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Abstract

Early diagnosis of subcortical vascular mild cognitive impairment (svMCI) is clinically essential because it is the most
reversible subtype of all cognitive impairments. Since structural alterations of hippocampal sub-regions have been well
studied in neurodegenerative diseases with pathophysiological cognitive impairments, we were eager to determine whether
there is a selective vulnerability of hippocampal sub-fields in patients with svMCI. Our study included 34 svMCI patients
and 34 normal controls (NCs), with analysis of T1 images and Montreal Cognitive Assessment (MoCA) scores. Gray mat-
ter volume (GMV) of hippocampal sub-regions was quantified and compared between the groups, adjusting for age, sex,
and education. Additionally, we explored correlations between altered GMV in hippocampal sub-fields and MoCA scores
in svMCI patients. Patients with svMCI exhibited selectively reduced GMV in several left hippocampal sub-regions, such
as the hippocampal tail, hippocampal fissure, CA1 head, ML-HP head, CA4 head, and CA3 head, as well as decreased
GMYV in the right hippocampal tail. Specifically, GMV in the left CA3 head was inversely correlated with MoCA scores
in svMCI patients. Our findings indicate that the atrophy pattern of patients with svMCI was predominantly located in the
left hippocampal sub-regions. The left CA3 might be a crucial area underlying the distinct pathophysiological mechanisms
of cognitive impairments with subcortical vascular origins.
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Introduction

Jianxiang Chen and Jianjun Wang contributed equally to this work.

Cognitive impairment is one of the primary public health
challenges in our era (Hampel & Lista, 2016). Vascular-
related cognitive decline is the second most prevalent
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underlying cognitive impairment associated with subcorti-
cal vascular lesions need to be largely explored.

Hippocampal atrophy is a common structural and patho-
physiological change in various cognitive dysfunctions,
such as Alzheimer’s disease (AD) (Devanand et al., 2007),
post stroke dementia, and subjective cognitive decline (Das
et al.,, 2019; Devanand et al., 2007; Huang et al., 2022).
Moreover, dynamic hippocampal atrophy has been observed
during healthy human aging (Oschwald et al., 2019). Neu-
rofibrillary tangle deposition and neuronal death are linked
to hippocampal shrinkage, which is a significant cause of
cognitive impairment in vascular illness (Yamamoto et al.,
2021) and is linked to hippocampal atrophy. Even minor
vascular disorders can result in hippocampus atrophy and
cognitive deterioration (Han et al., 2020). However, the
hippocampus was considered a single, homogeneous struc-
ture in most previous studies, and potentially useful infor-
mation about its sub-regions has been discarded. Several
distinct sub-regions with various structural and functional
profiles have been identified in the bilateral hippocampus
(Fraser et al., 2015). Among these, a statistical atlas of the
hippocampal using ultra-high resolution ex vivo magnetic
resonance imaging (MRI) combined with in vivo data in the
FreeSurfer 6 and above version (https://surfer.nmr.mgh.har-
vard.edu/fswiki/rel7downloads) has been widely adopted
to investigate structural alterations of the hippocampal at
the sub-regional level in many brain disorders (Bai et al.,
2019; Christidi et al., 2019; Xu et al., 2022). Previous stud-
ies have demonstrated that selective atrophy of hippocam-
pal sub-regions is associated with particular brain diseases.
For example, the cornu ammonis 2/3 subfield and the hip-
pocampus-amygdala transition area are the most affected
regions in amyotrophic lateral sclerosis in contrast to AD,
where the presubiculum and subiculum are the most vulner-
able regions (Christidi et al., 2019). Moreover, some stud-
ies reported that patients with mild cognitive impairment
showed smaller gray matter volumes, primarily in cornu
ammonis CA1-2 volumes, compared to healthy controls
(Mueller et al., 2010). Considering the various etiologies of
svMCI, whether there is a selective vulnerability of hippo-
campal sub-fields is extremely worth to be further explored.

Consequently, we hypothesized that patients with svMCI
would exhibit distinctive atrophy patterns of volumetric
changes in hippocampal sub-regions. To test this hypoth-
esis, we obtained T1 images from 34 svMCI patients and
34 normal controls, and performed hippocampal segmen-
tation of these T1 images using FreeSurfer 7.1. The gray
matter volume (GMV) of the hippocampal sub-regions was
measured and compared between groups after adjusting for
age, sex and educational level. Finally, Pearson’s correla-
tion was performed between changed GMV and MoCA in
the svMCI.
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Methods and materials
Participants

