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Abstract: Late-life depression (LLD) is a relatively common and debilitating mental disorder, also
associated with cognitive dysfunctions and an increased risk of mortality. Considering the growing
elderly population worldwide, LLD is increasingly emerging as a significant public health issue,
also due to the rise in direct and indirect costs borne by healthcare systems. Understanding the
neuroanatomical and neurofunctional correlates of LLD is crucial for developing more targeted and
effective interventions, both from a preventive and therapeutic standpoint. This ALE meta-analysis
aims to evaluate the involvement of specific neurofunctional changes in the neurophysiopathology of
LLD by analysing functional neuroimaging studies conducted on patients with LLD compared to
healthy subjects (HCs). We included 19 studies conducted on 844 subjects, divided into 439 patients
with LLD and 405 HCs. Patients with LLD, compared to HCs, showed significant hypoactivation of
the right superior and medial frontal gyri (Brodmann areas (Bas) 8, 9), left cingulate cortex (BA 24),
left putamen, and left caudate body. The same patients exhibited significant hyperactivation of the left
superior temporal gyrus (BA 42), left inferior frontal gyrus (BA 45), right anterior cingulate cortex (BA
24), right cerebellar culmen, and left cerebellar declive. In summary, we found significant changes in
activation patterns and brain functioning in areas encompassed in the cortico-limbic—striatal network
in LLD. Furthermore, our results suggest a potential role for areas within the cortico—striatal-cerebellar
network in the neurophysiopathology of LLD.

Keywords: depressive disorder; late onset disorders; functional neuroimaging; geriatric psychiatry;
superior temporal gyrus; medial frontal gyrus

1. Introduction

Late-life depression (LLD) is a relatively common and debilitating mental disorder,
also associated with cognitive dysfunctions that may persist after effective treatment [1,2]
and with increased risk of mortality [3,4]. The prevalence of depressive symptoms is
around 17% in individuals 75 years old and older and 19% in individuals 50 years old and
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older [2]. In the elderly population, late-life depression poses a significant health concern,
often linked to comorbidity, reduced functioning, high healthcare utilization, and increased
mortality, including suicide risk. The DSM-5 defines major depressive disorder (MDD) by
the presence of depressed mood or loss of interest, along with several associated symptoms
such as changes in appetite, sleep, energy, concentration, feelings of guilt, and recurrent
thoughts of death. Diagnosis requires impairment in social, occupational, or other areas of
functioning, with symptoms persisting for at least two weeks.

There is a debate on the onset age of LLD in the literature. Depressive syndromes
have shown neurobiological differences depending on the age of first onset. However,
when previous authors have looked for differences between early-onset LLD (EOD) and
late-onset LLD (LOD), they have not always been successful in identifying significant
clinical differences [5]. LLD is usually referred to as MDD occurring in people aged 60 or
older [6]. However, relevant differences in this age cut-off distinguishing between EOD and
LOD can be found across the literature, with studies most commonly reporting EOD/LOD
cut-offs at 60, 50, and 65 years old [5,6]. Some authors found that by adopting the definition
of LOD as MDD occurring after the age of 65 years, a different clinical syndrome with
significant differences in memory dysfunction and liability to movement disorders can be
identified, highlighting how the research is still in the middle of its development [6]. In
this study we have considered LLD as occurring in people aged 60 or older, i.e., the most
frequent cut-off in the functional neuroimaging literature on this topic.

Addressing late-onset depression necessitates the collaboration of an interprofessional
team to ensure optimal patient care. Given the growing global elderly population, LLD
has emerged as a significant public health issue, also because the persistence of depressive
symptoms could be a burden to society by growth of mean annual direct costs [7].

Some evidence has also linked LLD to an increased risk of Alzheimer’s disease,
suggesting potential common pathophysiological aspects between the two disorders [8,9].
For example, amyloid deposition has been correlated with the manifestation of depression,
albeit with conflicting results [10]. Other factors that may be implicated in the differential
diagnosis in the elderly patient include neurodegeneration and cerebrovascular disease,
which may in turn be involved in the pathophysiology of depressive syndromes, cognitive
decline, and the onset of clinically relevant cognitive impairment [11,12].

The protective nature of physical activity has been consistently acknowledged. The
most prevalent risk factors include chronic diseases, difficulty initiating sleep, mobility
loss, impairment in performing daily activities, as well as vision impairment. Alcohol
consumption, smoking behaviour, and other psychosocial issues could also be considered
as risk factors [13]. Additionally, further biological aspects may be correlated with LLD
onset [6,14].

Exploring the intricate connections among neuroanatomy, neurophysiology, and LLD
is crucial in the pursuit of more precise and impactful diagnostics and interventions. Inves-
tigating the underlying neural mechanisms involved in LLD provides a deeper perspective
that may unlock new insights to enhance therapeutic approaches and, consequently, im-
prove the lives of people grappling with this challenging condition.

