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Abstract

INTRODUCTION: The entorhinal cortex (ERC) and perforant path (PP) fibers are crit-

ical structures in the pathology of Alzheimer’s disease (AD). This study aims to explore

these regions using high-field magnetic resonance imaging (MRI), with the goal of

identifying reliable biomarkers based on histopathological observations.

METHODS: Twenty post mortem brain specimens were scanned with 11.7T MRI,

including diffusion tensor imaging and tractography, and were cut for subsequent

histological examinations. The entorhinal cortical thickness and number of PP fibers

derived from MRI were compared across neuropathological and premortem clinical

diagnoses of AD.

RESULTS: The entorhinal cortical thickness and number of PP fibers decreased along

with severitiesof neurofibrillary tangles in theERC.Meanwhile, a reduction in thenum-

ber of PP fibers, but not the entorhinal cortical thickness, was observed during the

preclinical stage of AD.

CONCLUSIONS:Degeneration of PP fibers was observed in early AD and progressed

along with neuropathological changes.

KEYWORDS
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Highlights

∙ Twenty post mortem brain tissues were scannedwith 11.7TMRI.

∙ Degeneration of PP fibers was observed at 250 μm isotropic resolution.

∙ PP fiber indices were linkedwith severities of NFTs.

∙ The number of PP fibers was decreased in preclinical AD.
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1 BACKGROUND

Early diagnosis of Alzheimer’s disease (AD) is crucial for man-

aging symptoms, slowing cognitive decline, and improving patient

outcomes.1 It enables timely treatment, allows patients and families to

make informed decisions about future planning,2 and provides access

to clinical trials, which can advance research and offer potential med-

ical benefits.3 Structural brain magnetic resonance imaging (MRI) is

a valuable tool in detecting atrophy patterns characteristic of AD-

related neurodegeneration, which correlate well with disease stage

and pathology.4 For instance, measuring the cortical thickness in the

entorhinal cortex (ERC) may serve as a potential neurodegenerative

biomarker forAD.5–7 However, the sensitivity and specificity of current

structuralMRI-basedmorphologicalmeasures in detecting the earliest

stages of ADmay be relatively low compared to other biomarkers.8–10

Identifying anatomical features that are better related to AD-specific

pathology than current morphological measures is highly anticipated

to overcome current limitations.11

Degeneration of perforant path (PP) fibers is one of the candidates

for the highly sensitive and specific biomarkers of theAD continuum.12

Histopathological studies using autopsy samples have shown that the

PP is the first site where neurofibrillary tangles (NFTs), composed

of hyperphosphorylated tau, emerge during the early stages without

AD symptoms, that is, preclinical stage of AD.13–15 Anatomically,

the PP represents the major route of input to the hippocampus,

with axons that originate within the ERC and project to the dentate

gyrus and Ammon’s horn through the presubiculum.16 This tract

functions as an essential node in a larger network, transmitting infor-

mation from various neocortical association areas through the ERC

and hippocampus and eventually disseminating it throughout the

limbic system.17,18 Degeneration of PP fibers is related to memory

deterioration because it results in the functional disconnection of

higher-level sensory input to the hippocampus.19,20 These pathological

and functional backgrounds of the PP make its MRI finding a potential

imaging biomarker for neurodegeneration during the preclinical stage

of AD.

A few studies tackled challenges in quantifying PP fibers using dif-

fusion tensor imaging (DTI) and tractography.21,22 Since the average

width of the entorhinal layer II islands, where PP fibers originate, is

approximately 500 μm,23 image acquisition at a submillimeter resolu-

tion is required. To accurately quantify the parameters of PP fibers,

including their numbers, length, and fractional anisotropy (FA) values,

and compare the findingswith histopathological evaluations, an ex vivo

MRI study at the ultrahigh-field strength is essential.24 In our pre-

vious study of post mortem human brain tissues scanned with 11.7T

MRI, followed by histological verification, we observed the degenera-

tion of PP fibers, indicated by lower fiber counts, reduced FA values,

and diminished T2-weighted signal contrasts.25 Furthermore, histolog-

ical analyses demonstrated that areas of PP fibers on the presubiculum

decreased along the AD continuum.25 However, it remains an open

question whether these changes can be seen by MRI during the pre-

clinical stage of AD and related to severities of AD neuropathological

changes.

