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Background: The hippocampus and its subfields (HippSub) are reported to be

diminished in patients with Alzheimer’s disease (AD), bipolar disorder (BD), and major

depressive disorder (MDD). We examined these groups vs healthy controls (HC) to reveal

HippSub alterations between diseases.

Methods: We segmented 3T-MRI T2-weighted hippocampal images of 67 HC, 58

BD, and MDD patients from the AFFDIS study and 137 patients from the DELCODE

study assessing cognitive decline, including subjective cognitive decline (SCD), amnestic

mild cognitive impairment (aMCI), and AD, via Free Surfer 6.0 to compare volumes

across groups.
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Results: Groups differed significantly in several HippSub volumes, particularly between

patients with AD and mood disorders. In comparison to HC, significant lower volumes

appear in aMCI and AD groups in specific subfields. Smaller volumes in the left

presubiculum are detected in aMCI and AD patients, differing from the BD group. A

significant linear regression is seen between left hippocampus volume and duration since

the first depressive episode.

Conclusions: HippSub volume alterations were observed in AD, but not in early-onset

MDD and BD, reinforcing the notion of different neural mechanisms in hippocampal

degeneration. Moreover, duration since the first depressive episode was a relevant factor

explaining the lower left hippocampal volumes present in groups.

Keywords: Alzheimer’s disease, cognitive impairment, early-onset depression, hippocampus, hippocampal

subfields, MRI volumetry

INTRODUCTION

The human hippocampus is known as a brain structure pivotal
for memory formation. It is the plasticity of the hippocampus
to form memory that makes it particularly vulnerable to damage
and volume reduction. In Alzheimer’s disease (AD), hippocampal
volume is reduced due to neurodegeneration as evidenced in
brain MRIs of specific hippocampal subfields (HippSub). A
variety of human studies have reported that specific HippSubs
such as the cornu ammonis 1–3 (CA1–3), presubiculum or
subiculum are more prone to neurodegenerative processes than
others (Hanseeuw et al., 2011; La Joie et al., 2013; Carlesimo
et al., 2015; de Flores et al., 2015). The degeneration pattern
may depend on the AD stage, as indicated by cognitive
performance, varying from subjective cognitive decline (SCD)
to dementia. HippSub fields are suitable biological imaging
markers of early stages of AD, as the presubiculum-subiculum
complex (Carlesimo et al., 2015; Jacobs et al., 2020), CA2–
3 (Hanseeuw et al., 2011), or CA1 region (de Flores et al.,
2015) are often atrophied. Supporting this idea, recent work
indicates that lower subicular volumes in patients with memory
impairment are related to the grade of ß-amyloid depositions
independent of the presence of neurodegeneration assessed by
fluorescence desoxyglucose positron emission tomography (FDG
PET) (Filho et al., 2021). More broadly, another study confirmed
the association of ß-amyloid deposition in conjunction with
higher iron content in the medial temporal lobe and subjects’
age (even in cognitively unimpaired subjects) in terms of
specific HippSub volume decreases, i.e., in the subiculum, CA1/2,
CA3/dentate gyrus (DG) subregions (Foster et al., 2020). ß-
amyloid accumulation is a key underlying mechanism in the
loss of hippocampal volume across the spectrum of cognitive
impairment in preclinical and clinical AD. Another study suggest
that both reduced cerebrospinal fluid (CSF) ß-amyloid 1-42 and
elevated CSF tau levels are seen in AD patients who exhibit
smaller subiculum volumes (Tardif et al., 2018). This evidence
suggests that both tau-based neurodegeneration and ß-amyloid
pathology are crucial for HippSub volume loss in patients with
AD. Other mechanisms underlying the loss of hippocampal
volume might be polygenic, as a higher polygenic risk score

