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Abstract

Objectives: Understanding the biological changes that occur prior to onset of late-
life depression (LLD) is key to its prevention. To investigate potential predictors of
LLD, we assessed cognitive scores and neurodegenerative and vascular biomarkers
in healthy older adults who later developed depression.

Methods: Longitudinal data from the Alzheimer's Disease Neuroimaging Initiative
of 241 cognitively unimpaired and non-depressed older adults aged 56-90 at
baseline with at least 4 years of follow-up were included. Participants were clas-
sified based on whether they developed an incident depression (n = 96) or not
(n = 145). Cognitive measures of memory, executive functioning, and language, and
biomarkers proposed to be related to LLD: hippocampal volume, white matter
hyperintensity volume (WMH), and cortical and cerebrospinal fluid (CSF) amyloid
beta levels, were compared between the incident depression and the never-
depressed groups at four time points: at baseline, the visit prior to onset, at
onset, and after the onset of depression.

Results: In the incident depression group, there was a mild decline in cognitive
scores from baseline to the visit before depression onset compared with the never-
depressed group. The cognitive differences between the groups became more
marked after depression onset. Baseline cortical amyloid burden, CSF amyloid beta
levels, and WMH were significant predictors of incident depression. Compared to
the non-depressed group, hippocampal volume was not reduced before onset, but
was reduced following depression.

Conclusions: Amyloid pathology and WMH can predict future development of LLD
in cognitively unimpaired individuals and may be involved in precipitating vulner-

ability for depression in older adults.
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Key points

e Subtle cognitive changes are observed before diagnosis of late-life depression

#Data used in preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the investigators within the ADNI
contributed to the design and implementation of ADNI and/or provided data but did not participate in 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.
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o White matter hyperintensities are associated with incident but not established late-life

depression

e Hippocampal volume loss is detected only after depression onset

e Amyloid brain pathology in healthy older adults can predict late-life depression

1 | INTRODUCTION

Depression is a leading cause of disability worldwide,>? and with the
rapid ageing of the world's population, late-life depression (LLD)
constitutes a major and growing global challenge®* LLD is still
believed to be under-recognised and undertreated®™” with detri-
mental effects on quality of life,® functional ability,9 somatic health,
and life expectancy.®® To prevent LLD and its dire consequences, the
changes preceding depression onset need to be understood.

Depression is commonly accompanied by deficits in several
cognitive domains'? and higher age is a risk factor.!?> Up to half of
individuals with LLD have cognitive impairment significantly greater
than their age- and education-matched peers.’®* Cognition may
improve with antidepressant treatment, but in the majority of cases,
the impairment persists even after adequate treatment of the mood
disorder.!* LLD has also been associated with subsequent cognitive
decline. One-fourth of individuals with LLD who are cognitively un-
impaired, when depressed, have cognitive impairment 1 year later,*®
and two meta-analyses have concluded that LLD results in two-fold
increased risk of dementia.?®!” Compared to the numerous studies
assessing cognitive performance after or at the time of LLD diagnosis,
there is a paucity of studies on cognition prior to LLD onset. From
assessments in younger adults, there is some evidence suggesting
that cognitive dysfunction can predate the affective symptoms.'8-22
In older adults, there have been few studies, but one found that
mild cognitive impairment (MCI) is a risk factor for incident LLD?2
and that in a small cohort of normally ageing individuals aged
>75 years, those with LLD 3 years later performed worse on the
Mini-Mental State Examination (MMSE) at baseline than those
without future depression.?® The relationship between cognitive
functions and incident LLD warrants further investigation.

Several scenarios could explain the association between LLD and
concurrent or subsequent cognitive impairment. Cognitive dysfunc-
tion could be due to an underlying neurological disease (e.g., cere-
brovascular, Alzheimer's, or Parkinson's disease), wherein depression
occurs either because the disease disrupts the emotion control circuits
and/or as a psychological reaction to the experience of functional
deterioration. In this case, cognitive deficits could be detectable
before the affective symptoms. Alternatively, or concomitantly,
depression in itself could cause cognitive disturbance and trigger or
worsen the process of cognitive decline, in which case the affective
symptoms would be expected to precede cognitive impairment. The
neuropathology most frequently implicated in the literature as the
underlying disease in the first scenario is cerebrovascular changes,
forming the basis for the vascular depression hypothesis.24~%°
Vascular lesions compromising fronto-striato-limbic circuits and

evident on magnetic resonance imaging (MRI) by findings such as
white matter hyperintensities (WMHs) are presumably involved in the
development of vascular depression,®! although the existence of a
causal link remains controversial.>2 Disputed is also the hypothesis of
amyloid-associated depression.®3** Among cross-sectional studies,
several reported increased amyloid pathology in LLD or its association

35-39

with late-life depressive symptoms, others found no associa-

40-43 \vhile a recent study reported a reverse association.** In

tion,
longitudinal studies on cognitively unimpaired older individuals, am-
yloid pathology assessed by positron emission tomography (PET) or in
cerebrospinal fluid (CSF) has been linked to increased risk of incident
depressive symptoms,*>~*® but not to incident screen-positive
depression.*” Dysregulation of the hypothalamic-pituitary-adrenal
axis is common in depression, particularly in late-life, and depressed
older adults have higher basal cortisol levels.>° High cortisol levels
have adverse effects on hippocampal neurogenesis®! and can predict
hippocampal atrophy and memory deficits in older adults.>? Hippo-
campal atrophy is the most frequently reported volumetric finding in
LLD>® and appears to be related to higher cortisol levels® rather than
to amyloid pathology.** As with cognitive impairment, it is still un-
certain whether the loss of hippocampal volume occurs prior to or
parallel with the affective symptoms. One longitudinal study found no
association between baseline hippocampal volumes and incident

depression,>”

while another reported that hippocampal atrophy is
associated with subsequent depressive symptoms in older women.>®
The objective of the current study was to use prospectively
collected longitudinal data of cognitive performance and neuro-
imaging from older adults who were cognitively unimpaired and
non-depressed at baseline and compare the individuals who later
develop depression with those maintaining a stable mood. Assessing
incident depression allows for the evaluation of whether cognitive
impairment precedes clinical depression and for the examination
of the temporal course of depression, cognitive impairment, and
markers of the pathologies hypothesised to be involved in LLD,
namely, (1) hippocampal atrophy, (2) WMH, and (3) amyloid proteins
in the CSF and cortex, to elucidate whether they can predict LLD.

2 | MATERIALS AND METHODS

2.1 | Materials

Data used for this study were obtained from the Alzheimer's Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu) after the
approval of a data request application. ADNI is a longitudinal study
encompassing 63 sites in the United States and Canada, launched in
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2003 as a public-private partnership, led by Principal Investigator
Michael W. Weiner, MD. For up-to-date information on ADNI, visit
www.adni-info.org. The current study comprised participants initially
enrolled in ADNI1 or ADNI2, with some later rolled over to
ADNIGO/2/3. In addition to the ADNI eligibility criteria,>” all par-
ticipants met the following criteria at baseline in this study: (1)
Normal cognitive status, (2) No depression or other psychiatric dis-
orders in medical history within the last 10 years, (3) No use of an-
tidepressants, (4) Negative score on the screening question for
depression in the Neuropsychiatric Inventory (NPI)*® or the Neuro-
psychiatric Inventory Questionnaire (NPI-Q),°? and (5) At least
4 years of subsequent follow-up to have an adequate observation

period for the development of depression.

