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Hippocampal subfields exhibit differential vulnerabilities to Alzheimer’s disease-associated pathology including ab-
normal accumulation of amyloid-β deposition and neurofibrillary tangles. These pathological processes extensively
impact on the structural and functional interconnectivities of the subfields andmay explain the association between
hippocampal dysfunction and cognitive deficits. In this study, we investigated the degree of alterations in the
microstructure of hippocampal subfields across the clinical continuum of Alzheimer’s disease.
We applied a grey matter-specific multi-compartment diffusion model (Cortical-Neurite orientation dispersion and
density imaging) to understand the differential effects of Alzheimer’s disease pathology on the hippocampal subfield
microstructure. A total of 119 participantswere included in this cross-sectional study. Participantswere stratified into
three categories, cognitively normal (n=47), mild cognitive impairment (n=52), and Alzheimer’s disease (n=19).
DiffusionMRI,plasmabiomarkersandneuropsychological test scoreswereused todeterminetheassociationbetween
themicrostructural integrity andAlzheimer’s disease-associatedmolecular indicators and cognition. ForAlzheimer’s
disease-related plasma biomarkers, we studied amyloid-β, total tau and neurofilament light; for Alzheimer’s disease-
relatedneuropsychological tests,we included theTrailMakingTest, ReyAuditoryVerbal LearningTest,Digit Spanand
Montreal Cognitive Assessment.
Comparisons between cognitively normal subjects and those with mild cognitive impairment showed significant
microstructural alterations in the hippocampal cornu ammonis (CA) 4 and dentate gyrus region, whereas CA 1–3
was themost sensitive region for the later stages in the Alzheimer’s disease clinical continuum. Among imagingme-
trics formicrostructures, the volume fraction of isotropic diffusion for interstitial freewater demonstrated the largest
effect size in between-group comparisons. Regarding the plasma biomarkers, neurofilament light appeared to be the
most sensitivebiomarker for associationswithmicrostructural imagingfindings inCA4-dentate gyrus.CA1–3was the
subfield which had stronger correlations between cognitive performance and microstructural metrics. Particularly,
poor performance on the Rey Auditory Verbal Learning Test and Montreal Cognitive Assessment was associated
with decreased intracellular volume fraction.
Overall, ourfindings support the value of tissue-specificmicrostructural imaging for providingpathologically relevant
information manifesting in the plasma biomarkers and neuropsychological outcomes across various stages of
Alzheimer’s disease.
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Introduction
Sporadic Alzheimer’s disease is a neurodegenerative disease that is

one of the most common causes of dementia. Symptomatic phases

of Alzheimer’s disease progression, starting with the prodromal

phase of mild cognitive impairment (MCI) and advancing with de-

mentia severity, are well characterized by pathological alterations in

cortical structures andwhitematter degeneration.1 These pathologic-

al alterations are also shown to correlate with cognitive decline.1 The

neuropathological hallmarks of Alzheimer’s disease include abnor-

mal accumulation of amyloid-β (Aβ) in extracellular neuritic plaques

and intra-cellular neurofibrillary tangles, which are composed of hy-

perphosphorylated microtubule-associated tau protein.2,3 The accu-

mulation of these pathological proteins begins years, even decades,

before the onset of clinical symptoms.4

A number of studies have reported abnormal deposition of Aβ
and neurofibrillary tangles in the medial temporal lobe, including
the hippocampus, during the early stages of Alzheimer’s disease.5

The hippocampus along with its parahippocampal network con-
nections is considered to be one of the most important regions
supporting episodic memory.6 Since episodic memory is one of
the earliest and most severely affected cognitive functions in
Alzheimer’s disease,7 the involvement of the hippocampus in
Alzheimer’s disease is of primary research interest.

The hippocampus is a heterogeneous and complex region con-
sisting of functionally and anatomically interconnecting, yet dis-
tinct subfields.8 These subfields include the subiculum complex
(anterior hippocampus), the cornu ammonis (CA) subregions com-
prising CA1–4 (posterior regions), the dentate gyrus (DG) and the

hippocampal fissure. A number of histopathological studies sug-
gest that there are differential Alzheimer’s disease-associated
pathological changes among various hippocampal subfields.9 The
Alzheimer’s disease-associated differential changes among the
subfields are also observed in structuralMRI studies using volumet-
ric,9 shape-based10 and diffusion MRI.11,12

The accumulation of neurofibrillary tangles and Aβ-aggregates
starts at the very early stages of the Alzheimer’s disease in the hippo-
campal regions. These pathological proteins disrupt the tissuemicro-
structural organization, resulting in deterioration of the tissue
cytoarchitecture andmyeloarchitecture, causing sclerosis and partial
breakdown of intracellular organelles. Alterations in these micro-
structural barriers likely influence the water diffusivity profile of the
underlying tissue in the hippocampus.13 These microstructural
changes are often a precursor of macroscopic volumetric changes
and some studies have reported that these changes are independent
of macroscopic volume loss.14–17 On this basis, several studies have
employed diffusion tensor imaging (DTI) to detect Alzheimer’s
disease-associated pathological alterations in the microstructural or-
ganization of hippocampal tissue.11,12,18–21 Recent studies, however,
have cast doubt on the sensitivity ofDTI-derivedmicrostructural indi-
ces in detectingAlzheimer’s disease-associated changes in thehippo-
campus, compared with macroscopic volumetric changes.12,22,23