for AD was observed in cognitively normal patients in a study
by Foo (Foo et al., 2020), possibly depicting preclinical AD.
Protective mechanisms might also play a role, such as carrying
the TREML2 rs3747742-C polymorphism, which seem related
to higher CA1 volumes in cognitively normal subjects (Wang
et al., 2020). The interrelationship between depression and AD is
a well-replicated finding (Heser et al., 2013; Donovan et al., 2018).
It remains unclear whether depression is a relevant risk factor for
AD (Enache et al., 2011), or if depression is an earlymanifestation
thereof (Singh-Manoux et al., 2017). Furthermore, there is recent
evidence that a decrease in hippocampal volume and functional
connectivity is an important feature of major depressive disorder
(MDD) associated with cognitive impairment (Genzel et al.,
2015; Schmaal et al., 2016). Thus, it is of major interest to
compare HippSub volumes which might give us hints about
common underlying mechanisms in affective disorders and AD.
In depressive disorders, diverse mechanisms such as the number
of depressive episodes, stressful life events, oxidative stress,
childhood physical, or sexual abuse or metabolic changes are
potential underlying mechanisms of lower HippSub volumes
such as CA1 or dentate gyrus (DG) or fimbria (Treadway et al.,
2015; Elvsåshagen et al., 2016; Xu et al., 2018; Weissman et al.,
2020; Yuan et al., 2020). These studies depict that in depression,
the mechanisms of hippocampal volume loss seem to be even
broader than in hippocampal degeneration due to AD’s spectrum.
HippSub loss does not just concern unipolar depression; it is
also present in bipolar disorder (BD); the pattern of subfield loss
was considerably more extensive than in controls in a recent
multicentric study with 1,472 BD patients (Haukvik et al., 2020).
Another recent study indicated one possible common pathogenic
mechanism between BD and AD (Berridge, 2013), which is why
we added a BD group in our study. BD could could result in
a HippSub-specific fingerprint like reduced volume in the CA1
(Cao et al., 2017; Haukvik et al., 2020), cornu ammonis 4 (CA4)
(Cao et al., 2017; Haukvik et al., 2020), the granule cell layer
(GCL) (Cao et al., 2017; Haukvik et al., 2020), molecular layer
(ML) (Cao et al., 2017; Haukvik et al., 2020), subiculum (Sub)
(Cao et al., 2017; Haukvik et al., 2020), hippocampal amygdala
transition area (Haukvik et al., 2020) and tail (Cao et al., 2017;
Haukvik et al., 2020) depending on the duration and type of BD
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(Cao et al., 2017), but also on antipsychotic and antiepileptic drug
history (Haukvik et al., 2020). On the other hand, it has been
suggested that depressive symptoms might reduce age-related
hippocampal atrophy and result in larger Sub and CA1 subfields
(Szymkowicz et al., 2017). However, most studies showed smaller
hippocampal volumes due to ongoing depressive symptoms,
thus the controversy about how depression’s duration relates to
HippSub volumes. The aforementioned studies show that the
mechanism of hippocampal volume loss might differ even in
two distinct affective disorders and AD and that it is not fully
understood. However, we wondered whether there might be a
similar pattern of HippSub loss in some HippSubs implying
similar mechanisms of degeneration.

In the current investigation, we thus aimed [a] to analyze
HippSub volumes and hippocampal volumes between cohorts
with cognitive impairment, early-onset major depression and
BD, and [b] to identify potential disorder-specific alterations
and any shared trajectories of hippocampal volume decrease
in the hippocampus and HippSub in SCD, aMCI, AD, BD,
and MDD groups. Our study covers the spectrum ranging
from subjective complaints (SCD) to amnestic mild cognitive
impairment (aMCI) and AD. SCD patients do not reveal
objective cognitive impairment. Therefore, it is worth seeking
novel biomarker tools such as hippocampus and HippSub
imaging to diagnose early AD more accurately. In addition, we
are looking for molecular markers in the CSF such as ß-amyloid
and tau protein to detect any underlying pathomechanism for
HippSub in AD; a recent study by Tardif (Tardif et al., 2018)
proved a relevant relationship between HippSub decline and
ß-amyloid and tau-based neuropathology in AD. Our study
does not focus on specific HippSubs, as there is controversy
about which HippSubs are reduced among different diseases.
The intersection between lower HippSub volumes and various
diseases associated with cognitive dysfunction is inconsistent in
studies of AD’s spectrum (Hanseeuw et al., 2011; La Joie et al.,
2013; Carlesimo et al., 2015; de Flores et al., 2015; Cao et al., 2017;
Szymkowicz et al., 2017; Jacobs et al., 2020), MDD (Treadway
et al., 2015; Elvsåshagen et al., 2016; Xu et al., 2018; Weissman
et al., 2020; Yuan et al., 2020), and BD (Cao et al., 2017; Haukvik
et al., 2020). Therefore, we plan to take a more exploratory look
at the volumes of various HippSubs. Furthermore, we aimed
to discover whether specific factors show a relevant impact
on our HippSub and hippocampal volumes in certain disease
groups; i.e., sex, age, disease duration, age at condition onset,
number of depressive episodes, duration since first depression,
and intracranial volume. In addition, we expected to uncover
potential relationships not yet investigated between hippocampal
volume and HippSub volumes and duration since the first
occurrence of a depressive episode between all groups that might
be clinically relevant and thus support the relevance of very early,
effective treatment to impede further hippocampal degeneration
that might accompany disease progression. By analyzing early-
onset depression and BD patients, we will demonstrate a wide
spectrum of time duration in years between the first episode of
depression and hippocampal and HippSub volumes to answer
how a lifetime’s duration of suffering intermittent depressive and
no depressive episodes since the first one’s occurrence relates

to hippocampus volumetry. Analyzing hippocampal volumes in
addition to the HippSubs is an important endeavor, as they
involve functional aspects of memory such as pattern separation
and recognition in AD (Rizzolo et al., 2021), stress sensitization
(Weissman et al., 2020), as does the number of depressive
episodes in prior life (Videbech and Ravnkilde, 2004).

