal fluid testing in the morning. CSF was collected in
15-mL polypropylene transfer tubes (Falcon, Corning
Science, NY, USA) and immediately centrifuged at
2000 g for 10 min at room temperature (RT). The
supernatant (~10 mL) was frozen in dry ice and
transferred to Inha University’s laboratory, where CSF
biomarkers were measured. After thawing at RT, the
shipped CSF samples were mixed with a pipette with a
polypropylene tip, and 0.4-mL CSF sample aliquots
were frozen in polypropylene tubes (Sarstedt AG and
Co., Numbrecht, Germany) and stored at -80°C until
analysis. AB42, t-tau and p-tau were measured using the
multiplex XMAP Luminex platform with INNO-BIA
AlzBio3 kits (Fujirebio Europe, Ghent, Belgium).
Based on previous work, participants who underwent
CSF studies were deemed to have AD pathology when
the CSF AB42 was 433.68 pg/ml or lower [7].

Telomere length assay

Leukocyte TL was examined once at baseline. To this
end, DNA was extracted from whole blood using G-
DEX™ I1b RBC lysis buffer and G-DEX™ I1b Cell lysis
buffer (Intron, MA, USA). DNA hydration was performed
with 300 pL of DNA hydration solution (QIAGEN,
Hilden, Germany). TL analysis was carried out using a
nonradioactive  TeloTAGGG TL Assay (Roche
Boehringer-Mannheim, Grenzach-Wyhlen, Germany) as
described by the manufacturer. Approximately 2-4 ug of
DNA from each sample was digested with Hinf I/Rsal
enzyme mix and isolated by gel electrophoresis. DNA
fragments were transferred to a nylon membrane
(Millipore, Bedford, MA, USA) by Southern transfer and
hybridized to a digoxigenin (DIG)-labeled probe specific
for telomeric repeats. The membrane was incubated with
DIG-specific  antibodies conjugated to alkaline
phosphatase, and the probe was visualized by
chemiluminescence using an image analyzer (ImageQuant
LAS 4000, GE Healthcare, Little Chalfont, UK). Mean
telomeric repeat-binding factor lengths were determined
by comparison with molecular weight standards.

Outcomes

We used 4 summary scores to index disease
progression, namely, the MMSE, the CDR-SB, the
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CERAD, and the BDS-ADL. The MMSE (range 0-30)
evaluates the orientation, registration and recall of three
words, attention and calculation, language, repetition,
and complex commands [29]. The CDR assesses
dementia severity along 5 levels of impairment (rated as
0, 0.5, 1, 2, or 3) in each of 6 domains: memory,
orientation, judgment and problem solving, community
affairs, home and hobbies, and personal care. The CDR-
SB score (range 0-18) is the sum of the ratings in each
of the 6 domains [30]. The CERAD total score is the
sum of the scores of its 7 sub-tests: verbal fluency
(animal naming), Boston naming (15 items), word list
learning, constructional praxis, word list recall, word
list recognition, and constructional praxis recall [29].
The BDS-ADL score (range 0-17) was determined
using an 11-item questionnaire assessing activities of
daily life, including performing household tasks, coping
with small sums of money, remembering short lists of
items, finding one’s way indoors, finding one’s way
around familiar streets, interpreting surroundings,
recalling recent events, tendency to dwell on the past,
eating, using the toilet, and dressing [37]. Increases in
scores represent worsening on the CDR-SB and BDS-
ADL, and improvement on the MMSE and CERAD.

We also investigated cognitive stage transitions (from
CU to MCI or dementia, and from MCI to dementia)
over two years. The diagnosis of MCI was based on the
core clinical criteria for MCI due to AD established by
the NIA-AA workgroups [31] and the criteria modified
from those proposed by Petersen et al. [32], as
mentioned earlier [7]. The diagnosis of dementia was
based on DSM-IV-TR criteria for dementia [34]. The
diagnosis of ADD was based on the core clinical criteria
for probable ADD established by the NIA-AA
workgroups [35].

Statistical analyses

For comparisons among the CU A-, CU A+, MCI A+,
and ADD A+ groups, we used chi-square tests for
categorical variables and one-way analysis of variance
(ANOVA) for age and education level. When
statistically significant overall differences were detected
in the ANOVA test, pairwise comparisons of means
between the diagnosis groups were performed by
Tukey’s method. Analysis of covariance (ANCOVA)
was performed for statistical analysis of GDS with age,
sex, and education level as covariates. ANCOVA was
performed for statistical analysis of MMSE, CERAD,
LM delayed recall test, CDR-SB, CSF Ap42, t-tau, p-
tau, t-tau/AP42, and p-tau/AP42 levels, the composite
SUVRs on C-PiB PET and on 8F-flutemetamol PET,
mean cortical thickness, average score of right and left
hippocampal volumes, and TL with age, education
level, sex, and GDS as covariates. When an overall

statistically significant difference was detected in the
ANCOVA test, pairwise comparisons of the means
between diagnosis groups were performed by
Bonferroni post hoc analysis. Linear regression adjusted
for age, sex, and education was used to examine the
relationship between TL as independent variable and
each baseline cognitive function test as dependent
variable in all A+ participants and within each group.
Pearson’s correlation coefficients were evaluated to
examine the relationship between TL and AD
biomarkers in all A+ participants and within each A+
cognitive stage group.