This research was conducted in the Shenzhen Traditional
Chinese Medicine Hospital and authorized by their Institu-
tional Review Board (K2021-041). The diagnosis of MCI
was made by two neurological physicians with more than
five years of experience (XDQ and JJW) based on Peter-
son’s criteria as follows (Jia et al., 2016; Petersen et al.,
1999). The inclusion criteria required cognitive complains
in memory and/or other cognitive domains for at least three
months, objective cognitive impairments not meeting the
DSM-IV criteria for dementia, an abnormal clinical demen-
tia rating (CDR) of > 0.5 on at least one domain and a global
score<0.5 (Saygin et al., 2017), a Montreal cognitive
assessment (MoCA) score of <26 (Nasreddine et al., 2005;
Sun et al., 2023), and normal or near-normal performance
of daily life activities. The following cases were excluded
from the study: individuals with a history of psychiatric
disorder in any two lines of first- to third-degree biological
family; those with a history of strokes or transient ischemic
attack within three months; those with a history of seizures,
schizophrenia, or major depressive disorder; those with an
inherited or inflammatory small vessel illness; those who
previously suffered from a head injury with unconscious-
ness; those who used nootropics, such as Donepezil and
Kabalatine; those with significant clinical or surgical con-
ditions; those with physical disabilities, including aphasia,
blindness, or hemiplegia, which can prevent the fulfillment
of neuropsychological tests; and those with contraindica-
tions for MRI.

Patients with svMCI needed to meet at least one of the
following criteria: three or more supratentorial subcortical
minor infarcts with or without white matter lesions of any
severity; moderate to severe white matter lesion (score > 2
on the Fazekas rating scale) with or without small infarcts;
or one or more subcortical minor infarcts strategically posi-
tioned in the caudate nucleus, globus pallidus, or thalamus.
The evaluation of MRI images was done by two experi-
enced radiologists (JXC and HQL), who were unaware of
the participants’ identities. In cases of disagreement, they
would re-evaluate the images after discussion.

The NCs were recruited through advertisements from the
community of Shenzhen and had no prior history of neu-
rological or psychiatric disorders, no cognitive issues, and
their conventional brain MRI images were normal. Herein,
34 svMCI and 34 NCs were involved. The demographics
and clinical characteristics of all participants are presented
in Table 1.
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Table 1 Demographic data and Groups svMCI NC Tvalue  p value
clinical measures Subjects 4 4 3 3
Age (mean +SD) 63.32+6.81 61.4+4.96 1.505 0.137%
Sex (male/female) 16/18 14/20 - 0.807°
Education (mean+SD)  8.29+3.77 9.94+3.66 -1.826 0.072%
MoCA (mean + SD) 19.50+2.14 27.91+1.04° -17.40 <0.001*
eTIV 1452767.25+113371.94 1421756.43 +128990.46 1.053 0.296*

Notes: ® represents two sample t tests; ° represents x2; and © only data of 24 people are available. Abbrevia-
tions: svMCI, subcortical vascular mild cognitive impairment; NC, normal controls; SD, standard devia-
tion; MoCA, Montreal cognitive assessment; €TV, estimated total intracranial volume

MRI acquisition

MRI scanning was performed on a 3T scanner (GE medi-
cal system, MR750) with a 32-channel head coil. The
scanning criteria of T1 images were as follows: repetition
time=28.656 ms, echo time=3.22 ms, inversion time =450
ms, flip angle=12, matrix size=256X%256, slice thick-
ness= 1 mm, voxel size=1x1x 1 mm?, and sections=152.

Image processing

Utilizing the usual “recon-all” process in FreeSurfer 7.1
(http://surfer.nmr.mgh.harvard.edu/), the cortical surface
was reconstructed. Overall, the pictures were preprocessed
by movement correction, brain retrieval, Talairach trans-
formation, intensity correction, and segmentation of gray
matter, white matter, and cerebrospinal fluid from the brain
tissue. Additionally, the barrier between gray matter and
white matter was tessellated. The segmentation of subcorti-
cal structures was further explored using a nonlinear warp-
ing atlas.

Hippocampal segmentation

The hippocampal segmentation was performed using the
automated hippocampal module in FreeSurfer 7.1. Specifi-
cally, it was carried out using a Bayesian inference tech-
nique that employed a probabilistic atlas of the hippocampal
formation that was trained on a hybrid data set involving
in-vivo ultra-high-resolution (0.1 mm) MRI and ex-vivo
autopsied brain MRI from multiple subjects. This proba-
bilistic atlas was registered to T1 images in the individual
space for each subject. The published works of Saygin et
al. (Saygin et al., 2017), Iglesias et al. (Iglesias et al., 2015),
and Van Leemput et al. (Puonti et al., 2016) provided extra
details on the segmentation technique. To evaluate the qual-
ity of these segmentations, all segmented volumes of partic-
ipants were visually inspected by a trained operator (JXC).
Moreover, hippocampal subfield volumes were plotted and
outliers were flagged for a secondary inspection.