METHODS

Participants
We compared data of two independent cohorts from 137 patients
of the DELCODE study and 58 patients of the AFFDIS study
in this retrospective investigation. The German DELCODE
[Deutsches Zentrum für Neurodegenerative Erkrankungen
(DZNE, German Center for Neurodegenerative Diseases)
Longitudinal COgnitive impairment and Dementia] is assessing
cognitive decline and dementia in an ongoing, memory clinic-
based, observational, longitudinal, multicentric study (Jessen
et al., 2018). The AFFDIS study investigated differential neural
correlates in AFFective DISorders (AFFDIS) and medication-
related changes from 2015 to 2017. For a detailed description
of the DELCODE study design and study population, please see
Jessen et al. (2018). In short, participants from the DELCODE
cohort were grouped into SCD (n = 32; mean age: 72 ±

6.2 years, age range: 60–89 years), amnestic mild cognitive
impairment (aMCI) (n = 63; mean age: 72.5 ± 5.9 years,
age range: 62–88 years), and AD (n = 42; mean age: 72.9
± 6.9 years, age range: 61–87 years). The AD patients were
selected according to McKhann’s criteria (McKhann et al.,
2011). Probable AD is diagnosed according to McKhann’s
criteria (McKhann et al., 2011) when the following deficits
and other alternative causes have been excluded: a gradual,
not acute onset of symptoms, worsening cognition resulting in
dementia with a prominent amnestic presentation of cognitive
dysfunction, difficulty finding words and solving problems,
defective spatial cognition, impaired reasoning, or judgement.
We randomly selected the patients from the DELCODE cohort
for comparable size between study cohorts (AFFDIS, DELCODE)
and their subgroups. Participants were classified as having
SCD in case of self-reported subjective cognitive decline and
a neuropsychological test achievement superior than −1.5
standard deviation (SD) on each subtest of the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) test battery
(according to normative data adapted for age, education and sex)
(Jessen et al., 2014, 2018, 2020). According to research criteria
(Jessen et al., 2018), participants with aMCI were defined as
those whose neuropsychological performance was below −1.5
SD in the delayed recall test of the CERAD word list, which
is indicative of episodic memory. For the HC group (n =

67, age: 54.0 ± 16.7 years, age range: 19–78 years) from the
DELCODE study, the same test criteria for SCD were applied,
but subjective cognitive concerns were absent. In a subgroup
of patients with cognitive impairment in the DELCODE study
[21/32 (66%) SCD, 46/63 (73%) aMCI, and 19/42 (45%) AD
patients] cerebrospinal fluid (CSF) biomarkers were assessed. As
part of the DELCODE protocol, Tau-protein, phosphorylated
181 Tau-protein (pTau181), ß-Amyloid 42, ß-Amyloid 40, and
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the ratio of ß-Amyloid 42/40 were analyzed in cerebrospinal
fluid (CSF) with cut-off values for AD’s molecular markers
established at the University Hospital in Bonn as previously
described (Jessen et al., 2018). AD’s molecular signature (AD
pathology+) was present if Aß42 or the Aß42/Aß40 ratio in
CSF was reduced and Tau protein or pTau181 were elevated in
CSF in line with Jack’s criteria for biological AD (Jack et al.,
2018).

Major exclusion criteria were significant sensory impairment,
major or neurological psychiatric disorder, current major
depressive episode, malignant disease, cerebral ischemia,
Vitamin B12 deficiency, and any unstable medical condition. A
medical history derived from the participant’s and caregiver’s
self-reports was collected and covered depression history
(e.g., age of depression onset, number of previous mood
episodes, if applicable). In the AFFDIS cohort, participants
with affective disorders were diagnosed with BD (n = 28, age:
54.0 ± 16.7 years, and age range: 26–63 years) and MDD (n
= 30, age: 38.2 ± 15.9 years, and age range: 19–65 years),
according to the DSM-5 criteria, and were assessed by the
Beck Depression Inventory-II (BDI-II), while HC participants
were evaluated by the Symptom Checklist-90-R (SCL-90-
R) to ensure the absence of psychopathological symptoms.
By pooling HC from the two cohorts (DELCODE n = 32,
AFFDIS n = 35), the HC group consisted of 67 participants
in total. Informed consent was received from all participants.
Approval was obtained for DELCODE [ethics committee of
the University Hospital Bonn and subsequent local ethics
committee’s of the participating centers of Berlin (Charité-
Universitätsmedizin Berlin), Göttingen (University Medical
Center of Göttingen), Cologne (University Hospital Cologne),
Magdeburg (Otto-von-Guericke University Magdeburg),
Munich (LMU Munich), Rostock (University Medical Center
of Rostock), and Tübingen (University of Tübingen)] and
AFFDIS (ethics committee of the University Medical Center of
Göttingen) from our local ethics committee and for DELCODE
from the executive board of the DZNE in Bonn, Germany. The
study was in agreement with the guidelines of the Declaration
of Helsinki.

