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Abstract Dementia with Lewy bodies (DLB) and
Alzheimer’s disease (AD) are often associated with
depressive symptoms from the prodromal stage. The
aim of the present study was to investigate the neu-
roanatomical correlates of depression in prodromal
to mild DLB patients compared with AD patients.
Eighty-three DLB patients, 37 AD patients, and
18 healthy volunteers were enrolled in this study.
Depression was evaluated with the Mini International
Neuropsychiatric Interview (MINI), French version
5.0.0. Tl1-weighted three-dimensional anatomical
images were acquired for all participants. Regres-
sion and comparison analyses were conducted using
a whole-brain voxel-based morphometry (VBM)
approach on the grey matter volume (GMV). DLB
patients presented a significantly higher mean MINI
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score than AD patients (p=0.004), 30.1% of DLB
patients had clinical depression, and 56.6% had a his-
tory of depression, while 0% of AD patients had clini-
cal depression and 29.7% had a history of depression.
VBM regression analyses revealed negative correla-
tions between the MINI score and the GMV of right
prefrontal regions in DLB patients (p <0.001, uncor-
rected). Comparison analyses between DLB patients
taking and those not taking an antidepressant mainly
highlighted a decreased GMYV in the bilateral middle/
inferior temporal gyrus (p<0.001, uncorrected) in
treated DLB patients. In line with the literature, our
behavioral analyses revealed higher depression scores
in DLB patients than in AD patients. We also showed
that depressive symptoms in DLB are associated with
decreased GMYV in right prefrontal regions. Treated
DLB patients with long-standing depression would
be more likely to experience GMYV loss in the bilat-
eral middle/inferior temporal cortex. These findings
should be taken into account when managing DLB
patients.

Keywords Dementia with Lewy bodies -
Alzheimer’s disease - Depression - Prefrontal cortex -
VBM - Antidepressant

Introduction

Dementia with Lewy bodies (DLB) is the second
most common form of neurodegenerative disease

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-024-01190-4&domain=pdf
http://orcid.org/0009-0005-0402-133X

GeroScience

after Alzheimer’s disease (AD). DLB is one of the
synucleinopathies, diseases that are characterized by
a diffuse aggregation of abnormal a-synuclein, form-
ing Lewy bodies. A diagnosis of probable DLB can
be made if, in addition to cognitive impairment, at
least two of the following clinical core features are
present: fluctuating cognition with pronounced vari-
ations in attention and alertness, recurrent visual hal-
lucinations, spontaneous parkinsonian features, and
rapid eye movement sleep behaviour disorder (RBD)
[1, 2]. Additionally, depression has been reported
to be a supportive clinical feature of DLB [1, 2].
According to the DSM-5, major depressive disor-
der (MDD) or clinical depression is defined by a
depressed mood and/or a loss of interest or pleasure,
in association with other symptoms such as signifi-
cant weight changes or sleep disorders. Furthermore,
subclinical depression can be defined by the presence
of depressive symptoms without the standard diag-
nostic criteria being met [3]. Many studies have actu-
ally demonstrated depressive symptoms from the pro-
dromal stage of DLB [4-6] and DLB may sometimes
begin with a psychiatric onset characterized by “pre-
dominant psychiatric symptoms that typically corre-
spond to late-onset MDD” [2]. Depression as a pro-
dromal symptom could affect between 34% [7] and
55% of DLB patients [8], and over one-third of DLB
patients would even experience depressive symptoms
in the 5 years prior to diagnosis [4]. Interestingly, a
Japanese study reported that 14% of people aged
over 50 hospitalized for depression had prodromal or
demented DLB [9].

Depression has also long been known to be a fre-
quent symptom of AD [10, 11], but it seems that
depressive symptoms are more frequent and severe
in DLB patients than in AD patients [12]. DLB
would be associated with a higher risk of develop-
ing depression [13] and with a higher frequency of
MDD [14] compared to AD. Moreover, several stud-
ies have demonstrated higher Geriatric Depression
Scale (GDS) scores in DLB patients than in AD
patients, both in prodromal [15] and in dementia
stages [16, 17].

Clinical or subclinical depression is a complex
condition involving many brain regions and networks.
Neuroimaging studies investigating depression tend
to show heterogeneous results, which appear to be
quite dependent on clinical and demographic fac-
tors, such as the medication, the onset age, the illness
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duration, and the comorbidities. Despite this relative
inconsistency, the existing voxel-based morphom-
etry (VBM) studies and meta-analyses have revealed
structural abnormalities in multiple fronto-striatal-
limbic regions, such as the prefrontal and cingulate
cortices, the hippocampus, the insula, and the amyg-
dala, in both patients with MDD [18-28] and patients
with late-life depression (LLD) [29-33] when com-
pared to healthy controls.

It is interesting to note that structural neuroimag-
ing studies comparing DLB patients with healthy
subjects reported a reduced volume in some of the
brain regions mentioned above. In particular, pro-
dromal DLB is associated with a loss of grey matter
volume (GMYV) in the bilateral insula and the ante-
rior cingulate, as shown by a VBM study conducted
by our team [34]. An insular cortical thinning has
also been demonstrated in two structural neuroim-
aging studies comparing DLB patients and controls
[35, 36]. Finally, the prodromal DLB criteria [2] also
highlighted the occurrence of grey matter atrophy in
some frontal structures.

However, the existing literature on the neuroana-
tomical substrates of clinical or subclinical depres-
sion in DLB remains unclear and limited. There are
essentially post-mortem studies highlighting the
likely involvement of the dopaminergic, serotoniner-
gic, and noradrenergic systems in depressive symp-
toms in DLB. A loss of substantia nigra dopaminergic
neurons [37, 38], rostral raphe serotoninergic neurons
[39], and locus cceruleus noradrenergic neurons [40]
is primarily reported in DLB patients. Only one mag-
netic resonance imaging (MRI) surface-based mor-
phometric study shows that depression in mild AD
and Lewy body disease (LBD) would be associated
with cortical thinning in prefrontal and temporal areas
[41]. However, it should be noted that that study only
compared a group of depressed mild AD and LBD
patients with a group of non-depressed mild AD and
LBD patients and did not offer a comparison between
the two diseases or a differentiation of DLB and Par-
kinson’s disease (PD) patients in the LBD group.

