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Abstract

Background and purpose: Texture analysis of magnetic resonance imaging (MRI) brain
scans have been proposed as a promising tool in the early diagnosis of Alzheimer’s dis-
ease (AD), but its biological correlates remain unknown. In this study, we examined the
relationship between MRI texture features and AD pathology.

Methods: The study included 150 participants who had a 3.0T T1-weighted image,
amyloid-p positron emission tomography (PET), and tau PET within 3 months of each
other. In each of six brain regions (hippocampus, precuneus, and entorhinal, middle tem-
poral, posterior cingulate and superior frontal cortices), linear regression analyses adjust-
ing for age and sex was performed to examine the effects of regional amyloid-p and tau
burden on regional texture features. We also compared neuroimaging measures based on
pathological severity using ANOVA.

Results: In all regions, tau burden (p < 0.05), but not amyloid-B burden, were associated with
a certain texture feature that varied with the region’s cytoarchitecture. Specifically, autocor-
relation and cluster shade were associated with tau burden in allocortical and periallocortical
regions, whereas entropy and contrast were associated with tau burden in neocortical regions.
Mean signal intensity of each region did not show any associations with AD pathology. The
values of the region-specific textures also varied across groups of varying pathological severity.
Conclusions: Our results suggest that textures of T1-weighted MRI reflect changes in the brain
that are associated with regional tau burden and the local cytoarchitecture. This study pro-

vides insight into how MRI texture can be used for detection of microstructural changes in AD.
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and widely available tool for observing neurodegenerative changes
in AD, its use has been mainly limited to detecting macroscopic

Alzheimer’s disease (AD) is characterized by progressive accumula-
tion of amyloid-B (Ap) and tau, followed by atrophy. Although struc-

tural magnetic resonance imaging (MRI) is a noninvasive, less costly,

*Data used in preparation of this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the investigators
within the ADNI contributed to the design and implementation of ADNI and/or provided
data but did not participate in analysis or writing of this report. A complete listing of
ADNI investigators can be found at: http://adni.loni.usc.edu/wp-content/uploads/
how_to_apply/ADNI_Acknowledgement_List.pdf

structural changes (local brain volume), which occur long after mi-
croscopic changes associated with protein deposits have occurred
in the AD brain.

Recently, a series of studies have shown promising results that
texture analysis of MRI can detect AD earlier than when using vol-
ume-based measures. Texture analysis describes spatial patterns
of signal intensity variations within an image in quantitative met-

rics. Early studies reported significant group differences in various
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texture features among cognitively normal (CN) participants, pa-
tients with mild cognitive impairment (MCI), and AD [1, 2]. Later
studies reported that individual texture features and optimally
combined indices could discriminate patients with AD from CN with
good accuracy [3-9], and recent studies showed that texture could
predict AD progression from patients with MCI better than hippo-
campal volume can [6, 7, 9], suggesting the potential of texture to
reflect microstructural changes beyond macroscopic ones such as
atrophy. The AD predictive performance of texture in these studies
[6, 7] is one of the highest reported among structural MRI markers.

However, despite the demonstrated capabilities of texture in the
diagnosis and prognosis of AD, there is yet a lack of fundamental un-
derstanding of the neuropathological and biological correlations be-
tween MRI texture and AD-affected brain tissue. Several factors are
known to influence and determine signal intensity in T1-weighted
images, such as the local biochemical environment, cytoarchitec-
ture, and myeloarchitecture [10, 11]. As such, accumulations of AD
pathology (Ap and tau burden) can cause changes in tissue micro-
structure overtime, which can lead to an alteration of its signal in-
tensity distribution (texture). Furthermore, the pattern and degree
of texture changes may be different with respect to the region’s
underlying cytoarchitecture. Currently, there have been no direct
investigations of this in the human brain.

This study aimed to examine the associations of regional texture
features of T1-weighted MRI with regional A and tau burdens, as
measured by positron emission tomography (PET). We investigated
these associations in each of cytoarchitecturally different brain re-
gions that are involved in early to late phases of AD pathology (hip-
pocampus, precuneus, and entorhinal, middle temporal, posterior
cingulate, and superior frontal cortices) [12, 13]. We also compared
neuroimaging measures between groups based on level of patho-
logical burden. We hypothesized that Ap and/or tau accumulation
may change MRI texture, and that the affected texture feature will
be different between pathological stages and between cytoarchi-

tecturally different brain regions.