2.2 | Incident depression

Information about the presence of depression including medical
history, NPI/NPI-Q scores, diagnostic summaries of visits, and
concomitant medications was reviewed. Incident depression was
defined by occurrence after baseline of either a depression diagnosis
noted in the medical history or the diagnostic summaries, use of
antidepressant(s) with supplemental information supporting that it
was prescribed for depression, and/or the depression item of the
NPI/NPI-Q scored as present. The corresponding criteria for the
control group were no registered depression diagnosis, no antide-
pressants, and the depression item of the NPI/NPI-Q scored as ab-
sent on all visits where this was assessed. Participants with missing or
ambiguous information were excluded. Figure 1 shows a flowchart of
the inclusion.

2.3 | Included visits

The time intervals between the follow-up visits in ADNI vary, but the
assessments were most commonly performed at 6- and 12-month
intervals. The visit at which depression was first diagnosed (accord-
ing to the above criteria) was noted as the ‘onset visit’. For 15 par-
ticipants, this was an interim phone visit, nine of whom had a
subsequent in-clinic visit that was selected instead. The time of onset
varied from the visit scheduled 6 months after baseline to that
scheduled 156 months after baseline. The distribution of cases
diagnosed at each visit is shown in Supplementary Table S1. To
assess the controls at the comparable times, the same distribution
was used and a computer randomly selected which controls should
be assessed at each of the corresponding “onset visits”. For evalua-
tion prior to onset, the baseline visit and the in-clinic visit preceding
the onset visit were included. For 10 participants in the incident
depression group (and by design also for 14 controls), the onset visit
was the first visit following baseline; thus, the visit prior to onset was
the baseline visit. Finally, to assess participants in the long run after

depression onset, the last visit with registered data (for cognitive

scores/MRI/CSF/PET) was included in the study. In a minority, the
onset visit was also the last visit with available data. Mean time from
baseline to the last follow-up visit was 99.2 months (standard devi-
ation [SD] 35.5) for the whole sample, 106.8 months (SD 34.7, range
<49-171>) for the depression group, and 94.1 (SD 35.2, <49-172>)
for the control group.

2.4 | Cognitive scores and cognitive diagnosis

Cognition was evaluated using the validated composite scores for
executive functioning (CS-Executive), memory (CS-Memory), and
language (CS-Language) derived from the ADNI neuropsychological
battery with item response theory methods. These scores are robust
and outperform individual domain-specific measures.*8%%1 The
MMSE®? was included as a global cognitive measure. At baseline, all
participants fulfilled the ADNI criteria for normal cognition (NC):
Normal memory function with a score greater than education-
adjusted cut-offs on delayed paragraph recall of the Logical
Memory-1l subscale from the Wechsler Memory Scale-Revised,®®
MMSE score 24-30, Clinical Dementia Rating O, and absence of
significant impairment in cognitive functions or activities of daily
living. ADNI1 had the criteria of no memory complaints aside from
those common to other normal subjects of that age. ADNI2 also
included some participants with self-reported memory concern
(SMC), but where the concern was not equated by the study partner.
During follow-up, participants were classified as NC/MCl/dementia

following published standards.>”:%*

2.5 | Magnetic resonance imaging and hippocampal
volumes

MRI acquisition was performed as described previously.®®> The
current study used hippocampal volumes and total intracranial
volume (ICV) measurements from the University of California, San
Francisco (UCSF) cross-sectional FreeSurfer datasets. These were
extracted by cortical reconstruction and volumetric segmentation
using the FreeSurfer image analysis suite®®™®? documented and
freely available online (http://surfer.nmr.mgh.harvard.edu/). Only
volumes from segmentations that passed quality control were
included. As a meta-analysis found no lateralisation effect,>* the
right and left hippocampal volumes were summed. The ratio be-
tween total hippocampal volume and ICV was calculated to adjust
for head size. In the UCSF dataset, 1.5 T scans were run with
FreeSurfer version 4.3, 3T scans from ADNI1/2 with version 5.1,
and 3T scans from ADNI3 with version 6. FreeSurfer-derived
volumes generally have good reliability, but differences in field
strength and FreeSurfer version can bias the results.”>”* The pre-
processed data from each version (at each time point) were,
therefore, separately converted to z-scores, and the FreeSurfer

version was also entered as a covariate.
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1807 subjects
e NPI-D=0 at baseline

— Excluded:
- 789 MClI at baseline
- 258 dementia at baseline
- 6 missing info

754 subjects
o NPI-D=0 and normal cognition at baseline

——— Excluded:
- 448 < 4 years follow-up

v

306 subjects

o NPI-D=0 and normal cognition at baseline
e > 4 years of follow-up with NPI

— Excluded:
- 47 psychiatric disease last 10 years
- 6 missing/ambiguous info

253 subjects
e NPI-D=0 and normal cognition at baseline
e >4 years of follow-up
e No history of psychiatric disease last 10 years
e No use of antidepressants at baseline

—— Excluded:

- 1 missing/ambiguous info

! !

- 4 subsyndromal depressive symptoms
- 7 antidepressants without depression

FIGURE 1 Flowchart over the inclusion
process

J

( Incident depression \ [Stable mood
96 subjects with: 145 subjects with:
e Conversion to NPI-D=1 and/or e NPI-D=0
e Use of antidepressant with note e No use of antidepressants
of depressive symptoms and/or e No clinical diagnosis of depression
e (Clinical diagnosis of depression during follow-up
&during follow-up ) \
2.6 | White matter hyperintensity

WMH volume estimates were included from the datasets released by
the University of California (UC), Davis. In ADNI1, WMH detection
was performed without the use of fluid attenuated inversion recov-
ery (FLAIR) sequences, relying on proton density, T1- and T2-
weighted MRI combined with prior anatomical knowledge of WMH
occurrence in the brain. This method is robust, reliable, and performs
well compared to FLAIR-based detection.”? In ADNI2/3, WMH
measures were obtained from T1 and FLAIR sequences, as described
in the ADNI protocols.”® The measures were adjusted for ICV and
log-transformed before being converted to z-scores separately for
the FLAIR and non-FLAIR methods. The detection method was

included as a covariate.

2.7 | Amyloid biomarkers: CSF and PET

Protocols for lumbar puncture and CSF handling are explained in the
ADNI manuals (http://adni.loni.usc.edu/methods/documents/). We
included CSF amyloid beta 1-42 (AB42) analysed at the University of
Pennsylvania using a fully automated electrochemiluminescence
immunoassay (Roche Elecsys®).”*”> The upper technical limit is
1700 pg/ml, but Roche Diagnostics has provided values above this
based on extrapolation of the calibration curve for exploratory
research purposes. Studies comparing Elecsys AB42 with amyloid PET
have arrived at a cut-off of 1100 pg/ml,”®”” which was adopted in the
current study (AB42 < 1100 pg/ml = positive; AB42 > 1100 pg/
ml = negative amyloid biomarker). Florbetapir/*®F-AV-45 PET data

analysed by UC Berkley were used for evaluating cortical amyloid. A
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description of their processing methods can be found on the ADNI
website. Following the recommendation of the UC Berkley group, we
used standardised uptake value ratios (SUVRs) for a cortical summary
region divided by the whole cerebellum, and the accompanying
threshold 1.11 (SUVR > 1.11 = positive; SUVR < 1.11 = negative
amyloid biomarker).

