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Abstract

Associations between age-related neuropathological lesions and adult-onset lifetime major
depressive disorder (a-MDD), late-life MDD (LLD), or depressive symptoms close to death

(DS) were examined in a large community sample of non-demented older adults. Seven hundred
forty-one individuals (age at death = 72.2 + 11.7 years) from the Biobank for Aging Studies

were analyzed. a-MDD was present in 54 (7.3%) participants, LLD in 80 (10.8%), and DS in

168 (22.7%). After adjustment for covariates and compared to controls, a-MDD, LDD and DS
were associated with small vessel disease (p= 0.039, p=0.003, and p = 0.003 respectively);
LLD, and DS were associated with brain infarcts (o= 0.012, p=0.018, respectively) and Lewy
body disease (p=0.043, p=0.002, respectively). DS was associated with beta-amyloid plaque
burden (p=0.027) and cerebral amyloid angiopathy (p = 0.035) in cognitively normal individuals
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(Clinical Dementia Rating scale = 0). Vascular brain pathology was the strongest correlate of
clinical depictions of depression in the absence of dementia, corroborating the vascular hypothesis
of depression. Lewy body pathology underlay DS. An older adult with DS or LLD should be
monitored for possible cognitive decline or neurodegenerative disorders.
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Depression; Alzheimer; Vascular; Lewy; Older adults; Post-mortem

1. Introduction

Depression predisposes to various medical illnesses, and medical illnesses increase the risk
of late-life depression. The reciprocal relationships of depression with aging-related and
disease-related processes (Alexopoulos, 2019; Chan et al., 2019; Korczyn and Halperin,
2009;) have strengthened the importance of further evaluating depression in older ages as it
can be associated with underlying brain lesions. Moreover, chronic depression and stress are
associated with excessive release of corticosteroids, which damage the brain (Korczyn and
Halperin, 2009). Depression often precedes the disease-defining symptoms associated with
neurodegenerative processes (Chan et al., 2019; Jellinger, 2013).

The literature proposes several non-mutually exclusive models for explaining depressive
symptoms in people with cognitive decline: 1) emotional reaction to cognitive decline; 2)
recurrence of early or midlife major depression precipitated by neurodegenerative lesions
and, more specifically, possible early neurodegenerative pathology in mood-regulating brain
areas; and 3) late-life cerebrovascular disease contributing to both dementia and depression
(Alexopoulos, 2019; Jellinger, 2013; Korczyn and Halperin, 2009).

Regarding early neurodegenerative pathology in mood-regulating brain areas, relatively
recent evidence of early (precortical) degeneration of neuromodulatory subcortical systems
(NSS) (Braak et al., 2003) - especially serotonergic and noradrenergic neurons due to
Alzheimer’s disease (AD) neurofibrillary tangles and Lewy body disease - reignited

the hypothesis of depression as an early sign of a neurodegenerative condition. Such
suspicion has been corroborated by work showing a clear association between depressive
symptoms and pre-cortical AD tau deposits in the NSS (Ehrenberg et al., 2018). The neuro-
biological basis of depression is likely multifactorial, and contributing causes may co-occur
(Alexopoulos, 2019; Jellinger, 2013; Korczyn and Halperin, 2009; Suemoto et al., 2017). In
line with these findings, other postmortem studies pinpoint a link between depression and
AD lesions, Lewy body disease or cerebrovascular lesions (Meynen et al, 2010; Rapp et
al., 2006), but not all studies have shown this association (Wilson et al., 2003). All things
considered, studies investigating an association between depression and brain lesions show
discrepant results (Jellinger, 2013; Kim et al., 2016; Taylor, 2017; van Dyck et al., 2021).

Several longitudinal studies suggest that depression is a risk factor for dementia (Chan et al.,
2019), but few studies investigate whether depression is already a manifestation of the early
stages of neurodegenerative conditions. Beta-amyloid neuritic plaque and neurofibrillary
tangles burden were associated with higher depression scores in a cohort of 106 control
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individuals followed in 10 waves of assessment between 1991 and 2015 (only 30 were

free of dementia at death) (Robinson et al., 2021). Association between plaque burden and
depression scores was found in another longitudinal clinicopathological study of 161 older
individuals free of dementia at death (Wennberg et al, 2019). Major depressive disorder
(MDD) was also associated with a higher burden of ischemic brain lesions in a study

