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Abstract.

Background: Conventional neuroimaging biomarkers for the neurodegeneration of Alzheimer’s disease (AD) are not sensitive
enough to detect neurodegenerative alterations during the preclinical stage of AD individuals.

Objective: We examined whether neurodegeneration of the entorhinal-hippocampal pathway could be detected along the
AD continuum using ultra-high-field diffusion tensor imaging and tractography for ex vivo brain tissues.

Methods: Postmortem brain specimens from a cognitively unimpaired individual without AD pathological changes (non-
AD), a cognitively unimpaired individual with AD pathological changes (preclinical AD), and a demented individual with
AD pathological changes (AD dementia) were scanned with an 11.7T diffusion magnetic resonance imaging. Fractional
anisotropy (FA) values of the entorhinal layer II and number of perforant path fibers counted by tractography were compared
among the AD continuum. Following the imaging analyses, the status of myelinated fibers and neuronal cells were verified
by subsequent serial histological examinations.

Results: At 250 wm (zipped to 125 wm) isotropic resolution, the entorhinal layer Il islands and the perforant path fibers could
be identified in non-AD and preclinical AD, but not in AD dementia, followed by histological verification. The FA value of
the entorhinal layer II was the highest among the entorhinal laminae in non-AD and preclinical AD, whereas the FA values
in the entorhinal laminae were homogeneously low in AD dementia. The FA values and number of perforant path fibers
decreased along the AD continuum (non-AD>preclinical AD > AD dementia).

Conclusion: We successfully detected neurodegenerative alterations of the entorhinal-hippocampal pathway at the preclinical
stage of the AD continuum.
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imaging, neurodegeneration
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INTRODUCTION

While the “modified amyloid cascade hypothesis”
pathway has been supported by cumulative evidence
[1], the causal relationship of amyloid-@, tau, or
both to Alzheimer’s disease (AD) progression is
still under debate. Prognostication at the personal
level is difficult because not all cognitively normal
individuals with positive results of these biomark-
ers show cognitive impairment within a clinically
relevant timeframe. Nevertheless, there is a consen-
sus that neurodegeneration is closely associated with
cognitive impairment during disease progression in
the AD continuum [2]. However, the neuroimaging
modalities currently used to detect the biomarkers
for neurodegeneration, such as anatomical magnetic
resonance imaging (MRI) and fluorodeoxyglucose
positron emission tomography, are not sensitive
enough to detect these neurodegenerative alterations
in preclinical AD [3].

For the development of a highly sensitive neu-
rodegenerative biomarker for preclinical AD, the
following two requirements must be met: 1) patho-
logical changes are present from the preclinical stage
of the AD continuum; and 2) the magnitude of these

changes is related to cognitive impairment of AD.
The entorhinal-hippocampal pathway meets these
requirements because it is the first region where
neurofibrillary tangles, composed of hyperphospho-
rylated tau, appear in the process of AD pathogenesis
[4] and also has a crucial role in the formation
of episodic memory [5]. The entorhinal cortex is
located at the anterior half of the parahippocampal
gyrus in the medial temporal lobe. Neurons of the
entorhinal layer II cluster and form neuronal-rich
islands [6], from which projection fibers converge
to form the angular bundle that reaches the pre-
subiculum and connects to the dentate gyrus of the
hippocampus, called the perforant pathway (Fig. 1A)
[7]. In a clinicopathological study for AD demen-
tia, memory loss became irreversible during the
pathological process of AD, with the demise of
entorhinal neurons and perforant path fibers, which
causes the disconnection of the hippocampus from
the association and limbic cortices [8]. Further, degra-
dation of the perforant pathway in aged humans
was associated with a word-list learning task before
the entorhinal atrophic changes were apparent [9].
Under these circumstances, our perspective was that
neurodegeneration below the threshold for clini-

