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of Minimal Depressive Symptoms With Cognitive
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Wei Xu, Wei Feng, Xue-Ning Shen, Yan-Lin Bi, Ya-Hui Ma, Jie-Qiong Li, Qiang Dong, and
Lan Tan, for the Alzheimer’s Disease Neuroimaging Initiative, and Jin-Tai Yu
ISS
ABSTRACT
BACKGROUND: The relationship between depression and Alzheimer’s disease (AD) is complex and still not well
understood. We aimed to examine the roles of the AD core pathologies in modulating the associations of minimal
depressive symptoms (MDSs) with cognitive impairments.
METHODS: A total of 721 participants who had measures of cognition, depressive symptoms, and cerebrospinal fluid
AD biomarkers were included from the CABLE (Chinese Alzheimer’s Biomarker and LifestylE) study. Causal mediation
analyses with 10,000 bootstrapped iterations were conducted to explore the mediation effects of AD pathologies on
cognition. The ADNI (Alzheimer’s Disease Neuroimaging Initiative) was used 1) to replicate the mediation effects and
2) to examine the longitudinal relationships of MDSs with amyloid pathology and incident AD risk.
RESULTS: In CABLE, MDSs were associated with poorer global cognition (p = .006) and higher amyloid burden as
indicated by cerebrospinal fluid amyloid markers (p , .0001). The influence of MDSs on cognition was partially
mediated by amyloid pathology (a maximum of 85%). The mediation effects were replicated in 725 elderly persons
without dementia (age, mean 6 SD = 73.5 6 6.9 years; 301 female subjects [42%]) in ADNI, such that the mediation
percentage varied from 10% to 30% for general cognition, memory, and executive functions. Longitudinal analyses
revealed a bidirectional relationship between MDSs and amyloid pathology (p = .01). MDSs were associated with 83%
increased risk of developing AD dementia (hazard ratio = 1.83, p , .01).
CONCLUSIONS: Overall, amyloid pathology might partially mediate and magnify the influences of MDSs on cognitive
impairments and AD risk.
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Alzheimer’s disease (AD) is pathologically characterized by
aberrant amyloid deposition and tau phosphorylation, and it
manifests clinically as cognitive and behavioral impairments.
Neuropsychiatric symptoms (NPSs) in nondementia stage
were associated with an increased risk of AD (1,2), suggesting
that NPSs could be promising intervention targets for primary
prevention. As common NPSs in older adults without demen-
tia, depressive symptoms were proposed to be markers for
prognostic utility of AD (3). Nonetheless, the causal relation-
ship between depressive symptoms and AD has long been
disputed. Recently, it was proposed that there were reverse
causal relationships between depression and AD core bio-
markers (4,5). It was shown that individuals with mild cognitive
impairment (MCI) with cerebral amyloid-b (Ab) burden had a
higher risk of having depression compared with those without
Ab burden (5,6). However, another two cross-sectional studies
reported no significant correlations between depression and
Ab pathology in nondementia samples (4,7). A longitudinal
study by Donovan et al. found that higher Ab burden was
N: 0006-3223
associated with increased anxious-depressive symptoms over
time in older adults without cognitive impairment (8). Instead,
Perin et al. reported that incident risk of depression was not
increased in Ab-positive cognitively normal adults (9). Eluci-
dating the causal relationships of depressive symptoms with
AD core pathology can not only provide clues for molecular
pathways linking depression to AD but help clarify whether
depressive symptoms could be a good target for intervention
or prevention strategies to reduce AD risk.

In the natural course of depressive symptoms, individuals
could experience a range of effects, from “minimal symptoms”
to “subclinical symptoms” to major depression (10–12). In-
vestigators have shown that subclinical or major depression
could significantly elevate the risk of cognitive impairments or
AD (13). However, how minimal depressive symptoms (MDSs),
a more common but readily neglected phenomenon, could
contribute to AD has not been a subject of much study. In
addition, although depressive symptoms and amyloid burden
were revealed to contribute to cognitive decline independently
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(14,15), it is still disputable whether amyloid could modulate
the relationships of depressive symptoms with cognitive
functions (14–16). Herein, we aimed 1) to explore the re-
lationships of MDSs with cognition, cerebrospinal fluid (CSF)
AD biomarkers, and AD risk; 2) to test whether the influences of
MDS on cognition were mediated by AD core pathology; these
analyses were conducted based on the CABLE (Chinese Alz-
heimer’s Biomarker and LifestylE) study and ADNI (Alzheimer’s
Disease Neuroimaging Initiative); and 3) to examine the longi-
tudinal associations between MDSs and amyloid pathology to
reflect the causal relationship.

METHODS AND MATERIALS

Participants

A total of 721 adults without dementia who were northern Han
Chinese were gathered from the CABLE study (17). Since
2017, CABLE has been a large-scale study aiming to explore
AD’s risk factors and biomarkers in the Han Chinese popula-
tion. Participants were recruited from Qingdao Municipal
Hospital, Shandong, China. Inclusion criteria comprised 1) self-
reported Han Chinese in origin and 2) age between 40 and 90
years. The exclusion criteria were 1) major neurological disor-
ders, such as infection, trauma, epilepsy, or multiple sclerosis;
2) major psychological disorders, such as major depressive
disorder or general anxiety disorder; 3) malignant tumors; and
4) genetic disorders. All participants underwent neuropsycho-
logical examinations and biological sample (blood and CSF
sample) collection by doctors with standardized training via a
structured questionnaire and an electronic medical record
system. The CABLE study was approved by the institutional
review board of Qingdao Municipal Hospital, and written
informed consent was obtained from all participants or their
guardians in accordance with the Declaration of Helsinki.

To validate the findings from CABLE and to test the causal
relationships, data from 932 adults without dementia were
downloaded from the ADNI database (adni.loni.usc.edu). ADNI
is designed to test clinical, imaging, genetic, and biochemical
biomarkers of AD. The participants are adults aged 55 to 90
years. Detailed information can be found at http://www.adni-
info.org (18–20). Each ADNI participant underwent an in-
person interview for health and neuropsychological assess-
ments at baseline and at annual follow-up (Figure S1). To
exclude those diagnosed with depression, baseline diagnosis
information in medical history and medication records was
searched, with terms including “depression” and “depress.”
Finally, 207 participants who were found to have current
depression at baseline were excluded, leaving 725 participants
for analyses. The ADNI was approved by institutional review
boards of all participating institutions, and written informed
consent was obtained from all participants or their guardians
according to the Declaration of Helsinki.