TL was divided into quartiles in each of the CU A-, CU
A+, MCI A+, and ADD A+ groups. We used chi-square
tests for categorical variables and the Kruskal Wallis
test for continuous variables to compare between TL
quartile groups the factors associated with TL and AD
progression in each AD cognitive stage group. We used
linear mixed models with a random subject effect to
analyze the relationship between baseline TL quartile
level as the explanatory variable and the four clinical
outcome measures. The fixed effects included TL
quartile group, age, time, and group x time interaction.
We used the 1% order autoregressive (AR1) covariance
structure in the mixed model, which was selected by the
Akaike information criterion (AIC) of the model. The
AIC values of AR1 were the lowest in most tested
correlation structures (Supplementary Table 3).

To examine the effects of baseline TL on patient’s
progression through the different cognitive stages, a
Cox proportional hazards model was used after
controlling for age with proportional hazard assumption
checked by log-log plotting. Survival curves according
to TL quartile groups did not intersect and were found
to be parallel in each of CU A-, CU A+, and MCI A+
groups. Data are presented as HRs and 95% Cls.
Survival was defined as the time between entering the
KBASE-V study and the progression of cognitive status
(from CU to MCI or dementia, or from MCI to
dementia) or a censoring event such as withdrawal from
the study or the last completed follow-up examination.
Statistical analyses were performed using SPSS 19.0
(SPSS, Chicago, IL, USA). P < 0.05 was considered
significant.
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GDS: Geriatric  Depression  Scale; KBASE-V:
Validation cohort of the Korean Brain Aging Study for
the Early Diagnosis and Prediction of AD; LM: Logical
Memory; MCI: mild cognitive impairment; MMSE:
Mini-Mental ~ State Examination; MNA: Mini
Nutritional Assessment; MRI: magnetic resonance
imaging; NIA-AA: National Institute on Aging-
Alzheimer’s Association; PA: Physical activity; PET:
positron emission tomography; PiB: Pittsburgh
compound-B; p-tau: tau phosphorylated at Thrl81;
SUVR: standard uptake value ratio; TE: echo time; TI:
inversion time; TL: telomere length; TR: repetition
time; t-tau: total tau.

AUTHOR CONTRIBUTIONS

SK participated in study design and manuscript drafting.
SHC participated in study design, data acquisition and
analysis, and manuscript revision. JHJ, JJ, KWP, EK,
HJK, JYH, SJY, and BY participated in study design,
clinical data acquisition, and data interpretation. YJS
and SK participated in data analysis and interpretation.
HP and JH participated in telomere length assay and
data interpretation. JL participated in imaging analysis
and data interpretation. JK participated in cerebrospinal
fluid analysis and data interpretation.

ACKNOWLEDGMENTS

The authors thank Hyelan Na, Jina Lee, Hyeran Hwang,
Kyung Hee Bae, Ji Yeon Park, Ju Yeon Kim,
JeongHyun Kim, Jieun Park, Munjung Choi, Sumin
Jeon, Minkyung Jo, Minsun Kim, Rayoung Yoo, Mi
Jeong Lee, and Ja Young Kim who contributed to data
collection in this study.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

FUNDING

This study was supported by grants from the National
Research Foundation of Korea (NRF) funded by the
Ministry of Science and ICT, Republic of Korea (NRF-
2014M3C7A1064752, NRF-2018M3A9F1023697,
NRF-2018R1A2A2A15023219, and NRF-
2017R1A5A2015395) and the Korea Health Technology
R&D Project through the Korea Health Industry
Development Institute (KHIDI), funded by the Ministry
of Health and Welfare, Republic of Korea (HI18C0479).
The funding sources were not involved in the study
design, data acquisition, data analysis, or article writing.

REFERENCES

1.

Jack CR Jr, Lowe VJ, Senjem ML, Weigand SD, Kemp BJ,
Shiung MM, Knopman DS, Boeve BF, Klunk WE, Mathis
CA, Petersen RC. 11C PiB and structural MRI provide
complementary information in imaging of Alzheimer’s
disease and amnestic mild cognitive impairment. Brain.
2008; 131:665-80.
https://doi.org/10.1093/brain/awm336
PMID:18263627

Bullich S, Seibyl J, Catafau AM, Jovalekic A, Koglin N,
Barthel H, Sabri O, De Santi S. Optimized
classification of !8F-Florbetaben PET scans as
positive and negative using an SUVR quantitative
approach and comparison to visual assessment.
Neuroimage Clin. 2017; 15:325-32.
https://doi.org/10.1016/j.nicl.2017.04.025
PMID:28560157

Vandenberghe R, Van Laere K, Ivanoiu A, Salmon E,
Bastin C, Triau E, Hasselbalch S, Law |, Andersen A,
Korner A, Minthon L, Garraux G, Nelissen N, et al. 18F-
flutemetamol amyloid imaging in Alzheimer disease
and mild cognitive impairment: a phase 2 trial. Ann
Neurol. 2010; 68:319-29.
https://doi.org/10.1002/ana.22068 PMID:20687209