To date, numerous studies have investigated the phenomenon. At the morphometric
level, several studies have highlighted structural brain changes in LLD. Regions most
affected by grey matter alterations include the temporal, prefrontal, and parietal cortices, as
well as the hippocampus, thalamus, and putamen, albeit with significant discrepancies [15].
Overall, structural alterations in areas encompassed in the fronto—striatal-limbic network
may be implicated in the neurophysiopathology of LLD [16].

Functional neuroimaging studies have identified various anomalies, including changes
in activation and connectivity in various brain structures, including the superior and
inferior frontal gyri, praecuneus, precentral gyrus, cingulate gyrus, parahippocampal
cortex, cerebellum, or putamen [17-21]. Also, regarding the functional neural correlates of
LLD, evidence appears sometimes inconsistent, as underscored by a recent meta-analysis
that failed to identify structural and functional changes in LLD [15]. However, these
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negative results may also be due to the diversity of methodologies of included studies and
the types of patients included in studies subjected to meta-analysis.

The data briefly reported so far suggests an inconsistency both in the evidence itself
and in the methods employed for the investigations. Additionally, to our knowledge,
there are no meta-analyses in the literature focused exclusively on neurofunctional studies
conducted on patients with LLD. Although individual studies have shown variable results
regarding structural and functional brain changes in LLD, a comprehensive understanding
of the involvement of specific brain regions within a network framework may provide
valuable insights into the neurobiological mechanisms underlying LLD.

Based on our observations, this study presents an Activation Likelihood Estimation
(ALE) meta-analysis aimed at analyzing specific brain changes by examining functional
neuroimaging studies conducted on patients with LLD compared to healthy subjects.

The main objective of this study is twofold. Firstly, we aim to identify consistent
evidence of neurofunctional alterations characteristic of LLD. By doing so, we hope to
enhance our understanding of the underlying neurobiological mechanisms contributing to
LLD. Secondly, we aim to lay the groundwork for potential diagnostic advancements and
personalized treatment innovations.

To achieve this, we will utilize the ALE method, as it has become the standard for
functional neuroimaging meta-analyses. The ALE method models the three-dimensional
coordinates (obtained from reported activations in a standard space) as the center of a
three-dimensional Gaussian distribution, thereby expanding the potential pool of studies
eligible for meta-analysis. Additionally, it allows for whole-brain analyses with corrections
for multiple comparisons [22-24].

Specifically, we will employ this methodology to test the hypothesis that alterations
in activation patterns and cerebral functioning within cortico-limbic—striatal areas may
contribute to the pathophysiology of LLD.

2. Methods

A search was conducted on 9 April 2024 using the international scientific database
PubMed (http:/ /www.pubmed.gov, accessed on 2 May 2024) to identify functional neu-
roimaging studies that analysed brain functional changes in patients affected by LLD
compared to healthy controls (HCs). We followed the methods of the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA Statement) [25].

We searched the database PubMed using the “title/abstract” filter with the search
string ‘depress* AND (elderly OR old-age OR late life OR geriatr*) AND (single photon
emission computed tomography OR positron emission tomography OR functional magnetic
resonance OR fMRI OR PET OR SPECT) NOT review [PT]" and excluding the terms
“Alzheimer”, “stroke”, “migraine”, and “pet therapy”. Additionally, we searched for
further studies by examining the bibliographies of relevant articles in the first step or
through the “related article” function of the PubMed database and bibliographies of reviews
on the topic.

We included articles describing functional neuroimaging studies on patients diag-
nosed with LLD, considering LLD as MMD occurring in people aged 60 or older [6]. We
excluded studies that used neuroimaging techniques other than functional magnetic reso-
nance imaging (fMRI), positron emission tomography (PET), and single-photon emission
computed tomography (SPECT); studies exclusively focused on functional connectivity
between different brain areas; correlation studies; studies without comparisons with HCs;
articles not reporting functional neuroimaging results with coordinates; and articles fo-
cused on other diagnoses. Additionally, we excluded studies with participants of different
ages not corresponding to LLD, studies on treatment response, case reports, studies con-
ducted on patients with severe organic comorbidities, brain stimulation studies, animal
studies, neuropharmacological studies, neurophysiological studies, meta-analyses, and
study protocols.
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Identification

Screening

Included

Based on these criteria, we analysed 305 studies, from which we excluded 281 studies,
and included 5 other studies from the bibliographic search, finally including 19 studies (14
from database and registers and 5 from other methods) published before 2023 [17,19,20,26—41].

We report the search flow diagram in Figure 1.