Owing to the heterogeneous microstructural organization of grey
matter, we believe that some of the discrepancies in the literature
maybe due to methodological limitation of DTI in mapping
Alzheimer’s disease-associated pathological alterations in the hippo-
campus. Since DTI assumes the diffusion process to be Gaussian, it
can only provide average measurements of water diffusion from
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multiple compartments (e.g. intracellular space, extracellular matrix,
compartments with isotropic diffusivity). These compartments would
likely exhibit different diffusivities, shapes and orientations; thus, DTI
cannot properly capture diffusivity profile in regions of complex white
matter fibre configurations, highly heterogeneous regions such as the
grey matter and voxels contaminated by partial volume effect24–28 To
addresssomeof the limitationsofDTI, a recent studyemployedawhite
matter neurite orientation dispersion and density imaging (NODDI)
model29 to estimate the sensitivity of the multi-compartment model
over the single tensor scheme in the hippocampus of healthy ageing
participants30 The authors reported higher sensitivity of the NODDI
model to age-related differences in grey matter compared with DTI.

The aim of the present cross-sectional study was to elucidate the
microstructural alterations in hippocampal subfields during the pro-
dromal and dementia stages of Alzheimer’s disease. We examined
the differential effects of Alzheimer’s disease-related pathology on
the hippocampal subfield microstructure using a tissue-specific
multi-compartment diffusion model. We hypothesize that the grey
matter-specific multi-compartment model (Cortical-NODDI)31 would
be sensitive to Alzheimer’s disease-associated pathological altera-
tions in hippocampal subfield microstructures across various stages
of the disease. To the end, we investigate the relationship of the
NODDI-derived greymattermicrostructuralmetrics in thehippocam-
pal subfields with Alzheimer’s disease plasma biomarkers, namely,
the ratio of Aβ42 to Aβ40, total tau and neurofilament light chain
(NfL). We further hypothesize that these grey matter microstructural
metricswill be significantlyassociatedwithcritical cognitiveperform-
ance in Alzheimer’s disease.

Materials and methods
Study participants

A total of 119 participants from the Indiana Memory and Aging
Study (IMAS) at the Indiana Alzheimer’s Disease Research Center

(IADRC) were included in this cross-sectional study. The partici-
pants included cognitively normal controls (n=47), individuals
with mild cognitive impairment (MCI; n=52) and patients with
Alzheimer disease (n=19). Demographic distribution of the partici-
pants is provided in Table 1. All IADRC participants received the
Uniform Data Set (UDS3)32 battery (used in National Institute on
AgingAlzheimer’sDisease ResearchCenters) and additional neuro-
psychological tests used at the IADRC with special emphasis on
memory and executive function (see details in the neuropsycho-
logical assessment section). Exclusion criteria were significant
cerebrovascular disease or malformations; history of systemic
chemotherapy or radiation therapy to the head; current major de-
pression; history of schizophrenia, bipolar disorder, developmental
disability, Parkinson’s disease or other neurological disorders,
brain surgery, brain infection, or significant head injury; and
alcohol or illicit drug dependency. All participants providedwritten
informed consent according to procedures approved by the
Institutional Committee for the Protection of Human Subjects at
Indiana University School of Medicine.

Clinical and neuropsychological assessment

Participants were evaluated using a detailed neuropsychological
protocol, including measures of memory, attention, executive
function, language, spatial ability, general intellectual ability and
psychomotor speed, as well as other tests in standard dementia
screens. Tests included, but were not limited to, the Trail Making
Test [TMT, Part A, Part B and the difference (B − A)], Rey Auditory
Verbal Learning Test (RAVLT) immediate recall and delayed recall,
digit span (forward and backward), MoCA, clinical dementia rating
scale, the 15-item geriatric depression scale and the cognitive
change index to evaluate self-reported subjective cognitive
decline.33,34

Diagnoses were made based on amultidisciplinary clinical con-
sensus panel review aligning with the criteria by National Institute

Table 1 Demographic, plasma biomarkers and cognitive profiles of the participants