RESEARCH INCONTEXT

Systematic review:We reviewedPubMed literature on asso-

ciations between the PP and AD neuropathological changes.

While the degeneration in PP fibers has been shown along

with AD neuropathological changes, it remains to be eluci-

datedwhether its neurodegeneration can bedetected during

the preclinical stage of AD.

Interpretation: Using ex vivo 11.7T diffusion MRI at 250 μm

isotropic resolution, we demonstrated the alterations of

fractional anisotropy on the subiculum and the number of

tractograms of PP fibers during the preclinical stage of

AD. These findings highlight the potential of microstructural

neurodegeneration detected by diffusion MRI at ultrahigh-

field strength as an emerging biomarker to monitor disease

progression along the AD continuum.

Future directions: Moving forward, it will be interesting to

explorehowthis proof-of-concept research canbe translated

to lower-resolutionMRI scans in vivo, considering variations

in signal-to-noise ratios, shorter scan times, and potential

motion artifacts.

Given the pathological and functional significance of the PP to the

earliest AD pathogenesis, we hypothesized that its myeloarchitectonic

features detected using 11.7T MRI ex vivo would be associated with

severities of AD pathological changes, providing a basis for further

research into non-invasive biomarkers for neurodegeneration in the

process of AD pathogenesis. To test this hypothesis, we used post

mortem human brain tissues from non-AD, preclinical AD, and AD

dementia to investigate whether the T2-weighted contrast, DTI, and

tractography scanned with 11.7T MRI ex vivo were related to the

histologically confirmed degeneration of PP fibers.

2 METHODS

2.1 Human brain specimens

This study was performed under a protocol for the use of de-identified

human brain tissues for research purposes, approved by the Institu-

tional Review Board of Johns Hopkins University School of Medicine.

The age was masked if it was 90 years or older due to concerns

about potential identification of individuals. A total of 20 post mortem

brain specimens of the left cerebral hemisphere were provided by

the Brain Resource Center at the Johns Hopkins Alzheimer’s Disease

Research Center. Clinical assessments of cognition were made based

on the premortem clinical dementia rating (CDR) scales. Neuropatho-

logical assessments26 and clinical staging of AD27 weremade based on

the National Institute on Aging and Alzheimer’s Association (NIA-AA)

guidelines.
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2.2 Histological observation

The brain specimens were fixed in 10% formaldehyde over 2 weeks

and sectioned into 10-mm-thick coronal slabs. Tissue blocks, approxi-

mately 30 × 20mm in size, were cut from the slabs extending from the

temporal pole to the hippocampal tail. After MRI scans, the brain tis-

sues were embedded in paraffin blocks, cut into 10-μm-thick sections

at 200-μm intervals, and stained using Luxol fast blue with hema-

toxylin and eosin (LFB&HE) for histological examination of myelinated

fibers and neuronal cells. For immunohistochemistry to obtain an “ABC

score” ofADneuropathological changes,26 the6E10 (1:500, BioLegend

San Diego, CA, USA) and AT8 antibodies (MN1020, Thermo Fisher

Scientific, Waltham, MA, USA) were used to label the amyloid beta

(Aβ) and phosphorylated tau pathologies, respectively. Briefly, the ABC
score combines the Thal amyloid phase (A), Braak NFT stage (B), and

Consortium to Establish a Registry for AD (CERAD) score (C), result-

ing in a composite score of 0 to 3 in ABC scores, respectively (Table

S1). Alpha-synuclein and TAR DNA-binding protein 43 (TDP-43) were

also immunostained and evaluated using the neuropathological con-

sensus criteria for Lewy pathology28 and TDP-43 proteinopathy,29

respectively. Histopathological images were captured using a Zeiss

Axio Observer.Z1 microscope equipped with an AxioCam MRc cam-

era (Carl Zeiss Microscopy, Thornwood, NY, USA) and a ×5 objective

lens. NFTs in the ERC were counted to ascertain the associations with

theMRI findings and thereby semi-quantified as follows: 0= none; 1 to

3= sparse; 4 to 9=moderate;>10= frequent.

