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Abstract

White matter (WM) degeneration is suggested to predict the early signs of

Alzheimer’s disease (AD). The exact structural regions of brain circuitry

involved are not known. This study aims to examine the associations between

WM tract integrity, represented by the diffusion tensor imaging (DTI) mea-

sures, and AD diagnosis and to denote the key substrates in predicting AD. It

included DTI measures of mean diffusivity (MD), fractional anisotropy, radial

diffusivity and axial diffusivity of 18 main WM tracts in 84 non-Hispanic white

participants from the Alzheimer’s Disease Neuroimaging Initiative dataset.

The multivariable general linear model was used to examine the association of

AD diagnosis with each DTI measure adjusting for age, gender and education.

The corpus callosum, fornix, cingulum hippocampus, uncinate fasciculus, sag-

ittal striatum, left posterior thalamic radiation and fornix-stria terminalis

showed significant increases in MD, radial and axial diffusivity, whereas the

splenium of corpus callosum and the fornix showed significant decreases in

fractional anisotropy among AD patients. Variable cluster analysis identified

that hippocampus volume, mini-mental state examination (MMSE), cingulate

Abbreviations: ACR, anterior corona radiata; AD, Alzheimer’s disease; ALIC, anterior limb of internal capsule; AxD, axial diffusivity; BCC, body of
corpus callosum; CGC, cingulum (cingulate gyrus); CGH, cingulum hippocampus; CING/Hipp, cingulum/hippocampus; CN, cognitive normal
control; CP, cerebral peduncle; CST, corticospinal tract,; DTI, diffusion tensor imaging; EC, external capsule; FA, fractional anisotropy; FX, fornix
(column and body); FX SUM, bilateral fornix sum; FX-ST, fornix (cres)-stria terminalis; GCC, genu of corpus callosum; HPV, hippocampus volume;
IC, internal capsule; ICP, inferior cerebellar peduncle; IFO, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; _L, left side; MCI,
mild cognitive impairment; MD, mean diffusivity; ML, medial lemniscus; MMSE, mini-mental state examination; PCR, posterior corona radiata;
PLIC, posterior limb of internal capsule; PTR, posterior thalamic radiation including optic radiation; RLIC, retrolenticular part of internal capsule;
_R, right side; RD, radial diffusivity; ROI, region of interest; SCC, splenium of corpus callosum; SCP, superior cerebellar peduncle; SCR, superior
corona radiata; SFO, superior fronto-occipital fasciculus, SFO could be a part of AIC; SLF, superior longitudinal fasciculus; SS, sagittal stratum left
and right includes ILF and IFO; SUMBCC, bilateral body of corpus callosum; SUMCC, bilateral full corpus callosum; SUMFX, bilateral fornix;
SUMGCC, bilateral genu of corpus callosum; SUMSCC, bilateral splenium of corpus callosum; TAP, tapetum; Total CC, bilateral full corpus callosum
average genu, body and splenium; UNC, uncinate fasciculus.

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.
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gyrus/hippocampus, inferior fronto-occipital fasciculus and uncinate fascicu-

lus are highly correlated in one cluster with MD measures. In conclusion,

there were significant differences in DTI measures between the brain WM of

AD patients and controls. Age is the risk factor associated with AD, not gender

or education. Right cingulum gyrus and right uncinate fasciculus are particu-

larly affected, correlating well with a cognitive test MMSE and MD measures

for dementia in AD patients and could be a region of focus for AD staging.

KEYWORD S
Alzheimer’s disease, cingulate gyrus, diffusion tensor imaging, hippocampus volume, mean
diffusivity, mini-mental state examination, uncinate fasciculus

1 | INTRODUCTION

Alzheimer’s disease (AD) is a common form of
dementia—a syndrome that is marked by a severe
decline in cognitive ability and which interferes with the
ability to live independently. Depending on the level of
cognitive impairment, AD can be differentiated into pre-
clinical, mild cognitive impairment (MCI) and dementia
stage (Kumar et al., 2021). AD and its clinical staging and
mechanism have been studied extensively via its patho-
logical findings of abnormal protein deposits, amyloid
plaques and fibrillary tangles in the brain (e.g., Hyman
et al., 2012; Jack et al., 2018). However, any degenerative
changes in white matter (WM) tract that precede the loss
of grey matter can occur years before the onset of symp-
toms (Araque Caballero et al., 2018; Nir et al., 2013;
Wassenaar et al., 2018; Wen et al., 2018; Zhang
et al., 2014). WM degeneration affecting myelination,
myelin thickness, axon diameter and packing density is
considered to predict AD in vivo and correlates with cere-
brospinal fluid (CSF) biomarkers Aβ plaques (Aβ42) and
(phosphorylated-) Tau proteins (Araque Caballero
et al., 2018; Bennett & Madden, 2014; Fjell et al., 2014;
Hoy et al., 2017; Jack et al., 2018; Rieckmann et al., 2016;
Strain et al., 2018; Wassenaar et al., 2018).