Measurement of Neuropsychiatric Symptoms

To assess the depressive symptoms of participants, the 17-
item version of the Hamilton Depression Rating Scale and
the Geriatric Depression Scale were employed in CABLE and
ADNI, respectively. Participants were categorized according to
their scores into a normal group (absence of symptoms) and an
2 Biological Psychiatry - -, 2020; -:-–- www.sobp.org/journal
MDS group. MDSs were defined by a Hamilton Depression
Rating Scale score $ 1 and # 7 in CABLE or a Geriatric
Depression Scale score $ 1 and # 7 in ADNI, in accordance
with previous publications (10–12). As for the evaluation of
anxiety symptoms, Hamilton Anxiety Rating Scale was used in
CABLE. The records about scores of Neuropsychiatric In-
ventory (Neuropsychiatric Inventory file) or Neuropsychiatric
Inventory Questionnaire (Neuropsychiatric Inventory-Q file)
were downloaded from ADNI. Minimal anxiety symptoms
(MASs) were defined by a score $ 1 and , 7 on the Hamilton
Anxiety Rating Scale in CABLE.
Cognitive Measures

In CABLE, a Chinese version of the Mini-Mental State Exami-
nation (MMSE) was used to assess the global cognitive func-
tion. In ADNI, cognitive functions were examined using multiple
scales, including the global cognition by MMSE and the
cognitive section of Alzheimer’s Disease Assessment Scale
and cognitive domains (executive and memory functions) by
reviewing the neuropsychological batteries to identify items
that could be considered indicators of these two domains
(21,22).
Measurements of CSF AD Biomarkers

In CABLE, CSF was collected by lumbar puncture into 10-mL
polypropylene tubes that were then sent to the lab within 2
hours. CSF were centrifuged at 2000g for 10 minutes. Before
testing, the thaw/freezing cycle was controlled not to surpass 2
cycles. CSF levels of Ab1–42, Ab1–40, tau, and phosphorylated
tau181 (p-tau181) were determined with the enzyme-linked
immunosorbent assay kit (Innotest; Fujirebio, Ghent, Belgium)
on the microplate reader (Multiskan MK3; Thermo Fisher Sci-
entific, Waltham, MA). The within-batch precision values were
,5% for all proteins. The interbatch coefficients of variation
were , 15% (9% for Ab1–42, 3.6% for Ab1–40, 12.2% for tau,
and 10.9% p-tau181). Ab42 was expressed as ratio to Ab40 to
assess the pathologic species while accounting for individual
differences in amyloid production. Total tau (t-tau) and p-tau181
were expressed in ratio to Ab42 because they were reported as
better predictors of cerebral Ab deposition (23,24) and cogni-
tive decline (25–28) than those expressed alone.

In ADNI, CSF procedural protocols have been described
previously (29). In brief, CSF Ab1–42, tau, and p-tau181 con-
centrations (pg/mL) were measured using the INNO-BIA Alz-
Bio3 immunoassay (Innogenetics-Fujirebio, Ghent, Belgium).
The within-batch precision values were ,10% (5.1%–7.8% for
Ab1–42, 4.4%–9.8% for tau, and 5.1%–8.8% for p-tau181).
Meanwhile, CSF AD core biomarkers were analyzed by an
evolving technology called electrochemiluminescence immu-
noassays (Elecsys; Roche Diagnostics, F. Hoffmann-La
Roche, Basel, Switzerland) on a fully automated Elecsys
cobas e 601 instrument (F. Hoffmann-La Roche) (provided in
UPENNBIOMK9.csv file). These measurements are for
explorative research use only. We used these data for sensi-
tivity analyses to lower the measurement bias. The CSF
biomarker statuses established by these cutoffs were proven
to be highly concordant with positron emission tomography
(PET) classification in ADNI (30). The participant had
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assessments of these CSF biomarkers at baseline and at
annual follow-up.

APOE ε4 Genotyping

DNA was extracted from overnight fasting blood samples with
the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) and
amplified by the polymerase chain reaction with forward
primers 50-ACGGCTGTCCAAGGAGCTG-30 (rs429358) and 50-
CTCCGCGATGCCGATGAC-30 (rs7412). The extracted DNA
was separated and stored at 280�C until the APOE ε4
genotyping was performed via restriction fragment length
polymorphism technology.

Statistical Analyses

R software version 3.5.1 (R Foundation for Statistical
Computing, Vienna, Austria) and GraphPad Prism version 7.00
(GraphPad Software, San Diego, CA) were used for statistical
analyses and figure preparation. A p value , .05 was consid-
ered significant except where specifically noted. We used c2

tests (for categorical variables) and Mann-Whitney U test (for
continuous variables) to test the difference of baseline char-
acteristics. The values of dependent variables in linear
regression models were normalized using the “car” package in
R software.

First, we tested the relationships of MDSs with cognition
and cerebrospinal fluid (CSF) AD biomarkers. CABLE partici-
pants were categorized into four groups: normal, only MASs,
only MDSs, and MDSs plus MASs. Linear regressions were
used to explore the cross-sectional relationships of MDSs
(independent variable) with CSF AD biomarkers and global
cognition (continuous, dependent variables). Interaction ana-
lyses for sex and APOE ε4 status were performed to investi-
gate whether strata effects existed (p , .1), in which cases
stratified analyses were performed. Furthermore, the relation-
ship between MDSs and incident probable AD was studied by
calculating cumulative incidence by the Kaplan-Meier method.
Hazard ratio with 95% confidence interval was estimated using
the time-dependent Cox proportional hazards model. In-
dividuals who did not develop AD or who were lost to follow-up
were censored at the time of their last evaluation. The
dependent measure was time from entry into the cohort to AD
diagnosis. The “lm,” “survival,” “ggplot2,” “ggpubr,” “magrittr,”
and “survminer” packages in R version 3.5.1 software were
used to conduct the above analyses.

Next, to examine whether the association between MDSs
and cognition was mediated by AD pathology, linear regres-
sion models were fitted based on the methods proposed by
Baron and Kenny (31). The first equation regressed the medi-
ator (CSF AD biomarkers) on the independent variable (MDSs).
The second equation regressed the dependent variable
(cognitive score) on the independent variable. Considering the
close relationship between cognitive score and clinical diag-
nosis (MCI vs. healthy control subjects [HC]), diagnosis was
not included as a covariate in the analyses with MMSE as the
dependent variable. The third equation regressed the depen-
dent variable on both the independent variable and the medi-
ator variable. Mediation effects were established if the
following criteria were simultaneously reached: 1) MDSs were
significantly related to CSF AD biomarkers; 2) MDSs were
B

significantly related to cognitive measures; 3) CSF AD bio-
markers were significantly related to cognitive measures; and
4) the association between MDSs and cognition was attenu-
ated when CSF AD biomarkers (the mediator) were added in
the regression model. Furthermore, the attenuation or indirect
effect was estimated, with the significance determined using
10,000 bootstrapped iterations, where each path of the model
was controlled for age, sex, education, and APOE ε4 status.
The “lm,” “mediate,” and “car” packages in R version 3.5.1
software were used to perform the above analyses.