METHODS
Study participants

We retrospectively interpreted prospectively acquired data from
January 2017 to October 2018 from the Alzheimer's Disease
Neuroimaging Initiative 3 (ADNI 3) database, downloaded on 11
November 2018. ADNI 3 was approved by the institutional review
board at each site, and all participants gave their written consent. For
information on diagnostic criteria, see www.adni-info.org. We included
participants who had a 3.0T T1-weighted MRI obtained from a Siemens
scanner, an F'8-AV45 (florbetapir) PET scan, and an F8-AV1451 (flor-
taucipir) PET scan, all taken within 3 months of each other regardless
of their clinical diagnoses. Because texture features are known to be
affected by MRI scanner platforms [14], we focused our study on T1-

weighted images obtained from only one type of scanner (Siemens) that

created the majority of the ADNI 3 images (Siemens, n = 150; GE, n = 66;
Philips, n = 17), resulting in 150 participants total. Intervals between dif-
ferent image modalities ranged from 12.5 to 22.5 days average.

For group comparison, we divided the participants based on
Braak stages, which is a method of staging the severity of AD based
on topographic patterns of AD pathological burden in the brain.
In our study, we determined each participant’s Braak stage in vivo
using a PET-based method [15], which is described in Data S1 and S2.

Regions of interest

The regions of interest (ROIs) included the hippocampus (HPC),
entorhinal cortex (ERC), middle temporal cortex (MTC), posterior
cingulate cortex (PCC), precuneus (PRC), and superior frontal cor-
tex (SFC). For the PCC, the FreeSurfer region called the isthmus
cingulate cortex was used. These ROIs were chosen based on their
involvement in early to late phases of Ap and tau accumulation in
AD [12, 13]. Specifically, the ERC and HPC represent early stages
of tau deposition, whereas the PCC and PRC represent early stages
of Ap deposition. The MTC and SFC represent intermediate and late
stages, respectively, of both Ap and tau deposition. We also selected
the ROIs so that a variety of different cytoarchitecture could be in-
cluded in our analysis. We believed that the natural cellular composi-
tion of the region can play a role in determining the texture feature
that changes in response to the Ap and/or tau burden. The HPC
belongs to the allocortex, which consists of three cellular laminae;
the ERC belongs to the periallocortex, which is a transitional zone
between the allocortex and neocortex; the MTC, PCC, PRC, and SFC

belong to the neocortex, which consist of six laminae.

MRI processing

In ADNI 3, all T1-weighted images are corrected on-scanner for
nonuniformity, no longer requiring offline preprocessing. We down-
loaded the T1-weighted images of each participant, resliced them
to isovoxels (1 x 1 x 1 mm°®), and used FreeSurfer 6.0 (surfer.nmr.
mgh.harvard.edu/) to parcellate them into brain regions as defined
by the Desikan-Killiany atlas. For each participant, we mapped their
brain parcellation mask from FreeSurfer space to the isovoxel native
space, and extracted bilateral masks for each brain ROIl. We used the
bilateral masks to extract ROl images for each of the seven regions,
with the original signal intensity values from each participant’s T1-
weighted image.

Each ROl image of each participant was further preprocessed prior
to texture analysis as follows. We first normalized the histogram of
each ROl image by removing any outlier voxels with intensity values
beyond the (¢ - 36, u + 30) range (Where u and ¢ signify mean signal
intensity of the ROI and its standard deviation, respectively) to guard
against partial volume effects [16]. Next, we normalized each gray
matter voxel with respect to the participant’s mean cerebrospinal fluid

signal intensity in the lateral ventricle regions. This was done to correct
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for any interindividual variations in scaling factors, because consider-
able variation in the scales can still exist even from a single MRI scan
platform [17]. Finally, we performed quantization in each ROl image,
rescaling all signal intensity values to a uniform range of 1-32. This step
is commonly performed prior to texture analysis to reduce the number
of gray levels to a smaller range of discrete values and thereby avoid
statistical problems related to sparse matrices during the calculation
of texture features. Throughout the preprocessing process we did not
perform any spatial normalization, to avoid introducing any artifacts or
distorting original intensity variations.

In each preprocessed ROl image, we conducted three-dimen-
sional (3D) gray-level co-occurrence matrix (GLCM) analysis [18, 19]
to extract texture features [18, 20] that characterize spatial patterns

of gray-level distribution in the image.