Park SA, Chae WS, Kim HJ, Shin HS, Kim S, Im JY, Ahn SI,
Min KD, Yim SJ, Ye BS, Seo SW, Jeong JH, Park KW, et
al. Cerebrospinal Fluid Biomarkers for the Diagnosis of
Alzheimer Disease in South Korea. Alzheimer Dis Assoc
Disord. 2017; 31:13-18.
https://doi.org/10.1097/WAD.0000000000000184
PMID:28030437

Jansen WIJ, Ossenkoppele R, Knol DL, Tijms BM,
Scheltens P, Verhey FR, Visser PJ, Aalten P, Aarsland D,
Alcolea D, Alexander M, Almdahl IS, Arnold SE, et al,
and Amyloid Biomarker Study Group. Prevalence of
cerebral amyloid pathology in persons without
dementia: a meta-analysis. JAMA. 2015; 313:1924-38.
https://doi.org/10.1001/jama.2015.4668
PMID:25988462

Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn
B, Haeberlein SB, Holtzman DM, Jagust W, Jessen F,
Karlawish J, Liu E, Molinuevo JL, Montine T, et al, and
Contributors. NIA-AA Research Framework: toward a
biological definition of Alzheimer’s disease. Alzheimers
Dement. 2018; 14:535-62.
https://doi.org/10.1016/].jalz.2018.02.018
PMID:29653606

Hwang J, Jeong JH, Yoon SJ, Park KW, Kim EJ, Yoon B,
Jang JW, Kim HJ, Hong JY, Lee JM, Park H, Kang JH, Choi
YH, et al. Clinical and Biomarker Characteristics
According to Clinical Spectrum of Alzheimer’s Disease
(AD) in the Validation Cohort of Korean Brain Aging

WWW.aging-us.com 4418

AGING


https://doi.org/10.1093/brain/awm336
https://www.ncbi.nlm.nih.gov/pubmed/18263627
https://doi.org/10.1016/j.nicl.2017.04.025
https://www.ncbi.nlm.nih.gov/pubmed/28560157
https://doi.org/10.1002/ana.22068
https://www.ncbi.nlm.nih.gov/pubmed/20687209
https://doi.org/10.1097/WAD.0000000000000184
https://www.ncbi.nlm.nih.gov/pubmed/28030437
https://doi.org/10.1001/jama.2015.4668
https://www.ncbi.nlm.nih.gov/pubmed/25988462
https://doi.org/10.1016/j.jalz.2018.02.018
https://www.ncbi.nlm.nih.gov/pubmed/29653606

10.

11.

12.

13.

14.

15.

Study for the Early Diagnosis and Prediction of AD. J
Clin Med. 2019; 8:E341.
https://doi.org/10.3390/jcm8030341

PMID:30862124

lwatsubo T, Iwata A, Suzuki K, Ihara R, Arai H, Ishii K,
Senda M, Ito K, Ikeuchi T, Kuwano R, Matsuda H, Sun
CK, Beckett LA, et al, and Japanese Alzheimer’s Disease
Neuroimaging Initiative, and Alzheimer’s Disease
Neuroimaging Initiative. Japanese and North American
Alzheimer’s Disease Neuroimaging Initiative studies:
harmonization for international trials. Alzheimers
Dement. 2018; 14:1077-87.
https://doi.org/10.1016/j.jalz.2018.03.009
PMID:29753531

Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S,
Fagan AM, Iwatsubo T, Jack CR Jr, Kaye J, Montine TJ,
Park DC, Reiman EM, Rowe CC, et al. Toward defining
the preclinical stages of Alzheimer's disease:
recommendations from the National Institute on
Aging-Alzheimer’s  Association  workgroups on
diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. 2011; 7:280-92.
https://doi.org/10.1016/j.jalz.2011.03.003
PMID:21514248

Livingston G, Sommerlad A, Orgeta V, Costafreda SG,
Huntley J, Ames D, Ballard C, Banerjee S, Burns A,
Cohen-Mansfield J, Cooper C, Fox N, Gitlin LN, et al.
Dementia prevention, intervention, and care. Lancet.
2017; 390:2673-734.
https://doi.org/10.1016/S0140-6736(17)31363-6
PMID:28735855

Lim AS, Kowgier M, Yu L, Buchman AS, Bennett DA.
Sleep Fragmentation and the Risk of Incident
Alzheimer’s Disease and Cognitive Decline in Older
Persons. Sleep. 2013; 36:1027-32.
https://doi.org/10.5665/sleep.2802 PMID:23814339

Minn YK, Choi SH, Suh YJ, Jeong JH, Kim EJ, Kim JH, Park
KW, Park MH, Youn YC, Yoon B, Choi SJ, Oh YK, Yoon SJ.
Effect of Physical Activity on the Progression of
Alzheimer’s Disease: The Clinical Research Center for
Dementia of South Korea Study. J Alzheimers Dis.
2018; 66:249-61.

https://doi.org/10.3233/JAD-180333 PMID:30282355

Blackburn EH. Telomere states and cell fates. Nature.
2000; 408:53-56.
https://doi.org/10.1038/35040500 PMID:11081503

von Zglinicki T. Oxidative stress shortens telomeres.
Trends Biochem Sci. 2002; 27:339—44.
https://doi.org/10.1016/S0968-0004(02)02110-2
PMID:12114022

Blasco MA. Telomere length, stem cells and aging. Nat
Chem Biol. 2007; 3:640-49.

