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Abstract.

Background: Predicting the prognosis of mild cognitive impairment (MCI) has outstanding clinical value, and the hippocam-
pal volume is a reliable imaging biomarker of AD diagnosis.

Objective: We aimed to longitudinally assess hippocampal sub-regional difference (volume and asymmetry) among pro-
gressive MCI (pMCI), stable MCI (sMCI) patients, and normal elderly.

Methods: We identified 29 pMCI, 52 sMCI, and 102 normal controls (NC) from the ADNI database. All participants under-
went neuropsychological assessment and 3T MRI scans three times. The time interval between consecutive MRI sessions
was about 1 year. Volumes of hippocampal subfield were measured by Freesurfer. Based on the analysis of variance, repeated
measures analyses, and receiver operating characteristic curves, we compared cross-sectional and longitudinal alteration
sub-regional volume and asymmetry index.

Results: Compared to NC, both MCI groups showed significant atrophy in all subfields. At baseline, pMCI have a smaller
volume than sMCI in the bilateral subiculum, molecular layer (ML), the molecular and granule cell layers of the dentate
gyrus, cornu ammonis 4, and right tail. Furthermore, repeated measures analyses revealed that pMCI patients showed a faster
volume loss than sMClI in bilateral subiculum and ML. After controlling for age, gender, and education, most results remained
unchanged. However, none of the hippocampal sub-regional volumes performed better than the whole hippocampus in ROC
analyses, and no asymmetric difference between pMCI and sMCI was found.

Conclusion: The faster volume loss in subiculum and ML suggest a higher risk of disease progression in MCI patients. The
hippocampal asymmetry may have smaller value in predicting the MCI prognosis.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
cause of dementia and characterized by the progres-
sive cognitive decline, especially memory deficit. The
core pathological markers of AD are amyloid-3 (AB)
and neurofibrillary tangles (NFTs). As no effective
medicine exists, studies have thus paid more atten-
tion to mild cognitive impairment (MCI) [1], which
is deemed as individuals having a high risk of AD.
Notably, about 8.3 to 31.4% of MCI patients convert
to AD [2-4], and these MCI were thus defined as
progressive MCI (pMCI). However, more than half
of MCI patients do not progress even after a 10-year
follow-up [5, 6]. Undoubtedly, the management of
stable MCI (sMCI) increases the pressure on medical
resources.

Due to the reproducible and non-invasive nature,
MRI-based imaging biomarkers are important in the
early diagnosis and prognosis assessment of AD.
As the pivotal structure of episodic memory medi-
ation, volume of hippocampus (HP) is one of the
most reliable imaging biomarkers [7]. By measur-
ing the whole hippocampal volume, previous studies
have shown significant hippocampal atrophy in MCI
patients. However, the HP is a heterogeneous for-
mation. According to histological grounds, we can
divide the HP into several subfields such as subiculum
and cornu ammonis (CA 1-4) [8], which show dif-
ferential vulnerability to AD pathology. Previously,
neuropathological studies showed NFTs are trans-
mitted along CA1 to CA4 along the AD continuum
[9, 10]. In addition, West et al. have reported that
AD patients showed reductions of 68% in CAl and
47% in the subiculum [11]. Therefore, the HP sub-
regions might be more sensitive as a biomarker than
the HP overall volume measurement [12]. Recently,
some cross-section studies have demonstrated that
the volume of subiculum and CAl could effec-
tively distinguish MCI [13-15], or even subjective
cognitive decline (SCD) [15], from normal aging.
However, whether sMCI and pMCI have differences
in the volume of HP subregion or in the rate of pro-
gression, remains unclear.

In addition to volume, asymmetry of HP is also a
potentially effective biomarker for predicting the risk
of AD [14, 16, 17]. Specifically, cerebral laterality is
a property of the human brain [18, 19]. Previous AD
studies frequently reported regional abnormalities in
hemispheric asymmetry, including a smaller volume
and faster atrophy, especially in the left hemisphere
[20-24]. Asymmetry alteration of MCI and AD in

limbic structures have been reported [25]. Further-
more, pMCI patients showed asymmetric differences
in the medial temporal lobe compared to sMCI [26].
Consistently, prior work also found the lateraliza-
tion of hippocampal subfields. In the continuum from
MCI to AD, Sarica et al. have found a general trend
of elevated asymmetric degree of HP volume with
increasing diagnosis severity [27]. As far as we know,
the dynamic alteration of HP subfields volume in MCI
patients is still unclear. Further, whether HP asymme-
try is an indicator to predict the clinical prognosis of
MCI remains unclear.