GLCM texture analysis

Briefly, the GLCM is a N x N matrix where N is the total number of
gray levels in the image (i.e., 32) and where each element, p(i,j), of this
matrix records the frequency of a certain voxel pairing (consisting of a
reference voxel of value i and a neighboring voxel of value j) occurring
within the ROI. The neighboring voxel can be defined based on various
offsets of distance d and direction (¢,6) with respect to the reference
voxel. A GLCM is defined for each type of specified offset. In this study,
we looked at voxel pairs of within d = 1 of each other (directly adjacent
voxels) in 13 different directions, resulting in 13 GLCMs per ROI. The
13 GLCMs look at voxel pairs not only on the same slice but also from
adjacent slices, allowing us to look at spatial relations of voxels in 3D
space. Each GLCM is normalized so that the frequency of each voxel
pair is divided by the total number of voxels in the ROI. In essence,
the probability of value i and value j co-occurring in a defined offset
distance d and direction (¢,0) in the ROl is recorded in each of the 13
GLCMs. They are then collapsed into one average GLCM, which con-
tains compact information about the image’s spatial intensity patterns.

Haralick texture features, which are mathematical equations that
utilize the average GLCM as input, are then calculated. Four features
that uniquely characterize a different aspect of the image’s signal in-
tensity composition were calculated in this study. In total, 24 texture
features (four texture features x six ROIs) were calculated in each par-
ticipant. The four texture features—entropy, contrast, autocorrelation,
and cluster shade—are simple, interpretable, and intuitive. Entropy
reflects the randomness of spatial distribution of gray levels with-
out regard to the intensity of those voxels, whereas contrast reflects
both the spatial distribution and the relative difference in intensities
of neighboring voxels. Specifically, contrast becomes higher when
neighboring voxels have very different intensities (expected in a sharp,
heterogeneous image) compared to having very similar intensities (ex-
pected in a solid tone, homogenous image). Autocorrelation reflects
the overall brightness/darkness as well as fineness/coarseness of an
image. Cluster shade reflects asymmetry of the proportion of relatively
bright and dark intensities in the image, with the sign indicating the di-

rection of the asymmetry (i.e., a negative value corresponds to a higher

proportion of brighter voxels than darker voxels in the image, and vice
versa) and the absolute value representing the magnitude of asymme-
try. The characteristics of these features are described in Table 1.

PET processing

To measure cerebral Ap and tau burden, we downloaded fully pre-
processed (Coreg, Avg, Std Img and Vox Siz, Uniform Resolution)
AV45 PET images and AV1451 PET images, respectively, from the
ADNI 3 database. We used PETSurfer [21] to perform MRI-PET
coregistration and calculate partial volume effects-corrected stand-
ardized uptake value ratios (SUVR) in each ROI, using uptake in the

whole cerebellum as a reference region.

Statistical analysis

We examined the associations of texture features with AB burden
and tau burden in each region using linear regression analyses, in
which regional texture features were computed as the dependent
variable, regional AV45 uptake and AV1451 uptake as the independ-
ent variables, and age and sex as covariates. Although ROI volume
could be a possible factor contributing to the texture features, we
did not include it as a covariate because GLCM texture measures are
normalized to the total number of voxels in the ROI, which would ad-
just for such volumetric differences. We repeated the same analysis
with regional mean signal intensity (derived after normalization to
the participant’s mean ventricle signal intensity) as the dependent
variable. We also compared the regional A and tau burdens, texture
features, and mean signal intensities between in vivo Braak stages
using analysis of variance (ANOVA) with Bonferroni post hoc com-
parisons. We performed all analyses using the Statistical Package
for the Social Sciences (SPSS) for Windows (version 22.0; IBM), and

considered a two-sided p value <0.05 as statistically significant.

RESULTS
Study participant demographics

The characteristics of the 150 participants (78 men aged
76.5 7.2 years and 72 women aged 74.6 + 8.0 years) are summarized
in Table 2. They consisted of 121 Ap-negative participants (84 CN, 37
MCI) and 29 AB-positive participants (11 CN, 14 MCI, four AD). In the
in vivo Braak staging, 12 participants (2/4 AD, 8/51 MCI, 1/95 CN)
were in stage V/VI (Braak V/VI mean SUVR > 1.582), VII (2/4 AD,
3/51 MClI, 3/95 CN) in stage lll/VI (Braak Ill/IV mean SUVR > 0.504),
19 (9/51 MCI, 10/95 CN) in stage I/l (Braak I/l mean SUVR > 1.489),
and the remaining 112 (31/51 MCl, 81/95 CN) in stage 0. As the num-
ber of participants assigned to IlI/IV was too small, we pooled the
participants assigned to stages IllI/IV and V/VI into stage 111/1V/V/VI

