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Abstract: Despite an abundance of research related to the functional and structural changes of the
brain in patients with geriatric depression, knowledge related to early alterations such as decreased
white matter connectivity and their association with cognitive decline remains lacking. We aimed
to investigate early alterations in hippocampal microstructure and identify their associations with
memory function in geriatric patients with subclinical depression. Nineteen participants with
subclinical geriatric depression and 19 healthy controls aged ≥65 years exhibiting general cognitive
function within the normal range were included in the study and underwent assessments of verbal
memory. Hippocampal subfield volumes were determined based on T1-weighted magnetization-
prepared rapid gradient echo (T1-MPRAGE) images, while group tractography and connectometry
analyses were conducted using diffusion tensor images. Our findings indicated that the volumes
of whole bilateral hippocampus, cornus ammonis (CA) 1, molecular layer, left subiculum, CA3,
hippocampal tail, right CA4, and granule cell/molecular layers of the dentate gyrus (GC-ML-DG)
were significantly smaller in the subclinical depression group than in the control group. In the
subclinical depression group, verbal learning was positively correlated with the volumes of the
CA1, GC-ML-DG, molecular layer, and whole hippocampus in the right hemisphere. The fractional
anisotropy of the bilateral fornix was also significantly lower in the subclinical depression group
and exhibited a positive correlation with verbal learning and recall in both groups. Our results
suggest that hippocampal microstructure is disrupted and associated with memory in patients with
subclinical depression.

Keywords: geriatric psychiatry; depression; hippocampus; memory; diffusion tensor imaging

1. Introduction

Geriatric depression is a common psychiatric disorder among older adults. Despite the
approximately 1% prevalence of major depressive disorder in adults aged ≥65 years, 15%
experience mild or moderate depressive symptoms not meeting the criteria for major de-
pressive episodes [1]. Furthermore, research among the geriatric population has indicated
that 20% of outpatients and 40% of inpatients experience depressive symptoms [2].

Patients with geriatric depression often do not directly report their depressive symp-
toms, but rather express concerns regarding cognitive decline, including decreased con-
centration, memory impairment, and slower processing speed. Therefore, specialized care
must be provided to such patients, and there is a need to further investigate the relationship
between depressive disorders and cognitive decline in older adults [3]. Pseudodementia
due to depression can easily be mistaken for irreversible dementia, such as that associated
with Alzheimer’s disease (AD) and other common age-related diseases, thus decreasing
the likelihood of patients to receive appropriate treatment. Moreover, studies supporting
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the direct and indirect effects of depressive disorders on cognitive function in older adults
highlight the importance of such relationships in the geriatric population [4]. For instance,
four hypotheses have been proposed regarding the complex relationship between depres-
sion and dementia: (a) Depressive symptoms are prodromes of AD; (b) depression is a risk
factor for AD; (c) depression and AD are independent of each other; and (d) depression
and AD may develop independently, but depression affects the progression and treatment
of cognitive impairment [5].

White matter hyperintensity, decreased hippocampal volume, and reduced blood flow
are common in geriatric patients with cognitive impairment and depressive disorders [6–10].
A previous study has suggested an association between decreased hippocampal volume
and depressive symptoms in older adults [11], which may explain the memory decline
observed in patients with geriatric depressive disorder. In addition to hippocampal volume,
interhemispheric hippocampal functional and structural connectivity have been associ-
ated with memory function in previous studies [12,13]. However, to our knowledge, no
studies have investigated whether geriatric depression is associated with alterations in
hippocampal structural connectivity.

Since the clinical characteristics of geriatric depression differ from those of depression
in younger adults, early screening and identification of changes are important in ensuring
that patients receive appropriate treatment. In this study, we assessed changes in cognitive
function and brain structure in older adults with symptoms of subclinical depression. We
hypothesized that memory and hippocampal microstructure are disrupted and reciprocally
associated older adults with subclinical depression.

2. Materials and Methods
2.1. Participants and Neuropsychological Tests

This study included 38 adult participants (26 women, 12 men; age ≥ 65 years) residing
in a senior welfare center located in Cheongju, Chungcheongbuk-do Province, South Korea.
None of the participants had a diagnosis of major depressive disorder, schizophrenia, or
other psychotic disorders; bipolar or related disorders; or substance-related/addictive
disorders based on an interview with a psychiatrist using the Structured Clinical Interview
of the DSM-IV (SCID). Participants with brain damage, those with neurological disorders
including epilepsy, and those with other systemic disorders that may affect the central
nervous system were excluded.