Gray matter volume alterations of hippocampal
sub-regions

Two-sample t-tests were employed to identify volume shifts
in hippocampal sub-regions adjusting for age, sex, educa-
tion, and estimated total intracranial volume (eTIV) (Jack
et al., 2015; Perrotin et al., 2015) utilizing SPSS Statistics
(Armonk, NY: IBM Corp., v.19.0). p <0.05 was judged sta-
tistically significant, not corrected.

Correlation analyses

Pearson’s partial correlation analyses between the volume
and MoCA scores of all hippocampal sub-regions that
exhibited gray matter atrophy were performed with age,
sex, eTIV, and educational level as covariates. The p <0.05
was judged statistically significant, not corrected. These
analyses were performed using SPSS 25.

Results
Demographics and clinical data

Demographics and clinical data (Table 1) were compared
between the two groups using a two-sample t-test. Sex was
analyzed using y%. Consequently, we found no significant
variation in age (p=0.137), sex (p=0.807), education
(»=0.072), or eTIV (p=0.296), but there was a significant
difference in MoCA between svMCI and NCs (p < 0.001).

Hippocampal segmentation

Hippocampal segmentation resulted in 19 sub-regions for
each hemisphere (Fig. 1): the hippocampal tail, subiculum
body, subiculum head, cornu ammonis (CA) 1 body, CAl
head, CA3 body, CA3 head, CA4 head, CA4 body, hip-
pocampal fissure, presubiculum head, presubiculum body,
parasubiculum, molecular layer hippocampal (ML-HP)
head, ML-HP body, granule cell molecular layer of dentate
gyrus (GC-ML-DG) head, GC-ML-DG body, fimbria, and
hippocampus-amygdala-transition-area (HATA).
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Fig. 1 Segmentation results of hippocampus on T1 MRI scans. The
images were shown with FSLeyes (https://fsl.fmrib.ox.ac.uk/fsl/fsl-
wiki/FSLeyes). Abbreviations: HATA, hippocampus-amygdala-tran-

sition-area; CA, cornu ammonis; GC-ML-DG, granule cell molecular
layer of the dentate gyrus; ML-HP, molecular layer hippocampus

Table 2 Gray matter volume alterations in hippocampal sub-regions in the svMCI compared to NC

Left hemisphere Right hemisphere

svMCI NC P corrected  SYMCI NC P corrected

Mean SD Mean SD Mean SD Mean SD
Hippocampal tail 495377  72.177 559.863 51.558  0.004 511.749 72958 575421 62.772  0.016
subiculum_body 238234  28.503  264.557 28.030 0.074 240.095 29916 258934 28.591  0.798
CA1_body 120.012  19.268  123.767 13.955 0.520 131.974  22.049 140.335 19.539 0.833
subiculum_head 168.201  22.844  177.383  26.845  0.287 174.549  31.016  190.663  23.652  0.721
hippocampal_fissure 156.463  21.592  146.402 24.765 0.040 169.038  29.652  162.233  33.084 0.074
presubiculum_head 124.865 16903  132.214 15.031  0.609 126.530  19.880  135.387 13.714  0.436
CA1 _head 480.680  57.561  497.243 48294  0.011 507.732  71.656  538.818 55444  0.139
Presubiculum_body 142.135  25.620 161.748 19.266  0.075 131.796  22.835 147311 17979 0.372
Parasubiculum 60.319 14.153  66.112 10.082  0.474 59.715 13.293  62.133 8.678 0.632
Molecular layer HP _head 305.395 35.599  319.164 30.507  0.011 320.595 46.282 344297 32569 0.383
Molecular layer HP body 211.425 24436 228.456 19366  0.463 221.300 30.526  244.001 25.795  0.227
GC ML DG head 147.586  20.659 154438 16.320 0.069 158.758  25.744 167317 17359 0.263
CA3 body 92.512 18.978  91.421 14.836  0.100 102.181  16.501  110.013  15.048  0.633
GC_ML _DG_body 132.584 15783  143.513 12.242  0.278 139.484  18.456  150.738  14.946  0.905
CA4 head 125.817 15416 129.824 13.563  0.033 134.591  21.069 140.135 14.016 0.184
CA4 body 120.706 15225 127.930 10.482  0.754 127.306  17.455 137.497 13.625 0.633
Fimbria 80.080 25.820  93.447 21.525  0.452 83.359 22482  89.604 18.467  0.691
CA3 head 126.198 19975 126326 16.630  0.011 135.813  25.588 136979 18.126  0.069
HATA 55.193 11.837  57.695 7.179 0.220 57.409 11.060  58.159 6.821 0.094