Identification of studies via databases and registers ] { Identification of studies via other methods J

Records identified from
PubMed (n = 305)

Records removed before screening:
Duplicate records removed (n = 0)

> Records marked as ineligible by Records identified from:
automation tools (n = 0) Citation searching (n = 5)
Records removed for other reasons
(n=0)

I

Records excluded (n = 204)

Records screened
(n =305)

Unrelated (n = 40)
Animal studies (n = 5)
Different diagnosis (n = 80)

Neuropharmacology (n = 5)
Neurophysiology (n = 31)
Treatment response studies (n = 14)

Brain stimulation study (n = 1)
Different age group (n = 23) Reports sought for retrieval > Reports not retrieved
Case report (n = 2) (n=5) (n=0)
Metanalysis (n = 2)
Study protocol (n = 1) i
Reports assessed for eligibility >
(n=5) Reports excluded: 0
Reports sought for retrieval Reports not retrieved

(n=101)

(n=0)

}

Reports aS(sess$g1f)or eligibility Different neuroimaging
n=

Reports excluded: 87

techniques (n = 67)

l

Correlation studies (n = 5)

No coordinates (n = 11)

No LLDs-HCs comparison (n = 3)
Retracted article (n = 1)

Studies included in review
(n=19)

Figure 1. Search strategy (PRISMA 2020 flow diagram).

Statistical analyses. We created a database with the coordinates of the studies referring
to the contrast LLD versus healthy state by cluster of significant activation differences
corrected for false positives. Then, we performed a single analysis of the data set with the
BrainMap GingerALE 3.0.2 software (http://www.brainmap.org/ale/, accessed on 2 May
2024). The included experiments focused on emotional tasks, attentional-memory based
tasks, verbal fluency tasks, and resting state cerebral blood oxygen level-dependent (BOLD)
activations (regional homogeneity, low-frequency amplitude of the signal, percentage of
amplitude fluctuation) and cerebral metabolism. This made it possible to assess changes in
brain activations under different conditions in patients with LLD compared to HCs during
task execution or in the resting state condition.

Data processing and statistical analysis: the coordinates in the Talairach space have
been converted to the Montreal Neurological Institute (MNI) space with the GingerALE
converting tool, so that all coordinates in this study are MNI. The meta-analyses were based
on the ALE method, using the GingerALE 3.0.2 algorithm (http://www.brainmap.org/ale,
accessed on 2 May 2024) [22,24].

Considering that all the coordinates in our database were just corrected for false
positive in the original studies, we conducted a first analysis using the ALE method with
uncorrected p values < 0.0001. Then, to obtain a further correction for false-positive results,
we conducted another analysis using the corrected threshold for cluster-level inference,
with an uncorrected p value of 0.0001 as the cluster formation threshold, a p value of 0.05
for cluster-level inference, and a threshold permutation value of 250. The images obtained
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were visualized using the Mango software (http:/ /ric.uthscsa.edu/mango/, accessed on 2
May 2024) and superimposed on an anatomical model.

3. Results

Global characteristics of the enrolled studies: the included studies were conducted
on 844 subjects, divided into 439 patients with LLD (148 men, 270 women, 20 with not
specified gender; weighted average age: 64.71 years, SD = 6.31) and 405 HCs (153 men,
235 women, 17 with not specified gender; weighted average age: 69.01 years, SD = 6.02).
Focusing on the drug treatments, 196 patients were not receiving medications at the time of
the study, while 243 were on medications, predominantly comprising selective serotonin
reuptake inhibitors (SSRIs) or serotonin and norepinephrine reuptake inhibitors (SNRIs)
(12% of prescriptions), tricyclic or other antidepressants (3.9%), benzodiazepines (4.8%),
and unspecified drugs (36.44%). Other treatments including antiepileptics, lithium, and
other drugs were prescribed in less than 2% of cases. We summarized the sociodemographic

and clinical characteristics of the study samples in Table 1.

Table 1. Main characteristics of the included studies.

Study

Technique and
Task/Functional Metric

Participants n (m, f; Mean
Agey, SD)

Main Findings

Bobb et al., 2012 [26]

fMRI, Stop Signal Task

LLD: 15 (3, 12; 60.7, 4.7)
HCs: 13 (4, 9; 62, 5.3)

The LLD group exhibited greater activations within the
left fronto—striatal-limbic circuitry.

Brassen et al., 2008 [27]

fMRI, emotional
evaluation task

LLD: 13 (0, 13; 66.4, 6.1)
HCs: 13 (0, 13; 66.4, 6.1)

The LLD group revealed greater activation of the
vmPFC when processing positive words compared to
negative words.

Brendel et al., 2016 [28]

PET

LLD: 21 (11, 10; 77, 6.9)
HCs: 29 (17, 12; 75.4, 6.3)

A significant hypometabolism was observed in the
fronto—temporal cortices and PCC in LLD patients.

Bricefio et al., 2015 [17]

fMRI, Facial Emotion
Perception Test

LLD: 26 (12, 14; 65, 7.9)
HCs: 25 (12, 13; 68, 8.4)

Different patterns of frontal, limbic, and basal ganglia

activation were observed based on gender, with older

men showing hyperactivation and women exhibiting
hypoactivation.