Participants who scored ≥ 8 on the Korean Version of the short form of the Geriatric
Depression Scale (GDS-K) were classified into the subclinical depression group [14], while
those who scored < 8 were classified into the control group. Verbal memory was assessed
using the word-list learning, word-list recall, and word-list recognition tests of the Korean
Version of the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD-K)
assessment [15]. The general cognitive function of all participants was assessed using the
Mini-Mental State Examination included in the Korean Version of the CERAD Assessment
Packet (MMSE-KC) [15]. The MMSE-KC scores of all participants were above the –1-
standard deviation (SD), in accordance with standardized normative data. All participants
provided written informed consent, and the study was approved by the Institutional
Review Board of Chungbuk National University (CBNU-201406-BMSBBR-059-01).

2.2. Structural MRI Acquisition

Imaging data were acquired using the 3T Achieva MRI scanner (Phillips Medical Sys-
tems, Best, The Netherlands) at the Korea Basic Science Institute (Ochang, South Korea). T1-
weighted magnetization-prepared rapid gradient echo (T1-MPRAGE) images were acquired
using the following sequences: repetition time/echo time = 6.8/3.2 ms, flip angle = 9◦,
bandwidth = 241.1 Hz, field-of-view (FOV) = 256 × 240 mm2, voxel size = 1 × 1 × 1.2 mm3,
scan time = 5 m 34 s, and 170 slices. Diffusion tensor images (DTIs) were acquired using the
following sequences: repetition time/echo time = 6033/70 ms, flip angle = 90◦, bandwidth
= 29.8 Hz, FOV = 224 × 224 mm2, voxel size = 2 × 2.04 × 3 mm3, diffusion gradient
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pulse duration = 34.4 ms, diffusion gradient separation = 12.3 ms, b-value = 1000 s/mm2,
scan time = 3 m 31 s, and 50 slices.

2.3. Image Analysis

Hippocampal subfield volumes were quantified on T1-MPRAGE images via an au-
tomated method using FreeSurfer’s (version 7.1.1, http://surfer.nmr.mgh.harvard.edu,
accessed on 28 February 2022) default settings on a Mac Pro (Apple, Cupertino, CA, USA)
running the 64-bit OS X operating system [16]. We measured the volumes of the para-
subiculum, presubiculum, subiculum, cornus ammonis (CA) 1, CA3, CA4, granule cell
and molecular layers of the dentate gyrus (GC-ML-DG), molecular layer, hippocampus-
amygdala-transition-area (HATA), fimbria, hippocampal tail, and hippocampal fissure
(Figure 1). Volume measurements of hippocampal subfields underwent a correction pro-
cess using the estimated total intracranial volume (eTIV) [17,18]. We carefully inspected the
automatic hippocampal subfield segmentation results of all participants on axial, sagittal,
coronal images referring the quality control protocol suggested by Samman et al., and
confirmed that the segmentations were performed properly [19].
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Figure 1. Segmentation of hippocampal subfields. CA: cornus ammonis, GC-ML-DG: granule cell
and molecular layer of the dentate gyrus, HATA: hippocampus-amygdala-transition-area.

The white matter connectivity of the hippocampus was acquired based on DTIs
using DSI studio [20]. DTIs were reconstructed using generalized Q-Space Diffeomorphic
reconstruction (QSDR), which is suitable for analysis in Montreal Neurological Institute
(MNI) space [21]. All R-squared values between quantitative anisotropy (QA) in the native
space and the MNI QA map were above 0.6, implying good registration. A population
average template of fractional anisotropy was then created using the QSDR files of all
patients [22].

http://surfer.nmr.mgh.harvard.edu
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2.4. Statistical Analysis

The CRAN R statistical package version 3.6.2 (R Foundation for Statistical Comput-
ing, Vienna, Austria) was used for statistical analyses. Student’s t-test or Man-Whitney
U-tests were used to compare demographic variables, GDS-K scores, MMSE-KC scores,
and standardized scores on the word-list tests. Volumes of the hippocampal subfields
were compared via an analysis of covariance (ANCOVA), using age as a covariate. We
conducted Pearson’s correlation analysis between standardized scores on verbal memory
tests and volumes of hippocampal microstructure. All p-values from hippocampal subfields
were corrected for multiple comparisons using the false-discovery rate in the unilateral
hemisphere.