Fig. 1. Coronal panels of the left entorhinal cortex (EC) in non-Alzheimer’s disease brain tissue. A) Schematic diagram. The perforant
pathway is a set of fibers projecting from the entorhinal layer II islands through the angular bundle (AG) and the presubiculum (PreS) to
the dentate gyrus (DG) in the hippocampus. PC, perirhinal cortex; SUB, subiculum. B) Luxol fast blue with hematoxylin and eosin staining
(LFB&HE). The red bounding boxes are 5 x magnified to clearly visualize the perforant path fibers on the presubiculum (left-upper panel) and
the entorhinal layer II islands (right-lower panel). C) The red bounding areas are myelinated fibers in the presubiculum. D) Mean diffusivity
(MD) map. E) Fractional anisotropy (FA) map. F) Color-coded FA map. Arrowheads point to myelinated fibers in the presubiculum and
single asterisks denote the entorhinal layer II cortices (B—F). Double asterisk designates the temporal alvear pathway coursing around the

hippocampal fissure (F).
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cal manifestation might be present in preclinical
AD.

Given the clinical and pathological significance
of the entorhinal-hippocampal pathway to the ear-
liest AD pathogenesis, we hypothesized that its
myeloarchitectonic features would serve as neu-
rodegenerative biomarkers for preclinical AD if
such features could be detected using quantitative
MRI. Among various MRI modalities, diffusion
MRI is particularly suited for quantifying anatomical
fiber connections such as the entorhinal-hippocampal
pathway because it can assess the characteristics
of tissue microstructure by measuring the ther-
mal motion of water molecules, which is not
detectable with anatomical MRI [10]. There has
been one research paper showing that the diffu-
sion MRI properties of the perforant path fibers
are altered in symptomatic AD [11]. However, due
to the low resolution of the image acquisition for
in vivo diffusion MRI, the perforant path fibers
could not be thoroughly reconstructed, which was
far from comparable to microscopic neuroanatom-
ical observations [12]. Whether alterations in the
entorhinal-hippocampal pathway are observed in pre-
clinical AD is still an open question.

A prerequisite for using changes in the entorhinal-
hippocampal pathway as neurodegenerative
biomarkers is the ability of diffusion MRI to
quantify microstructural alterations in preclini-
cal AD. Therefore, it is necessary to conduct a
proof-of-concept study to demonstrate whether
histologically confirmed neurodegenerative find-
ings can be quantified by diffusion MRI. Current
advances in the application of ex vivo diffusion
MRI at ultra-high-field strength, i.e., 7T or higher
static magnetic field, have been of great interest
because of its ability to visualize the cortical laminar
substructure and its unique features [13]. Assuming
the average width of the entorhinal layer II islands is
~500 pwm [14], image acquisition with submillimeter
resolution is required. Ultra-high-field MRI-based
histological analyses in previous studies, in which
postmortem human brain tissues were scanned
with 7T MRI followed by histological verification,
could visualize the entorhinal layer II islands and
the perforant path fibers [15, 16]. As a proof-of-
concept study, we used postmortem brain tissues
from non-AD, preclinical AD, and AD dementia
to investigate whether ultra-high-field diffusion
MRI could depict the histologically confirmed
neurodegeneration of the entorhinal-hippocampal
pathway.

MATERIALS AND METHODS

Human brain tissue

This study was performed under a protocol for
the use of de-identified human brain tissues for
research purposes, approved by the Institutional
Review Board of the Johns Hopkins Univer-
sity School of Medicine. Pathologically diagnosed
postmortem brain specimens of the left cerebral
hemisphere were provided by the Brain Resource
Center, Department of Pathology, Johns Hopkins
University School of Medicine, after standard patho-
logical examinations that included amyloid- and
tau-immunostaining. These postmortem brain speci-
mens included a 22-year-old cognitively unimpaired
man without AD pathological changes (non-AD),
a 68-year-old cognitively unimpaired woman with
AD pathological changes (preclinical AD), and
a 93-year-old demented man with AD patholog-
ical changes (AD dementia). The diagnosis was
made based on the National Institute on Aging and
Alzheimer’s Association (NIA-AA) guidelines for
the neuropathologic assessment of AD [17]. Demo-
graphics and pathological findings of these brain
specimens are summarized in the Supplementary
Material (Supplementary Table 1 and Supplementary
Figure 1).