Functional magnetic resonance imaging (MRI) exam-
ining diffusion tensor imaging (DTI) measures has
revealed microstructural WM differences between AD
and control patients within the corpus callosum (CC),
temporal lobe, frontal lobe and overall significant
decreased connectivity within the default mode network
(DMN) (Gao et al., 2020; Li et al., 2021; Mito et al., 2018;
S�anchez et al., 2020), involving temporal WM starting in
preclinical AD patients (Hoy et al., 2017; Mito
et al., 2018; Nishioka et al., 2015; Weiler et al., 2017;
Zhang et al., 2014). AD should be considered as a large-
scale disconnection syndrome that may be associated
with aggregation of toxic proteins and severe brain atro-
phy (Pereira et al., 2019). Fractional anisotropy

(FA) along with three other DTI measurable variables of
diffusivity within DTI reflects fibre density, axonal diam-
eter and myelination. The changes of these variables
reflect changes in microstructure of the WM tract and
provide a more sensitive biomarker for AD (Bennett &
Madden, 2014; Daianu et al., 2013; Jack et al., 2018;
Kantarci et al., 2017; Nir et al., 2013; Schaeffer
et al., 2021; Sepehrband et al., 2019; Song et al., 2005;
Wassenaar et al., 2018; Zhang et al., 2014). Mean diffusiv-
ity (MD) represents the average diffusion process in three
directions (Wen et al., 2018). Loss of myelin results in the
loss of fibre directionality, lower FA and higher MD,
which are found in neurodegenerative diseases
(Bennett & Madden, 2014; Kantarci et al., 2017; Nir
et al., 2013), and also in individuals with increased
genetic risk for AD (Rieckmann et al., 2016). MD corre-
lated with other CSF markers, tau and amyloid protein
(Araque Caballero et al., 2018; Nir et al., 2013), and is the
most sensitive marker of the WM integrity among DTI
measures, compared with measurements of volumetric
reduction in identifying patients with MCI who will pro-
gress to AD (Araque Caballero et al., 2018; Fjell
et al., 2014; Jack et al., 2018; Nir et al., 2015; Rieckmann
et al., 2016; Wen et al., 2018; Zhang et al., 2014; Zhuang
et al., 2013). The additional DTI measurements are axial
diffusivity (AxD) in quantifying the diffusion parallel to
axons and radial diffusivity (RD) reflecting the diffusions
perpendicular to the axon (Alexander et al., 2007). AxD
and RD changes have been shown to be markers for axo-
nal damage and myelin damage, respectively (Bennett &
Madden, 2014; Song et al., 2005). RD changes in AD have
a similar trend as that seen with MD, which is the com-
posite of AxD and RD (Rieckmann et al., 2016). Further-
more, MD and FA are associated with performance on
clinical cognitive tests, such as the mini-mental state
examination (MMSE) (Nir et al., 2015; Wen et al., 2018),
with AD staging and with the presence of neurofibrillary
tangles in the fornix (FX), cingulum tracts, entorhinal
cortex and medial parietal cortex (Kantarci et al., 2017).
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The analysis of the complete brain WM profile of all
the available DTI data and its key components in AD
compared with CN is incomplete. It is not known what
specific WM regions are critical for triggering AD symp-
toms in patients with poor cognitive performance MMSE
score and hippocampus atrophy. Further, limited studies
on brain hemispheric asymmetry or lateralization in AD
showed asymmetric neurodegeneration depending on
the stages of AD and variability, and its link to
pathogenesis and progression of AD is unclear (Lubben
et al., 2021; Minkova et al., 2017). Additionally,
the literature shows that age may have an impact on the
pathogenesis of AD, whereas the impact of sex and
education level is inconsistent (Fjell et al., 2014; Ribeiro
et al., 2022). The present study examined the DTI mea-
sures of the WM tract throughout the brain WM tracts of
AD patients and normal controls with use of data
obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) and any laterality of connectivity in the
two hemispheres. Further, we examined the associations
of age, gender and education with DTI measures. Lastly,
we used variable cluster analysis to identify the most
important structures among the major WM tracts that
are affected in AD.

2 | MATERIALS AND METHODS

2.1 | The ADNI sample

Data used in the preparation of this article were obtained
from the ADNI database (adni.loni.usc.edu). The ADNI,
launched in 2003 led by Principal Investigator Michael
W. Weiner, MD, is an ongoing, longitudinal, multicentre
study designed to develop clinical, imaging, genetic and
biochemical biomarkers for the early detection and track-
ing of AD. The primary goal of ADNI has been to test
whether serial MRI, positron emission tomography
(PET), other biological markers and clinical and neuro-
psychological assessment can be combined to measure
the progression of MCI and early AD. The study was
approved by Regis College’s and West Virginia Univer-
sity’s Institutional Review Boards.

2.2 | Image data acquisition and subject
information

The DTI measurements (MD, FA, AxD and RD) and clin-
ical data were downloaded from the ADNI database
(www.loni.usc.edu/ADNI). DTI data of WM regions of
interest (ROIs) were collected from the ADNI-2 and
ADNI-3 project (see www.adni.org). DTI data were

generated from the Laboratory of NeuroImaging, Univer-
sity of South California (Nir et al., 2013). After merging
DTI data with AD diagnosis, the present study used the
baseline data from 84 non-Hispanic white participants
(n = 42 for AD and n = 42 for healthy control CN).
Demographic factors include gender (self-reported as
either male or female), age and education (in years).

