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Abstract

Alzheimer’s disease (AD) affects the hippocampus during its progression, but
the specific observable changes of hippocampal subfields during disease pro-
gression remain poorly understood. In this study, we employed an event-based
model (EBM) to determine the sequence of occurrence of hippocampal sub-
field atrophy in mild cognitive impairment (MCI) and AD cohorts. Subjects
(207) were included: 86 MCI, 53 AD, and 68 healthy controls from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI). Participants underwent
structural magnetic resonance imaging (MRI) scans to analyse the hippocam-
pal subfields. We assigned each patient to a specific EBM stage, based on the
number of their abnormal subfields. A combination of 2-year follow-up MRI
scans were applied to demonstrate the longitudinal consistency and utility of
the model’s staging system. The model estimated that the earliest atrophy
occurs in the hippocampal fissure, then spreading to other subregions in both
MCI and AD. We identified a marked divergence between the sequences of left
and right hippocampal subfields atrophy, so inter-hemispheric asymmetry pat-
tern was further analysed. The sequence of asymmetry index (AI) increases
beginning in the molecular and granule cell layers of the dentate gyrus (GC-
ML-DG), cornus ammonis (CA) 4, and the molecular layer (ML). Longitudinal
analysis confirms the efficacy of the model. In addition, the model stages were

significantly correlated with patients’ memory scores (p < .05). Collectively,

Abbreviations: AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s disease assessment schedule - cognition; ADNI, Alzheimer’s Disease
Neuroimaging Initiative; AI, asymmetry index; ANOVA, analysis of variance; BC, Bhattacharrya coefficient; CA, cornus ammonis; CDR, Clinical
Dementia Rating; DG, dentate gyrus; EBM, event-based model; eHP, entire hippocampus; F, female; GC-ML-DG, granule cell layers of the dentate
gyrus; HATA, hippocampal amygdala transition area; HP, hippocampus; M, male; MCI, mild cognitive impairment; ML, molecular layer; MMSE,
Mini-Mental State Examination; NC, normal control; PET, positron emission tomography; RAVLT, Rey Auditory Verbal Learning Test; SD, standard
deviations; VR, volume ratio; WMS-R, Wechsler Memory Scale.
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1 | INTRODUCTION

Based on neuropathological data, the hippocampal sub-
fields show differential volumetric changes during
Alzheimer’s disease (AD) progression (Braak &
Braak, 1991; Fukutani et al., 2000; Lace et al., 2009;
Schonheit et al., 2004). Neuroimaging researchers have
captured corresponding morphological changes within
the hippocampus (HP; Apostolova et al., 2010; de Flores
et al., 2015; Pluta et al., 2012). For example, most mag-
netic resonance imaging (MRI) volumetric studies
highlighted a focal atrophy in the Cornu Ammonis
1 (CAl) in AD and mild cognitive impairment (MCI)
patients (Boutet et al., 2014; Mueller & Weiner, 2009;
Tang et al., 2015; Wisse et al., 2014). In a few studies,
early volume losses were also revealed in the subiculum
(de Flores et al., 2015), in the CA4/the dentate gyrus
(DG) (Pluta et al.,, 2012), and in the CA3/DG (Yassa
et al.,, 2010). The CA1 focal atrophy pattern was even
more pronounced in MCI patients who later progressed
to AD compared with those stable MCIs (Apostolova,
Mosconi, et al., 2010). A recent study found the progres-
sion from MCI to AD involved a more restricted number
of hippocampal subfields (Punzi et al., 2024). These
reports stress the importance of MRI-based hippocampal
subfield measurements as sensitive markers of AD

we used a data-driven method to provide new insight into AD hippocampal
progression. The present model could aid in understanding of the disease

stages, as well as tracking memory decline.

Alzheimer’s disease, disease progression, event-based model, hippocampus

processes and emphasize selective subfield atrophy pat-
tern which correlated with different clinical stages of AD.

Memory loss is often the first and most prominent
symptom of AD. The HP plays an important role in mem-
ory (Eichenbaum, 2004). However, the hippocampal sub-
fields are differently involved in memory impairment,
because each of which has distinct neurological functions
(O'Mara & Aggleton, 2019). Volumetric analysis on
healthy aging, MCI, and AD showed that CA1 and subi-
culum have important roles in visual and verbal episodic
memory (Zeng et al., 2021; Zhao et al., 2019). Other stud-
ies suggested that DG and CA3 may be more central to
encoding and retrieval processes than other subfields
(Zheng et al., 2018). It explained why some studies have
not found an association between whole hippocampal
volume and memory performances in AD (Clark
et al., 2020). Based on these findings, subfield atrophy
may account for memory dysfunction in the different
stages of AD. However, studies about the role of hippo-
campal subfields for memory of patients with AD pro-
gression are not well characterized.