(n = 19). Between the Braak stage groups, the proportion of females
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Description

Feature Formula®
Entropy _ZZp(i,j)log(p(i,j))
i
Contrast >3-l -pli, j)
i
Autocorrelation 2 (i, j)

L)

Cluster shade T2 i+j— py— ,)%p00, )
i

Measures randomness/uncertainty of gray-level
distribution (spatial disorder) without regard
to the intensity of those voxels. Solid tone
image would have an entropy value of O.

Measures local gray level variation in an image.
Reflects both the spatial distribution and
the relative difference in intensities of
neighboring voxels. Heavy textures (greater
disparity in intensity values between
neighboring voxels, expected in a sharp,
heterogeneous image) give high values and
smooth, soft textures (expected in a solid
tone, homogenous image) give low values.

Measures the magnitude of the fineness and
coarseness of texture. Textures with more
pairs of high gray levels give higher values.

Measures skewness of the GLCM. Reflects
asymmetry of the proportion of relatively
bright and dark intensities in the image,
with the sign indicating the direction
of the asymmetry (i.e., a negative value
corresponds to a higher proportion of
brighter voxels than darker voxels in the
image, and vice versa) and the absolute value
representing the magnitude of asymmetry.

TABLE 1 Haralick texture features

Note: ?p(i,j), (i,j)th entry in a normalized gray-level co-occurrence matrix; Ng, number of distinct gray

Ng.

levels in the quantized image; 3, Zirigf Xj’ Zj:l’

of p,; oy, standard deviation of p,.
Abbreviation: GLCM, gray-level co-occurrence matrix.

TABLE 2 Characteristics of the participants

AB- Ap-
All, negative, positive,
Characteristics n=150 n=121 n=29
Age, years, mean (SD) 75.6 (7.7) 75.3(7.5) 77.0 (8.4)
Female, % 48.0% 50.4% 37.9%
In vivo Braak stage, %
Stage O 74.7% 86.0% 27.6%
Stage |- 12.7% 10.7% 20.7%
Stage IlI-VI 12.6% 3.3% 51.7%
Clinical state, %
Cognitively normal 63.3% 69.4% 37.9%
Mild cognitive 34.0% 30.6% 48.3%
impairment
Dementia 2.7% 0.0% 13.8%
Days between MRI and 18.7(20.2)  19.8(21.5) 14.3(13.1)
AV45, mean (SD)
Days between MRI and 22.5(22.5) 24.5(22.9) 14.1 (18.7)
AV1451, mean (SD)
Days between AV45 and 12.5(16.7) 13.0(17.6) 10.5(12.6)

AV1451, mean (SD)

Abbreviations: Ap, amyloid ; AD, Alzheimer’s disease; AV45, florbetapir
positron emission tomography; AV1451, flortaucipir positron emission
tomography; MRI, magnetic resonance imaging; SD, standard deviation.

ux, mean of px; uy, mean of [ standard deviation

was comparable (48.2% in Braak stage 0, 52.6% in Braak stage I/II,
42.1% in Braak stage III/IV/V/VI, F = 0.21, p = 0.81, ANOVA), but
the mean age was different (74.5 + 7.2 years old in Braak stage O,
83.2 + 4.9 years old in Braak stage I/1l, 74.7 + 8.4 years old in Braak
stage III/IV/V/VI, F = 12.27,p < 0.001, ANOVA).

Associations between MRI texture, signal
intensity, and AD pathology

As summarized in Table 3, regional texture features were associ-
ated with regional tau burden but not with regional Af burden in
all regions. The kind of texture features that were associated with
tau burden were different between regions, which notably corre-
sponded to the cytoarchitecture of the region. In the HPC, which
is an allocortical region, autocorrelation was positively associ-
ated with tau burden (B = 18.11, p < 0.001), and cluster shade was
negatively associated with tau burden (B = -266.28, p < 0.001).
However, neither entropy nor contrast was associated with tau
burden. Meanwhile, in neocortical regions such as the MTC, PCC,
PRC, and SFC, entropy (B = 0.27, p = 0.009; B = 0.04, p = 0.008;
B = 0.03, p = 0.05; B = 0.05, p = 0.04, respectively) and con-
trast (B = 3.12, p = 0.003; B = 2.41, p = 0.007; B = 1.79, p = 0.04;
B = 3.01, p = 0.03, respectively) were positively associated with

tau burden, whereas autocorrelation and cluster shade were not.
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TABLE 3 Associations of the regional texture features with the regional amyloid § and tau burdens