Group P-value

CN (n=47) MCI (n=52) AD (n=19) CN versus
MCI

CN versus
AD

MCI versus
AD

Age (years) 70.75± 4.78 72.98 ± 6.61 72.84 ±8.41 0.06 0.32 0.95
Education (years) 16.57± 2.34 15.67 ± 2.85 15.42 ±3.17 0.08 0.16 0.76
Sex (female/male) 36/11 30/22 12/8 0.04 0.26 0.68
Race (Caucasian/African American/Asian/others) 38/9/0/0 45/7/0/0 14/5/1/0 0.44 0.25 0.09
APOE e4 carrier status: sample size (0:1)a n=42 (27/15) n=45 (17/28) n=17 (4/13) 0.01 0.005 0.29
Aβ40 (pg/ml) 272.74± 62.82 291.54± 58.49 278.76 ±69.40 0.23 0.82 0.63
Aβ42 (pg/ml) 14.54± 3.86 13.78 ± 3.20 12.61 ±3.74 0.40 0.19 0.41
Aβ42/Aβ40 0.053± 0.009 0.047 ± 0.006 0.045 ±0.005 0.002 0.001 0.29
T-tau (pg/ml) 3.96 ± 1.54 3.83 ± 0.93 4.32 ±0.76 0.67 0.33 0.12
NfL (pg/ml) 19.12± 7.78 25.41 ± 10.75 36.34 ±16.31 0.01 0.009 0.07
TMT-A 30.46± 9.08 43.40 ± 28.17 80.00 ±42.96 0.003 <0.001 0.008
TMT-B 71.06± 24.76 130.63± 74.92 221.87 ±70.84 <0.001 <0.001 <0.001
TMT-(B−A) 40.59± 20.59 90.83 ± 73.78 145.25 ±40.99 <0.001 <0.001 0.008
RAVLT-IR 46.83± 8.04 29.88 ± 6.86 23.85 ±6.67 <0.001 <0.001 0.06
RAVLT-DR 10.02± 2.75 2.78 ± 2.74 1.28 ±2.56 <0.001 <0.001 0.19
Digit span forward 8.04± 2.14 7.33 ± 2.51 6.26 ±2.25 0.13 0.013 0.13
Digit span backward 7.21± 2.15 5.58 ± 2.09 4.53 ±3.33 <0.001 0.009 0.26
MoCA 26.27± 2.01 20.76 ± 3.78 12.58 ±5.73 <0.001 <0.001 <0.001

AD = Alzheimer’s disease; CN = cognitively normal; DR=delayed recall; IR= immediate recall; MoCA = Montreal Cognitive Assessment; RAVLT-IR = sum score of initial five
learning trials. P-values were derived from the Welch’s t-test except for sex, race and APOE where P-values were obtained using chi-squared test (χ2 test).
a0 =non-carrier for alleles e2 e3 and e3 e3; 1 = carrier for alleles e2 e4, e3 e4, and e4 e4.
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on Aging-Alzheimer’s Association workgroups (NIH-AA)35 at the
time of study initiation. The consensus panel included neurologists
(M.R.F., L.G.A.), clinical neuropsychologists (F.W.U., A.J.S.), geriatric
psychiatrists and other disciplines and trainees. Supplementary
Table 1 lists selected primary tests and diagnostic criteria.
Participants without measurable cognitive deficits in all tests36–38

and without significant memory concerns (Total < 20 on the first
12-items of the self-report form of the cognitive change index33)
were considered cognitively normal. The MCI individuals had sig-
nificant complaints about their cognition (reported by themselves,
an informant or as assessed by a clinician). They also demonstrated
significant deficits (>1.5 SD below normal) in either memory or
other cognitive domains without significant impairment in daily
functioning.35 Alzheimer’s disease dementia participants exhibited
a significant decline in cognition and daily functioning (assessed by
the UDS functional assessment scale39) and met the criteria for
Alzheimer’s disease diagnosis as recommended by NIH-AA.40

Neuropsychological performance across all groups is provided
in Table 1.

Plasma fluid analysis

Blood samples were collected by venipuncture. A 10 ml EDTA
(purple-top) tube was used to collect whole blood which was
centrifuged at 4°C, 1962×g for 15 min. Plasma was aliquoted into
cryovials, frozen upright and stored in a −80°C freezer within
2 h of collection until analysis. Plasma Aβ40, Aβ42, NfL and total
tau concentrations were measured using singleplex single
molecule array (Simoa) assays on an HD-1 analyser according
to instructions provided by the manufacturer (Quanterix). The
measurements were performed in one round of experiments
using one batch of reagents by board-certified laboratory techni-
cians who were blinded to clinical data. Coefficients of variation
were 6.3–10%.

MRI

Image acquisition

Imaging was performed on a single Siemens Prisma 3 T scanner
with a 64-channel RF receiver head coil. All participants underwent
anatomical T1-weighted, high-resolution T2-weighted and multi-
shell diffusion MRI. T1-weighted imaging was acquired using a 3D
magnetization-prepared rapid-gradient echo (MPRAGE) sequence
with imaging parameters matching the Alzheimer’s Disease
Neuroimaging Initiative-2 protocol (http://adni.loni.usc.edu/
methods/documents/mri-protocols/). The high-resolution turbo-
spin-echo T2-weighted images were acquired using a high in-plane
resolution of 0.4 × 0.4 mm2 in an oblique plane perpendicular to the
main axis of the hippocampus. The other acquisition parameters
were as follows: slice thickness= 2.0 mm, repetition time/echo
time=8310/50 ms, flip angle =122o, field of view=175 mm2, number
of slices= 32 and a GRAPPA acceleration factor of 2.41 The diffusion
MRI was carried out using single-shot spin-echo echo-planar im-
aging with a hybrid diffusion imaging (HYDI)-encoding scheme.42