Recent research has linked asymmetric alterations of
hippocampal subfields to MCI and AD progression
(Huang et al., 2020; Parker et al., 2019; Sarica et al., 2018;
Zhao et al., 2019). Some researchers found rightward
lateralization of hippocampal subfields in MCI, while
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leftward lateralization was evident in AD patients (Liu
et al., 2018; Roe et al., 2021; Weise et al., 2018; Wu
et al., 2020). Jahanshahi et al. used the asymmetry index
(AD) to investigate the subfields laterality and found
significantly difference of AI between AD and MCI, as
well as between AD and normal control (in subfields
such as molecular layer (ML), GC-ML-DG, and CA4)
(Jahanshahi et al., 2023). A general trend of increased
degree of asymmetry with increasing severity of diagnosis
was observed in MCI and AD groups.

Overall, evidence suggests that hippocampal subfields
atrophy and asymmetry changes were in a non-random
manner during disease progression and memory impair-
ment in the course of AD. However, it is unknown
whether there is a consistent and identifiable order in
which structural changes progress affecting different hip-
pocampal subfields over time. Additionally, previous
findings have been mainly confirmed by cross-section
comparisons between healthy aging, MCI, and AD
groups. Little attention has been given to longitudinal
analysis in AD disease continuum. In the present study,
we construct an event-based model (EBM) (Fonteijn
et al.,, 2012) to simulate AD disease progression and to
investigate the progression of hippocampal subfields atro-
phy and asymmetry changes. Therefore, we hypothesized
that (1) there is a sequence in which subfields become
atrophic and asymmetric; (2) this sequence is similar in
both MCI and AD patients.

2 | MATERIALS AND METHODS

2.1 | Subjects

Subjects were from the ADNI database downloaded from
the website (adni.loni.usc.edu). Inclusive and exclusive
criteria are at http://www.adni-info.org. The ADNI cri-
teria for normal controls (NC) were (1) no complain for
cognition decline, (2) a Mini-Mental State Examination
(MMSE) score of at least 24, and (3) a Clinical Dementia
Rating (CDR) score of 0. The ADNI criteria for MCI were
(1) a complain of subjective memory decline, (2) objective
memory decrease using the Wechsler Memory Scale
(WMS-R) logical memory test (Wechsler, 1987), (3) an
MMSE score > 24, (4) a CDR score of .5, and (5) a diagno-
sis of dementia could not be made at the time of screen-
ing by the site physician. The ADNI criteria for AD were
(1) an MMSE scores between 20 and 26 and (2) a CDR of
.5 or 1.0 at baseline (Petersen et al., 2010).

Based on the above criteria, we identified 207 subjects
from ADNI-2, including 68 NC, 86 MCI, and 53 AD. Sub-
jects who had a non-accelerated T1 MRI screening scan
at baseline and 2-year follow-up, and memory score at

S reo BITRVIR

baseline were included for our study. Written informed
consent was obtained from all participants or their
authorized representatives. Subjects who underwent a
scanning session but displayed incomplete clinical and
demographic information and/or explained technical
issues in their MRI raw data (severe motion, missing vol-
umes, or corrupted files) were excluded from the study
sample (Supplementary Figure. S1).

2.2 | Structural magnetic resonance
imaging

The ADNI-2 non-accelerated sagittal 3D T1-weighted MRI
sequence (repetition time = 7.34 ms, echo time = 3.04 ms,
inversion time = 400 ms, flip angle = 11°, matrix size =
256 x 256, voxel size (VS) =1 x 1 x 1.2 mm, field of view
(FOV) = 260, 196 slices) was performed for each partici-
pant for the baseline and the follow-up data. The ADNI-2
sequence was chosen as it has previously been used in sev-
eral large-scale longitudinal studies of neurodegenerative
and mental health disorders (Hedges et al., 2022; Tognin
et al., 2020).

2.3 | Hippocampal subfields volume
estimation

Volumetric measures of hippocampal subfields were
performed using FreeSurfer (version 6.0) (http://surfer.
nmr.mgh.harvard.edu). For each subject, we used the
FreeSurfer cross-sectional and longitudinal streams. The
baseline and follow-up scans are processed independently
for each subject. For longitudinal analysis, FreeSurfer
uses results from the cross-sectional analysis to create an
unbiased within-subject template; both of which are then
used to initialise the final longitudinal processing stage
(https://surfer.nmr.mgh.harvard.edu/fswiki/Longitudinal
Processing).