We utilized a correlation tractography and connectometry analysis tool in DSI studio to
assess white matter connectivity [23]. On the population average template created through
reconstruction of DTIs, the hippocampus was set as the seed region, while the cerebellum
was excluded. Before comparing connectomety results using the hippocampus as the seed
region, we conducted an exploratory analysis without using a seed region. Parameters for
deterministic tractography and group connectometry after regressing out the effect of age
were as follows: T-score threshold = 2.5, length thresholds = 20 mm, FDR threshold = 0.05,
4000 randomized permutations. We also assessed the association between scores on verbal
memory tests and hippocampal white matter connectivity in each group with parameters
equivalent to those mentioned for the group comparison above.

3. Results
3.1. Demographic Characteristics and Neuropsychological Functions in Each Group

There was no difference in mean age between the subclinical depression and control
groups (72.37 ± 4.6 years and 69.58 ± 4.51 years; Table 1). The male-to-female ratio
was equivalent between the groups, and there were no significant differences in years
of education or eTIV. However, the mean GDS-K score was significantly higher in the
subclinical depression group than in the control group (10.26 ± 2.10 vs. 2.21 ± 2.27,
p < 0.001). Although there was no difference in MMSE-KC scores, the subclinical depression
group performed significantly worse in the word-list recall (p = 0.014) and word-list
recognition (p < 0.001) tests than the control group.

Table 1. Demographic characteristics and memory scores in each group (mean ± SD).

Subclinical Depression
(n = 19)

Control
(n = 19) t or u p

Age 72.37 ± 4.60 69.58 ± 4.51 1.89 0.067
Sex Male: 6, Female: 13 Male: 6, Female: 13

Years of education 10.21 ± 4.08 10.89 ± 3.93 −0.63 0.628
GDS-K 10.26 ± 2.00 2.21 ± 2.27 11.60 <0.001

MMSE-KC 27.89 ± 1.37 28.58 ± 0.77 −1.90 0.068
Word-List Test (z-score)

Learning 0.37 ± 0.70 0.73 ± 0.84 −1.46 0.153
Recall −0.45 ± 0.73 0.23 ± 0.88 −2.60 0.014

Recognition −0.61 ± 0.83 0.48 ± 0.33 −4.13 <0.001
eTIV (mm3) 1.52 × 106 ± 1.22 × 105 1.52 × 106 ± 1.61 × 105 −0.05 0.964

GDS-K: Korean version of short Geriatric Depression Scale; MMSE-KC: Mini-Mental Status Examination in the
Korean Version of the CERAD Assessment Packet; eTIV: estimated total intracranial volume.

3.2. Hippocampal Microstructure

Bilateral hippocampal volumes were smaller in the subclinical depression group than
in the control group (left: F = 8.52, corrected p = 0.020, right: F = 7.79, corrected p = 0.035;
Table 2), as were the bilateral CA1 (left: F = 6.41, corrected p = 0.039, right: F = 6.36, corrected
p = 0.042), molecular layer (left: F = 8.77, corrected p = 0.020, right: F = 8.08, corrected
p = 0.035), left subiculum (F = 6.21, corrected p = 0.039), left CA3 (F = 9.44, corrected
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p = 0.020), left hippocampal tail (F = 15.10, corrected p < 0.001), and right CA4 volumes
(F = 7.79, corrected p = 0.035) right GC-ML-DG (F = 6.35, corrected p = 0.042) (Table 2).

Table 2. Volume of hippocampal subfields.

Left Hippocampus Right Hippocampus

Subclinical
Depression Control Fgroup pgroup ES FDR Subclinical

Depression Control Fgroup pgroup ES FDR

Parasubiculum 59.44 ± 15.12 56.59 ± 13.17 0.41 0.526 0.011 0.570 51.91 ± 8.75 53.02 ± 7.06 0.05 0.827 0.006 0.827
Presubiculum 279.25 ± 40.09 297.26 ± 36.2 1.16 0.290 0.057 0.377 261.79 ± 31.84 284.42 ± 25.67 3.21 0.082 0.153 0.124