Neuroimaging
We used whole-brain T1-weighted images (1mm isotropic) and
high-resolution T2-weighted images (0.5 × 0.5 × 1.5mm3)
spanning the hippocampus to segment it into its constituent
substructures. These structural images were acquired using 3T
MRI Siemens scanner systems [TIM Trio and Verio systems,
Skyra, and Prisma system, both the DELCODE and AFFDIS
cohorts. We used the already established and reliable method,
corroborated by longitudinal studies (Brown et al., 2020;
Garimella et al., 2020; Xu et al., 2020), of FreeSurfer (Version
6.0, software: http://surfer.nmr.mgh.harvard.edu/) to segment
the whole brain T1-weighted structural images using the default
standard recon-all processing stream (Dale et al., 1999; Fischl
et al., 1999). This step usually takes about 7–10 h for each subject
image, and outputs the segmentation results from both cortical
and subcortical structures. Standard preprocessing comprises
brain extraction, B1 bias field correction, segmentation of gray

as well as white matter, reconstruction of gray matter–white
matter boundary and pial surfaces, labeling of regions in both
the cortex and subcortex, and non-linearly co-registering the
individual T1’s cortical surface to a spherical atlas to allow
comparison across subjects. To obtain HippSub segmentation,
we employed the higher-resolution T2-weighted scans using
the revised module available in FreeSurfer 6.0 (Iglesias et al.,
2015; Whelan et al., 2016). The step takes ∼45min for each
subject’s hippocampal segmentation and provides a label for
the following subregions: hippocampal tail, subiculum (Sub),
CA1, fissure, presubiculum (PreSub), parasubiculum (ParaSub),
molecular layer (ML), granule cell layer-molecular layer of the
DG, CA3, cornu ammonis 4 (CA4), fimbria, and hippocampus-
amygdala transition area (Hata) region in both hemispheres.
After this, we used automated scripts (courtesy of P. Saemann
of the ENIGMA consortium [https://enigma.ini.usc.edu]) to
extract the HippSub volumes of each hemisphere for further
statistical analysis. Finally, we created 2D and 3D (Figure 1)
renderings to perform careful quality check (QC) to ensure
correct segmentation of all cases before running statistical
analysis. Cases of poorly segmented hippocampus or HippSub
were absent.

Statistical Analysis
We performed ANOVA to detect differences between groups
and controls in relevant variables such as sex, age, disease
duration, age at condition onset, number of depressive episodes,
duration since first depression, and intracranial volume (eTIV).
We examined the potential contribution of covariates (age, age
at condition onset, and eTIV) to the HippSub volumes as
they showed significant group differences. Only those covariates
exhibiting relevant group differences among all patients were
regarded as significant covariates in our HippSub analysis. To
investigate volume differences between all groups, we analyzed
HippSub volumes from FreeSurfer using ANOVA with group
as a factor (SCD, aMCI, AD, BD, and MDD) with and without
HC and with covariates age and eTIV. An additional one-
way ANOVA was performed only with the cognitive-decline-
groups as factor with or without CSF pathology suggestive of
Alzheimer’s disease (SCD, aMCI, AD, SCD-CSF pathology+,
aMCI-CSF pathology+, and AD-CSF pathology+). A further
ANOVA was performed for AFFDIS patient groups and their
AFFDIS control group with eTIV as covariate. To investigate
the potential impact of time since first depressive episode on
volume reduction, we ran a linear regression analysis in all patient
groups that had history of depression. The length of time since
the first depressive episode is defined as the cumulative amount
of time someone had been depressed including transient time
periods with no depression in their lifetime before hippocampal
volume was assessed. Statistical analysis was performed via
SPSS (Version 25, IBM Inc., Chicago, Illinois, USA). Graphs
were constructed by Sigma Plot (Version 11, Sigma Plot, USA).
Statistical analyses were two-sided with a p-level of significance
≤ 0.05, including, if applicable, LSD post-hoc tests including
Bonferroni correction.
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FIGURE 1 | Visualization of hippocampal subfield segmentation. (A) Left hippocampal subfields (HippSub) presented in a coronal MRI section, (B) Left HippSub

illustrated in a 3D reconstruction, (C) Right HippSub presented in a coronal MRI section, and (D) Right HippSub illustrated in a 3D reconstruction. HippSub color code

is on the right side of the figure. CA1/3/4, cornu ammonis 1/3/4; DG, granule cell layer-molecular layer of the dentate gyrus; Hata, hippocampus-amygdala transition

area; ML, molecular layer; ParaSub, Parasubiculum; PreSub, Presubiculum; Sub, Subiculum.

TABLE 1 | Demographic and clinical information of patient and control groups.