We aimed to evaluate longitudinal changes of hip-
pocampal subfields alteration in both pMCI and sMCI
patients over a 2-year follow-up. The HP indicators
we focus on include sub-regional volume and asym-
metry index (AI) [25, 28-32]. Based on previous
research results that HP subfields are differentially
susceptible to tau protein deposition, we thus hypoth-
esized that the volume or Al of subiculum and CA1
might predict the differences in clinical outcomes of
MCI.

MATERIALS AND METHODS

Farticipants

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) database (http://www.loni.ucla.
edu/ADNI).

We selected subjects from the ADNI2-population
based on study forms downloaded from the website.
The ADNI criteria for normal controls (NC) were:
1) a Mini-Mental State Examination (MMSE) score
of equal to or higher than 24 out of 30; 2) a Clini-
cal Dementia Rating (CDR) score of 0; 3) and has
no report of any cognition complaint. The ADNI
criteria for MCI were: 1) subjective memory com-
plaints; 2) objective memory loss defined as scoring
below an education-adjusted cut-off score on delayed
recall of the Wechsler Memory Scale (WMS-R) log-
ical memory test; 3) a global CDR score of 0.5; 4)
a MMSE score of equal to, or higher than, 24 out
of 30; and 5) general cognitive and functional per-
formance sufficiently preserved such that a diagnosis
of dementia could not be made by the site physician
at the time of screening. The MCI patients which
convert to AD according to the NINCDS-ADRDA
criteria [33] within four years would be defined as
pMCI. Accordingly, the sMCI was defined as diag-
nostic status remaining as MCI for a minimum of
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three years [34, 35]. In order to improve reliability,
we only include sMCI patients which have unchanged
diagnosis at least four years into our study.

Based on the above criteria, we identified 99 MCI
patients (including 31 pMCI and 68 sMCI) and 108
NC underwent MRI scan and neuropsychological
assessments at all three time points. After screen-
ing procedure, we excluded 17 subjects (9 sMCI
patients, 2 pMCI patients, and 6 NC) because of signs
of depression (the Geriatric Depression Scale, score
>5) during the follow-up period. Additionally, we
excluded 7 sMCI patients who had CDR score as 0 at
several times points during the follow-up periods.

Finally, we identified 183 subjects, including
81 MCI (29 pMCI, 52 sMCI) and 102 NC. Notably,
the time intervals between three times of scan-
ning were 1.05=£0.11 years (range: 0.5-1.5) and
1.02£0.11 years (range: 0.7-1.6), respectively. For
the reliability and repeatability of our study, we
selected 80 AB-negative NC and 67 A3-positive MCI
based on the cutoff of global AV45 SUVR to compose
a subset for further analyses [36].

Image acquisition

Sagittal 3D T1-weighted MRI sequence (TE/Tl/
TR =2.98/900/2300 ms, matrix size 256 x 256 x
176, slice thickness = 1.20 mm) were performed for
each participant. Details of the ADNI neuroimag-
ing acquisition protocol are publicly available on
the Laboratory of Neuroimaging (LONI) website
(http://www.loni.ucla.edu/ADNI).

Hippocampal subfields volume estimation

Volumetric estimation of hippocampal subfields
was performed using FreeSurfer (version 6.0,
http://surfer.nmr.mgh.harvard.edu). Automated seg-
mentation of the hippocampus to its respective
subfields was performed based on a computational
atlas of the hippocampal formation, based on ex vivo,
ultrahigh-resolution MRI [37]. The atlas includes
CA1, CA2/3, CA4, fimbria, the hippocampal fissure,
presubiculum, subiculum, hippocampal tail, para-
subiculum, the molecular and granule cell layers of
the dentate gyrus (GC-ML-DG), the molecular layer
(ML), and the hippocampal amygdala transition area
(HATA). In this study, we focused on seven regions
into the analysis as previous AD-related studies: the
tail, subiculum, CA1, CA2/3, CA4, the ML, and the
GC-ML-DG [38]. It should be noted that the hip-
pocampal subfields segmentation and corresponding

T1-weighted structural images for each participant
were visually inspected using Freeview (see Fig. 1).
Also, to correct the effects of the brain volume size,
we calculated the estimated total intracranial vol-
ume (TIV). As described previously, TIV estimation
by FreeSurfer is an atlas-based estimation approach
as described previously [39]. In this study, we used
subfield-to-TIV ratio for further statistical analyses.