Concerning AD, the existing VBM studies suggest
associations between depression and GMV reductions
mainly in temporal [42-44], frontal [44, 45], and
insular regions [44].

The aim of our study was to shed light on the spe-
cific underlying structural mechanisms of depres-
sive symptoms in DLB patients in comparison to AD
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patients and healthy controls using a whole-brain VBM
approach. Based on the fact that the insula, the anterior
cingulate, and the frontal cortex have been identified as
structurally impacted in both depression and prodromal
DLB [2, 18-36], we supposed that depressive symp-
toms of DLB patients might be related to GMV reduc-
tions in these areas. Furthermore, we hypothesized that
depression in AD patients would rather be related to
GMYV reductions in fronto-temporo-insular regions, as
suggested in the literature.

As mentioned above, medication can influence
neuroimaging results. Thus, we also planned to
explore the impact of antidepressant treatment on
GMV in DLB patients using comparison analyses
between treated and non-treated DLB patients.

Methodology
Population

Eighty-three DLB patients, 37 AD patients, and 18
healthy control subjects (HCS) matched in terms of
age, gender, and educational level were included in this
research from the larger cohort study AlphalLewyMA
(https://clinicaltrials.gov/ct2/show/NCT01876459). All
participants were recruited from the tertiary memory
clinic of Strasbourg University Hospital, France. Diag-
noses were made by a multidisciplinary team (i.e.,
geriatricians, neurologists, psychiatrists, and neuropsy-
chologists) who performed a clinical and neurologic
examination. DLB patients met the revised DLB con-
sensus criteria [1, 2], while AD patients met the Dubois
criteria [46]. Fluctuations were assessed with the Mayo
Clinic Fluctuations scale [47] and hallucinations using
the Parkinson’s disease-associated psychotic symp-
toms questionnaire [48]. Features of parkinsonism were
measured with the Unified Parkinson’s Disease Rat-
ing Scale (UPDRS, part 3) [49]: akinesia, rigidity, and
tremor at rest. Rapid eye movement sleep behavior dis-
order (RBD) was evaluated using a sleep questionnaire
on RBD from the publication by Gjerstad [50] simpli-
fied into two questions for the patient and the caregiver:
one concerning movements during sleep and the other
concerning vivid dreams and nightmares. Patients also
had to be in the prodromal or mild stages of the disease.
We operationalized this aspect by means of four ques-
tions concerning patient autonomy (Instrumental Activ-
ities of Daily Living [IADL] score). Patients who had

difficulties in at least one of the following dimensions:
medication, finances, telephone, and transportation,
were considered to have dementia. Patients who had
cognitive impairment but no difficulties in these dimen-
sions were considered to be at the prodromal stage.
Additionally, we selected only patients with a Mini
Mental State Examination (MMSE) [51] score>20.
This is the cut-off used to differentiate between patients
with mild dementia (MMSE score >20) and those with
moderate dementia (MMSE score <20). Please note
that our two groups of patients were matched in terms
of the respective proportions of prodromal and demen-
tia patients (y>=0.346, p=0.557).

Exclusion criteria for all participants included:
contraindication to MRI; history of alcohol/substance
abuse; sensory or motor deficits; relevant neurologi-
cal or psychiatric comorbidities; or the presence of
other severe or unstable medical illnesses. In addi-
tion, some participants were not included in the anal-
yses due to a lack of behavioural or imaging data. All
participants gave written informed consent for the
study according to the Declaration of Helsinki, and
the study was approved by the local ethics committee
of East France (IV).

Assessment of depression

The Mini International Neuropsychiatric Interview,
French version 5.0.0 (MINI) [52] was used to assess the
presence of depressive symptoms, as already done in
several studies on elderly subjects [53-56]. The MINI
is a structured diagnostic interview exploring the main
neuropsychiatric disorders, based on the DSM-5 criteria.
In the present study, we focused on the MINI depres-
sion screening score, measured by means of nine ques-
tions. The patient is considered to have major depression
if their score is>5/9; we considered a patient to have
depressive symptoms if their score was>2. Addition-
ally, we noted the presence or absence of a personal
history of depression for each participant based on the
information collected by our clinicians.

Neuroimaging study

We used VBM to investigate the neuroanatomical
correlates of depression in 73 of the 83 DLB patients
and in the 37 AD patients. Ten DLB patients were
excluded from the VBM analyses because of unusable
MRI images (i.e., excessive artefacts). Each of the 73
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DLB and 37 AD patients underwent a high-resolution
anatomical MRI scan. T1-weighted three-dimensional
anatomical images were obtained using a 3 T MRI
scanner (Verio 32-channel Tim Siemens scanner; Sie-
mens, Erlangen, Germany) using a volumetric mag-
netization-prepared rapid acquisition with gradient-
echo (MPRAGE) sequence (FOV=256x256 mm?,
image matrix =256X256, slice thickness=1 mm,
repetition time=1900 ms, echo time=2.52 ms, flip
angle=9°).

VBM analyses included image pre-processing and
statistical analyses. These steps were carried out using
the SPM12 software package (Wellcome Department
of Imaging Neuroscience, London; http://www.fil.ion.
ucl.ac.uk/) running on Matlab R2023a (MathWorks,
Natick, MA, USA). Anatomical MRI images were
spatially pre-processed using standard procedures
[57]. All T1-weighted structural images were first
segmented, bias-corrected, and spatially normalized
to the Montreal Neurological Institute (MNI) space
using an extension of the unified segmentation pro-
cedure [58] that includes six classes of tissue. The
DARTEL registration toolbox was then used to build
a study-specific template and bring all the segmenta-
tion images into alignment. The VBM analysis was
done on modulated grey matter (GM) images; that
is, the GM value in each voxel was multiplied by the
Jacobian determinant derived from the spatial nor-
malization. This procedure preserves the total amount
of GM from the original images. These modulated
GM images were smoothed with a Gaussian kernel
(full-width at half-maximum [FWHM]: 8 mm).