Histological observation

The brain specimens were fixed in 10% formalde-
hyde for more than two weeks and sectioned into 10
mm-thick coronal slabs. The tissue blocks, approx-
imately 40 x 20mm in area, were cut from the
slabs that contained the entorhinal cortex and hip-
pocampus. For MRI scans, the brain tissues were
transferred to phosphate-buffered saline with 2 mM
gadopentetate dimeglumine for 48 h, and then were
placed inside 50ml conical tubes and filled with
proton-free liquid (Fomblin: Ausimont, Thorofare,
NJ, USA). The use of gadolinium contrast agent
allowed a shorter repetition time without compro-
mising diffusion measures [18]. Air bubbles were
removed by placing the sample in a vacuum chamber
for more than 10 min before MRI scans. Follow-
ing MRI scans, the brain tissues were embedded
in paraffin blocks, cut into 10 wm thick sections at
200 wm intervals, and stained using Luxol fast blue
with hematoxylin and eosin (LFB&HE) for histolog-
ical examination of myelinated fibers and neuronal
cells. Histological pictures were captured under a
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Fig. 2. Coronal panels of the left entorhinal cortex in preclinical Alzheimer’s disease (AD) (A—C) and AD dementia brain tissues (D-F). A,
D) Luxol fast blue with hematoxylin and eosin staining (LFB&HE). B, E) Fractional anisotropy (FA) maps. C, F) Mean diffusivity (MD)
maps. The red bounding boxes are 5x magnified to clearly visualize the perforant path fibers on the presubiculum (left-upper panel) and the
entorhinal layer Il islands (right-lower panel). Arrowheads point to myelinated fibers in the presubiculum and asterisks denote the entorhinal
layer II cortices (A—F). Note that these cortical substructures are not clearly discernible in the AD dementia brain tissue.

Zeiss Axio Observer.Z1 microscope equipped with
an AxioCam MRc camera (Carl Zeiss Microscopy,
Thornwood, NY, USA) and a x5 objective (Figs. 1B,
2A, and 2D). Areas of myelinated fibers in the pre-
subiculum were measured using the ZEN 3.6 (blue
edition) software (Fig. 1C). Finally, the ratio of the
area of myelinated fibers in the presubiculum to the
overall area of the presubiculum was calculated in
each brain tissue.

MRI scan and processing

Diffusion MRI was acquired using an 11.7-Tesla
NMR spectrometer (Bruker Biospin, Billerica, MA,
USA). A single-channel 30mm Bruker volume
coil was used for both radio frequency transmis-
sion and reception. Diffusion-weighted gradient and
spin echo sequences with navigator phase cor-
rection were applied to the ex vivo brain tissue
[19]. The scan parameters were: echo time =37 ms;
repetition time =900 ms; two signal averages; two
b0 images; and ten diffusion directions with b-
value = 2300 s/mm?. The temperature during the scan
was 27°C. The field of view was 40 x 30 x 16 mm?>
and the acquisition matrix size was 160 x 120 x 64,
which was zero-filled to 320 x 240 x 128. This
resulted in a final resolution of 250 pwm (zipped to
125 pm) isotropic. The total scan time was 24 h per
scan.