Finally, the linear mixed-effects models were used to depict
the longitudinal relationship between MDSs and amyloid
markers. Specifically, we separately treated amyloid deposi-
tion (Geriatric Depression Scale score as the dependent vari-
able) and MDSs (CSF AD biomarkers as the dependent
variable) as independent variables. Participants with CSF
Ab1–42 concentration , 976.6 pg/mL as measured by Elecsys
were considered A positive (A1) and otherwise A negative
(A2). The CSF biomarker status established by the cutoff was
proven to be highly concordant with PET classification in ADNI
(30). The linear mixed-effects models had random intercepts
and slopes for time and an unstructured covariance matrix for
the random effects, and they included the interaction between
time (continuous) and the dependent variable (A1 vs. A2 or
MDSs vs. normal) as a predictor. Covariates include age, sex,
education, and APOE ε4 status in all analyses. The “nlme,”
“ggplot2,” and “car” packages in R version 3.5.1 software were
used to conduct the above analyses.

RESULTS

Characteristics of Participants

As for CABLE, a total of 721 individuals (505 HC and 216 MCI)
free of dementia and major psychological diseases were
included. The mean age of the study sample was 62.4 (610.3)
years, and 58.4% were female. Participants with MDSs tended
to be male and APOE ε4 positive, and they had lower global
cognition measures and higher burden of cerebral amyloid
deposition (Table 1). As for ADNI, a total of 725 individuals
without dementia (295 HC and 430 MCI) or depression were
included. The study sample was older (mean age, 73.5 years)
and had more educational years (mean, 16.1 years) than CA-
BLE participants. Individuals with MDSs tended to be female
and younger. Similarly, they also had lower cognitive scores
and higher cerebral amyloid burden by CSF markers (Table 1).

Associations of MDSs With Cognitive Measures and
CSF AD Biomarkers

In the CABLE sample, individuals with more depressive or
anxiety symptoms had lower global cognitive measures and
greater cerebral amyloid deposition, as indicated by lower
levels of Ab1–42 and Ab1–42/Ab1–40, and higher ratios of p-tau/
Ab1–42 and tau181/Ab1–42 (Table S1). The associations
remained significant after controlling for age, sex, education,
APOE ε4 status, and cognitive score. No potential interaction
effect due to sex or APOE ε4 status was found (p . .1).

Given that a significant positive correlation between
depressive symptoms and anxiety symptoms exists (p , 2.23

10216), we conducted secondary analyses that categorized the
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Table 1. Characteristics of Participants in CABLE and ADNI

Characteristic

CABLE

p Valueb
ADNIa

p ValuebTotal Normal MDSsa Total Normal MDSs

n 721 595 126 – 725 265 460 –

Age, Years, Mean 6 SD 62.4 6 10.3 62.2 6 10.2 63.0 6 10.7 .36 73.5 6 6.9 74.2 6 6.3 73.0 6 7.2 .04

Sex, nMale/nFemale 300/421 239/356 65/61 .02 289/436 150/115 139/321 ,.0001

Education, Years, Mean 6 SD 9.7 6 4.4 9.7 6 4.4 9.3 6 4.5 .49 16.1 6 2.7 16.3 6 2.6 16.1 6 2.8 .33

Positive APOE ε4 Carrier Status,
n (%)

112 (15.4) 101 (17.0) 11 (7.9) .01 301 (41.5) 97 (36.6%) 204 (44.3%) .04

MMSE Score, Mean 6 SD 27.2 6 3.2 27.3 6 3.0 26.4 6 3.9 ,.01 28.2 6 1.8 28.5 6 1.6 28.0 6 1.9 .002

ADAS Score, Mean 6 SD – – – – 13.4 6 6.8 11.9 6 6.5 14.3 6 6.9 ,.0001

MEM, Mean 6 SD – – – – 0.52 6 0.76 0.72 6 0.77 0.40 6 0.73 ,.0001

EF, Mean 6 SD – – – – 0.45 6 0.85 0.63 6 0.87 0.35 6 0.82 ,.0001

Depressive Symptomsc 0 (0–0) 0 (0–0) 2 (1–3) ,.0001 1.24 6 1.32 0.00 6 0.00 1.96 6 1.16 ,.0001

CSF AD Biomarkers and Ratios, Mean 6 SD

Ab42 152.1 6 61.5 157.6 6 62.6 126.2 6 48.6 ,.0001 183.4 6 53.9 191.3 6 55.0 178.8 6 52.8 .003

Ab40 6187 6 2550 6155 6 2515 6338 6 2716 .42 – – – –

P-tau 37.6 6 8.8 37.6 6 9.0 37.4 6 8.2 .72 36.4 6 21.3 35.0 6 19.7 37.2 6 22.1 .24

Tau 172.2 6 68.4 172.9 6 69.1 168.5 6 65.3 .69 82.2 6 48.6 76.3 6 40.3 85.6 6 52.5 .06

Ab42/Ab40 ratio 0.028 6 0.013 0.028 6 0.012 0.024 6 0.016 ,.0001 – – – –

P-tau/Ab42 ratio 0.271 6 0.091 0.261 6 0.087 0.318 6 0.095 ,.0001 0.24 6 0.19 0.46 6 0.35 0.57 6 0.48 ,.01

Tau/Ab42 ratio 1.230 6 0.573 1.187 6 0.547 1.434 6 0.646 ,.0001 0.53 6 0.44 0.22 6 0.17 0.25 6 0.20 .04

ADAS, Alzheimer’s Disease Assessment Scale; ADNI, Alzheimer’s Disease Neuroimaging Initiative; CABLE, Chinese Alzheimer’s Biomarker and
Lifestyle Study; CSF, cerebrospinal fluid; EF, executive function; GDS, Geriatric Depression Scale; HAMD, Hamilton Depression Rating Scale;
MDSs, minimal depressive symptoms; MEM, memory function; MMSE, Mini-Mental State Examination; p-tau, phosphorylated tau.

aMDSs was defined as 1 # HAMD score # 7 in CABLE and 1 # GDS score # 7 in ADNI.
bThe significance of difference among groups was examined by the Mann-Whitney U test (for continuous variables) and Pearson’s c2 test (for

categorical variables).
cHAMD (median, 25% & 75% percentile) was used in CABLE and GDS (mean 6 SD) was used in ADNI to evaluate the depressive symptoms.
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total sample into four subgroups: normal group, MAS-only
group, MDS-only group, and a group with both minimal
depressive and anxiety symptoms. We found that the burden
of cerebral amyloid deposition was significantly higher in the
MDS and MDS1MAS groups, but not in the MAS group,
compared with their HC counterparts (Figure 1A–D). Moreover,
the association with MDSs remained significant after adjusting
for MASs, whereas the association with minimal anxiety dis-
appeared after adjusting for MDSs (Table S1). All the above
findings suggested that MDSs, but not minimal anxiety, were
an independent contributor to amyloid pathology. No signifi-
cant association with CSF tau proteins was found (Table 2).