16.

17.

18.

19.

20.

21.

22.

23.

https://doi.org/10.1038/nchembio.2007.38
PMID:17876321

Sanders JL, Newman AB. Telomere
epidemiology: a biomarker of aging,
disease, both, or neither? Epidemiol
35:112-31.
https://doi.org/10.1093/epirev/mxs008
PMID:23302541

length in
age-related
Rev. 2013;

Scarabino D, Broggio E, Gambina G, Corbo RM.
Leukocyte telomere length in mild cognitive
impairment and Alzheimer’s disease patients. Exp
Gerontol. 2017; 98:143-47.
https://doi.org/10.1016/j.exger.2017.08.025
PMID:28827085

Starkweather AR, Alhaeeri AA, Montpetit A, Brumelle J,
Filler K, Montpetit M, Mohanraj L, Lyon DE, Jackson-
Cook CK. An integrative review of factors associated
with  telomere length and implications for
biobehavioral research. Nurs Res. 2014; 63:36-50.
https://doi.org/10.1097/NNR.0000000000000009
PMID:24335912

Eitan E, Hutchison ER, Mattson MP. Telomere
shortening in neurological disorders: an abundance of
unanswered questions. Trends Neurosci. 2014;
37:256-63.
https://doi.org/10.1016/j.tins.2014.02.010
PMID:24698125

Hochstrasser T, Marksteiner J, Humpel C. Telomere
length is age-dependent and reduced in monocytes of
Alzheimer patients. Exp Gerontol. 2012; 47:160-63.
https://doi.org/10.1016/j.exger.2011.11.012
PMID:22178633

Tedone E, Arosio B, Colombo F, Ferri E, Asselineau D,
Piette F, Gussago C, Belmin J, Pariel S, Benlhassan K,
Casati M, Bornand A, Rossi PD, et al. Leukocyte
Telomere Length in Alzheimer’s Disease Patients with a
Different Rate of Progression. J Alzheimers Dis. 2015;
46:761-69.

https://doi.org/10.3233/JAD-142808 PMID:26402514

Forero DA, Gonzdlez-Giraldo Y, Lopez-Quintero C,
Castro-Vega LJ, Barreto GE, Perry G. Meta-analysis of
Telomere Length in Alzheimer’s Disease. J Gerontol A
Biol Sci Med Sci. 2016; 71:1069-73.
https://doi.org/10.1093/gerona/glw053
PMID:27091133

Lear SA, Hu W, Rangarajan S, Gasevic D, Leong D, Igbal
R, Casanova A, Swaminathan S, Anjana RM, Kumar R,
Rosengren A, Wei L, Yang W, et al. The effect of
physical activity on mortality and cardiovascular
disease in 130000 people from 17 high-income,
middle-income, and low-income countries: the PURE
study. Lancet. 2017; 390:2643-54.

WWW.aging-us.com

4419

AGING


https://doi.org/10.3390/jcm8030341
https://www.ncbi.nlm.nih.gov/pubmed/30862124
https://doi.org/10.1016/j.jalz.2018.03.009
https://www.ncbi.nlm.nih.gov/pubmed/29753531
https://doi.org/10.1016/j.jalz.2011.03.003
https://www.ncbi.nlm.nih.gov/pubmed/21514248
https://doi.org/10.1016/S0140-6736%2817%2931363-6
https://www.ncbi.nlm.nih.gov/pubmed/28735855
https://doi.org/10.5665/sleep.2802
https://www.ncbi.nlm.nih.gov/pubmed/23814339
https://doi.org/10.3233/JAD-180333
https://www.ncbi.nlm.nih.gov/pubmed/30282355
https://doi.org/10.1038/35040500
https://www.ncbi.nlm.nih.gov/pubmed/11081503
https://doi.org/10.1016/S0968-0004%2802%2902110-2
https://www.ncbi.nlm.nih.gov/pubmed/12114022
https://doi.org/10.1038/nchembio.2007.38
https://www.ncbi.nlm.nih.gov/pubmed/17876321
https://doi.org/10.1093/epirev/mxs008
https://www.ncbi.nlm.nih.gov/pubmed/23302541
https://doi.org/10.1016/j.exger.2017.08.025
https://www.ncbi.nlm.nih.gov/pubmed/28827085
https://doi.org/10.1097/NNR.0000000000000009
https://www.ncbi.nlm.nih.gov/pubmed/24335912
https://doi.org/10.1016/j.tins.2014.02.010
https://www.ncbi.nlm.nih.gov/pubmed/24698125
https://doi.org/10.1016/j.exger.2011.11.012
https://www.ncbi.nlm.nih.gov/pubmed/22178633
https://doi.org/10.3233/JAD-142808
https://www.ncbi.nlm.nih.gov/pubmed/26402514
https://doi.org/10.1093/gerona/glw053
https://www.ncbi.nlm.nih.gov/pubmed/27091133

24,

25.