The DtiStudio software (https://www.MRIstudio.
org) [20] was used for the tensor calculation. The
linear registration method minimized a cost func-
tion based on mean square tensor fitting errors to
correct eddy current distortion and motion of the
tissue [21]. The pixels with artifactual signal were
eliminated from the tensor calculation using the cor-
rected Inter-Slice Intensity Discontinuity algorithm
[22]. From the tensor field, three eigenvalues were
extracted to calculate scalar values, such as fractional
anisotropy (FA), mean diffusivity (MD), axial dif-
fusivity (AxD), and radial diffusivity (RD). Among
these, we selected FA and MD maps to assess the
tissue microstructures of the postmortem brain spec-
imens because these contrasts were superior to those
of the AxD and RD maps in discerning the corti-
cal substructures (Supplementary Figure 2) [23]. The
FA map was color-coded by the principal eigenvec-
tors, shown in red (medial — lateral orientation), green
(anterior — posterior orientation), and blue (superior —
inferior orientation). The Gibbs ringing artifact [24]
was removed from all the images using the MRtrix3
software (https://mrtrix.org; RRID:SCR_006971)
[25].

Microstructural analysis

At 250 pm (zipped to 125 pm) isotropic resolu-
tion, cortical substructures were discernible within
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Fig. 3. Fractional anisotropy (FA) values extracted from the left entorhinal cortices. A) Non-Alzheimer’s disease (AD) brain tissue, which
is delineated for each entorhinal cortex. B) Preclinical AD brain tissue. C) AD dementia brain tissue. Cyan: Layer I, Red: Layer II, Green:
Layer III-VI. D) The histogram shows the FA value of each entorhinal lamina. Error bars indicate standard error of the mean. Asterisks
denote significant differences between the mean of the FA values (*p value with Bonferroni correction <0.05/18; **p value with Bonferroni

correction <0.005/18).

the entorhinal laminae using ex vivo 11.7T diffu-
sion MRI, which was validated by subsequent serial
histological examinations. In the MD map, areas
occupied by neuronal cells and intercellular matri-
ces appear bright [23]. Accordingly, the entorhinal
layer II, primarily occupied by neuronal-rich islands,
showed bright intensities [14]. With reference to the
localization of these islands, the RoiEditor software
(https://www.MRIstudio.org) was used to delineate
the boundary of the entorhinal layer I (the molecu-
lar layer), layer II (the external granular layer), and
other inner layers (III: the external pyramidal layer;
IV: the internal granular layer; V: the internal pyra-
midal layer; VI: the polymorphic layer), which were
indiscernible on both our MRI and histological anal-
yses (Fig. 3A—C). Then, the mean FA and MD values
were calculated for each layer on a 2D coronal plane
of the left entorhinal cortex. The criteria used to
select the coronal plane were: 1) the slice where the
dentate gyrus of the hippocampus was split into the
inner and outer portions; and 2) the slice that max-
imized the area occupied by the entorhinal layer II
islands.

Tract reconstruction

To reconstruct the perforant path fibers, we used
the fiber assignment by continuous tracking (FACT)
deterministic algorithm [26], which is implemented
in the DtiStudio software. An FA threshold of 0.1,
an angle threshold of 60°, and a minimum length
of five pixels were applied to determine the fiber
tract in the native FA space [27]. An OR operation
was set on the presubiculum for the first seed point
where the myelinated fibers of the perforant pathway
were seen on the FA map. The FA map was primarily
used as a reference to identify the seed point since its
image contrast was comparable to that of the myelin-
stained histological section [23]. The corresponding
color-coded FA map was also used to guide the place-
ment of the seed points. Then, an AND operation was
set on the angular bundle for the second seed point.
Following these steps, the perforant path fibers were
automatically reconstructed as a tract connecting the
entorhinal layer II and the dentate gyrus. Anatom-
ically implausible fibers for a portion of perforant
pathway were removed using a NOT operation as an
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Table 1
Anatomical features of the entorhinal layers and the perforant pathway
Non-AD Preclinical AD AD dementia )4