The MMSE was administered to provide a global mea-
sure of mental status, evaluating five cognitive domains:
orientation, registration, attention and calculation, recall
and language (Cockrell & Folstein, 1988). The MRI brain
structure data were derived from UCSF FreeSurfer data-
sets. Hippocampus volume (HPV) was generated from
UCSF MRI structure data.

2.2.1 | Brain regions

Briefly, the mean of all voxels from each of the WM tracts
ROI from the atlas were obtained from maps of FA, MD,
RD and AxD (Nir et al., 2013). In total, there are
228 ROI, including 18 main WM tract regions (CC, FX,
CGH, CGC, UNC, IC, fronto-occipital fasciculus, EC,
corona radiata, cerebellar peduncle, longitudinal fascicu-
lus, SS, PTR, cerebral peduncle (CP), ML, FX-ST, TAP
and CST). All available regions were used to derive com-
prehensive knowledge about the involvement of WM
tract in AD. Processing methods for obtaining summary
statistics in WM ROI include preprocessing steps and
DTI maps, WM tract atlas ROI summary measures and
tensor-based spatial statistics (TBSS) tract atlas ROI sum-
mary measures (adni.org). For TBSS tract atlas ROI sum-
mary measures, TBSS was performed, and the mean FA
in ROI along the skeleton was extracted.

ROIs include the following in both hemispheres: cor-
ticospinal tract (CST), inferior cerebellar peduncle (ICP),
superior cerebellar peduncle (SCP), CP, medial lemniscus
(ML), anterior limb of internal capsule (ALIC), posterior
limb of internal capsule (PLIC), posterior thalamic radia-
tion (PTR, including optic radiation), anterior corona
radiata (ACR), superior CR (SCR), posterior CR (PCR),
cingulum/cingulate gyrus (CGC), cingulum hippocampus
(CGH), superior longitudinal fasciculus (SLF), superior
and inferior fronto-occipital fasciculus (SFO and IFO,
respectively; SFO could be a part of AIC), sagittal stratum
(SS) including inferior longitudinal fasciculus (ILF) and
IFO, external capsule (EC), uncinate fasciculus (UNC),
FX (column and body), genu of corpus callosum (GCC),
body of corpus callosum (BCC), splenium of corpus callo-
sum (SCC), retrolenticular part of internal capsule
(RLIC), bilateral full corpus callosum average genu, body
and splenium (total CC) and bilateral FX sum (FX sum).
The left and right middle cerebellar peduncle and
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pontine crossing tracts were excluded, as they often time
fall partially or completely out of the field of view (FOV).

2.3 | Data analysis

Categorical variables were reported as count and continu-
ous variables as mean � standard deviation (SD). The chi-
square test was used to examine the association between
gender and diagnosis. Male gender is considered as control
and female gender is the treatment group. Student’s t test
was used to compare the means in age and education
between CN and AD. Normality of DTI measures were
tested by Kolmogorov–Smirnov statistics. For example, the
p values of the statistics for MD_CGH left side and right
side were .045 and .042, respectively, and skewness and
kurtosis values in MD_CGH left side and right side were
within (�3, 3), which indicated normal distributions and
the general linear model (GLM) statistical analysis.

Multivariable GLM was used to examine the associa-
tion of each DTI measure with AD diagnosis adjusting
for age, gender and education. An F test in the GLM was
used to test the overall model, while the t test in the GLM
was used to detect the effect for each independent
variable. Pearson and Spearman’s rank correlation ana-
lyses were performed to explore the relationship among
31 MD measures, MMSE and HPV. Variable cluster anal-
ysis was used to examine multiple correlations among
MD measures, MMSE and HPV, assuming strong correla-
tion between variables in a cluster (Aggarwal, 2011;
Muthen, 1985). A difference between groups with a p
value <.05 was considered statistically significant. To deal
with the multiple testing problem, Bonferroni correction
was used for statistical significance. Considering

228 ROI, the Bonferroni corrected significant level will be
a p value <.05/228 = .00022. All analyses were performed
with SAS 9.4 (SAS Institute, Cary, North Carolina, USA).

2.4 | Statistical power analysis

We used G*Power v3.1.9.4 to compute the power for the
present study (Faul et al., 2009, 2007). Based on the sam-
ple size (n = 84), given type 1 error rate (α = .05), moder-
ate effect size (.15), using F test in multivariable linear
regression model with four predictors (AD diagnosis and
three demographic factors—age, gender and education),
the power could reach 79.74%.

3 | RESULTS

3.1 | Descriptive statistics

There was no significant difference in age or gender
between AD and normal control group (Table 1). The CN
group had a significantly greater education level than the
AD group (p = .0437). Furthermore, CN individuals had
significantly higher values in MMSE and HPV than the
AD individuals (both p values <.0001).

