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Abstract.

Background: The pathophysiological process of amyloid-[3, tau deposition, and neurodegeneration of Alzheimer’s disease
(AD) begin in a preclinical phase, while anxiety is associated with an increased risk of AD in preclinical phase.

Objective: To examine the relationships between anxiety and amyloid-@3, tau deposition, and neurodegeneration. To test the
hypothesis that anxiety could predict clinical progression in the elderly without dementia.

Methods: 1,400 participants from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database were included in
the study and were studied over a median period of 3 years. In multivariable models, the cross-sectional and longitudinal
associations between anxiety and amyloid-@ PET, tau PET, and FDG PET SUVRs in participants without dementia were
explored using Spearman rank correlation, logistic regression model, multiple linear regression model, Kaplan-Meier survival
curves, and Cox proportional hazards model. The association between baseline anxiety and clinical progression was also
explored.

Results: There was a positive correlation between anxiety and amyloid- deposition (r=0.11, p=0.0017) and a negative
correlation between anxiety and neurodegeneration (r== 0.13, p=0.00022). MCI participants with anxiety showed a faster
clinical progression of dementia (HR =1.56, p=0.04). Non-anxious participants with more amyloid-f3 deposition or more
severe neurodegeneration displayed accelerated development into anxiety (HR =2.352, p <0.0001; HR =2.254, p <0.0001).
Conclusion: Anxiety was associated with amyloid-f deposition and neurodegeneration in non-dementia elderly. Anxiety in
MCI predicted conversion to dementia. Anxiety may play a selective role and prediction of disease progression in the early
phase of AD.

Keywords: Alzheimer’s disease, amyloid-3, anxiety, biomarkers, dementia, neurodegeneration, tauopathies
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INTRODUCTION

The pathophysiological process of amyloid-f3, tau
deposition, and neurodegeneration of Alzheimer’s
disease (AD) begin in a preclinical phase which can
be many years before the onset of clinical symptoms
[1-3]. Neuropsychiatric symptoms are of interest to
clinicians and researchers who focus on dementia
because apart from impairment of memory, neuro-
psychiatric symptoms also play an important role in
preclinical AD [4, 5]. Anxiety, which is among these
neuropsychiatric symptoms has been revealed to be
associated with an increased risk of AD [6, 7],
suggesting that anxiety might be a target for AD
prevention.

There is emerging evidence that anxiety is associ-
ated with AD biomarkers both during the preclinical
period and the clinical period of AD. It has been
found that higher amyloid-f3 burden was associated
with increased anxious-depressive symptoms over
time in cognitively normal old people [3] and subcor-
tical neurofibrillary tangle accumulation was found
to be associated with anxiety in dementia patients
[8]. Anxiety has also been revealed to be related to
AD cerebrospinal fluid (CSF) markers in mild cog-
nitive impairment (MCI) patients by some studies:
the presence of anxiety was associated with abnor-
mal CSF t-tau concentration in MCI patients [9].
However, another study found that there was only a
weak association between anxiety and elevated corti-
cal amyloid-8 deposition among cognitively normal
elderly persons [10]. Also, and some studies found
no association between mild behavioral impairment
(which includes anxiety) and tau or neurodegener-
ation in cognitively intact elderly individuals [11].
These ambiguous consequences of studies, lack of
study investigating the association between anxiety
and AD biomarkers in cognitively normal people and
lack of longitudinal studies have inspired us to further
investigate the correlation between anxiety and AD
biomarkers. More comprehensive understandings of
the associations among anxiety, amyloid-[3, tau depo-
sition, and neurodegeneration act importantly in
prognosing among older adults without dementia.

Herein, to further elucidate the relationships bet-
ween anxiety and amyloid-[3, tau deposition, and neu-
rodegeneration in subjects with normal cognition and
MCI, we aimed to explore 1) the correlations bet-
ween anxiety and amyloid-3, tau deposition, and neu-
rodegeneration by cross-sectional analyses; and 2)
the longitudinal associations between anxiety and
amyloid-3, tau deposition, and neurodegeneration.

We expected anxiety as an early sign of the underlying
neuropathologic changes before the onset of clinical
symptoms of dementia. Additionally, we hypoth-
esized baseline anxiety symptom would predict
clinical progression in individuals without dementia.

MATERIALS AND METHODS
Alzheimer’s disease neuroimaging initiative

We obtained data (including the baseline demo-
graphic characteristics, positron emission tomog-
raphy (PET) data, the Neuropsychiatric Inventory
score) from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database. ADNI was launched by
the NIA, National Institute of Biomedical Imaging
and Bioengineering, private pharmaceutical compa-
nies, and nonprofit organizations in 2003 collecting
information of magnetic resonance imaging (MRI),
PET, biological markers, clinical and neuropsycho-
logical assessments to test whether these data can be
combined to measure the progression of MCI and
early AD.

The principal investigator of this initiative is
Michaelt W. Weiner, MD, the VA Medical Center
and University of California-San Francisco. ADNI
is the result of efforts of many co-investigators from
a wide range of academic institution and private cor-
porations. Subjects were recruited from over 50 sites
across the USA and Canada. For up-to-date infor-
mation on ADNI, visit http://www.adni-info.org. The
ADNI was approved by medical ethics committees of
all participating institutions. Written informed con-
sent was obtained from all participants.

Participants

Based on the data from ADNI, we selected the
data of 1,400 normal and MCI individuals available
with the anxiety score of the Neuropsychiatric Inven-
tory (NPI-a), amyloid-B PET, tau PET, and FDG
PET. The longest follow-up year of the individuals
in the present study was 9 years. The inclusion cri-
teria for individuals without cognitive impairment or
with MCI was described as follows: normal individ-
uals had a Mini-Mental State Examination (MMSE)
score of 24 to 30 and a Clinical Dementia Rating Sum
of Boxes (CDR-SB) score of 0, and normal activities
of daily living (ADL) assessed with the Functional
Activity Questionnaire (FAQ), without memory com-
plaints. MCI subjects had memory complaints and
had objective memory impairment indicated by the
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Wechsler Memory Scale Logical Memory II, a global
CDR score of 0.5 and a score equals to or more
than 0.5 on the memory box of the CDR, preserved
ADL assessed by the FAQ, and absence of dementia
[12, 13].