2.8 | Telomere length

Cognitive performance, amyloid pathology, WMH, and hippocampal
volume can be affected by normal ageing, and all analyses were
performed with and without age adjustment. In addition to chrono-
logical age, advanced cellular ageing could be a separate factor as

previous studies have found an association between depression and

telomere shortening,78

ing.””8 Information about telomere lengths measured using a

8182 is available for some ADNI participants.

although for LLD, the results are conflict-
quantitative PCR assay'

Comparisons of telomere length between the groups before, at, and

after onset were performed as supplementary analyses.

2.9 | Statistical analyses

For the descriptive data, t-test/Mann-Whitney U-test was used for

continuous variables with normal/skewed distribution and y2-test for

TABLE 1 Demographical and clinical characteristics at baseline

Incident depression

N 96
Age mean (SD) <range> 75.4 (5.1) <60-90>
Women (n, %) 47 (49)

Education, years median (IQR) <range>

Married (n, %) 72 (75)
Widowed (n, %) 12 (12.5)

Not retired (n, %) 15 (15.6)
APOE-€4 (n, %) 30 (31.3)

SMC (n, %) 11 (11.5)
Modified Hachinski score median (IQR) <range> 0 (0-1) <0-3>
Hypertension history (n, %) 43 (44.8)

GDS median (IQR) <range> 1 (0-1) <0-4>
GDS score 0 (n, %) 44 (45.8)

GDS score 1 (n, %) 32 (33.3)

GDS score 2 (n, %) 14 (14.6)

GDS score 3 (n, %) 3(3.1)

GDS score 4 (n, %) 3(3.1)

16.0 (15-19) <8-20>

categorical variables. Binary logistic regression was used to assess the
prediction of incident depression (coded 1, controls 0). Odds ratios
were calculated with and without age, sex and time from baseline as
covariates. Significant p-value <0.05. To address the cumulative risk of
false positives due to multiple testing, false discovery rate (FDR)
correction was performed following the Benjamini-Hochberg pro-
cedure for demographic and clinical scores at baseline, adjusted
models with cognitive scores (three composite scores, MMSE, and
cognitive classifications), and adjusted models with amyloid bio-
markers (CSF, PET, and overall status) at each visit. Cohen's d was
calculated using the Psychometrica calculators.2® The main analyses
were performed using SPSS version 26 (SPSS Statistics, IBM).

3 | RESULTS

3.1 | Descriptives at baseline

As Table 1 shows, the average age at inclusion was higher in the
incident depression group. There were no significant group differ-
ences in sex, education, frequency of self-reported memory concerns
(ADNI2 SMC cohort), or presence of the Alzheimer's disease risk
allele APOE-g4. All participants had a Geriatric Depression Scale®*
score within the normal range, but fewer participants in the incident
depression group had score O compared with controls (Table 1). The

majority of cases in the study had late-onset depression, as only one

Control group t/MWU/x? p Cohen's d
145

737 (5.9) <56-89> 2.39 0.018* 0.31
65 (44.8) 0.40 0.598 0.08
16.0 (15-18.5) <6-20> 6832.5 0.808 0.03
100 (69) 1.03 0.383 0.13
21 (14.5) 0.19 0.706 0.06
36 (24.8) 2.93 0.107 0.22
36 (24.8) 1.20 0.303 0.14
20 (13.8) 0.28 0.696 0.07
0 (0-1) <0-3> 6721.5 0.609 0.06
62 (42.8) 0.10 0.792 0.04
0 (0-1) <0-4> 5581.5 0.003** 0.36
95 (65.5)

30 (20.7)

17 (11.7)

1(0.7)

2 (1.4)

Note: Nominally significant group differences are asterisked (*) and significance also after false discovery rate correction for multiple comparisons are

marked with a double asterisk (**).

Abbreviations: APOE-€4, Apolipoprotein E €4-allele carrier; GDS, Geriatric Depression Scale score; IQR, Interquartile range; MWU, Mann Whitney
U-score; SMC, significant memory concern—self-report of memory concern cohort in ADNI 2; t, t-test; x, Chi square.
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(Continued)

TABLE 2

Classification®

MMSE

CS-language

CS-executive functioning

CS-memory

Months from baseline

Dementia 6 (4.1%)

N = 141

N = 142

N = 140

N = 142

041

0.49

0.44

0.52

Cohen's d

2.32, p < 0.001

0.007

0.88, p

= 0.001

0.58, p

0.002

0.63, p

0.54, p < 0.001

OR

= 0.001**

2.09, p

= 0.037**

0.91, p

= 0.007**

0.64, p

= 0.033**

0.71,p

= 0.002**

0.58, p

OR adjusted

Note: Descriptives reported as mean (standard deviation) [95% confidence interval]. N listed only when less than full sample (96 incident depression and 145 controls). Depression/Control groups coded 1/0.

NC/MCI/Dementia coded 1/2/3. Reported are the odds ratios for each cognitive score in unadjusted models (OR) and models adjusted for age, sex, and time from baseline (OR adjusted). Nominally significant

adjusted models are asterisked (*). Significance also after false discovery rate correction for the adjusted models at each visit (five comparisons) is marked with double asterisk (**).

Abbreviations: CS, Composite score; d, Cohen's d; MCI, mild cognitive impairment; NC, Cognitively normal.

2Cognitive classification was missing for one control at the visit before onset, and for two controls and eight in the depression group (six because this was a phone visit) at the onset visit.

participant in the incident depression group and two controls had
depression more than 10 years prior to baseline in their medical
history. Telomere length was equivalent between the two groups
(Supplementary Table S2).

3.2 | Neuropsychological scores

There were no significant group differences in cognitive scores at
baseline (Table 2, Figure 2). At the time of depression, the
depressed group performed worse on CS-Executive, CS-Memory, and
CS-Language with small effect sizes, the largest being for CS-
Executive. At the last visit prior to onset only lower score on CS-
Language was a nominally significant predictor of subsequent
depression, but did not survive FDR correction. In terms of the lon-
gitudinal change in scores between baseline and the visit prior to
depression (Table 3), decline in memory and MMSE scores were
nominally significant predictors of later depression with small effect
sizes, but these were not significant after FDR correction for multiple
tests. The cognitive differences increased after onset and were of

moderate size at the end of follow-up.

3.3 | Hippocampal volumes

Hippocampal volumes were significantly reduced in the depression
group, but only after onset (Table 4). Hippocampal volume was not
correlated with cognitive scores at baseline, but after onset, there
were significant correlations, specially in the depressed group (Sup-
plementary Table S3).

3.4 | White matter hyperintensity

Higher WMH burden at baseline was a significant predictor of later
depression (Table 4). The effect size was also at the same level at the
visit prior to onset but with p-value only close to being significant. At
the later visits, the effect sizes were lower and there were no signifi-
cant differences. WMH did not correlate significantly with cognitive
scores before onset, and there were only weak, negative correlations

at the later stages of follow-up (Supplementary Table S4).