Asymmetry index

To quantify the magnitude of hippocampal sub-
regional asymmetry, we calculated the Al by using
the following formula:

|Left - Right|
Asymmetry Index,Al = ——————— * 100,
Left + Right

As previous studies described [25, 28—32]. In addi-
tion, we also calculated the sub-regional asymmetry
for further analyses using the Left/Right volumetric
ratio.

Statistical analysis

Regarding demographic data, we used the analysis
of variance (ANOVA) to compare the age, education,
CDR, and MMSE among three groups; subsequently,
we performed the post-hoc two-sample z-test. The
Chi-square test was used for gender distribution dif-
ferences assessment (p <0.05).

Regarding the imaging measures, we applied the
analysis of covariance (ANCOVA) for finding differ-
ences in each of the hippocampal subfields’ volumes
and asymmetric features (Als and Left/Right ratios)
among the three groups (age, gender, and years of
education as covariates) at three times (baseline, Time
1, and Time 2). Further, we used repeated measures
analyses to detect longitudinal hippocampal subfield
volumes alteration. We assessed the main effect of
time and group-by-time interaction among the three
groups. Age, gender, and education were considered
as covariates in analyses. Same as above, we calcu-
lated the difference of sub-regional volume changes
between the left and right hemisphere. In order to test
the hippocampal subfield volumes for differentiation
between pMCI and sMCI, we performed ROC anal-
yses for each subfield volume after correcting for age
by linear regression in NC group.

We repeated statistical analyses described above in
the amyloid stratified subset.
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Fig. 1. Flow diagram of participants selection and hippocampal segmentation. NC, normal controls; sMCI, stable mild cognitive impairment;
pMCI, progressive mild cognitive impairment; GDS, Geriatric Depression Scale.

RESULTS

Characteristics of the study population

Table 1 showed the demographic and clinical char-
acteristics of our cohort. At baseline, three groups
did not differ in terms of age (p =0.674) and gender
(»p=0.754). Also, there was no significant differ-
ence between sMCI and pMCI patients on MMSE
(p=0.910) and CDR scores at baseline. However, the
NC group had a slightly higher educational level than
sMCI group (p=0.028).

Hippocampal sub-regional volume

At baseline, both pMCI and sMCI patients showed
smaller volume in all subfields than NC (p <0.05,

Bonferroni corrected) controlling for age, educa-
tion, and gender (Table 2). Also, pMCI patients
showed more volume loss than sMCI in the bilateral
subiculum, ML, GC-ML-DG, left CA4, and right tail
(Table 2). Results of sub-regional volume at Time 1
and Time 2 were shown in Supplementary Tables 1
and 2.

Longitudinally, repeated measures analyses
showed that atrophy in bilateral subiculum and ML
were faster in pMCI patients than sMCI (p <0.05,
Bonferroni corrected) controlling for age, education,
and gender (Table 3, Fig. 2). Besides, repeated
measures analyses (control for gender, age, and
education) revealed that no significance between left
and right hippocampal sub-regional atrophy existed
in each group during the 2-year follow-up period
(Supplementary Table 3).
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Table 1
Sociodemographic and Clinical Characteristics of NC, sMCI, and pMCI
Controls N=102 sMCIN=52 pMCIN=29 p

Age

Baseline 73.64 +6.05 72.92+7.38 72.56 +7.43 0.674

Time 1 74.71+6.03 73.94+7.37 73.58£7.44 0.646

Time 2 75.72+6.02 74.98 +7.39 74.58 +7.46 0.654
Education 16.77+2.43 15.79+£2.84 15.90 +£2.58 0.052
Gender (F/M) 45/57 23/29 15/14 0.754
AB+AB- 22/80 34/18 29/0
Summary SUVR 1.06+0.11 1.19+0.17 1.44+£0.16 <0.001
MMSE

Baseline 29.10+1.25 26.87+1.33 26.83+1.61 <0.001

Time 1 28.98+1.23 27.25+1.79 2621 £1.54 <0.001

Time 2 29.03+1.25 26.92+2.11 2431+£242 <0.001
CDR

Baseline 0 0.5 0.5 <0.001

Time 1 0 0.5 0.55+0.16 <0.001

Time 2 0 0.5 0.834+0.33 <0.001

NC, normal controls; sMCI, stable mild cognitive impairment; pMCI, progressive mild cognitive impair-
ment; AB+/AB-, Amyloid- status determined by AV45 PET; Summary SUVR, Summary standard
uptake value ratio normalized by whole cerebellum; MMSE, Mini-Mental State Examination; CDR,
Clinical Dementia Rating.