Assessment of anxiety symptom

The NPI was designed to assess the neuropsy-
chiatric symptoms by evaluating the symptoms in
both frequency and severity and NPI has established
reliability and validity and was the most commonly
used measure both in clinical and research settings
when it comes to the assessment of neuropsychi-
atric symptoms [14, 15]. The NPI includes 10 fields
of neuropsychiatric symptoms which are elusions,
hallucinations, agitation, dysphoria, anxiety, apa-
thy, irritability, euphoria, disinhibition, and aberrant
motor behavior, from which we chose the score of
anxiety (NPI-a). The total anxiety score is a mul-
tiplication of the frequency and severity of anxiety
symptom. Frequency has a scale from O to 4, while
severity has a scale from 1 to 3. In that case, the multi-
plication score, as well as the total anxiety score, has
a scale from 1 to 12. In our study, the NPI-a scores
of the individuals with no anxiety symptom present
were recorded as score 0 and greater score indicated
greater anxiety. Participants were classified into two
groups according to the NPI-a score, in which 0 was
defined as an absence of anxiety symptom and 1-12
were defined as a presence of anxiety on the basis of
prior studies [ 16-22]. Participants were classified into
NPI-a positive (NPI-a+, n=134) and NPI-a negative
(NPI-a -, n=1266) groups by their baseline NPI-a
score.

PET acquisition and processing

PET analysis data were obtained from UC Berke-
ley and Lawrence Berkeley National Laboratory.
Amyloid-B PET imaging was measured with flor-
betapir and tau PET was measured with floTaucipir.
A native-space MRI scan for each subject that
is segmented and parcellated with Freesurfer (ver-
sion 5.3.0) was used to define cortical grey matter
regions of interest (frontal, anterior/posterior cingu-
late, lateral parietal, lateral temporal) that make up
a summary cortical region of interest (ROI). The
cortical summary ROI was divided by the whole
cerebellum reference region. A florbetapir cutoff of
1.11 using the whole cerebellum reference region
was taken, which was equivalent to the upper 95%

confidence interval above the mean of a group of
young normal controls [23]. Participants were classi-
fied into amyloid PET positive group (A+, n=284)
and amyloid-B PET negative group (A-, n=356).
A + was defined as a florbetapir SUVR above 1.11 and
A-wasdefined as a florbetapir SUVR below 1.11. The
tau PET (AV1451 PET) takeup included the amyg-
dala, entorhinal cortex, fusiform, para hippocampal,
and inferior temporal and middle temporal gyri. We
took a cut point of 1.24 based on previous studies of
the cut point of tau PET [24, 25]. T+ was defined as
a floTaucipir SUVR above 1.24 and T- was defined
as a floTaucipir SUVR below 1.24. Participants were
classified into tau PET positive group (7+, n=89)
or tau PET negative group (T-, n=301). FDG-PET
data were acquired and reconstructed according to
a standardized protocol. The cutoff value of FDG-
PET was 1.21 [26]. N+ was defined as a FDG SUVR
below 1.21 according to previous studies [23, 26].
Participants were classified into FDG PET positive
group (N+, n=168) or FDG PET negative group (N-
, n=471), respectively, according to their baseline
FDG PET SUVRs.

Statistical analysis

Descriptive statistics of baseline clinical and dem-
ographics were summarized, and we tested demo-
graphic variables between NPI-a+ and NPI-a - groups
separately in normal cognitive individuals and MCI
individuals by using Chi-square tests (for categori-
cal variables) and ANOVA (for continuous variables
with normal contribution). Demographic variables
were also tested between clinical converter and non-
converter. Converter was defined as the individuals
who had clinical progression from normal cognition
to MCI or from MCI to dementia.

We set the baseline as the time of the first visit
of the NPI-a score. In the cross-sectional analyses,
we employed the baseline NPI-a score and avail-
able baseline PET SUVRs (amyloid-8, tau, FDG).
In the longitudinal analyses of Kaplan-Meier plots,
we chose the datasets with 1) at least two visits of
PET records; and 2) the first visit of PET was nega-
tive according to the cutoff value, in order to explore
the association between the baseline NPI-a status
and the progression of A/T/N status (as measured
by PET). To explore the associations between base-
line NPI-anxiety score and the three kinds of PET
SUVRs, several correlations and regression analy-
ses were performed. Firstly, we performed Spearman
correlation analyses and partial correlation to explore
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the association between amyloid-3 PET SUVRs and
NPI-a score at the baseline. In the partial correla-
tion, age, education, gender, APOE &4 status were
used as covariates. Similarly, the association between
tau PET SUVRs and NPI-a score and the association
between FDG glucose metabolism and NPI-a score
were also explored by performing Spearman corre-
lation analyses and partial correlation. Secondly, we
carried out logistic regression analyses to evaluate
the association between the three different kinds of
PET SUVRs and anxiety status, which in the logis-
tic linear regression model, age, gender, education
years, and APOE &4 status were used as covariates.
In order to evaluate the association between clini-
cal progression and anxiety symptom, we carried out
logistic regression in which clinical progression of
converter or non-converter was the binary dependent
variable and NPI-a score at baseline was the inde-
pendent variable. Age, gender, education years, and
APOE &4 status were used as covariates.