Automated segmentation of the hippocampal sub-
fields was performed based on a computational atlas
of the hippocampal formation using a combination
of ex vivo and in vivo MRI data (Iglesias et al., 2015). The
atlas includes the hippocampal tail, subiculum, CAl,
CA3, CA4 (do not include the proximal section of CA3),
the hippocampal fissure, presubiculum, parasubiculum,
the molecular layer (ML), the molecular and granule cell
layers of the dentate gyrus (GC-ML-DG), fimbria, and the
hippocampal amygdala transition area (HATA). It is
important to consider the relationship of the bilateral
hippocampal subfields and the entire HP (eHP), which
varies between individuals (Burwell & Agster, 2008; Xu
et al,, 2022). In this study, we used subfield-to-eHP

85U0|7 SUOWWD @A eaID 8|qedl|dde sy Aq peusenob aJe saonfe VO ‘@sn JO Sajni Joj ArIqiT8UlUQ A1\ UO (SUORIPUOD-PUR-SWBHW0D A8 1M Ae.d Ul |uo//Sdny) SUORIPUOD pUe swie 18U 88S *[20z/0T/9T] uo Ariqiiauliuo A8|IM BluiofieD JO AiseAn Aq evS9T UR/TTTT OT/I0p/W0o A8 | AreIq1 Ul UO//SONY W0J) pepeo|umMod ‘8 ‘#7202 ‘895609 T


http://adni.loni.usc.edu
http://www.adni-info.org
http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
https://surfer.nmr.mgh.harvard.edu/fswiki/LongitudinalProcessing
https://surfer.nmr.mgh.harvard.edu/fswiki/LongitudinalProcessing

XU ET AL.

= LwiLey- DN

volume ratio (VR) for further statistical analyses. The for-
mula was:

(Left + Right)
R— o TEE
(Left + Right) "

We also calculated left subfield-to-eHP VR and right
subfield-to-eHP VR for statistical analyses.

2.4 | Hippocampal subfields AI

As previously studied (Eshaghi et al., 2018; Fonteijn
et al.,, 2011; Young et al., 2014), we calculated the volu-
metric Al by the following formula:

__|Left — Right]|

=—————%100
|Left + Right|

2.5 | The EBM

We used the EBM, as previously studied (Eshaghi
et al., 2018; Fonteijn et al., 2011; Young et al., 2014), to
estimate the maximum-likelihood sequence in which
hippocampal subfields become atrophic and asymmetric
over time based on our NC and MCI/AD patients.
We normalized all measures using a linear model:
measureadzw. Standard deviations (SD;
+1.5) from the means of the NC were defined as an
abnormal event for each biomarker of an individual
(including the normal control and patients); reversely,
other data were included as normal events (Tan
et al., 2023). The advantage of this method is that it
represents the continuous linear accumulation of
changes caused by pathologic damage, rather than an
instantaneous switch from normal to abnormal (Zhou
et al., 2023). We calculated respective EBMs for (i) MCI,
(ii) AD, and (iii) all patients together. We present EBMs
as positional density heat maps, also known as positional
variance diagrams (Fonteijn et al., 2011). The more fre-
quent the occurrence of the events, the higher they are in
the order of disease progression. We defined each partici-
pant to their maximume-likelihood numerical stage
within the model (Young et al., 2014). Patients can be
staged by identifying the events (subfield structural
changes) within the event sequence that have already
become abnormal (Eshaghi et al., 2018; Fonteijn
et al., 2011; Young et al., 2014). The Bhattacharrya coeffi-
cient (BC) was used to measure the similarity for the
models between MCI, AD, and all patients (Liese &
Miescke, 2008; Oxtoby et al., 2021; Tan et al., 2023). Since
the ordering of events depends on the data and the

progression of disease, the similarity of the baseline
models reflects the credibility of the model. EBM code is
available at https://github.com/ucl-mig.

2.6 | Longitudinal consistency

The follow-up data were processed independently for
EBM as the baseline data. We assessed the predictive
capabilities of the EBM under the hypothesis that the
stage increases with time, in line with our understanding
of AD as a progressive disease. This was tested by esti-
mating MCI and AD subjects’ stages at 2-year follow-up
and comparing to baseline.

2.7 | Correlation with memory
performance

The composite episodic memory score was derived from
the ADNI database (Crane et al., 2012). The score was
calculated from four memory tests: memory components
of MMSE, AD assessment schedule-cognition (ADAS-
Cog, three versions), longitudinal Rey Auditory Verbal
Learning Test (RAVLT, two versions), and logical mem-
ory task. The scores have a mean of 0 and a standard
deviation (SD) of 1 (Crane et al., 2012). The score was
used to verify the staging under the hypothesis that a sub-
ject with a high EBM stage will have a poor memory
performance.

2.8 | Statistical analysis

Demographics and cognitive outcomes were compared
between diagnostic groups using analysis of variance
(ANOVA) for continuous variables and Chi-squared for
categorical variables in all subjects and within diagnostic
groups. Partial correlation analyses were conducted to
determine the relationship between the EBM VR/AI
stage and memory score in all patients and within diag-
nostic groups regressing out the covariates (including
age, gender, and education).

3 | RESULTS

3.1 | Participants

Briefly, we included 207 subjects: 86 MCI, 53 AD and
68 NC from the ADNI-2 database who had a baseline
and 2-year follow-up MRI assessments. Clinical and demo-
graphic data of study participants are presented in Table 1.
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TABLE 1 Demographic and clinical characteristics of NC, MCI, and AD.