3.2 | GLM analysis of diagnosis of AD
with DTI measures

Table 2 presents the results based on multivariable GLM
analysis of AD with DTI measures (p < .01), where
p values smaller than .00022 (indicated with a ‘*’) show

TAB L E 1 Descriptive statistics

Variable CN AD χ 2/t value p

Gender

Male 19 25 1.71 .1899

Female 23 17

Age

Mean � SD 72.74 � 5.82 74.44 � 8.61 1.06 .2936

Education

Mean � SD 16.36 � 2.77 15.14 � 2.66 �2.05 .0437

MMSE

Mean � SD 28.88 � 1.40 23.36 � 1.85 �15.45 <.0001

HPV

Mean � SD 7484.54 � 924.83 5930.72 � 800.65 �7.58 <.0001

Note: p value is based on chi-square or t test.
Abbreviations: AD, Alzheimer’s disease; CN, cognitive normal; HPV, hippocampus volume (in mm3); MMSE, mini-mental state examination.

4 XIAO ET AL.



statistical significance based on Bonferroni correction. A
comprehensive list of DTI measures in all 228 ROI
regions is presented in Table S1. Overall, compared with
CN, AD showed significant higher values in MD, RD and
AxD measures, but lower FA values in some specific ROI
regions (Table 2).

AD individuals had significantly higher MD values in
SUMCC, FX, FX-ST, CGH, PTR_L, SCR_L, SS, IFO_L/
SFO_R, UNC and tapetum (TAP) (fibre of the body and
splenium of CC), compared with healthy controls
(Tables 2 and S1). Significance of AxD changes (diffusion
parallel to the axon, marker for axonal damage) is similar

TAB L E 2 Multivariable linear regression analyses of DTI measures with Alzheimer’s disease diagnosis (AD vs. CN)

Brain regions MD (β, t, p) FA (β, t, p) AxD (β, t, p) RD (β, t, p)