Then, we explored the longitudinal change of PET
SUVRs by dividing the individuals into two groups
with the criteria of baseline NPI-a score positive or
not. The longitudinal change of NPI-a score was sim-
ilarly explored to see whether different groups of
baseline PET SUVRs positive and negative individ-
uals had distinct trends of NPI-a score change. In
addition, to access 1) the risk of progression from
MCI to dementia; 2) the risk of anxiety status pro-
gression; 3) the risk of PET SUVRs change, we
constructed Kaplan-Meier plots and ran multivariate
Cox proportional hazards model. All statistical anal-
yses were performed using the R statistical software
(version 3.6.3). The significance level was set 0.05
for all tests.

RESULTS
Descriptive statistics

A total of 1,400 ADNI participants were included
in the study, including 699 with normal cognition, 701
with MCI. In the cohort, the mean (standard devia-
tion, SD) age was 72.2 (6.86) and among them 704
(49.6%) were women; mean (SD) years of education
was 16.4 (2.58) years; 477 of them were apolipopro-
tein E (APOE) &4 allele carriers.

Group characteristics and comparisons are pre-
sented in Table 1. In individuals with MCI, there
were no significant differences between groups for
age (p=0.395), gender (p=0.76), tau PET SUVRs
(»p=0.466), MMSE (p=0.123), and MoCA score
(p=0.515). NPI-a+individuals were more likely to
have higher amyloid-B PET SUVRs (p=0.0207)
as well as have less education (p<0.01). NPI-
a+ individuals were more likely to be APOE &4+
(»=0.01277).

Converter ‘'who experienced clinical progression
in the follow-up years tended to be older (Table 2,
p<0.001) and were more likely to be APOE &4+
(p<0.001). Additionally, their baseline amyloid
deposition and glucose metabolism detected by PET
were both significantly higher than non-converters
(p<0.001), as well as tau deposition (p =0.016). The
anxiety score was significantly higher in the con-
verters (p=0.021). The mean NPI-a score of the
converters was 0.442. The MMSE score and MoCA
score were significantly higher in the non-convertors
(p<0.001, p<0.001). The mean MMSE score of the
converters was 27.7 and the MoCA score of the con-
verters was 22.7.

Table 1
Baseline demographic characteristics of the sample
CN (n=699) MCI (n=701)
NPI-a— NPI-a+ 4 NPI-a— NPI-a+ p
(n=669) (n=30) (n=597) (n=104)
Gender, female (%) 387 (57.8%) 18:(60.0%) 0.96 254 (42.5%) 42 (40.4%) 0.76
Education (SD), y 16.6 (2.47) 16.5 (2.36) 0.757 16.3 (2.59) 15.5 (3.01) <0.01*
Age (SD), y 72.2 (6.30) 72.1 (5.66) 0.916 72.2 (7.29) 71.6 (8.04) 0.395
APOE &4 carriers 0.29 0.01277*
1 (%) 172 (25.7%) 7(23.3%) 192 (32.2%) 33 (31.7%)
2 (%) 15 (2.2%) 2 (6.7%) 40 (6.7%) 15 (14.4%)
AR PET SUVRs (SD) 1.12 (0.172) 1.11 (0.189) 0.861 1.21 (0.236) 1.29 (0.215) 0.0207*
Tau PET SUVRs (SD) 1.16 (0.123) 1.22 (0.249) 0.161 1.26 (0.275) 1.32 (0.276) 0.466
FDG PET (SD) 1.31 (0.110) 1.29 (0.158) 0.293 1.25(0.132) 1.22 (0.106) 0.0652
MMSE score (SD) 29.1 (1.17) 29.0 (1.38) 0.621 28.0 (1.81) 27.7 (2.25) 0.123
MoCA score (SD) 25.9 (2.52) 25.9 (2.95) 0.925 23.3(3.22) 23.1(3.05) 0.515

Data are mean (SD) or number (%) unless otherwise stated. SD, standard deviation; FDG, 18F—ﬂuorodeoxyglucosc; MMSE, Mini-Mental
State Examination; MoCA, Montreal cognitive assessment; NPI-a, the score of anxiety in Neuropsychiatric Inventory; NPI-a+, NPI-a positive
group; NPI-a—, NPI-a negative group; CN, cognitive normal individuals; MCI, mild cognitive impairment individuals.
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Table 2
Baseline characteristic of converter and non-converter
non-converter Converter )4

(n=815) (n=233)
Gender, female (%) 404 (49.6%) 100 (42.9%) 0.086
Education (SD), y 16.4 (2.61) 16.1 (2.73) 0.054
Age (SD),y 72.0 (6.73) 74.4 (6.89) <0.001*
APOE &4 genotype carriers (%) 273 (33.5%) 129 (55.4%) <0.001*
AB PET SUVRs (SD) 1.13 (0.188) 1.32(0.231) <0.001*
Tau PET SUVRs (SD) 1.20 (0.211) 1.72 (0.494) 0.016*
FDG PET (SD) 1.30(0.119) 1.20 (0.125) <0.001*
NPI-a score 0.213 (0.887) 0.442 (1.39) 0.021*
MMSE score (SD) 28.7 (1.56) 27.7 (1.90) <0.001*
MoCA score (SD) 25.0 (2.94) 22.7 (3.10) <0.001*

Data are mean (SD) or number (%) unless otherwise stated. SD, standard deviation; FDG,
18F-fluorodeoxyglucose; MMSE, Mini-Mental State Examination; MoCA, Montreal cognitive
assessment; NPI-a, the score of anxiety in Neuropsychiatric Inventory.
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Fig. 1. Cross-sectional association between AR PET SUVRs, FDG PET values, tau PET SUVRs, and NPI-a score at baseline. NPI-a had a
positive relationship with AV45 PET SUVRs. NPI-a had a negative relationship with FDG PET values. There was no significant relationship
between NPI-a and tau PET SUVRs. NPI-a score, anxiety score from Neuropsychiatric Inventory (NPI).

