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A B S T R A C T   

The dentate gyrus (DG) is an integral portion of the hippocampal formation, and it is composed of three layers. 
Quantitative magnetic resonance (MR) imaging has the capability to map brain tissue microstructural properties 
which can be exploited to investigate neurodegeneration in Alzheimer’s disease (AD). However, assessing subtle 
pathological changes within layers requires high resolution imaging and histological validation. In this study, we 
utilized a 16.4 Tesla scanner to acquire ex vivo multi-parameter quantitative MRI measures in human specimens 
across the layers of the DG. Using quantitative diffusion tensor imaging (DTI) and multi-parameter MR mea-
surements acquired from AD (N = 4) and cognitively normal control (N = 6) tissues, we performed correlation 
analyses with histological measurements. Here, we found that quantitative MRI measures were significantly 
correlated with neurofilament and phosphorylated Tau density, suggesting sensitivity to layer-specific changes in 
the DG of AD tissues.   

1. Introduction 

The dentate gyrus (DG) of the hippocampus plays an important role 
in circuit processing including learning and memory encoding (Jonas 
and Lisman, 2014). The DG is a layered structure comprised of the 
granule cell layer (GCL) which is a dense layer of granule neurons, the 
molecular layer (ML), which is mostly cell-free but contains dendritic 
connections from the GCL, and the polymorphic layer (PL), which 
contains granule, mossy and pyramidal basket cells (Amaral et al., 2007; 
Augustinack et al., 2010; Zeineh et al., 2017) (Fig. 1). The DG receives 
input and output from various subfields of the hippocampus (CA1-CA4) 
and the neocortex (Amaral et al., 2007). In Alzheimer’s disease (AD), the 
hippocampus is the first site known to undergo neurodegenerative 
changes before onset of symptoms (Rajmohan and Reddy, 2018; Ohm, 

2007). These neuropathological changes are characterized by the 
accumulation of extracellular β-amyloid (Aβ), neurofibrillary tangles 
(NFTs), neuroinflammation, synaptic dysfunction and eventual 
neuronal loss (Braak and Braak, 1991). 

The observed brain atrophy in AD patients is caused by the loss of 
neurons and functional connectivity changes and these can be detected 
using magnetic resonance imaging (MRI) methods (Kälin et al., 2017; 
Mak et al., 2016; Mueller et al., 2014; Wisse et al., 2014; Wisse et al., 
2015; Wolk et al., 2017; Yassa et al., 2010). MRI can aid in the pre-
liminary diagnosis of Alzheimer’s disease, but definitive diagnosis re-
quires histopathologic examination of brain tissue. Therefore, 
improvements in MRI techniques are needed to enhance its specificity to 
diagnose AD cases more conclusively. Currently, MRI-derived volu-
metric measures, such as overall brain or hippocampal atrophy, are well- 
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established markers for AD (Boutet et al., 2014). Previous studies used 
ex vivo MRI to clarify the association between the pathology of tau 
protein and the thickness of the medial temporal cortex (Ravikumar 
et al., 2021; Yushkevich et al., 20212021). However, the underlying 
microstructural degeneration occurs years before a volumetric change 
can be detected. Therefore, new, high-resolution measures are needed to 
detect early microstructural changes that precede hippocampal atrophy. 

Advancements in neuroimaging using diffusion-weighted MRI (DW- 
MRI) have provided increased sensitivity to measure tissue spherical and 
microscopic anisotropy (Basser et al., 1994; Lasič et al., 2014; Westin 
et al., 2017), axonal/neurite morphology (Jespersen et al., 2007; Kaden 
et al., 2016; Zhang et al., 2012; Sepehrband et al., 2015; Sepehrband 
et al., 2016), structural complexity (Burcaw et al., 2015; Novikov et al., 
2014; Sepehrband et al., 2019), and cellular morphology and density 
(Wang et al., 20112011). DW-MRI has been used to detect microstruc-
ture changes in hippocampal subregions in AD pathology (Beaujoin 
et al., 2018), suggesting that this method can serve as a promising tool 
for early AD detection. Other quantitative MRI techniques have also 
shown sensitivity to tissue microstructural alterations across several 
parameter types. The T2-weighted sequence, which uses the transverse 
relaxation time (T2) and transverse relaxation rate (R2 = 1/T2) of the 
protons, is sensitive to iron load and other paramagnetic molecules 
(Schneider et al., 2016). Susceptibility-weighted imaging (SWI), which 
detects magnetic susceptibility changes, is sensitive to diamagnetic 
material, such as myelin in tissue (Enzinger et al., 2015). Together, these 
measurements may provide distinct MR signatures that reflect cell 
content, neuronal architecture, or pathological changes which would 
have clinical implications. Therefore, we set out to characterize the 
quantitative MRI signals within layers of the DG to distinguish AD pa-
thology from control of postmortem tissues which is not well charac-
terized. Given the distinct microstructural properties of different layers 
of DG, it is an ideal landmark for validating MRI-derived measures. 

In this study, we performed high resolution, ex vivo MRI at 16.4 
Tesla. High isotropic resolution images with small vowel sizes, as small 
as 50 μm, was used to investigate the signal profile of the cellular dif-
ferences of the ML, PL, and GCL areas within the DG of AD and normal 
control postmortem brain tissues. Multi-parameter MRI measures were 
then tested for correlation with histological measurements from the 
same tissue. Our findings demonstrate the utility of multi-parameter 
imaging in detecting underlying AD pathology in the DG, and may 
assist in the development of more advanced protocols in vivo that are 

needed for an early and accurate diagnosis of AD. 