Variable

Age
Education
Gender (M/F)
MMSE

CDR

Memory score

NC, N = 68
Mean (SD)
72.56 + 6.01
16.35 + 2.76
31/37

29.06 + 1.29°"4¢

Oab,ac

824 + .4723P¢

MCI, N = 86
Mean (SD)
72.98 + 7.14
16.01 + 2.73
49/37

27.63 + 1.64°7P¢

Sab,bc

126 + .4123%b¢

AD, N = 53
Mean (SD)
75.45 + 8.1
15.04 + 2.90*
33/20

22.79 + 2.48°%"°
78 £ 27°P¢
—.689 + 371%™

T Wiy L

p-values
.059
.031
159
<.001
<.001
<.001

Superscripts indicate that the pairwise groups have statistical significance using the LSD (if homogeneity of variance) or Game-Howell (if heterogeneity of

variance). Chi-square test for gender distribution differences assessment.

Abbreviations: AD, Alzheimer’s disease; CDR, Clinical Dementia Rating; LSD, least significant difference; MCI, mild cognitive impairment; Memory,
harmonized composite memory score; MMSE, Mini-Mental State Examination, NC, normal cognition; SD, standard deviation.

*NC, "MCI, °AD.

Significant difference p < .05 between NC and MCIL.
“Significant difference p < .05 between NC and AD.
beSignificant difference p < .05 between MCI and AD.

TABLE 2 Hippocampal subfield volume-to-eHP volume (10~ 2) of three groups at baseline.

Subfield NC MCI AD p-values
Tail 14.50 + 1.38 14.71 + 1.49 14.76 + 1.57 .563
Subiculum 12.66 + .57°0 12.44 + .73% 12.14 + .64 <.001
CAl 19.11 + .93% 19.29 + 1.01* 19.84 + 1.15%" <.001
HP fissure 5.50 + .82%0:¢ 5.94 + .98%>:b¢ 6.44 + .82%b¢ <.001
Presubiculum 8.46 + .61 8.38 + .67 8.20 + .70 .079
Parasubiculum 1.86 + .36 1.84 + .34 1.83 + 41 865
ML 16.60 + .31°>2¢ 16.43 + 37%° 16.34 + .39°° <.001
GC-ML-DG 8.67 + .43 8.77 + .46 8.82 + .49 174
CA3 6.32 + .59 6.44 + .59 6.47 + .64 329
CA4 7.49 + .37 7.61 + .40 7.69 + .45 025
Fimbria 249 + .56 230 + .63 2.10 + .67 .003
HATA 1.84 + .16 1.89 + .20 1.83 + .24 128

Superscripts indicate that the pairwise groups have statistical significance using the LSD.
Abbreviations: AD, Alzheimer’s disease; CA, cornus ammonis; GC-ML-DG, the molecular and granule cell layers of the dentate gyrus; HATA, hippocampal
amygdalar transition area; HP, hippocampus; LSD, least significant difference; MCI, mild cognitive impairment; ML, the molecular layer; NC, normal control.

NC, "MCL, °AD,

Significant difference p < .05/12 = .004 between NC and MCI.
Significant difference p < .05/12 = .004 between NC and AD.
PeSignificant difference p < .05/12 = .004 between MCI and AD.

At baseline, education, MMSE, CDR, and memory score
differed significantly between groups (education: p = .031,
MMSE, CDR, and memory score: p < .001).

3.2 | Hippocampal subfield VR

At baseline, both MCI and AD patients showed larger VR
in subiculum, HP fissure, and ML than NC (p < .05,

Bonferroni corrected) controlling for age, education, and
gender (Table 2). Also, AD patients had larger VR than
MCI in bilateral CA1 and HP fissure (Table 2). Longitudi-
nally, repeated measures analyses showed that MCI
patients had larger VR in bilateral HP fissure and CA4
than NC (p < .05, Bonferroni corrected) (Table 3). AD
patients had larger VR in bilateral CA1 and HP fissure,
smaller VR in bilateral subiculum, and ML than NC
(p < .05, Bonferroni corrected) (Table 3). No significance
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TABLE 3 Hippocampal subfield volume -to-eHP volume (10~2) of three groups at 2-year follow-up.
Subfield NC MCI AD p-values
Tail 14.61 + 1.48 14.51 + 1.59 15.07 +1.31 154
Subiculum 12.68 + .55% 12.36 + .81 12.15 + .73% .001
CAl 19.15 + .94% 19.36 + .98 19.82 + 1.18* .006
HP fissure 5.61 + .78°> 6.15 + 1.00™ 6.47 + .84 <.001
Presubiculum 8.52 + .55 8.37 £ .69 8.20 +£.73 .059
Parasubiculum 1.86 + .37 1.84 + .34 1.80 + .33 .709
ML 16.59 + .29% 16.45 + .37 16.32 + .44% .002
GC-ML-DG 8.61 + .43 8.82 + .48 8.77 + .52 .059
CA3 6.25 + .59 6.52 + .60 6.37 + .60 .054
CA4 7.43 + .36™ 7.68 + .43%° 7.64 + 44 .003
Fimbria 2.47 + .53%¢ 2.21 + .66 2.04 + .67 .003
HATA 1.85 + .17 1.89 + .21 1.82 + .22 .207

Superscripts indicate that the pairwise groups have statistical significance using the LSD.
Abbreviations: AD, Alzheimer’s disease; CA, cornus ammonis; GC-ML-DG, the molecular and granule cell layers of the dentate gyrus; HATA, hippocampal

amygdalar transition area; HP, hippocampus; MCI, mild cognitive impairment; ML, the molecular layer; NC, normal control.