DELCODE cohort AFFDIS cohort Statistics

SCD MCI AD BD MDD HC (HCDELCODE,

HCAFFDIS)

F, p

Number of subjects/patients n = 32 n = 63 n = 42 n = 28 n = 30 n = 67 (32, 35)

Sex (females/ males) 15/17 34/29 18/24 17/11 16/14 26/ 41 (22/ 10, 19/ 16) 68.9, 0.371 (0.342)

Age (y) 72 ± 6.2 72.5 ± 5.9 72.9 ± 6.9 44 ± 9.7 38.2 ± 15.9 54.0 ± 16.7 (67.4 ±

4.3, 41.4 ± 14.3)

1.082, <0.005 (<0.0005)

Age at disease onset (y) 56.7 ± 6.9 57.8 ± 5.0 59.5 ± 7.9 26.4 ± 9.8 28 ± 15.6 na 102.6, <0.0005

Onset of depressive episodes (y) 46.9 ± 17.7 36.4 ± 22.2 49.75 ± 15.9 25.7 ± 11.1 28.7 ± 15.9 na 4.81, <0.0005

Number of depressive episodes 2.7 ± 3.3 2.25 ± 1.2 2 ± 1.15 6.6 ± 5.5 4.8 ± 4.4 na 2.07, 0.095

Duration of depression (y) 21 ± 18.7 33.8 ± 26.4 17.5 ± 15.5 5 ± 12.75 9.4 ± 9.3 na 4.42, <0.005

AD, Alzheimer’s disease dementia; BD, bipolar disorders; HC, healthy controls; HCDELCODE, healthy controls DELCODE; HCAFFDIS, healthy controls AFFDIS; MCI, mild cognitive

impairment; MDD, major depressive disorder; na, not available; SCD, subjective cognitive decline; y, years; Mean ± standard deviation.

RESULTS

Baseline Characteristics of Groups
We pooled HC (n = 67) from the AFFDIS cohort (n = 35) and

DELCODE cohort (n = 32) to serve as a reference for potential

effects of age-related differences in hippocampus and HippSub

volumes. Clinic and demographic data of study participants (n

= 195) are presented in Table 1, showing sex, age, onset age of
depressive episodes, number of depressive episodes, age at onset

of condition, and duration since first depression compared across

all groups (HC, SCD, aMCI, AD, BD, and MDD). Past depressive
episodes were identified in 7/32 (22%) of SCD, in 5/63 (7.9%)
of aMCI and in 4/42 (9.5%) of AD patients. The BP and MDD

patients revealed a moderate degree of current depressive mood
a s indexed by BDI-II (BDI-II scores: BD: 19± 12.8; MDD: 25±
11.3). Age (F = 68.9, p < 0.005), disease condition’s onset age (F
= 90.7, p < 0.005), and the onset age of depressive episodes (F =

4.3, p< 0.005) and the duration of depression (F= 4.4, p< 0.005)
differed significantly between groups, whereas sex and number
of depressive episodes did not. The eTIV differed significantly
between groups (F = 4.98, p < 0.0005). In post-hoc analysis, only
SCD and HC differed significantly from BD and MDD patients
(post-hoc test: p < 0.05), while the other groups did not (LSD
post-hoc test: p > 0.05). However, when comparing the HC in
the AFFDIS cohort only with BD and MDD patients in eTIV
volume, we detected no significant differences (LSD post-hoc test:
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TABLE 2 | Neuroimaging data of patient and control groups.

DELCODE cohort AFFDIS cohort

SCD aMCI AD BD MDD HC

eTIV 1,412,486 ± 223,372 1,490,137 ± 267,502 1,468,571 ± 141,138 1,575,000 ± 188,277 1,575,667 ± 134,976 141,908 ± 194,631

Right side

Whole Hippocampus 2,921 ± 361 2,714 ± 436 2,205 ± 426 3,179 ± 339 3,229 ± 307 3,051 ± 351

CA1 590 ± 88 549 ± 99 445 ± 102 636 ± 82 649 ± 70 613 ± 86

CA3 171 ± 25 159 ± 32 128 ± 30 180 ± 29 189 ± 26 171 ± 26

CA4 239 ± 31 219 ± 41 179 ± 35 249 ± 29 260 ± 31 242 ± 30

DG 270 ± 35 248 ± 45 202 ± 39 287 ± 34 296 ± 34 277 ± 35

Fimbria 68 ± 19 65 ± 21 45 ± 20 93 ± 19 96 ± 18 80 ± 27

Fissure 180 ± 29 170 ± 32 148 ± 39 168 ± 29 171 ± 34 168 ± 31

Hata 54 ± 11 52 ± 14 43 ± 10 63 ± 10 63 ± 10 58 ± 9

Molecular Layer 270 ± 35 414 ± 79 324 ± 70 287 ± 34 465 ± 48 447 ± 57

ParaSub 51 ± 12 49 ± 11 42 ± 10 53 ± 8 54 ± 7 52 ± 9

PreSub 215 ± 46 201 ± 45 167 ± 38 240 ± 48 224 ± 36 226 ± 41

Sub 376 ± 52 337 ± 58 270 ± 62 416 ± 60 419 ± 45 400 ± 54

Tail 443 ± 66 422 ± 86 360 ± 77 488 ± 68 513 ± 79 485 ± 87

Left side

Whole hippocampus 2,927 ± 307 2,652 ± 401 2,182 ± 426 3,233 ± 34 3,295 ± 320 3,058 ± 356