26.

27.

28.

29.

30.

31

https://doi.org/10.1016/S0140-6736(17)31634-3
PMID:28943267

Zekry D, Herrmann FR, Irminger-Finger |, Ortolan L,
Genet C, Vitale AM, Michel JP, Gold G, Krause KH.
Telomere length is not predictive of dementia or MCI
conversion in the oldest old. Neurobiol Aging. 2010;
31:719-20.
https://doi.org/10.1016/j.neurobiolaging.2008.05.016
PMID:18599157

Nordengen K, Kirsebom BE, Henjum K, Selnes P,
Gisladottir B, Wettergreen M, Torsetnes SB, Grgntvedt
GR, Waterloo KK, Aarsland D, Nilsson LN, Fladby T. Glial
activation and inflammation along the Alzheimer’s
disease continuum. J Neuroinflammation. 2019; 16:46.
https://doi.org/10.1186/s12974-019-1399-2
PMID:30791945

Lukens JN, Van Deerlin V, Clark CM, Xie SX, Johnson FB.
Comparisons of telomere lengths in peripheral blood
and cerebellum in Alzheimer’s disease. Alzheimers
Dement. 2009; 5:463-69.
https://doi.org/10.1016/j.jalz.2009.05.666
PMID:19896585

Boccardi V, Cari L, Nocentini G, Riccardi C, Cecchetti R,
Ruggiero C, Arosio B, Paolisso G, Herbig U, Mecocci P.
Telomeres Increasingly Develop Aberrant Structures in
Aging Humans. J Gerontol A Biol Sci Med Sci. 2020;
75:230-35.

https://doi.org/10.1093/gerona/gly257
PMID:30388200

Matthews C, Gorenne |, Scott S, Figg N, Kirkpatrick P,
Ritchie A, Goddard M, Bennett M. Vascular smooth
muscle cells undergo telomere-based senescence in
human atherosclerosis: effects of telomerase and
oxidative stress. Circ Res. 2006; 99:156—64.
https://doi.org/10.1161/01.RES.0000233315.38086.bc
PMID:16794190

Lee DY, Lee KU, Lee JH, Kim KW, Jhoo JH, Kim SY, Yoon
JC, Woo SI, Ha J, Woo JI. A normative study of the
CERAD neuropsychological assessment battery in the
Korean elderly. J Int Neuropsychol Soc. 2004; 10:72—
81.

https://doi.org/10.1017/5S1355617704101094
PMID:14751009

Choi SH, Lee BH, Kim S, Hahm DS, Jeong JH, Yoon SJ,
Jeong Y, Ha CK, Nab DL. Interchanging scores between
clinical dementia rating scale and global deterioration
scale. Alzheimer Dis Assoc Disord. 2003; 17:98-105.
https://doi.org/10.1097/00002093-200304000-00008
PMID:12794387

Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman
HH, Fox NC, Gamst A, Holtzman DM, Jagust WJ,
Petersen RC, Snyder PJ, Carrillo MC, Thies B, Phelps CH.

32.

33.

34,

35.

36.

37.

38.

The diagnosis of mild cognitive impairment due to
Alzheimer’s disease: recommendations from the
National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimers Dement. 2011; 7:270-79.
https://doi.org/10.1016/j.jalz.2011.03.008
PMID:21514249

Petersen RC, Doody R, Kurz A, Mohs RC, Morris JC,
Rabins PV, Ritchie K, Rossor M, Thal L, Winblad B.
Current concepts in mild cognitive impairment. Arch
Neurol. 2001; 58:1985-92.
https://doi.org/10.1001/archneur.58.12.1985
PMID:11735772

Chin J, Park J, Yang SJ, Yeom J, Ahn Y, Baek MJ, Ryu HJ,
Lee BH, Han NE, Ryu KH, Kang Y. Re-standardization of
the Korean-Instrumental Activities of Daily Living (K-
IADL): Clinical Usefulness for Various
Neurodegenerative Diseases. Dement Neurocognitive
Disord. 2018; 17:11-22.
https://doi.org/10.12779/dnd.2018.17.1.11
PMID:30906387

Association. AP. Diagnostic and Statistical Manual of
Mental Disorderss: DSM-IV-TR. American Psychiatric
Association: Washington DC. USA. 2000.