Entropy Contrast Autocorrelation Cluster shade Mean signal intensity
B (SE) B B (SE) p B (SE) p B (SE) b B (SE) B

Hippocampus

AB 0.03(0.10) 003 -2.59(4.89) -0.05 -14.71(12.08) -0.09 9.11(158.31) 000 -0.07(0.29) -0.02

Tau -0.05(0.03) -013 -1.59(1.53) -0.09 18.11(3.77)" 0.38  -266.28(49.43)"  -0.41 0.07(0.09)  0.07
Entorhinal Ctx

AB 0.06 (0.03) 014  2.43(242) 0.09 -3.16(397)  -0.07 25.26 (32.43) 0.07 0.10(0.10)  0.08

Tau 0.03(0.01)° 026  2.35(0.89)° 0.22 1.93 (1.46) 0.12 -42.39(11.91)" -0.30  -0.01(0.04) -0.02
Middle temporal Ctx

Ap  -0.02(0.02) -0.07 -0.33(1.28) -0.03 -0.74(2.10)  -0.04 -2.80(26.46) -0.01  -0.02(0.07) -0.03

Tau 0.05(0.02)° 027  312(1.02)° 0.31 2.52(1.67) 0.15 -16.92 (21.00) -0.08 0.02(0.06)  0.04
Posterior cingulate Ctx

Ap  -0.01(0.02) -0.04  0.75(1.24) 0.06 1.80 (3.36) 0.05 -9.47 (43.38) -0.02 0.08(0.07)  0.11

Tau 0.04(0.02)° 026  241(0.88)" 0.26 -1.47(2.39)  -0.06 9.80(30.89) 0.03 0.00(0.05)  0.01
Precuneus

AB 0.01(0.02) 005  0.28(1.02) 0.03 2.30(2.93) 0.08 -32.16 (23.74) -0.14 0.04(0.05)  0.08

Tau 0.03(0.02) 0.18 1.79(0.88)  0.20 0.84 (2.51) 0.03 15.46 (20.31) 0.08 -0.02(0.04) -0.04
Superior frontal Ctx

ABp  -0.00(0.02) -0.02 -117(094) -0.11 -046(1.22)  -0.03 44345 (24.89) 017  -0.01(0.04) -0.03

Tau 0.05 (0.03)" 0.20  3.01(1.37)  0.20 1.83(1.78) 0.09 -45.94(36.27) -0.12 0.07(0.06)  0.10

Note: Linear regression analysis adjusting for age and sex.

Abbreviations: Ap, amyloid-f; B, unstandardized beta coefficients; 5, standardized beta coefficient; Ctx, cortex; SE, standard error.

***p < 0.001; **p < 0.01; *p < 0.05.

In the ERC which is a periallocortical region, entropy and contrast
were positively (B = 0.03, p = 0.002; B = 2.35, p = 0.009, respec-
tively) and cluster shade was negatively (B = -42.39, p < 0.001)
associated with tau burden. Mean signal intensity did not show
associations with neither Ap nor tau in all regions. The linear
regression analyses were conducted again using bootstrapped
analysis to ensure the results were not chance findings (Table S1).
Tau burdens were different between the regions of different cy-
toarchitectures (p < 0.001 by repeated measures ANOVA). In the
post hoc comparisons, tau burdens were different between all re-
gions except between HPC and PRC (p = 0.29) and between PCC
and SFC (p = 0.93).

Braak stage group differences in
neuroimaging measures

In all regions, higher Braak stage groups tended to have higher Ap
and tau burdens; higher entropy, contrast and autocorrelation; and
lower cluster shade values compared to lower stage groups (Table 4).
In the HPC and ERC, cluster shade was lower, and entropy and auto-
correlation were higher in stage I/l and/or stage Il1-VI groups com-
pared to the stage O group. In the ERC, entropy and contrast were

higher in stage IlI-VI groups compared to the stage O group. In the
PRC, contrast and entropy were higher in stage I/1l and stage IlI-VI
groups, respectively, compared to the stage O group. In the MTC,
PCC, and SFC, all texture features were comparable between Braak
stages. Mean signal intensity in all regions were not statistically dif-

ferent between Braak stage groups.