The HYDI-encoding scheme contained three zero-diffusion-
weighting (b-value= 0 s/mm2) and five concentric-diffusion-
weighting shells for a total of 142 diffusion-sensitizing gradient
directions (six directions at b-values=250 s/mm2, 21 at 1000 s/
mm2, 24 at 2000 s/mm2, 30 at 3250 s/mm2 and 61 at 5000 s/
mm2).43,44 The remaining acquisition parameters were as follows:
multi-band acceleration factor = 3, repetition time/echo time=
2690/83.6 ms, field of view=240mm2, acquisition matrix=120×120,

voxel resolution = 2 × 2 × 2 mm3, 86 slices, diffusion duration
(δ) = 20.50 ms and diffusion time (Δ) = 39.69 ms. An additional
b = 0 s/mm2 imagewith reverse phase encodingpolaritywas acquired
for susceptibility-induced geometric distortion correction.

Image processing

The hippocampal subfields were first delineated on the
T1-weighted and high-resolution T2-weighted images using
FreeSurfer software. The individual subfields were then combined
into three distinct regions of interest before transforming to the dif-
fusion space, where the diffusion microstructural indices were ex-
tracted. The following are step by step details. Hippocampal
subfield segmentation was carried out with Freesurfer 7.1.1
(https://surfer.nmr.mgh.harvard.edu) using T1-weighted and high-
resolution T2-weighted image data. Tominimize partial volume ef-
fect, the subfields were combined as follows: CA1 and CA2/3 were
combined as CA1–3; CA4 and GC-ML-DG were combined as
CA4-DG; and parasubiculum, presubiculum and subiculum were
combined as subiculum. Left and right regionswere also combined.
Bilateral hippocampal volumes and total intracranial volumeswere
also obtained as covariates in the statistical analyses described be-
low. For each subject, the subfield segmentation qualitywas visual-
ly inspected.

The raw diffusion-weighted images (DWI) were preprocessed to
reduce signal noise,45,46 effects from Gibbs ringing,47 subject mo-
tion,48 susceptibility induced geometric distortions48 and B1 field
inhomogeneity.49 Multi-compartment microstructural imaging
was performed using NODDI, which has been shown to be more
specific to the underlying microstructure.29 To achieve a more
physiologically plausible representation of the grey matter micro-
structure, the grey matter-optimized intracellular intrinsic parallel
diffusivity of 1.1 mm2/s was used instead of a whitematter-specific
value of 1.7 mm2/s.31,50 Orientation dispersion index (ODI), volume
fraction of isotropic water diffusivity (VISO), intracellular volume
fraction (VFIC) and extracellular volume fraction (VFEC) parametric
maps were obtained using the Dmipy toolbox, which is a python-
based open-source application programming interface based on
the DIPY framework.51

To extract NODDI-derived microstructural parameters from bi-
lateral hippocampal subfields, the pipeline proposed by Nazeri
et al.52was adopted. Briefly, for each subject, awhitematter fraction
map was generated from a fractional anisotropy map. Using the
‘Atropos’ function in the advanced normalization tools,53 a grey
matter fraction map was obtained by subtracting the white matter
fraction map and VISO (CSF) map from 1.0. The three binarized tis-
sue fractional maps were weighted according to the tissue type
(grey matter = 2, white matter = 1, CSF= 0). Using these weighted
images, a pseudo-T1-weighted image was obtained by adding all
three weightings.26 A high quality pseudo-T1-weighted image in-
creases the accuracy of transformation between T1-weighted space
and diffusion space. The pseudo-T1-weighted image in diffusion
space was then non-linearly registered to the T1-weighted image
using the advanced normalization registration tool.53 FreeSurfer
generated bilateral hippocampal subfields were then transformed
to subject diffusion space using inverse transform matrix, which
was generated during the forward registration. The regional (sub-
field) mean values of the ODI, VISO, VFIC and VFEC were calculated
using the FSL ‘fslstats’ tool. To obtain robust regional mean values
on diffusion space, individual grey matter fraction maps were
scaled at 0.85 and then binarized to generate a robust grey matter
mask. Each regional mean value was then extracted within the
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confines of the robust grey matter mask. The robust mean values
were winsorized by excluding ±5% of the regional extreme values.
The general schematic of the workflow is shown in Fig. 1.

Statistical analysis

Table 1 shows the demographic profile, plasma biomarker charac-
teristics andneuropsychological performance test scoresof thepar-
ticipants. For categorical variables (i.e. sex,APOE e4 status and race),
the between-group differences were compared using χ2 tests. For
non-categorical data, the between-group attributeswere compared
usingWelch’s unequal variance t-test. To investigate general group
differences in the hippocampal subfield microstructural metrics,
multivariate analysis of covariance (MANCOVA)with general linear
models was used. Post hoc tests were then conducted to further
understand individual group-wise comparisons. Across the study
cohorts andwithineachgroup,we further investigatedassociations
of diffusion microstructural metrics in the hippocampal subfields
with the plasmabiomarkers ofAlzheimer’s disease pathologyusing
partial correlation. To evaluate the relationship between the hippo-
campal subfield microstructure and cognitive performance, partial
correlations models were used to test the association between the
microstructural metrics and neuropsychological scores across the
cohorts. The above analyses accounted for the effects of age, sex,
education, APOE e4 status and total intracranial volume using wild
bootstrap with 5000 samples in SPSS (IBM SPSS version 27). To ac-
count formultiple comparisons across the three regions of interest,
false discovery rate correction using Benjamini-Hochberg criterion
(α=0.05) was used. PFDR<0.05 was deemed significant.