Abbreviations: HATA, hippocampus-amygdala-transition-area; CA, cornu ammonis; GC-ML-DG, granule cell molecular layer of dentate
gyrus; ML-HP, molecular layer hippocampus

GMV shifts of hippocampal sub-regions

In contrast to NCs, patients with svMCI demonstrated sig-
nificantly reduced GMV in several left hippocampal sub-
regions, including the left hippocampal tail(p,,.omecred =
0.004), left hippocampal fissure (p + = 0.040), left

uncorrecte:
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CAL1 head(p,,,correcica = 0.011), left ML-HP head(p,,,correcred
= 0.011), left CA4 head(p,,,.correcred = 0-033), and left CA3
head(®,,,correciea = 0-011), but only in the hippocampal tail
in the right hippocampal sub-regions(p,,,.omected = 0-016)
(Tables 2and Fig. 2).
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Fig. 2 The gray matter volume changes of hippocampal sub-regions.
Two-sample t-tests were employed to identify volume changes in hip-
pocampal sub-regions adjusting for age, sex, education, and estimated

-34 r=-0.468, p = 0.005

T T T T T T

16 18 20 22 24 26
MOCA scores

Adjusted gray matter volume in the left CA3 head

Fig.3 Relationship between gray matter volume and cognitive impair-
ments in patients with svMCI. The gray matter volume of left CA3
head was adjusted by regressing out covariates of age, sex, eTIV,
and educational level. Then, Pearson’s correlation analyses between
the volume of left CA3 head and MoCA scores in the patients with
svMCI were performed. Abbreviations: MoCA, Montreal cognitive
assessment

Results of correlation analyses

The GMV in the left CA3 head was negatively correlated
with MoCA scores in the svMCI (r = -0.468, p=0.005,
Fig. 3). However, no significant correlations were observed

Q/.
Qgﬁ,

)
’q’/

total intracranial volume (eTIV) between patients with svMCI and
NC.* represents significant results with p,,,,..,recrea< 0.05

Table 3 Results of correlation analyses

Subregions Pncorrected R values
Left Hippocampal tail 0.782 -0.052
Left Hippocampal _fissure 0.774 0.055
Left CA1 head 0.485 -0.132
Left Molecular_layer HP_head 0.976 -0.006
Left CA4_head 0.180 -0.251
Left CA3_head 0.005 -0.498
Right Hippocampal tail 0.201 0.240

between GMV of other altered hippocampal sub-regions
and MoCA scores in the svMCI (Table 3).

Discussion

Herein, we identified that the svMCI group presented hippo-
campal atrophy primarily in the right hippocampal tail and
several left hippocampal sub-regions, such as the hippo-
campal tail, hippocampal fissure, CA1 head, ML-HP head,
CA4 head, and CA3 head. Moreover, the GMV in the left
CA3 head was negatively associated to the MoCA scores in
patients with svMCI. Our results confirm a selective vulner-
ability of hippocampal sub-fields in patients with svMCI,
which adds to our understanding of the pathophysiological
mechanisms of cognitive impairment with subcortical vas-
cular origins.

Notably, the findings of this study have demonstrated
a discernible susceptibility of bilateral hippocampal sub-
regions, with a notable emphasis on the left. Consistent with
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this finding, a previous study reported that hippocampal
atrophy in the svMCI group was more lateralized towards
the left hemisphere, particularly in the left subiculum and
presubiculum (Li et al., 2016). Furthermore, the shape of
the left anterior hippocampus was reduced in patients with
svMCI, while those with moderate-to-severe clinical severi-
ties had a reduction in the shape of both anterior hippocampi
(Thong et al., 2014). Previous research with more severe
cognitive impairments reported more remarkable morpho-
logical alterations in the right hippocampal sub-regions (He
et al., 2022). In healthy elderly adults, the right hippocam-
pus tends to exhibit a larger volume than the left hippocam-
pus, with the left hippocampus being more susceptible to
vascular pathology than the right (Hou et al., 2013; Sarica et
al., 2018; Shi et al., 2009; Woolard & Heckers, 2012). Fur-
thermore, the asymmetry analysis in specific brain regions
was observed to be sensitive for predicting cognitive decline
(Long et al., 2018). It is possible to speculate that the left
hippocampus might be more sensitive than the right one in
the disease progression of svMCI.