SUMGCC .0114, 4.08, <.0001* �3.1232, �2.42, .0180 .0109, 4.38, <.0001* .0116, 3.67, .0004*

SUMBCC .0142, 4.86, <.0001* �2.9070, �2.66, .0095 .0137, 5.30, <.0001* .0144, 4.51, <.0001*

SUMSCC .0136, 5.08, <.0001* �4.2449, �4.21, <.0001* .0128, 4.99, <.0001* .0140, 4.97, <.0001*

SUMCC .0139, 5.23, <.0001* �3.7714, �3.60, .0006 .0131, 5.57, <.0001* .0143, 4.93, <.0001*

GCC_L .0121, 4.40, <.0001* �3.3530, �2.66, .0093 .0116, 4.73, <.0001* .0124, 3.97, .0002*

GCC_R .0106, 3.64, .0005 �2.9018, �2.12, .0368 .0103, 3.74, .0004 .0108, 3.31, .0014

BCC_L .0149, 4.92, <.0001* �2.8212, �2.47, .0156 .0151, 5.53, <.0001* .0147, 4.46, <.0001*

BCC_R .0135, 4.51, <.0001* �2.9967, �2.78, .0067 .0123, 4.48, <.0001* .0141, 4.35, <.0001*

SCC_L .0167, 5.13, <.0001* �4.6943, �4.33, <.0001* .0161, 5.14, <.0001* .0169, 4.99, <.0001*

SCC_R .0108, 4.66, <.0001* �3.8299, �3.91, .0002* .0097, 4.26, <.0001* .0113, 4.64, <.0001*

SUMFX .0344, 5.84, <.0001* �4.7488, �5.39, <.0001* .0286, 5.46, <.0001* .0373, 5.86, <.0001*

FX_L .0411, 5.63, <.0001* �5.3806, �5.07, <.0001* .0330, 4.91, <.0001* .0451, 5.75, <.0001*

FX-R .0326, 5.42, <.0001* �4.6292, �4.78, <.0001* .0276, 5.26, <.0001* .0351, 5.36, <.0001*

CGH_L .0161, 7.98, <.0001* �1.9223, �3.57, .0006 .0169, 7.87, <.0001* .0157, 7.85, <.0001*

CGH_R .0110, 4.87, <.0001* �1.5440, �2.49, .0150 .0117, 5.24, <.0001* .0107, 4.59, <.0001*

CGC_L .0046, 3.91, .0002* �.7954, �1.39, .1695 .0043, 3.57, .0006 .0047, 3.79, .0003

CGC_R .0041, 3.45, .0009 �.7308, �1.22, .2255 .0039, 3.54, .0007 .0041, 3.21, .0019

UNC_L .0234, 6.64, <.0001* �1.2464, �1.64, .1047 .0253, 6.90, <.0001* .0225, 6.40, <.0001*

UNC_R .0180, 5.22, <.0001* �2.1234, �3.19, .002 .0184, 5.11, <.0001* .0178, 5.22, <.0001*

SFO_L .0253, 3.48, .0008 �1.4879, �1.61, .1118 .0262, 3.48, .0008 .0249, 3.47, .0009

SFO_R .0223, 3.92, .0002* �3.0704, �3.68, .0004 .0211, 3.56, .0006 .0229, 4.09, .0001*

IFO_L .0068, 4.37, <.0001* �1.5484, �2.24, .028 .0067, 3.69, .0004 .0068, 4.35, <.0001*

IFO_R .0061, 3.15, .0023 �1.1930, �1.69, .0959 .0063, 3.14, .0024 .0061, 3.02, .0034

SCR_L .0065, 4.29, <.0001* 1.2004, 1.75, .0846 .0099, 5.00, <.0001* .0048, 3.50, .0008

SCR_R .0065, 3.72, .0004 .9459, 1.36, .1765 .0094, 4.29, <.0001* .0051, 3.16, .0022

ACR_L .0062, 3.69, .0004 �1.8846, �3.10, .0027 .0053, 2.91, .0047 .0066, 3.95, .0002*

ACR_R .0069, 3.80, .0003 �1.6291, �2.36, .0205 .0064, 3.43, .001 .0071, 3.81, .0003

SS_L .0112, 7.26, <.0001* �1.5279, �2.67, .0091 .0140, 7.05, <.0001* .0114, 7.02, <.0001*

SS_R .0121, 5.49, <.0001* �1.1267, �1.95, .0553 .0138, 5.56, <.0001* .0113, 5.27, <.0001*

PTR_L .0105, 4.11, <.0001* �2.0307, �2.53, .0135 .0108, 4.15, <.0001* .0103, 3.98, .0002*

PTR_R .0061, 3.04, .0032 �1.5791, �2.19, .0314 .0060, 2.81, .0062 .0061, 3.04, .0032

Note: t and p values are based on multivariable linear regression analyses of DTI measures in comparison with Alzheimer’s disease with cognitive normal. β is
regression coefficient * 100.
Abbreviations: ACR, anterior corona radiata; AxD, axial diffusivity; BCC, body of corpus callosum; CGC, cingulate gyrus; CGH, cingulum hippocampus; FA,

fractional anisotropy; FX, fornix (column and body); GCC, genu of corpus callosum; IFO, inferior fronto-occipital fasciculus; L, left; MD, mean diffusivity; PTR,
posterior thalamic radiation; R, right; RD, radial diffusivity; SCC, splenium of corpus callosum; SCR, superior corona radiata; SFO, superior fronto-occipital
fasciculus; SS, sagittal stratum; SUMBCC, bilateral body of corpus callosum; SUMCC, bilateral full corpus callosum; SUMFX, bilateral fornix; SUMGCC,
bilateral genu of corpus callosum; SUMSCC, bilateral splenium of corpus callosum; UNC, uncinate fasciculus.

*p < .00022.
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(to MD values) for the most ROIs, except, CGC_L and
IFO_L and SFO_R, but gained significance in SCR_R, in
comparison with healthy CN controls. On the other
hand, the significance of RD values changes (for diffusion
perpendicular to the axon, marker for myelin damage) is
similar (to MD values) for the most ROIs, except in
CGC_L, but gained significance in ACR_L, in compari-
son with healthy CN controls. In contrast, AD individuals
had significantly lower FA values in both hemispheres,
measured independently, in SCC, FX and FX-ST only.

The significance of changes in the four DTI measures
showed leftward brain asymmetry among the ROIs
(Tables 2 and S1). In this asymmetry, the left side of brain
had more ROIs, WM tract regions, showed significant
changes of DTI measures (not the right side). For MD,
these WM tracts included GCC, CGC, IFO, SCR and
PTR. For RD, these WM tracts included GCC, IFO, ACR,
PTR and TAP. In AxD, these WM tracts ROIs included
GCC, PTR, RLIC and PCR. For FA, these WM tracts
included TAP only.

However, only SFO WM region showed significant
increases in MD and RD values in the right side (not the
left side).

3.3 | Associations of age, gender and
education with DTI measures

The results of associations of age, gender and education
with DTI measures based on the multivariable GLM ana-
lyses on all 84 subjects are presented in Table S2A–D.
Age is significantly associated with the increased diffusiv-
ity (MD, RD and AxD) and reduced FA in certain ROIs.
Specifically, the increased diffusivity MD and RD was
found in ROIs of GCC, CGH, RLIC, EC_L, SCR_L, SS_L,
FX-ST_L and CST_R (with additional ROIs of ALIC and
ACR having increased RD values), and increased AxD in
SS_L, FX-ST_L and CST_R, but decreased FA in overlap-
ping ROIs in CGH_R, RLIC_R, EC_L, ACR, ICP, ML_L
and FX-ST_L.

Regarding gender and education, although gender
and education were associated with certain DTI measures
at p values <.05, after corrections for multiple compari-
sons, gender and education did not have significant
impact on all the four DTI measures (Table S2A–D).