Causal Mediation Analyses

The above findings suggested that MDSs were not only a
significant risk factor for cognitive impairment, but also a po-
tential modulator of amyloid pathology. We next investigated
whether MDSs contribute to cognitive impairments via
modulating amyloid pathology. We found that the relationship
between MDSs and global cognitive impairment was mediated
by amyloid pathology, including Ab42/Ab40 (Figure 2A), p-tau/
Ab42 (Figure 2B), and tau/Ab42 (Figure 2C). The effect was
considered partial mediation with the proportion of mediation
varying from 6.4% to 85%.

Replication in ADNI

The mediation effects were further replicated in ADNI. In
the first regression, MDSs were significantly associated
4 Biological Psychiatry - -, 2020; -:-–- www.sobp.org/journal
with higher levels of CSF Ab42 (p = .016) and tau/Ab42
(p = .012). In the second equation, MDSs showed a sig-
nificant association with poorer global cognition measured
by the Alzheimer’s Disease Assessment Scale (p = .03).
Finally, in the third equation, when the amyloid indicator
and MDSs were simultaneously included in the model, the
influences of depression on global cognition remained but
were significantly attenuated. Overall, we found that the
relationship between MDSs and global cognitive impair-
ment was partially mediated by amyloid pathology,
including Ab42 (Figure 2D), and tau/Ab42 (Figure 2E), but
not p-tau/Ab42 (Figure 2F). Besides, similar results were
concluded for global cognition and cognitive domains,
including memory and executive functions (Figure 3). The
proportion of mediation varied from 1% to 26% (p , .05).
The above associations did not change after further add-
ing anxiety score as a covariate. Moreover, the analyses
using Elecsys assay data further validated the above
findings, such that the relationships between MDSs and
cognitive measures, including global cognition (propor-
tion = 10%–20%), memory function (proportion = 15%–

25%), and executive function (proportion = 15%–25%),
were mediated by amyloid pathologies, indicated by CSF
levels of Ab42 (Figure S2A), tau/Ab42 (Figure S2B), and p-
tau/Ab42 (Figure S2C).

These findings further supported the hypothesis that am-
yloid pathology could at least partially modulate the in-
fluences of depressive symptoms on cognitive functions. To
verify this “mediation effect” hypothesis, we conducted

http://www.sobp.org/journal


Figure 1. Associations of depression and anxiety symptoms with cerebrospinal fluid indicators of amyloid deposition. We categorized the total sample into
four subgroups: normal group (NG), minimal depressive symptoms–only (MDS), minimal anxiety symptoms–only (MAS), and a combination of both MDS and
MAS (MDS1MAS). We found that cerebrospinal fluid indicators of cerebral amyloid deposition, including (A) amyloid b 42 (Abeta42), (B) amyloid b 42/amyloid
b 40 ratio (Abeta42/40), (C) phosphorylated tau/amyloid b 42 (Ptau/Abeta42) ratio, and (D) tau/amyloid b 42 (Tau/Abeta42) ratio, were significantly higher in the
MDS and MDS1MAS groups, but not in the MAS group, compared with those of their normal counterparts. ns, nonsignificant.
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subgroup analyses according to Ab pathological status (A1
vs. A2). As expected, the influences of MDS on cognition
were only significant or much stronger in the A1 group
(Table S2).
Table 2. The Associations of Minimal Depressive and Anxiety S

Dependent Variable n Effect Ab42 P-tau

MDSs Only 51 b 22.93 3 1024 2.43 3 1023

p Value 1.14 3 1025a 6.42 3 1021

MASs Only 55 b 24.87 3 1025 6.20 3 1024

p Value 4.48 3 1021 9.02 3 1021

MDSs Plus MASs 75 b 23.48 3 1024 23.98 3 1023

p Value 9.10 3 10210a 3.68 3 1021

All models were adjusted for age, sex, education, APOE ε4 status, and
Ab, amyloid b; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; MASs

tau, phosphorylated tau.
aStatistically significant.

B

Longitudinal Relationship Between MDSs and
Amyloid Pathology

A total of 686 and 724 individuals were respectively included to
explore the longitudinal relationship between MDSs and
ymptoms With CSF AD Biomarkers

Tau Ab42/Ab40 Tau/Ab42 P-tau/Ab42

22.28 3 1023 21.53 3 1021 1.41 3 1021 2.01 3 1021

5.67 3 1021 1.31 3 1022a 9.27 3 1023a 2.15 3 1025a

24.18 3 1023 25.83 3 1023 23.86 3 1022 2.40 3 1022

2.78 3 1021 9.22 3 1021 4.62 3 1021 5.98 3 1021

23.20 3 1023 22.34 3 1021 1.77 3 1021 2.05 3 1021

3.42 3 1021 7.83 3 1026a 1.26 3 1024a 3.17 3 1027a

diagnosis at baseline.
, minimal anxiety symptoms; MDSs, minimal depressive symptoms; p-

iological Psychiatry - -, 2020; -:-–- www.sobp.org/journal 5
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Figure 2. Mediation analyses with Mini-Mental State Examination (MMSE) as cognitive outcome. In CABLE (Chinese Alzheimer’s Biomarker and Lifestyle
Study), the relationship between minimal depressive symptoms (MDSs) and global cognitive impairment was mediated by amyloid pathology indicated by (A)
amyloid b 42/amyloid b 40 ratio (Abeta42/40), (B) phosphorylated tau/amyloid b 42 (Ptau/Abeta42), and (C) tau/amyloid b 42 (Tau/Abeta42) ratios. The above
findings were validated in ADNI (Alzheimer’s Disease Neuroimaging Initiative), indicated by (D) amyloid b 42 (Abeta42) and (E) Tau/Abeta42 ratio rather than
Ptau/Abeta42 (F). IE, indirect effect.
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amyloid pathology (Table S3). Compared with the A2 group,
individuals in the A1 group showed faster elevation of
depressive symptoms (b = .08, SE = .03, interaction with time
p = .006) (Figure 4A), after controlling for age, sex, education,
APOE ε4 status, and clinical diagnosis. Interestingly, we also
found that individuals with MDSs displayed faster elevation of
CSF tau/Ab42 levels (b = .018, SE = .008, interaction with time
p = .010) (Figure 4B), after controlling for age, sex, education,
APOE ε4 status, clinical diagnosis, and anxiety score.

MDSs and Incident AD Risk

In the cohort for incident AD dementia, 323 participants were
included (follow-up duration: mean 6 SD = 2.9 6 2.2 years;
maximum = 9 years; age, mean 6 SD = 75.1 6 6.9 years, 104
female subjects [32%]), among whom 120 participants (37%)
developed probable AD dementia. Compared with normal
participants, those with MDSs were associated with an
average of 83% increased risk of developing AD dementia
(hazard ratio = 1.83, 95% confidence interval = 1.18–2.83, p =
.007). The significance was compromised after adjusting for
age, sex, education, APOE ε4 status, and clinical diagnosis
(MCI vs. HC) (hazard ratio = 1.52, 95% confidence inter-
val = 0.97–2.39; p = .069) (Figure 4C).