CA1 568 ± 73 519 ± 87 437 ± 94 596 ± 72 634 ± 74 586 ± 78

CA3 163 ± 28 149 ± 29 125 ± 28 174 ± 27 175 ± 26 161 ± 24

CA4 231 ± 27 206 ± 38 171 ± 34 251 ± 28 260 ± 32 238 ± 30

DG 261 ± 31 234 ± 41 194 ± 39 289 ± 33 299 ± 35 271 ± 35

Fimbria 60 ± 19 57 ± 20 39 ± 20 83 ± 15 93 ± 17 75 ± 18

Fissure 167 ± 29 162 ± 33 143 ± 36 155 ± 21 153 ± 32 161 ± 32

Hata 53 ± 12 49 ± 11 43 ± 10 58 ± 10 59 ± 11 54 ± 11

Molecular Layer 446 ± 60 411 ± 79 322 ± 76 289 ± 33 485 ± 59 452 ± 57

ParaSub 52 ± 11 48 ± 12 42 ± 10 52 ± 9 51 ± 8 50 ± 8

PreSub 246 ± 43 216 ± 43 175 ± 42 278 ± 47 257 ± 31 251 ± 43

Sub 381 ± 50 333 ± 59 271 ± 64 426 ± 54 432 ± 46 407 ± 48

Tail 443 ± 66 429 ± 82 361 ± 74 539 ± 75 550 ± 79 513 ± 97

AD, Alzheimer’s disease dementia; BD, bipolar disorders; HC, healthy controls; HCDELCODE,healthy controls DELCODE; HCAFFDIS, healthy controls AFFDIS; MCI, mild cognitive

impairment; MDD, major depressive disorder; na, not available; SCD, subjective cognitive decline; y, years; Mean ± standard deviation.

p> 0.05). Thus, the eTIV difference was driven by the SCD group
compared with BD and MDD patients. Overall, age and eTIV
showed relevant group differences among all patients and were
considered as relevant covariates for our HippSub analysis as well
as linear regression of hippocampus and HippSub volumes in
patients with and without controls.

Comparison of Hippocampal Subfield
Volumes Between Cognitive Decline and
Affective Disease Groups Without Controls
ANOVA revealed a significant difference (F = 2.24, p < 0.0005,
see Table 2 for neuroimaging data of patients and controls)
in hippocampus and HippSub volumes between all groups
including cognitive decline (SCD, aMCI, and AD) and early-
onset mood conditions (MDD and BD). The hippocampus in
both hemispheres exhibited smaller volumes in AD patients, but
not in MDD and BD patients (LSD post-hoc test: p < 0.0005;
Figure 2A). Bilateral CA1, CA4, DG, ML, Sub, fimbria, and left

tail revealed the same pattern of a diminished volume in AD,
but not in MDD and BD groups (LSD post-hoc test: p < 0.05,
Figures 2B,C). Significantly lower volumes in the left PreSub
were observed in aMCI and AD patients when compared to
BD (LSD post-hoc test: p < 0.005, Figures 2B,C). No differences
between hippocampal volumes in AD vs. BD or MDD patients
were identified in bilateral CA3, ParaSub, fissure, hata, and right
PreSub regions (Figures 2B,C).

Hippocampal Subfield Volumes in
Cognitive Decline Groups
Considering the hippocampus, aMCI and AD (but not SCD)
groups presented significantly smaller volumes bilaterally in
comparison to HC (post-hoc tests: p < 0.05, Figure 2A).
Moreover, in aMCI and AD groups, but not in SCD group, we
detected lower volumes in left CA1, left CA4, left DG, left tail,
left PreSub, and bilateral Sub when compared to HC (LSD post-
hoc test: p < 0.05, Figures 2B,C). In the right CA1, right CA4,
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FIGURE 2 | Continued
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FIGURE 2 | Hippocampal subfield volumes across groups. (A) Whole hippocampus volumes compared in each hemisphere, (B) Hippocampal subfield (HippSub)

volumes, including the CA1, CA3, CA4, DG, ML, and Sub as part of the hippocampus, compared in each hemisphere, and (C) Additional HippSub volumes including

tail, PreSub, ParaSub, fissure, fimbria, Hata, compared in each hemisphere. Results refer to LSD post-hoc t-tests (two-sided) with Bonferroni correction between each

condition. The significance level is indicated by different symbols: ##p < 0.005 vs. HC, **p < 0.005 vs. SCD, ++p < 0.005 vs. aMCI, &p < 0.005 vs. AD, $$p <

0.005 vs. BD, xxp < 0.005 vs. MDD, *p < 0.05 vs. SCD, +p < 0.05 vs. aMCI, &p < 0.05 vs. AD, $p < 0.05 vs. BD, xp < 0.05 vs. MDD. AD, Alzheimer’s disease; BD,

bipolar disorder; CA1/3/4, cornu ammonis 1/3/4; HC, healthy controls; DG, granule cell layer-molecular layer of the dentate gyrus; Hata, hippocampus-amygdala

transition area; L, left; aMCI, amnestic mild cognitive impairment; MDD, major depressive disorder; ML, molecular layer; ParaSub, Parasubiculum; PreSub,

Presubiculum; R, right; SCD, subjective cognitive decline; Sub, Subiculum.

right DG, right tail, right PreSub, bilateral CA3, bilateral ParaSub,
bilateral fimbria, and bilateral fissure regions (Figures 2B,C) we
found no volume differences in HippSub in aMCI and SCD
groups compared to HC.