Statistical analyses
Behavioural analyses

All statistical behavioural analyses were performed
using JASP software (https://jasp-stats.org). We
applied an ANOVA to compare intergroup differences
between DLB, AD, and HCS in terms of educational
level, while non-parametric Kruskal-Wallis tests
and Dunn post hoc tests were used for age, MMSE
score, hallucinations, fluctuations, akinesia, rigid-
ity, and RBD. To compare intergroup differences in
terms of depression, we used Mann—Whitney U tests
and Cohen’s d to evaluate effect size. The propor-
tion of personal histories of depression was evaluated
with a y? test. We also used the Spearman correlation
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coefficient to investigate the monotonic relationships
between the MINI score and the DLB clinical criteria
corresponding to quantitative variables (fluctuations,
hallucinations, akinesia, rigidity, and RBD).

DLB patients were divided into two subgroups for
comparison analysis between patients with and those
without depression: depressed DLB (dDLB; MINI
score >?2) patients and non-depressed DLB (ndDLB;
MINI score <2) patients. The dDLB group corre-
sponds to DLB patients with clinical or subclinical
depression. We decided to compare this group with
a non-depressed group to visualize the relationships
between current depression and GMV.

DLB patients were also divided into two other sub-
groups for comparison analysis between patients with
and those without antidepressant treatment: treated
DLB (tDLB; use of antidepressants) patients and non-
treated DLB (ntDLB; non-use of any kind of antide-
pressants) patients. This analysis was conducted to
assess the effect of antidepressants on GMV. Accord-
ing to the oldest data we were able to retrieve from
medical records, it should be noted that tDLB patients
had been taking their treatment for an average of at
least 8 years. Then, we think that this group repre-
sents quite well patients with long-standing depres-
sion. Based on this assumption, we hope to use these
comparative analyses to assess the neurotoxicity of
depression in terms of GMV.

We used a student z-test to compare dDLB and
ndDLB patients as well as tDLB and ntDLB patients
in terms of age, educational level, and MMSE score.
For categorical measures (gender, handedness, stage
of disease, tremor, pharmacological treatment), ;(2
tests were applied.

VBM analyses

Statistical correlations between local GMV and
depression scores were investigated using the general
linear model (GLM). Raw scores on the MINI were
tested for both DLB and AD patients. Multiple regres-
sion analyses were conducted on the whole brain in
each group successively. Educational level (EL), total
intracranial volume (TIV), and antidepressant treat-
ment were considered as covariates in the model.

Two GLM models were also constructed to
assess GMYV differences between dDLB and ndDLB
patients and between tDLB and ntDLB patients.
We used a two-tailed ¢ test, adjusted for TIV, EL,
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and antidepressants. We also added handedness as
a covariate for the comparison between dDLB and
ndDLB patients, and age as a covariate for the com-
parison between tDLB and ntDLB patients, because
there were significant differences between the two
groups. The results were first analysed using a sta-
tistical threshold of p <0.05, FDR-corrected. When
no correlations were found using FDR correction,
we considered a less stringent statistical threshold
of p<0.001, uncorrected. In this case, a minimum
cluster spatial extent of 50 voxels was used to avoid
irrelevant and isolated detections whenever pos-
sible. The XjView software package (http://www.
alivelearn.net/xjview/) was used to visualize the
results and report the brain regions involved in the
detected clusters.

Results
Behavioural results
Clinical characteristics

Table 1 presents the demographic and clinical charac-
teristics of DLB patients, AD patients, and HCS. Our
three groups were matched in terms of age, gender,
handedness, and educational level. However, HCS
had a significantly higher mean MMSE score than
DLB and AD patients, and DLB patients had a signif-
icantly higher mean MMSE score than AD patients.
Regarding clinical symptoms, the presence of DLB
core features (fluctuations, hallucinations, akinesia,
rigidity, and RBD) was significantly higher in DLB
patients compared to AD patients and HCS, except
for tremor.

Regarding pharmacological treatments, 30.1% of
DLB patients and 29.7% of AD patients were taking
an antidepressant, 19.3% of DLB patients and 13.5%
of AD patients were taking benzodiazepines, while
9.6% of DLB patients and 2.7% of AD patients were
receiving antipsychotic treatment. None of our con-
trol subjects were receiving any of the above medica-
tions (Table 1).

Table 2 presents the demographic and clinical
characteristics of depressed DLB (dDLB) patients and
non-depressed DLB (ndDLB) patients. This separa-
tion was carried out as part of the imaging analyses in
DLB patients. The two groups of dDLB and ndDLB

patients were matched in terms of age, gender, educa-
tional level, stage of the disease, and MMSE scores.
However, the proportion of left-handed patients was
significantly higher in the ndDLB group.

Table 3 shows the demographic and clinical char-
acteristics of antidepressant-treated DLB (tDLB)
patients and non-treated DLB (ntDLB) patients. This
separation was carried out as part of the imaging
analyses in DLB patients. The two groups of tDLB
and ntDLB patients were matched in terms of gen-
der, handedness, educational level, stage of disease,
MMSE score, and MINI score. However, the mean
age of the ntDLB group was significantly higher than
that of the tDLB group.

Treated DLB patients had been taking their treat-
ment for an average of at least 8 years, according to
the oldest data we were able to retrieve from medi-
cal records. Moreover, most of them (22/24, 91.7%)
had a personal history of depression. Thus, the treated
DLB group reflects DLB patients with long-standing/
chronic depression.

Depression

DLB patients presented a significantly higher mean
MINI score than AD patients (p=0.004) (Table 4).
Moreover, 30.1% of DLB patients (25 out of 83)
could be considered to have major depression, while
none of the AD patients had major depression (MINI
score > 5). Thirty-six percent (36.1%) of DLB patients
(30 out of 83) had depressive symptoms (MINI
score >2), compared with 13.5% of AD patients (5
out of 37). The proportion of patients with a per-
sonal history of depression was significantly different
between DLB and AD patients (p=0.006) (Table 4).
The proportion of patients with a personal his-
tory of depression was almost twice as high in DLB
patients (56.6%) compared to AD patients (29.7%).
Please note that the HCS group was not included in
the above analyses because all the HCS had a MINI
score of 0 and none of them had a personal history of
depression.