McKhann GM, Knopman DS, Chertkow H, Hyman BT,
Jack CR Jr, Kawas CH, Klunk WE, Koroshetz WJ, Manly
JJ, Mayeux R, Mohs RC, Morris JC, Rossor MN, et al.
The diagnosis of dementia due to Alzheimer’s disease:
recommendations from the National Institute on
Aging-Alzheimer’s  Association  workgroups on
diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. 2011; 7:263-69.
https://doi.org/10.1016/].jalz.2011.03.005
PMID:21514250

Bae JN, Cho MJ. Development of the Korean version of
the Geriatric Depression Scale and its short form
among elderly psychiatric patients. J Psychosom Res.
2004; 57:297-305.
https://doi.org/10.1016/j.jpsychores.2004.01.004
PMID:15507257

Blessed G, Tomlinson BE, Roth M. The association
between quantitative measures of dementia and of
senile change in the cerebral grey matter of elderly
subjects. Br J Psychiatry. 1968; 114:797-811.
https://doi.org/10.1192/bjp.114.512.797
PMID:5662937

Guidelines  Subcommittee. 1999 World Health
Organization-International Society of Hypertension
Guidelines for the Management of Hypertension. J
Hypertens. 1999; 17:151-83.
https://doi.org/10.1097/00004872-199917020-00001
PMID:10067786

WWW.aging-us.com

4420

AGING


https://doi.org/10.1016/S0140-6736%2817%2931634-3
https://www.ncbi.nlm.nih.gov/pubmed/28943267
https://doi.org/10.1016/j.neurobiolaging.2008.05.016
https://www.ncbi.nlm.nih.gov/pubmed/18599157
https://doi.org/10.1186/s12974-019-1399-2
https://www.ncbi.nlm.nih.gov/pubmed/30791945
https://doi.org/10.1016/j.jalz.2009.05.666
https://www.ncbi.nlm.nih.gov/pubmed/19896585
https://doi.org/10.1093/gerona/gly257
https://www.ncbi.nlm.nih.gov/pubmed/30388200
https://doi.org/10.1161/01.RES.0000233315.38086.bc
https://www.ncbi.nlm.nih.gov/pubmed/16794190
https://doi.org/10.1017/S1355617704101094
https://www.ncbi.nlm.nih.gov/pubmed/14751009
https://doi.org/10.1097/00002093-200304000-00008
https://www.ncbi.nlm.nih.gov/pubmed/12794387
https://doi.org/10.1016/j.jalz.2011.03.008
https://www.ncbi.nlm.nih.gov/pubmed/21514249
https://doi.org/10.1001/archneur.58.12.1985
https://www.ncbi.nlm.nih.gov/pubmed/11735772
https://doi.org/10.12779/dnd.2018.17.1.11
https://www.ncbi.nlm.nih.gov/pubmed/30906387
https://doi.org/10.1016/j.jalz.2011.03.005
https://www.ncbi.nlm.nih.gov/pubmed/21514250
https://doi.org/10.1016/j.jpsychores.2004.01.004
https://www.ncbi.nlm.nih.gov/pubmed/15507257
https://doi.org/10.1192/bjp.114.512.797
https://www.ncbi.nlm.nih.gov/pubmed/5662937
https://doi.org/10.1097/00004872-199917020-00001
https://www.ncbi.nlm.nih.gov/pubmed/10067786

39.

40.

41.

42.

43.

44,

45.

Report of the Expert Committee on the Diagnosis and
Classification of Diabetes Mellitus. Diabetes Care.
1997; 20:1183-97.
https://doi.org/10.2337/diacare.20.7.1183
PMID:9203460

National Cholesterol Education Program (NCEP) Expert
Panel on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults (Adult Treatment Panel Ill).
Third Report of the National Cholesterol Education
Program (NCEP) Expert Panel on Detection, Evaluation,
and Treatment of High Blood Cholesterol in Adults
(Adult Treatment Panel lll) final report. Circulation.
2002; 106:3143-421.
https://doi.org/10.1161/circ.106.25.3143
PMID:12485966

Chen LK, Liu LK, Woo J, Assantachai P, Auyeung TW,
Bahyah KS, Chou MY, Chen LY, Hsu PS, Krairit O, Lee JS,
Lee WJ, Lee Y, et al. Sarcopenia in Asia: consensus
report of the Asian Working Group for Sarcopenia. J
Am Med Dir Assoc. 2014; 15:95-101.
https://doi.org/10.1016/j.jamda.2013.11.025
PMID:24461239

Vellas B, Guigoz Y, Garry PJ, Nourhashemi F, Bennahum
D, Lauque S, Albarede JL. The Mini Nutritional
Assessment (MNA) and its use in grading the
nutritional state of elderly patients. Nutrition. 1999;
15:116-22.
https://doi.org/10.1016/S0899-9007(98)00171-3
PMID:9990575

Hagstromer M, Oja P, Sjéstrom M. The International
Physical Activity Questionnaire (IPAQ): a study of
concurrent and construct validity. Public Health Nutr.
2006; 9:755-62.

https://doi.org/10.1079/PHN2005898 PMID:16925881

Sohn SI, Kim DH, Lee MY, Cho YW. The reliability and
validity of the Korean version of the Pittsburgh Sleep
Quiality Index. Sleep Breath. 2012; 16:803-12.
https://doi.org/10.1007/s11325-011-0579-9
PMID:21901299

Beckett LA, Donohue MC, Wang C, Aisen P, Harvey DJ,
Saito N, and Alzheimer's Disease Neuroimaging
Initiative. The Alzheimer’s Disease Neuroimaging
Initiative phase 2: increasing the length, breadth, and
depth of our understanding. Alzheimers Dement. 2015;
11:823-31.