Entorhinal layer I

Number of pixels 315 308 165 NA

FA value, Mean & SD 0.092 £ 0.047 0.101 £0.054 0.095 +0.048 0.077

MD value, Mean #+ SD, mm?/sx 107 1.21+£0.35 1.18£0.32 1.24+£0.41 0.198
Entorhinal layer IT

Number of pixels 614 599 312 NA

FA value, Mean &+ SD 0.213£0.104 0.183 £0.091 0.104 £0.053 <0.001* 11

MD value, Mean + SD, mm?/sx 107 1.31£0.55 1.28 £0.39 1.334£0.47 0.164
Entorhinal layer III-VI

Number of pixels 1267 1145 584 NA

FA value, Mean &+ SD 0.125 £0.061 0.119£0.059 0.105+0.056 0.032f

MD value, Mean =+ SD, mm?/sx 1073 1.27+0.32 1.25+£0.36 1.29+£0.42 0.106
Perforant pathway

Area in the presubiculum, mm? x 1073 3.89 233 0.61 NA

Ratio of area to the presubiculum 0.22 0.14 0.08 NA

Number of fibers 2865 1134 103 NA

Mean length of fibers, mm 4.62 4.15 0.96 NA

Maximum length of fibers, mm 9.58 9.41 5.12 NA

Minimum length of fibers, mm 0.75 0.63 0.63 NA

Significant differences determined by one-way analysis of variance are indicated with the following letters: *for the comparison between non-
AD and preclinical AD with Bonferroni correction (p <0.05/18). tfor the comparison between non-AD and AD dementia with Bonferroni
correction (p <0.05/18). *for the comparison between preclinical AD and AD dementia with Bonferroni correction (p <0.05/18). AD,
Alzheimer’s disease; FA, fractional anisotropy; MD, mean diffusivity; NA, not applicable; SD, standard deviation.

additional step. Finally, the Amira software (Mercury
Computer System Inc., San Diego, CA, USA) was
used to visualize three-dimensional trajectories of
the perforant pathway to the surrounding anatomical
structures.

Statistics

Descriptive statistics and graphical displays were
performed in each case. To compare the eigen values
(FA and MD) extracted from the tensor calculation
among the brain tissues (non-AD versus preclini-
cal AD versus AD dementia), one-way analysis of
variance (ANOVA) was used with their pixel counts,
mean values, and standard deviations. Post hoc tests
were performed using Bonferroni correction for mul-
tiple comparisons at a p value of <0.05/18 (2 x 3 x 3)
for each eigen value in three layers among three brain
tissues.

RESULTS
Identification of anatomical structures

On microscopic observations, the entorhinal layer
II islands and the perforant path fibers showed blue
contrasts in LFB&HE, which were clearly visible
in non-AD (Fig. 1B) and preclinical AD (Fig. 2A),
whereas they were indiscernible in AD dementia

(Fig. 2D). Areas of myelinated fibers in the pre-
subiculum and its ratio to the overall area of the
presubiculum decreased along the AD continuum
(Table 1). These cellular and myeloarchitectural fea-
tures could be visualized on ex vivo 11.7T diffusion
MRI. In non-AD and preclinical AD, the MD map
displayed bright patchy intensities in the entorhinal
layer II, which were primarily occupied by neuronal-
rich islands, and dark striate intensities for fibers of
the perforant pathway on the presbiculum (Figs. 1D,
2C). In addition, the FA map displayed a bright lam-
ina in the entorhinal layer II and bright striates for
fibers of the perforant pathway on the presbiculum
(Figs. 1E, 2B). In contrast, these maps in AD demen-
tia displayed less laminar contrasts, which revealed
the demise of the entorhinal layer II islands and
perforant path fibers (Fig. 2D, E). The temporal
alvear pathway was shown coursing around the hip-
pocampal sulcus where it routed the long way to the
hippocampus (Fig. 1F).