3.4 | Correlational and cluster analysis

Correlational and variable cluster analysis was conducted
on 31 MD measures, MMSE and HPV in both AD and
CN groups (all p values <.0001). These variables were
grouped into four clusters with strong relationships

among variables within each cluster (Figure 1). CGC,
CGH, IFO, UNC measures, MMSE and HPV had strong
significant correlations and were grouped within a clus-
ter, while Pearson and Spearman correlation coefficients
are presented in Table 3. MMSE and HPV showed signifi-
cant positive correlations, while MD measures showed
significant positive correlations (between the left and the
right side of the same WM and among the eight ROIs).
However, MMSE and HPV showed strong negative corre-
lations with MD measures of all eight ROI regions. In
other words, individuals with higher MMSE and HPV
values had lower MD measures.

The AD group had higher mean values of MD in
CGC, CGH, IFO, UNC measures than in CN group
(Figure 2). In addition, variable cluster analyses were per-
formed for AD and CN, separately (Figures 3 and 4). In
the CN group, CGH, IFO, UNC measures, MMSE and
HPV had strong correlations and were grouped within a
cluster, whereas CGC measures were clustered in another
flanking cluster (Figure 4). Among the AD group,
CGC_R, CGH, IFO, UNC_R measures, MMSE and HPV
had strong correlations and were grouped within a clus-
ter, whereas CGC_L and UNC_L were clustered in
another flanking cluster (Figure 3). In other words, right
CGC and UNC are uniquely affected in the AD, not in
the CN group. Further, In CN, MMSE cluster is close to
PTR, SCR, CGC and SS group. In AD, MMSE cluster is
close to a group with different brain WM tract regions,
ACR, SCR, SFO, UNC-L and CC, suggesting the connec-
tivity underlying MMSE in link to HPV is altered in AD.

4 | DISCUSSION

The present study comprehensively mapped all the major
WM tracts in AD compared with CN, including both
hemispheres using all four DTI measures, their associa-
tion with age, gender and education using the ADNI
data. Additionally, we pinpointed the key structures
linked to cognitive performance and hippocampal vol-
ume underlying AD using clusters analysis. Significant
associations with DTI measures were found in WM tracts
connecting frontal, parietal, temporal and occipital lobes,
suggesting the myelination and axonal integrity have
been damaged. By using a larger AD population sample
than previous one (e.g., Nir et al., 2013), we showed the
complete profile of significant changes (increased diffu-
sivity and reduced FA) in all the four DTI measures in
ROIs of SCC, FX, FX-ST and TAP_L, with increased dif-
fusivity of MD, RD, AxD in additional WM tracts,
SUMCC, CGH, PTR_L, UNC and SS. The present study
found that the CST is spared. The changes explain the
cardinal signs of disturbance in limbic functions
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(memory and emotion) in AD patients. Motor distur-
bance could appear in more advanced states of
AD. Among age, gender and education, age has signifi-
cant association with DTI measures, increased diffusivity
and reduced anisotropy FA. Gender and education level

has no association with these DTI measures. Finally,
CGC, CGH, IFO and UNC are significantly correlated
with MMSE and hippocampal volumes among all the
examined WM tracts. Right CGC and right UNC are
uniquely correlated in AD, not in CN.

F I GURE 1 Variable cluster analysis of MD measures and MMSE and hippocampus for both AD and CN (n = 84). MD refers to mean

diffusivity; MMSE refers to mini-mental state examination. These variables were grouped into four clusters with strong relationships among

variables in each cluster. MMSE had strong correlations with CGC, CGH, IFO, UNC measures and hippocampus volume and were grouped

within a cluster. Abbreviations for the brain regions: SUMGCC, bilateral genu of corpus callosum; SUMBCC, bilateral body of corpus

callosum; SUMSCC, bilateral splenium of corpus callosum; SUMCC, bilateral full corpus callosum; GCC, genu of corpus callosum; BCC,

body of corpus callosum; SCC, splenium of corpus callosum; SUMFX, bilateral fornix; FX, fornix (column and body); CGH, cingulum

hippocampus; CGC, cingulate gyrus; UNC, uncinate fasciculus; SFO, superior fronto-occipital fasciculus; IFO, inferior fronto-occipital

fasciculus; SCR, superior corona radiata; ACR, anterior corona radiata; SS, sagittal stratum; PTR, posterior thalamic radiation

TAB L E 3 Correlation analysis of MD measures and MMSE and HPV (n = 84)

Variable MMSE HPV CGC_L CGC_R CGH_L

MMSE 1 .6455 < .0001 �.5151 < .0001 �.4539 < .0001 �.6157 < .0001

HPV .6731 < .0001 1 �.4808 (r) < .0001 (p) �.5163 < .0001 �.7259 < .0001

CGC_L �.5236 < .0001 �.5098 < .0001 1 .8014 < .0001 .6201 < .0001

CGC_R �.5006 < .0001 �.5357 < .0001 .8417 < .0001 1 .5948 < .0001

CGH_L �.6320 < .0001 �.7900 < .0001 .6625 < .0001 .6086 < .0001 1

CGH_R �.5752 < .0001 �.7715 < .0001 .5958 < .0001 .5967 < .0001 .7028 < .0001

IFO_L �.4922 < .0001 �.5919 < .0001 .7218 < .0001 .7394 < .0001 .6659 < .0001

IFO_R �.4776 < .0001 �.6269 < .0001 .7621 < .0001 .7693 < .0001 .6341 < .0001

UNC_L �.5716 < .0001 �.6453 < .0001 .6096 < .0001 .5999 < .0001 .7234 < .0001

UNC_R �.5870 < .0001 �.6524 < .0001 .6075 < .0001 .6412 < .0001 .6312 < .0001

Note: Above the diagonal is the Pearson correlation coefficient; below the diagonal is Spearman correlation coefficient. Lower value in each cell denotes the p
value.