LLD: 15 (6, 9; 67.53, 6.12)

The LLD group exhibited lower ReHo in the right

Chen et al., 2012 [29] fMRI, ReHo HCs: 15 (6, 9; 64.9. 3.7) praecuneus and higher ReHo in the left STG and left
Crus I of the cerebellum.
. ) ) Patients exhibited lower ALFF in the bilateral superior
Guo et al., 2013 [30] fMRI, ALFF LLD: 15 (6, 9; 67.53; 6.12) frontal gyrus and higher ALFF in the left superior

HCs: 15 (6, 9; 64.9, 3.7)

temporal gyrus.

Huang et al., 2019 [31]

fMRI, emotional Stroop
task

LLD: 55 (17, 38; 66.36, 5.42)
HCs: 40 (15, 25; 68.1, 5.3)

LLD patients exhibited hyperactivation in the right
anterior insula, right ACC, right inferior frontal gyrus,
bilateral fusiform gyrus, bilateral lingual gyrus, right

supramarginal gyrus, left postcentral gyrus, left
posterior insula, left middle temporal gyrus, and left
culmen.

Lee et al., 2013 [32]

fMRI, one-back working
memory task

LLD: 14 (11, 3; 65.1, 4.9)
HCs: 14 (9, 5; 64.8, 4.2)

LLD exhibited enhanced activity in the left middle
frontal and left parietal regions, along with reduced
deactivation in several temporal regions and the left

amygdala within the masks. Additionally, LLD
activated additional neural nodes in the middle frontal
and middle temporal regions outside the masks.

Liu et al., 2012 [19]

fMRI, Cohe-ReHo

LLD: 15 (6, 9; 67.53, 6.12)
HCs: 15 (6, 9; 64.9, 3.7)

The LLD group showed decreased Cohe-ReHo in the
left caudate nucleus, right ACC, left dorsolateral
prefrontal cortex, right angular gyrus, bilateral medial
prefrontal cortex, and right praecuneus. Increased
Cohe-ReHo was observed in the left cerebellum
posterior lobe, left superior temporal gyrus, bilateral
supplementary motor area, and right postcentral
gyrus.
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Table 1. Cont.

Technique and Participants n (m, f; Mean

Study Task/Functional Main Findings
Metric Agey, SD)
) ) The LLD group exhibited decreased PerAF
Liu et al., 2022 [33] fMRI, PerAF method. LII“_I%SAL%S(S{ g Oi 86 ,76%41 445)1) differences in both the bilateral superior frontal
’ P gyrus, orbital part, and the bilateral ACC.
Pianietal, 2022 [34]  fMRI Go/No Go Task (kD 12(7, 5,665, 9.1) L?Illj tﬁgtlieefrtltsrsa}:zlvrfguilzﬁiﬁeﬂr\fgtrﬁip?ﬁes
& / HCs: 12 (5, 7; 68.7, 12.3) p oyrus & g
Patients showed greater activation in the right
LLD: 20 (genders not prece%czﬁl gyrus, rllght middle fr(()jn’ial g%frlgs, left
specified; 66.8) middle occipital gyrus, amygdala, globus
Rao et al., 2015 [35] fMRI, Go/No Go Task p ! pallidus, bilateral fusiform gyrus, caudate, right
HCs: 17 (genders not Co .
. anterior cingulate gyrus, parahippocampal
specified; 67.9) al .
gyrus, supramarginal gyri, cuneus, and
mammillary body.
Respino et al., fMRI, ReHo and LLD: 33 (11, 21; 72.2, 6.6) LLD patients exhibited increased ReHo in both

2019 [36]

network homogeneity

the dorsal ACC bilaterally and the right middle

HCs: 43 (18, 25; 73.4, 6.5) temporal gymus.

Among the LLD group, increased cerebral

LLD: 16 (6, 10; 65.3,9.1) glucose metabolism was observed in the right

Smith et al., 2009 [20] PET HCs: 13 (5, 8; 67.4,7.4) and left superior frontal gyrus, as well as the
posterior inferior parietal lobule.
LLD patients showed increased ALFFs in the
. . middle temporal cortex, insula, fusiform gyrus,
Steffens et al., 2017 [37] fMRI, ALFF Lh%séél(%’ 3287’,7714335’77 '55)8) and cerebellum, and reduced ALFFs in the
’ s supplementary motor cortex, inferior parietal
cortex, midcingulate, and PCC/praecuneus.
) . LLD patients showed hyperactivation of the
Takami et al., 2007 [38] fMRI, Verbal fluency LL]?' 20 (8, ,12’ 63, 8) prefrontal cortex and ACC, and hypoactivation
task HCs: 10 (4, 6; 67.6,9.7) . .
of the parietal and temporal cortices.
LLD correlated with decreased activation in the
Wang et al., 2008 [39] fMRI, emotional LLD: 12 (5,7; 69.1, 6) executive system regions, including the right
& v oddball task HCs: 20 (8,12;73.1,5.3) middle frontal, cingulate and inferior parietal
cortices.
The LLD group exhibited hypoactivation in the
Weisenbach et al., fMRI, word LLD: 24 (10, 14; 65.8, 8.2) hippocampus, parahippocampal gyrus, insula,
2014 [40] list-learning task HCs: 23 (13, 10;67.9,8.1)  and cingulate, while demonstrating significantly
higher activation in the inferior frontal gyrus.
LLD showed task-related decreased activations
fMRI, Event related LLD: 16 (0. 16: 69. 8 of the bilateral STG, left inferior frontal gyrus,
Wu et al., 2020 [41] design: evoked +16 (0, 16; 69, 8) right parahippocampal gyrus, left cingulate