DISCUSSION

The present study found that in adults without dementia 1) mild
depressive symptoms could significantly elevate the risk of
cognitive impairment and AD; 2) MDSs predicted greater ce-
rebral amyloid burden; 3) the influence of MDSs on cognition
was partially mediated by amyloid pathology; and 4) the causal
relationship between depressive symptoms and amyloid pa-
thology might be bidirectional. These findings consolidated the
close relationships of depressive symptoms with amyloid
6 Biological Psychiatry - -, 2020; -:-–- www.sobp.org/journal
pathology and cognition, supporting the hypothesis that af-
fective dysregulation domains of mild behavioral impairment,
as reflected by clusters of NPSs, represent early manifesta-
tions of preclinical AD (32,33).

Based on the above findings, it could also be reasonably
inferred that amyloid pathology could modulate the relation-
ship of depressive symptoms with cognition via at least two
ways: mediation effects or magnifying effects. For mediation
effects, MDSs lead to cognitive impairments by contributing to
cerebral amyloid deposition. The mediation effects were
replicated, but the percentage seemed different in two cohorts,
possibly because of the difference in measuring AD bio-
markers and depressive symptoms. For magnifying effects, the
deleterious impacts on cognitive impairments could be
magnified by a vicious cycle formed by MDSs and amyloid
pathology. These effects will finally increase the risk of AD
dementia (Figure 4D). Future studies are still warranted to
elucidate the temporal relationship for depressive symptoms,
amyloid abnormality in CSF, and amyloid deposition by PET.

Our results are consistent with recent findings from longi-
tudinal cohort studies that linked depression to amyloid pa-
thology in a population without dementia (7,8), in spite of some
negative findings based on cross-sectional design (4,7). The
Harvard Aging Brain Study enrolled 270 cognitively normal
elderly individuals who had baseline amyloid Pittsburgh com-
pound B PET measures and were assessed at follow-up for
depressive or anxiety symptoms by the Geriatric Depression
Scale. After a mean follow-up period of 3.8 years, it was found
that higher amyloid burden at baseline predicted emerging
depression-anxiety symptoms (8). Similarly, the Mayo Clinic
Study of Aging recruited 1038 HC individuals who underwent
Pittsburgh compound B PET scans and completed the Beck
Depression Inventory-II and Beck Anxiety Inventory. It also
observed an informative association between increased
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Figure 3. Mediation analyses with Alzheimer’s Disease Assessment Scale (ADAS) and cognitive domains as cognitive outcomes. The relationship between
minimal depressive symptoms (MDSs) and cognitive measures, including (A–C) global cognition measured by ADAS as well as (D–F) cognitive domain of
memory (MEM) and (G–I) executive function (EF) was mediated by amyloid pathology, including (A, D, G) amyloid b 42 and (B, E, H) tau/amyloid b 42 (Tau/
Abeta42) ratio, but not phosphorylated tau/amyloid b 42 (Ptau/Abeta42) ratio (C, F, I). IE, indirect effect.
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depression-anxiety scores and elevated cortical amyloid
deposition (7). Additionally, Australian Imaging Biomarkers and
Lifestyle study found that sex or APOE ε4 moderated the
relationship between Ab and the severity of depressive
symptoms in cognitively normal older individuals (34), while we
failed to identify potential interaction effects of these variables
in the present study.

Moreover, it was found that the presence of depressive
symptoms contributed to greater cognitive impairments in
individuals who were A1 with MCI (35,36). The combination
of depression diagnosis and AD biomarker accelerated the
onset of driving problems in cognitively normal older adults
(37). All these findings highlighted the synergetic roles of
depressive symptoms and amyloid pathology, which was
consistent with the above-mentioned hypothesis. In the
present study, we not only revealed that MDSs contributed
to cognitive dysfunction independent of amyloid burden but
also found a mediation effect of amyloid pathology using
two different cohorts. These are consistent with previous
findings that amyloid burden, depressive symptoms
(14,15,32), and their interaction effects (16) could contribute
to cognitive decline.
B

We did not identify the effects of MDSs on cognitive func-
tions that were mediated by tau proteins. However, this needs
to be cautiously explained, especially considering that tau
pathologies could lead to cognitive decline independent of
amyloid status, and a recent tau-PET study reported that
depression diagnosis was associated with tau but not amyloid
pathology in cognitively normal individuals (38). The difference
might be derived from the depression severity and biomarker
measurement approach. In addition, we failed to reveal sig-
nificant associations of amyloid burden in CSF with anxiety
symptoms, which were indicated as early markers of AD pa-
thology (39,40). The negative findings here might be explained
by the fact that the severity of anxiety is minimal and depres-
sive symptom was included as a covariate in the model.

It is also interesting to observe a higher percentage of MDSs
in male subjects compared with female subjects in CABLE,
which seemed contrary to the common belief that men are less
prone to depression. We guessed that this finding might be
due to higher exposure to social pressure or job stress of men
in China, though we did not identify an interaction or subgroup
effect stratified by sex. Some might also wonder whether the
difference of age range in two datasets might influence the
iological Psychiatry - -, 2020; -:-–- www.sobp.org/journal 7
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Figure 4. Longitudinal relationships between minimal depressive symptoms (MDSs), cerebrospinal fluid amyloid markers, and Alzheimer’s disease (AD) risk.
(A) Individuals in the amyloid b1–42–positive (A1) group showed faster elevation of depressive symptoms, (B) and individuals with MDSs displayed faster
elevation of cerebrospinal fluid tau/amyloid b 42 (Tau/Abeta42) levels. These findings implied a bidirectional relationship between depressive symptoms and
amyloid pathology. Compared with normal participants, those with MDSs were associated with an average of 83% increased risk of developing AD dementia.
(C) A schematic graph depicting associations among depression, AD core pathology, and cognition. Based on the present study, it could be reasonably
inferred that the relationships between neuropsychiatric symptoms and amyloid pathology (but not tau protein) might be bidirectional in a closed loop. Amyloid
pathology acted not only as an independent contributor to elevated depressive symptoms, but also as a key mediator for influences of depression on cognitive
impairments. (D) The mediation effect is deemed partial and future studies are warranted to explore whether there are more mediators via which depression
contributed to AD. A2, amyloid b1–42–negative group.
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results. To avoid the confounding bias due to age, all analyses
were controlled for age and still we did not identify any inter-
action effects of age in either cohort.

The mechanisms by which depression was involved in
regulating amyloid pathology are still unclear. Possible path-
ways might include a dysfunctional hypothalamic-pituitary-
adrenal axis (41), an altered GABA (gamma-aminobutyric
acid) system (42), increased neuroinflammatory cytokines (43),
or disordered brain-derived neurotrophic factor (41), all of
which were shared in impaired conditions observed in both
depression and AD (41,44). The roles of these pathways or
genetic signals (45) in mediating influences of MDSs on amy-
loid pathology warrant further investigation because they are
potential targets of early intervention to prevent AD.