Data availability

The data used in this study were acquired via NIH-NIA funded R01
projects collected through the Indiana Alzheimer’s Disease
Research Center (IADRC; NIH P30). Therefore, we will comply with

the NIH data sharing policy and guidance (http://grants.nih.gov/
grants/policy/data_sharing/data_sharing_guidance.htm) as well
as the data sharing plan outlined by the IADRC.

Briefly, we will make the data available as early as feasible to
qualified researchers who have obtained institutional review
board approval from their institution and who are willing to sign
a data-sharing agreement. Requestors must agree to NIH policies
regarding privacy, data security and ethical practices, including
the requirement that no attempt will be made to determine the
identities of participants or their relatives. The principal investiga-
tors will review requests for anonymized human imaging data.
Requestors will be encouraged to develop collaborative analyses
with the project investigators, but this will not be required for
data access. The data processing and analysis codes used in this
study are fromopen-source software tools can be freely downloaded
(see the ‘Materials and methods’ section). The code developed in-
house will be available upon request and follow aforementioned
data sharing policy.

Results
Participant characteristics

The demographic, plasma biomarker and neuropsychological pro-
files of the participants are summarized in Table 1. There were no
significant differences among the cognitively normal, MCI and
Alzheimer’s disease participants in terms of age, race or years of
education. Overall, there were more female participants in all
groups. The sex distribution was significantly different between
the cognitively normal and MCI participants, with more males in
the MCI group compared with the cognitively normal group. The
APOE e4 status was significantly different between groups with
more APOE e4 carriers in the MCI and Alzheimer’s disease groups
than the cognitively normal group. In terms of the plasma

Figure 1 The schematics of the image processing framework. To generate bilateral hippocampal subfields masks in subject’s T1-weighted
space, subject-specific T1-weighted and high-resolution T2-weighted images were used in FreeSurfer.Subject-specific DWIs were used to generate
DTI-derived fractional anisotropy (FA) and cortical-NODDI-derived parametric maps of microstructure (i.e. ODI, VISO, VFIC, and VFEC). For each subject,
FA and VISO maps were used in ANTs to generate the pseudo-T1-weighted map. The pseudo-T1-weighted map was linearly registered to the subject’s
T1-weighted image. Bilateral hippocampal subfield masks were mapped to the subject’s diffusion space. For each subject, regional (i.e. subfield) mean
values of parametric maps were calculated for further analyses.
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biomarkers, although no group differences were observed in indi-
vidual Aβ40 and Aβ42, the Aβ42/Aβ40 ratio was significantly different
between cognitively normal andMCI participants and between cog-
nitively normal and Alzheimer’s disease participants, with
Alzheimer’s disease andMCI patients exhibiting lowerAβ42/Aβ40 ra-
tio values relative to cognitively normal participants. NfL was sig-
nificantly lower in cognitively normal compared to MCI and
Alzheimer’s disease participants. In terms of neuropsychological
test scores, TMT-A and TMT-B were significantly different among
all three groups, with poorer performance in MCI and Alzheimer’s
disease participants. The RAVLT scores were significantly higher
in cognitively normal relative to both MCI and Alzheimer’s disease
participants. MoCA scores were significantly different across all
three groups, with MCI participants showing lower performance
than cognitively normal subjects and Alzheimer’s disease partici-
pants showing lower performance than both MCI and cognitively
normal subjects.

Sensitivity of diffusion microstructural metrics
across the hippocampal subfields

The NODDI derived microstructural indices in the hippocampal
subfieldswere compared across the three clinical groups. The over-
all group-difference analysis showed statistical significance across
multiple hippocampal subfields, except for VFIC in the subiculum
(Table 2). Large effect sizes in group differences were observed in
VISO in CA1–3 (ηp

2 = 0.24) as well as VFEC in CA1–3 (ηp
2 = 0.21) and

thesubiculum(ηp
2 = 0.22). To furtherexplore thepair-wisegroupdif-

ferences in themicrostructural indicesacross thehippocampal sub-
fields, FDR-corrected post-hoc analyses were performed (Fig. 2 and
Table 3). In the early stage of the Alzheimer’s disease clinical con-
tinuum, VFIC exhibited significant alterations in CA4-DG, where
the MCI participants had significantly lower VFIC compared to the
cognitively normal group (PFDR<0.05; Hedge’s g=0.53). At the later
stage of the Alzheimer’s disease clinical continuum, significant
group differences between cognitively normal andAlzheimer’s dis-
ease were observed in all the microstructural indices across all the
subfields. The largest effect sizes were observed in VISO and VFEC

(PFDR <0.001, Hedge’s g>1). When comparing between the MCI and
Alzheimer’s disease participants, VISO exhibited the largest effect
size in CA1–3 (PFDR<0.001; Hedge’s g=−0.95) and in CA4-DG (PFDR<
0.001; Hedge’s g=−0.98). Overall, in the later Alzheimer’s disease
clinical continuum, both CA1–3 and CA4-DG showed great sensitiv-
ity in groupdifferenceswithhighnumber of significantfindings and
large averaged effect sizes (averaged Hedge’s g=1.02 and 1.03, re-
spectively). Furthermore, VISO was the most sensitive microstruc-
tural metric with the largest averaged effect size (averaged
Hedge’s g=1.11).