Quantitative analysis

Laminar contrasts were seen within the entorhi-
nal cortices at 250 wm (zipped to 125 pwm) isotropic
resolution. Then, we delineated the boundary of the
entorhinal cortex layers I, II, and III-VI, in which
the FA and MD values of each cortical lamina
were extracted from the non-AD, preclinical AD,
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Fig. 4. Fiber tractography of the perforant pathway. A) Two-dimensional (2D) reconstruction of the perforant pathway, which originates
from the entorhinal layer II and projects to the hippocampus through the angular bundle and the presubiculum. B) Line graph of the number
and mean length of fibers. C) Three-dimensional (3D) reconstruction of fibers to the surrounding anatomical structures. DG, dentate gyrus;
EC, entorhinal cortex; PC perirhinal cortex; PP, perforant pathway; PreS, presubiculum; SUB, subiculum.

and AD dementia brain tissues (Fig. 3A—C). These
microstructural characteristics of the entorhinal lay-
ers and the perforant path fibers are listed in Table 1.
There were significant differences in the FA values
of the entorhinal layer II between pairs of each brain
tissue (non-AD versus preclinical AD versus AD
dementia; Bonferroni-corrected p <0.05/18, respec-
tively) and in those of the entorhinal layers III-VI
between non-AD and AD dementia. In contrast, there
were no significant differences in the MD values
among the brain tissues. We also found that the FA
value of the entorhinal layer II was the highest among
the entorhinal laminae in non-AD and preclinical AD,
whereas the FA values were homogeneously low in
AD dementia (Fig. 3D).

Fiber tractography

Using the deterministic fiber tractography, the per-
forant path fibers could be identified in non-AD and
preclinical AD (Fig. 4A), but not in AD dementia.
Anatomical features of the perforant pathway, includ-
ing the number and length of fibers, are listed in
Table 1. We found that the number of fibers decreased
along the AD continuum, whereas the mean length
of fibers comparatively preserved in preclinical AD
(Fig. 4B). Finally, the three-dimensional tractography

could reproduce the previously reported trajectories
of the perforant pathway [16, 28], which aids in
understanding the stereoscopic architecture of fibers
to the surrounding anatomical structures (Fig. 4C).

DISCUSSION

In the present study, we applied ex vivo 11.7T diffu-
sion MRI with submillimeter resolution to distinguish
the entorhinal cortex layers I, II, and III-VI and
to visualize the perforant path fibers in postmortem
human brain tissues along the AD continuum. Then,
we quantified the structural and connectivity proper-
ties of the entorhinal laminae and the perforant path
fibers, which were validated by subsequent serial his-
tological examinations. To the best of our knowledge,
this study is the first to reveal that changes in diffu-
sion MRI metrics, such as decreased FA values in
the entorhinal layer II and a decreased number of
fibers of the perforant pathway, could result from
histologically confirmed neurodegeneration of the
entorhinal-hippocampal pathway seen in the AD con-
tinuum, including preclinical AD.

Pathological changes in AD begin silently many
years before the onset of cognitive decline [29].
This long “preclinical stage” provides us with an
opportunity for timely therapeutic and preventive
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interventions; therefore, tools that can diagnose the
preclinical stage of AD are needed. In 2011, the
NIA-AA proposed guidelines by which to identify
preclinical AD patients who were not cognitively
impaired but who had abnormal AD biomarkers [30].
Advances in biomarker research over the last decade
[3] led to the proposal of research criteria with which
to identify biomarker-defined preclinical AD [2].
Thus, AD is now regarded as a biological and clinical
continuum that covers both asymptomatic and symp-
tomatic individuals with evidence of AD pathological
changes [31].