with 20 older adults (Thomas et al., 2002). However, in the only clinicopathological study
with a non-Caucasian cohort, comprising 393 Japanese males living in Hawaii, depressive
symptoms and subsequent cognitive decline seem to be unrelated to AD neuropathologies
(Royall and Palmer, 2013). Negative results were also found in a sample of 38 MDD cases;
in this study, no association with cerebrovascular lesions was observed (Santos et al., 2010).
In one of the few studies with a population-based sample (n = 153), MDD was associated
with subcortical and hippocampal neuronal loss and subcortical Lewy-type pathology, but
not with cerebrovascular or AD pathology (Tsopelas et al., 2011). Finally, in one of the
largest neuropathological studies to date, including 72 MDD cases with no information

on how many died free of dementia, beta-amyloid burden was associated with significant
depressive symptoms, and no association was found with Lewy bodies, tau neurofibrillary
tangle pathology, or infarcts (Wilson et al., 2016).

Therefore, more comprehensive investigations on the age-related neuropathological
correlates of depression in cognitively normal individuals are still lacking. We aim to close
this gap by investigating associations of neurodegenerative and cerebrovascular lesions with
different forms of depression - adult-onset MDD (a-MDD), late-life MDD (LLD), and
depressive symptoms (DS) - in a large community-based clinicopathological cohort of 741
non-demented older adults. As the literature suggests, the rationale behind investigating
these groups separately was to test if there is more vascular pathology among individuals
with depression at older ages (both the LLD and the DS groups). Moreover, we studied both
LLD and DS because there are studies that analyze depressive symptoms (the DS group) but
not the Diagnostic and Statistical Manual of Mental Disorders (DSM) criteria for depression
at an older age (the LLD group) and vice-versa, and we were able to analyze both constructs
in the same sample.

2. Methods

2.1

Participants

Participants of this study were deceased individuals who underwent autopsy at the Sao Paulo
Autopsy Service of the University of Sao Paulo (SVOC-USP) and had their brains donated
to the Biobank for Aging Studies of the University of Sao Paulo (BAS-USP) from 2004

to 2019. SVOC-USP is a community-based autopsy service for individuals who died from
natural (non-traumatic) causes. Furthermore, the SVOC-USP does not perform autopsies of
forensic cases. In Brazil, an autopsy is mandatory when the non-traumatic cause of death

is unclear due to lack of medical assistance or insufficient information before death, at no
charge to the family. Autopsies start only when the next-of-kin family member arrives at
SVOC. All autopsies are performed by medical pathologists assisted by nationally certified
technicians. The SVOC-USP functions 24 h a day and performs around 13,000 autopsies per
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year within the city of Sao Paulo, Brazil, which has a population of 12 million residents and
around 90,000 deaths per year (Grinberg et al, 2007).

Further information regarding methodological procedures of the BAS-USP can be reached
elsewhere (Grinberg et al, 2007, 2009; Nunes et al., 2019; Suemoto et al., 2017). Cases
were selected at random, during weekdays, between 8 and 18hs. Family members are
asked if they consent to participate in the study while waiting for the autopsy to complete.
The clinical and functional interview is conducted in a private room if consent is granted.
Inclusion criteria for the BAS-USP were participants aged at death 50 years and older,

and the next of kin being a knowledgeable informant who had had at least weekly contact
with the deceased. Exclusion criteria for the BAS-USP were: (i) brain tissue unsuitable for
neuropathological analyses (e.g., cerebrospinal fluid pH < 6.5, or significant acute brain
lesions, such as hemorrhages or tumors); and (ii) inconsistent clinical data provided by

the informant. All BAS-USP protocols, the informed consent form, and procedures follow
international and Brazilian regulations for research involving humans and were approved by
the local and federal research committees.

2.2. Clinical postmortem evaluation

2.3.

Briefly, after next-of-kin consenting, trained gerontologists applied the semi-structured
clinical and functional assessments. The clinical evaluation assessed the deceased’s clinical
and functional status in a time point 3 months before death and a life-time history of MDD.
A validated semi-structured clinical interview (Ferretti et al., 2010) assessed demographics,
neuropsychiatric symptoms, cognitive performance, and clinical medical history. We used
the informant part of the Clinical Dementia Rating scale (CDR) (Morris, 1993) validated
for postmortem use (Ferretti et al., 2010) to evaluate cognitive impairment. According to
previous publications, CDR > 1 indicates dementia, and CDR = 0.5 is considered mild
cognitive impairment but might as well include cases of mild dementia (Morris, 1993;
Nunes et al., 2019).