Association between the diffusion microstructural
indices and the plasma biomarkers

To understand the relation of the Alzheimer’s disease plasma
biomarkers to hippocampal subfieldmicrostructures, partial cor-
relation of the diffusion MRI metrics in the subfields with the
plasma biomarkers was carried out first across all groups. Since
the rate of accumulation of these pathological proteins may
differ across various clinically defined stages of the disease, the
analysis was further carried out separately for each group.
Across all the participants (Table 4), only NfL had significant
associations with the diffusion microstructural metrics. The
significant associations were in CA4-DG with VISO (r = 0.36; PFDR
< 0.05) and with VFEC (r =−0.30; PFDR < 0.05). In the cognitively
normal participants (Supplementary Table 2), similarly,
NfL was positively associated with VISO in CA4-DG (r = 0.47; PFDR
< 0.05). In the Alzheimer’s disease participants (Supplementary
Table 4), on the other hand, the total tau level showed significant
negative associations with the ODI in the subiculum (r =−0.98;
PFDR < 0.05) and CA4-DG (r =−0.98; PFDR < 0.05). The associations
were not significant in the MCI participants (Supplementary
Table 3). Within all three groups, no significant associations
were observed for any microstructural metrics with the Aβ42/
Aβ40 ratio.

Association between the diffusion microstructural
metrics and the neuropsychological performance
scores

To understand the association between hippocampal subfield
microstructural alterations and cognitive performance, a partial-
correlation analysis was performed between the diffusion metrics
and neuropsychological test scores (Table 5). After FDR correction
(α=0.05), VFIC exhibited the most associations with the neuro-
psychological scores across all the subfields (0.20< r<0.33). High
VFIC was associated with better cognitive performance in the
MoCA andRAVLT-immediate recall. Particularly, VFIC had the high-
est correlation coefficient with the MoCA in CA1–3 (r=0.33; PFDR<
0.05). Among the neuropsychological tests, TMT was the least sen-
sitive instrument for correlating with the imaging microstructural
biomarkers. Across the subfields, CA1–3 demonstrated as the
most important subfield with most significant associations and
highest effect sizes (r > 0.45) between cognitive performance and
the microstructural metrics. In CA1–3, high cognitive performance
(i.e. MoCA and RAVLT) was associated with decreased microstruc-
tural dispersion (ODI) and interstitial free-water diffusion (VISO),
andwith increased intracellular and extracellular volume fractions
for restricted (VFIC) and hindered (VFEC) diffusion, respectively.

Table 2 Comparisons of diffusion microstructural metrics in
the hippocampal subfields across groups

Subfield
region

df df
error

F P-value Partial Eta
squared (ηp

2)

ODI
CA1–3 2 103 6.438 0.002 0.118
Subiculum 2 103 3.222 0.044 0.063
CA4-DG 2 103 4.181 0.018 0.080
VISO

CA1–3 2 103 14.946 <0.001 0.237
Subiculum 2 103 8.541 <0.001 0.151
CA4-DG 2 103 10.731 <0.001 0.183
VFIC
CA1–3 2 103 3.950 0.022 0.076
Subiculum 2 103 2.869 0.062 0.056
CA4-DG 2 103 4.518 0.013 0.086
VFEC
CA1–3 2 103 13.076 <0.001 0.214
Subiculum 2 103 13.862 <0.001 0.224
CA4-DG 2 103 10.037 <0.001 0.173

MANCOVA (df= 2) controlling for age, sex, education, APOE e4 status and total

intracranial volume.
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Discussion
The present study investigates Alzheimer’s disease-associated al-
terations in the microstructural organization of the hippocampal
subfields using multi-shell diffusion MRI. While single-shell
DTI-based measurements have been reported previously in the
whole hippocampus18–21 and the subfields,11,12 there have been
very limited diffusion studies with amulti-compartmentmodel fo-
cusing on the hippocampal subfields in Alzheimer’s disease.
Advanced compartment modelling may offer more specific patho-
physiological explanation by decomposing the diffusion signals
into several biologically meaningful components. Using this novel
neuroimaging technique, we observed graded changes across the
clinical continuum of Alzheimer’s disease and differential changes
among the hippocampal subfields.