Weidentified alterationsin CA1, ML, CA4,and CA3 inthe
individuals with svMCI. These results were similar to previ-
ous studies on amnestic mild cognitive impairment (Kang et
al., 2018), another sub-type of mild cognitive impairment,
which shared similar symptoms especially memory impair-
ments. Hippocampal CA1 pyramidal neurons play a crucial
role in the memory circuit of the medial temporal lobe and
are particularly susceptible to damage during the course
of Alzheimer’s disease. Meanwhile, research has depicted
that the CA1 subfield of the hippocampus in gerbils appears
to be vulnerable to anoxic-ischemic insults (Huang et al.,
2022; Kirino & Sano, 1984). Further, autopsy studies of
patients with microvascular pathology have demonstrated
notable atrophy and neuronal loss in the CA1 region (Kril et
al., 2002). Consequently, alterations identified in neurode-
generative and vascular cognitive impairments may imply
a common pathological mechanism for cognitive decline.
Meanwhile, the current investigation revealed that the hip-
pocampal tail, hippocampal fissure, and ML-HP head dis-
played discernible features that could differentiate svMCI
from control subjects. This suggests that the subcortical
vascular origin of this condition may result in a distinctive
pattern of hippocampal damage. However, different whole
hippocampal volumes derived from automatically or manu-
ally segmented MRI scans have been published (Pluta et al.,
2012; Yushkevich et al., 2010). It is important to note that
it is unsuitable to directly compare our results to previous
ones if different hippocampal subfields were used. In this
regard, we used the latest one, which is built with ultra-high
resolution ex vivo MRI data (~0.1 mm isotropic) and ex-
vivo autopsied brain MRI from multiple subjects.
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Unexpected, we identified a negative correlation between
decreased GMYV in the left CA3 head and MoCA scores in
individuals with svMCI. The hippocampus CA3 is primar-
ily responsible for memory and cognitive control and is
composed of pyramidal neurons (Kesner, 2013; Nakashiba
et al., 2009; Suthana et al., 2015). The arterial vasculariza-
tion of the hippocampus depends on the collateral branches
of the posterior cerebral artery and the anterior choroidal
artery, whereas the CA3 region may only be supplied by the
large dorsal hippocampal artery (Tatu & Vuillier, 2014). As
a consequence, brain ischemia has a particularly detrimental
impact on CA3, one of the most vulnerable subregions of
the hippocampus (Vatrinet et al., 2017). Hypoxia in the CA3
area of the hippocampus may impede energy production,
lead to hippocampal degeneration, and ultimately result in
neural malfunction by triggering inflammation and disrupt-
ing the integrity of the blood-brain barrier (Liu et al., 2022).
Since all subcortical infarcts were very small (<20 mm) and
white matter lesions (WMLs) were around the ventricle or
randomly distributed in the whole brain, it is extremely dif-
ficult to obtain all lacunas and microvascular lesions and
calculate WMH volume for each subject. Thus, we did not
explore the relationship between WMH volume and adjusted
CA3 volume of the subjects in this study to exclude the pos-
sibility that CA3 might be susceptible to ischemic lesions.
Additional attention should be paid to explain the negative
relationship between CA3 volume and MoCA in the svMCI.

Limitations

This research has some drawbacks. First, the relatively
small sample size with heterogencous vascular factors by
nature could reduce the external validity of current findings.
A larger sample size with multi-center is necessary to rep-
licate our results. Second, the cross-sectional research was
unable to establish a cause-and-effect connection between
neuroimaging alterations and cognitive deficits. Third, this
study focused on the structural modifications of hippocam-
pus sub-regions. Further studies considering the relationship
between the hippocampus and the rest of the whole brain are
required. Fourth, in the analysis of the relationship between
changes in imaging and clinical symptoms, specific focus on
regions such as executive function and their correlation with
imaging changes was unexplored. Additionally, future stud-
ies should consider including information on amyloid-beta
deposition and APOE genotyping, as these were important
biomarkers of Alzheimer’s disease. Finally, the significant p
value was not adjusted for multiple comparisons. More cau-
tion is needed for the explanation of our results.



Brain Imaging and Behavior

Conclusions

In our investigation, we observed several modifications in
GMYV that were primarily localized in the left hippocampal
sub-regions of individuals with svMCI. Notably, a reduction
in GMV within the left CA3 head sub-region was signifi-
cantly associated with disease severity. Our findings reveal
distinct patterns of atrophy within the hippocampal sub-
fields that underlie the pathophysiological mechanisms of
cognitive impairment in patients with svMCI. These results
may serve as a valuable resource for future investigations
aimed at elucidating svMCI pathogenesis.
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