memories by photos

HCs: 18 (0, 18; 69, 8) gyrus, right insular lobe, and bilateral

cerebellum anterior lobe.

Table legend. ACC: anterior cingulate cortex; ALFF: amplitude of low frequency fluctuations; Cohe-ReHo:
coherence-based regional homogeneity; fMRI: functional magnetic resonance imaging; HCs: healthy controls;
LLD: late-life depression; PCC: posterior cingulate cortex; PET: positron emission tomography; PerAF: percent
amplitude of fluctuation; ReHo: regional homogeneity; SD: standard deviation; STG: superior temporal gyrus;
vmPFC: ventromedial prefrontal cortex; y: years.

Between-group analysis. The LLD < HCs contrasts included 14 experiments with 75 re-
ported activation foci on 647 subjects. Patients with LLD, compared to HCs, showed
significant hypofunctioning of the right superior and medial frontal gyri (Brodmann areas
[BAs] 8, 9), left cingulate cortex (BA 24), left putamen, and left caudate body (p < 0.0001).
The LLD > HCs contrasts included 14 experiments with 76 reported activation foci on
595 subjects. Patients with LLD, compared to HCs, showed significant hyperfunctioning
of the left superior temporal gyrus (STG) (BA 42), left inferior frontal gyrus (BA 45), right
anterior cingulate cortex (ACC) (BA 24), right cerebellar culmen, and left cerebellar declive
(p < 0.0001) (Table 2).
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Table 2. Between-group differences in brain neural functioning.

Contrast: LLD > HCs

Cluster # X y z ALE P V4 Label
1 -60 30 14 0.017 2.091 x 107° 46.020.885 Left STG, BA 42 **
2 18 50 -8 0.014 414 x 107> 39.361.618 Right Cerebellum Culmen/Lingual gyrus *
3 6 38 8 0.013 5212 x 1075 38.805.122 Right ACC, BA 24 *
4 —48 20 16 0.013 6.311 x 1075 38.337.176 Left Inferior Frontal Gyrus, BA 45 *
5 -38 -84 22 0.012 9.346 x 107° 37.360.582 Left Cerebellum Declive/Lateral Occipital Cortex *
Contrast: LLD < HCs
Cluster # X y z ALE P V4 Label (Nearest Gray Matter within 5 mm)
1 4 32 44 0.017 2175 x 107° 45.939.293 Right Medial Frontal Gyrus, BA 8 **
2 14 46 12 0.015 9.261 x 107° 4.282.004 Right Medial Frontal Gyrus, BA 9 *
3 -20 -10 48 0.013 2.789 x 1075 4.029.988 Left Cingulate Gyrus, BA 24 *
4 —20 6 14 0.012 8.703 x 10~° 37.539.575 Left Putamen *
5 —18 4 16 0.012 8.883 x 107 3.748.818 Left Caudate Body *

* Significant for uncorrected p < 0.0001. ** Significant for cluster lever correction p < 0.05.

Our second analysis with cluster-level correction showed in LLD vs. HCs significant
hyperfunctioning of the left superior temporal gyrus (BA 42) (MNI coordinates x = —60;
y = —30; z = 14) (FWE p < 0.05) (Figure 2), and significant hypofunctioning of the right
medial frontal gyrus (BA 8) (MNI coordinates x = 4; y = 32; z = 44) (Figure 3). We summarize
the results of our meta-analysis in Table 2.

Figure 2. Significant hyperfunctioning of the left superior temporal gyrus (MNI: —60, —30, 14) in
LLD (FWE corrected).
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Figure 3. Significant hypofunctioning of the right medial/superior frontal gyri (MNI: 4, 32, 44) in
LLD (FWE corrected).

4. Discussion

This meta-analysis confirmed our primary hypothesis, revealing significant changes
in activation patterns and brain functioning within cortico-limbic—striatal areas associated
with LD diagnosis compared to health status. Consistent with other studies, these alter-
ations encompass both hyperactivation and hypoactivation of specific areas. Furthermore,
the findings underscored the involvement of the cortico-striatal-cerebellar network in
contributing to the motor, cognitive, and affective symptoms observed in LLD.