This study showed that the regional diffusion microstructural
indices had differential effects along the clinical continuum of

Alzheimer’s disease. An early sign of microstructural changes

from normal cognition to MCI is indicated by one significant

group-difference finding (i.e. VFIC in CA4-DG). At the later stage,

approximately 70% of the microstructural indices across the sub-

fields differed between MCI and Alzheimer’s disease, and all the

comparisons between cognitively normal subjects and those

with Alzheimer’s disease were significant. Upon examining

individual diffusion metrics in the prodromal and clinical stages

of Alzheimer’s disease, we found reduced intra- and extra-cellular
volume fractions and increased tissue dispersion and isotropic fast
diffusion.

Our observation of increased isotropic diffusion may explain
previous DTI findings in MCI and Alzheimer’s disease. Elevated
DTI-derivedmean diffusivity was previously reported in the hippo-
campus of Alzheimer’s disease and to a lesser extend in MCI parti-
cipants.13,19–21,54,55 This increase of mean diffusivity may be
attributed to the increased fast isotropic diffusion arising from
the oedematous changes due to Alzheimer’s disease-associated
dendritic loss, neuronal shrinkage, axonal degeneration, or disrup-
tion of cellular membrane integrity.

In the present study, differential changes among the hippocam-
pal subfields were also observed and microstructures of the CA re-
gions appeared to be highly susceptible to pathology. While
CA4-DG showed emerging signs of early decrease in the intracellu-
lar volume fraction, in the later stages of the Alzheimer’s disease
continuum, both CA1–3 and CA4-DG had large effect sizes in group
differences and associations with the Alzheimer’s disease blood
biomarkers. For the associations with neuropsychological out-
comes, CA1–3 demonstrated most sensitivity and the largest effect
sizes. The CA1 subfield has been the focus of previous pathophysio-
logical studies, showing significant loss in neurons and synapses in
Alzheimer’s disease.56–61 Such neuronal loss is also related to cog-
nition on the Mini Mental State Examination.59 On the other

Figure 2 Group differences of Cortical-NODDI-derived ODI, VISO, VFIC and VFEC in the hippocampal subfields among the cognitively normal, MCI and
Alzheimer’s disease participants. The comparisonwas conducted using general linearmodel with age, sex, level of education,APOE e4 status and total
intracranial volume as covariates. Multiple comparisons across three regions of interest (i.e. subfields) were adjusted by FDR using the
Benjamini-Hochberg criterion (α=0.05). *PFDR < 0.05; **PFDR <0.01; ***PFDR <0.001. AD=Alzheimer disease; CN=cognitively normal.
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hand, the DG is thought to be the neurogenesis center of the hippo-
campus,62–64whichhas been reported to be dysfunctional in animal
models of Alzheimer’s disease.65,66

Molecular biomarkers of Alzheimer’s disease pathology are
most useful during early disease stages prior to dementia.13,14,67

Microstructural alterations have been reported to exhibit a varying
degree of association with CSF derived biomarkers of Alzheimer’s
disease pathology.68,69 Recent studies have demonstrated that the
blood-based biomarkers can achieve similar performances to CSF
biomarkers in detecting CNS amyloid and tau deposition in

Alzheimer’s disease70,71 This study provides supporting evidence
to the utility of the plasmabiomarkers in detectinghippocampal re-
gional microstructural alterations. Our inter- and intra-group ana-
lyses demonstrated significant associations between plasma
biomarkers levels and microstructural metrics in the hippocampal
subfields. The direction of associations suggests elevatedNfL is cor-
responding to neurodegenerative changes with increased intersti-
tial free water and the extracellular hindered water components.
Across the subfields, the results also highlight the differential ef-
fects of pathology on the hippocampal subfield microstructure.
CA4-DG and the subiculum had elevated NfL and total tau asso-
ciated with microstructural degeneration. On the other hand,
CA1–3 showed some emerging relationships between the blood
markers and diffusion metrics, though they did not survive mul-
tiple comparison corrections.

The present study demonstrated significant associations be-
tween neuropsychological test scores and regional hippocampal
microstructural alterations. Consistent with the group comparison
results, where the VFIC showed the earliest detectable difference
(cognitively normal versus MCI), VFIC was one of themost sensitive
microstructural metrics in the association with clinical outcomes.
VFIC demonstrated strong associations with most neuropsycho-
logical scores across all hippocampal subfields. Overall, poor per-
formance in neuropsychological tests was associated with
decreased intracellular volume fraction, likely from decreased
neurite density. These results support the hypothesis that neuronal
loss and synaptic impairment are strongly associated with cogni-
tive deficits.72,73 Furthermore, a recent study on young onset
Alzheimer’s disease demonstrated an association between the
NODDI derived neurite density index in the cortical grey matter
and Mini-Mental State Examination.25

This study has a few limitations that need to be acknowledged.
First, our sample in general was highly educated (years of educa-
tion≥15 years), which may limit generalizability of findings
to populations with lower educational levels. Second, due to the
cross-sectional nature of the study, the reported differences are
group effects rather than intra-individual changes as a result of
disease progression. Future longitudinal studies are warranted to
confirm the current findings. Third, the study used standard reso-
lution (2×2×2 mm3) diffusion MRI data to estimate microstructural

Table 3 Pair-wise group differences with the post hoc analyses

Subfields Diffusion
indices

CN versus MCI CN versus AD MCI versus AD

Mean difference
(CN-MCI)