Table 2
Hippocampal Subfield-to-TIV (107%) of Three Groups at Baseline
NC sMCI pMCI
Left Tail 317.09+£49.38 297.08 +59.38* 263.48 +45.09*
Left Subiculum 273.88 +34.94 251.60 +41.99* 229.81£33.82%
Left CAl 396.43 +£47.08 368.62 £+ 57.69% 349.52+41.67%
Left CA2/3 127.24+19.45 119.78 £22.21% 113.84 +20.19*
Left CA4 157.21 +£20.39 146.42 £23.01* 136.17 £ 17.83%
Left GC-ML-DG 182.12+24.08 167.62 £27.51% 155.72 £21.52%
Left ML 349.30 +40.95 322.17 +53.35% 298.76 £ 41.27*
Right Tail 333.18+51.29 310.50 £55.75% 276.06 & 38.74%
Right Subiculum 271.37+33.75 253.26 +41.84* 230.43 £35.05%
Right CA1 414.81 £48.95 391.11 £+ 68.80% 366.60 & 52.50*
Right CA2/3 139.07 +£20.15 133.26 £26.48" 125.20+21.09*
Right CA4 162.60 £ 19.60 155.12£26.58% 145.23 +19.68%
Right GC-ML-DG 188.36 +23.45 178.96 + 33.09% 165.30 + 24.30%
Right ML 355.95+41.42 335.60 £ 59.43% 306.60 & 44.33®

AStatistical significance, p<0.05/14=0.0036, compared to NC. PStatistical significance, p <0.05/
14 =0.0036, compared to sMCI. NC, normal controls; sSMCI, stable mild cognitive impairment; pMCI,
progressive mild cognitive impairment; CA, cornu ammonis; GC-ML-DG, the molecular and granule

cell layers of the dentate gyrus; ML, the molecular layer.

Asymmetry of hippocampal subfields

Both pMCI and sMCI patients showed increased
Al in the subiculum compared to NC at baseline
controlling the age, gender, and education (Table 4).
Moreover, we found that pMCI patients showed
increased Al in CA2/3 and ML (Supplementary
Tables 4 and 5), whereas sMCI patients showed these
differences at Time 2 (Supplementary Table 5). How-
ever, no difference in Al between pMCI and sMCI
existed at any time.

In addition, we also used the Left/Right ratio to
reflect asymmetry, but no significant results were
detected (Supplementary Table 6).

Results of the ROC analyses in each subfields
and whole hippocampus

The Supplementary Table 7 summarized the for-
mulas between age and sub-regional volume in NC
group. Supplementary Table 8 and Supplementary
Figures 1-4 none of the hippocampal subfield vol-



242 Q. Zeng et al. / Distinct Atrophy Pattern of Hippocampal Subfields

Table 3
Time effects and group-by-time interaction for significant hip-
pocampal subfields between pMCI and sMCI groups

Repeated measures

ANOVA
Time Group * Time
F p F p
Left Tail 0.677 0509  2.407 0.049
Left Subiculum 0.645 0526 5352 <0.001*
Left CA1 0976 0379  3.773 0.005
Left CA2/3 0.114 0892  3.465 0.009
Left CA4 0.700  0.498  2.054 0.086
Left GC-ML-DG 0.595 0553 2245 0.064
Left ML 1.579 0209 5225 <0.0012
Right Tail 1.434 0241 2015 0.092
Right Subiculum 1.115 0330  6.928 <0.001*
Right CA1 0.605  0.547  3.468 0.009
Right CA2/3 0366  0.694  2.470 0.044
Right CA4 0.104 0901  2.150 0.074
Right GC-ML-DG  0.075 0928  2.399 0.050
Right ML 0229 0795 4.646 0.001*

Statistical significance, p <0.05/14 =0.0036. sMCI, stable mild
cognitive impairment; pMCI, progressive mild cognitive impair-
ment; ML, the molecular layer; HP, hippocampus.

umes performed better than the total hippocampus
volume.