Subiculum 388.32 ± 46.81 435.28 ± 49.72 6.21 0.018 0.208 0.039 399.61 ± 55 444.59 ± 38.01 5.27 0.028 0.212 0.061
CA1 545.73 ± 62.86 614.26 ± 72.41 6.41 0.016 0.227 0.039 589.8 ± 68.66 662.84 ± 74.75 6.36 0.016 0.233 0.042
CA3 179.19 ± 24.03 208.56 ± 26.05 9.44 0.004 0.277 0.020 204.64 ± 26.82 226.4 ± 30.16 3.12 0.086 0.144 0.124
CA4 217.84 ± 25.93 241.02 ± 22.35 5.16 0.029 0.22 0.054 229.15 ± 24.38 257.3 ± 25.09 7.78 0.008 0.308 0.035

GC-ML-DG 248.06 ± 32.73 277.14 ± 30.52 4.37 0.044 0.218 0.064 261.91 ± 30.42 295.28 ± 32.66 6.35 0.016 0.279 0.042
Molecular

layer 475.11 ± 52.46 535.01 ± 50.56 8.77 0.005 0.284 0.020 503.02 ± 59.13 564.59 ± 47.84 8.08 0.007 0.293 0.035

HATA 49.35 ± 12.17 52.72 ± 10.62 0.02 0.888 0.027 0.888 52.18 ± 9.39 55.98 ± 10.04 0.08 0.779 0.051 0.827
Fimbria 56.72 ± 24.1 67.7 ± 18.85 1.02 0.321 0.069 0.379 50.75 ± 24.61 63.95 ± 17.7 1.42 0.242 0.105 0.315

Hippocampal
tail 478.7 ± 64.32 564.33 ± 55.91 15.10 <0.001 0.353 <0.001 526.88 ± 62.62 575.37 ± 49.44 4.11 0.050 0.179 0.093

Hippocampal
fissure 146.91 ± 19.75 170.35 ± 35.74 4.93 0.033 0.149 0.054 166.39 ± 28.5 179.03 ± 37.85 1.11 0.300 0.036 0.355

Whole hip-
pocampus

2976.78 ±
323.44 3350.84 ± 314.1 8.52 0.006 0.310 0.020 3130.97 ±

343.42 3484.41 ± 271.9 7.79 0.008 0.324 0.035

Hippocampal subfield volumes (mm3) are corrected for intracranial volume. Analysis of covariance with age as
a covariate. F, p value of covariate can be found in the supplemental information. Bold: significant at p < 0.05
(corrected); ES: effect size, FDR: false discovery rate, CA: cornus ammonis, GC-ML-DG: granule cell and molecular
layer of the dentate gyrus, HATA: hippocampus-amygdala-transition-area.

In the exploratory analysis of whole brain connectometry, the majority of bilateral
fornix fiber bundles exhibited lower fractional anisotropy in the subclinical depression
group (Figure S1). Connectometry analysis using the hippocampus as the seed region also
indicated that the fractional anisotropy of bilateral fornix was significantly lower in the
subclinical depression group than in the control group (FDR < 0.001) (Figure 2).
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Figure 2. Group connectometry analysis. The blue indicates the fiber bundles exhibiting significantly
decreased fractional anisotropy in the subclinical depression group when compared with that in
the control group after correction for multiple comparisons (false-discovery rate < 0.001). The fiber
bundles are part of the bilateral fornix. The cyan shading indicates the hippocampus.

3.3. Association between Hippocampal Microstructure and Verbal Memory

Standardized scores on the word-list learning test were positively correlated with the
volumes of the CA1 (cor = 0.563, corrected p = 0.043), GC-ML-DG (cor = 0.560, corrected
p = 0.042), molecular layer (cor = 0.627, corrected p = 0.039), and whole hippocampus
(cor = 0.605, corrected p = 0.039) of the right hemisphere in the subclinical depression
group (Figure 3). However, there were no significant associations in the control group.
The analysis of connectometry data indicated that the fractional anisotropy of the bilateral
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fornix fiber bundle was positively correlated with word-list memory and recall test results
in both groups (FDR < 0.001) (Figure S2).
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Figure 3. Correlation between hippocampal subfield volume and memory score.* p < 0.05 after
correction for multiple comparisons using the false-discovery rate. The color scale bar represents the
Pearson’s correlation coefficient. CA: cornus ammonis, GC-ML-DG: granule cell and molecular layer
of the dentate gyrus, HATA: hippocampus-amygdala-transition-area.

4. Discussion

To the best of our knowledge, this is the first study to investigate hippocampal mi-
crostructure, including hippocampal white matter connectivity, in older adults with sub-
clinical depression using tractography and connectometry. Although all participants in
the present study exhibited normal general cognitive function, there were significant im-
pairments in verbal recall and recognition in the subclinical depression group. Marked
volumetric reductions in the hippocampus and hippocampal subfields and disrupted
integrity of fornix were also observed in the subclinical depression group.