3.5 | Amyloid markers

Cortical amyloid burden was a significant predictor of incident
depression both at baseline and at the visit prior to onset, with
moderate to large effect sizes (Table 4). It remained significant after
correction for dementia or MCI during follow-up. The depression
group had a higher cortical amyloid load at onset and at the last
amyloid PET assessment. Low CSF AB42 levels at baseline were a
significant predictor of later depression but without significant group

differences after baseline. The only significant correlations between
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FIGURE 2 Composite cognitive scores at the four assessed visits for the incident depression group and control group presented as means
with 95%-confidence intervals for raw scores and age- and sex-adjusted residuals

amyloid biomarkers and cognitive performance, after FDR correction
were at the last visit (Supplementary Tables S5 and Sé). Changes in
cognitive scores between baseline and the visit prior to onset
(Table 3) were no longer significant predictors of incident depression

when amyloid biomarkers were added as covariates.

4 | DISCUSSION
As expected, we observed worse cognitive performance in the
depressed group. The first question we asked was whether cognitive

impairment was present before depression. On average 15 months

prior to depression, there were indications that memory and lan-
guage functions had subtly declined in the incident depression group.
This is in line with the observation in younger adults that poor
cognition can be a premorbid marker of depression.'®2%2 The next
question concerned the underlying mechanisms of pre-depression
cognitive impairment. In studies involving young individuals, cogni-
tive deficits predating depression could be explained by shared
neurodevelopmental and/or genetic factors mediating both lower
cognitive abilities and vulnerability to depression.?”®>787 This
explanation does not fit with the current results for LLD as there
were no cognitive group differences at baseline. Cognitive impair-

ment initially became apparent during the years/months leading
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TABLE 3 Changes in neuropsychological scores from baseline to the visit before onset

Incident Control Cohen's

depression group d
Change -0.13 (0.57) 0.03 (0.42) 0.32
CS-memory [-0.25 - -0.01] [-0.04-0.10]

N =86 N=131
Change -0.11 (0.69) -0.01 (0.65) 0.15
CS-executive [-0.26-0.04] [-0.12-0.11]

functioning

N =85 N=131
Change -0.13 (0.57) 0.01 (0.54) 0.25
CS-language [-0.25-0] [-0.08-0.10]

N =86 N =131
Change -0.13 (0.57) 0.03 (0.42) 0.32
MMSE [-0.25 - -0.01] [-0.04-0.10]

N =86 N =131

Regression
coefficients

OR = 0.51, p = 0.023
OR Adj1 = 0.50, p = 0.022

OR Adj2 = 048,
p = 0.018*

OR = 0.80, p = 0.280

OR Adj1=0.81,p=0.320

OR Adj2=0.78,p=0.281

OR = 0.64, p = 0.078

OR Adj1 =0.63,p=0.075

OR Adj2 = 0.57,
p = 0.042*

OR = 0.51, p = 0.023

OR Adj1 = 0.50, p = 0.022
OR Adj2 = 0.51,

Regression model Adj2 with additional
correction for each of the biomarkers

OR (Adj2 + Hippocampal volume) = 0.49,
p = 0.023*

OR (Adj2 + WMH) = 0.48, p = 0.027*

OR (Adj2 + CSF Ap42) = 0.66, p = 0.273

OR (Adj2 + Florbetapir SUVR) = 0.88, p = 0.812

OR (Adj2 + Hippocampal volume) = 0.75,
p=0.218

OR (Adj2 + WMH) = 0.87, p = 0.563

OR (Adj2 + CSF Ap42) = 0.92, p = 0.773

OR (Adj2 + Florbetapir SUVR) = 1.95, p = 0.104

OR (Adj2 + Hippocampal volume) = 0.54,
p = 0.029*

OR (Adj2 + WMH) = 0.58, p = 0.055
OR (Adj2 + CSF Ap42) = 0.53, p = 0.054

OR (Adj2 + Florbetapir SUVR) = 0.95, p = 0.901

OR (Adj2 + Hippocampal volume) = 0.53,
p = 0.041*

OR (Adj2 + WMH) = 0.52, p = 0.045*
OR (Adj2 + CSF Ap42) = 0.76, p = 0.455

eSSl WILEY | °

p = 0.029*
OR (Adj2 + Florbetapir SUVR) = 0.94, p = 0.902

Note: The incident depression group is coded 1 and the control group coded 0. The first adjusted model (Adj1) includes age at baseline, sex, and time
from baseline as covariates. The second adjusted model (Adj2) also includes the cognitive score at baseline as a covariate. The nominally significant
group differences in the adjusted models are asterisked (*). None survived false discovery rate correction for multiple comparisons. The 24 participants

for whom the onset visit was the first visit after baseline, are not included.

Abbreviations: CS, composite score; CSF, cerebrospinal fluid; OR, odds ratio; SUVR, standardised uptake value ratio; WMH, volume of white matter

hyperintensities.

toward depression onset, which is a course more suggestive of
neurodegenerative mechanisms.
The authors of the studies reporting memory deficits preceding

1820 gyggested that this impairment

depression in younger adults
could be linked to hippocampal dysfunction and atrophy. We only
observed significantly lower hippocampal volumes in the depressed
group late in the disease course. Cognitive performance did not
appear to be greatly influenced by hippocampal volumes before
onset, but after onset, cognitive scores were correlated with hippo-
campal volumes, suggesting that reduced hippocampal volume occurs
in conjunction with symptomatic LLD rather than as a predisposing
event. Our findings corroborate those of den Heijer et al.>> who
found no association between baseline hippocampal volumes and
incident depression but observed steeper decline in hippocampal

|56

volumes following depression. Elbejjani et al.”® reported that the rate

of hippocampal atrophy was associated with more and worsening
depressive symptoms, but only in older women, not in men. Their
observation of a sex difference is interesting as women more
frequently report depressive symptoms also in late life®® and hip-
pocampal structures could be impacted by the postmenopausal
oestrogen drop because hippocampal progenitor cells express sex

182 We reas-

hormone receptors involved in proliferation contro
sessed our data for each sex separately and indeed, the hippocampal
volume differences between the incident depression group and
controls were greater for women, but the differences before onset
remained non-significant. Atrophy is a late finding, and functional and
cellular aberrations may be present long before detectable MRI
volume changes ensue. Our results do not exclude hippocampal
changes preceding LLD, but cross-sectional hippocampal volumes

remained comparable to controls before depression.
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significant predictor when correcting for later dementia or MCI. This
makes it less likely that amyloid-associated incident depression was
solely caused by a psychological reaction to the awareness of de-
mentia development. Amyloid plaques accumulate in the brain
several years, even decades, before the emergence of cognitive
signs.1® The earliest amyloid depositions occur within the core
nodes of the default mode network, accompanied by disruption of
the internal functional connectivity of this network and its connec-
tions with the frontoparietal network.'®® Functional connectivity
changes within and between these networks are also observed in
depression.*1°-112 Therefore, amyloid accumulation in the brain may
directly impact the pathophysiology of LLD. Resting-state functional
MRI before depression onset was only available for a minority of the
participants and deferred us from assessing network connectivity
changes in relation to amyloid pathology and incident depression.
Nevertheless, this should be addressed in future studies.