2.3 MRI scan and processing

Ultrahigh-field anatomical MRI was acquired using an 11.7T NMR

spectrometer (Bruker Biospin, Billerica, MA, USA). A single-channel

30-mm Bruker volume coil was used for both radio frequency

transmission and reception. For MRI scans, the brain tissues were

transferred to PBS with 2 mM gadopentetate dimeglumine for 48 h.

They were then placed inside 50-mL conical tubes filled with proton-

free liquid (Fomblin: Ausimont, Thorofare, NJ, USA). Air bubbles were

removed by placing the samples in a vacuum chamber for more than

30 min before taking the MRI scans. To acquire three-dimensional

T2-weighted images (3DT2WI) using rapid acquisition with relaxation

enhancement (RARE), the following parameters were applied: echo

time = 18 ms; repetition time = 2500 ms; RARE factor = 8; signal

average = 4. The field of view was 40 × 30 × 16 mm3, and the matrix

size was 160 × 120 × 64, which was zero-filled to 320 × 240 × 128,

resulting in a final resolution of 250 μm isotropic (zipped to 125 μm

isotropic). For DTI and tractography, diffusion-weighted gradient and

spin echo sequences with navigator phase correction were applied to

the ex vivo brain tissue.30 The scan parameters were as follows: echo

time= 58ms; repetition time= 600ms; 2 signal averages; 2 b0 images;

and 18 diffusion directions with b-value = 2000 s/mm2. The tempera-

ture during the scan was 27◦C. The field of view and matrix size were

the same as those of 3DT2WI. The total scan time for each brain tissue

was 10 h.

DtiStudio software (https://www.MRIstudio.org)31 was used for

tensor calculation. The linear registration method minimized a cost

function based on mean square tensor fitting errors to correct eddy

current distortion and motion of the tissue.32 The pixels with arti-

factual signal were eliminated from the tensor calculation using the

corrected Inter-Slice Intensity Discontinuity algorithm.33 Three eigen-

values were extracted from the tensor field to calculate FA values.

The FA map was color-coded by the principal eigenvectors shown

in red (medial–lateral orientation), green (anterior–posterior orien-

tation), and blue (superior–inferior orientation). The Gibbs ringing

artifact34 was removed from all the images using MRtrix3 software

(https://mrtrix.org; RRID:SCR_006971).35

2.4 Microstructural analysis

At 11.7T MRI, the PP was discernible within the presubiculum,

which was validated by subsequent serial histological examinations, as

described previously.25 At an isotropic resolution of 250 μm (zipped to

125 μm isotropic resolution), the voxels occupied by PP fibers showed

dark striate intensities on the presubiculum in 3DT2WI (Figure 1A,B

andFigure S1A).We counted thenumber of these voxels andmeasured

the ratio to the overall area of the presubiculum using the RoiEdi-

tor software (https://www.MRIstudio.org) on the following slices of

2D coronal planes in the left medial temporal lobe. The criteria used

to select the coronal slices were from the first slice, where the den-

tate gyrus of the hippocampus was initially observed (Figure 1A), to

the last slice, where the dentate gyrus of the hippocampus was split

into the inner and outer portions (Figure 1B). Herein, we named this

ratio the PP ratio (Figure S1B). In the same coronal slices of the FA

map as those of 3DT2WI, the mean FA value of the presubiculum was

calculated using RoiEditor software. Moreover, in the corresponding

coronal slices of 3DT2WI, the thickness of theERCwasmeasuredusing

ITK-SNAP software (http://www.itksnap.org; Figure S2).

2.5 Tract reconstruction

To output the number and length of PP fibers, the fiber assignment

by continuous tracking (FACT) deterministic algorithm36 was used for

the reconstruction of PP fibers, which is implemented in DtiStudio. A

FA threshold of 0.1, an angle threshold of 60◦, and a minimum length

of five pixels were applied to determine the fiber tract.37 An “OR”

operation was set on the presubiculum for the first seed point where

myelinatedPP fiberswere seenon theFAmap. TheFAmapwasprimar-

ily usedas a reference to identify the seedpoint since its image contrast

was comparable to that of the myelin-stained histological section.38

The corresponding color-coded FA map was also used to guide the

placement of the seed points. Then an “AND” operation was set on

the angular bundle for the second seed point. Following these steps,

the PP was automatically reconstructed as a tract connecting the ERC

and the dentate gyrus of the hippocampus through the presubiculum

(Video S1). Anatomically implausible fibers for a portion of PP fibers

were removed using a “NOT” operation as an additional step.