In this study, we observed volumetric reductions in hippocampal subfields associ-
ated with mood regulation and anxiety, including the bilateral CA1, molecular layer, left
subiculum, CA3, hippocampal tail, right CA4, and GC-ML-DG. Another study including
patients with chronic headache reported that higher levels of anxiety were associated with
volumetric changes in the molecular layer, CA4, and GC-ML-DG [24]. Our findings are
also in accordance with another study of geriatric depression, which reported reduced
CA1 and subiculum volumes in the depression group [25]. The CA1, which is the first
region of hippocampal circuit, projects to the subiculum, which in turn projects to brain
structures associated with mood regulation, including the entorhinal cortex, amygdala,
ventromedial prefrontal cortex, and corpus striatum. At the same time, the subiculum
is also connected to brainstem nuclei associated with homeostatic networks, such as the
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hypothalamic–pituitary–adrenal axis. Studies have demonstrated that damage to this
axis can lead to depressive disorders chronic abnormal secretion of stress hormones, and
hippocampal atrophy [26,27].

In the exploratory analysis conducted at the whole-brain level, the majority of bilateral
fornix fiber bundles exhibited reduced fractional anisotropy, suggesting a disruption in
the structural integrity of the white matter connections (e.g., demyelination) [28,29]. In
the hippocampal seed-based analysis, the fractional anisotropy of the bilateral fornix
was significantly decreased in the subclinical depression group, while it was positively
correlated with verbal learning and recall in both groups. The fornix plays a key role in
hippocampal output and exhibits connections with the limbic system and the opposite
hemisphere [30]. Wang et al. reported that interhemispheric hippocampal functional
connectivity is associated with the recall of recently learned information [12], while another
study also reported that recognition memory was correlated with the mean diffusivity
of the dorsal hippocampal commissure, which is the white matter tract connecting the
bilateral hippocampi [13]. Further, the absence of the hippocampal commissure has been
associated with impaired long-term and short-term memory in an animal model [31]. In the
subclinical depression group, verbal learning was positively correlated with the volumes of
several right hippocampal subfields (including CA1, GC-ML-DG, the molecular layer) and
the whole hippocampus, which were significantly smaller than those in the control group.
On the contrary, none of the hippocampal subfield volumes were correlated with scores
on the word-list memory test in the control group. Our results suggest that volumetric
reductions and disrupted integrity in hippocampal microstructures are associated with
memory impairment in patients with subclinical geriatric depression.

The present study has a few limitations. First, we recruited only a small number of
participants which might not be sufficient for conclusive results. Also, we applied FDR
method for multiple comparison correction in unilateral hemisphere to avoid chance of
type II error. Therefore, our study results should be interpreted cautiously, and further
studies with larger sample sizes are needed to confirm our findings. Second, we included
participants with subclinical geriatric depression. Therefore, several factors related to
depressive symptoms may not have been controlled. For example, we may have included
patients with age-related depressive symptoms tolerated even beyond the normal range.
Nonetheless, we recruited socially active community members while excluding individuals
with other neuropsychiatric disorders using structured psychiatric interviews, and the
study was conducted under the assumption that patients were in the prodromal stage or
at risk of geriatric depression. Lastly, as this was a cross-sectional study, we were unable
to determine whether the observed differences in brain structure between groups were
due to subclinical depression, or whether depression was a result of structural changes
in the brain. However, similar previous studies, including longitudinal investigations,
have suggested that brain abnormalities are a predisposing factor for the development of
depressive disorders [9]. Thus, the differences observed in the present study may reflect
predisposition or early changes at a subclinical level. These data may aid in elucidating the
etiology of geriatric depression.

Despite these limitations, our analysis identified disruptions of the hippocampal
microstructures and their association with memory impairment in participants with sub-
clinical geriatric depression. Although the findings should be interpreted with caution, they
may provide insight into signs of cognitive decline and emotional symptoms experienced
by individuals with subclinical geriatric depression.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12030329/s1, Table S1. Statistical values for the analysis
of covariance. Figure S1. Exploratory whole-brain connectometry analysis. Figure S2. Correlation
between connectometry results and scores on the word-list test.