The main strength of our study is the assessment at several time
points: twice before, at, and after depression onset, probing both
cognitive functions and neuroimaging biomarkers. The method of
detecting depression was based on review of all available informa-
tion. This makes it more difficult to reproduce compared with, for
example, using a threshold on a single depression scale, but it rep-
resents an inclusive approach with lower likelihood of depression
cases being overlooked. NC ADNI participants are volunteers
recruited to research and are probably not representative of the
general older population,®” limiting generalisability. The study was
restricted by its sample size and the fact that not all data types (e.g.
CSF and PET) were available at all visits. Another limitation is the
choice to evaluate neuroimaging cross-sectionally at each visit,
rather than conducting a longitudinal analysis based on a base image
for each participant. Furthermore, LLD is a clinically heterogeneous
condition probably comprising several subtypes with diverse aetiol-
ogies; however, in this study, we did not attempt to differentiate
between clinical subtypes.

In conclusion, cerebral amyloid pathology and WMH can predict
future LLD. Subtle cognitive changes occur prior to LLD onset and
can partly be explained by the underlying amyloid pathology. These
results support the hypothesis that amyloid plaque formation and
emerging ischaemic lesions disrupt networks involved in cognitive
and emotional processing, thus predisposing older adults to

depression.

ACKNOWLEDGEMENTS
Firstly, the authors would like to thank all of the ADNI participants
for undergoing assessments and allowing the results to be used for
research. Secondly, we thank all of the ADNI staff for diligently
collecting and processing the data so that it can be used in relevant
research studies worldwide.

Data collection and sharing for this project was funded by the
Alzheimer's Disease Neuroimaging Initiative (ADNI) (National In-
stitutes of Health Grant U01 AG024904) and DOD ADNI (Depart-
ment of Defense award number W81XWH-12-2-0012). ADNI is
funded by the National Institute on Aging, the National Institute of

Biomedical Imaging and Bioengineering, and through generous con-
tributions from the following: AbbVie, Alzheimer's Association; Alz-
heimer'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; Euro-
Immun; F. Hoffmann-La Roche Ltd and its affiliated company Gen-
entech, Inc.; Fujirebio; GE Healthcare; IXICO Ltd.; Janssen Alzheimer
Immunotherapy Research & Development, LLC.; Johnson & Johnson
Pharmaceutical Research & Development LLC.; Lumosity; Lundbeck;
Merck & Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx Research;
Neurotrack Technologies; Novartis Pharmaceuticals Corporation;
Pfizer Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical Com-
pany; 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 organiza-
tion 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 Neuro Imaging at the

University of Southern California.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ETHICS STATEMENT

The ADNI clinical protocol states that the study is conducted ac-
cording to Good Clinical Practice guidelines, the Declaration of
Helsinki, US Code of Federal Regulations Title 21 Part 50 -Protection
of Human Subjects, and Part 56 - Institutional Review Boards, and
pursuant to state and federal Health Insurance Portability and
Accountability Act regulations. The study was unconditionally
approved by the Institutional Review Boards and Research Ethics
Boards of all the participating institutions. Written informed consent
was obtained from all participants and study partners before study
procedures were carried out.

AUTHOR CONTRIBUTIONS

Ina S. Almdahl designed the study, performed the data analysis,
interpreted the results, and wrote the article. Ingrid Agartz, Kenneth
Hugdahl, and Maria S. Korsnes critically revised the article and

approved the final version.

DATA AVAILABILITY STATEMENT

The data used in this study belong to the Alzheimer's Disease Neu-
roimaging Initiative (ADNI), a neuroscience consortium of univer-
sities and research institutes, and are available through the ADNI
database (adni.loni.usc.edu) after approval of a data request appli-
cation. For more information about how to access ADNI data see

http://adni.loni.usc.edu/data-samples/access-data/.

ORCID

Ina S. Alimdahl "= https://orcid.org/0000-0001-6070-4921


http://www.fnih.org
http://adni.loni.usc.edu
http://adni.loni.usc.edu/data-samples/access-data/
https://orcid.org/0000-0001-6070-4921
https://orcid.org/0000-0001-6070-4921
https://orcid.org/0000-0001-6070-4921

ALMDAHL ET AL

Geriatric yeaewd WILEY |

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

GBD. Global, regional, and national incidence, prevalence, and
years lived with disability for 328 diseases and injuries for 195
countries, 1990-2016: a systematic analysis for the Global Burden
of Disease Study 2016. Lancet. 2017;390(10100):1211-1259.
GBD. Global burden of 369 diseases and injuries in 204 countries
and territories, 1990-2019: a systematic analysis for the
Global Burden of Disease Study 2019. Lancet. 2020;396(10258):
1204-1222.

McCall WV, Kintziger KW. Late life depression: a global problem
with few resources. Psychiatr Clin North Am. 2013;36(4):475-481.
WHO. 2017. Mental health of older adults - Fact sheet. Accessed
12 December 2017. https://www.who.int/news-room/fact-sheets/
detail/mental-health-of-older-adults

Allan CE, Valkanova V, Ebmeier KP. Depression in older people is
underdiagnosed. Practitioner. 2014;258(1771:19-22):2-3.
Richard-Devantoy S, Badillo-Amberg |, Greenway KT, Tomasso
MD, Turecki G, Bertrand JA. Low MoCA performances correlate
with suicidal ideation in late-life depression. Psychiatr Res 2021;
301:113957.

Wang H, Fernandes L, Oster S, Takeda M, Brodaty H, Mintzer JE.
The state of psychogeriatrics in different regions of the world:
challenges and opportunities. Int Psychogeriatr. 2013;25(10):
1563-1569.

Voros V, Fekete S, Tenyi T, Rihmer Z, Szili I, Osvath P. Untreated
depressive symptoms significantly worsen quality of life in old age
and may lead to the misdiagnosis of dementia: a cross-sectional
study. Ann Gen Psychiatr. 2020;19:52.

Hajek A, Brettschneider C, Eisele M, et al. Disentangling the
complex relation of disability and depressive symptoms in old age -
findings of a multicenter prospective cohort study in Germany. Int
Psychogeriatr. 2017;29(6):885-895.

Wei J, Hou R, Zhang X, et al. The association of late-life depression
with all-cause and cardiovascular mortality among community-
dwelling older adults: systematic review and meta-analysis. Br J
Psychiatry. 2019;215(2):449-455.

Parkinson WL, Rehman Y, Rathbone M, Upadhye S. Performances
on individual neurocognitive tests by people experiencing a current
major depression episode: a systematic review and meta-analysis. J
Affect Disord. 2020;276:249-259.

Thomas AJ, Gallagher P, Robinson LJ, et al. A comparison of neu-
rocognitive impairment in younger and older adults with major
depression. Psychol Med. 2009;39(5):725-733.

Butters MA, Whyte EM, Nebes RD, et al. The nature and de-
terminants of neuropsychological functioning in late-life depres-
sion. Arch Gen Psychiatr. 2004;61(6):587-595.

Bhalla RK, Butters MA, Becker JT, et al. Patterns of mild cognitive
impairment after treatment of depression in the elderly. Am J
Geriatr Psychiatr. 2009;17(4):308-316.

Bhalla RK, Butters MA, Mulsant BH, et al. Persistence of neuro-
psychologic deficits in the remitted state of late-life depression. Am
J Geriatr Psychiatr. 2006;14(5):419-427.

Cherbuin N, Kim S, Anstey KJ. Dementia risk estimates associated
with measures of depression: a systematic review and meta-
analysis. BMJ Open. 2015;5(12):e008853.