 15525279, 2025, 4, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.70142, W

iley O
nline L

ibrary on [07/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.MRIstudio.org
https://mrtrix.org
https://www.MRIstudio.org
http://www.itksnap.org


4 of 11 UCHIDA ET AL.

F IGURE 1 11.7TMRI coronal panels of left side of medial temporal lobe in representative non-Alzheimer’s disease (AD) brain tissue. The red
bounding boxes are 5×magnified to clearly visualize the perforant pathway (PP) on the presubiculum (PreS). (A and B) Three-dimensional
T2-weighted images (3DT2WI). PP, indicated as dark striate intensities, is a set of fibers projecting from the entorhinal cortex (ERC) through PreS
to the dentate gyrus (DG) in the hippocampus. DG of the hippocampal head is prominently observed in the slice shown in (A). In the slice shown in
(B), which is positioned slightly more caudally, the DG of the hippocampal head is split into inner and outer portions. (C andD) Fractional
anisotropy (FA) map. The PP on PreS appeared as bright striates. (E and F) Luxol fast blue with hematoxylin and eosin staining (LFB&HE). Blue
areas: PP on PreS. SUB, subiculum.

2.6 Statistics

Differences in anatomical MRI parameters among the pathologically

and clinically diagnosed brain tissues were initially evaluated using an

analysis of covariance (ANCOVA) with the adjustment for potential

confounders, including age, sex, and brain weight. The assumptions

of linearity, homoscedasticity, and normality of residuals were tested

prior to conducting ANCOVA, and no violations were detected. For

significant findings from the initial group comparisons, pairwise post

hoc t-tests were performed using the adjusted means derived from
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ANCOVA. The p values obtained from these pairwise t-tests were

subsequently corrected using the Benjamini–Hochberg procedure to

control the false discovery rate (FDR) formultiple comparisons. Specif-

ically, this correction was applied to 5 × 6 comparisons across fiveMRI

parameters in six pairwise group comparisons of ADneuropathological

changes and 5 × 3 comparisons across the same five MRI parameters

in three pairwise group comparisons of clinical AD diagnoses. Signif-

icant differences are denoted as *FDR-corrected p value < .05 and

**FDR-corrected p value< .01.

For participants aged ≥90 years, we only received information indi-

cating that they were over 90 years old without access to their exact

ages, following the guidelines provided by the local ethics committee.

In the main analysis, these participants were treated as 90 years old.

To ensure that this assumption did not introduce significant bias, a

sensitivity analysis was performed by varying the assumed ages (90,

95, and 100 years old). Additionally, to evaluate the robustness of

the tractography-derivedmeasurements, a sensitivity analysiswas also

conducted by varying the tractography parameters. Specifically, the FA

threshold (0.05, 0.10, 0.15), angle threshold (50◦, 60◦, and 70◦), and

minimum fiber length (4, 5, and 6 pixels) were adjusted to assess their

effects on PP fiber counts and lengths.

3 RESULTS

3.1 Human brain tissues

Demographics and pathological findings of human brain tissues are

summarized in Table 1. Among 20 brain tissues, two experimental

groups were analyzed: 10 AD cases, all pathologically diagnosed with

low, intermediate, or high AD neuropathological changes and clini-

cally classified as preclinical AD or AD dementia based on the CDR

scales; and 10 non-AD cases. Age at the time of death ranged from

48 to over 90 years; eight participants were female and 12 male; 19

were White, and one was Black. In all AD cases, Braak NFT stages

were III or higher and had moderate/frequent NFTs in the ERC. One

non-AD case was co-diagnosed with limbic-predominant age-related

TDP-43 encephalopathy (LATE), characterized by TDP-43 immunore-

active beaded dystrophic neurites in the hippocampus, and no cases

exhibited Lewy body pathology. There were no significant differences

in age, sex, or brain weight across the neuropathological (Table S2) and

clinical diagnoses of AD (Table S3).