The diagnosis of lifetime MDD was made using the Structured Clinical Interview for
DSM-IV Disorders (SCID) for Axis |, informant part (Spitzer et al., 1992). The diagnosis
of MDD was further confirmed according to DSM-5 criteria. The subgroup a-MDD was
considered when the first MDD episode occurred in adulthood up until 60 years, and LLD
was considered when the first MDD episode occurred after age 60.

Depressive and other neuropsychiatric symptoms around 3 months before death (to avoid the
influence of peri-agonal events) were assessed using the Neuropsychiatric Inventory (NPI)
(Cummings, 1997). The NPI measures 12 different neuropsychiatric symptoms, including
depression. It is a structured interview applied to an informant, focusing on observable
symptoms. The presence of significant depressive symptoms (DS) was considered positive
when the NP1 core for depressive symptoms was greater than zero, similarly to previous
publications (Ehrenberg et al., 2018; Nunes et al., 2019; Peters et al., 2013).

Neuropathological assessment and definitions

The BAS-USP follows standardized protocols. Brain tissue was obtained within 24 hours
of death. One hemisphere was fixed in paraformaldehyde. After fixation, samples from
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the following selected areas were embedded in paraffin: middle frontal gyrus, middle,

and superior temporal gyri, angular gyrus, superior frontal, and anterior cingulate gyrus,
visual cortex, hippocampal formation at the level of the lateral geniculate body, amygdala,
basal ganglia at the level of the anterior commissure, thalamus, midbrain, pons, medulla
oblongata, and cerebellum. Immunohistochemistry of selected sections was performed using
antibodies against beta-amyloid, phosphorylated tau, and a-synuclein (MDV) (Ehrenberg

et al., 2018). The pathologists (LTG and RDR) were blinded to demographics and clinical
outcomes for all neuropathologic analyses.

Both hemispheres underwent gross assessment. Microvascular changes were analyzed semi-
quantitatively using hematoxylin and eosin staining in all sampled areas. Small-vessel
disease was diagnosed when there was widespread (more than 50%) and at least moderate
small-vessel disease in white matter in at least 3 cortical regions out of those examined
(superior frontal gyrus, medium frontal gyrus, inferior and medium temporal gyri, anterior
cingulate gyrus, angular gyrus), and included small-vessel arteriosclerosis/atherosclerosis,
arteriolosclerosis, and lipohyalinosis (Grinberg et al., 2009; Suemoto et al., 2017). Cases
were classified as positive for cerebral amyloid angiopathy (CAA) when it was found
diffusely in the parenchyma of at least 3 different cortical areas (Grinberg and Thal, 2010).
Inclusion in the group “infarct” required 1 large chronic infarct (> 1 cm) or 3 lacunae

in strategic areas - thalamus, frontocingular cortex, basal forebrain and caudate, medial
temporal area, and angular gyrus (Grinberg and Thal, 2010; Jellinger and Attems, 2006).

AD-type neuropathology was evaluated using the Consortium to Establish a Registry for
AD (CERAD) criteria for neuritic plaque burden (Mirra et al., 1991), and the Braak and
Braak staging for neurofibrillary tangle pathology (Braak and Braak, 1991). The cohort was
dichotomized into 2 groups: Braak stage O to Il and 111 to VI

Lewy-type pathology was assessed using the Braak staging for Parkinson’s disease (Braak
et al., 2003), and groups were divided as Lewy body disease present (Braak = 0) or absent.
According to this classification, cases were further analyzed as having limbic commitment
(Braak = 4) or not.

2.4. Statistical analysis

We used the Mann-Whitney test for quantitative variables and the chi-square test

for categorical variables to compare participants in the groups. In addition, we used
multivariable logistic regression models, adjusted for CDR, age at death, sex, and ethnicity
to test the association of lifetime a-MDD, LLD or DS, and the neuropathological alterations.
We also tested the association adjusting for CDR, age at death, sex, ethnicity, alcohol
misuse, smoking, hypertension, diabetes mellitus, and dyslipidemia. We further carried

on sensitivity analyses excluding the group CDR = 0.5. Additional analyses were also
performed considering possible differences among male and female groups. We used
multivariable logistic regression models, adjusted for significant variables to test the
association of sex and the neuropathological alterations. The level of significance was set at
0.05 in 2-tailed tests. The Statistical Package for the Social Sciences (SPSS) version 20.0
was used to perform the statistical analyses.