DISCUSSION

This study was conducted to elucidate the relationship between tex-
ture of brain MRl and AD pathology, which has not been investigated
before. This study demonstrated for the first time in humans that
regional texture features of T1-weighted brain MRI may reflect brain
tissue changes related to regional tau burden but not Ap burden, and
that this texture value can change further as AD progresses.
Although no study has yet investigated pathological correlates
of MRI texture in humans, one mouse study found that there are
differences in MRI texture between wild-type mice and rTg4510
transgenic mice, and that MRI texture correlates well with histo-
logical measurements of tau burden in the cortex, hippocampus,
and thalamus [22]. In the current study, we found that MRI texture
is associated with tau burden in humans as well. The absence of a
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TABLE 4 Comparisons of regional amyloid  burden, tau burden, texture features, and mean signal intensity between in vivo Braak
stages

Statistics'
Region and imaging Stage I-11°, Stage lII-VI¢,
measures Stage 0%, n =112 n=19 n=19 F p value Post hoc
Hippocampus
Ap burden 0.63(0.07) 0.68(0.09) 0.71(0.07) 10.77 <0.001 a<c
Tau burden 1.19(0.13) 1.56 (0.21) 1.73(0.32) 100.49 <0.001 a<b<c
Entropy 5.79 (0.10) 5.73(0.09) 5.78 (0.09) 297 0.06 a<b
Contrast 30.28 (4.81) 29.85(3.83) 29.80 (4.01) 0.13 0.88 -
Autocorrelation 272.02 (9.69) 278.49 (12.47) 280.21 (23.90) 4.85 0.009 a<c
Cluster shade -74.82(151.20) -222.32(169.34)  -247.12(210.46) 13.96 <0.001 a>b,c
Mean signal intensity 2.70(0.31) 2.70(0.29) 2.72(0.22) 0.04 0.97 -
Entorhinal cortex
Ap burden 0.56(0.19) 0.65(0.28) 0.77(0.32) 7.49 0.001 a<c
Tau burden 1.35(0.25) 1.87(0.33) 2.70(1.06) 78.79 <0.001 a<b<c
Entropy 5.90(0.10) 5.93(0.06) 5.96 (0.08) 5.20 0.007 a<c
Contrast 29.87 (6.88) 33.97 (4.05) 34.12 (5.61) 5.95 0.003 a<b,c
Autocorrelation 267.79 (9.60) 273.89 (12.52) 273.05 (12.25) 4.30 0.02 -
Cluster shade 26.47 (82.48) -74.75 (87.97) -67.77 (63.20) 20.65 <0.001 a>b,c
Mean signal intensity 2.43(0.29) 2.49 (0.28) 2.45(0.24) 0.36 0.70 -
Middle temporal cortex
Ap burden 0.64(0.24) 0.84(0.29) 1.22(0.41) 36.42 <0.001 a<b<c
Tau burden 1.36 (0.18) 1.46(0.13) 2.34(0.60) 111.76 <0.001 a,b<c
Entropy 5.82(0.08) 5.84(0.06) 5.85(0.06) 1.74 0.18 -
Contrast 23.94 (4.30) 26.26 (3.47) 26.26 (3.98) 4.40 0.01 -
Autocorrelation 272.80(6.57) 273.32(4.63) 276.25 (9.26) 2.28 0.11 -
Cluster shade -59.27 (90.66) -86.11 (82.76) -88.77 (79.46) 1.45 0.24 -
Mean signal intensity 2.24 (0.24) 2.29(0.21) 2.26 (0.19) 0.34 0.71 -
Posterior cingulate cortex
AB burden 0.62(0.25) 0.79 (0.36) 1.13(0.41) 29.19 <0.001 a,b<c
Tau burden 1.08 (0.17) 1.25(0.14) 2.03(0.88) 62.52 <0.001 a,b<c
Entropy 5.88(0.07) 5.87(0.06) 5.91(0.05) 2.09 0.13 -
Contrast 27.66 (4.46) 29.62 (3.58) 29.78 (3.48) 3.27 0.04 -
Autocorrelation 266.72 (11.24) 265.78 (5.69) 270.60 (14.34) 1.13 0.33 -
Cluster shade -15.39 (162.67) -36.57 (68.32) -46.99 (73.85) 0.49 0.61 -
Mean signal intensity 2.63(0.25) 2.66(0.26) 2.69 (0.15) 0.41 0.67 -
Precuneus
AB burden 0.67 (0.31) 0.87(0.39) 1.49 (0.50) 44.45 <0.001 a,b<c
Tau burden 1.21(0.15) 1.35(0.13) 2.16 (1.13) 4214 <0.001 a,b<c
Entropy 5.85(0.08) 5.87(0.08) 5.90(0.09) 3.80 0.03 a<c
Contrast 23.04 (4.58) 25.95(4.93) 25.54 (4.70) 4.86 0.009 a<b
Autocorrelation 281.46(12.87) 281.30(9.21) 287.89 (15.02) 211 0.12 -
Cluster shade -98.64 (105.73) -121.44(110.74)  -114.51(98.37) 0.50 0.61 -
Mean signal intensity 2.34(0.23) 2.38(0.24) 2.38(0.17) 0.47 0.63 -
Superior frontal cortex
Ap burden 0.62(0.29) 0.79 (0.43) 1.28 (0.39) 34.11 <0.001 a,b<c
Tau burden 1.17 (0.22) 1.28(0.12) 1.54(0.39) 20.69 <0.001 a,b<c