2. Materials and methods 

2.1. Human postmortem tissues 

Postmortem hippocampal specimens were obtained from 6 cogni-
tively normal and 4 AD participants from the neuropathology core of the 
USC Alzheimer’s Disease Research Center (ADRC). Details of the speci-
mens are shown in Table 1. Formalin-fixed brains (10 %) were dissected 
at the level of the lateral geniculate nucleus, including the hippocampal 
and parahippocampal gyri, to include approximately (1–2 cm)3 starting 
at the anterior hippocampus for ex vivo MRI studies. Adjacent hippo-
campal tissue was also sampled and paraffin-embedded for histological 
analysis. For AD, staging was performed using the neuropathological 
guidelines of the Consortium to Establish a Registry for Alzheimer’s 
disease (CERAD) (Braak and Braak, 1991; Mirra et al., 1991). 

2.2. Ex vivo MRI acquisition 

Data were acquired using a 16.4 T vertical wide-bore microimaging 
system, running Paravision 6.0.1 (Bruker Biospin, Rheinstetten; Para-
Vision v6.01) equipped with micro 2.5 gradient coil and a 30 mm 

Fig. 1. Dentate gyrus (DG) and its 
layers. A 3D rendering of brain with a 
cross section cut including DG is illus-
trated in (A). An example MRI image is 
presented (B) to provide a cross 
sectional view of the DG. Image was 
borrowed from (Sepehrband et al 2020) 
(Sepehrband, 2020). Nissl stained his-
tology image of human hippocampus, 
from Allen atlas (http://atlas.brain-map. 
org) is shown in (C). Molecular layer 
(ML), granular cell layer (GCL) and 
polymorphic layer (PL) of DG are color- 
coded in (D). Cornu Ammonis 4 (CA4) is 
also included for visual aid, given the 
subtle difference between DG and CA4. 
High magnification view of GCL is 
shown in (E). Three area of GCL with 
low (70 µm), moderate (134 µm) and 
high (220 µm) thickness values are also 
demonstrated. An H&E stained image 
from the studied neurologically normal 
tissue at low magnification (F) with 
designated box demonstrating a region 
in the GCL with increased thickness 
revealing granule cells is shown in (G).   

Table 1 
Details of the postmortem hippocampal specimens.  

Diagnosis Age Gender PMI (hours) FFT (hours) ADNC 

Control 55 M 22 48 A0B0C0 
Control 31 F 5.5 15 A0B0C0 
Control 40 M 7 56 A0B0C0 
Control 63 M 10 39 A0B0C0 
Control 85 F 7 36 A0B0C0 
Control 83 F 7 days 21 A0B0C0 
AD 62 F 15.25 35 A2B3C3 
AD 88 M 6.75 34 A2B3C2 
AD 81 F 5.3 20 A3B3C3 
AD 81 M 6.5 22 A1B1C0 

AD: Alzheimer’s disease. 
PMI: Postmortem interval. 
FFT: Formalin-fixation time. 
ADNC: Alzheimer disease neuropathologic changes. 
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birdcage volume coil (M2M, Brisbane, Australia). The scanner has a 
vertical open bore diameter of 89 mm. The Gmax and max slew rate of 
this gradient system were 1.5 T/m and 15,000 T/m/s, respectively. 
Formalin-fixed samples were washed in phosphate buffered saline (PBS) 
for 4 days prior to MRI acquisition and fixed onto a plastic holder with a 
small amount of cyanoacrylic glue. To reduce geometrical distortion and 
preserve the samples during MRI, they were immersed inside a poly-
perfluoroether medium (Fomblin Y06/06, Solvay Solexis, Italy) (Kur-
niawan et al., 2014). 

2.3. Gradient echo imaging in multiple resolutions 

Three-dimensional, multi gradient-echo (MGE) images were ac-
quired with five 3D isotropic image resolutions: 100, 200, 400, 700 and 
1000 μm. These images were acquired to inform DWI the required res-
olution to resolve layers of DG. The following 3D MGE parameters were 
used: flip angle = 30◦, repetition time (TR) = 100 ms, echo times (TE) =
{4, 8, 12, 16, 20, 24} milliseconds, field of view (FOV) = (32 mm)3, 
number of scan averaging (NEX) = 1 and matrix sizes of 3203, 1603, 803, 
463, respectively. The acquisitions were performed at 22 ◦C with the 
total imaging time of 3 h and 50 min. 

2.4. Spin-Echo diffusion-weighted images (DWI) 

DW-MRI was acquired using 3D Stejskal-Tanner (Stejskal and Tan-
ner, 1965) spin-echo sequence to achieve high signal-to-noise ratio 
(SNR) at (150 μm)3 isotropic resolution. Data was acquired with three 
diffusion weightings: b-values of 1000, 3000 and 5000 s/mm2, with 20, 
30 and 45 diffusion encoding gradient directions with distinct spheri-
cally even distribution (Caruyer et al., 2013). In addition, a total of 6 
unweighted images (S0) were acquired. 3D DW-MRI spin-echo was ac-
quired using FOV = 25.5 × 20 × 23.4 mm and matrix size = 170 × 130 
× 156. TE, diffusion gradient pulse duration (δ) and separation times (Δ) 
were fixed across shells to avoid time-dependent effect on diffusion 
signal. Total DW-MRI scan time was 48 h and 22 min (also at 22 ◦C). 
Details of the acquisition protocol are shown in Table 2. 