4.1. Cortical Areas

The first most important finding of our meta-analysis is the hypofunctioning of the
right medial/superior frontal gyri (BA 8) in LLD compared to HCs. Traditionally known
as the “frontal eye field”, BA 8 exhibits diverse functional involvement spanning motor,
language, executive functions, memory, and attention [42-46].

Some neuroimaging studies in the literature provide relevant insights into our findings
concerning LLD. For instance, previous research has linked the right BA 8 to emotional pro-
cessing and regulation, as evidenced in adults with remitted MDD compared to HCs [47].
Furthermore, reports indicate reduced regional cerebral blood flow (rCBF) in this area
among patients with Alzheimer’s disease and comorbid depressive symptoms [48]. More-
over, the right BA 8 is implicated in a neural network involving the right premotor cortex
(BA 6), right orbitofrontal cortex (BA 10), and left posterior cingulate gyrus (BA 31), which
has been associated with apathy and impaired recognition of emotional faces in patients
with Parkinson’s disease [49].

The other most important result of our meta-analysis is the hyperfunctioning of the
left STG (BA 42) in LLD vs. HCs. This area is physiologically involved in auditory stimuli
processing [50], visual speech perception [51], being integrated with other regions within
the mirror neuron system network (MSN) and possibly involved in social cognition and
analysis of biological vs. non biological motion [52]. Our results are consistent with a
recent study showing that decreased activation of the left STG in response to negative
emotional expression is positively correlated with increases in positive affectivity in patients
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with LLD after eight weeks of mindfulness-based cognitive therapy [53]. Another study
demonstrated increased regional homogeneity in this area in LLD patients compared to
HCs [19], further confirming the involvement of the left STG in the neuropathophysiology
of LLD.

From a structural point of view, the surface area of this cortex has been significantly
correlated with the severity of depressive symptoms in elderly patients with subcortical
vascular mild cognitive impairment [54].

BAs 8 and 42 can be considered critical nodes in the auditory/language network
and the sensorimotor network, as well as in the broader cognitive framework. Perceptual
systems representing the sensory system, including auditory, visual, and sensorimotor
networks, can be seen as a sublevel within the hierarchical organization of cognitive and
executive processes, including those involved in emotion processing. The changes we have
highlighted within the context of the auditory processing network (STG) and cognitive
and motor processing (BA 8) may in turn be involved in the manifestation of cognitive
and perceptual disorders, as well as affective issues, in patients with LLD, consistent with
previous studies [19,55].

Another cortical area that has emerged is the left inferior frontal gyrus (BA 45) demon-
strates hyperfunctioning in LLD compared to HCs. Broca's area is centrally implicated in
language and is also pivotal in other cognitive functions, including memory [56,57] and
motor control [58,59], as well as mirror neuron-related functions [60]. In LLD, increased
functional connectivity between the left inferior frontal gyrus pars triangularis and the
left frontal eye fields, along with their connectivity with other brain regions, has been
correlated with a reduction in depressive symptoms over 12 weeks of treatment with sertra-
line [61]. Patients with LLD also exhibit hyperactivation of BA 45 during the encoding of
semantically related words, highlighting its critical role in memory consolidation, cognitive
control, and controlled semantic/phonological retrieval and analysis [40]. Furthermore,
from a structural perspective, concurrent atrophy of the left inferior frontal gyrus has been
linked to depressive symptoms in elderly patients with severe small vessel disease [62],
affirming the crucial involvement of both the structure and function of this area in the
neuropathophysiology of depressive conditions in the elderly.