There are limitations in this study. First, the generalizability
of our conclusions might be restricted by the sources of the
study populations of CABLE and ADNI, which recruited par-
ticipants from hospitals and volunteers, respectively. More
large-scale community-based longitudinal studies are war-
ranted to validate these associations. Second, the studied
samples were restricted to those with the mildest symptoms of
depression. The effect size of depressive symptoms might be
8 Biological Psychiatry - -, 2020; -:-–- www.sobp.org/journal
underestimated given that the severity of the condition was
low. Third, we used CSF biomarkers of amyloid deposition but
not PET imaging in the cross-sectional analyses, which might
introduce some bias. Instead, we used three different CSF
biomarker ratios in CABLE. Fourth, both HC and MCI were
included in the present analyses to maximize the sample size,
but this, however, might introduce bias owing to population
heterogeneity. Fifth, the depressive scores measured by
scales only reflected the short-term condition around baseline
and cannot represent the situation during the follow-up. The
natural history of depression, i.e., age-of-onset, exposure
duration, and confounding effects from other components of
mild behavioral impairment, should be considered in future
studies. Finally, the MMSE that was used to indicate the
general cognition in CABLE was a relatively crude scale. We
instead replicated the primary findings using more compre-
hensive cognitive scales in ADNI.

To sum up, the present study indicated that amyloid pa-
thology acted not only as an independent contributor to
elevated depressive symptoms but also as a key mediator for
the influences of MDSs on cognitive impairments and AD risk.
These findings support the hypothesis that emerging MDSs
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represent an early manifestation of preclinical AD and could be
used to help define high-risk population who are suitable for
early prevention of the disease.

ACKNOWLEDGMENTS AND DISCLOSURES
This study was supported by grants to J-TY from the National Natural
Science Foundation of China (Grant No. 91849126), the National Key
Research and Development Program of China (Grant No.
2018YFC1314700), Shanghai Municipal Science and Technology Major
Project (Grant No. 2018SHZDZX01), and the Zhangjiang Lab, the Tianqiao
and Chrissy Chen Institute, and the State Key Laboratory of Neurobiology
and Frontiers Center for Brain Science of Ministry of Education, Fudan
University.

Data collection and sharing for the ADNI data section was funded by the
National Institutes of Health (Grant No. U01 AG024904) and Department of
Defense ADNI (Grant No. W81XWH-12-2-0012). ADNI is funded by the
National Institute on Aging, the National Institute of Biomedical Imaging and
Bioengineering, and through generous contributions from AbbVie; Alz-
heimer’s Association; Alzheimer’s Drug Discovery Foundation; Araclon
Biotech; BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company; CereSpir,
Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Company;
Euroimmun; F. Hoffmann-La Roche Ltd. and its affiliated company Gen-
entech, Inc.; Fujirebio; GE Healthcare; IXICO, Ltd.; Janssen Alzheimer
Immunotherapy Research And Development, LLC; Johnson and Johnson
Pharmaceutical Research and Development, LLC; Lumosity; Lundbeck;
Merck and Co., Inc.; Meso Scale Diagnostics, LLC; NeuroRx Research;
Neurotrack Technologies; Novartis Pharmaceuticals Corporation; Pfizer,
Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical Company; and
Transition Therapeutics. The Canadian Institutes of Health Research is
providing funds to support ADNI clinical sites in Canada. Private sector
contributions are facilitated by the Foundation for the National Institutes of
Health (www.fnih.org). The grantee organization is the Northern California
Institute for Research and Education, 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 NeuroImaging
at the University of Southern California.

The replication and longitudinal data used herein were accessed from
the ADNI database (adni.loni.usc.edu), for which the investigators contrib-
uted to the design and implementation of ADNI and/or provided data but did
not participate in the analysis or writing of this report. A complete listing of
ADNI investigators can be found at http://adni.loni.usc.edu/wp-content/
uploads/how_to_apply/ADNI_Acknowledgement_List.pdf.

The authors report no biomedical financial interests or potential conflicts
of interest.
ARTICLE INFORMATION
From the Department of Neurology (WX, Y-HM, LT) and Department of
Anesthesiology (Y-LB), Qingdao Municipal Hospital, Qingdao University;
and Department of Neurology (J-QL), The Affiliated Hospital of Qingdao
University, Qingdao; Department of Psychological Medicine (WF), Renji
Hospital, Shanghai Jiao Tong University School of Medicine; and Depart-
ment of Neurology and Institute of Neurology (X-NS, QD, J-TY), Huashan
Hospital, Shanghai Medical College, Fudan University, Shanghai, China.

Address correspondence to Jin-Tai Yu, M.D., Ph.D., at jintai_yu@fudan.
edu.cn.

Received Feb 12, 2020; revised Jun 12, 2020; accepted Jul 2, 2020.
Supplementary material cited in this article is available online at https://

doi.org/10.1016/j.biopsych.2020.07.004.
REFERENCES
1. Diniz BS, Butters MA, Albert SM, Dew MA, Reynolds CF 3rd (2013):

Late-life depression and risk of vascular dementia and Alzheimer’s
disease: Systematic review and meta-analysis of community-based
cohort studies. Br J Psychiatry 202:329–335.
B

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

3. Ismail Z, Gatchel J, Bateman DR, Barcelos-Ferreira R, Cantillon M,
Jaeger J, et al. (2018): Affective and emotional dysregulation as pre-
dementia risk markers: Exploring the mild behavioral impairment
symptoms of depression, anxiety, irritability, and euphoria. Int Psy-
chogeriatr 30:185–196.

4. Ehrenberg AJ, Suemoto CK, Franca Resende EP, Petersen C,
Leite REP, Rodriguez RD, et al. (2018): Neuropathologic correlates of
psychiatric symptoms in Alzheimer’s disease. J Alzheimers Dis
66:115–126.

5. Krell-Roesch J, Vassilaki M, Mielke MM, Kremers WK, Lowe VJ,
Vemuri P, et al. (2019): Cortical b-amyloid burden, neuropsychiatric
symptoms, and cognitive status: The Mayo Clinic Study of Aging.
Transl Psychiatry 9:123.

6. Gonzales MM, Insel PS, Nelson C, Tosun D, Scholl M, Mattsson N,
et al. (2018): Chronic depressive symptomatology and CSF amyloid
beta and tau levels in mild cognitive impairment. Int J Geriatr Psy-
chiatry 33:1305–1311.

7. Krell-Roesch J, Lowe VJ, Neureiter J, Pink A, Roberts RO, Mielke MM,
et al. (2018): Depressive and anxiety symptoms and cortical amyloid
deposition among cognitively normal elderly persons: The Mayo Clinic
Study of Aging. Int Psychogeriatr 30:245–251.