Anxiety associated with more amyloid deposition
and lower glucose metabolism in non-dementia

In the cross-sectional analyses, results from_the
Spearman correlation between the amyloid-3‘PET
SUVRs and NPI-a score showed a positive. linear
relationship (r=0.11, p=0.0017; Fig. 1A).-As for
the result between the FDG glucose metabolism and
NPI-a score, it showed a negative linear relationship
(r=- 0.13, p=0.00022; Fig. 1B). Partial correla-
tion also showed a significant association between
anxiety with FDG glucose metabolism (r=-0.093,
p=0.012). In the logistic regression models, FDG
PET showed an association with anxiety status,
adjusted by age, gender, education, and APOE &4 car-
rier (Table 3, p=0.007). In the longitudinal analyses,
baseline amyloid- PET positive individuals had an
increased risk of conversion from anxiety negative to
anxiety positive situation (Fig. 2A, p <0.0001). Base-
line FDG PET positive individuals had an increased

risk of conversion from anxiety negative to anxi-
ety positive situation (Fig. 2B, p <0.0001). The cox
proportional hazard model revealed that after correc-
tion for baseline age, gender, education, and APOE
€4, baseline amyloid-B PET positive state or base-
line FDG PET positive state was still associated
with a more rapid change of anxiety score (Table 5,
p<0.0001). We did not find any significant associ-
ation between anxiety and tau PET in the analyses.
The results from the Spearman correlation between
tau PET SUVRs and NPI-a score did not demon-
strate a significant correlation (r=0.086, p=0.091;
Fig. 1C). Partial correlation did not show a signifi-
cant association between amyloid-8 PET SUVRs and
NPI-a score (r=0.03, p=0.41). Also, it did not show
a significant association between tau PET SUVRs
and NPI-a score (r=0.008, p=0.88). In the logistic
regression models, there was no association between
tau PET and anxiety status, adjusted by age, gender,
education, and APOE &4 carrier (Table 3, p=0.418).
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Fig. 2. Kaplan-Meier survival curves estimates for the anxiety status. Probability of non-progression from NPI- to NPI+, for different PET
groups is shown. Estimated number of remaining individuals at risk of conversion to NPI+at each time point are also represented. Follow-up
years’ investigation revealed that individuals with baseline AB PET+ situation had an increased risk of conversion from anxiety negative to
anxiety positive situation than individuals with baseline A PET — situation. Individuals with baseline tau PET+ situation had an increased
risk of conversion from anxiety negative to anxiety positive situation than individuals with baseline tau PET - situation. AR PET+, amyloid-3
PET positive status; AB PET—, amyloid-p PET negative status; FDG PET+, FDG PET positive status; FDG PET-, FDG PET negative status.

Table 3
Estimates for AR-PET, Tau-PET, or FDG-PET for predicting anx-
iety status in logistic regression models

Table 4
Estimates for NPI-a score for predicting converter or non-converter
in logistic regression models

Predictor OR (95% CI) P OR (95% CI) P
anxiety AR PET SUVRs 3.12 (0.93, 10.08) 0.061 NPI-a score 1.21 (1.06, 1.38) 0.003*
status Age 0.97 (0.93, 1.01) 0.095 Education 0.96 (0.90, 1.01) 0.092

Gender (male) 1.45(0.88, 2.41) 0.143 Age 1.07 (1.04, 1.09) <0.001*

Education 0.93 (0.85, 1.02) 0.132 Gender (male) 1.19 (0.87, 1.64) 0.178

APOE €4 1.60 (1.10, 2.33) 0.014* APOE &4 carrier 2.75 (2.02, 3.76) <0.001*
anxiety Tau PET SUVRs 2.97 (0.12, 30.11) 0.418
status Age 1.01 (0.92, 1.10) 0.832

Gender (male) 0.97 (0.30, 2.98) 0.964 . . . s

Education 0.93 (0.74. 1.19) 0.562 education, a'nd APOE &4, was assocu':lted with c.hl'n

APOE &4 0.95 (0.34, 2.33) 0.923 cal progression (Table 4, p =0.003). Figure 3 exhibits
anxiety ~ FDGPETSUVRs  0.07 (0.01, 0.46) 0.007* the results of Kaplan-Meier analyses. MCI individu-
status éged (male) (l)gi %gig 1(3)3; gzg als with baseline NPI-a+ state had an increased risk

ender (maile . . , 1. H . . . _
Education 0.88 (0.80. 0.97) 0.007* of convers19n to dementia (Fig. 3, p=0.037). The
APOE &4 1.12 (075, 1.63) 0.569 cox proportional hazard model revealed that MCI par-

Adjusted by age, gender, education, and APOE &4 carrier.

These results indicate that the AD-related pathologi-
cal changes (A deposition and glucose metabolism)
may interact with the development of anxiety.

NPI-a for predicting clinical progression from
MCI to dementia

Logistic regression model revealed that NPI-a
score, adjusted by the covariates of age, gender,

ticipants with anxiety symptom showed a relatively
faster clinical progression of dementia (HR=1.56,
p =0.04). However, after correction for baseline age,
gender, education, and APOE &4, we did not find a
significant difference between two groups (Table 6,
HR =1.48, p=0.059). These results indicated that
anxiety symptom evaluated by NPI-a score may help
predict clinical progression in dementia. According
to the adjusted cox proportional hazard model, it
is possible that anxiety symptom may interact with
other factors when contributing to the progression in
dementia.
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Table 5

Risk of progressive anxiety symptom in AR PET+ and FDG PET+, compared with individuals
with AB PET- and FDG PET- as the reference

Crude Adjusted
Biomarkers Hazard Ratio P Hazard Ratio P
(95% CI) (95% CI)
AR PET- Reference Reference
AV45 PET+ 2.498 (1.697,3.677) <0.0001* 2.352 (1.528,3.620) <0.0001*
FDG PET- Reference Reference
FDG PET+ 2.334 (1.597,3.411) <0.0001* 2.254 (1.519,3.343) <0.0001*

Adjusted by age, gender, education, and APOE €4. AV45 PET+ individuals had significant risk of developing into
anxiety situation compared with AV45 PET- individuals. FDG PET+individuals had significant risk of developing
into anxiety situation compared with FDG PET - individuals.