3.2 Identification of anatomical structures

At visual inspection, dark striate intensities of PP fibers on the pre-

subiculum in non-AD (Figure 1A,B) and preclinical AD brain tissues

(Figure 2A) were seen in 3DT2WI. In addition, bright striates of PP

fibers on the presubiculum in non-AD (Figure 1C,D) and preclinical AD

brain tissues (Figure 2C) were seen in FAmaps. In contrast, thesemaps

inADdementia brain tissues displayed fewer contrasts, which revealed

the demise of PP fibers (Figure 2B,D). On microscopic observations,

PP fibers showed blue contrasts in LFB&HE, which were clearly visible

in non-AD (Figure 1E,F) and preclinical AD (Figure 2E), whereas they

were indiscernible in AD dementia brain tissues (Figure 2F).

3.3 Quantitative MRI analyses across AD
neuropathological changes

Anatomical MRI parameters of PP fibers, including the PP ratio in

3DT2WI, the mean FA value of the presubiculum, and the number

and length of PP fibers derived from DTI tractography, and the ERC

thickness were compared across severities of ABC scores in AD neu-

ropathological changes and NFTs in the ERC (Figure 3). The PP ratio,

mean FA value of the presubiculum, number of PP fibers, and ERC

thickness decreasedalongwith severities ofB scores and thoseofNFTs

in the ERC. Notably, the differences in these parameters were more

prominent due to the degree of severities in NFTs than that of amyloid

plaques.While the length of PP fibers did not differ significantly among

the groups, the number of PP fibers showed significant differences

across groups.

3.4 Quantitative MRI analyses across clinical AD
diagnoses

The MRI parameters that were applied to the quantitative analyses

in AD neuropathological changes were compared among the clinical

AD diagnoses along with the AD continuum (non-AD vs preclinical AD

vs AD dementia; Figure 4). The PP ratio, mean FA value of the pre-

subiculum, number and length of PP fibers, and ERC thickness in AD

dementia were lower than those in non-AD brain tissues. Additionally,

there were significant differences in the mean FA value of the pre-

subiculum between the preclinical AD and AD dementia brain tissues

(mean difference = 0.038, 95% CI = 0.014 to 0.059, FDR-corrected

p = 0.005) and the number of PP fibers between the non-AD and pre-

clinical ADbrain tissues (meandifference=759, 95%CI=289 to1225,

FDR-corrected p = 0.019). In contrast to the MRI parameters derived

from PP fibers, a significant difference in the thickness of the ERC was

observed only between the non-AD and AD dementia brain tissues

(mean difference = 0.767, 95% CI = 0.145 to 1.289, FDR-corrected

p= 0.012).

The sensitivity analysis, performed with variations in the assumed

ages and with the exclusion of the non-AD case with LATE, indicated

that these changes did not affect the statistical significance of group

differences (TableS4). Similarly, the sensitivity analysis, conductedwith

variations in the tractography parameters, demonstrated that changes

in fiber counts and lengths remained within ± 10% of the baseline

values across all parameter variations (Table S5).

4 DISCUSSION

In this study, we acquired 20 post mortem human brain specimens after

confirming the neuropathological assessments and premortem clinical
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F IGURE 2 11.7TMRI coronal panels of left entorhinal cortex in representative preclinical Alzheimer’s disease (AD) and AD dementia brain
tissues. (A and B) Three-dimensional T2-weighted images (3DT2WI). (C andD) Fractional anisotropy (FA) map. (E and F) Luxol fast blue with
hematoxylin and eosin staining (LFB&HE). The red bounding boxes are 5×magnified to clearly visualize the perforant pathway (PP) on the
presubiculum. Note that the PP fibers are not discernible in the AD dementia brain tissues.

diagnoses of AD according to the NIA-AA guidelines. The medial

temporal lobes of these brain tissues were scanned using 11.7TMRI ex

vivo for 3DT2WI, DTI, and tractography in submillimeter resolutions.