46.

47.

48.

49.

50.

51.

52.

https://doi.org/10.1016/j.jalz.2015.05.004
PMID:26194315

Zijdenbos AP, Forghani R, Evans AC. Automatic
“pipeline” analysis of 3-D MRI data for clinical trials:
application to multiple sclerosis. IEEE Trans Med
Imaging. 2002; 21:1280-91.
https://doi.org/10.1109/TMI.2002.806283
PMID:12585710

Sled JG, Zijdenbos AP, Evans AC. A nonparametric
method for automatic correction of intensity
nonuniformity in MRI data. IEEE Trans Med Imaging.
1998; 17:87-97.

https://doi.org/10.1109/42.668698 PMID:9617910

Collins DL, Neelin P, Peters TM, Evans AC. Automatic
3D intersubject registration of MR volumetric data in
standardized Talairach space. J Comput Assist Tomogr.
1994; 18:192-205.
https://doi.org/10.1097/00004728-199403000-00005
PMID:8126267

Smith SM. Fast robust automated brain extraction.
Hum Brain Mapp. 2002; 17:143-55.
https://doi.org/10.1002/hbm.10062 PMID:12391568

Kim JS, Singh V, Lee JK, Lerch J, Ad-Dab’bagh Y,
MacDonald D, Lee JM, Kim SI, Evans AC. Automated 3-
D extraction and evaluation of the inner and outer
cortical surfaces using a Laplacian map and partial
volume effect classification. Neuroimage. 2005;
27:210-21.
https://doi.org/10.1016/j.neuroimage.2005.03.036
PMID:15896981

Kabani N, Le Goualher G, MacDonald D, Evans AC.
Measurement of cortical thickness using an automated
3-D algorithm: a validation study. Neuroimage. 2001;
13:375-80.

https://doi.org/10.1006/nimg.2000.0652
PMID:11162277

Patenaude B, Smith SM, Kennedy DN, Jenkinson M. A
Bayesian model of shape and appearance for
subcortical brain segmentation. Neuroimage. 2011;
56:907-22.
https://doi.org/10.1016/j.neuroimage.2011.02.046
PMID:21352927

WWW.aging-us.com

4421

AGING


https://doi.org/10.2337/diacare.20.7.1183
https://www.ncbi.nlm.nih.gov/pubmed/9203460
https://doi.org/10.1161/circ.106.25.3143
https://www.ncbi.nlm.nih.gov/pubmed/12485966
https://doi.org/10.1016/j.jamda.2013.11.025
https://www.ncbi.nlm.nih.gov/pubmed/24461239
https://doi.org/10.1016/S0899-9007%2898%2900171-3
https://www.ncbi.nlm.nih.gov/pubmed/9990575
https://doi.org/10.1079/PHN2005898
https://www.ncbi.nlm.nih.gov/pubmed/16925881
https://doi.org/10.1007/s11325-011-0579-9
https://www.ncbi.nlm.nih.gov/pubmed/21901299
https://doi.org/10.1016/j.jalz.2015.05.004
https://www.ncbi.nlm.nih.gov/pubmed/26194315
https://doi.org/10.1109/TMI.2002.806283
https://www.ncbi.nlm.nih.gov/pubmed/12585710
https://doi.org/10.1109/42.668698
https://www.ncbi.nlm.nih.gov/pubmed/9617910
https://doi.org/10.1097/00004728-199403000-00005
https://www.ncbi.nlm.nih.gov/pubmed/8126267
https://doi.org/10.1002/hbm.10062
https://www.ncbi.nlm.nih.gov/pubmed/12391568
https://doi.org/10.1016/j.neuroimage.2005.03.036
https://www.ncbi.nlm.nih.gov/pubmed/15896981
https://doi.org/10.1006/nimg.2000.0652
https://www.ncbi.nlm.nih.gov/pubmed/11162277
https://doi.org/10.1016/j.neuroimage.2011.02.046
https://www.ncbi.nlm.nih.gov/pubmed/21352927

SUPPLEMENTARY MATERIALS

Supplementary Tables

Please browse Full Text version to see the data of Supplementary Table 1

Supplementary Table 1. Baseline characteristics of the telomere length quartile groups in each AD cognitive stage
group.

Supplementary Table 2. Estimated mean differences on 2-year follow-up compared to the highest TL quartile group
on clinical outcome measures in each telomere length (TL) quartile group.