Neurobiol Aging. Author manuscript; available in PMC 2023 September 01.
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3. Results

We analyzed all participants with CDR < 1 (741 out of 1,068 individuals) included in the
BAS from 2004 to 2019. CDR = 0 was present in 620 (83.7%) cases and CDR = 0.5

was present in 121 (16.3%) cases. In this sample, the mean age at death was 72.2 + 11.7
years old, and 52.2% were male. a-MDD was present in 54 (7.3%) subjects and LLD in

80 (10.8%) cases, as seen in Fig. 1. DS were present in 168 (22.7%) subjects. Forty-two
a-MDD cases were also present in the DS group, and 64 LLD cases were also present in the
DS group.

Table 1 shows demographics and clinical variable comparisons among a-MDD, LLD, and
their comparison group, no MDD. a-MDD group was younger (p< 0.001), and had a
prevalence of females of 59.3% as compared with 45.6% (p = 0.054) in the no MDD group.
No difference between a-MDD and no MDD was found regarding education, ethnicity,
alcohol misuse, smoking habits, hypertension, diabetes, or dyslipidemia. The LLD group
was older (p=0.001) and had less dyslipidemia (p = 0.042) than the group with no MDD.
No difference between LLD and no MDD was found regarding education, gender, ethnicity,
alcohol misuse, smoking habits, hypertension, or diabetes.

The demographics and clinical variables in the groups DS and no DS are shown in Table 2.
The DS group had a higher prevalence of smoking habits (p = 0.035) than the group with
no DS. No difference between the group with DS and the group with no DS was found
regarding age at death, education, gender, ethnicity, alcohol misuse, hypertension, diabetes,
or dyslipidemia.

Table 3 shows the association of neuropathologies with a-MDD, LLD, and DS. The logistic
regression models adjusted for CDR, age at death, sex, and ethnicity reveal associations

of neuropathologies in some of the groups. a-MDD, LLD, and DS were associated with
small vessel disease, and the odds ratio (OR) for the association of small vessel disease with
a-MDD, LLD, and DS were 2.5 (95% CI = 1.1-5.9; p=0.037), 2.4 (95% Cl = 1.3-4.5; p
=0.005), and 2.0 (95% CI = 1.2-3.3; p=0.007), respectively. LLD and DS were associated
with infarcts, and the OR for the association with LLD, and DS was 2.5 (95% CI = 1.3-5.1;
p=10.009), and 2.2 (95% CI = 1.3-4.2; p=0.008), respectively. DS were associated with
higher moderate to frequent neurofibrillary tangle burden (Braak’s stage 111 or above): OR =
1.7 (95% CI = 1.1-2.5; p=0.018), and DS were also associated with Lewy body pathology:
OR =24 (95% Cl = 1.4-4.1; p=0.001). No differences were found for cerebral amyloid
angiopathy or neuritic plaque burden (CERAD score).

Results remained unaltered when alcohol misuse, smoking, hypertension, diabetes mellitus,
and dyslipidemia were also included in the regression models. In cases of individuals with
Lewy body disease, no differences were found among the MDD, LLD, and DS groups
regarding limbic involvement (Braak PD = 4).

We further carried out sensitivity analyses to assess the specificity of the results excluding
CDR = 0.5 cases as seen in Table 4. The logistic regression models adjusted for age at death,
sex, and ethnicity revealed several similar associations of neuropathologies as seen in the
analyses of cases with CDR = 0 and CDR = 0.5. a-MDD, LLD, and DS in CDR = 0 cases
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were associated with small vessel disease, and the odds ratio (OR) for the association of
small vessel disease with a-MDD, LLD, and DS were 2.7 (95% CI = 1.1-6.7; p=0.031),
2.7 (95% Cl = 1.3-5.4; p=0.004), and 2.2 (95% CI = 1.3-3.9; p=0.005), respectively.
LLD and DS were associated with infarcts, and the OR for the association with LLD, and
DS were 2.5 (95% CI = 1.1-5.9; p=0.035), and 2.1 (95% CI = 1.0-4.5; p=0.042),
respectively. DS were associated with higher moderate to frequent neurofibrillary tangle
burden (Braak’s stage 111 or above): OR = 2.1 (95% CI = 1.3-3.3; p=0.002), and DS

were also associated with Lewy body pathology: OR = 2.6 (95% CI = 1.4-4.8; p=0.002).
No differences were found for cerebral amyloid angiopathy. Results remained unaltered
when alcohol misuse, smoking, hypertension, diabetes mellitus, and dyslipidemia were also
included in the regression models, except from the fact that DS were associated with greater
cerebral amyloid angiopathy OR = 2.7 (95% CI = 1.1-7.3; p=0.035) and a-MDD were
associated with Lewy body disease OR = 3.0 (95% CI = 1.0-8.8; p=0.046).