Author Contributions: Conceptualization, J.L., G.J. and S.K.; Methodology, J.L. and S.K.; Software,
J.L.; Validation, S.K.; Formal Analysis, J.L. and G.J.; Investigation, S.K.; Resources, S.K.; Data Curation,

https://www.mdpi.com/article/10.3390/brainsci12030329/s1
https://www.mdpi.com/article/10.3390/brainsci12030329/s1


Brain Sci. 2022, 12, 329 8 of 9

J.L. and G.J.; Writing—Original Draft Preparation, J.L., G.J. and H.P.; Writing—Review & Editing,
J.L. and G.J.; Visualization, J.L.; Supervision, S.I.L., C.-J.S., J.-W.S. and S.C.; Project Administra-
tion, S.K.; Funding Acquisition, S.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Institutional Review Board
of Chungbuk National University (CBNU-201406-BMSBBR-059-01).

Informed Consent Statement: All participants provided written informed consent.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Korten, N.C.M.; Penninx, B.W.J.H.; Kok, R.M.; Stek, M.L.; Voshaar, R.C.O.; Deeg, D.J.H.; Comijs, H.C. Heterogeneity of Late-Life

Depression: Relationship with Cognitive Functioning. Int. Psychogeriatr. 2014, 26, 953–963. [CrossRef] [PubMed]
2. Koenig, H.G.; Blazer, D.G. Epidemiology of Geriatric Affective Disorders. Clin. Geriatr. Med. 1992, 8, 235–251. [CrossRef]
3. Kahn, R.L.; Zarit, S.H.; Hilbert, N.M.; Niederehe, G. Memory Complaint and Impairment in the Aged: The Effect of Depression

and Altered Brain Function. Arch. Gen. Psychiatry 1975, 32, 1569–1573. [CrossRef]
4. Potter, G.G.; Steffens, D.C. Contribution of Depression to Cognitive Impairment and Dementia in Older Adults. Neurologist 2007,

13, 105–117. [CrossRef] [PubMed]
5. Jorm, A.F. Is Depression a Risk Factor for Dementia or Cognitive Decline? Neurobiol. Aging 2000, 21, 215. [CrossRef]
6. Aisen, P.S.; Petersen, R.C.; Donohue, M.C.; Gamst, A.; Raman, R.; Thomas, R.G.; Walter, S.; Trojanowski, J.Q.; Shaw, L.M.; Beckett,

L.A.; et al. Clinical Core of the Alzheimer’s Disease Neuroimaging Initiative: Progress and Plans. Alzheimer’s Dement. 2010, 6,
239–246. [CrossRef] [PubMed]

7. Mosconi, L.; Tsui, W.-H.; Santi, S.D.; Li, J.; Rusinek, H.; Convit, A.; Li, Y.; Boppana, M.; de Leon, M.J. Reduced Hippocampal
Metabolism in MCI and AD. Neurology 2005, 64, 1860–1867. [CrossRef] [PubMed]

8. Videbech, P.; Ravnkilde, B. Hippocampal Volume and Depression: A Meta-Analysis of MRI Studies. Am. J. Psychiat. 2004, 161,
1957–1966. [CrossRef]

9. Dotson, V.M.; Davatzikos, C.; Kraut, M.A.; Resnick, S.M. Depressive Symptoms and Brain Volumes in Older Adults: A
Longitudinal Magnetic Resonance Imaging Study. J. Psychiatry Neurosci. Jpn. 2009, 34, 367–375.

10. Salloway, S.; Malloy, P.; Kohn, R.; Gillard, E.; Duffy, J.; Rogg, J.; Tung, G.; Richardson, E.; Thomas, C.; Westlake, R. MRI and
Neuropsychological Differences in Early- and Late-Life-Onset Geriatric Depression. Neurology 1996, 46, 1567–1574. [CrossRef]

11. Geerlings, M.I.; Brickman, A.M.; Schupf, N.; Devanand, D.P.; Luchsinger, J.A.; Mayeux, R.; Small, S.A. Depressive Symptoms,
Antidepressant Use, and Brain Volumes on MRI in a Population-Based Cohort of Old Persons without Dementia. J. Alzheimer’s
Dis. 2012, 30, 75–82. [CrossRef] [PubMed]

12. Wang, L.; Negreira, A.; LaViolette, P.; Bakkour, A.; Sperling, R.A.; Dickerson, B.C. Intrinsic Interhemispheric Hippocampal
Functional Connectivity Predicts Individual Differences in Memory Performance Ability. Hippocampus 2010, 20, 345–351.
[CrossRef] [PubMed]