Our results showed that FA values of the entorhi-
nal layer II were the highest among the entorhinal
laminae in non-AD and preclinical AD. The entorhi-
nal layer II is primarily occupied by neuronal-rich
islands, surrounded by neuron-sparse inter-islands
[4]. In addition, myelinated fibers in the perforant
pathway originate from the entorhinal layer II islands
and densely exist in this layer [7]. We speculate that
myelinated fibers within neuron-sparse inter-islands
might reflect an increased degree of anisotropy of
water molecules, resulting in high FA values (Sup-
plementary Figure 3). During disease progression,
mild neuronal cell loss in the entorhinal layer II has
been microscopically observed from the preclinical
stage of AD [32], which may cause decreased FA val-
ues due to the enlarged neuron-sparse inter-islands.
Finally, the demise of entorhinal neurons and per-
forant path fibers in AD dementia diminished laminar
contrasts, resulting in homogeneously low FA values.
The current application of ex vivo diffusion MRI at
250 pm isotropic (zipped to 125 wm) resolution could
quantify these changes in cortical laminar substruc-
tures.

The reason that our results showed significant dif-
ferences along the AD continuum only in the FA
values of the entorhinal layer II, but not in the MD
values, remains unclear. One possibility is the vari-
ability in MD values during the pathological process
of the AD continuum. At the preclinical stage, glio-
sis and myelin repair can cause diffusion restrictions
of water molecules, resulting in decreased MD val-
ues [33], whereas increased MD values have been
seen in the entorhinal cortex due to severe neuronal
cell loss in AD dementia [34]. Indeed, there was a
tendency toward lower MD in preclinical AD and
higher MD in AD dementia, compared to non-AD
(Table 1). The MD value obtained from the tensor
model might oversimplify such temporal changes
along the AD continuum, and therefore, might not
be sensitive enough to differentiate non-AD, pre-

clinical AD, and AD dementia. Meanwhile, scalar
measures obtained from the non-tensor model that
allow quantification of detailed microscopic anatom-
ical features, including fiber density and fiber bundle
cross-section, can be useful in deciphering the disease
progression during early AD [35]. Nevertheless, our
results derived from a diffusion tensor imaging with
submillimeter resolution demonstrated its feasibility
to quantify histopathological findings.

In addition to FA and MD values, we measured the
number and length of fibers of the perforant pathway
from streamlines created by tractography, which is
determined with FA thresholding [26]. A decreased
number of fibers in the process of AD pathogene-
sis has been generally interpreted as the result of
demyelination of axonal structures, or axonal degen-
eration, or both [34, 36]. However, it should be noted
that diffusion MRI does not image axons directly, but
reflects only indirect properties based on the diffusion
of water molecules. To overcome this biological non-
specificity, we demonstrated that decreased areas of
myelinated fibers measured by histological analysis
were compatible with the number of fibers counted
by tractography. Furthermore, the reconstructed tra-
jectories of the perforant pathway in the present study
were comparable to the trajectory visualized by polar-
ized light microscopy in the human hippocampus ex
vivo [28], indicating that the tractography methodol-
ogy used in this study was valid. Compared to the
number of fibers, the length of fibers of the perforant
pathway preserved in preclinical AD, but intensively
shortened in AD dementia (Fig. 4B). Another trac-
tography study also showed both decreased number
and length of fibers in symptomatic AD [36]. In addi-
tion, the lower the FA value of the perforant pathway,
the lower the episodic memory function was before
the entorhinal atrophic changes [9]. These results
suggested the potential of diffusion MRI as a tool
with which to predict transition from asymptomatic
to symptomatic AD.

Caution should be exercised when interpreting our
results as an AD-specific neurodegeneration. Consid-
ering the age-dependent degradation of the perforant
pathway [9], the findings might reflect both AD-
and age-related neurodegeneration. To account for
the effects of aging, age-matched brain tissues in
cognitively unimpaired individuals with and with-
out AD pathological changes should have been
examined. However, amyloid plaques and neurofib-
rillary tangles, the pathological hallmarks of AD,
are commonly observed in postmortem histological
examinations for older individuals even with clini-
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cally normal cognition, reaching an occurrence of
almost 100% in the oldest (>90 years) [37]. Based
on this prevalence of AD pathology, it would be nec-
essary to adjust for the effects of aging in the study
design and analysis phases. For the acquisition of
reliable samples, a longitudinal study for cognitively
unimpaired individuals with and without abnormal
AD biomarkers is needed to test whether the diffusion
MRI findings in the entorhinal-hippocampal path-
way can be used as AD-specific neurodegenerative
biomarkers.