NC, "MCL, °AD,

abSjgnificant difference p < .05/12 = .004 between NC and MCI.
*Significant difference p < .05/12 = .004 between NC and AD.
chigniﬁcant difference p < .05/12 = .004 between MCI and AD.

in hippocampal subfield VR existed between MCI and
AD groups during the 2-year follow-up period (Table 3).

3.3 | Asymmetry of hippocampal
subfields

At baseline, seven subfields showed increased AI in AD
patients than NC (Bonferroni corrected, p < .004). They
included the tail, subiculum, parasubiculum, ML, GC-ML-
DG, CA3, and CA4 (Table 4). Whereas compared to MCI,
AD patients showed increased AI in the subiculum
(Table 4). At 2-year follow-up, eight subfields showed
increased Al in AD patients than NC (Bonferroni cor-
rected, p < .004). They included the tail, subiculum, CA1,
HP fissure, ML, GC-ML-DG, CA3, CA4, and fimbria
(Table 5). Moreover, we found that AD patients showed
increased Al in the subiculum, HP fissure, and CA4 com-
pared to MCI at 2-year follow-up (Table 5). However, no
difference in AI between NC and MCI existed at any time.

3.4 | Sequence of atrophy and
asymmetry progression

We estimated the sequences in which these 12 hippocam-
pal subfields become atrophic in patients with MCI and
AD. In bilateral VR analysis, the first changed subfield

was the HP fissure, followed by CAl, 3, 4 and GC-ML-
DG, and lower-ranked subfields were subiculum, fimbria,
and ML in both MCI and AD groups (Figure 1). The
models show high qualitative and quantitative concor-
dance: statistical similarity BC between MCI and AD
groups was .89 + .18, BC between MCI and all patients
was.95 + .05, and BC between AD and all patients was
91 £+ .13. In left subfield VR analysis, in all patient
group, atrophy of ML and fissure were estimated to start
first and the parasubiculum relatively late (Figure 2). In
right subfield VR analysis, in all patient group, atrophy of
subiculum appeared first, followed by CA4, and finally
parasubiculum, yet the following structures showed a
large degree of uncertainty (Figure 2). BC between the
left and right subfield was .60 + .41. We identified
marked difference between the sequences of left and
right hippocampal subfields atrophy, so asymmetry pat-
tern was further analysed.

When the EBM was used to estimate the sequence of
asymemtry progression of the selected 12 hippocampal
subfields, the model estimated that asymmetry progres-
sion started with the GC-ML-DG, CA4, and ML, while
the late affected subfields were the parasubiculum and
HP fissure (Figure 3). The models show some qualitative
and quantitative concordance: statistical similarity BC
between MCI and AD groups was .73 + .24, BC between
MCI and all patients was .92 + .05, and BC between AD
and all patients was .77 + .25.
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TABLE 4 Hippocampal subfield asymmetry index of three groups at baseline.

Subfield NC MCI AD p-values
Tail 3.66 + 3.245%¢ 5.04 + 3.80 6.04 + 7.11% 022
Subiculum 2.83 + 2.92%¢ 3.47 + 2.56> 5.50 + 4.38%%P¢ <.001
CAl 3.46 + 2.50 4.56 + 3.38 5.01 + 4.52 .037
HP fissure 6.91 + 5.86 7.43 + 5.43 9.15 + 7.27 119
Presubiculum 4.88 + 3.77 5.72 + 4.16 7.14 + 5.97 .027
Parasubiculum 8.23 + 6.54% 8.83 + 6.62 12.32 + 10.32%¢ .009
ML 2.65 + 2.12% 3.81 +2.91 5.01 + 3.96% <.001
GC-ML-DG 3.62 + 3.09% 5.46 + 4.10 6.72 + 4.82*° <.001
CA3 6.13 + 4.27* 7.79 + 5.05 9.05 + 6.33* .008
ca4 3.64 + 3.27% 5.22 + 4.03 7.06 + 4.80* <.001
Fimbria 8.41 +7.59 13.08 + 13.66 14.09 + 13.50 016
HATA 7.44 + 6.73 7.83 + 6.26 8.41 + 6.99 723
Whole HP 2.46 + 2.10% 3.48 +2.62 4.88 + 4.14*¢ <.001

Superscripts indicate that the pairwise groups have statistical significance using the LSD.