Event:dementia(from MCI)

Strata =+~ NPl-a —=& NPl-a +

c

S 100 —_

5

e 0751

o

&

7] 0.501

[%2]

o

(2]

o) 0.251

s p=0.037

IS 0.00

4 : T T T T T
0 2 4 6 8

Follow-up(years)
Number at risk

% NPI-a 1‘-.::.; 342 27 108

& NPl-a+177 54 27 13 2
0 2 4 6 8

Follow-up(years)

Fig. 3. Kaplan-Meier survival curves estimates for the clinical pro-
gression. Probability of non-progression from MCI to dementia,
for different baseline NPI groups is shown. Estimated number of
remaining MCI individuals at risk of conversion to dementia at
each time point are also represented. MCI individuals with base-
line NPI-a positive state had an increased risk of conversion to
dementia. NPI-a—, NPI-a negative group; NPI-a+, NPI-a positive
group.

Table 6
Risk of progressive cognitive deterioration (from MCI to dementia)
in NPI-a+individuals compared with NPI-a - individuals as the

reference
Crude Adjusted
Biomarkers  Hazard Ratio P Hazard Ratio P
(95% CI) (95% CI)
NPI-a— Reference Reference
NPI-a+ 1.56 0.04* 1.48 0.059
(1.04,2.35) (0.98,2.25)

Adjusted by age, gender, education and APOE &4. NPI-a+ indi-
viduals had significant risk of progressive cognitive deterioration
into dementia compared with NPI-a — individuals.

AD-related pathologies are not influenced by
early-stage anxiety symptom

We explored whether anxiety might contribute to
amyloid-f3 deposition, tau deposition, and glucose
metabolism in MCL In both of the linear regres-
sion models and logistic regression models, adjusted
by age, gender, education, and APOE &4 carrier, no
statistical significance was found for NPI-a score
predicting amyloid-B PET, tau PET, and FDG PET
(Supplementary Tables 1 and 2). Similarly, we did
not observe an-increased risk of conversion from
PET negative to PET positive state for individuals
with baseline NPI-a+ situation (Supplementary Fig-
ure 1). These results suggested that anxiety symptom
at the early stage of AD may not contribute to the AD
related pathology.

DISCUSSION

We performed an exploratory study of the associa-
tions between anxiety and amyloid-3 deposition, tau
deposition, neurodegeneration in the elderly without
dementia. 1400 participants were included. However,
due to the lack of follow-up diagnostic information
of 352 participants, 1048 participants were analyzed
in the longitudinal study of clinical progression. With
regard to the amyloid-3 biomarker, we found that the
presence of anxiety symptom at baseline is associ-
ated with higher baseline amyloid-[3 deposition. Also,
we found that individuals with amyloid-8 PET pos-
itive situation at the baseline show a faster increase
of NPI-a score during the follow-up years, and the
same group of people were more possible to change
from anxiety negative to anxiety positive situation.
These suggest a link between anxiety and amyloid-f3
deposition in AD. The Cox progression adjusted for
baseline age, gender, education and APOE &4 helped
to reveal that amyloid-B PET positive individuals
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were more likely to develop into anxiety situation
than individuals who did not carry such amyloid-3
burden did. Our study is consistent with recent studies
which focused on the association between anxi-
ety and amyloid-f3 deposition. Harvard Brain Study
(HABS) recruited 270 community-dwelling, cogni-
tively normal elderly individuals and collected their
baseline Pittsburgh compound B (PiB) PET to mea-
sure their cortical aggregate amyloid-3 and collected
their annual assessments with the 30-item Geriatric
Depression Scale (GDS). They found that higher
amyloid- burden was associated with increasing
anxious-depressive symptoms over time in cogni-
tively normal older individuals [3]. Similarly, Mayo
Clinic Study of Aging (MCSA) enrolled in 1,627
participants who were non-demented and > 50 years
of age and conveyed NPS (neuropsychiatric inven-
tory questionnaire) assessment and amyloid-3 PET
neuroimaging. The study revealed that MCI with
amyloid-3 burden of the brain was associated with
an increased risk of having NPS as compared to
MCI without amyloid-3 burden [27]. As for the pos-
sible mechanism, it might be that the association
between anxiety and amyloid-3 deposition is medi-
ated by cognitive status. In other words, cognitive
status might act as a mediator on the relationship
between amyloid-3 and anxiety [28].

Investigation of the association between NPI-a
score and the tau biomarker category did not lead to
a discovery that baseline NPI-a score was associated
with more baseline tau deposition. Follow-up years’
investigation did not provide any evidence of the
hypothesis that individuals with baseline NPI-a posi-
tive situation had a faster increase of tau PET SUVRs.
According to previous studies, mixed findings were
reported for the association between anxiety and tau
biomarker. Our result is consistent with some previ-
ous research. One study indicated that levels of CSF
p-tau were not associated with severity of anxiety and
phobiasin AD dementia [29]. However, a study which
used the data from two large cohort studies, the Dutch
Prisoner Institute — ADNI, showed that higher levels
of CSF levels of p-tau were associated with the pres-
ence of anxiety [30]. Further association is needed to
investigate the association between anxiety and tau
marker.