The main difference in the results from this sensitivity analysis, excluding CDR = 0.5 cases,
was that DS were associated with neuritic plaque burden (beta-amyloid): OR = 1.9 (95% ClI
=1.1-3.1, p=0.013) for the logistic regression models adjusted for age at death, sex, and
ethnicity and OR = 1.8 (95% CI = 1.1-3.2; p=0.027) for the logistic regression models
adjusted for age at death, sex, ethnicity, alcohol misuse, smoking, hypertension, diabetes
mellitus, and dyslipidemia.

Additional analyses were also performed considering possible differences among male and
female groups. First we analyzed demographics and clinical variables between genders as
shown in Table 5. The female group was older (p=0.002), less educated (p < 0.001), had a
smaller prevalende of alcohol misuse (p < 0.001), smoking habits (p < 0.001), but a higher
prevalence of hypertension (p < 0.001).

When we used multivariable logistic regression models, adjusted for significant variables
(age at death, schooling, alcohol and smoke use, hypertension), no associations between
gender and neuropathological alterations were found, as seen in Table 6.

4. Discussion

In analyses comparing current and previous depressive episodes in a large population-based
clinicopathological cohort of 741 individuals without dementia (CDR < 1), we found that
the presence of small vessel disease was twice more prevalent in individuals with any of

the 3 depression subtypes than in individuals with no depression. In addition, LLD and

DS groups had similar results for infarcts. LLD and DS were associated with twice more
Lewy body disease. When cases with CDR = 0.5 were excluded, results remained alike for
most analyses. Nonetheless, an association of DS with cerebral amyloid angiopathy, neuritic
plaques (beta-amyloid), and neurofibrillary pathology (AD-tau burden) was found. It may be
the case that the exclusion of CDR = 0.5 leads to the exclusion of controls with pathology
and cases without pathology, increasing the contrast between groups.

This work brings several insights into the present understanding of the neurobiological bases
of depression in older adults. It provided evidence of possible vascular origins of depression
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and gives insights into a hypothesis in which mood disorders may be pre-cognitive
symptoms in AD and pre-parkinsonism symptoms in Lewy body disease (Ehrenberg et

al., 2018; Kim et al., 2016; Mariani et al, 2021). In addition, beyond the social determinants
of health leading to depression, the heterogeneity of neuropathologic lesions associated with
depression highlights its multifactorial biological origins. This may help explain why it is
still so challenging to find specific biomarkers for depression, as childhood trauma, sex
differences, lifestyle, and demographic variables are also important factors (Mariani et al,
2021).

Smaller neuropathological and clinical-only studies have pointed to a possible correlation
between cerebrovascular lesions and depression (Aizenstein et al., 2016; Diniz et al., 2013;
Jamieson et al., 2019; Kim et al., 2016). The association of LLD with an increased risk
for vascular disease in clinical-only samples is supported by both meta-analysis (Diniz

et al., 2013) and other studies such as a 5-year follow-up of 1,949 community older
adults free of dementia or baseline depressive symptoms (van Sloten et al., 2015). In

this prospective analysis, the onset of depressive symptoms in 10% of the sample was
associated with increased white matter hyperintensities and with new subcortical infarcts,
detected through magnetic resonance imaging scans. Interestingly, in our sample, the
younger age at death and a lower percentage of diabetes mellitus in the a-MDD might
have contributed to the lack of association of a-MDD with brain infarcts, differently from
what was found in the LDD group and the DS group. Still, the small a-MDD sample size
could have contributed to these negative results. The association of white matter lesions
with small vessel disease is well supported by the literature (Aizenstein et al., 2016;
Grinberg and Thal, 2010; Jellinger, 2013; Korczyn and Halperin, 2009). In an interesting
study with 20 older adults with a history of MDD and their matched controls, magnetic
resonance imaging and neuropathological analysis were performed in the same 3 slices
of brain tissue (Thomas et al., 2002). Deep white matter hyperintensities due to cerebral
ischemia were more frequent in depressed subjects. This is in agreement with our results
from a large cohort and infuses confidence in the veracity of this relationship. Moreover,
we were able to use neuropathological analysis to evaluate small vessel disease, a type