MMSE CERAD CDR-SB BDS-ADL
Estimate . Estimate . Estimate . Estimate .
TL, kb (95% ClI) P (95% ClI) P (95% CI) P (95% ClI) P
CU A-
8.11< 0 0 0 0
-1.577 -2.091 0.072 0.249
717-8.11 (-3.219 ~ 0.066) 0.060 (-8.425 ~ 4.243) 0.515 (-0.042 ~ 0.186) 0.212 (-0.077 ~ 0.574) 0.134
-1.208 -1.567 -0.046 0.283
6.74-7.16 (-2.835 ~ 0.419) 0.144 (-7.800 ~ 4.666) 0.620 (0.157 ~ 0.065) 0419 (-0.033 ~ 0.599) 0.079
-1.185 -1.412 -0.027 0.524
=6.73 (-2.829 ~ 0.460) 0.157 (-7.761 ~ 4.937) 0.661 (-0.140 ~ 0.086) 0.641 (0.201 ~ 0.846) 0.002
CU A+
8.60 < 0 0 0 0
-3.403 -15.372 1.433 -0.125
7.74-860 (-7.034 ~ 0.229) 0.066 (-31.293 ~ 0.548) 0.058 (0.257 ~ 2.610) 0.018 (-1.719 ~ 1.469) 0.874
2.176 3.460 -0.413 -1.832
6.68 - 7.73 0.258 0.670 0.504 0.034
(-1.655 ~ 6.007) (-13.447 ~ 20.366) (-1.649 ~ 0.822) (-3.515 ~-0.149)
-2.061 -11.550 0.042 -1.161
<6. 2 .182 .947 A
=667 (-5.984 ~ 1.861) 0.295 (-28.810 ~ 5.709) 0.18 (-1.227 ~ 1.310) 0.9 (-2.884 ~ 0.561) 0.180
MCI A+
>7.85 0 0 0 0
-4.881 -11.028 1.795 0.568
7.04-7. . 12 . 537
0 8 (-9.756 ~ 0.007) 0.050 (-25.288 ~ 3.231) 0.125 (0.126 ~ 3.464) 0.036 (-1.271 ~ 2.407) 0.53
-3.509 -8.929 1.458 1.293
62-7. A2 177 .07 134
66 03 (-8.014 ~ 0.996) 0.123 (-22.096 ~ 4.238) 0 (-0.138 ~ 3.055) 0.073 (-0.413 ~ 3.000) 0.13
-26.708
-9.438 3.189 2.549
<6.61 .001 -41.576 ~ - .001 .001 .014
=66 (-14.567 ~ -4.309) 0.00 (-41.576 0.00 (1.323 ~ 5.056) 0.00 (0.527 ~ 4.571) 0.0
11.839)
ADD A+
> 8.38 0 0 0 0
3.278 4.495 -0.241 -1.575
7.13-8. 197 A4 .907 .
3-838 (-1.749 ~ 8.305) 0.19 (-7.579 ~ 16.570) 0.458 (-4.380 ~ 3.897) 0.90 (-4.942 ~ 1.792) 0.353
0.297 1.371 -0.666 -1.292
40-7.12 91 .82 764 464
6.40 (-4.946 ~ 5.540) 0.910 (-11.249 ~ 13.991) 0.828 (-5.086 ~ 3.753) 0.76 (-4.801 ~ 2.217) 0.46
-0.385 -8.630 0.503 0.330
<6. .87 .14 . .841
=639 (-5.267 ~ 4.498) 0.875 (-20.370 ~ 3.110) 0.146 (-3.571 ~ 4.577) 0.806 (-2.941 ~ 3.600) 08

CU, cognitively unimpaired; MCI, mild cognitive impairment; ADD, Alzheimer’s disease dementia; A—, absence of amyloid
pathology determined by normal amyloid PET finding or CSF study; A+, presence of amyloid pathology determined by
abnormal amyloid PET finding or CSF study; MMSE, Mini-Mental State Examination; CERAD, Consortium to Establish a
Registry for AD; CDR-SB, Clinical Dementia Rating-Sum of Boxes; BDS-ADL, Blessed Dementia Scale-Activities of Daily Living.
*Linear mixed model with a function of TL quartile group, age, time, and group x time interaction.
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Supplementary Table 3. Akaike information criterion values for the tested covariance structures: autoregressive
process of order 1 (AR1) and compound symmetry structure corresponding to a constant correlation (CS).

AR1 CS

CU A- MMSE 1280.569 1284.034
CERAD 2045.917 2033.524

CDR-SB -141.342 -97.449

BDA-ADL 487.704 491.361

CU A+ MMSE 313.016 312.117
CERAD 469.895 468.801

CDR-SB 187.429 191.708

BDA-ADL 213.184 217.940

MCI A+ MMSE 366.924 355.761
CERAD 499.865 506.772

CDR-SB 250.708 252.882

BDA-ADL 265.504 270.597

ADD A+ MMSE 516.503 518.846
CERAD 649.407 658.293

CDR-SB 478.030 481.643

BDA-ADL 462.007 463.902

CU, cognitively unimpaired; MCI, mild cognitive impairment; ADD, Alzheimer’s disease dementia; A—, absence of amyloid
pathology determined by normal amyloid PET finding or CSF study; A+, presence of amyloid pathology determined by
abnormal amyloid PET finding or CSF study; MMSE, Mini-Mental State Examination; CERAD, Consortium to Establish a
Registry for AD; CDR-SB, Clinical Dementia Rating-Sum of Boxes; BDS-ADL, Blessed Dementia Scale-Activities of Daily Living.
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