(Continues)
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TABLE 4 (Continued)
Statistics

Region and imaging Stage I-11°, Stage lII-VI,

measures Stage 0%, n =112 n=19 n=19 F p value Post hoc
Entropy 5.83(0.07) 5.83(0.07) 5.85(0.06) 0.63 0.54 -
Contrast 24.37 (4.05) 25.99 (3.84) 24.81 (4.05) 1.34 0.27 -
Autocorrelation 269.25 (5.14) 270.12 (2.62) 271.97 (6.54) 2.38 0.10 -
Cluster shade 36.67 (108.50) -20.60 (86.85) 26.62(78.41) 2.52 0.08 -
Mean signal intensity 1.84(0.17) 1.90(0.19) 1.86 (0.11) 0.90 0.41 -

a, b, and c is to refer to those respective groups when showing the post hoc analysis.

*One-way analysis of variance with Bonferroni post hoc comparisons.

relationship between Af and texture in our study may reflect the
fact that T2-weighted images, which are known to be sensitive to
iron deposits associated with Af, were not used. Based on the ob-
servation that texture was only associated with tau and not with A,
which is larger in size, texture may not reflect the tau protein ac-
cumulation itself, but rather another microstructural change that is
closely associated with the tau burden.

The direction of texture and signal intensity changes across the
Braak stage groups suggest an increasing trend toward brighter
voxels with increasing pathological burden (higher autocorrelation,
lower cluster shade, higher signal intensity). This is a finding con-
sistent with converging evidence that AD involves a remyelination
process in the gray matter as a homeostatic response to myelin
breakdown [23]. There have been in vivo and ex vivo findings of in-
creased intracortical myelin content [24-26] and disorganized mye-
loarchitecture [24, 27] in AD patients compared to normal controls.
The studies have further noted a visibly inhomogeneous band of hy-
pointense T2*-weighted MRI signals across the cortex, which blurred
the cortical laminae and was highly associated with myelin content.
This band of disorganized myeloarchitecture is expected to be more
pronounced in T1-weighted images, as T1 signals are strongly de-
pendent on lipid concentration associated with myelin [28], and are
expected to be reasonably detectable through quantitative meth-
ods such as texture analysis because it could be visibly observed
on high-resolution MRI scans. Based on these previous reports, the
texture differences observed in our study are likely to have a basis
in such myeloarchitectural changes, and the tau-texture associations
are likely to reflect the linear relationship between high tau and in-
tracortical myelin content [25]. Although the brightening of voxels
may be counterintuitive to the expectation that gray matter vox-
els would become darker in AD as a result of atrophy, it is possible
that the AD-associated reduction in gray matter density reported
in previous literature [29-32] reflects a growing amount of white
matter-like tissue or myelinated gray matter in place of the normal
gray matter tissue. Further studies on the changes in gray matter and
white matter tissue will be needed to investigate this.