4.2. Limbic Areas

We demonstrated that the right ACC (BA 24) hyperfunctions in LLD compared to
the healthy state. BA 24 is implicated in various cognitive, affective, and behavioural
processes, as well as language initiation and suppression, and pain processing [63-68].
The ACC plays a significant role in the neuropathophysiology of anxiety and personality
traits, exhibiting variations that may also be influenced by gender [69,70]. Our findings
align with a study conducted by Smith and colleagues [71], wherein they demonstrated
improvements in depressive symptoms alongside reduced glucose metabolism in the right
ACC in patients with LLD. Furthermore, the severity of depression has been inversely
correlated with the right anterior cingulate blood flow in adult unmedicated patients with
depression [72], and medication-free patients with MDD showed increased rCBF in the
right ACC in a recent meta-analysis on studies conducted in adults [73]. The severity
of gastrointestinal symptoms in MDD was negatively correlated with choline-containing
compounds to creatine in the right ACC [74]. In line with these functional evidence,
structural neuroimaging studies in adults showed smaller grey matter volumes of the right
ACC both in bipolar and unipolar depression [75], and lower fractional anisotropy, i.e.,
an index tissue organization in patients with LLD in the right ACC [76]. These aspects
can be linked with evidence of neural developmental abnormalities (cortical gyrification)
and potential influence of neuroinflammation (levels of interleukin-6 and interleukin-8) on
right ACC function in MDD patients [77]. Disfunctions of this area in subjects with the s/s
genotype of the SLC6A4 promoter region of the serotonin transporter (5-HTT) have been
considered as an “overactive metabolic state”, possibly related to an increased susceptibility
for developing an anxiety-depression spectrum disorder [78].
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We also observed hypoactivation of the left ACC (BA 32) in LLD vs. HCs. This
result is in line with some neuroimaging studies found in the literature. Pioneering PET
studies have demonstrated a decrease in glucose utilization in the ACC of patients with
depression [79,80]. Furthermore, dysfunction of the left ACC has been considered as a
neural substrate of cognitive impairment, particularly lower speed of processing, in adult
patients with MDD and insomnia symptoms [81]. Abnormal left ACC neural activity may
play a key role in the pathophysiology of first episode MDD [82]. This area has been also
involved in other MDD symptoms in adult patients, considering the negative correlation
between its activation and the severity of apathy [83], its reduced spontaneous neural
activity in melancholic vs. non melancholic MDD [84], abnormal choline metabolism in
unmedicated MDD patients who had experienced childhood trauma [85], and changes in
choline and N-acetylaspartate levels in MDD with cognitive dysfunctions [86]. Left ACC
functional and structural integrity has been also related to the clinical outcome of MDD
and treatment response [86-88].

Specifically, regarding elderly patients, ACC activation has been significantly reduced
in LLD patients who have experienced multiple depressive episodes during a verbal fluency
task [38], as well as in patients undergoing brain activation paradigms [89]. Therefore, the
decreased functionality of the ACC highlighted by our meta-analysis is consistent with
these previous studies, appearing as a significant neurofunctional correlate involved in the
pathophysiology of depression.

Our meta-analysis showed different lateralization functional correlates in LDD as
compared to the healthy state. While the bilateral ACC is involved in a range of cognitive
and emotional functions, there is evidence on functional lateralization, with the right ACC
being more strongly implicated in negative emotions and pain [90-92] emotional processes
and the left ACC more involved in process positive emotions or happiness [93,94], which
is consistent with the emotional lateralization model [95]. On these bases, our findings of
different functional lateralization correlates involving the ACC may be linked to affective
symptoms in LDD in a context of disrupted emotional and cognitive processing in affected
patients. This seems to support the notion that indices of ACC dysfunction can aid in
classifying subgroups of elderly patients with depressive disorders, demonstrating distinct
illness courses and varying treatment needs [96]. Furthermore, such indices may prove
useful for the development of new clinical applications and personalized treatments.

4.3. Striatum

Our meta-analysis revealed left sided hypoactivations of the putamen and caudate
body in LLD compared to HCs. MDD adult patients with melancholic symptoms exhibited
a smaller left putamen compared to non-melancholic subjects. Additionally, anhedonia
symptoms correlated with both smaller left and right putamen volumes, although this vol-
ume loss may attenuate in older age [97]. Anhedonia has also been correlated with reduced
grey matter volume in the left putamen and increased plasma interleukin-6 levels [98].
The neural functioning of the left putamen has also been implicated in the risk of bipolar
disorder onset, suggesting a potential marker of vulnerability [99], as well as suicidality
in bipolar II disorder [100]. Our results are consistent with decreased putamen regional
homogeneity reported in adult patients with MDD [101,102], and with a recent SPECT
study that showed negative correlation between levels of depression, anxiety, anhedonia
and psychomotor retardation and DAT availability in the left putamen [103]. The same
study showed lower left putamen DAT availability in seriously depressed patients and in
patients with significant psychomotor retardation [103].

Regarding elderly patients, the left putamen volumes of LLD subjects expressing the
COMT Met/Met genotype were smaller that the control subjects, which indicates that
genetic and neural changes of this area could be considered as centrally involved in the
etiopathogenesis of LLD [104]. Dysfunctions of the left putamen impact on movement
preparation and execution in elderly patients with bipolar disorder depressive episode and
motor retardation [105].
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According to our results, the functional changes of the left putamen could negatively
impact both salience and reward network functioning also in LLD patients. Furthermore,
white matter abnormalities of the left putamen were reported in MDD treatment-naive
adult patients [106], which could be linked with the other structural and functional changes
in the same area.

Regarding the left caudate hypoactivation we observed in LLD, this region has been
associated with psychomotor dysfunction linked to reduced volume in LLD [107], suggest-
ing a crucial involvement of the caudate nucleus in the motor aspects of depression during
the elderly. The left caudate resting-state function has been also involved in first-episode
treatment-naive LLD [19] and in late-life suicidality among LLD patients [108].