13. Postans, M.; Parker, G.D.; Lundell, H.; Ptito, M.; Hamandi, K.; Gray, W.P.; Aggleton, J.P.; Dyrby, T.B.; Jones, D.K.; Winter, M.
Uncovering a Role for the Dorsal Hippocampal Commissure in Recognition Memory. Cereb. Cortex 2019, 30, 1001–1015. [CrossRef]
[PubMed]

14. Bae, J.N.; Cho, M.J. Development of the Korean Version of the Geriatric Depression Scale and Its Short Form among Elderly
Psychiatric Patients. J. Psychosom. Res. 2004, 57, 297–305. [CrossRef]

15. Lee, J.H.; Lee, K.U.; Lee, D.Y.; Kim, K.W.; Jhoo, J.H.; Kim, J.H.; Lee, K.H.; Kim, S.Y.; Han, S.H.; Woo, J.I. Development of the
Korean Version of the Consortium to Establish a Registry for Alzheimer’s Disease Assessment Packet (CERAD-K): Clinical and
Neuropsychological Assessment Batteries. J. Gerontol. Ser. B Psychol. Sci. Soc. Sci. 2002, 57, P47–P53. [CrossRef]

16. Fischl, B. FreeSurfer. Neuroimage 2012, 62, 774–781. [CrossRef]
17. Buckner, R.L.; Head, D.; Parker, J.; Fotenos, A.F.; Marcus, D.; Morris, J.C.; Snyder, A.Z. A Unified Approach for Morphometric

and Functional Data Analysis in Young, Old, and Demented Adults Using Automated Atlas-Based Head Size Normalization:
Reliability and Validation against Manual Measurement of Total Intracranial Volume. Neuroimage 2004, 23, 724–738. [CrossRef]

18. Lee, J.; Im, S.-J.; Lee, S.-G.; Stadlin, A.; Son, J.-W.; Shin, C.-J.; Ju, G.; Lee, S.-I.; Kim, S. Volume of Hippocampal Subfields in Patients
with Alcohol Dependence. Psychiatry Res. Neuroimaging 2016, 258, 16–22. [CrossRef]

19. Sämann, P.G.; Iglesias, J.E.; Gutman, B.; Grotegerd, D.; Leenings, R.; Flint, C.; Dannlowski, U.; Clarke-Rubright, E.K.; Morey, R.A.;
van Erp, T.G.M.; et al. FreeSurfer-based Segmentation of Hippocampal Subfields: A Review of Methods and Applications, with a
Novel Quality Control Procedure for ENIGMA Studies and Other Collaborative Efforts. Hum. Brain Mapp. 2020, 43, 207–233.
[CrossRef]

20. Yeh, F. DSI Studio. Zenodo. 2021. Available online: https://zenodo.org/record/4978980 (accessed on 15 January 2022).

http://doi.org/10.1017/S1041610214000155
http://www.ncbi.nlm.nih.gov/pubmed/24565278
http://doi.org/10.1016/S0749-0690(18)30476-2
http://doi.org/10.1001/archpsyc.1975.01760300107009
http://doi.org/10.1097/01.nrl.0000252947.15389.a9
http://www.ncbi.nlm.nih.gov/pubmed/17495754
http://doi.org/10.1016/S0197-4580(00)83296-0
http://doi.org/10.1016/j.jalz.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20451872
http://doi.org/10.1212/01.WNL.0000163856.13524.08
http://www.ncbi.nlm.nih.gov/pubmed/15955934
http://doi.org/10.1176/appi.ajp.161.11.1957
http://doi.org/10.1212/WNL.46.6.1567
http://doi.org/10.3233/JAD-2012-112009
http://www.ncbi.nlm.nih.gov/pubmed/22377782
http://doi.org/10.1002/hipo.20771
http://www.ncbi.nlm.nih.gov/pubmed/20087893
http://doi.org/10.1093/cercor/bhz143
http://www.ncbi.nlm.nih.gov/pubmed/31364703
http://doi.org/10.1016/j.jpsychores.2004.01.004
http://doi.org/10.1093/geronb/57.1.P47
http://doi.org/10.1016/j.neuroimage.2012.01.021
http://doi.org/10.1016/j.neuroimage.2004.06.018
http://doi.org/10.1016/j.pscychresns.2016.10.009
http://doi.org/10.1002/hbm.25326
https://zenodo.org/record/4978980