Then we quantified theMRI parameters, such as the PP ratio, FA value

of the presubiculum, number and length of PP fibers, and thickness of

the ERC, and compared these quantitative values with neuropatho-

logical findings related to AD pathogenesis, including the degree of

accumulation of amyloid plaques and NFTs in the medial temporal

lobes. The primary finding was that greater degeneration of PP fibers,

detectable via 11.7T MRI ex vivo, was associated with histologically

confirmed higher severity of NFTs in the ERC. Furthermore, we

detected a significant reduction in the number of PP fibers but not ERC
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8 of 11 UCHIDA ET AL.

F IGURE 3 AnatomicalMRI parameters across the groups of AD neuropathological changes. The perforant path (PP) ratio, mean fractional
anisotropy (FA) value of the presubiculum (PreS), number and length of PP fibers, and entorhinal cortex (ERC) thickness were compared across
severities of ABC (A: Thal amyloid phase; B: BraakNFT stage; C: CERAD score) scores of AD neuropathological changes (A–C) andNFTs in ERC (D).
The PP ratio, mean FA value of PreS, number of PP fibers, and ERC thickness decreased along severities of B scores of AD neuropathological
changes andNFTs in ERC. The differences in these parameters weremore prominent due to the degree of severities in NFTs than that of amyloid
plaques.While the length of PP fibers did not differ significantly among the groups, the number of PP fibers showed significant differences.

F IGURE 4 AnatomicalMRI parameters across the groups of clinical AD diagnoses. The perforant path (PP) ratio, mean fractional anisotropy
(FA) value of the presubiculum (PreS), number and length of PP fibers, and entorhinal cortex (ERC) thickness were compared across the groups
along the AD continuum (non-AD vs preclinical AD vs AD dementia). All MRI parameters in AD dementia were lower than those in non-AD brain
tissues. Additionally, there were significant differences in themean FA value of PreS between the preclinical AD and AD dementia brain tissues
(mean difference= 0.038, 95% confidence interval [CI]= 0.014 to 0.059, false discovery rate (FDR)-corrected p= 0.005) and the number of PP
fibers between the non-AD and preclinical AD brain tissues (mean difference= 759, 95%CI= 289 to 1225, FDR-corrected p= 0.019). In contrast
to theMRI parameters derived from PP fibers, a significant difference in ERC thickness was observed only between the non-AD and AD dementia
brain tissues (mean difference= 0.767, 95%CI= 0.145 to 1.289, FDR-corrected p= 0.012).

thickness during the preclinical stage of AD in this small dataset.While

numerous MRI studies have focused on the thinning of the ERC that

preceded clinical symptoms,6,39–41 the findings of the present study

supported the hypothesis that degeneration of PP fibers, as assessed

by ultrahigh-field MRI parameters, would be more pronounced across

the AD continuum (non-AD< preclinical AD<AD dementia).

Using DTI and tractography at an isotropic resolution of 250 μm

(zipped to 125 μm isotropic resolution), we measured the FA value

of the presubiculum in the FA map and the number and length of PP

fibers derived from streamlines created by the FACT algorithm.36 The

reduced FA value and decreased number of PP fibers are thought to

result from demyelination, axonal degeneration, or both during AD
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pathogenesis.42,43 It is important to note that diffusion MRI does not