2.5. 3D T1/T2* weighted gradient echo imaging 

High-resolution structural images were acquired using 3D T1/T2* 
weighted gradient echo imaging Fast Low Angle Shot (FLASH) with flip 
angle = 30◦, TR = 40 ms, TE = 12 ms, bandwidth = 50 kHz, at 75 and 50 
μm isotropic image resolutions. The acquisition times were 1 h 2 min 
(NEX = 2) and 6 h 54 min (NEX = 6), respectively. Additionally, 3D T1 
weighted spin echo imaging was acquired using: (a) 3D Rapid Acquisi-
tion with Relaxation Enhancement (RARE) sequence with TR = 500 ms, 
TE = 42 ms, bandwidth = 50 KHz, RARE factor = 8, at 75 μm isotropic 
resolution, and the acquisition time was 1 h 25 min; (b) 3D MSME 
sequence with TR = 400 ms, TE = 10, 20, 30, 40 and 50 ms, bandwidth 
= 50 KHz, NEX = 1, 75 μm isotropic image resolution, and the acqui-
sition time was 4 h 8 min. 

T1-maps were acquired using 2D RARE sequence with variable TR (5 
TR between 625 and 3000 ms), TE = 11 ms, RARE factor = 2, 

bandwidth = 50 KHz, NEX = 4, at 75 × 75 × 400 μm image resolution, 
with an acquisition time of 1 h 32 min. 

T2-maps were acquired using 2D Multi Slice Multi Echo (MSME) 
sequence with TR = 2 s, TE = 10–80 ms (8 echoes), bandwidth = 50 
KHz, NEX = 4, image resolution = 75 × 75 × 400 μm, acquisition time of 
49 mins. 

T2*-maps were acquired using 2D Multi Gradient Echo (MGE) 
sequence with flip angle = 30◦, TR = 100 ms, TE = 4–32 ms (8 echoes), 
bandwidth = 100 KHz, image resolution = 75 × 75 × 400 μm, NEX = 8, 
acquisition time of 49 mins. Additionally, 3D MGE sequence with the 
same parameters, but at isotropic 75 μm, NEX = 1, and the acquisition 
time was 1 h 2 min. 

2.6. Diffusion weighted (DW) spherical profile in DG 

Track-density imaging (TDI) (Calamante et al., 2012) was performed 
using single shell DW-MRI on the shell with b-value of 5000 s/mm2, 
using MRtrix software (version 0.2.12; http://jdtournier.github. 
io/mrtrix-0.2/index.html). Voxels with FA greater than 0.7 were 
segmented and the spherical harmonic decompositions of all the 
resulting profiles were then averaged to estimate the response function. 
We then applied constrained spherical deconvolution (Tournier et al., 
2008) to estimate the fiber orientation distribution in each voxel using a 
maximum spherical harmonic of order 6. Then, 500,000 streamlines 
were generated using probabilistic tractography tool (Tournier et al., 
2012) with the following parameters: curvature = 0.075, cutoff = 0.1, 
min length = 1, length = 15, step = 0.015. TDI with voxel size of (100 
μm)3 was then derived from generated streamlines. 

2.7. MRI data analysis 

All MRI images were corrected for Gibbs ringing (using Trapezoid 
windowing), N4 field bias using ANTs software (http://stnava.github. 
io/ANTs/), and co-registered before the analysis. For DW q-space pro-
file in DG, more than 40 voxels were selected within each layer from S0 
image based on their contrast (GCL appeared dark whereas ML and PL 
appeared bright). Spherical means of DW signals in each voxel were 
plotted as a function of b-value. For the correlation analysis, the regions 
of interest (ROI) of ML, GCL, and PL were drawn by ITK-SNAP (www. 
itksnap.org) manually. All segmentations were guided by the Allen 
human brain atlas (https://portal.brain-map.org) and our histology 
images. DG thickness was on average greater than 1 mm. The GCL was 
thinner than ML and PL, and within the GCL, the greatest thickness 
(greater than200 μm) was observed in the crest (“V” shaped areas) of 
GCL or in the most inferior part. Gradient echo images showed that GCL 
can be visualized with MRI with an imaging resolution close to GCL 
thickness. T2 and T2* relaxation rates were derived by fitting a mono- 
exponential decay to the data using the Quantitative Imaging Toolkit 
(QIT) software package (http://cabeen.io/qitwiki/) (Cabeen et al., 
2018). The relaxation rate of diffusion signal was also calculated using a 
mono-exponential decay (log transformed showed that the signal within 
the acquisition range were mono-exponential and therefore bi- 
exponential fit was not conducted). The average quantitative (diffu-
sion, T2/R2, T2* and SWI), and morphometric features (volumetric 
regional data from T1), and DTI metrics of DG subregions were extracted 
using QIT. 

2.8. Immunohistochemistry and histological analysis 

Formalin-fixed samples were paraffin-embedded, sectioned at 5 μm, 
and stained with hematoxylin and eosin (H&E) or immunostained with 
NF160 (neurofilament), and AT8 (phosphorylated tau (p-Tau)) and 
counterstained with hematoxylin using the Bond Polymer Refine DAB 
Detection System (Leica Biosystems, Buffalo Grove, IL, USA). Antigen 
retrieval was performed with Epitope Retrieval Solution 1 (ER1, pH 6) 
(Leica Biosystems, Buffalo Grove, IL, USA) for 20 min. Sections were 

Table 2 
16.4 T spin-echo DWI sequence.  

N |G| (mT/ 
m) 

δ 
(ms) 

Δ 
(ms) 

b (s/ 
mm2) 

td 
(ms) 

1/q 
(μm) 

TR/TE 
(ms) 

20 415 3 10 1000 9  18.8 200/19 
30 719 3 10 3000 9  10.9 200/19 
45 928 3 10 5000 9  8.4 200/19 

td = Δ − δ/3 (s), 
b-value = (2πq)2td (s/m2), 
where q = (2π)− 1γδG (m− 1), 
and γ = 2π × 42.57 × 106 (rad/s/T). 