Diniz BS, Butters MA, Albert SM, Dew MA, Reynolds CF, 3rd. Late-
life depression and risk of vascular dementia and Alzheimer's dis-
ease: systematic review and meta-analysis of community-based
cohort studies. Br J Psychiat. 2013;202(5):329-335.

Airaksinen E, Wahlin A, Forsell Y, Larsson M. Low episodic memory
performance as a premorbid marker of depression: evidence from a
3-year follow-up. Acta Psychiatr Scand. 2007;115(6):458-465.
Buthmann J, Cha DS, Mcintyre RS. Does cognitive dysfunction
predate the onset of incident depression? In: Mcintyre RS, ed.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cognitive Impairment in Major Depressive Disorder. Cambridge Uni-
versity Press; 2016.

Simons CJ, Jacobs N, Derom C, et al. Cognition as predictor of
current and follow-up depressive symptoms in the general popu-
lation. Acta Psychiatr Scand. 2009;120(1):45-52.

Vinberg M, Miskowiak KW, Kessing LV. Impairment of executive
function and attention predicts onset of affective disorder in
healthy high-risk twins. J Clin Psychiatr. 2013;74(8):e747-753.
Mirza SS, lkram MA, Bos D, Mihaescu R, Hofman A, Tiemeier H.
Mild cognitive impairment and risk of depression and anxiety: a
population-based study. Alzheimers Dement. 2017;13(2):130-139.
Berger AK, Small BJ, Forsell Y, Winblad B, Backman L. Preclinical
symptoms of major depression in very old age: a prospective lon-
gitudinal study. Am J Psychiatr. 1998;155(8):1039-1043.
Alexopoulos GS, Meyers BS, Young RC, Campbell S, Silbersweig D,
Charlson M. 'Vascular depression' hypothesis. Arch Gen Psychiatr.
1997;54(10):915-922.

Empana J-P, Boutouyrie P, Lemogne C, Jouven X, van Sloten TT.
Microvascular contribution to late-onset depression: mechanisms,
current evidence, association with other brain diseases, and ther-
apeutic perspectives. Biol Psychiatr. 2021.

Hackett ML, Pickles K. Part I: frequency of depression after stroke:
an updated systematic review and meta-analysis of observational
studies. Int J Stroke. 2014;9(8):1017-1025.

Luijendijk HJ, Stricker BH, Wieberdink RG, et al. Transient ischemic
attack and incident depression. Stroke. 2011;42(7):1857-1861.
Taylor WD, Aizenstein HJ, Alexopoulos GS. The vascular depres-
sion hypothesis: mechanisms linking vascular disease with
depression. Mol Psychiatr. 2013;18(9):963-974.

Thomas AJ, Ferrier IN, Kalaria RN, Perry RH, Brown A, O'Brien JT.
A neuropathological study of vascular factors in late-life depres-
sion. J Neurol Neurosurg Psychiat. 2001;70(1):83-87.

van Sloten TT, Sigurdsson S, van Buchem MA, et al. Cerebral small
vessel disease and association with higher incidence of depressive
symptoms in a general elderly population: the AGES-Reykjavik
study. Am J Psychiatr. 2015;172(6):570-578.

Alexopoulos GS. Mechanisms and treatment of late-life depression.
Transl Psychiat. 2019;9(1):188.

Aizenstein HJ, Baskys A, Boldrini M, et al. Vascular depression
consensus report - a critical update. BMC Med. 2016;14(1):161.
Qiu WQ, Sun X, Selkoe DJ, et al. Depression is associated with low
plasma Abeta42 independently of cardiovascular disease in the
homebound elderly. Int J Geriatr Psychiatr. 2007;22(6):536-542.
van Dyck CH, O'Dell RS, Mecca AP. Amyloid-associated depres-
sion-or not? Biol Psychiatr. 2021;89(8):737-738.

Krell-Roesch J, Lowe VJ, Neureiter J, et al. Depressive and anxiety
symptoms and cortical amyloid deposition among cognitively
normal elderly persons: the Mayo Clinic Study of Aging. Int Psy-
chogeriatr. 2018;30(2):245-251.

Kumar A, Kepe V, Barrio JR, et al. Protein binding in patients with
late-life depression. Arch Gen Psychiatr. 2011;68(11):1143-1150.
Lavretsky H, Siddarth P, Kepe V, et al. Depression and anxiety
symptoms are associated with cerebral FDDNP-PET binding in
middle-aged and older nondemented adults. Am J Geriatr Psychiatr.
2009;17(6):493-502.

Pomara N, Bruno D, Sarreal AS, et al. Lower CSF amyloid beta
peptides and higher F2-isoprostanes in cognitively intact elderly
individuals with major depressive disorder. Am J Psychiatr.
2012;169(5):523-530.

Yasuno F, Kazui H, Morita N, et al. High amyloid-beta deposition
related to depressive symptoms in older individuals with normal
cognition: a pilot study. Int J Geriatr Psychiatr. 2016;31(8):920-928.
Chung JK, Plitman E, Nakajima S, et al. Cortical amyloid beta
deposition and current depressive symptoms in Alzheimer disease


https://www.who.int/news-room/fact-sheets/detail/mental-health-of-older-adults
https://www.who.int/news-room/fact-sheets/detail/mental-health-of-older-adults

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

Seriatric Psychiatry

ALMDAHL ET AL

and mild cognitive impairment. J Geriatr Psychiatr Neurol.
2016;29(3):149-159.

De Winter FL, Emsell L, Bouckaert F, et al. No association of lower
hippocampal volume with Alzheimer's disease pathology in late-life
depression. Am J Psychiatr. 2017;174(3):237-245.

McCutcheon ST, Han D, Troncoso J, et al. Clinicopathological
correlates of depression in early Alzheimer's disease in the NACC.
Int J Geriatr Psychiatr. 2016;31(12):1301-1311.

Wilson RS, Capuano AW, Boyle PA, et al. Clinical-pathologic study
of depressive symptoms and cognitive decline in old age. Neurology.
2014;83(8):702-709.

Mackin RS, Insel PS, Landau S, et al. Late-life depression is asso-
ciated with reduced cortical amyloid burden: findings from the
Alzheimer's disease neuroimaging initiative depression project. Biol
Psychiatr. 2021;89(8):757-765.

Donovan NJ, Locascio JJ, Marshall GA, et al. Longitudinal associ-
ation of amyloid beta and anxious-depressive symptoms in cogni-
tively normal older adults. Am J Psychiatr. 2018;175(6):530-537.
Harrington KD, Gould E, Lim YY, et al. Amyloid burden and incident
depressive symptoms in cognitively normal older adults. Int J Ger-
iatr Psychiatr. 2017;32(4):455-463.

Wang ZT, Shen XN, Ma YH, et al. Associations of the rate of change
in geriatric depression scale with amyloid and cerebral glucose
metabolism in cognitively normal older adults: a longitudinal study.
J Affect Disord. 2021;280(Pt A):77-84.

Xu W, Feng W, Shen XN, et al. Amyloid pathologies modulate the
associations of minimal depressive symptoms with cognitive im-
pairments in older adults without dementia. Biol Psychiatr.
2021;89(8):766-775.