Statistical ~ analysis (Spearman correlations)
revealed positive correlations between the MINI
score and the score for fluctuations (rho=0.306,
p=0.005), hallucinations (rho=0.280, p=0.01), aki-
nesia (tho=0.367, p<0.001), rigidity (rho=0.258,
p=0.018), and RBD (rho=0.298, p=0.007).
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Table 1 Demographic and clinical characteristics of dementia with Lewy bodies (DLB) patients, Alzheimer’s disease (AD) patients,

and healthy control subjects (HCS)

Group
Characteristics DLB (n=83) AD (n=37) HCS (n=18) Statistic test, p Dunn post hoc test
Age (years) * 71.18 (9.57) 74.12 (7.61) 67.86(7.93) H=5.798, p=0.055
Gender (M/F) 33/50 18/19 9/9 7=1.181,p=0.554
Handedness (R/L) f 7419 31/5 18/0 £=2613, p=0.271
EL (years) * 12.06 (4.05) 12.19(3.80) 13.67 (2.38) F=1.337, p=0.266
Stage of disease (pro/dem) 54/29 22/15 £ =0.346, p=0.557
MMSE score *! 26.16 (2.72) 24.68 (2.56) 29.06 (0.96) H=32.105,p<0.001 HCS>DLB, AD; DLB>AD
Hallucinations (/9) #>¢ 1.92 (2.06) 0.33(0.79)  0.11(0.32) H=38.556,p<0.001 DLB>HCS, AD
Fluctuations % 8/24/18/23/10  20/11/3/1/1  12/5/1/0/0 H=46.406,p<0.001 DLB>HCS, AD
Akinesia ¢ 30/45/8/0/0 33/3/0/0/0 17/1/0/0/0 H=42.202,p<0.001 DLB>HCS, AD
Rigidity 42 34/43/6/0/0 30/5/1/0/0 16/2/0/0/0 H=25.502,p<0.001 DLB>HCS, AD
Tremor % 76/7/0/0/0 36/0/0/0/0 16/2/0/0/0 7$=3.606, p=0.165
RBD it 28/23/31 30/3/3 12/5/1 H=26.348,p<0.001 DLB>HCS, AD
Antidepressant (0/1) i 58/25 26/11 £*=0.002, p=0.966
Benzodiazepine (0/1) | 67/16 32/5 £$=0.589, p=0.443
Antipsychotic (0/1) ! 7518 36/1 7=1.775,p=0.183

AD Alzheimer’s disease, DLB dementia with Lewy bodies, HCS healthy control subjects, EL educational level, pro prodromal stage,
dem mild dementia stage, MMSE mini-mental state examination, RBD rapid eye movement behaviour disorder

Significant p values (p <0.05) are in boldface type

*Values are mean (SD)

bAccording to [48]

€According to [47]

4 According to the unified Parkinson’s disease rating scale [49]
€According to [50]

"Data missing for 1 patient

€Rating from 0 to 4 (0/1/2/3/4)

"Rating from 0 to 2 (0/1/2)

! Analysis performed on DLB and AD groups only

Neuroimaging results
Regressions in DLB patients

Using p<0.05, FDR corrected, we did not find any
significant correlations between GMV and the MINI
score in DLB patients.

With a less stringent threshold of p <0.001, uncor-
rected, we found that higher MINI scores in DLB
patients were associated with GMV loss in two
regions of the right middle frontal gyrus (Brodmann
area [BA] 10 and BA 46) (Fig. 1 and Table 5).
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Regressions in AD patients

Using p<0.05, FDR corrected, we did not find any
significant correlations between GMV and the MINI
score in AD patients.

With a threshold of p<0.001, uncorrected, and
a cluster threshold of 35 voxels, VBM analyses
revealed a negative correlation between the MINI
score and the right temporal pole (BA 38) (Fig. 2 and
Table 5).
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Table 2 Demographic and clinical characteristics of depressed DLB (dDLB) patients and non-depressed DLB (ndDLB) patients

Group
Characteristics dDLB (n=28) ndDLB (n=45) Statistic test, p
Age? 69.74 (9.6) 71.49 (9.96) t=-0.739, p=0.462
Gender (M/F) 11/17 18/27 x>=0.004, p=0.952
Handedness (R/L) 28/0 38/7 ¥>=4.818, p=0.028
EL (years) * 11.61 (4.57) 12.16 (3.7) t=-0.562, p=0.576
Stage of disease (pro/dem) 19/9 31/14 X2 =0.009, p=0.926
MMSE score * 25.75 (2.84) 26.4 (2.75) t=-0.970, p=0.335
MINI score * 6.25 (1.94) 0(0)

dDLB depressed dementia with Lewy bodies, ndDLB non-depressed dementia with Lewy bodies, EL educational level, pro prodro-
mal stage, dem mild dementia stage, MMSE mini-mental state examination, MINI Mini International Neuropsychiatric Interview

French version 5.0.0
Significant p values (p <0.05) are in boldface type
*Values are mean (SD)

Table 3 Demographic and clinical characteristics of treated DLB (tDLB) patients and non-treated DLB (ntDLB) patients

Group
Characteristics tDLB (n=24) ntDLB (n=49) Statistic test, p
Age? 67.1 (8.78) 72.66 (9.82) t=2.369, p=0.021
Gender (M/F) 8/16 21/28 X2=0.610, p=0.435
Handedness (R/L) 22/2 44/5 X2 =0.065, p=0.799
EL (years) * 11.83 (4.16) 12.0 (4.0) t=0.165, p=0.87
Stage of disease (pro/dem) 16/8 34/15 X2 =0.628, p=0.730
MMSE score * 26.04 (2.82) 26.20 (2.79) t=0.233, p=0.817
MINI score * 3.08 (3.56) 2.06 (3.12) t=-1.255,p=0.214

tDLB treated dementia with Lewy bodies, ntDLB non-treated dementia with Lewy bodies, EL educational level, pro prodromal stage,
dem mild dementia stage, MMSE mini-mental state examination, MINI Mini International Neuropsychiatric Interview French version

5.0.0
Significant p values (p <0.05) are in boldface type

*Values are mean (SD)

Comparison analyses between dDLB and ndDLB
patients

Using p<0.05, FDR corrected, we did not find any
significant differences in GMV between dDLB and
nDLB patients.

Using a less stringent threshold p <0.001, uncor-
rected, dDLB patients showed decreased GMV in
two regions of the right middle frontal gyrus (BA 10
and BA 46), and in the right posterior cingulate gyrus
extending to the precuneus (BA 31, BA 7) compared
to ndDLB patients (Fig. 3 and Table 6).

Comparison analyses between treated DLB patients
and non-treated DLB patients

Using p<0.05, FDR corrected, we did not find any
significant differences in GMV between tDLB and
ntDLB patients.

With a less stringent threshold of p <0.001, uncor-
rected, comparison analyses between tDLB and
ntDLB patients revealed lower GMYV in the bilateral
middle and inferior temporal gyrus (BA 21, BA 20,
more prominent in the right hemisphere) in the tDLB
group compared to the ntDLB group (Table 6).
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Table 4 Comparisons between DLB and AD patients—Mann Whitney test

Group
Characteristics DLB (n=83) AD (n=37) Statistic test, p Cohen’s d
MINT score *° 2.25(3.27) 0.35(1) U=1125.0, p=0.004 d=-0.267
Personal history of depression  36/47 26/11 x?="17.414, p=0.006

(no/yes) ©

DLB dementia with Lewy bodies, AD Alzheimer’s disease, MINI Mini International Neuropsychiatric Interview French version 5.0.0
Significant p values (p <0.05) are in boldface type. Effect size was calculated using Cohen’s d for significant main effect

*Values are mean (SD)

"Data missing for 1 patient

“Including two patients with a history of bipolarity

Fig. 1 Brain regions cor-
related with the MINI (Mini
International Neuropsy-
chiatric Interview, French
version 5.0.0) score in
dementia with Lewy bodies
(DLB) patients. Negative
correlations were found
between MINI scores and
two clusters in the right
middle frontal gyrus: BA
10 (a) and BA 46 (b).
Results were significant

at p <0.001, uncorrected,
with a cluster threshold of
50 voxels, and with total
intracranial volume (TIV),
educational level (EL), and
antidepressant treatment as
covariates

Table 5 Voxel-based morphometry results for regression analyses (p <0.001, uncorrected)

Region R/L BA k T MNI coordinates
X y Z
DLB patients Middle frontal gyrus R 10 118 4.31 24.00 43.5 16.50
Middle frontal gyrus R 46 98 4.20 48.00 28.5 24.00
AD patients Temporal pole R 38 37 3.99 37.5 18.0 -24.0

DLB dementia with Lewy bodies, AD Alzheimer’s disease, MINI Mini International Neuropsychiatric Interview French version
5.0.0, BA Brodmann area, k cluster extent, 7 ¢ value for the cluster peak, MNI Montreal Neurological Institute
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Fig. 2 Brain regions correlated with the MINI (Mini Interna-
tional Neuropsychiatric Interview, French version 5.0.0) score
in Alzheimer’s disease (AD) patients. Negative correlations
were found between MINI scores and one cluster in the right

Fig. 3 Comparison

of grey matter volume
(GMV) between depressed
dementia with Lewy bod-
ies (dDLB) patients and
non-depressed dementia
with Lewy bodies (ndDLB)
patients. We found a sig-
nificant GMYV loss in four
clusters, including the right
middle frontal gyrus (BA
10) (a), the right middle
frontal gyrus (BA 46) (b),
and the posterior cingulate
gyrus (BA 31) extending to
the precuneus (BA 7) (c).
Results were significant

at p<0.001, uncorrected,
with a cluster threshold of
50 voxels, and with total
intracranial volume (TIV),
educational level (EL), anti-
depressant treatment, and
handedness as covariates

Conversely, the tDLB group showed higher GMV
in two larger clusters that included the left cuneus/
precuneus (BA 19, BA 7) and the bilateral SMA (BA
6) compared to the ntDLB group (Fig. 4 and Table 6).
Higher GMV was also found in four other clusters

T-score

temporal pole (BA 38). Results were significant at p<0.001,
uncorrected, with a cluster threshold of 35 voxels, and with
total intracranial volume (TIV), educational level (EL), and
antidepressant treatment as covariates

including the right superior and middle frontal gyrus
(BA 6), the right SMA (BA 6), the left middle frontal
gyrus (BA 10), and the right posterior cingulate (BA
31) in the tDLB group compared to the ntDLB group.
(Fig. 4 and Table 6).
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Table 6 Voxel-based morphometry results for group comparisons (p <0.001, uncorrected)

Region R/L BA k T MNI coordinates
X y z
dDLB <ndDLB Middle frontal gyrus R 10 208 4.61 24.0 46.5 16.5
Middle frontal gyrus R 46 99 4.85 48.0 285 24.0
Posterior cingulate and precuneus R 3177 71 3.66 12.0 -36.0 43.5
tDLB <ntDLB Middle/inferior temporal gyrus R 21/20 270 4.12 63.0 -27.0 -16.5
Middle/inferior temporal gyrus L 21/20 51 3.47 -63.0 -34.5 -18.0
tDLB >ntDLB Cuneus/precuneus L 19/7 455 5.28 -7.5 -84.0 -27.0
Supplementary motor area R/L 6 260 4.54 -1.5 -18.0 64.5
Superior/middle frontal gyrus R 6 309 3.64 22.5 4.5 49.5
Middle frontal gyrus L 10 186 4.33 -36.0 43.5 9.0
Posterior cingulate R 31 79 4.24 12.0 -37.5 34.5
Supplementary motor area R 6 85 4.35 13.5 -16.5 66.0

DLB dementia with Lewy bodies, AD Alzheimer’s disease, BA Brodmann area, k cluster extent, T ¢ value for the cluster peak, dDLB
depressed dementia with Lewy bodies, ndDLB non-depressed dementia with Lewy bodies, tDLB treated dementia with Lewy bodies,

ntDLB non-treated dementia with Lewy bodies

Common regions revealed in both the regression
analysis in DLB patients and the comparison analysis
between dDLB and ndDLB patients

Figure 5 shows the brain regions that overlap in both the
regression analysis in DLB patients and the comparison
analysis between dDLB and ndDLB patients. The two
clusters in the right middle frontal gyrus (BA 46 and BA
10) are largely superposed in these two analyses.

Discussion

The aim of the present study was to investigate the
underlying structural mechanisms of depressive
symptoms in DLB and AD patients by means of a
whole-brain VBM approach, including regression and
comparison analyses. At the behavioral level we dem-
onstrated, as expected, higher MINI depression scores
in DLB patients compared to AD patients, as well as a
proportion of personal histories of depression almost
twice as high in DLB patients (56.6%) compared to
AD patients (29.7%). Furthermore, our VBM analysis
on DLB and AD patients partially confirmed our ini-
tial hypotheses. Notably, we showed negative correla-
tions between depression scores and decreased GMV
in right prefrontal regions in DLB patients, and nega-
tive correlations between depression scores and GMV
reductions in the right temporal pole in AD patients.
Finally, the results of our additional comparison
analyses on DLB patients receiving antidepressant
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treatment highlighted an increase in GMV mainly
in left parieto-occipital regions and bilateral supple-
mentary motor areas, as well as a decrease in GMV
in bilateral middle temporal regions compared to non-
treated DLB patients.

First, our behavioural results confirm the greater
frequency and severity of depressive symptoms in
DLB compared to AD, in line with the few existing
studies [12, 14-17]. In particular, we showed that
30.1% of our DLB patients could be considered to
have clinical depression and 36.1% to have depressive
symptoms. These results are consistent with the study
by Auning and colleagues [7], which demonstrated a
rate of 34% of depression as a presenting symptom
of DLB, and with a study conducted by our team [6],
showing that 26.2% of prodromal DLB patients could
be considered to have major depression.

Surprisingly, the prevalence and severity of
depressive symptoms in our AD group were lower
than expected. Only 13.5% of our AD patients had
depressive symptoms, and none of them met the
criteria for clinical depression, whereas two meta-
analyses on this topic showed a prevalence of 22%
for subclinical depression in AD [59] and 14.8% for
clinical depression [60]. The small sample size of our
AD group could partly explain this result, but we also
assume that this may be linked to the stage of the dis-
ease, as we focused on a prodromal to mild AD popu-
lation. Depressive symptoms would usually appear
from the prodromal stage of DLB, and even years
before diagnosis [4], whereas they would appear later
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Fig. 4 Comparison of grey
matter volume (GMV)
between treated dementia
with Lewy bodies (tDLB)
patients and non-treated
dementia with Lewy bodies
(ntDLB) patients. Top:
regions showing significant
GMV loss in tDLB patients
compared to ntDLB
patients, i.e., the bilateral
middle/inferior tempo-

ral gyrus BA 21/20 (a).
Bottom: regions showing
significantly higher GMV in
tDLB patients compared to
ntDLB patients, i.e., the left
cuneus (BA 19) extending
to the precuneus (BA 7) (b),
the bilateral supplementary
motor area (BA 6) and the
right supplementary motor
area (BA 6) (c), the right
superior/middle frontal
gyrus (BA 6) (d), the

left middle frontal gyrus
(BA 10) (e), and the right
posterior cingulate (BA 31)
(f). Results were significant
at p <0.001, uncorrected,
with a cluster threshold of
50 voxels, and with total
intracranial volume (TIV),
educational level (EL), and
age as covariates

in AD. This hypothesis is supported by a 5-year fol-
low-up study demonstrating that DLB is associated
with continuously increasing mean levels of depres-
sive symptoms, whereas AD patients tend to show a
delayed increase at later follow-up visits [61]. Inter-
estingly, the global frequency of depressive symp-
toms in patients with DLB appears to be comparable
to that of patients with PD, which has been evaluated
at around 30.7% by a systematic review and meta-
analysis [62]. High rates of depression have also been

T-score
4

identified in patients with multiple system atrophy
[8]. Therefore, synucleinopathies appear to be closely
linked with depression, which is consistent with two
studies demonstrating an association between depres-
sive symptoms and a-synuclein burden [63, 64].
Furthermore, we showed that depression was cor-
related with several core features of DLB, particu-
larly fluctuations, hallucinations, akinesia, rigidity,
and RBD. Subjective poor sleep and daytime sleepi-
ness [65] as well as autonomic dysfunctions and
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Fig. 5 Overlap of the regression analysis in dementia with
Lewy bodies (DLB) patients (Fig. 1), and the comparison
analysis between depressed dementia with Lewy bodies
(dDLB) patients and non-depressed dementia with Lewy bod-
ies (ndDLB) patients (Fig. 3). The yellow colour represents

orthostatic hypotension [66] have also been associ-
ated with depressive symptoms in DLB in the litera-
ture. This suggests that there is a strong link between
depressive symptoms and other DLB clinical charac-
teristics, and therefore that depression is intrinsically
linked to DLB.

In addition to being a frequent prodromal
symptom of DLB and more generally a common
symptom of synucleinopathies, depression also
appears to be a risk factor for developing DLB, as
suggested by a few studies [67, 68]. We actually
showed that 56.6% of our DLB patients had a per-
sonal history of depression (versus 29.7% of our
AD patients). A study by Boot and colleagues also
demonstrated that having a personal history of
depression increases sixfold the risk of developing
DLB [69]. Thus, we believe that depression could
be both a prodromal symptom of DLB and a major
risk factor for developing the disease, as already
suggested in a study by Ishiguro and colleagues
on DLB [64] and a study by Bennett and Thomas
[70] on dementia. An interesting point of view is
proposed by Kessing and colleagues: early-onset
depression before age 65 and recurrent depression
may constitute long-term risk factors for the devel-
opment of dementia, whereas the onset of more
recent depressive symptoms may reflect a prodro-
mal phase of dementia [71].
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Regression analysis in
DLB patients

Comparison analysis
between dDLB and
ndDLB patients

Overlap between the
two analyses

the comparison analysis, the red color the regression analysis,
and the orange colour represents voxels where the two analyses
overlap. The two clusters in the right middle frontal gyrus, BA
10 (a) and BA 46 (b), are largely superposed in the two analy-
ses

Beyond these interesting behavioural results, the
second part of our study aimed to investigate the
regions involved in DLB patients’ depressive symp-
toms. We were able to demonstrate a strong associa-
tion between depressive symptoms and the volume
of right dorsolateral (BA 46) and anterior (BA 10)
prefrontal regions through both our regression anal-
ysis on DLB patients and our comparison analysis
between dDLB and ndDLB patients. These results
suggest that depressive symptoms in DLB patients are
especially associated with a loss of GMV in the pre-
frontal cortex (PFC), an area that is typically involved
in depression. A large number of VBM studies and
meta-analyses have indeed reported the involve-
ment of PFC in MDD [18, 22]. The surface-based
morphometric study by Lebedev and colleagues
also indicated a depression-associated cortical thin-
ning in the dorsolateral prefrontal cortex (dIPFC) in
a group of depressed LBD and AD patients, but in
the left hemisphere [41]. Prefrontal areas are particu-
larly involved in cognitive functions related to social,
emotional, and motivational aspects of behavior [72].
The PFC has especially been associated with execu-
tive functions such as inhibition, working memory,
shifting, and fluency [73]. A few functional mag-
netic resonance imaging (fMRI) studies have also
demonstrated the involvement of the PFC in emotion
regulation [74-76]. In particular, a systematic review



GeroScience

on networks underpinning emotion [77] highlights
the major involvement of the dIPFC in this capac-
ity (among other fronto-limbic areas). According to
Koenigs’ fMRI review on depression, damage to the
dIPFC could especially lead to deficits in reappraisal/
suppression of negative emotion [78]. Moreover, two
other reviews investigating the consequences of PFC
lesions indicated that damage to the dIPFC could also
be linked to a loss of initiative, decreased motiva-
tion, reduced verbal output, and abulia [79, 80]. On
the contrary, the most recent guidelines on the thera-
peutic use of repetitive transcranial magnetic stimu-
lation (rTMS) [81] demonstrated a definite antide-
pressant efficacy of high-frequency rTMS of the left
dIPFC and a probable antidepressant efficacy of low
frequency rTMS of the right dIPFC in major depres-
sion. Taken together, these data indicate that prefron-
tal areas, and particularly the dIPFC, are key regions
in the emergence of depressive symptoms, especially
through their involvement in emotion regulation and
motivation. Furthermore, it is worth noting that the
prefrontal regions involved in depressive symptoms in
DLB patients are all located in the right hemisphere,
consistent with the hypothesis of general right hemi-
spheric dominance for emotions, which is still widely
accepted according to a recent review [82]. All in all,
we suppose that GMV reductions in right prefrontal
areas in DLB patients could, on one hand, lead to the
development of emotional dysregulation through dif-
ficulties in reappraisal/suppression of negative emo-
tion and, on the other hand, increase lack of initia-
tion and pleasure in social and verbal activities. This
hypothesis is supported by the review of Pizzagalli
and Roberts, based on preclinical and clinical data, in
which they demonstrated the functional involvement
of PFC in the emergence and maintenance of anhe-
donic phenotypes, negative processing biases, and
learned helplessness [83].

In addition to prefrontal involvement, we dem-
onstrated a greater GMV loss in the right posterior
cingulate cortex (PCC) and the precuneus in DLB
patients with depressive symptoms when compared
to DLB patients without depressive symptoms.
These two regions are involved in self-related pro-
cessing and social cognition [84-86]. Moreover, in
their fMRI study on chronic MDD, Renner and col-
leagues demonstrated a decreased functional connec-
tivity between the PCC and the precuneus following
sad mood induction and suggested that this decrease

might reflect a failure to exert cognitive control over
negative memory retrieval [87]. These data indicate
that the loss of GMV in the precuneus and PCC may
be involved in the development of cognitive biases
leading the subject to focus on negative stimuli.
Besides, increased cortical thickness in the precuneus
has been demonstrated in demented PD patients with
depression [88]. The precuneus could be an important
region in the emergence of depressive symptoms in
DLB patients as well.

Although we demonstrated the involvement of
frontal and cingulate areas in depressive symptoms
in DLB, we were surprised to find no correlation
between the depression scale and the GMV of the
insula, contrary to our initial assumption. However,
while we were unable to show a structural role for
the insula in depressive symptoms in DLB, it is pos-
sible that this region has more of a functional role.
Notably, the insular cortex is part of the default mode
and salience functional networks that are known
to be affected in both depression [89, 90] and DLB
[91-93].

Furthermore, our study also highlights relevant
imaging results regarding the impact of antidepres-
sant treatment in DLB patients. Indeed, compared to
our non-treated DLB group, our treated DLB group
showed greater GMV loss in the bilateral middle/
inferior temporal gyrus (BA 21, BA 20). It should
be noted that, regarding this finding, we carried out
additional retrospective behavioural analyses con-
cerning the antidepressant treatment of our DLB
patients. Patients in the treated DLB group had been
receiving their treatment for 8 years on average, and
the large majority (91.7%) had a personal history of
depression. We therefore reasonably assumed that
this treated DLB group reflected DLB patients with
long-standing depression. Structural changes in
those patients would then reflect the neurotoxicity of
chronic depression in DLB. Besides, a VBM study on
depression has already reported GMV reductions in
the middle/inferior temporal gyrus when compared
to controls [18]. We nevertheless cannot rule out the
hypothesis that the loss of GMV in these areas could
have been a direct consequence of the antidepres-
sant treatment itself. However, we believe this to be
unlikely in view of the well-known positive effect of
antidepressants on brain structure. Indeed, according
to a review by Videbech and colleagues, longitudinal
MRI studies investigating the effect of antidepressants
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on brain volume generally demonstrated volume
increases rather than structural damage [94].

In the present study, we demonstrated greater GMV
volume in treated DLB patients compared to non-
treated DLB patients in six clusters. The first and larg-
est cluster was located in the left cuneus (BA 19/7),
which is quite surprising since this area is not typically
involved in emotion or mood disorders. However, the
VBM study by Jung and colleagues revealed that the
volume of the lingual gyrus highly predicted the anti-
depressant treatment effect [95]. Based on functional
neuroimaging data, the authors suggested that antide-
pressant treatment shifted emotional processing bias
for negative information towards a positive direction
by modulating the functional activity in visual areas.
Then, antidepressant treatment could first help to
reduce negative processing biases in DLB patients
through a specific action on the cuneus. Moreover, we
also showed a greater GMV in three clusters in BA 6,
particularly in the bilateral SMA, the right superior/
middle frontal gyrus, and the right SMA in tDLB
patients compared to ntDLB patients. Interestingly,
lesions of the SMA have already been associated with
an interruption of self-initiated movements [96] and
with abulia [97]. One could therefore suppose that the
GMV increase in these areas might conversely reflect
greater behavioural activation and motivation in
treated DLB patients. A significant GMV increase has
also been found in the left middle frontal gyrus (BA
10) in tDLB patients compared to ntDLB patients. It
is interesting to note that we highlighted above a loss
of GMV in the right middle frontal gyrus (BA 10)
in dDLB patients compared to ndDLB patients, and
discussed the involvement of this region in emotion
regulation and motivation [74, 77-80]. We therefore
hypothesise that antidepressant treatment could pro-
vide a form of compensation through a positive effect
on GMV in the contralateral BA 10, resulting in bet-
ter emotion regulation and greater motivation in tDLB
patients. Lastly, tDLB patients showed greater GMV
in the right PCC compared to ntDLB patients. Inter-
estingly, we mentioned above the involvement of this
area in depressive symptoms in DLB patients. Over-
all, antidepressant treatment could have a pro-synap-
tic effect on specific regions associated with depres-
sive symptoms in DLB and be especially effective
in reducing negative processing biases, increasing
motivation and behavioural activation, and improving
emotion regulation in patients.
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Taken together, these results could have interest-
ing clinical implications. In addition to being a risk
factor for cognitive impairment and having a nega-
tive impact on the quality of life of both patients
and caregivers [98], we showed that depression can
be associated with structural brain changes in DLB
patients. Second, our results suggest that antide-
pressant treatment could have a beneficial effect
not only on behaviour but also on GMV volume in
those patients. However, although antidepressants
are widely used in routine clinical practice, to our
knowledge, there is only one randomized controlled-
trial testing two types of antidepressants in DLB
patients (risperidone and citalopram), but the results
are inconclusive [99]. We therefore encourage the
development of clinical trials using antidepressants
in DLB patients, so that clinicians can be guided
in their therapeutic choices when managing DLB
patients with depressive symptoms.

Finally, concerning the imaging results of the AD
group, our VBM analysis revealed a negative cor-
relation between the MINI score and the GMV in
the right temporal pole, meaning that the more AD
patients are affected by depression, the less GMV
they have in this region. Interestingly, decreased
GMYV in the temporal pole has already been reported
in a few structural neuroimaging studies and meta-
analyses on clinical depression [21, 24, 100] as well
as in a VBM study on AD patients with depres-
sion [101]. An MRI study on patients with MDD
even suggested a potential link between right tem-
poral pole volume and the severity of depressive
symptoms [102]. Through its connectivity with a
number of sensory modalities (particularly visual
and auditory), this region has been reported to be
involved in socio-emotional processing [103-105].
The temporal pole would especially be involved
in the interoceptive guidance of social interactions
and sensitivity to markers of emotions [106]. There-
fore, decreased GMV in the temporal pole might
conceivably lead to a deficit to guide, process and/
or respond to social interactions and emotional
stimuli, and then to the development of depressive
symptoms. But we cannot rule out the hypothesis
that GMV reductions in this region might reflect
the neurotoxic effects of prior depressive symptoms.
Interestingly, in their VBM meta-analysis on MDD,
Zackova and colleagues posit that GMV reduc-
tions in the temporal pole might lead to a reduced
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engagement in social activities and indirectly to
the development of depressive symptoms or, on the
contrary, that a poor social life would lead to tempo-
ral pole volume reductions and consequently to the
development of depressive symptoms [21].

Note that we did not find any correlation between
depression scores and frontal or insular GMV in AD
patients, contrary to our initial hypothesis. Once
again, we assume that this may have been because
our AD patients were in the early stages of the dis-
ease. Indeed, we know that GMYV reductions in fron-
tal and insular cortex occurs at a late stage in typical
AD, simultaneously with the progression of tauopa-
thy through Braak stages [107]. It is thus possible that
depressive symptoms worsen simultaneously with the
evolution of the disease related atrophy.

This study has several limitations. First and
foremost, none of our results were significant in
FDR <0.05. Although we chose to use a threshold of
p<0.001 with a spatial extent of 50 voxels in order to
avoid irrelevant and/or isolated detections, the results
we found will need to be replicated. Second, the
depression scale we used (MINI) has been designed
so that patients who answer “no” to the first two ques-
tions (looking at the two main depression criteria) are
not asked the remaining seven items. Therefore, it is
possible that our measure of depressive symptoms
lacks sensitivity. Lastly, it should be noted that only
5 of our AD patients had depressive symptoms, and
that the cluster highlighted by the regression analysis
is below the 50-voxels threshold we originally set.
Thus, although the obtained results are consistent
with the literature, they should be taken with caution.

Conclusion

Using a whole-brain VBM approach, we were able
to demonstrate an association between depressive
symptoms in DLB and decreased GMV in right pre-
frontal regions involved in emotion regulation, initia-
tion, and motivation. Reduced GMV in right frontal
areas could thus lead to the development of depres-
sive symptoms in DLB. On the contrary, we showed
that treated DLB patients with long-standing depres-
sion would be more likely to experience GMV loss
in the bilateral middle/inferior temporal cortex.
GMV reductions in those regions could reflect the

neurotoxic effects of chronic depressive symptoms
in DLB patients. Finally, it should be noted that we
demonstrated a positive effect of antidepressant treat-
ment on the volume of several occipito-parietal and
frontal regions in DLB patients.

While these structural imaging results provide us
with a great deal of information, the fact remains that
depression is essentially a functional disease, accord-
ing to the widely accepted monoamine hypothesis.
Notably, we discussed the functional impairment of
the default mode and salience networks in depression
and DLB. In addition, the dopaminergic system also
appears to be significantly affected in both depression
[108] and DLB [37, 109]. Therefore, further studies
should investigate depression in DLB through fMRI
methods, with a particular focus on these networks.
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