Results of statistical analyses in amyloid
stratified sample

The demographic, clinical characteristics of amy-
loid stratified sample and volumes of hippocampal
subfields were shown in Supplementary Tables 9—12.
Repeated measures analyses showed that atrophy in
bilateral subiculum and ML were faster in pMCI
patients than sMCI (p <0.05, Bonferroni corrected)
controlling for age, education, and gender (Supple-
mentary Table 13). The results of Al in the subset
were similar as in the whole cohort (Supplementary
Table 14-16).

DISCUSSION

Currently, we aimed to assess the distinct damage
pattern of HP subfields (volume and AI) in sMCI and
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Fig. 2. Mean hippocampal subfield-to-TIV volume ratios (107®) between groups at baseline, Time 1 and Time 2 (adjusted for age, gender
and education). NC, normal controls; sMCI, stable mild cognitive impairment; pMCI, progressive mild cognitive impairment; CA, cornu
ammonis; GC-ML-DG, the molecular and granule cell layers of the dentate gyrus; ML, the molecular layer.
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Table 4
Hippocampal sub-regional Al of NC, sMCI, and pMCI at baseline
NC sMCI pMCI
Tail 3.70 £ 2.65 5.14+3.87 4.75+3.17
Subiculum 2.37+2.08 3.88 +3.44% 4.31+£3.29*
CAl 343+2.52 4.62 £3.55 3.94+3.04
CA2/3 5.80+£3.98 7.27+5.05 6.42+4.70
CA4 3.20+2.45 444 +£3.89 440+3.44
GC-ML-DG 3.154+2.42 4.69 +3.89 3.994+3.28
ML 2.30+1.90 3.83+3.30* 370+ 3.14%

Statistical significance, p <0.05/7 =0.007, compared to NC. NC,
normal controls; sMCI, stable mild cognitive impairment; pMCI,
progressive mild cognitive impairment; CA, cornu ammonis; GC-
ML-DG, the molecular and granule cell layers of the dentate gyrus;
ML, the molecular layer; HP, hippocampus.

pMCI patients based on a longitudinal dataset. At
baseline, pMCI patients had smaller volume in sev-
eral subfields such as subiculum and ML than sMCI
patients. During the follow-up period, pMCI patients
showed faster atrophy in bilateral subiculum and ML
than sMCI. However, regarding the asymmetric pat-
tern, no significant difference in Al was observed
between pMCI and sMCI at any time. Specifically,
the results remained unchanged in amyloid stratified
sample. Our work demonstrated that the distinct pat-
tern of HP sub-regional atrophy might predict the
progression of MCI patients.

First, we found that MCI patients showed sig-
nificant atrophy in all subfields relative to NC at
baseline. Previous work pointed out that HP plays
essential roles in episodic memory formation [40,
41], and it is susceptible to the AD-related patholo-
gies, especially the NFTs [9, 42-44]. Our findings
were consistent with previous studies, documenting
the MCI patients had smaller HP volume than NC
[45—47]. Furthermore, a meta-analysis of 14 stud-
ies (including 365 MCI and 382 NC) has reported
that MCI patients had average volume reduction of
12.9% and 11.1% in the left and right HP respec-
tively [47]. Besides, MCI converters had less volume
in HP (including the bilateral subiculum, CA4-DG,
and CA2-3) than non-converters [48, 49].

At the sub-regional level, our results showed that
pMCI had smaller volume in subiculum than sMCI
at baseline. Anatomically, the subiculum locates
between the neocortex and the HP, receiving and
processing the spatial, mnemonic and movement
information from the entorhinal cortex. The subicu-
lum also modulates neuronal activation from the HP
to cortical or subcortical areas. Multiple studies have
demonstrated that calculating the volume of HP sub-
fields has a higher sensitivity than whole volume
in differential diagnosis and prognosis of AD. For

example, Mizutani and Kasahara have observed that
mild AD patients had a remarkable neuronal loss in
the subiculum but only a slight loss in the global
hippocampus [50]. In the MCI cohort, de Flores et
al. stated that alteration of subicular volume would
be more sensitive to detect cerebral change than
whole HP, and it is associated with memory perfor-
mance [51]. Based on a previous neuropathological
study, we considered that smaller subiculum in pMCI
patients at baseline might represent the early struc-
tural disconnection caused by NFTs in an early stage
[52, 53]. Accordingly, subicular atrophy is poten-
tially one of the earliest imaging markers in AD [54].
Longitudinally, our results also showed that pMCI
patients had faster subicular atrophy than sMCI. A
possible explanation might be that severe atrophy
(pyramidal neurons loss) in subiculum would signifi-
cantly influence communication between the HP and
other connected regions, further leading to increased
cognitive impairment.