of lesion still underestimated in neuroimaging studies. Emerging evidence suggests that
microvascular dysfunction may contribute to depression (Empana et al., 2021). However,
as authors argue, more research is needed to fully characterize the association between
microvascular dysfunction and specific depressive symptoms. This will help to further
define microvascular depression as a specific subtype of depression. In addition, clinical
studies are needed to evaluate whether stratification of patients according to the presence
of microvascular dysfunction could identify subgroups more likely to respond to specific
clinical therapies, including agents that improve microvascular function (Empana et al.,
2021).

Previous studies investigating cognitively normal individuals failed to find a relationship
between neuropathological changes and depression, but the sample size regarding depression
cases and especially dementia-free cases was significantly smaller when compared to our
study’s, ranging from 36 to 74 individuals (Santos et al., 2010; Tsopelas et al., 2011;

Wilson et al., 2016) or even less (Aizenstein et al., 2016). Other studies only measured the
intensity of depressive symptoms; moreover, median sample scores were below the cut-off
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for depression (Royall and Palmer, 2013; Wennberg et al., 2019). Given the significant
variability on how depression was established and limited sample sizes, we hypothesize that
previous negative results may be due to type Il error.

Interestingly, depression is the most common prodromal psychiatric symptom in Lewy body
disease patients, often preceding the onset of motor symptoms (Jellinger, 2013). Depression
is also associated with cognitive impairment as well as with a faster rate of cognitive
decline in Lewy body disease (Patterson et al., 2019). We found an association between
LLD and DS and Lewy body disease. There are few studies of Lewy-type pathology in
individuals with incidental Lewy body disease but no dementia. However, neuropathological
studies show that mood-modulating nuclei such as the locus coeruleus and dorsal raphe
nucleus develop Lewy bodies before or simultaneously with the substantia nigra, suggesting
depression might be an early non-motor symptom in Lewy body disease. The association of
LLD and DS with Lewy body disease can also be partially explained by a spread of Lewy-
type pathology in mesolimbic and mesostriatal dopaminergic neurons, impairing dopamine
metabolism and transmission, as seen in a postmortem study of Lewy body disease cases
(Patterson et al., 2019). In line with our results, positive associations were also found in a
sample of 153 older adults with no dementia, 36 of whom had depressive symptoms above
the cut-off score (Jellinger and Attems, 2006). In a sample of 124 older adults with no
dementia, higher densities of brainstem Lewy bodies were associated with a higher level

of depressive symptoms (Wilson et al., 2016). That association was observed in 3 of the 4
brainstem nuclei (locus coeruleus, dorsal raphe nucleus, and substantia nigra). In another
study from the same research group, however, no relationship with Lewy-type pathology
was found in a sample of 72 individuals with MDD, although more than half of the entire
sample had dementia (Wilson et al., 2016).

Finally, we found a relationship between neurofibrillary tangle burden and DS (o= 0.06
and p=0.027 when cases with CDR = 0.5 were excluded). Other studies are in line

with this finding (Ehrenberg et al., 2018; Rapp et al., 2006; Robinson et al., 2021; Wilson
et al., 2013). AD-tau pathology and degeneration of locus coeruleus and dorsal raphe
nucleus are the recognizable signs of AD pathology in the human brain; these nuclei are
also the main producers of norepinephrine and serotonin in the central nervous system
(Grinberg et al., 2009). Furthermore, cognitively normal individuals at -1l Braak stage for
neurofibrillary pathology have more than twice the chance of showing depressive symptoms
than individuals at Braak O (Ehrenberg et al., 2018).