Abbreviations: AD, Alzheimer’s disease; CA, cornus ammonis; GC-ML-DG, the molecular and granule cell layers of the dentate gyrus; HATA, hippocampal
amygdalar transition area HP, hippocampus; LSD, least significant difference; MCI, mild cognitive impairment; ML, the molecular layer; NC, normal
cognition.

ANC, "MCI, °AD,

Significant difference p < .05/13 = .004 between NC and MCI.

“Significant difference p < .05/13 = .004 between NC and AD.

PSignificant difference p < .05/13 = .004 between MCI and AD.

TABLE 5 Hippocampal subfield asymmetry index of three groups at 2-year follow-up.

Subfield NC MCI AD p-values
Tail 3.85 + 3.23% 4.83 + 4.15 7.31 + 6.24% .001
Subiculum 2.46 + 3.77% 3.73 + 2.60 6.81 + 5.642%P¢ <.001
CcAl 3.85 + 4.56°° 5.06 + 3.76 6.79 + 6.61% 017
HP fissure 6.37 + 4.54% 7.23 + 5.21%° 11.40 + 9.273%b¢ <.001
Presubiculum 5.18 + 4.46 5.96 + 4.22 7.43 + 5.24 .057
Parasubiculum 8.39 + 6.63 9.76 + 7.16 12.01 + 9.00 .064
ML 2.94 + 3.88% 421 +3.13 6.51 + 6.16% .001
GC-ML-DG 3.71 + 3.57°° 5.81 + 4.49 8.54 + 6.86% <.001
CA3 5.31 + 4.71°° 7.37 + 5.59 10.81 + 7.55% <.001
CA4 3.43 + 3.18% 5.65 + 4.38" 8.80 + 7.35%P¢ <.001
Fimbria 7.95 + 6.91* 13.01 + 11.02 14.60 + 13.85*° .006
HATA 7.29 + 7.76 6.63 + 5.81 10.54 + 7.38 016
Whole HP 2.67 + 3.47% 3.78 + 2.82% 6.26 + 5.623%P¢ <.001

Superscripts indicate that the pairwise groups have statistical significance using the LSD.

Abbreviations: AD, Alzheimer’s disease; CA, cornus ammonis; GC-ML-DG, the molecular and granule cell layers of the dentate gyrus; HATA, hippocampal
amygdalar transition area; HP, hippocampus; LSD, least significant difference; MCI, mild cognitive impairment; ML, the molecular layer; NC, normal
cognition.

ANC, "MCI, °AD,

*Significant difference p < .05/13 = .004 between NC and MCI.

Significant difference p < .05/13 = .004 between NC and AD.

PeSignificant difference p < .05/13 = .004 between MCI and AD.
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Sequences of atrophy progression and patient staging. The positional variance diagrams for (a) MCI, (b) AD and (c) merged

cohort of patients, show the maximum likelihood sequences of atrophy and their associated uncertainty. In (a)-(c), the y-axis shows the

maximum likelihood sequence of atrophy progression, and the x-axis shows the sequence position ranging from one to the total number of
subfields. Colour intensity of the squares represents the posterior confidence in each hippocampal subfield’s position in the sequence. The
location of highest colour intensity means the most probable sequence of this subfield. (d) Distribution of subject EBM stages. The

proportion is with respect to the total patients. AD, Alzheimer’s disease; CA, cornus ammonis; EBM, event-based model; GC-ML-DG, the
molecular and granule cell layers of the dentate gyrus; HATA, hippocampal amygdalar transition area; HP, hippocampus; MCI, mild

cognitive impairment; ML, the molecular layer.

3.5 | Patient staging

We assigned each participant to their most likely
numerical stage within the model (Fonteijn et al., 2011).
Histograms of the staging results are shown in
Figures 1(d) and 3(d). In VR analysis, both MCI and
AD cohorts were clustered at the early stages, with the
majority at stage 1. In Al analysis, the AD cohort was
distributed throughout the sequence with the peak at
the first event, whereas the MCI cohort was clustered
at the early stages with >60% at Stage 1. This suggests
that the cohort of AD cases was temporally more het-
erogeneous which supports the importance of accu-
rately staging patients using objective biomarkers.

3.6 | Longitudinal consistency

The longitudinal consistency of the EBM staging system
was tested using 2-year follow-up data. Figure 4(a,b)
show the EBM stages at baseline versus the EBM stages
at 2-year follow-up. Overall, on this metric, the EBM
showed good longitudinal consistency with each subjects
EBM stage generally increasing or remaining stable at
2-year follow-up: 195/207 cases (94.24%) in VR and
174/207 cases (84.17%) in Al either stayed at the same
stage or progressed. In VR analysis, of the 12 MCI/AD
cases that reverted in stage, nine only dropped one stage,
whereas three dropped two stages (Figure 4(a)). In Al
analysis, of the 33 MCI/AD cases that reverted in stage,
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FIGURE 2 Sequences of atrophy progression in all patients. The maximum likelihood map for (a) left hippocampal subfields and

(b) right hippocampal subfields. Colour intensity of the squares represents the posterior confidence in each hippocampal subfield’s position
in the sequence. The location of highest colour intensity means the most probable sequence of this subfield. CA, cornus ammonis; GC-ML-
DG, the molecular and granule cell layers of the dentate gyrus; HATA, hippocampal amygdalar transition area; HP, hippocampus; ML, the

molecular layer.

nine only dropped one stage, nine dropped two stages,
eight dropped three stages, two dropped four stages,
three dropped five stages, and two dropped six stages
(Figure 4(b)). It confirms that the subject stages generally
increase, or stay constant with time, as expected. Few of
the cases drop stages. The EBM showed a good longitudi-
nal consistency.