With respect to the tau-texture associations, the tau-associ-
ated texture feature showed a remarkable correspondence with
the cytoarchitecture of the region. The six regions in our study are

characterized by different types of cytoarchitecture, which differ

in the number of laminae and the location of cells vulnerable to
neurofibrillary tangles (NFTs) deposition. The regions in which
entropy and contrast were affected by tau belong to the neocor-
tex (i.e., MTC, PCC, PRC, SFC), which consists of six laminae; the
HPC, in which autocorrelation and cluster shade were affected,
belongs to the allocortex, which consists of three laminae; and the
ERC, in which features common to both allocortex and neocortex
were affected, belongs to a transitional area between the two.
Furthermore, NFTs are known to preferentially affect different
cells in different regions: the pyramidal neurons of layers Ill and V
in the neocortex; the stellate neurons of layer Il, superficial por-
tion of layer Ill, and multipolar neurons of layer IV in the ERC; and
the stratum pyramidale of cornu ammonis 1 and subiculum in the
HPC [33-35]. Consequently, the different layout of the typically
affected cell types can differentially affect the distribution of the
voxel’s signal intensity and therefore the kind of textural change
(Figure 1). An extensive analysis including more regions further
supported cytoarchitecture as the contributing factor of the dif-
ferences in significant texture features among different regions
(Tables S2 and S3). However, because the allocortical and perial-
locortical regions (HPC and ENT) in our study also correspond to
the earliest stages of tau accumulation, there is a steep difference
in AV1451 uptake between them and other neocortical regions.
Thus, we cannot leave out the possibility that factors other than
cytoarchitecture, such as the degree of local tau burden and/or
other neurodegenerative changes, are driving the tau-texture pat-
terns, and further studies will be needed to investigate this.

It is notable that although texture features were signifi-
cantly associated with tau burden, mean signal intensity was not
(Table 3). This suggests that early microstructural changes may
be reflected as subtle changes in signal intensity that are not in-
tense enough to be detected as first-order statistics such as mean
intensity, but sufficient to be detected as second-order statistics
such as texture. Although no individual texture feature alone is
expected to be sufficient discriminators of AD from non-AD, op-
timal combinations of relevant texture features will be helpful
[6, 7]. It is also worth noting that many studies on MRI-pathology
associations have been conducted mainly on T2-weighted im-
ages, and few data on T1-weighted images are available. It will

be of more clinical value to investigate these relationships in
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FIGURE 1 Schema of how different cytoarchitecture can affect tau-associated texture changes. Schematic drawings of the
cytoarchitecture and corresponding signal intensities on T1-weighted images in healthy brain tissue (A) and NFT-accumulated brain
tissue (B). Tau proteins are deposited as NFT in different cellular laminae according to the cytoarchitecture (allocortex, periallocortex,
neocortex) of the brain region. Left: In the HPC, which is a unique structure that consists of rolled-up laminae of its subregions that

are about two-voxels thick, tau-related microstructural changes along the pyramidal layers that are located laterally may result in an
overall lightening and smoothening of the HPC signal intensities, thus increasing autocorrelation and decreasing both cluster shade and
entropy. Center: In the ERC, which contains more neocortex-like laminar structure, there are textural changes that are similar to that in
neocortices, with the slight difference in locations of the signal intensity changes possibly due to the slight difference in the locations of
the NFT-affected layers. Right: In neocortical regions, which are typically four-voxels (voxel size: 1 x 1 x 1 mm°) thick, NFT-associated
microstructural changes (i.e., myelin repair) may selectively change signal intensities of voxels of the inner two rows that correspond to
NFT-affected cells in the pyramidal layers (dark triangles). These changes may increase the differences in the magnetic resonance signal
intensities between neighboring inner and outer voxels throughout the neocortical laminae, thus increasing entropy and contrast of the
region. Note that signal intensity changes in the figure are exaggerated for illustrative purposes. CA1, cornu ammonis 1; ERC, entorhinal
cortex; HPC, hippocampus; MRI, magnetic resonance imaging; MTC, middle temporal cortex; NFT, neurofibrillary tangles; PCC, posterior

cingulate cortex; PRC, precuneus; SFC, superior frontal cortex.

T1-weighted images, as they are more widely available in clinical
settings.

This study has several limitations. First, there is a lack of suf-
ficient late-stage AD participants in our sample, mainly due to the
lack of follow-up data accumulated yet in ADNI 3. Second, our
study was conducted on MRI scans from only one scanner plat-
form, limiting the generalization of the results. Third, we did not
directly measure the myelin contents. Future studies must address
the effects of interscanner variability in texture analysis, as well
as further validate what it reflects through histological samples
when available.

In conclusion, texture of T1-weighted brain MRI may reflect mi-

crostructural changes related to tau accumulation in AD. This study

supports further analysis of textures as MRI-based biomarkers of

early microstructural changes.
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