With regard to the neurodegeneration biomarker
category, we showed that cross-sectional analyses
indicated the association between baseline NPI-a
score and FDG PET uptake. The observed result is
in accordance with a research of a cross-sectional
study of cognitively normal persons aged > 70 years

conducted by Mayo Clinic Study of Aging showing a
significant association between abnormal FDG-PET
and anxiety symptoms [31]. Longitudinal analyses
gave us an evidence that individuals with lower
FDG glucose metabolism level at baseline were more
possible to change from anxiety negative position
to the anxiety positive position. The Cox progres-
sion adjusted for baseline age, gender, education,
and APOE &4 revealed the longitudinal relationship
between anxiety and FDG glucose metabolism. Our
research was consistent with a research which used
the data from two large cohort studies, the Dutch
Parelsnoer Institute — ADNI, and showed that higher
levels of cerebrospinal fluid levels of t-tau were asso-
ciated with the presence of anxiety [30] (CSF t-tau is
regarded as a biomarker of neurodegeneration in AD
continuum [32]).

These findings depicted: the close relationships
of anxiety with amyloid-f3 deposition and neurode-
generation. These results also indicated that anxiety
symptom evaluated by NPI-a score may help predict
clinical progression in AD.

There were certain strengths in our study. Firstly,
the data was recruited from a relatively long follow-
up cohort collected from ADNI database and focused
on both cross-sectional and longitudinal analyses
based on reliable data. Secondly, our study elucidated
the association of symptom of anxiety and all of the
three of AD biomarkers, extending prior work by pro-
viding the evidence of what important role anxiety
might play in AD neuropathological changes from a
more comprehensive perspective. Thirdly, the indi-
viduals in the study were people without cognitive
impairment, which provided valuable evidence and
possible suggestions for diagnosing and interfering
with AD patients in a relatively early stage, espe-
cially meaningful considering the heavy burden and
irreversible course of AD after clinical onset.

There are limitations in this study. To begin with,
although the whole cohort is a relatively large one,
the data of NPI-a score is still too limited to separate
the participants into two different groups (cognitively
normal individuals and MClI individuals). As a result,
it was not possible for us to explore the role anxi-
ety played in the cognitively normal individuals who
might be in an earlier stage of AD. Another limita-
tion to our study was the lack of longitudinal data
for tau PET and NPI-a score; in other words, there
are not enough data of individuals with both tau PET
and NPI-a score data in the follow-up years, which
made the exploration of the association between anx-
iety and tau deposition not comprehensive. Further
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investigation should incorporate longitudinal data in
order to determine the association between anxiety
and tau.

CONCLUSIONS

Our finding suggested that non-dementia pop-
ulation with anxiety may have higher amyloid-3
deposition and more severe neurodegeneration. MCI
patients with anxiety symptom have a higher risk of
developing dementia. Cognitively unimpaired eld-
erly population with higher amyloid-B deposition
and more severe neurodegeneration may have a
higher risk of developing anxiety. To sum up, our
study supports that amyloid-3 deposition and neu-
rodegeneration may interact with anxiety symptoms
in non-dementia elderly. Among MCI individuals,
diagnosis of anxiety may help provide a possible indi-
cation of progression from MCI to dementia. Also,
early detection of AD pathology and approaches
taken may help slow down the anxiety symptom from
aggravating.

ACKNOWLEDGMENTS

This study was supported by grants from the
National Key R&D Program of China (2018YFC
1314702), Shanghai Municipal Science and Tech-
nology Major Project (No.2018SHZDZXO01) and
ZHANGIJIANG LAB, Tiangiao and Chrissy Chen
Institute, and the State Key Laboratory of Neuro-
biology and Frontiers Center for Brain Science of
Ministry of Education, Fudan University.

Data collection and sharing for this project was
funded by the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) (National Institutes of Health Grant
U01 AG024904) and DOD ADNI (Department of
Defense award number W81 XWH-12-2-0012). Data
used in the preparation for this article were derived
from the ADNI database (http://adni.loni.usc.edu/).
The authors express appreciation to contributors of
ADNI database. ADNI is funded by the National
Institute on Aging, the National Institute of Biomed-
ical Imaging and Bioengineering, and through
generous contributions from the following: AbbVie,
Alzheimer’s Association; Alzheimer’s Drug Discov-
ery Foundation; Araclon Biotech; BioClinica, Inc.;
Biogen; Bristol-Myers Squibb Company; CereSpir,
Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.;
Eli Lilly and Company; Eurolmmun; F. Hoffmann-
La Roche Ltd and its affiliated company Genentech,

Inc.; Fujirebio; GE Healthcare; IXICO Ltd.; Janssen
Alzheimer Immunotherapy Research & Develop-
ment, LLC.; Johnson & Johnson Pharmaceutical
Research & Development LLC.; Lumosity; Lund-
beck; Merck & Co., Inc.; Meso Scale Diagnostics,
LLC.; NeuroRx Research; Neurotrack Technolo-
gies; Novartis Pharmaceuticals Corporation; Pfizer
Inc.; Piramal Imaging; Servier; Takeda Pharmaceu-
tical Company; and Transition Therapeutics. The
Canadian Institutes of Health Research is provid-
ing funds to support ADNI clinical sites in Canada.
Private sector contributions are facilitated by the
Foundation for the National Institutes of Health
(http://www.fnih.org). The grantee organization is the
Northern California Institute for Research and Educa-
tion, and the study is coordinated by the Alzheimer’s
Therapeutic Research Institute at the University of
Southern California. ADNI data are disseminated by
the Laboratory for Neuro Imaging at the University
of Southern California.

Authors’ disclosures available online (https:/
www.j-alz.com/manuscript-disclosures/21-0020r2).

SUPPLEMENTARY MATERIAL

The supplementary material is available in the
electronic version of this article: https://dx.doi.org/
10:3233/JAD-210020.

REFERENCES

[11 Jack CR, Jr., Knopman DS, Jagust WJ, Petersen RC,
Weiner MW, Aisen PS, Shaw LM, Vemuri P, Wiste HJ,
Weigand SD, Lesnick TG, Pankratz VS, Donohue MC, Tro-
janowski JQ (2013) Tracking pathophysiological processes
in Alzheimer’s disease: An updated hypothetical model of
dynamic biomarkers. Lancet Neurol 12, 207-216.