3.7 | Correlation with memory
performance

We tested whether the EBM stages were related to mem-
ory after correcting for age, sex, and education. At base-
line, the AT EBM stage was negatively correlated with
memory score (p =.019, r = —.201; Figure 5) in MCI
and AD patients. However, there was no association
between the VR EBM stages and the memory in any clin-
ical phenotype.

4 | DISCUSSION

We used a data-driven EBM to simulate AD disease pro-
gression. We revealed the maximum likelihood sequence
in which hippocampal subfields become atrophic and
asymmetric in MCI and AD patients. These sequences
were consistent in key subfields: hippocampal fissure was
the earliest region to become atrophic; GC-ML-DG, CA4,
and ML were among the earliest regions to become

asymmetric in both MCI and AD patients. Longitudinal
analysis performed using 2 years of follow-up data from
baseline confirms efficacy of the model. 94.24% in VR
and 84.17% in Al remained in the same stage or pro-
gressed to a later stage over 2 years. The model derived
Al staging correlated with memory.

The order of atrophy progression in the EBM for most
regions was similar between MCI and AD. This is in
agreement with AD neurodegenerative process, since
MCI is either a prodromal stage (according to the 2011
NIA-AA nomenclature) or clinical Stage 3 (according to
the 2018 NIA-AA framework) of AD and the pathological
processes are regionally consistent between MCI and
AD patients (Braak & Braak, 1990; Duyckaerts &
Hauw, 1997). The earliest VR change in our model occurs
in the hippocampal fissure, then spreading to other sub-
fields. The early involvement of the fissure is well
reported (Izzo et al., 2020; Murray et al, 2021; Qu
et al., 2023; Worker et al., 2018). Hippocampal fissure vol-
ume was found as an early neuroimaging biomarker to
assist the clinical diagnosis of MCI and AD (Izzo
et al., 2020; Qu et al., 2023). Interestingly, our findings
suggest the early VR of the hippocampal fissure enlarge-
ment in MCI and AD. But this did not mean the hyper-
trophy of the hippocampal fissure. Actually, all of the
hippocampal subfields showed atrophy in the MCI and
AD group (Supplementary Table S1). Given that differ-
ences in the hippocampal subfield pathology are found in
AD (Braak & Braak, 1991; Fukutani et al., 2000; Lace
et al., 2009; Schonheit et al., 2004), we chose to focus on
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Sequences of asymmetry progression and patient staging. The positional variance diagrams for (a) MCI, (b) AD, and

(c) merged cohort of patients, show the maximum likelihood sequences of atrophy and their associated uncertainty. In (a)-(c), the y-axis

shows the maximum likelihood sequence of asymmetry progression, and the x-axis shows the sequence position ranging from one to the

total number of subfields. Colour intensity of the squares represents the posterior confidence in each hippocampal subfield’s position in the

sequence. The location of highest colour intensity means the most probable sequence of this subfield. (d) Distribution of subject EBM stages.
The proportion is with respect to the total patients. AD, Alzheimer’s disease; CA, cornus ammonis; EBM, event-based model; GC-ML-DG,
the molecular and granule cell layers of the dentate gyrus; HATA, hippocampal amygdalar transition area; HP, hippocampus; MCI, mild

cognitive impairment; ML, the molecular layer.

the ratio of volumes as our target measure of interest. We
also tried to build a EBM model based on the subflieds’
volumes (Supplementary Figure S2). The result showed
an overlap among each subfield reflects the uncertainty
in the order. But we still can find the earliest atrophy in
the hippocampal fissure in MCI and AD patients.

By further similarity comparison, we found that the
sequence of left subfield atrophy progression was differ-
ent from that of the right side in MCI and AD patients,
although the fissure was impacted relatively early on
both sides. Therefore, we further investigated the asym-
metry analyses. Al EBM model placed GC-ML-DG, CA4,
and ML before CA1 and subiculum, and overall predicted
a central-to-peripheral pattern of asymmetry progression.