Similarly, pMCI patients showed faster volume
loss in ML than sMCI. In this study, the ML con-
sists of molecular layer for subiculum and CA fields
[37]. Synaptic connection and interneurons in the
ML are associated with the regulation of activities
in the hippocampal complex. Both the CA (espe-
cially CAl) and subiculum are dominant regions
attacked by NFTs in the hippocampal formation,
composing of different cellular layers such as stra-
tum radiatum and lacunosum moleculare (SRLM).
Histologically, the aggregation of hyperphosphory-
lated tau-protein lead to degeneration of synapse in
the SRLM earlier than the neuronal loss in stratum
pyramidale [55-58]. Kerchner et al. have observed
that less volume of SRLM in AD patients by manual
segmentation [59]. In line with previous studies, our
results revealed that pMCI have faster atrophy in the
ML than sMCI. Synaptic loss in ML might influence
information communication between the pyramidal
cells and interneurons, further lead to inter-subfields
dysconnectivity and finally result in cognitive impair-
ment especially memory deficit. However, during the
follow-up period, no significant difference of atrophy
in CA fields between pMCI and sMCI was found. We
considered that volume loss in the CA field, which
reflects the death of neuronal bodies (components,
located below the synapse), would appear in the late
AD stage. Given that the relatively mild cognitive
symptoms of our pMCI cohort, thus we only detected
severer synaptic degeneration in ML.

Unexpectedly, we found that the AI is not sen-
sitive to distinguish pMCI from sMCI. Previously,
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hemispheric specialization is considered as a prop-
erty of the human brain [18], and abnormal pattern of
asymmetry might reflect neural pathology to some
extent [32, 60, 61]. Currently, we only noted that
pMCI and sMCI patients had increased Als compared
to NC, but no significant difference between pMCI
and sMCI patients existed at baseline and follow-up
time points. To be specific, there was no difference
between atrophy rate of left and right HP subfields,
but the sub-regional volume of left HP was smaller
than the right one. The previous study has reported
that asymmetry difference in medial temporal lobe
could predict MCI-conversion. Also, Sarica et al.
have found different sub-patterns of the hippocampal
structure and a trend of increased asymmetric degree
from NC to AD [27]. Consistent with our results,
they did not find any difference of Als between sMCI
and pMCI after Bonferroni’s correction. The poten-
tial reason of negative Al result is that: first, the
volume of subfields is small (only several hundred
cubic millimeters), potentially weakening the statis-
tic power due to floor effects; second, the left and
right hippocampus might experience similar atrophy
rate in the both pMCI and sMCI after the appearance
of cognitive deficit (hippocampal volume lower than
threshold). According to the calculation formula, the
Al was calculated by the ratio between difference
and sum of left and right sub-regional volume. Thus,
during the follow-up period, volume loss in each sub-
field may not lead to the significant variation of the
Al between pMCI and sMCI.

There were also some limitations in current study.
First, hippocampal sub-regional segmentation only
used T1-weighted images provided by 3T MR scan-
ner. It may be challenging to define the boundaries of
hippocampal subfields especially in several small vol-
ume subfields. Further studies using 7T MRI would
be more precise to measure sub-regional volume.
Second, a 2-year follow-up period may be not long
enough. Specifically, we only included MCI patients
who would progress to AD after approximately 2
years. Thus, these patients preferentially represent
for the MCI at the late stage. Further studies with a
longer follow-up period are needed. Third, the sample
size of pMCI groups was small. Studies with larger
sample size would be more beneficial for detection
distinct pattern of hippocampal sub-regional atrophy.
Finally, no AD-related neuropathological data such
as cerebrospinal fluid or PET were included in our
study. Recently, NIA-AA has proposed a novel bio-
logical definition of AD independent from classical
symptomatic definition [62]. Individuals with both

abnormal amyloid and tau biomarkers could be clas-
sified as AD. Thus, the application of AD-related
biomarkers would be beneficial to detect cerebral
change under pathological process.

In conclusion, our longitudinal study demonstrated
that hippocampal subfields have distinct damage
pattern between pMCI and sMCI patients. In partic-
ularly, a faster reduction in subiculum and ML might
suggest a higher risk of disease progression in MCI
patients. This work may help clinicians effectively
determining the progression risk of MCI patients.
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