[2] 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, Siemers E, Stern Y,
Yaffe K, Carrillo MC, Thies B, Morrison-Bogorad M, Wag-
ster MV, Phelps CH (2011) Toward defining the preclinical
stages of Alzheimer’s disease: Recommendations from the
National Institute on Aging-Alzheimer’s Association work-
groups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement 7, 280-292.

[3] Donovan NJ, Locascio JJ, Marshall GA, Gatchel J,
Hanseeuw BJ, Rentz DM, Johnson KA, Sperling RA (2018)
Longitudinal association of amyloid beta and anxious-
depressive symptoms in cognitively normal older adults.
Am J Psychiatry 175, 530-537.

[4] NgKP, Pascoal TA, Mathotaarachchi S, Chung CO, Benedet
AL, Shin M, Kang MS, Li X, Ba M, Kandiah N, Rosa-Neto
P, Gauthier S (2017) Neuropsychiatric symptoms predict
hypometabolism in preclinical Alzheimer disease. Neurol-
ogy 88, 1814-1821.

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590

592
593
594
595
596
597


http://adni.loni.usc.edu/
http://www.fnih.org
https://www.j-alz.com/manuscript-disclosures/21-0020r2
https://dx.doi.org/10.3233/JAD-210020

598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662

10

(51

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

W.-J. Cai et al. / Associations of Anxiety with Amyloid, Tau, and Neurodegeneration

Mortby ME, Black SE, Gauthier S, Miller D, Porsteinsson
A, Smith EE, Ismail Z (2018) Dementia clinical trial impli-
cations of mild behavioral impairment. Int Psychogeriatr
30, 171-175.

Becker E, Orellana Rios CL, Lahmann C, Riicker G, Bauer
J, Boeker M (2018) Anxiety as a risk factor of Alzheimer’s
disease and vascular dementia. Br J Psychiatry 213, 654-
660.

Mah L, Binns MA, Steffens DC, Alzheimer’s Disease Neu-
roimaging Initiative (2015) Anxiety symptoms in amnestic
mild cognitive impairment are associated with medial tem-
poral atrophy and predict conversion to Alzheimer disease.
Am J Geriatr Psychiatry 23, 466-476.

Ehrenberg AJ, Suemoto CK, Franca Resende EP, Petersen
C, Leite REP, Rodriguez RD, Ferretti-Rebustini REL, You
M, OhJ, Nitrini R, Pasqualucci CA, Jacob-Filho W, Kramer
JH, Gatchel JR, Grinberg LT (2018) Neuropathologic cor-
relates of psychiatric symptoms in Alzheimer’s disease. J
Alzheimers Dis 66, 115-126.

Ramakers IH, Verhey FR, Scheltens P, Hampel H, Soininen
H, Aalten P, Rikkert MO, Verbeek MM, Spiru L, Blennow
K, Trojanowski JQ, Shaw LM, Visser PJ, Alzheimer’s Dis-
ease Neuroimaging Initiative and DESCRIPA Investigators
(2013) Anxiety is related to Alzheimer cerebrospinal fluid
markers in subjects with mild cognitive impairment. Psychol
Med 43, 911-920.

Krell-Roesch J, Lowe VJ, Neureiter J, Pink A, Roberts RO,
Mielke MM, Vemuri P, Stokin GB, Christianson TJ, Jack
CR, Knopman DS, Boeve BF, Kremers WK, Petersen RC,
Geda YE (2018) Depressive and anxiety symptoms and cor-
tical amyloid deposition among cognitively normal elderly
persons: The Mayo Clinic Study of Aging. Int Psychogeriatr
30, 245-251.

Lussier FZ, Pascoal TA, Chamoun M, Therriault J, Tissot
C, Savard M, Kang MS, Mathotaarachchi S, Benedet AL,
Parsons M, Qureshi MNI, Thomas EM, Shin M, Dion LA,
Massarweh G, Soucy JP, Tsai IH, Vitali P, Ismail Z, Rosa-
Neto P, Gauthier S (2020) Mild behavioral impairment is
associated with beta-amyloid but not tau or neurodegener-
ation in cognitively intact elderly individuals. Alzheimers
Dement 16, 192-199.

Petersen RC, Doody R, Kurz A, Mohs RC, Morris JC,
Rabins PV, Ritchie K, Rossor M, Thal L, Winblad B (2001)
Current concepts in mild cognitive impairment. Arch Neurol
58, 1985-1992.

Chang YL, Bondi MW, McEvoy LK, Fennema-Notestine
C, Salmon DP, Galasko D, Hagler DJ, Jr., Dale AM
(2011) Global clinical dementia rating of 0.5 in. MCI
masks variability related to level of function. Neurology 76,
652-659.

Cummings JL, Mega M, Gray K, Rosenberg-Thompson
S, Carusi DA, Gornbein J (1994) The Neuropsychiatric
Inventory: Comprehensive assessment of psychopathology
in dementia. Neurology 44, 2308-2314.

Ismail Z, Mortby ME (2017) Cognitive and neuropsychi-
atric screening tests in older adults. In Mental Health and
Illness of the Elderly, Chiu H, Shulman K, eds. Springer
Singapore, Singapore, pp. 1-26.

Porter VR, Buxton WG, Fairbanks LA, Strickland T,
O’Connor SM, Rosenberg-Thompson S, Cummings JL
(2003) Frequency and characteristics of anxiety among
patients with Alzheimer’s disease and related dementias.
J Neuropsychiatry Clin Neurosci 15, 180-186.

Travis Seidl JN, Massman PJ (2016) Cognitive and func-
tional correlates of NPI-Q scores and symptom clusters in

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

mildly demented Alzheimer patients. Alzheimer Dis Assoc
Disord 30, 145-151.