This may support the evidence from tau deposition pat-
tern within HP in AD (Bobinski et al.,, 1998; Lace
et al.,, 2009; West et al., 2004). Lace et al. revealed a
spread of tau malfunction through neuroanatomical
pathways began in the inner ML (Lace et al., 2009). In
line with tau pathology, according to hippocampal trisy-
naptic circuit, signals from the entorhinal cortex transmit
to DG, then to CA1-3, finally to the subiculum (Stepan
et al., 2015). This parallel pattern between atrophy asym-
metry progression and pathology and neuronal connec-
tions suggests that they should be related, although this
relationship is not fully elucidated. Our findings provided
support for the hypothesis that disease processes may
spread via tau pathology or/and neuronal connections.
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Although previous studies have found a general trend
of increased degree of asymmetry of hippocampal sub-
fields with increasing severity of diagnosis of AD
(Maruszak & Thuret, 2014; Sarica et al., 2018), we know
relatively little about its progression. The current study
fills this gap by using MRI to examine for the first time
the asymmetric progression of the hippocampal subfields
implicated in AD. Analysing both volumetric atrophy
and asymmetry patterns could inform the development of
individualized MRI biomarkers (Alhusaini et al., 2012).
Thus, it was very interesting to visualize these orderings
of asymmetric hippocampal subfields’ events in AD pro-
gression. These findings were validated by correlating the

patient stages derived from asymmetry orderings with
memory scores. The negative correlation underlies the pro-
gress of the disease and offers the potential for novel thera-
peutic intervention to ameliorate progression of memory
impairment by interrupting anatomical progression.

A particular strength of our study is the analysis of a
2-year follow up data which supports many of our con-
clusions at the baseline in both cohorts. Specifically, the
EBM showed quantitative agreement on the early injury
of CA4 and GC-ML-DG. This is quite consistent with
previous studies reporting that CA4 and GC-ML-DG
regions were both sensitive (Huang et al., 2022; Liang
et al., 2018). More in detail, the researchers found that
atrophy of these two regions might be an early biomarker
for distinguishing NC from MCI and predicting memory
impairment (Huang et al., 2022; Liang et al., 2018;
Novellino et al., 2018). In AD, where no effective treat-
ment is available at the moment, selective enrolment
applying CA4 and GC-ML-DG as imaging biomarkers
can be applied for testing innovative treatments targeting
not only AD stages but also memory deficits phenomena.

We found that memory was negatively associated
with asymmetry stages in MCI and AD patients. In
addition, the AI of GC-ML-DG, CA4, and ML was nega-
tively correlated with memory scores (CA4: p = .006,
r = —.234; GC-ML-DG: p=.019, r=—-.201; ML: p=
.034, r = —.182). While in VR analysis, no significant
relationship was found between the stages and the
memory in any groups. The VR of hippocampal fissure
was significantly correlated with memory scores
(p < .001, r = —.319). Overall, the different relationships
between memory performance and hippocampal subfield
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morphology are reflected in different researches. For
example, selected subfield (e.g. CA4, DG, subiculum)
atrophy has been shown to correlate with memory per-
formance (Carlesimo et al., 2015; O’Shea et al., 2022). In
a study of AD and dementia with Lewy bodies, no associ-
ation was found between hippocampal subfield volumes
and memory function decline (Borda et al., 2020). Even
an inverse association was observed, in which smaller
volume was associated with better memory performance
(Caillaud et al., 2020). This discrepancy pattern could be
due to various ways of measuring memory or subject dif-
ferences. We suppose that in addition to structural atro-
phy, asymmetry changes should be a more reliable
biomarker in the study of memory decline. In line with
previous studies (Toga & Thompson, 2003; Woolard &
Heckers, 2012), the asymmetry of the subfield may serve
as a neuroanatomical marker to predict memory.

5 | LIMITATION

This study design has several limitations. First, we only
included MCI patients who were relatively stable during
the 2-year follow-up. None of them progressed to AD or
reversed to NC. It is suggested to assess hippocampal sub-
field atrophy asymmetry in future studies in other pre-
clinical AD diseases such as amnestic MCI, semantic
MCI, and subjective cognitive decline. Second, we used
3D-T1 images from ADNI-2 dataset. Although FreeSurfer
has been a widely used and validated automated hippo-
campal subfield segmentation tool, the segmentation
results of the hippocampal subfields should also be vali-
dated at higher resolution or using other automated seg-
mented tools in the future. Third, due to the small
sample sizes included in the present study, we suggest
that it would be beneficial in future to assess these reli-
ability metrics in a larger sample with three or more time
points to validate our findings. Prospective data is pre-
ferred with enough follow-up time to allow for conver-
sion of MCI patients to AD.

6 | CONCLUSION

We used data-driven event-based modeling to determine
the sequence of atrophy and asymmetry progression of
hippocampal subfields in MCI and AD patients. The
models showed similarity in many key sub-regions
between the two cohorts and good longitudinal consis-
tency between baseline and a 2-year follow-up. The char-
acteristic sequences fit the current understanding of AD
tau pathology and neuronal connections of HP. We
gained new insights into the disease stages as well as

memory decline. We expect that these disease progres-
sion models will benefit patient monitoring in the future,
and may help optimize novel therapeutic intervention for
memory deficits.
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