Abbreviations: CGC, cingulate gyrus; CGH, cingulum hippocampus; HPV, hippocampus volume (in mm3); IFO, inferior fronto-occipital fasciculus; L, left; MD,
mean diffusivity; MMSE, mini-mental state examination; R, right; UNC, uncinate fasciculus.
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Circuitries for memory, emotion and senses underly-
ing AD are affected differently. First, studies have shown
that changes in circuitry for memory and emotion under-
lie AD, including the DMN network for episodic memory
involving medial entorhinal, medial orbitofrontal and lat-
eral frontal, precuneus, middle temporal hippocampus
and inferior parietal cortex (Aggleton et al., 2016; Bigham
et al., 2020; Fjell et al., 2014). The present study identified
that MD changes existed in these regions, overlapping
with DMN including the cingulum, hippocampus and FX
and other WM tracts connecting the brain lobes. Specifi-
cally, our cluster analysis identified that hippocampus,

cingulate gyrus/hippocampus (CGC and CGH), IFO and
UNC are highly correlated in one cluster with MD
changes associated with MMSE cognitive phenotypes for
both AD and CN, providing a more specific model than
previously proposed (Qin et al., 2021). Furthermore, our
findings of changes in the PTR support previous results
suggesting that thalamic pathology is implicated in the
early stage of AD contributing to emotional disturbance
(Wen et al., 2018). Especially, our finding of age being
significantly associated with MD changes in FX-ST
(not FX) suggested that aging significantly affects emo-
tional processing (see Figure S2A). Lastly, FA reduction

TAB L E 3 (Continued)

Variable CHG_R IFO_L IFO_R UNC_L UNC_R

MMSE �.4901 < .0001 �.5030 < .0001 �.3660 < .0006 �.5400 < .0001 �.5124 < .0001

HPV �.7007 < .0001 �.5624 < .0001 �.5813 < .0001 �.5629 < .0001 �.6114 < .0001

CGC_L .4872 < .0001 .6902 < .0001 .6025 < .0001 .5757 < .0001 .4908 < .0001

CGC_R .5383 < .0001 .7100 < .0001 .6904 < .0001 .5517 < .0001 .5803 < .0001

CGH_L .5894 < .0001 .6964 < .0001 .5420 < .0001 .6229 < .0001 .5201 < .0001

CGH_R 1 .5476 < .0001 .6615 < .0001 .5643 < .0001 .7480 < .0001

IFO_L .6253 < .0001 1 .7233 < .0001 .5951 < .0001 .4171 < .0001

IFO_R .6704 < .0001 .8038 < .0001 1 .6087 < .0001 .6157 < .0001

UNC_L .6494 < .0001 .6355 < .0001 .6510 < .0001 1 .6206 < .0001

UNC_R .7502 < .0001 .5113 < .0001 .6917 < .0001 .6453 < .0001 1

Note: Above the diagonal is the Pearson correlation coefficient; below the diagonal is Spearman correlation coefficient. Lower value in each cell denotes the p
value.
Abbreviations: CGC, cingulate gyrus; CGH, cingulum hippocampus; HPV, hippocampus volume (in mm3); IFO, inferior fronto-occipital fasciculus; L, left; MD,
mean diffusivity; MMSE, mini-mental state examination; R, right; UNC, uncinate fasciculus.

F I GURE 2 Mean values of

MD measures in AD and CN

groups. MD refers to mean

diffusivity, CN refers to

cognitive normal, and AD refers

to Alzheimer’s disease.
Abbreviations for the brain

regions: CGH, cingulum

hippocampus; CGC, cingulate

gyrus; UNC, uncinate fasciculus;

IFO, inferior fronto-occipital

fasciculus
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in the regions of SCC, and TAP might explain the visual
disturbance and other loss of special senses in MCI and
AD patients (Nishioka et al., 2015; Wassenaar
et al., 2018). Primary somatosensory and motor areas are
least affected at least at the early stage of AD.

Previous studies have shown that a breakdown in
connectivity occurs during the aging process in normal
individuals with gradual decline of FA and increased MD
and RD (Bennett & Madden, 2014; Zhuang et al., 2013)
and in the early stage of AD (Zhang et al., 2014). Our
results showed that this breakdown is particularly exacer-
bated in the left side of the brain with more ROIs
involved, that is, brain asymmetry. Indeed, we found a
more significant impact of age on DTI values than gender
and education. This is consistent with what we know
about aging being a contributing factor (correlating with
cortical thinness) towards the development of AD, with
annual atrophy of entorhinal cortex, progressing to the
parietal, frontal regions and ultimately to all regions of
cortex (Fjell et al., 2014). It is hypothesized that the lim-
bic area is the most vulnerable due to the demand of neu-
roplasticity in the face of lesion and other injury insults.