Musa G, Henriquez F, Muiioz-Neira C, Delgado C, Lillo P,
Slachevsky A (2017) Utility of the Neuropsychiatric Inven-
tory Questionnaire (NPI-Q) in the assessment of a sample
of patients with Alzheimer’s disease in Chile. Dement Neu-
ropsychol 11, 129-136.

Mormont E, Jamart J, Jacques D (2014) Symptoms of
depression and anxiety after the disclosure of the diagno-
sis of Alzheimer disease. J Geriatr Psychiatry Neurol 27,
231-236.

Burhanullah MH, Tschanz JT, Peters ME, Leoutsakos JM,
MatyiJ, Lyketsos CG, Nowrangi MA, Rosenberg PB (2020)
Neuropsychiatric symptoms as risk factors for cognitive
decline in clinically normal olderadults: The Cache County
Study. Am J Geriatr Psychiatry 28, 64-71.

Somme J, Fernandez-Martinez M, Molano A, Zarranz JJ
(2013) Neuropsychiatric symptoms in amnestic mild cog-
nitive impairment: Increased risk and faster progression to
dementia. Curr Alzheimer Res 10, 86-94.

Hynninen MJ, Breitve MH, Rongve A, Aarsland D, Nord-
hus IH (2012) The frequency and correlates of anxiety in
patients with first-time diagnosed mild dementia. Int Psy-
chogeriatr 24, 1771-1778.

Joshi AD, Pontecorvo MJ, Clark CM, Carpenter AP, Jen-
nings DL, Sadowsky CH, Adler LP, Kovnat KD, Seibyl
JP, Arora A, Saha K, Burns JD, Lowrey MJ, Mintun
MA, Skovronsky DM (2012) Performance characteristics
of amyloid PET with florbetapir F 18 in patients with
alzheimer’s disease and cognitively normal subjects. J Nucl
Med 53, 378-384.

Jack CR, Jr.; Wiste HJ, Weigand SD, Therneau TM, Lowe
VIJ, Knopman DS, Gunter JL, Senjem ML, Jones DT,
Kantarci K, Machulda MM, Mielke MM, Roberts RO,
Vemuri P, Reyes DA, Petersen RC (2017) Defining imag-
ing biomarker cut points for brain aging and Alzheimer’s
disease. Alzheimers Dement 13, 205-216.

Jack CR, Jr., Wiste HJ, Therneau TM, Weigand SD, Knop-
man DS, Mielke MM, Lowe VJ, Vemuri P, Machulda
MM, Schwarz CG, Gunter JL, Senjem ML, Graff-Radford
J, Jones DT, Roberts RO, Rocca WA, Petersen RC
(2019) Associations of amyloid, tau, and neurodegenera-
tion biomarker profiles with rates of memory decline among
individuals without dementia. JAMA 321, 2316-2325.
Landau SM, Harvey D, Madison CM, Reiman EM, Fos-
ter NL, Aisen PS, Petersen RC, Shaw LM, Trojanowski
JQ, Jack CR, Jr., Weiner MW, Jagust WJ (2010) Compar-
ing predictors of conversion and decline in mild cognitive
impairment. Neurology 75, 230-238.

Krell-Roesch J, Vassilaki M, Mielke MM, Kremers WK,
Lowe VI, Vemuri P, Machulda MM, Christianson TJ, Syr-
janen JA, Stokin GB, Butler LM, Traber M, Jack CR,
Jr., Knopman DS, Roberts RO, Petersen RC, Geda YE
(2019) Cortical B-amyloid burden, neuropsychiatric symp-
toms, and cognitive status: The Mayo Clinic Study of Aging.
Transl Psychiatry 9, 123.

Banning LCP, Ramakers I, Deckers K, Verhey FRJ, Aal-
ten P (2019) Affective symptoms and AT(N) biomarkers
in mild cognitive impairment and Alzheimer’s disease: A
systematic literature review. Neurosci Biobehav Rev 107,
346-359.

Engelborghs S, Maertens K, Vloeberghs E, Aerts T, Somers
N, Marién P, De Deyn PP (2006) Neuropsychological and
behavioural correlates of CSF biomarkers in dementia. Neu-
rochem Int 48, 286-295.



728
729
730
731
732
733
734
735
736
737
738
739

[30]

[31]

W.-J. Cai et al. / Associations of Anxiety with Amyloid, Tau, and Neurodegeneration 11

Banning LCP, Ramakers I, Kohler S, Bron EE, Verhey FRJ,
de Deyn PP, Claassen J, Koek HL, Middelkoop HAM, van
der Flier WM, van der Lugt A, Aalten P (2020) The associ-
ation between biomarkers and neuropsychiatric symptoms
across the Alzheimer’s disease spectrum. Am J Geriatr Psy-
chiatry 28, 735-744.

Krell-Roesch J, Ruider H, Lowe VJ, Stokin GB, Pink A,
Roberts RO, Mielke MM, Knopman DS, Christianson TJ,
Machulda MM, Jack CR, Petersen RC, Geda YE (2016)
FDG-PET and neuropsychiatric symptoms among cogni-
tively normal elderly persons: The Mayo Clinic Study of
Aging. J Alzheimers Dis 53, 1609-1616.

[32]

Jack CR, Jr., Bennett DA, Blennow K, Carrillo MC, Dunn B,
Haeberlein SB, Holtzman DM, Jagust W, Jessen F, Karlaw-
ishJ, Liu E, Molinuevo JL, Montine T, Phelps C, Rankin KP,
Rowe CC, Scheltens P, Siemers E, Snyder HM, Sperling R,
Contributors (2018) NIA-AA Research Framework: Toward
a biological definition of Alzheimer’s disease. Alzheimers
Dement 14, 535-562.

740
741
742
743
744
745
746