Functional alterations within some of the reward-related brain regions, such as the
putamen and caudate body, underscore the intricate interplay between neural circuitry and
depressive symptomatology in LLD. Specifically, the manifestation of anxiety, anhedonia
and melancholic features, as well as motor symptoms, may reflect dysregulated reward
processing mechanisms, implicating these regions as potential targets for understanding
and treating LLD. Further clarifying the neurobiological correlates of reward dysfunction
holds promise for advancing both diagnostic precision and therapeutic interventions
in LLD.

4.4. Cerebellum

We found that LLD patients compared to healthy controls showed hyperactivation of
the cerebellar right culmen and left declive.

The cerebellar declive is a region primarily involved in a wide range of functions,
primarily including motor coordination and balance, but also encompassing cognitive
processing and emotional regulation [109]. Specifically, the left declive has been implicated
in spatial working memory and the accuracy of saccadic eye movements [110]. Our
findings regarding cerebellar dysfunctions in LLD can be associated with existing evidence
indicating the involvement of cerebellar vermis functional connectivity in the treatment
response to serotonergic antidepressants in LLD [111]. Additionally, dysfunctional vermis
connectivity in the posterior default mode network has been specifically linked to the
neuropathophysiology of LLD [112]. Dysfunctional coupling between the cerebellum
and ventromedial prefrontal cortex has been associated with cognitive symptoms, while
cerebellum-posterior cingulate coupling has been linked to changes in emotional processing
in LDD [113].

These findings can also be associated with consistent evidence of severe depressive
symptom burden associated with smaller grey matter volumes of the cerebellum [114].
On these bases, it is important to clarify the differences between the neuroanatomical and
neurofunctional correlates of aging on cerebellar circuits and those concerning LLD, also
in relation to their impact on specific motor, cognitive, and affective operations, with the
aim of developing procedures and clinical applications aimed at preventing the onset of
depression and improving motor, cognitive, and affective symptoms in affected patients.

Taken together, our results can also be linked to existing evidence regarding decreased
intrinsic brain functional connectivity and disrupted brain network topology in LLD,
as reflected by alterations in both global and nodal network metrics [115], and that the
neurofunctional changes of MDD evolve over the life course [116].

Limits: One limitation of the present study pertains to its epistemological nature, as it is
arguable whether neural functional changes depicted with neuroimaging techniques funda-
mentally reflect the pathophysiology of LLD. Another limitation concerns the low number
of included studies, attributed to the scarcity of research on this matter. Additionally, there
is a methodological limitation in the aggregation of different tasks analysing diverse cogni-
tive functions or the resting state. However, this aggregation allowed for a comprehensive
exploration of neural functions, albeit at the cost of finer precision. Furthermore, there is a
potential limitation in grouping medication-free patients with those on medication, where
medication could have been a confounder across studies, especially in the context of LLD. A
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final bias is that three studies [19,29,30] used samples with overlapping sociodemographic
characteristics, which might somewhat influence the independence of the samples.

The present study highlights the existence of specific neurofunctional correlates for
depression with onset after the age of 60. However, given the lack of a unified definition
of this syndrome and the scarcity of evidence regarding the link between these correlates
and psychopathological dimensions, further studies are needed before these findings can
be translated into concrete clinical applications. To date, the potential role of fMRI in the
diagnosis of LLD, particularly in the differential diagnosis from neurocognitive disorders
in the elderly, represents a significant prospect in geriatrics, neurology, and psychiatry. The
advancement of functional neuroimaging techniques and data interpretation methodolo-
gies, including those based on machine learning and artificial intelligence, could lead to the
creation of new clinical applications that consider these neurobiological correlates, aiding
in diagnosis, therapeutic interventions, and prognosis.

5. Conclusions

Our meta-analysis has substantiated our primary hypothesis concerning the alter-
ations observed in various cortical-limbic-striatal brain areas in LLD compared to healthy
individuals. Notably, our study highlights significant relation between LLD diagnosis and
hyperfunctioning of the left STG, alongside hypofunctioning of the right medial /superior
frontal gyrus. These cortical functional alterations have implications for the affective,
cognitive, and motor symptoms associated with LLD.

Moreover, our investigation reveals the involvement of different areas within the
language network, particularly the left Brodmann Areas 45 and 42, in the neuropatho-
physiology of LLD. Our findings align with existing evidence indicating dysfunctional
bilateral ACC activity, which contributes to affective symptoms such as anxiety, apathy,
and cognitive impairment.

Another significant aspect of our analysis pertains to the functional dysregulation
observed in the left striatum, which appears to play a crucial role in LLD diagnosis and
the manifestation of symptoms such as anxiety, anhedonia, melancholic features, motor
abnormalities, and suicidality.

Finally, our results underscore the centrality of the cerebellum in LLD, particularly in
cognitive and motor symptomatology, suggesting the need for further investigations into its
role in this disorder. It will be crucial to design experiments aimed at better understanding
the nature of the brain alterations observed. This understanding is essential for translating
the knowledge gained into the clinical context of patients with LLD.
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