N.-C. Shih et al.                                                                                                                                                                                                                                 

http://jdtournier.github.io/mrtrix-0.2/index.html
http://jdtournier.github.io/mrtrix-0.2/index.html
http://stnava.github.io/ANTs/
http://stnava.github.io/ANTs/
http://www.itksnap.org/
http://www.itksnap.org/
https://portal.brain-map.org/
http://cabeen.io/qitwiki/


NeuroImage: Clinical 37 (2023) 103318

4

then incubated for 20 min with neurofilament antibody (NF160; 
ab9034, Abcam, USA; 1:500) or phosphorylated tau (AT8, MN1020, 
Thermo Scientific, USA; 1:1000). All stains were performed at Children’s 
Hospital of Los Angeles and slides were scanned with a Zeiss AxioScan. 
z1 slide scanner (Carl Zeiss Microscopy, White Plains, NY, USA). The 
hippocampal region was selected and saved as a Tiff file. Using Fiji 
software (https://imagej.net/software/fiji/) (Schindelin et al., 2012), 
twenty equally sized regions of interest (ROIs) covering each of the 
entire ML, GCL, and PL were selected. All segmentations were also 
guided by the Allen human brain atlas. H&E-stained slides were 
analyzed for cell number using the cell counter function in Fiji. NF160 
and AT8 stained slides were uploaded into Fiji and the color deconvo-
lution function was used to separate hematoxylin stain and NF160 or 
AT8 stain. Images were then converted from RGB to the grayscale, and 
integrated intensity of NF160 or AT8 staining was measured in each ROI 
from samples. 

2.9. Statistical analysis 

Data are given as means ± standard error (SE); significance of MR 
imaging and histological differences were assessed using unpaired t- 
tests. Correlations between the MRI signal and corresponding histolog-
ical measurements from adjacent sites of the same hippocampal tissue 
were examined using the Pearson correlation coefficient. A false dis-
covery rate (FDR) procedure was used to correct for multiplicity. All 

statistical analyses were performed using MATLAB software 
(https://www.mathworks.com). 

3. Results 

3.1. Imaging DG with high resolution MR 

To resolve the layers of the dentate gyrus (DG) with minimal partial 
volume effect, we acquired structural MRI (16.4 T) images at different 
resolutions on a formalin-fixed, cognitively normal sample tissue 
(Fig. 2A-E). Upon selection of the DG and hippocampal subfields, we 
found that (100 µm)3 resolution compared with (200 µm)3 and (400 
µm)3 provided the best resolution to resolve the layers of the DG (Fig. 2F- 
H). Together, it indicated that diffusion-weighted MRI (DW-MRI) with 
an imaging resolution of (150 µm)3 was sufficient to resolve layers of the 
DG and to identify voxels fully encompassing each layer. Segmentation 
of the DG layers in control tissue was guided by boundaries defined in 
the Allen atlas (http://brain-map.org) (Fig. 2I). AD tissue was examined 
by the same methodology (Fig. 2J). 

3.2. DW signal in layers of DG 

To investigate each layer of the DG, we selected more than 40 voxels 
that laid fully within each layer. The GCL was visually distinguishable in 
the S0 image, with lower intensity compared to neighboring layers. 

Fig. 2. Ex vivo multi-resolution struc-
tural MRI of human hippocampus. (A-E) 
Gradient echo images of neurologically 
normal tissue, acquired with different 
resolutions, ranging from (100 µm)3 to 
(1.0 mm)3, are shown. (F-H) To identify 
best imaging resolution for diffusion- 
weighted MRI (DW-MRI), the dentate 
gyrus (DG) was expanded from images 
with the highest resolution (≤400 µm)3. 
(I) At (100 µm)3, spatially refined sub-
field parcellation of the dentate gyrus 
can be identified and (J) in Alzheimer 
disease (AD) tissue. DG: dentate gyrus, 
S: subiculum; EC: entorhinal cortex, TL, 
temporal lobe, CA: cornu ammonis. 
Scale bar = 1 mm on all images.   
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Inferior to the ML are the stratum locunosum of rostral CA1 and rostral 
presubiculum, which appeared hypointense in the S0 image likely due to 
high axonal content. This contrast difference of ML and neighboring 
regions was beneficial in locating the regions of interest. ML and GCL 
appeared hyperintense and hypointense, respectively, while the PL 
exhibited an intermediate intensity (Fig. 3A). 

The DW signal revealed a faster signal attenuation rate in GCL 
compared to ML and PL. This region is even distinguishable from the 
DW-MRI signature in the b-value domain (mean DW signal as a function 
of b-value) (Fig. 3B) while ML and PL/CA4 areas were indistinguishable 
in DW signal. The negative log of the spherical mean DW signal in GCL 
was higher than ML and PL/CA4 (Fig. 3C). This inter-layer difference 
increased with b-value and was significant at 3,000 and 5,000 s/mm2. 
This pattern showed that the discriminative power was significantly 
greater in the high b-value range, demonstrating the potential benefits of 
using high b-values for microstructural imaging. Increased variability in 
DW signal with increasing b-values was also observed, which most likely 
due to the fact that the signal-to-noise ratio (SNR) is lower at high b- 
values compared to low b-values. 