8. Donovan NJ, Locascio JJ, Marshall GA, Gatchel J, Hanseeuw BJ,
Rentz DM, et al. (2018): Longitudinal association of amyloid beta and
anxious-depressive symptoms in cognitively normal older adults. Am J
Psychiatry 175:530–537.

9. Perin S, Harrington KD, Lim YY, Ellis K, Ames D, Pietrzak RH, et al.
(2018): Amyloid burden and incident depressive symptoms in pre-
clinical Alzheimer’s disease. J Affect Disord 229:269–274.

10. Byers AL, Vittinghoff E, Lui LY, Hoang T, Blazer DG, Covinsky KE, et al.
(2012): Twenty-year depressive trajectories among older women. Arch
Gen Psychiatry 69:1073–1079.

11. Al Mheid I, Held E, Uphoff I, Martin GS, Dunbar S, Bidulescu A, et al.
(2016): Depressive symptoms and subclinical vascular disease: The
role of regular physical activity. J Am Coll Cardiol 67:232–234.

12. Kaup AR, Byers AL, Falvey C, Simonsick EM, Satterfield S,
Ayonayon HN, et al. (2016): Trajectories of depressive symptoms in
older adults and risk of dementia. JAMA Psychiatry 73:525–531.

13. Zhang Z, Wei F, Shen XN, Ma YH, Chen KL, Dong Q, et al. (2020):
Associations of subsyndromal symptomatic depression with cognitive
decline and brain atrophy in elderly individuals without dementia: A
longitudinal study. J Affect Disord 274:262–268.

14. Royall DR, Palmer RF (2013): Alzheimer’s disease pathology does not
mediate the association between depressive symptoms and subse-
quent cognitive decline. Alzheimers Dement 9:318–325.

15. Wilson RS, Capuano AW, Boyle PA, Hoganson GM, Hizel LP,
Shah RC, et al. (2014): Clinical-pathologic study of depressive symp-
toms and cognitive decline in old age. Neurology 83:702–709.

16. Gatchel JR, Rabin JS, Buckley RF, Locascio JJ, Quiroz YT, Yang HS,
et al. (2019): Longitudinal association of depression symptoms with
cognition and cortical amyloid among community-dwelling older
adults. JAMA Netw Open 2:e198964.

17. Hou XH, Bi YL, Tan MS, Xu W, Li JQ, Shen XN, et al. (2019): Genome-
wide association study identifies Alzheimer’s risk variant in MS4A6A
influencing cerebrospinal fluid sTREM2 levels. Neurobiol Aging
84:241.e13–241.e20.

18. Petersen RC, Aisen PS, Beckett LA, Donohue MC, Gamst AC,
Harvey DJ, et al. (2010): Alzheimer’s Disease Neuroimaging Initiative
(ADNI): Clinical characterization. Neurology 74:201–209.

19. Trojanowski JQ, Vandeerstichele H, Korecka M, Clark CM, Aisen PS,
Petersen RC, et al. (2010): Update on the biomarker core of the Alz-
heimer’s Disease Neuroimaging Initiative subjects. Alzheimers Dement
6:230–238.

20. Weiner MW, Aisen PS, Jack CR Jr, Jagust WJ, Trojanowski JQ,
Shaw L, et al. (2010): The Alzheimer’s disease neuroimaging initiative:
Progress report and future plans. Alzheimers Dement 6:202–211,
e207.
iological Psychiatry - -, 2020; -:-–- www.sobp.org/journal 9

http://www.fnih.org
http://adni.loni.usc.edu
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
mailto:jintai_yu@fudan.edu.cn
mailto:jintai_yu@fudan.edu.cn
https://doi.org/10.1016/j.biopsych.2020.07.004
https://doi.org/10.1016/j.biopsych.2020.07.004
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref1
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref1
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref1
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref1
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref2
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref2
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref2
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref3
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref3
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref3
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref3
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref3
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref4
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref4
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref4
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref4
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref5
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref5
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref5
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref5
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref6
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref6
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref6
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref6
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref7
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref7
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref7
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref7
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref8
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref8
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref8
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref8
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref9
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref9
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref9
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref10
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref10
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref10
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref11
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref11
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref11
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref12
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref12
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref12
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref13
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref13
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref13
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref13
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref14
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref14
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref14
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref15
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref15
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref15
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref16
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref16
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref16
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref16
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref17
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref17
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref17
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref17
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref18
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref18
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref18
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref19
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref19
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref19
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref19
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref20
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref20
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref20
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref20
http://www.sobp.org/journal


MDSs Are Linked With Cognition via Amyloid Pathologies
Biological
Psychiatry
21. Gibbons LE, Carle AC, Mackin RS, Harvey D, Mukherjee S,
Insel P, et al. (2012): A composite score for executive functioning,
validated in Alzheimer’s Disease Neuroimaging Initiative (ADNI)
participants with baseline mild cognitive impairment. Brain Imag-
ing Behav 6:517–527.

22. Crane PK, Carle A, Gibbons LE, Insel P, Mackin RS, Gross A, et al.
(2012): Development and assessment of a composite score for
memory in the Alzheimer’s Disease Neuroimaging Initiative (ADNI).
Brain Imaging Behav 6:502–516.

23. Racine AM, Koscik RL, Nicholas CR, Clark LR, Okonkwo OC, Oh JM,
et al. (2016): Cerebrospinal fluid ratios with Ab42 predict preclinical
brain b-amyloid accumulation. Alzheimers Dement (Amst) 2:27–38.

24. Janelidze S, Zetterberg H, Mattsson N, Palmqvist S, Vanderstichele H,
Lindberg O, et al. (2016): CSF Ab42/Ab40 and Ab42/Ab38 ratios: Better
diagnostic markers of Alzheimer disease. Ann Clin Transl Neurol
3:154–165.

25. Snider BJ, Fagan AM, Roe C, Shah AR, Grant EA, Xiong C, et al.
(2009): Cerebrospinal fluid biomarkers and rate of cognitive decline in
very mild dementia of the Alzheimer type. Arch Neurol 66:638–645.

26. Fagan AM, Roe CM, Xiong C, Mintun MA, Morris JC, Holtzman DM
(2007): Cerebrospinal fluid tau/beta-amyloid(42) ratio as a prediction of
cognitive decline in nondemented older adults. Arch Neurol 64:343–349.

27. Harari O, Cruchaga C, Kauwe JS, Ainscough BJ, Bales K,
Pickering EH, et al. (2014): Phosphorylated tau-Ab42 ratio as a
continuous trait for biomarker discovery for early-stage Alzheimer’s
disease in multiplex immunoassay panels of cerebrospinal fluid. Biol
Psychiatry 75:723–731.