Notably, our study found no relationship of depression subtypes with neuritic plaque
burden (beta-amyloid), except when cases with CDR = 0.5 were excluded. When we
carried out the analysis of the n = 620 cases with CDR = 0, DS were associated with
higher neuritic plaque burden. Associations were found in a postmortem study of 161
individuals with no dementia, there was an association between a higher burden of neuritic
plaques and depressive symptoms (Wennberg et al., 2019). Higher beta-amyloid plaque
burden was also found to be associated with higher likelihood of MDD diagnosis, but

not with the intensity of depressive symptoms (Wilson et al., 2016). However, negative
associations between amyloid severity and depression have also been reported (Royall

and Palmer, 2013; Tsopelas et al., 2011; Wilson et al., 2014), and indeed the literature
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brings conflicting findings (Jamieson et al., 2019). There are some possible explanations
for our negative findings in some of our analysis. For example, in early AD stages, beta-
amyloid pathology is confined to neocortical regions less likely to modulate depressive
symptoms than the subcortical regions already carrying substantial neurofibrillary tangle
burden, making possible correlations between beta-amyloid and depression very weak and
the results spurious (Ehrenberg et al., 2018).

Our study results were less consistent regarding cerebral amyloid angiopathy, as positive
associations were found only in the DS group in the analysis of cases with CDR = 0.
These inconsistent results might be due to low statistical power as the sample size of
positive cases was the smallest in our sample: 26 cases, as compared to 52 cases with
infarcts, 68 with Lewy body disease, 80 cases with small vessel disease, 123 cases with
neuritic plaques (beta-moderate-frequent and 208 cases with neurofibrillary pathology I11-
V1. Cerebral amyloid angiopathy studies in depression are also lacking in literature; we
found only 1 study with 10 individuals with LLD that found a trend toward less severe
amyloid angiopathy (Sweet et al., 2004). Future studies with large samples size are needed
to fill this literature gap.

Despite our effort s to minimize weaknesses in study design, remaining shortcomings should
be noted. Unfortunately, many MDD cases in our sample were not under antidepressant
treatment as the inclusion criteria were lifetime MDD and not current MDD. No specific
association of antidepressant treatment with neuropathological alterations was found. We
also lacked the information on more severe depression cases as well as the cause of death.
This is, however, an important question to be addressed, and further studies, including
previous long-term antidepressant use, are warranted. The CDR used in this study evaluates
cognitive function and functional performance, but it does not evaluate specific cognitive
domains. The inherent cross-sectional design of the study with a retrospective collection of
data may also be a limitation. To minimize this limitation, only informants that had at least
1 weekly contact with the deceased and that were able to convey reliable information were
included. Moreover, the clinical interview with informants used in this study was validated
in clinical settings, using simple and straight-forward questions (Ferretti et al., 2010) that
were used in previous studies (Ehrenberg et al., 2018; Grinberg et al., 2009; Nunes et al.,
2019; Suemoto et al., 2017). Clinical information from the clinical interview and the SCID
was further checked by a geriatric psychiatrist (PVN) to confirm the diagnosis of depression
and to exclude secondary causes of depression. Finally, some sort of selection of lower
social class may have occurred in BAS as in Brazil, high-income individuals (approximately
3% of the population) (IBGE, 2017) usually have better access to medical assistance before
death and some might not need an autopsy.

This study also has strengths. We studied a unique, large, population-based clinicopathologic
sample free of biases typically found in convenience samples, such as the over-
representation of more severe cases. Moreover, neuropathology remains the gold standard
for diagnosing neurodegenerative disease; despite recent advances, methods for staging AD
pathological markers in vivo fail to reach the same level of sensitivity and specificity of the
pathological prediction, and there are no neuroimaging markers for Lewy body disease. This
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discrepancy is particularly prominent at early AD stages when, for instance, tau burden is
primarily subcortical.

5. Conclusions

Findings from this large community sample suggest that depression in older adults with no
dementia might be associated with some forms of organic pathology and neurodegeneration
and, therefore, may be a prodrome of dementia. Neuropathological studies should be large
if they are to detect the association between depression and brain lesions, given the often-
multifactorial nature of depression. An older adult with depressive symptoms or a complete
clinical picture of MDD should be monitored for possible cognitive decline, especially in
the case of LLD. Moreover, possible disease-modifying treatments or preventive measures
for cerebrovascular disease, like physical activity and optimized control of glycemia or
dyslipidemia, will likely benefit older adults with depression, even before the clinical onset
of dementia. The same might be true when disease-modifying treatments for tau and alpha-
synucleinopathies become available.
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Flow chart of the participants of the study. Abbreviations: a-MDD, adult-onset major
depressive disorder; DS, depressive symptoms 3 months prior to death; LLD, late life

depression; MDD, major depressive disorder.
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