3.3. Diffusion MR changes in DG 

TDI analysis of DW-MRI was used to compare AD versus control 
qualitatively. TDI images of control and AD tissues (Fig. 4A & 4C) 
showed higher track density in DG in healthy control (Fig. 4B) compared 
to AD tissues (Fig. 4D). In addition, DTI metrics including axial diffu-
sivity, radial diffusivity, mean diffusivity, and fractional anisotropy 
were compared in control and AD tissues. Data revealed a trend for 
lower axial diffusivity (controlML = 0.00051, ADML = 0.00045, p =
0.430; controlPL = 0.00053, ADPL = 0.00045, p = 0.231; controlGCL =

0.00054, ADGCL = 0.00047, p = 0.338), radial diffusivity (controlML =

0.00043, ADML = 0.00037, p = 0.400; controlPL = 0.00048, ADPL =

0.00041, p = 0.248; controlGCL = 0.00045, ADGCL = 0.00038, p = 0.311) 
and mean diffusivity (controlML = 0.00045, ADML = 0.00039, p = 0.408; 
controlPL = 0.00048, ADPL = 0.00041, p = 0.248; control = 0.00048, 
ADGCL = 0.00041, p = 0.317) (Fig. 4E-H) and no observable trends in FA 
(controlML = 0.11849, ADML = 0.13624, p = 0.522; controlPL = 0.11031, 
ADPL = 0.11445, p = 0.801; controlGCL = 0.12031, ADGCL = 0.14235, p 
= 0.435) in the ML, PL and GCL of AD tissues compared to the healthy 
tissues (Fig. 4F). 

3.4. MR metrics of DG 

Next, to better quantify MRI measurements between ML, PL, and 
GCL, we acquired multi-modality imaging including T2, R2, T2*, and 
SWI mapping, at 50 µm isotropic resolution. Trends of slightly lower T2 

values were observed in the ML (control = 0.023, AD = 0.019, p =
0.082), PL (control = 0.025, AD = 0.020, p = 0.059), and GCL (control 
= 0.025, AD = 0.020, p = 0.112) of the DG in control compared to AD 
tissues (Fig. 5A). In contrast, trends of higher R2 values were observed in 
the ML (control = 44.740, AD = 57.670, p = 0.060), PL (control =
41.738, AD = 55.816, p = 0.079), and GCL (control = 41.720, AD =
56.059, p = 0.073) of AD tissues (Fig. 5B). Similarly, higher suscepti-
bility weighted imaging (SWI) values were observed in the ML (control 
= 0.230, AD = 0.306, p = 0.079), PL (control = 0.225, AD = 0.303, p =
0.062), and with significance in the GCL (control = 0.227, AD = 0.325, 
p = 0.046) (Fig. 5C); while no trends of diffusion decay rates were 
observed in the ML (control = 0.00044, AD = 0.00038, p = 0.305), PL 
(control = 0.00046, AD = 0.00040, p = 0.211), and GCL (control =
0.00047, AD = 0.00040, p = 0.236) of AD tissues (Fig. 5D). T2* data was 
not shown. 

3.5. Measures of AD pathology in the DG 

The subtle variations observed in DTI and the differences of quan-
titative MRI metrics although not significant suggested possible under-
lying microstructural differences between control and AD hippocampi. 
Therefore, histological studies on tissue sections adjacent to MRI- 
sampled regions were compared to interpret findings in a histopatho-
logic context. Using H&E-stained sections, we performed semi- 
quantitative scoring of cell numbers in the various layers of the DG 
and found reduced trend of cells in the GCL in AD compared to control 
tissue (Fig. 6A). 

Given the reduction of TDI fiber tracks observed in the DG of AD 
tissues, we examined differences in the levels of neurofilament (NF160) 
that are highly expressed in axons and dendrites (Didonna and Opal, 
2019). The intensity of NF160 showed significant differences in ML but 
not in the GCL or PL of the DG between control and AD tissues (Fig. 6B). 
Moreover, we also stained for phosphorylated tau (p-Tau) to better 
assess AD-related pathology and found increased levels of p-Tau in all 
DG layers in AD tissues (Fig. 6C). 

3.6. Correlation between MR metrics and histology 

A correlation approach to examine MR measures and histopatho-
logical findings collected in the same samples of each layer in the DG. 
Positive correlations between MRI volumetric measurements of T2-maps 
and neurofilament density were observed in ML (R = 0.721, p = 0.028) 
and PL (R = 0.841, p = 0.005) (Fig. 7A), while R2 value mapping had 
negative correlations with neurofilament in ML (R = -0.868, p = 0.002) 
and PL (R = -0.746, p = 0.021) (Fig. 7B). SWI value mapping has 
negative correlations with neurofilament in ML (R = -0.740, p = 0.023) 

Fig. 3. Diffusion-weighted (DW) signal in layers of the dentate gyrus (DG). (A) Non-weighted spin-echo DW-MRI (S0 image) is shown from normal, fixed tissue. 
Polymorphic layer (PL, yellow) in cornu ammonis 4 (CA4) subfield, molecular layer (ML, blue), granule cell layer (GCL, green), WM: white matter (red). Scale bar =
5 mm. (B) The spherical mean and (C) the negative log of the mean of the normalized DW signal in layers of DG and WM are plotted. WM (red line), GCL (green line), 
and ML and PL/CA4 have been overlaid (middle green line). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 4. Diffusion-weighted (DW) MRI in dentate gyrus (DG). DW-MRI and tract density imaging (TDI) of the DG in (A-B) control tissue and (C-D) Alzheimer’s disease 
(AD) tissue. DWI images show polymorphic layer (white hollow circle, PL), granule cell layer (white solid circle, GCL), and the molecular layer (white cross, ML). TDI 
coloring indicates the estimated fiber orientation weighted by its associated density in the subregions (CA: cornu ammonis). (E-H) Diffusion tensor measures were 
examined including axial diffusivity, mean diffusivity, radial diffusivity, and fractional anisotropy across layers of the dentate gyrus of control (n = 6) and AD tissue 
(n = 4). Means ± SE are presented. 
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and PL (R: − 0.782, p = 0.023) (Fig. 7C). In addition, the diffusion MRI 
decay rate had positive correlations with neurofilament in PL (R =
0.666; p = 0.050) (Fig. 7D). No correlation was observed in the GCL 
(data not shown). These results suggest that the quantitative MRI 
mapping is sensitive to changes in neurofilament density in the ML and 
PL but not GCL of the DG using histological measures. 