Perin S, Harrington KD, Lim YY, et al. Amyloid burden and incident
depressive symptoms in preclinical Alzheimer's disease. J Affect
Disord. 2018;229:269-274.

Belvederi Murri M, Pariante C, Mondelli V, et al. HPA axis and
aging in depression: systematic review and meta-analysis. Psycho-
neuroendocrinology. 2014;41:46-62.

Anacker C, Cattaneo A, Luoni A, et al. Glucocorticoid-related mo-
lecular signaling pathways regulating hippocampal neurogenesis.
Neuropsychopharmacology. 2013;38(5):872-883.

Lupien SJ, de Leon M, de Santi S, et al. Cortisol levels during human
aging predict hippocampal atrophy and memory deficits. Nat Neu-
rosci. 1998;1(1):69-73.

Sexton CE, Mackay CE, Ebmeier KP. A systematic review and
meta-analysis of magnetic resonance imaging studies in late-life
depression. Am J Geriatr Psychiatr. 2013;21(2):184-195.

Geerlings MI, Gerritsen L. Late-life depression, hippocampal vol-
umes, and hypothalamic-pituitary-adrenal Axis regulation: a sys-
tematic review and meta-analysis. Biol Psychiatr. 2017;82(5):
339-350.

den Heijer T, Tiemeier H, Luijendijk HJ, et al. A study of the bidi-
rectional association between hippocampal volume on magnetic
resonance imaging and depression in the elderly. Biol Psychiatr.2011;
70(2):191-197.

Elbejjani M, Fuhrer R, Abrahamowicz M, et al. Hippocampal atro-
phy and subsequent depressive symptoms in older men and
women: results from a 10-year prospective cohort. Am J Epidemiol.
2014;180(4):385-393.

Petersen RC, Aisen PS, Beckett LA, et al. Alzheimer's disease
neuroimaging initiative (ADNI): clinical characterization. Neurology.
2010;74(3):201-209.

Cummings JL, Mega M, Gray K, Rosenberg-Thompson S, Carusi DA,
Gornbein J. The Neuropsychiatric Inventory: comprehensive
assessment of psychopathology in dementia. Neurology.
1994;44(12):2308-2314.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Kaufer DI, Cummings JL, Ketchel P, et al. Validation of the NPI-Q, a
brief clinical form of the Neuropsychiatric Inventory. J Neuropsy-
chiatry Clin Neurosci. 2000;12(2):233-239.

Choi SE, Mukherjee S, Gibbons LE, et al. Development and vali-
dation of language and visuospatial composite scores in ADNI.
Alzheimers Dement. 2020;6(1):e12072.

Crane PK, Carle A, Gibbons LE, et al. Development and assessment
of a composite score for memory in the Alzheimer's Disease
Neuroimaging Initiative (ADNI). Brain Imaging Behav. 2012;6(4):
502-516.

Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A
practical method for grading the cognitive state of patients for the
clinician. J Psychiatr Res. 1975;12(3):189-198.

Wechsler DA. Wechsler Memory Scale-Revised. Psychological Cor-
poration; 1987.

Aisen PS, Petersen RC, Donohue MC, et al. Clinical core of the
Alzheimer's disease neuroimaging initiative: progress and plans.
Alzheimers Dement. 2010;6(3):239-246.

Jack CR, Jr.,, Bernstein MA, Fox NC, et al. The Alzheimer's disease
neuroimaging initiative (ADNI): MRI methods. J Magn Reson Imag.
2008;27(4):685-691.

Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I.
Segmentation and  surface  reconstruction.  Neuroimage.
1999;9(2):179-194.

Fischl B, Dale AM. Measuring the thickness of the human cerebral
cortex from magnetic resonance images. Proc Natl Acad Sci U S A.
2000;97(20):11050-11055.

Fischl B, Salat DH, Busa E, et al. Whole brain segmentation:
automated labeling of neuroanatomical structures in the human
brain. Neuron. 2002;33(3):341-355.

Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis. Il:
inflation, flattening, and a surface-based coordinate system. Neu-
roimage. 1999;9(2):195-207.

Gronenschild EH, Habets P, Jacobs HlI, et al. The effects of Free-
Surfer version, workstation type, and Macintosh operating system
version on anatomical volume and cortical thickness measure-
ments. PLoS One. 2012;7(6):e38234.

Jovicich J, Czanner S, Han X, et al. MRI-derived measurements of
human subcortical, ventricular and intracranial brain volumes:
reliability effects of scan sessions, acquisition sequences, data an-
alyses, scanner upgrade, scanner vendors and field strengths.
Neuroimage. 2009;46(1):177-192.

Schwarz C, Fletcher E, DeCarli C, Carmichael O. Fully-automated
white matter hyperintensity detection with anatomical prior
knowledge and without FLAIR. Inf Process Med Imaging.
2009;21:239-251.

DeCarli C, Maillard P, Fletcher E. Four tissue segmentation in
ADNI [I. 2013. Accessed June 2021.

Bittner T, Zetterberg H, Teunissen CE, et al. Technical performance
of a novel, fully automated electrochemiluminescence immuno-
assay for the quantitation of beta-amyloid (1-42) in human cere-
brospinal fluid. Alzheimers Dement. 2016;12(5):517-526.

Shaw LM, Hansson O, Manuilova E, et al. Method comparison study
of the Elecsys(R) beta-Amyloid (1-42) CSF assay versus compar-
ator assays and LC-MS/MS. Clin Biochem. 2019;72:7-14.

Hansson O, Seibyl J, Stomrud E, et al. CSF biomarkers of Alz-
heimer's disease concord with amyloid-beta PET and predict clin-
ical progression: a study of fully automated immunoassays in
BioFINDER and ADNI cohorts. Alzheimers Dement. 2018;14(11):
1470-1481.

Shaw LM, Waligorska T, Fields L, et al. Derivation of cutoffs for the
Elecsys((R)) amyloid beta (1-42) assay in Alzheimer's disease. Alz-
heimers Dement. 2018;10:698-705.



ALMDAHL ET AL

Geriatric yearwd WILEY | 5

78.

79.

80.

81

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Pousa PA, Souza RM, Melo PHM, et al. Telomere shortening and
psychiatric disorders: a systematic review. Cells. 2021;10(6).
Mendes-Silva AP, Vieira ELM, Xavier G, et al. Telomere shortening
in late-life depression: a potential marker of depression severity.
Brain Behav 2021;11(8):e2255.

Schaakxs R, Verhoeven JE, Oude Voshaar RC, Comijs HC, Penninx
B. Leukocyte telomere length and late-life depression. Am J Geriatr
Psychiatr. 2015;23(4):423-432.

Cawthon RM. Telomere measurement by quantitative PCR. Nucleic
Acids Res. 2002;30(10):e47.

Lin J, Epel E, Cheon J, et al. Analyses and comparisons of telome-
rase activity and telomere length in human T and B cells: insights
for epidemiology of telomere maintenance. J Immunol Methods.
2010;352(1-2):71-80.

Lenhard W, Lenhard A. Calculation of effect sizes. Psychometrica.
https://doi.org/10.13140/RG.2.2.17823.923292016. Retrieved
from. https://www.psychometrica.de/effect_size.html

Sheikh JI, Yesavage JA. Geriatric Depression Scale (GDS): recent
evidence and development of a shorter version. In: Clinical Geron-
tology: a Guide to Assessment and Intervention. The Haworth Press;
1986:165-173.