In additional subgroup analyses, we investigated subjects
presenting neuropathological abnormalities typical of AD.
Concerning those DELCODE patients, for 6/32 (19%) patients
with SCD, 20/63 (38%) with aMCI, and 16/42 (38%) patients
with AD, their CSF pathology suggests AD. When we compared
subgroups with a positive AD pathology to those without, we

detected no significant between-group differences in HippSub
(all p > 0.05, data not shown).

Hippocampal Subfield Volumes in Affective
Disorder Groups
No significant differences were detected on hippocampal and
HippSub volumes when we compared MDD and BD groups to
HC (p > 0.05).
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FIGURE 3 | Linear regression of depression duration and left hippocampal

volumes. Significant regression analyses of depression duration and left

hippocampal volume are shown. AD, Alzheimer’s disease; BD, bipolar

disorder; L, left; aMCI, amnestic mild cognitive impairment; MDD, major

depressive disorder; SCD, subjective cognitive decline; y, years.

Hippocampal-Subfield Volumes and
Duration of Depression
To explore the role duration plays in years since depression onset
on hippocampus volume in each hemisphere, we conducted
a linear regression analysis, and noted that left, but not right
hippocampal volume was significantly associated with time since
first depressive episode (left hippocampus: F = 6.5, p < 0.05;
Figure 3). We explored this effect further in HippSub volumes,
and observed no relevant association with the time since first
depressive episode and the left Sub, left CA1, left PreSub, left DG,
left CA4, left fimbria, right tail, and right fimbria.

DISCUSSION

The main findings of our investigation are that using MRI data,
hippocampal and specific HippSub volumes differed between
major cognitive decline due to possible AD and early-onset
of unipolar and bipolar disorders. Smaller hippocampus and
most HippSub volumes were detected almost exclusively in
aMCI and AD groups, while SCD, BD, and MDD groups
revealed no significant smaller volumes in relation to HC. Early
markers of possible neurodegeneration can therefore be seen
predominantly in the left CA1, CA4, DG, tail, PreSub, and
bilateral Sub regions, since significant smaller volumes were
found in aMCI and ADD groups, but not in early-onset mood
disorders (MDD, BD). Of note, the duration in years since first
depressive episode was significantly related to the volume of left
hippocampus in all patient groups. Based on the present study,
the HippSub right CA1, CA4, DG, tail, PreSub, and bilateral CA3,
ParaSub, fimbria, and fissure regions seem more resilient against
neurodegeneration in aMCI and SCD patients. These findings
may partially reflect the existing variability at certain stages of
cognitive decline, as other studies have already demonstrated a
volume decrease in MCI patients (Zhao et al., 2019).

A unique finding in this investigation was the significant
difference seen between aMCI and BD in the left PreSub region,

which could function as a suitable imaging marker. If replicated,
smaller volumes in the left PreSub might prove to be the earliest
indications of hippocampal-volume differences due to cognitive
impairment distinct from those with bipolar mood disorders.
There is evidence that both ß-amyloid and tau pathology assessed
via CSF are relevant factors in lower HippSub volumes due to
AD’s cognitive spectrum (Tardif et al., 2018; Filho et al., 2021).
As we failed to detect significant volume differences in patients
with cognitive impairment with and without AD-typical CSF
pathology, there might be additional mechanisms contributing
to HippSub decline in our patients. Nevertheless, we could not
exclude the possibility of insufficient power to detect differences,
considering the relatively few subgroup samples. Further studies
are needed with larger patient cohorts to differentiate the
proposed underlying mechanisms of AD in HippSub volume
loss. The aforementioned literature suggests other mechanisms
of HippSub volume degeneration in the AD spectrum such as
genes, iron accumulation, or even neuroprotective factors (Foo
et al., 2020; Foster et al., 2020; Wang et al., 2020). Some of these
factors may be partly responsible for the PreSub volume loss in
AD, aMCI vs BD patients that we detected.