The analyses with p-Tau density showed that volumetric measure-
ments (derived from T2-weighted images) have negative correlations 
with p-Tau density in ML (R = -0.746, p = 0.021) and in PL (R = -0.763, 
p = 0.017) (Fig. 7E). R2 value has positive correlations with p-Tau 
density in ML (R = 0.862, p = 0.003) and in PL (R = 0.755, p = 0.019) 
(Fig. 7F). SWI value also has positive correlations with p-Tau density in 
ML (R = 0.866, p = 0.003) and in PL (R = 0.857, p = 0.003) (Fig. 7G) 
while no correlation was observed with diffusion decay rate signals 
(data not shown). 

In the GCL, there is no significant correlation observed between MRI 
metrics and cell count in all layers, neurofilament and p-Tau density or 
other variables such as age, post-mortem interval (PMI), and fixation 
time (data not shown). 

4. Discussion 

We used a 16.4 T high-field MR scanner to detect the microstructural 
features of the human hippocampus by exploring the DW signal and 
quantitative MRI measures of the layers in the DG. Combining infor-
mation from qualitative indicators and diffusion models, the magnetic 
susceptibility explains changes in the microstructure that are weakly 
detectable with histology. Our findings indicate that T2, R2, and SWI 
may provide sensitive indicators for neurofilament density and p-Tau 

load in the DG region of AD patients. Together, we have demonstrated 
the sensitivity of multi-parameter imaging, which can provide brain 
tissue correlations of tau and axonal pathology in the DG. These 
microstructural changes likely impact fiber orientation and connectivity 
of the hippocampus as indicated by TDI (Fig. 4). Defects in the hippo-
campal network may change the temporal organization of the hippo-
campal network, leading to the cognitive and memory dysfunction 
commonly seen in AD (Gelman et al., 2020). 

To explore DW signal in layers of the DG, first, we acquired ex vivo 
multi-shell DW-MRI of human hippocampi at (150 µm)3 resolution. We 
then used a simple biophysical model that was informed by the observed 
inter-layer DW-MRI signature difference and has the potential to be 
translated to in vivo DW-MRI. We used fixed echo time (TE) and diffusion 
time (td) and changed the b-value only by increasing the gradient 
strength (Table 2). This was done to minimize within- and between- 
compartment time-dependent diffusion profile difference (Novikov 
et al., 2011; Pfeuffer et al., 1998; Pyatigorskaya et al., 2014). In addi-
tion, we used short diffusion time (9 ms) and high gradient strength (928 
mT/m), which enabled sensitizing the acquisition to water displacement 
in the order of <10 µm. The cell body diameter of most cells in DG 
(granule, mossy and basket cells) are larger than 10 µm 2, (Scharfman, 
2016). Therefore, these experimental settings maximize the sensitiza-
tion to intra-cellular diffusion prior to signal change due to cellular 
membrane hindrance. This protocol allows for the investigation of DW 
signal change based on cellular density differences across the layers of 
DG. Therefore, it is possible to detect changes in tissue pathology. 
Diffusion can be altered in AD due to presence or absence of physio-
logical barriers including cell loss, degeneration of axons (Song et al., 
2003), demyelination (Lu et al., 2016), synaptic and dendritic loss 

Fig. 5. MRI imaging metrics in layers on the dentate gyrus (DG) of control and AD tissues. The value of (A) T2, (B) R2, (C) susceptibility weighted imaging (SWI), and 
(D) diffusion signal decay rate between molecular layer (ML), polymorphic layer (PL), and granule cell layer (GCL) layers. (n = 6 for control, n = 4 for AD). Means ±
SE are presented. *p < 0.05. 
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(Vestergaard-Poulsen et al., 2011), amyloid plaques (Song et al., 2004), 
neuroinflammation (Dumont et al., 2019), changes in non-parenchymal 
fluid (Sepehrband et al., 2019) and protein deposits –particularly in the 
intra-cellular space indicative of NFTs (Brion, 1998; Serrano-Pozo et al., 
2011; Vickers et al., 2016). Therefore, we explored these metrics derived 
from DW which has been shown to differentiate patients with AD from 
healthy controls (Dyrba et al., 2015; Hong et al., 2013; Müller et al., 
2005; Nir et al., 2013; Thompsona et al., 2007; Walimuni and Hasan, 
2011). 

DW and DTI measure diffusion directionality and anisotropy. It is 
proposed that in vivo FA describes the degree of anisotropic diffusion, 
mean diffusivity describes overall diffusivity and is considered an indi-
cator of cell loss while axial and radial diffusivity measures water 
diffusion parallel or perpendicular to axonal fiber tracts, respectively 
(Song et al., 2003). Previous findings in vivo have shown FA decreases 
and axial, radial and mean diffusivity increases (Müller et al., 2005; 
Douaud et al., 2013; Fellgiebel et al., 2006; Jung et al., 2015; Kantarci 
et al., 2005; Kantarci et al., 2010; Salat et al., 2010) in gray matter in 
mild cognitive impairment and AD compared to normal controls. This 
contradicts our findings of control and AD tissues ex vivo that revealed 
no significant changes in DTI measures in the layers of DG. These 
discrepant findings could reflect differences in ex vivo and in vivo im-
aging, regional heterogeneity of the brain environment, or other factors 
that contribute to in vivo diffusivity such as blood flow (Yin et al., 2019) 
and CSF contributions (Henf et al., 2017). 

Given that we observed decreasing trends in ex vivo DTI measures 
despite known pathological changes that can alter diffusivity (e.g 
granule cell loss, dendritic and axonal loss, demyelination), we propose 
that DTI measures likely reflect barriers that hinder water movement 
including fragmentation and swelling of axons (Li et al., 2011), intra-
cellular accumulation of NFTs that changes intracellular water, amyloid 

plaque deposition, and/or changes in the microvasculature (Burke et al., 
2014). These findings suggest that diffusion at a short-time regime can 
detect changes in AD tissue, but the overall effect is a non-significant 
reduction in diffusivity due to stronger hindering effects of AD pathol-
ogy. Indeed, a recent DTI study of an AD mouse model also showed 
lower mean diffusivity (not significant), lower axial diffusivity, no radial 
diffusivity difference and lower FA in the 3xTg group compared with the 
control group across the entire hippocampus (Snow et al., 2017). The 
authors indicate that the co-occurrence of plaques and NFTs may explain 
the changes observed in DTI metrics. Together, these findings indicate 
that ex vivo DTI measures may reflect microstructural changes in the 
layers of the DG and warrants further investigation. 

For better detection of microstructural changes, quantitative MRI 
methods were employed. R2, which is the reciprocal of T2, can be 
increased by iron and other paramagnetic molecules (Boutet et al., 2014; 
Schneider et al., 2016; Zhou et al., 2013) or decreased by diamagnetic 
molecules such as myelin (Bulk et al., 2018). Both are strongly affected 
by the water concentration in the tissue, thereby affecting the MR signal. 
SWI exploits the interaction between diamagnetism such as tissue water 
and/or myelin (Enzinger et al., 2015) with regions of paramagnetic 
molecules (e.g. iron) to create more sensitive and useful image contrasts. 
Here, we observe the trend of increased R2 and SWI which is indicative 
of the presence of paramagnetic molecules in the layers of the DG (with 
significance in the GCL) of AD tissues in agreement with previous 
findings (Antharam et al., 2012; Zhao et al., 2021). It is known that iron 
deposition increases with age and neurodegenerative diseases including 
AD (Damulina et al., 2020) and likely reflects the intracellular accu-
mulation of iron (James et al., 2017; Ellison et al., 2021), presence of 
NFTs (Smith et al., 1997), amyloid deposition (Zhao et al., 2021; Gong 
et al., 2019), hemosiderin-laden glial cells, and/or vascular defects 
(angiogenesis or microbleeds) that typically accompany cerebral 

Fig. 6. Representative histology in the hippocampus of control and Alzheimer’s disease (AD) tissues. Tissue sections (5 µm) adjacent to corresponding MRI-sampled 
tissues were stained with H&E or immunostained with NF160 or hyperphosphorylated tau (p-Tau) to assess axonal and dendritic density and AD pathology, 
respectively. Inset: high magnification of boxed areas. (A-C) Quantitative assessment of neuropathology in the hippocampus of control and AD tissues. (n = 6 for 
control, n = 4 for AD). a.u: arbitrary units, ML: molecular layer, PL: polymorphic layer, GCL: granule cell layer, cornu ammonis: CA. Scale bar = 1.0 mm on all 
images. Means ± SE are presented, *p < 0.05. 
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amyloid angiopathy. Additionally, myelin changes may also influence 
magnetic susceptibility. These findings suggest that MRI could be 
detecting increased iron deposition in amyloid plaques and NFT, 
increased iron accumulation particularly in DG granule cells and/or 
reductions in myelin which have been reported previously. However, 
without corresponding histology these factors remain to be determined. 

Iron deposition and demyelination can both lead to axonal degen-
eration and neuronal loss, commonly observed in AD pathology (Vickers 
et al., 2016). Because NF160 is a major structural component of neurons 
particularly within neurites (axons and dendrites), immunodetection of 
NF160 can be used as a marker for axonal and dendritic loss and sub-
sequent neurodegeneration (Petzold et al., 2003). Here we found that 
immunodetection of neurofilament in the layers of DG showed signifi-
cant loss of staining in the ML and trending loss in the PL suggesting 
dendritic and axonal loss, respectively. Correlation analysis showed that 
NF160 was inversely associated with R2 and SWI values which may be 
reflective of axon damage related to demyelination or iron content. 
Indeed, TDI images (Fig. 3D) reveal significant connectivity loss in the 
subregions of the hippocampus (CA1-CA4 and subiculum) which likely 
includes the DG. 

Because axonal loss is typically associated with neurodegeneration, 
we also examined diffusion decay rates, a measure of dendritic and 
axonal changes as well as cell density. Examination of the diffusion 
decay rate showed no discernable difference in the DG layers despite 

known differences in cell content between the layers and disease asso-
ciated neuronal loss. We did not find a significant correlation between 
the diffusion signal decay rate between ML and PL and the cell count. 
However, we did find a direct association with NF160 density in the PL 
suggesting possible detection of axonal changes. Because NFTs indicated 
by p-Tau load are found mostly in the mossy fibers of the PL (Alves et al., 
2019) and can also contribute to differences in MR signals, we analyzed 
stratified p-Tau load and other MR parameters to explain possible 
regional differences. We did not observe significant correlation with the 
diffusion decay rate, but we did observe correlation with T2, R2, and 
SWI quantitative MR parameters. 

Although we show that T2, R2, and SWI may be able to detect areas 
with p-Tau and neurofilament density changes, this may reflect 
abnormal iron accumulation in AD tissues. Collectively, amyloid plaques 
and NFTs are known to exhibit strong iron staining (Zhao et al., 2021; 
Smith et al., 1997; Gong et al., 2019) and DG granule cells also accu-
mulate iron (Zhao et al., 2021). Given that there is no correlation of DTI 
measures with NF160 and p-Tau staining, we suspect that MR metrics 
are detecting iron content thereby indirectly assessing neurite density 
(NF160) and NFTs (p-Tau) and/or amyloid plaques. In regard to the 
latter, amyloid plaques are known to further contribute to changes in 
these MR metrics (Zhao et al., 2021; Adlard et al., 2014). Together, these 
findings suggest that T2, R2, and SWI may be able to detect areas with p- 
Tau and neurofilament intensity changes reflective of iron content 

Fig. 7. Results of correlation analysis between quantitative MRI maps and neurofilament intensity and phosphorylated tau (p-Tau) intensity in corresponding tissues. 
The correlation between neurofilament and (A) T2, (B) R2, (C) susceptibility weighted imaging (SWI), and (D) diffusion decay rate. The correlation between p-Tau 
density and (E) T2, and (F) R2 value, and (G) susceptibility weighted imaging (SWI). The blue dots represent the average intensity across the entire molecular layer 
(ML) of a single sample; the orange dots represent for the average intensity of polymorphic layer (PL) of a single sample. The solid dots represent control tissue, and 
the hollow dots represent AD tissue (n = 10). *p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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which may be an important factor for AD staging. If so, microvascular 
ultrastructural changes should be addressed as well. Future work will 
need to examine these variables more closely and to address magnetic 
susceptibility in the brain that may regionally differ. More advanced 
tractography techniques such as multi-shells Bayesian Estimation of 
Diffusion Parameters Obtained using Sampling Techniques (bedpostx) 
could be used to obtain additional insight about tissue changes in AD 
(Jbabdi et al., 2012). Additionally, multi-shell diffusion MRI techniques, 
such as NODDI, can be applied to provide additional insight into tissue 
microstructure (Wang et al., 2019; Fukutomi et al., 2019). 

Another potential application for quantitative mapping of brain tis-
sue in AD, is to provide prognosis and disease monitoring. It has been 
shown that quantitative measures are sensitive to pathophysiological 
changes. For example, it has been shown that white matter degeneration 
continues during the AD progression (Firbank et al., 2016; Kruggel et al., 
2017). The ability to detect subtle changes in high resolution allows 
early detection of AD pathology. 

There are many factors that will influence the results between ex vivo 
and in vivo imaging. Imaging resolution, SNR, and biological differences 
between ex vivo and in vivo imaging are among the major challenges. Ex 
vivo tissue undergoes fixation with formalin which is known to change 
MRI-derived metrics, such as a reduction in relaxation times, diffusivity, 
and tissue shrinkage (Holmes et al., 2017). As a result, the SNR in the 
MRI image will be reduced (Alves et al., 2019). Variation in measures 
could be due the presence of amyloid plaques and/or tissue status i.e., 
PMI and time in fixative which can largely drive the effect found. 
Although we did not observe any correlative affects for the latter, it is 
important to note the small sample size including one low AD case 
(A1B1C0) with other predominant pathology. Because the DG connec-
tivity is known and is identifiable via imaging, this area was selected for 
investigation; however, it is known that most AD pathology occurs in the 
pyramidal cell layers in the hippocampal subregions. Therefore, future 
studies will need to include other regions of the hippocampus and more 
samples to resolve non-significant findings in MRI and DTI and thus 
provide better interpretation of findings. 

Translating MRI findings from ultra-high field ex vivo to clinical 
imaging in vivo is most challenging due to acquisition time and safety 
issues. In a biological context, these are also attributed to physical 
characteristic differences, including water diffusivity, exchange profile, 
membrane permeability, and plasticity. Despite these concerns, our 
current study provides data to support the potential clinical utility of 
high-resolution quantitative MRI. We show that T2, R2, SWI, and 
diffusion decay rate values are likely sensitive to iron changes reflective 
of neurofilament and p-Tau density in the ML and PL of DG of AD 
samples. Therefore, DTI and quantitative MRI may be sensitive enough 
to detect subtle neurite changes within the hippocampal formation 
which could have early diagnosis value, given that connectivity changes 
precede cortical atrophy in AD. The practical application of in vivo high 
field strengths may take some time. However, these high-field MR 
techniques will allow researchers to gain new insights into brain func-
tion or pathophysiology to unravel the mysteries of health physiology, 
pathological processes, brain structure, and aging in the future. Recent 
studies have shown that through improvements in hardware, pulse 
sequence and post processing, high resolution imaging using diffusion 
MRI is being made possible (Setsompop et al., 2018; Kleinnijenhuis 
et al., 2015; Wu et al., 2016; Haldar et al., 2020; Assaf, 2018; Maller 
et al., 2019; Liao et al., 2021; Aggarwal et al., 2015; Ramos-Llordén 
et al., 2020; Sepehrband et al., 2019), which could be later translated 
into the clinical setting. 
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