Brain Sci. 2022, 12, 329 9 of 9

21. Yeh, F.-C.; Tseng, W.-Y.I. NTU-90: A High Angular Resolution Brain Atlas Constructed by q-Space Diffeomorphic Reconstruction.
Neuroimage 2011, 58, 91–99. [CrossRef]

22. Yeh, F.-C.; Wedeen, V.J.; Tseng, W.-Y.I. Estimation of Fiber Orientation and Spin Density Distribution by Diffusion Deconvolution.
Neuroimage 2011, 55, 1054–1062. [CrossRef] [PubMed]

23. Yeh, F.-C.; Badre, D.; Verstynen, T. Connectometry: A Statistical Approach Harnessing the Analytical Potential of the Local
Connectome. Neuroimage 2016, 125, 162–171. [CrossRef]

24. Chen, Z.; Chen, X.; Liu, M.; Ma, L.; Yu, S. Lower Hippocampal Subfields Volume in Relation to Anxiety in Medication-Overuse
Headache. Mol. Pain 2018, 14, 1744806918761257. [CrossRef] [PubMed]

25. Szymkowicz, S.M.; McLaren, M.E.; O’Shea, A.; Woods, A.J.; Anton, S.D.; Dotson, V.M. Depressive Symptoms Modify Age Effects
on Hippocampal Subfields in Older Adults. Geriatr. Gerontol. Int. 2017, 17, 1494–1500. [CrossRef]

26. Conrad, C.D. Chronic Stress-Induced Hippocampal Vulnerability: The Glucocorticoid Vulnerability Hypothesis. Rev. Neurosci.
2008, 19, 395–412. [CrossRef]

27. Edlow, B.L.; McNab, J.A.; Witzel, T.; Kinney, H.C. The Structural Connectome of the Human Central Homeostatic Network. Brain
Connect. 2016, 6, 187–200. [CrossRef] [PubMed]

28. Tyszka, J.M.; Readhead, C.; Bearer, E.L.; Pautler, R.G.; Jacobs, R.E. Statistical Diffusion Tensor Histology Reveals Regional
Dysmyelination Effects in the Shiverer Mouse Mutant. Neuroimage 2006, 29, 1058–1065. [CrossRef]

29. Boretius, S.; Escher, A.; Dallenga, T.; Wrzos, C.; Tammer, R.; Brück, W.; Nessler, S.; Frahm, J.; Stadelmann, C. Assessment of Lesion
Pathology in a New Animal Model of MS by Multiparametric MRI and DTI. Neuroimage 2011, 59, 2678–2688. [CrossRef] [PubMed]

30. Choi, Y.J.; Lee, E.J.; Lee, J.E. The Fornix: Functional Anatomy, Normal Neuroimaging, and Various Pathological Conditions.
Investig. Magn. Reson. Imag. 2021, 25, 59–75. [CrossRef]

31. Ribeiro, A.S.; Eales, B.A.; Biddle, F.G. Short-Term and Long-Term Memory Deficits in Handedness Learning in Mice with Absent
Corpus Callosum and Reduced Hippocampal Commissure. Behav. Brain Res. 2013, 245, 145–151. [CrossRef]

http://doi.org/10.1016/j.neuroimage.2011.06.021
http://doi.org/10.1016/j.neuroimage.2010.11.087
http://www.ncbi.nlm.nih.gov/pubmed/21232611
http://doi.org/10.1016/j.neuroimage.2015.10.053
http://doi.org/10.1177/1744806918761257
http://www.ncbi.nlm.nih.gov/pubmed/29424272
http://doi.org/10.1111/ggi.12901
http://doi.org/10.1515/REVNEURO.2008.19.6.395
http://doi.org/10.1089/brain.2015.0378
http://www.ncbi.nlm.nih.gov/pubmed/26530629
http://doi.org/10.1016/j.neuroimage.2005.08.037
http://doi.org/10.1016/j.neuroimage.2011.08.051
http://www.ncbi.nlm.nih.gov/pubmed/21914485
http://doi.org/10.13104/imri.2021.25.2.59
http://doi.org/10.1016/j.bbr.2013.02.021

	Introduction 
	Materials and Methods 
	Participants and Neuropsychological Tests 
	Structural MRI Acquisition 
	Image Analysis 
	Statistical Analysis 

	Results 
	Demographic Characteristics and Neuropsychological Functions in Each Group 
	Hippocampal Microstructure 
	Association between Hippocampal Microstructure and Verbal Memory 

	Discussion 
	References