In this study, we opted for a deterministic method-
ology for three primary reasons. First, the primary
objective was to enhance spatial resolution to pre-
cisely depict cortical substructures and intricate fiber
anatomy. Despite the benefits of a probabilistic
approach in augmenting within-voxel information,
the downside is the need for a higher b-value, lead-
ing to a reduced signal-to-noise ratio (SNR) [38].
This lower SNR necessitates decreased spatial res-
olution, an extended scan time, or both. Furthermore,
the approach calls for a higher angular resolution,
which results in an even more prolonged scan time.
Second, we utilized the gold standard of histologi-
cal observation to affirm the consistency of the tracts
with those found in myelin-stained sections. Third,
the resolution of our ex vivo scans (0.25 mm cube)
was significantly higher than that of standard in vivo
scans (approximately 1.5-2.5 mm cube), diminish-
ing the likelihood of multiple fiber bundles being
included within each voxel. For these reasons, we
favored a deterministic approach over a probabilistic
one and were able to discern the perforant path fibers
in harmony with the histological observations. How-
ever, we also acknowledge that probabilistic tracking
might be suitable for exploring anatomical areas with
dense crossing fibers, as previously reported [39].

Considerable technical advances will be needed
to promote efficient translation of the ex vivo MRI
experiments into in vivo MRI clinical research. It is
difficult to measure FA values using in vivo diffusion
MRI with submillimeter resolution due to distortion
artifacts and time-consuming scans in a clinical scan-
ner. A practical solution is to make use of phase
image contrasts acquired from multi-echo gradient
echo sequences because the contrasts in diffusion
MRI and relaxation-based MRI, such as T1- and T2-
weighted images, are insufficient to distinguish the
entorhinal laminae in vivo [40]. An ultra-high-field
gradient echo-derived susceptibility tensor imaging
could be utilized as a clinical application alternative
to diffusion tensor imaging and will be of benefit

because of its ability to reconstruct microstructural
fibers with high spatial resolution [41].

The present study has several limitations. This
proof-of-concept study was based on a limited num-
ber of brain specimens. As a result, we could not
estimate the effects of various biological factors,
such as age and sex. In addition, the procedures
utilized for tissue preparation, such as the use of
gadopentetate dimeglumine and variations in the
duration of formaldehyde fixation, could have poten-
tially influenced MRI metrics and thereby introduced
confounding factors into the results. For instance, a
study conducted by Dawe et al. discovered that the
effect of fixation on T2 values in the deep brain region
was significant for up to 50 days, but plateaued after
100 days [42]. In another study, Shatil et al. found that
formaldehyde fixation significantly affected T1 and
T2 relaxation times, but did not influence FA and MD
values [43]. Furthermore, the impact of formaldehyde
fixation on brains from different age groups remains
unexplored. Finally, the influence of FA thresholding
and crossing fibers within each voxel should be noted
for the quantification of the number of perforant path
fibers, especially where the angular bundle has highly
mixed fiber orientations [44].

Conclusion

Ex vivo ultra-high-field diffusion MRI with sub-
millimeter resolution was capable of quantifying
microstructural alterations along the AD continuum,
such as decreased FA values in the entorhinal layer
IT and a decreased number of fibers of the perforant
pathway. The MRI findings were validated by subse-
quent serial histological examinations. These results
advance our understanding of the microstructural
neurodegeneration in the entorhinal-hippocampal
pathway during the pathological process of AD and
open an avenue for the development of neurodegen-
erative biomarkers for preclinical AD.
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