directly visualize axons but only provides indirect information based

on diffusions of surrounding water molecules. To address this biologi-

cal non-specificity, we first demonstrated that the areas of myelinated

fibers identified by histological analysis corresponded to the areas

visualized by streamlines from tractography. The reconstructed trajec-

tories of the PP in this study aligned with those previously observed

using polarized light microscopy in the human hippocampus ex vivo,44

validating our tractography method. Moreover, while the length of PP

fibers remained preserved in preclinical AD, the number of PP fibers

was significantly decreased from the preclinical stage of AD, consistent

with previous studies of DTI and tractography.25,43

The MRI parameters we selected in this study for quantifying PP

fibers were derived not only from quantitative MRI techniques, such

as DTI and tractography, but also measured using 3DT2WI. The T2-

weighted signal with ultrahigh-field strength and high-performance

gradients can provide good contrasts between soft tissues, making it

useful for visualizing various brain structures and pathologies.45 Low

signal contrasts in neuronal fibers on 3DT2WI can be generated due

to the following reasons: (1) myelinated nerve fibers tend to have low

signal intensity on 3DT2WI because the myelin content produces a

shorter T2 relaxation time, resulting in darker contrasts46; (2) high-

density fiber tracts can also appear darker due to less water content

and more tightly packed myelin47; (3) certain pathological conditions,

including chronic demyelination or gliosis, might alter the signal char-

acteristics, making the neuronal fibers appear brighter compared to

non-pathological status.48 Low T2-weighted signal contrasts on the

presubiculum, consistent with PP fibers, confirmed by histological ver-

ification, led us to define the PP ratio and demonstrate its association

with neuropathological findings related to AD pathogenesis.

In this study, DTI and tractography directly extracted quantitative

measures, including the FA value of the presubiculum and the number

and length of PP fibers. A previous work by Granger et al.49 also high-

lighted the potential of using high-resolution diffusion MRI to detect

PP degeneration and its relationship to memory impairment. How-

ever, these strategies have limitations for clinical application due to

the longer scan time and lower spatial resolutions.50 On the other

hand, 3DT2WI is a conventional imagingmethodwidely used in clinical

practice, enabling us to acquire images with higher spatial resolutions

and signal-to-noise ratios.45 The utilization of 3DT2WI is expected

to be necessary for visualizing PP fibers in vivo in clinical applica-

tion as a neuroimaging biomarker for the neurodegeneration of AD.25

Radiomics-based approaches, particularly those involving hippocam-

pal texture analysis, have shown promise in detecting microstructural

changes in early AD.51

This study has several limitations. First, caution should be exercised

when interpreting our results as an AD-specific neurodegeneration.

Considering the age-dependent degradation of PP fibers,22 the find-

ings might reflect both age- and non-AD-related neurodegeneration.

To account for the effects of aging, we included the demographics,

including age, sex, and brain weight, as covariates in the statistical

analyses. Regarding the co-pathological changes other than AD, there

were no cases with Lewy body pathological changes and only one

case with TDP-43 immunoreactive beaded dystrophic neurites in the

hippocampus. A longitudinal study for cognitively unimpaired indi-

viduals with and without abnormal AD biomarkers is necessary for

investigating whether the MRI findings of PP fibers can be used as

biomarkers for neurodegeneration of AD pathogenesis. Second, we

did not obtain memory function test scores in this cohort, resulting

in the inability to analyze the associations between cognitive func-

tion scores and quantitative parameters derived from theMRI findings

of PP fibers. In previous studies of diffusion MRI, the lower the FA

value of PP fibers, the lower the episodic memory function test was

before atrophic changes of the medial temporal lobe.22,52 Third, the

preprocessing steps of ex vivo histological examinations would affect

the quantitative MRI measurements, such as the post mortem interval

and fixation, though prior studies indicated that FA values remained

stable up to 72 h post mortem53 and that fixation does not significantly

alter FAvalues.54 Finally, the racial and ethnic homogeneity of our sam-

ple may limit the generalizability of our findings. Given that racial and

ethnic differences have been reported in AD pathology,55 future stud-

ies should incorporate more diverse cohorts to enhance the broader

applicability of our results.

In conclusion, this study demonstrated that ultrahigh-field 11.7T

MRI ex vivo could detect microstructural degeneration of PP fibers.

Quantitative MRI parameters derived from 3DT2WI, DTI, and trac-

tography at submillimeter resolutions differed among the severity of

AD neuropathological changes. Subsequent serial histological exami-

nations validated theMRI findings reflective of themyeloarchitectonic

features of PP fibers. In the preclinical stage of AD, the number of PP

fiberswas detectable, whereas the thickness of the ERCwas not. These

results pave the way for the development of highly sensitive biomark-

ers for neurodegeneration, enabling the detection of microstructural

changes in myelinated fibers during the early stages of AD patho-

genesis. Moving forward, it will be interesting to explore how this

proof-of-concept research can be translated to lower-resolution MRI

scans in vivo, considering variations in signal-to-noise ratios, shorter

scan times, and potential motion artifacts.
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