Overall, we identified neither smaller hippocampal nor
HippSub volumes in early-onset mood disorder groups. That
may be attributable both groups’ similar age and similar severity
of depressive symptoms. Furthermore, another explanation for
no relevant differences in HippSub in mood disorder groups
might be that structural differences between MDD-BD patients
are likely less evident in the hippocampus or HippSub than in
other brain regions such as thalamus, dorsolateral, and medial
prefrontal cortex as well as parietal regions (Schmaal et al.,
2020). The lack of smaller HippSub volumes in MDD and BD
might be due to the fact that the AFFDIS cohort recruited
patients undergoing antidepressant therapy. As shown lately in
a survey by Han et al. (2016), drug-naïve MDD patients revealed
a pattern of smaller volumes in Sub, CA2-4, DG in comparison
to healthy controls. On the other hand, other factors such as
early-life stress, or rs1360780 polymorphism of the FKBP5 gene
(referring to the hypothalamic-pituitary-adrenal axis) associated
with some smaller HippSub volumes (Mikolas et al., 2019) might
also have enabled variation in our sample (data not available).
Genetic architecture with different genetic loci (Hibar et al.,
2017) could have a major influence on disease-specific HippSub
volumes, which might explain the absence of HippSub volume
reduction observed in groups with mood disorders. In contrast
to our findings, BD patients have also demonstrated reduced
hippocampal CA1, GCL volumes (Han et al., 2019). Smaller
volumes have been observed in the PreSub and Sub regions
in a subgroup of BD patients (Janiri et al., 2019), an evidence
to which our left PreSub findings, in contrast to aMCI, appear
to be in line with. One factor that might explain why our BD
patients revealed no major hippocampal volume reductions is
that, differently from ours, their cohort was heterogeneous, and
not characterized by a predominantly depressive subtype. Our
results, however, support the findings from a recent investigation
showing no smaller volumes inMDDpatients via high-resolution
7-TeslaMRI (Tannous et al., 2020). As in this study only HippSub
volumes and not shape alterations were assessed, therefore
we cannot identify if HippSub deformations coinciding with
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unaltered volumes were seen, as has been reported in MDD
(Ballmaier et al., 2008; Cole et al., 2010).

Our findings suggest that depression’s duration has a
significant impact on left hippocampal volume, indicating that
the time since first depressive episode plays an important role in
hippocampal degeneration. This concurs with the knowledge that
lower hippocampal volumes are associated with a poorer clinical
outcome andmore depressive episodes (Videbech and Ravnkilde,
2004; MacQueen and Frodl, 2011). However, when further
exploring specific HippSub volumes, we observed no relationship
between the duration since first depressive episode and HippSub
volumes. Further studies with larger cohorts should be conducted
to identify whether the duration since depressive manifestation
affects HippSub volumes in a more relevant manner.

The limitations of our study concern the sample size of
groups and subgroups, restricting additional conclusions in
terms of clinical representation, applicability and neurobiological
foundations. For instance, cognitive assessments comparable
to DELCODE were not available in the AFFDIS cohort,
with which we could have additionally investigated whether
cognitive impairment across disorders relate to hippocampus or
HippSub volume decline. A further potential limitation is the
age difference between groups in both cohorts, with younger
patients in the AFFDIS than the DELCODE cohort. Our analyses
were controlled for age and eTIV (as covariates), but it would
have been interesting to see if differences across patient groups
would indeed hold when comparing older participants in mood
disorder groups. Future studies addressing this aspect should
also consider the potential risk of misclassifying participants with
late-onset depression, since depressive episodes can be initial
manifestations of neurodegeneration. However, as molecular
markers have not yet been assessed in patients with affective
disorders or in some patients with cognitive decline and possible
AD, no general conclusions about the molecular mechanisms
of neurodegeneration can be drawn for our patient groups.
Cognitive decline in early-onset depression is usually not
clinically associated with the neurodegenerative process, and it
is often less severe (Jamieson et al., 2019) and affects specific
cognitive subdomains such as language, memory, and cognitive
flexibility, as recently reported (Ang et al., 2020). Thus, the
manifestation age of depression is clinically relevant for the
pattern and severity of cognitive decline, while also being a risk
factor for later cognitive decline (Brzezińska et al., 2020). The
increasing grade of severity in cognitive decline observed in late-
onset compared to early-onset depression age might thus be
accompanied by decreasing hippocampal and HippSub volumes.

In addition, our findings comprised cross-sectional structural
imaging data and not longitudinal comparisons, through which
more insight into intraindividual changes in HippSub volumes
can be gained. Further studies combining functional data could
better elucidate the significance of neuropathological processes
in the HippSub for cognitive impairment. Lastly, potential
influences of the treatment history on hippocampal and HippSub
volumes could not be determined in the absence of comparable
information across disorders.

Our study showed that hippocampus and HippSub volumes
differ between cognitive decline due to possible AD and

early-onset mood disorders. The left PreSub is a structure
apparently affected in aMCI and AD subjects, but not in
BD patients. This sheds new light into a possible marker
differentiating correlates of neurodegeneration due to minor
and major cognitive decline and BD. Conversely, we detected
no relevant field and subfield volume decline in BD and
MDD groups. Most strikingly, we found that the time since
the first depressive episode was negatively associated with left
hippocampal volume in all disorder groups. This time effect is a
potentially important hallmark supporting hippocampal volume
reduction as a continuum extending from mood disorders, and
cognitive deterioration to AD. This finding may advance the
comprehension of the relationship between depression and AD.
The usage of sophisticated tools, such as machine learning, in
identifying multivariate patterns in much larger groups should
consider this feature.
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