28. de Jong D, Jansen RW, Kremer BP, Verbeek MM (2006): Cerebro-
spinal fluid amyloid beta42/phosphorylated tau ratio discriminates
between Alzheimer’s disease and vascular dementia. J Gerontol A Biol
Sci Med Sci 61:755–758.

29. Shaw LM, Vanderstichele H, Knapik-Czajka M, Clark CM, Aisen PS,
Petersen RC, et al. (2009): Cerebrospinal fluid biomarker signature in Alz-
heimer’s disease neuroimaging initiative subjects. Ann Neurol 65:403–413.

30. Hansson O, Seibyl J, Stomrud E, Zetterberg H, Trojanowski JQ,
Bittner T, et al. (2018): CSF biomarkers of Alzheimer’s disease concord
with amyloid-beta PET and predict clinical progression: A study of fully
automated immunoassays in BioFINDER and ADNI cohorts. Alz-
heimers Dement 14:1470–1481.

31. Baron RM, Kenny DA (1986): The moderator-mediator variable
distinction in social psychological research: Conceptual, strategic, and
statistical considerations. J Pers Soc Psychol 51:1173–1182.

32. Burhanullah MH, Tschanz JT, Peters ME, Leoutsakos JM, Matyi J,
Lyketsos CG, et al. (2020): Neuropsychiatric symptoms as risk factors
for cognitive decline in clinically normal older adults: The Cache
county study. Am J Geriatr Psychiatry 28:64–71.
10 Biological Psychiatry - -, 2020; -:-–- www.sobp.org/journal
33. Gatchel JR (2020): Late-life neuropsychiatric symptoms: Windows into
cognitive decline? Am J Geriatr Psychiatry 28:72–74.

34. Holmes SE, Esterlis I, Mazure CM, Lim YY, Ames D, Rainey-Smith S,
et al. (2016): Beta-amyloid, APOE and BDNF genotype, and depres-
sive and anxiety symptoms in cognitively normal older women and
men. Am J Geriatr Psychiatry 24:1191–1195.

35. Moon B, Kim S, Park YH, Lim JS, Youn YC, Kim S, et al. (2017):
Depressive symptoms are associated with progression to dementia in
patients with amyloid-positive mild cognitive impairment. J Alzheimers
Dis 58:1255–1264.

36. Brendel M, Pogarell O, Xiong G, Delker A, Bartenstein P, Rominger A,
et al. (2015): Depressive symptoms accelerate cognitive decline in
amyloid-positive MCI patients. Eur J Nucl Med Mol Imaging 42:716–
724.

37. Babulal GM, Chen S, Williams MM, Trani JF, Bakhshi P, Chao GL, et al.
(2018): Depression and Alzheimer’s disease biomarkers predict driving
decline. J Alzheimers Dis 66:1213–1221.

38. Babulal GM, Roe CM, Stout SH, Rajasekar G, Wisch JK,
Benzinger TLS, et al. (2020): Depression is associated with tau and not
amyloid positron emission tomography in cognitively normal adults.
J Alzheimers Dis 74:1045–1055.

39. Hanseeuw BJ, Jonas V, Jackson J, Betensky RA, Rentz DM,
Johnson KA, et al. (2018): Association of anxiety with subcortical
amyloidosis in cognitively normal older adults [published correction
appears in Mol Psychiatry 2018:10.1038/s41380-018-0323-y]. Mol
Psychiatry. https://doi.org/10.1038/s41380-018-0214-2.

40. Johansson M, Stomrud E, Lindberg O, Westman E, Johansson PM,
van Westen D, et al. (2020): Apathy and anxiety are early markers of
Alzheimer’s disease. Neurobiol Aging 85:74–82.

41. Chi S, Yu JT, Tan MS, Tan L (2014): Depression in Alzheimer’s disease:
Epidemiology, mechanisms, and management. J Alzheimers Dis
42:739–755.

42. Prevot T, Sibille E (2020): Altered GABA-mediated information
processing and cognitive dysfunctions in depression and other
brain disorders. Mol Psychiatry. https://doi.org/10.1038/s41380-
020-0727-3.

43. Caraci F, Spampinato SF, Morgese MG, Tascedda F, Salluzzo MG,
Giambirtone MC, et al. (2018): Neurobiological links between depres-
sion and AD: The role of TGF-beta1 signaling as a new pharmaco-
logical target. Pharmacol Res 130:374–384.

44. Caraci F, Copani A, Nicoletti F, Drago F (2010): Depression and Alz-
heimer’s disease: Neurobiological links and common pharmacological
targets. Eur J Pharmacol 626:64–71.

45. Lutz MW, Sprague D, Barrera J, Chiba-Falek O (2020): Shared genetic
etiology underlying Alzheimer’s disease and major depressive disor-
der. Transl Psychiatry 10:88.

http://refhub.elsevier.com/S0006-3223(20)31742-X/sref21
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref21
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref21
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref21
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref21
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref22
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref22
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref22
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref22
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref23
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref23
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref23
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref24
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref24
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref24
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref24
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref25
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref25
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref25
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref26
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref26
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref26
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref27
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref27
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref27
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref27
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref27
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref28
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref28
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref28
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref28
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref29
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref29
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref29
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref30
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref30
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref30
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref30
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref30
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref31
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref31
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref31
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref32
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref32
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref32
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref32
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref33
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref33
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref34
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref34
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref34
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref34
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref35
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref35
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref35
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref35
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref36
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref36
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref36
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref36
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref37
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref37
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref37
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref38
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref38
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref38
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref38
https://doi.org/10.1038/s41380-018-0214-2
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref40
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref40
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref40
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref41
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref41
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref41
https://doi.org/10.1038/s41380-020-0727-3
https://doi.org/10.1038/s41380-020-0727-3
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref43
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref43
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref43
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref43
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref44
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref44
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref44
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref45
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref45
http://refhub.elsevier.com/S0006-3223(20)31742-X/sref45
http://www.sobp.org/journal

	Amyloid Pathologies Modulate the Associations of Minimal Depressive Symptoms With Cognitive Impairments in Older Adults Wit ...
	Methods and Materials
	Participants
	Measurement of Neuropsychiatric Symptoms
	Cognitive Measures
	Measurements of CSF AD Biomarkers
	APOE ε4 Genotyping
	Statistical Analyses

	Results
	Characteristics of Participants
	Associations of MDSs With Cognitive Measures and CSF AD Biomarkers
	Causal Mediation Analyses
	Replication in ADNI
	Longitudinal Relationship Between MDSs and Amyloid Pathology
	MDSs and Incident AD Risk

	Discussion
	References