Koenen KC, Moffitt TE, Roberts AL, et al. Childhood 1Q and adult
mental disorders: a test of the cognitive reserve hypothesis. Am J
Psychiatr. 2009;166(1):50-57.

MacKenzie LE, Uher R, Pavlova B. Cognitive performance in first-
degree relatives of individuals with vs without major depressive
disorder: a meta-analysis. JAMA Psychiatr. 2019;76(3):297-305.
Zammit S, Allebeck P, David AS, et al. A longitudinal study of
premorbid 1Q Score and risk of developing schizophrenia, bipolar
disorder, severe depression, and other nonaffective psychoses.
Arch Gen Psychiatr. 2004;61(4):354-360.

Smeeth DM, Kourouzidou |, Duarte RRR, Powell TR, Thuret S.
Prolactin, estradiol and testosterone differentially impact human
hippocampal neurogenesis in an in vitro model. Neuroscience.
2021;454:15-39.

Girgus JS, Yang K, Ferri CV. The gender difference in depression:
are elderly women at greater risk for depression than elderly men?
Geriatrics. 2017;2(4).

King KS, Kozlitina J, Rosenberg RN, Peshock RM, McColl RW,
Garcia CK. Effect of leukocyte telomere length on total and
regional brain volumes in a large population-based cohort. JAMA
Neurol. 2014;71(10):1247-1254.

Phillips AC, Robertson T, Carroll D, et al. Do symptoms of
depression predict telomere length? Evidence from the west of
Scotland twenty-07 study. Psychosom Med. 2013;75(3):288-296.
Rius-Ottenheim N, Houben JM, Kromhout D, et al. Telomere
length and mental well-being in elderly men from The Netherlands
and Greece. Behav Genet. 2012;42(2):278-286.

Godin O, Dufouil C, Maillard P, et al. White matter lesions as a
predictor of depression in the elderly: the 3C-Dijon study. Biol
Psychiatr. 2008;63(7):663-669.

Olesen PJ, Gustafson DR, Simoni M, et al. Temporal lobe atrophy and
white matter lesions are related to major depression over 5 years in
the elderly. Neuropsychopharmacology. 2010;35(13):2638-2645.
Park JH, Lee SB, Lee JJ, et al. Epidemiology of MRI-defined
vascular depression: a longitudinal, community-based study in
Korean elders. J Affect Disord. 2015;180:200-206.

Qiu WQ, Himali JJ, Wolf PA, DeCarli DC, Beiser A, Au R. Effects of
white matter integrity and brain volumes on late life depression in
the Framingham Heart Study. Int J Geriatr Psychiatr.
2017;32(2):214-221.

Teodorczuk A, Firbank MJ, Pantoni L, et al. Relationship between
baseline white-matter changes and development of late-life
depressive symptoms: 3-year results from the LADIS study. Psychol
Med. 2010;40(4):603-610.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112.

lkram MA, Luijendijk HJ, Vernooij MW, et al. Vascular brain dis-
ease and depression in the elderly. Epidemiology. 2010;21(1):78-81.
Steffens DC, Krishnan KR, Crump C, Burke GL. Cerebrovascular
disease and evolution of depressive symptoms in the cardiovas-
cular health study. Stroke. 2002;33(6):1636-1644.

Shim YS, Yang DW, Roe CM, et al. Pathological correlates of white
matter hyperintensities on magnetic resonance imaging. Dement
Geriatr Cognit Disord. 2015;39(1-2):92-104.

Gouw AA, Seewann A, van der Flier WM, et al. Heterogeneity of
small vessel disease: a systematic review of MRI and histopathol-
ogy correlations. J Neurol Neurosurg Psychiat. 2011;82(2):126-135.
Bae KY, Kang HJ, Kim JW, et al. Associations of white matter
hyperintensities with poststroke depression: a 1-year longitudinal
study. Int J Geriatr Psychiatr. 2019;34(1):162-168.

Tully PJ, Debette S, Mazoyer B, Tzourio C. White matter lesions
are associated with specific depressive symptom trajectories
among incident depression and dementia populations: three-city
Dijon MRI study. Am J Geriatr Psychiatr. 2017;25(12):1311-1321.
Santos M, Gold G, Kovari E, et al. Neuropathological analysis of
lacunes and microvascular lesions in late-onset depression. Neu-
ropathol Appl Neurobiol. 2010;36(7):661-672.

Tsopelas C, Stewart R, Savva GM, et al. Neuropathological corre-
lates of late-life depression in older people. Br J Psychiat.
2011;198(2):109-114.

Babulal GM, Ghoshal N, Head D, et al. Mood changes in cognitively
normal older adults are linked to Alzheimer disease biomarker
levels. Am J Geriatr Psychiatr. 2016;24(11):1095-1104.

Sala A, Nordberg A, Rodriguez-Vieitez E, Alzheimer's Disease
Neuroimaging |. Longitudinal pathways of cerebrospinal fluid and
positron emission tomography biomarkers of amyloid-beta posi-
tivity. Mol Psychiatr. 2020.

Jack CR, Jr., Knopman DS, Jagust WJ, et al. Tracking pathophysi-
ological processes in Alzheimer's disease: an updated hypothetical
model of dynamic biomarkers. Lancet Neurol. 2013;12(2):207-216.
Palmqvist S, Scholl M, Strandberg O, et al. Earliest accumulation of
beta-amyloid occurs within the default-mode network and
concurrently affects brain connectivity. Nat Commun. 2017;8(1):
1214.

Li BJ, Friston K, Mody M, Wang HN, Lu HB, Hu DW. A brain
network model for depression: from symptom understanding to
disease intervention. CNS Neurosci Ther. 2018;24(11):1004-1019.
Schultz DH, Ito T, Solomyak LI, et al. Global connectivity of the
fronto-parietal cognitive control network is related to depression
symptoms in the general population. Netw Neurosci. 2019;3(1):
107-123.

Wise T, Marwood L, Perkins AM, et al. Instability of default mode
network connectivity in major depression: a two-sample confir-
mation study. Transl Psychiat. 2017;7(4):e1105.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Almdahl IS, Agartz |, Hugdahl K,
Korsnes MS, and for the Alzheimer’s Disease Neuroimaging

Initiative. Brain pathology and cognitive scores prior to onset

of late-life depression. Int J Geriatr Psychiatry. 2022;1-15.

https://doi.org/10.1002/gps.5686


https://doi.org/10.13140/RG.2.2.17823.923292016
https://www.psychometrica.de/effect_size.html
https://doi.org/10.1002/gps.5686

	Brain pathology and cognitive scores prior to onset of late‐life depression
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Materials
	2.2 | Incident depression
	2.3 | Included visits
	2.4 | Cognitive scores and cognitive diagnosis
	2.5 | Magnetic resonance imaging and hippocampal volumes
	2.6 | White matter hyperintensity
	2.7 | Amyloid biomarkers: CSF and PET
	2.8 | Telomere length
	2.9 | Statistical analyses

	3 | RESULTS
	3.1 | Descriptives at baseline
	3.2 | Neuropsychological scores
	3.3 | Hippocampal volumes
	3.4 | White matter hyperintensity
	3.5 | Amyloid markers

	4 | DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT


