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Structural brain changes associated with depressive
symptoms in the elderly with Alzheimer’s disease

Aleksandra Lebedeva,' Eric Westman,' Aleksander V Lebedev,? Xiaozhen Li,'
Bengt Winblad,” Andrew Simmons,®*> Lars-Olof Wahlund,' Dag Aarsland, '
for the Alzheimer's Disease Neuroimaging Initiative

ABSTRACT

Objective To examine neuroanatomical changes
associated with depressive symptoms in Alzheimer's
disease (AD) and the relationship between brain
structure and cerebrospinal fluid (CSF) AD biomarkers in
depressed and non-depressed patients.

Methods Two independent cohorts were used in this
study. The first cohort (KI) was collected from the
Memory Clinic at Karolinska University Hospital and
consisted of 41 AD patients. The second cohort was
selected and downloaded from the Alzheimer's Disease
Neuroimaging Initiative database (ADNI) and consisted
of 148 patient. Patients underwent medical,
neuropsychological assessment, laboratory analyses of
CSF, including B amyloid 1-42 (AB 42), total = (t-1),
phosphorylated © 181 (p-t) and brain MRI examination.
In the KI cohort, depression was assessed using the
Cornell Scale for Depression in Dementia, and in the
ADNI cohort the Geriatric Depression Scale was applied.
3D T1-weighted MRI images were processed using
automated steps for segmentation and surface
reconstruction implemented in Freesurfer. General linear
model analysis was used as a statistical approach.
Results Cortical thinning in AD patients with
depressive symptoms compared with those without was
observed in the left parietal and temporal brain regions
in both cohorts. Negative correlation between cortical
thickness and t-t was greater in depressed compared
with non-depressed AD patients in precuneus and
parahippocampal cortex.

Conclusions Our findings suggest that depressive
symptoms in AD patients are associated with cortical
thinning in temporal and parietal regions. In addition,
our findings suggest that t protein pathology in these
areas may contribute to the development of depressive
symptoms in AD.

INTRODUCTION

Depression is very common in the elderly,! and the
frequency of late life depression is increasing due
to population aging. Depressive symptoms in late
life are associated with increased rates of suicide
and premature mortality?> and more frequent use of
healthcare with significantly higher healthcare
costs.> Importantly, depression is found to be
strongly connected with cognitive impairment.*
Thus, it has been estimated that a 10% reduction in
the prevalence of depression could lead to 326 000
less cases of dementia worldwide.’ Subjects with
depressive symptoms have higher risk of cognitive
decline and dementia,® and approximately 40% of

patients with Alzheimer’s disease (AD) have depres-
sion, which can be one of the first symptoms of
dementia.

Thus, depression may be a risk factor for develop-
ing dementia, a symptom, an early reaction to cogni-
tive deficit, or depression may disturb cognitive
function itself, which is clinically represented as
‘pseudodementia’. Understanding the relationship
between depressive symptoms and cognitive impair-
ment and their underlying mechanisms is important
in order to increase the efficiency of early diagnos-
tics, differential diagnosis and the selection of
optimal treatment strategy for these conditions.

Several hypotheses linking depression and cogni-
tive impairment have been suggested. The gluco-
corticoid cascade  hypothesis  proposes  that
stress-induced increase in glucocorticoid levels leads
to regression of dendritic arborisation, inhibition of
neurogenesis and neurotoxic effects on the hippo-
campus.” The ‘vascular’ depression hypothesis sug-
gests a link between white matter lesions, vascular
risk factors and depression. Inflammatory changes
may also play an important role, as increased levels of
pro-inflammatory cytokines have been observed in
both depression and dementia.® Changes in brain-
derived neurotrophic factor (BDNF), serotonin trans-
porter genotype and choline acetyltransferase geno-
type have also been reported for both conditions.*

Each of these hypotheses is not mutually exclu-
sive. In contrast, the pathogenesis of depression in
dementia is likely multifactorial with a dominance
of one or more factors at different stages of the
disease or in different individuals.

Evidence suggests an association between depres-
sion and AD pathology. For example, it has been
found that depressed e4 carriers of apolipoprotein
E gene had greater cognitive decline than those
without the e4 allele.” It has been shown that
amyloid plaques and neurofibrillary tangles accu-
mulate in higher numbers in the hippocampus of
depressed patients with AD than in those without
depression.’® A longitudinal study of non-
demented elderly found that the e4 allele was asso-
ciated with more rapid hippocampal volume loss in
depressed subjects over 2 years compared with non-
depressed subjects.!’ Neuropathological ~studies
suggest that a previous history and comorbid
depression are associated with more severe AD
pathology.'® Recent amyloid imaging studies have
been consistent with these autopsy findings.'* '3
On the other hand, however, cerebrospinal fluid
(CSF) studies have not supported this hypothesis.'*
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Neuroimaging studies have made an important impact on our
understanding of the brain changes underlying depression. In
non-demented elderly subjects, depression has been shown to be
associated with structural and functional brain abnormalities, in
prefrontal and limbic regions,'* '® supporting the hypothesis
that frontal-subcortical and limbic circuitry plays a key role in
depression. However, little is known about the neuroanatomical
correlates of depression in AD patients.

The main aim of this study was to investigate structural
changes of the brain cortex associated with depressive symptoms
in elderly people with AD using structural MRI. We included
data from the ADNI study and from the Karolinska Memory
Clinic cohort.

METHODS

To assess the reliability of our findings, we replicated analysis
using two independent cohorts. The first cohort (KI) was col-
lected from the Memory Clinic at Karolinska University
Hospital in Huddinge, Sweden, between 2010 and 2011."7 We
used the second cohort in order to verify whether the result
obtained in our small KI cohort could be replicated in a larger
independent sample. The second cohort (ADNI) was selected
and downloaded from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (http:/www.loni.ucla.edu/ADNI, PI
Michael M Weiner).

Subjects

The KI cohort consists of 41 AD patients, and the ADNI cohort
consists of 148 patients with AD in accordance with the inclu-
sion and exclusion criteria listed below.

Inclusion criteria for both cohorts were (1) depression scale
administered, (2) brain MRI examination and scan with suffi-
cient quality and (3) diagnosis of AD. Patients with physical
disease significantly affecting cognitive performance, life-
threatening disease with expected reduced survival time and
dementia due to diseases other than AD were excluded. In the
ADNI cohort, NINCDS/ADRDA 1984 criteria for probable AD
were used. In the KI cohort, patients were diagnosed according
to DSMIV/ICD-10 criteria.

Assessment procedures

Subjects from both cohorts underwent clinical, neuropsycho-
logical, laboratory assessment and brain MRI examination.
More detailed information about the ADNI cohort is available
at http:/www.adni-info.org. In the KI cohort, clinical assessment
included patient and informant interview, cognitive screening
with mini-mental state examination (MMSE), brain MRI exam-
ination, analyses of blood, urine and CSF routine laboratory
analyses, including B amyloid 1-42 (AB 42), total 1 (t-t) and
phosphorylated © 181 (p-1). The neuropsychological examin-
ation included Wechsler Adult Intelligence Scale Revised and III
(WAIS-R and WAIS III), Trail Making Test A and B, Rey audi-
tory verbal learning test and Rey-Osterrieth complex figure
tasks. Electrocardiogram, electroencephalography and other
supplementary tests were performed as clinically indicated.
Diagnosis of AD was made after a consensus meeting with
licensed specialists in geriatric medicine, psychiatry and neur-
ology, neuropsychologists and speech-language pathologist
taking into account all available information.

Assessment of depressive symptoms

In the ADNI study, the 15-item version of the Geriatric
Depression Scale (GDS-15) was used.'® The GDS consists of 15
questions and total scores range from 0 to 15, with higher

scores denoting more depressive symptoms. Subjects with sub-
syndromal depression were defined with a score of 1-5 on the
GDS and non-depressed subjects with a score of 0 as previously
reported.’® The ‘memory’ item, asking “if the subject feels he/
she has more memory problems than most”, was excluded due
to its association with cognitive performance. The GDS was
completed by a research nurse.

In the KI cohort, the Cornell scale for depression in dementia
(CSDD) was used. The CSDD is a combined patient-based and
informant-based scale, which showed appropriate psychometric
properties in both demented and non-demented people.?® This
is a 19-item scale with scores ranging from 0 to 38. Each item
can be scored between 0 (not present), 1 (mild or intermittent),
2 (often present) and a (unable to evaluate). The CSDD was
completed by a licensed geriatrician or psychiatrist, or an experi-
enced nurse after training. We defined depressive symptoms as
six or more points on the CSDD, which has demonstrated
adequate sensitivity and specificity to diagnose depression in
elderly with dementia.*”

CSF measurement

ADNI cohort

CSF was collected after an overnight fast using a 20- or
24-gauge spinal needle, frozen within 1h of collection, and
transported on dry ice to the ADNI Biomarker Core laboratory
at the University of Pennsylvania Medical Center. The complete
descriptions of the collection and transportation protocols are
provided in the ADNI procedural manual at http:/www.
adni-info.org. CSF data were available for 79 subjects.

Kl cohort

CSF was collected in a subgroup (n=39) in the morning after an
overnight fast. Participants underwent lumbar puncture in the
L3-4 or L4-5 interspace. CSF Ab42 was analysed using a sand-
wich ELISA, constructed to specifically measure b-amyloid 42.
CSF t-1 and p-t were determined using a sandwich ELISA. All
CSF samples were analysed at the University Hospital of
Karolinska Huddinge, Stockholm, Sweden.

Magnetic resonance imaging

In the ADNI cohort, all subjects had MRI at 1.5 T. The data
were collected at multiple ADNI sites using a standardised MRI
protocol (http:/www.loni.ucla.edu/ADNI/Research/Cores/index.
shtml), which was developed after a major effort evaluating and
comparing 3D T1-weighted sequences for morphometric ana-
lyses. In this study, the MRI data came from 58 centres. Details
of MRI acquisition and processing are described previously.*!
Briefly, for each subject two T1-weighted MRI scans were col-
lected using a sagittal volumetric magnetisation-prepared rapid
gradient echo (3D MP-RAGE) sequence with the following
acquisition parameters: echo time of 4 ms, repetition time of
9ms and resolution of 1.1x1.1x1.2 mm. The ADNI MRI
quality control centre at the Mayo Clinic (Rochester, MN)
selected the MP-RAGE image with higher quality based on stan-
dardised criteria.

In the KI cohort, high-resolution T1-weighted images were
acquired with MPRAGE sequence on a 3-T TIM TRIO scanner
(Siemens, Erlangen, Germany) at the Memory Clinic at
Karolinska University Hospital in Huddinge (Sweden). These
images were obtained using the following sequence parameters:
176 sagittal slices; time of repetition/time of echo=1900/
2.57 ms; flip angle 9°; acquisition matrix=256X%256, voxel size
1x1x1 mm>.
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Full brain and skull coverage was required for the MRI data-
sets and detailed quality control carried out on all MR images
according to previously published quality control criteria.>*

Image analysis

All the structural T1 images were analysed using Freesurfer
(V.5.1), where regional cortical thicknesses and volumetric mea-
sures were estimated. The software is documented and available
for download online (http:/surfer.nmr.mgh.harvard.edu/).
Cortical reconstruction and volumetric segmentation includes
removal of non-brain tissue using a hybrid watershed/surface
deformation procedure,”® automated Talairach transformation,
segmentation of the subcortical white matter and deep grey
matter volumetric structures,”’ intensity normalisation, tessella-
tion of the grey matter-white matter boundary, automated top-
ology correction,>* and surface deformation following intensity
gradients to optimally place the grey/white and grey/CSF
borders at the location where the greatest shift in intensity
defines the transition to the other tissue class.”> Cortical thick-
ness was calculated as the shortest distance between the previous
surfaces at each vertex across the cortical surface. Once the cor-
tical models are complete, registration to a spherical atlas takes
place, which uses individual cortical folding patterns to match
cortical geometry across subjects.>® This is followed by parcella-
tion of the cerebral cortex into units based on gyral and sulcal
structure.”” The accuracy of the thickness measurements derived
by this technique has been validated by histological®® and
manual measurements. To map each subject to a common space,
the surface representing the grey matter-white matter border
was registered to an average cortical surface atlas using a non-
linear procedure that optimally aligned sulcal and gyral features
across subjects.”® For the vertex-by-vertex cluster analysis, the
thickness maps for all subjects in both groups were converted to
the common atlas space.?® 2° The data were smoothed by apply-
ing a 2D Gaussian-smoothing kernel of 10 mm. Freesurfer
output for all subjects underwent visual quality control. Images
from two depressed subjects required intervention. After manual
correction, Freesurfer steps were repeated; however, some
regions remain misclassified. These subjects were excluded from
further analysis.

Statistical analysis

Clinical and demographic data were analysed using the
Statistical Package for the Social Sciences (SPSS) software, V.20.
To assess the normality, Kolmogorov—Smirnov test of normality
was performed. For group comparisons of demographic and
clinical variables, the %* test was used to analyse categorical

variables and t test or Mann—Whitney where appropriate for
continuous variables.

Mass-univariate surface-based analysis was performed using
linear modelling to examine the relationship between depressive
symptoms and cortical thickness. We compared cortical thick-
ness between AD patients with and without depressive symp-
toms, adjusting for age, gender, education and MMSE score. We
used 148 subjects from ADNI cohort and 41 subjects from KI
cohort for this analysis. The smoothing kernel (full width at
half maximum (FWHM)) for the reported results was 10 mm.
Correction for multiple comparisons was carried out using the
Monte Carlo simulation method. Data were tested against an
empirical null distribution of maximum cluster size by running
10 000 synthesised Gaussian noise simulations with an initial
cluster-forming threshold of p <0.05. Furthermore, an inter-
action term was included in the model to test whether the slope
of the relationship between cortical thickness and CSF biomar-
kers of AD (AB 42, t-1, p-t) significantly differed between
depressed and non-depressed group. If significant difference in
slopes had been observed, CSF-thickness correlation was tested
in each group separately. CSF data were available for 79 subjects
from ADNI cohort and 39 subjects from KI cohort

RESULTS

Sample characteristics

Demographic and clinical characteristics of the cohorts are pro-
vided in table 1. AD patients with and without depressive symp-
toms did not differ significantly on age, gender, education and
MMSE scores in the two cohorts, although in the KI cohort
there were clinically relevant differences in gender and MMSE.
Subjects from the KI cohort were significantly younger and
tended to be less educated than subjects from the ADNI cohort.

Depression-associated structural brain changes

In the ADNI cohort, comparison of cortical thickness in AD
patients with and without depressive symptoms revealed signifi-
cant depression-associated thinning in the left temporal and
inferior parietal regions, including supramarginal, superior and
inferior temporal and fusiform gyri (figure 1A, table 2).

In the KI cohort, depression-related changes were identified
in temporal and parietal regions, including bilateral superior
temporal, left supramarginal, right posterior cingulate and pre-
cuneus (figure 1B, table 2).

Association between depression, CSF biomarkers and

cortical thickness

In the KI cohort, a significant difference in the slopes of the cor-
tical thickness/CSF t-t relationship between depressed and non-

Table 1  Comparison of demographic and clinical data for KI and ADNI cohorts

KI cohort ADNI cohort

Depressed (n=16) Non-depressed (n=25) p Value Depressed (n=84) Non-depressed (n=64) p Value
Age 66.0 (62.5-75) 67.5 (61.5-73) 0.25 76.0 (70.6-80.3) 75.0 (69.5-80.7) 0.64
Gender (% of male) 56% 28% 0.07 53% 52% 0.87
Education(years) 12.0 (9-14.5) 12.0 (9-16.5) 0.29 16.0 (12-18) 15.0 (12-16) 0.7
MMSE 22.0 (20-26) 25.0 (22-27) 0.08 24.0 (23-25) 23.0 (22-25) 0.3
CSDD/GDS 8.0 (7-8) 2.0 (1-3) 0 2.0 (2-3) 0
% of patients with A/D (n) 12.5% (2) 12% (3) 0.92 - - -

Numbers are in median (IQR).

A/D, antidepressants; CSDD, Cornell Scale for Depression in Dementia; GDS, Geriatric Depression Scale.
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a Cortical thinning associated with depressive symptoms
in the ADNI cohort

000
- Log (p)
b Cortical thinning associated with depressive symptoms

in the KI cohort

STG

C

NS
I )y, B
¢ ,-_ "‘P(C
RH

lo simulation with p < 0.05

LH

Adjusted for age, gender, educations, MMSE
Corrected for multiple comparisons using Monte-Ca

Figure 1 (A) Cortical thinning associated with depressive symptoms
in the ADNI cohort. (B) Cortical thinning associated with depressive
symptoms in the Kl cohort. Regions showing significant between-group
differences in cortical thicknesses on the lateral, medial and ventral
inflated cortical surfaces. The clusters of depressed<non-depressed are
rendered in red. LH, left hemisphere; RH, right hemisphere; STG,
superior temporal gyrus; TTG, transverse temporal gyrus; SMG,
supramartinal gyrus; PC, precuneus; PCC, posterior cingulated cortex;
PG, parahippocampal gyrus; FG, fusiform gyrus.

depressed AD patients was found in several regions (figure 2).
Significantly higher negative correlation in the depressed group
was observed in the cluster covering right posterior cingulate
cortex and precuneus (clusterwise p value (CWP) =0.008) and
cluster covering right parahippocampal and fusiform gyri (CWP
=0.001). The same regional pattern was observed for the cor-
tical thickness/p-t relationship. No significant difference
between depressed and non-depressed subjects was observed in

Table 2 Clusters of cortical thinning associated with depressive
symptoms in the ADNI cohort

Cluster Size (mm?) TalX TalY Talz CWP
KI cohort
Left hemisphere
Superior temporal 1782.91 -50.8 -34.2 9.9 0.0001
Superior temporal 1082.48 —45.0 -19.5 5.4 <0.01
transverse temporal
Right hemisphere
Superior temporal 1541.02 60.3 -31.2 5.3 0.0001
Posterior cingulate, 642.12 6.2 -409 404 <0.01
precuneus
ADNI cohort
Left hemisphere
Superior temporal 959.55 -55.9 -20.7 -20.7 0.0001
Fusiform 2710.86 -40.4 -52.8 -9.8 0.0001

CWP, clusterwise p value; LH, left hemisphere; TalX, TalY, TalZ, coordinates of
maximum in Talairach space.

Between-group differences in cortical thickness/Total-
tau correlation in the KI cohort

PC

0.

.00
- Log (p)

Adjusted for age, gender, educations, MMSE score
Corrected for multiple comparisons using Monte-Carlo simulation with p < 0.05

Figure 2 Regions showing significant between-group differences in
cortical thicknesses/Total — tau correlation on the medial inflated
cortical surface. The clusters where slopes of the correlation were
significantly stronger in depressed were rendered in red. RH=right
hemisphere. PCC=posterior cingulate cortex; PG=parahippocampal
gyrus; FG=fusiform gyrus.

cortical thickness/Ab42 correlation. Next, correlation between
cortical thickness and CSF t-t level was tested in depressed AD
separately from non-depressed. Clusters covering right parahip-
pocampal, fusiform, posterior cingulate cortex and precuneus
remain significant (CWP=0.0002, 0.0001) and also a cluster of
cortical thinning in the right middle temporal gyrus
(CWP=0.0001) was identified.

In the ADNI cohort, correlation between cortical thickness
and CSF levels of t protein was more pronounced in the
depressed group compared with non-depressed in precuneus
bilaterally but did not survive correction for multiple
comparisons.

DISCUSSION

We have observed that even mild and subsyndromal depression
is associated with cortical thinning in patients with AD.
Depression-related cortical changes included temporal and par-
ietal regions. When compared with non-depressed AD, patients
with depressive symptoms demonstrated significantly higher
negative correlation between CSF levels of 1 protein and cortical
thickness in the right medial temporal and cingulate regions;
this association was also significant in the depressed-only group
suggesting a more significant impact of the neurodegenerative
process on limbic structures in depressed AD patients.

Our study has several limitations. First, the sample size of the
KI cohort was rather small, though it was sufficient to detect sig-
nificant differences in cortical thickness between groups.
Second, CSF data were available only in subgroups for both
cohorts, thus reducing the statistical power to detect small asso-
ciations. Third, our patients did not have a diagnosis of depres-
sive disorder, depressive symptoms were measured using clinical
scales and had mild (KI cohort) or subsyndromal (ADNI cohort)
levels. Of note, although criteria for depressive disorder in AD
have been proposed, there are yet no established consensus cri-
teria available. Different scales for depression were used for the
two cohorts considered in this paper, and the definition of
depressive symptoms may not be directly comparable. However,
both the CSDD used in KI and GDS in ADNI have demon-
strated good psychometric properties both in elderly people
with and without AD. Differences in the correlations between
cortical thickness and CSF level of 1 protein between depressed
and non-depressed were observed in both cohorts; however,
they did not reach significance in ADNI cohort. This might be
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due to the subsyndromal level of depressive symptoms in this
cohort. Further studies with larger samples of AD with clinical
level of depression are needed to confirm this finding. A further
issue is that white matter lesions were not measured. Since these
have been shown be associated with depression in AD,?° 3! they
might also have influenced findings in this study. Finally, since
diagnosis of AD was based on clinical evidence without histo-
pathological conformation, misdiagnosis cannot be excluded.

Depression-associated atrophy in the temporal cortex was
found in AD patients from both cohorts. These results support
recent findings from several structural®? ** and functional** neu-
roimaging studies focused on depressive symptoms in AD.
Thinning in the superior temporal cortex has been described for
patients with major depressive disorder.>® A similar pattern of
cortical atrophy including temporal and parietal regions was
observed in non-demented subjects with late-life depression
(LLD).?® 37 It has also been shown that psychotherapy-resistant
patients with LLD compared with responders have thinner
cortex in several regions, including paracentral, precuneus and
posterior cingulate cortex.*® However, there are studies that
have not found any brain atrophy in LLD patients.*”
Heterogeneity of LLD might be one explanation for this differ-
ence. Thus, there may be a subgroup of patients with depression
as a first symptom associated with neurodegenerative process
that further develop dementia, while another subgroup may rep-
resent geriatric depression without association with any specific
neurodegenerative disorder. Thus, our findings may have prog-
nostic implications in terms of progression of cognitive decline
as well as treatment response.

Thinning in temporal and parietal cortex was recently
reported not only for depression but also for apathy and halluci-
nations in AD.** This might be explained by the clinical overlap
between neuropsychiatric symptoms, in particular depression
and apathy, which might result in similar pattern of structural
changes. In addition, it is possible that the same cortical region
is involved in several neuronal networks responsible for differ-
ent neuropsychiatric symptoms. Studies combining structural
and functional neuroimaging data are needed to further explore
this issue.

We observed that the correlation between cortical thickness
and CSF level of 1 protein was significantly stronger in
depressed compared with non-depressed AD patients in the
right posterior cingulate cortex, precuneus, parahippocampal
and fusiform gyri. Previously, it has been shown that depressive
symptoms in cognitively normal and mild cognitive impairment
(MCI) subjects are associated with binding of a tracer specific
for t protein and A-B in posterior cingulate and temporal
regions.'® Taken together, these results suggest that t pathology
might be relevant not only for the development of dementia,
but also for the development of depressive symptoms in the
elderly. This in turn may depend on the regional distribution of
the pathological process.

Areas of observed depression-associated atrophy, that is, pre-
cuneus, posterior cingulate cortex and temporal cortex, are
parts of the default mode network (DMN), which shows higher
neural activity and energy consumption at rest. Functional con-
nectivity within the DMN has been found to be decreased in
AD patients compared with healthy aged controls*! and
increased in patients with depressive disorder.** Future studies
need to clarify the interaction between AD and depression at
the functional level, and perform studies in order to understand
the relationship between functional abnormalities and cortical
atrophy. Disruptions of neural networks containing limbic path-
ways have been proposed as a model of depression also in other

neurologic diseases: stroke, multiple sclerosis, Parkinson’s
disease and Huntington’s disease, and also in primary unipolar
depression.** **

Structural changes in temporal, posterior cingulate cortex and
precuneus observed in our study are additional evidence for the
role of these structures in mood regulation. In order to increase
our understanding of the neurobiological interaction between
dementia and depression, longitudinal studies focused on the
causal relationships between cognitive impairments and depres-
sive symptoms, taking into account brain structure and function,
are needed.
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