Effect size
(Hedge’s g)

Mean difference
(CN-AD)

Effect size
(Hedge’s g)

Mean difference
(MCI-AD)

Effect size
(Hedge’s g)

CA1–3 ODI −0.010 −0.548 −0.037** −1.025 −0.028** −0.602
VISO −0.015 −0.554 −0.107*** −1.412 −0.092*** −0.950
VFIC 0.007 0.435 0.017** 0.901 0.011 0.440
VFEC 0.017 0.56 0.109*** 1.359 0.092*** 0.856

Subiculum ODI −0.001 −0.246 −0.025* −0.757 −0.024* −0.461
VISO −0.011 −0.439 −0.070*** −1.191 −0.060*** −0.782
VFIC 0.006 0.301 0.014* 0.572 0.008 0.275
VFEC 0.022 0.673 0.088*** 1.427 0.067*** 0.797

CA4-DG ODI −0.016 −0.633 −0.032** −0.766 −0.016 −0.172
VISO −0.005 −0.498 −0.069*** −1.313 −0.064*** −0.984
VFIC 0.010* 0.528 0.015** 0.788 0.005 0.187
VFEC 0.004 0.49 0.073*** 1.380 0.068*** 0.918

AD=Alzheimer disease; CN=cognitively normal. Analysis corrected for age, sex, education, APoE e4 status and total intracranial volume. Bootstrap results are based on 5000

bootstrap samples. Multiple comparisons across three regions of interest (i.e. subfields) were adjusted by FDR using Benjamini-Hochberg criterion (α=0.05).

*PFDR<0.05; **PFDR<0.01; ***PFDR< 0.001.

Table 4 Partial correlation between the diffusion
microstructural metrics and the plasma biomarkers in all
participants

Plasma
biomarkers

CA1–3 Subiculum CA4-DG

r P-
value

r P-
value

r P-
value

ODI
Aβ42/Aβ40 −0.246 0.047a −0.060 0.635 −0.249 0.044a

T-tau 0.009 0.940 0.094 0.453 0.014 0.908
NfL 0.246 0.047a 0.011 0.933 0.251 0.042a

VISO

Aβ42/Aβ40 −0.088 0.482 −0.191 0.125 −0.021 0.865
Total tau 0.150 0.228 −0.018 0.887 −0.014 0.911
NfL 0.258 0.037a 0.154 0.217 0.357 0.003*
VFIC
Aβ42/Aβ40 −0.067 0.593 −0.010 0.939 0.013 0.916
Total tau 0.069 0.583 −0.067 0.595 0.218 0.078
NfL −0.019 0.883 −0.142 0.256 −0.149 0.231
VFEC
Aβ42/Aβ40 0.124 0.320 0.207 0.095 0.072 0.566
Total tau −0.170 0.173 −0.031 0.807 −0.070 0.577
NfL −0.249 0.043a −0.193 0.120 −0.299 0.015*

r=correlation coefficient. Analysis adjusted for age, sex, education, APoE e4 status
and total intracranial volume. Bootstrap results are based on 5000 bootstrap

samples. P-values in bold survived FDR correction for multiple comparison at PFDR<

0.05 using Benjamini-Hochberg criterion (α=0.05).

*PFDR < 0.05.
aUncorrected P<0.05.
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changes in relatively small structures as the hippocampal subfields.
Thus, we chose not to further divide CA1–3 or CA4-DG. In addition,
we focusedon the primary grey-matter part of the hippocampal sub-
fields. Thus, the fimbria and parahippocampal cortices were not in-
cluded in this analysis. Tomitigate the partial volume effect due to a
finite resolution, we used grey matter specific multi-compartment
modelling to (i) achieve a physiologically plausible representation
of grey matter microstructure; and (ii) to isolate CSF and white mat-
ter partial volume contaminations. In addition, we have taken up-
most care in quality assurance/quality control of the
co-registration between high-resolution anatomical images and dif-
fusion images. As the observed changes in diffusionMRI parametric
maps may reflect different physiological/pathophysiological pro-
cesses, caution must be used when interpreting and generalizing
these results. Lastly, while our resultsmay contribute to the collated
evidence relating to the biological definition of Alzheimer’s disease
[i.e. theA/T (N) system], the study focuses on theAlzheimer’s disease
clinical continuum and the groups were stratified based on the clin-
ical criteria rather than A/T (N) biomarker criteria.74 The relation of
theA/T (N) systemandmicrostructural imagingwill be our future re-
search focus by including phosphorylated tau representing ‘T’ to
complement the existing blood biomarker data, Aβ42/Aβ40 ratio for
‘A’ and NfL for ‘N’.

Despite the limitations, the results of this study demonstrate
the efficacy of microstructural imaging in detecting subtle
changes in the hippocampal subfields across the clinical diag-
nostic continuum of Alzheimer’s disease. We found the associ-
ation of the microstructural imaging indices with the molecular
biomarkers of Alzheimer’s disease pathology in a group-specific
manner as well as a region-specific manner. In addition,
the changes in the microstructural indices of the hippocampal
subfields may explain the participants’ neuropsychological
outcomes.
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