In contrast to normal aging, the AD processes lead to
greater impact on tempo-parietal cortex, including ento-
rhinal cortex, hippocampus, posterior cingulate and ret-
rosplenial cortex, which is involved in episodic memory
(Fjell et al., 2014). The present study did not find signifi-
cant differences in DTI measures between genders, con-
sistent with previous findings (Wu et al., 2011) and in
mild cognitive impaired participant (O’Dwyer
et al., 2012). We did not find that education has any
significant effect on DTI measures either. Similarly,
previous findings have shown that the effect of education
or intellectual activities on brain biomarkers such as
amyloid deposition is ambiguous (Fjell et al., 2014).

We found a significant MD increase in CC, FX,
cingulum, UNC, SFO and IFO, SCR, sagittal striatum
and thalamic radiation, the areas that are vulnerable for
modifiable risk factors for AD (Wassenaar et al., 2018).
Importantly, our study used cluster analysis and pin-
pointed the key WM structural changes in the brain con-
nectivity in AD associated with cognitive test MMSE and
hippocampal volume changes. These six ROIs are right
CGC, bilateral hippocampal cingulum, bilateral IFO and

F I GURE 3 Variable cluster analysis of MD measures and MMSE and hippocampus (volume) in AD (n = 42). MD refers to mean

diffusivity; MMSE refers to mini-mental state examination. These variables were grouped into four clusters with strong relationships among

variables in each cluster. MMSE had strong correlations with CGC, CGH, IFO, UNC measures and hippocampus volume and were grouped

within a cluster. Abbreviations for the brain regions: SUMGCC, bilateral genu of corpus callosum; SUMBCC, bilateral body of corpus

callosum; SUMSCC, bilateral splenium of corpus callosum; SUMCC, bilateral full corpus callosum; GCC, genu of corpus callosum; BCC,

body of corpus callosum; SCC, splenium of corpus callosum; SUMFX, bilateral fornix; FX, fornix (column and body); CGH, cingulum

hippocampus; CGC, cingulate gyrus; UNC, uncinate fasciculus; SFO, superior fronto-occipital fasciculus; IFO, inferior fronto-occipital

fasciculus; SCR, superior corona radiata; ACR, anterior corona radiata; SS, sagittal stratum; PTR, posterior thalamic radiation
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right UNC which are worthwhile to be studied further in
depth. Among the above regions, changes in the right
CGC and right UNC are unique to AD patients, not in
CN. UNC is subjacent to IFO, connecting frontal and
temporal cortex, its function is not well defined. The right
CGC is correlated with smell loss in COVID-19 patients
(Lu et al., 2020). The loss of the connection with right
CGC and uncinate might explain the loss of smell, a very
early symptom of AD. Compared with a previous study
(e.g., Nir et al., 2013), we were able to narrow down the
key structures to right CGC and right UNC, that is
responsible for the declined cognitive performance
MMSE scores in AD. Studying the pattern of changes in
brain regions will help to elucidate what triggers the
switch to AD disease progression, for example, acceler-
ated atrophy in the temporal cortex, the cingulate and
orbitofrontal cortex (Fjell et al., 2014). AD starts with
subtle cognitive changes identified over 10 years before
the onset of dementia. Our study suggests that right CGC
and right UNC could be such a trigger switch to AD;
then, the disconnectivity spreads to the left side of the
brain regions leading to impairment in language skills.

Finally, further identification and characterization of the
specific WM degeneration and synaptic loss within AD
may help distinguish its neuropathology from other
forms of dementia such as Lewy body disease. A thor-
ough examination of the nature and location of WM
degeneration within AD may help with the staging of AD
and in early diagnosis.

This study has several strengths. First, we compared
the DTI measures between AD and CN using multivari-
able linear regression model and adjusted for age, gender
and education. Second, we performed variable cluster
analysis of MD measures and MMSE and HPV. In addi-
tion, the present study also examined the effects of age,
gender and education on the DTI measures. We acknowl-
edge some limitations. First, the sample size is relatively
small although the use of multivariable linear regression
analysis could achieve power close to 80%. Second, to
reduce ethnic heterogeneity, this study just used non-
Hispanic white individuals; therefore, the results limit
the generalizability of the findings to explore effects both
within and across the groups for non-White populations
(African American and Hispanic). Further work that

F I GURE 4 Variable cluster analysis of MD measures and MMSE and hippocampus (volume) in CN (n = 42). MD refers to mean

diffusivity; MMSE refers to mini-mental state examination. These variables were grouped into four clusters with strong relationships among

variables in each cluster. MMSE had strong correlations with CGC, CGH, IFO, UNC measures and hippocampus volume and were grouped

within a cluster. Abbreviations for the brain regions: SUMGCC, bilateral genu of corpus callosum; SUMBCC, bilateral body of corpus

callosum; SUMSCC, bilateral splenium of corpus callosum; SUMCC, bilateral full corpus callosum; GCC, genu of corpus callosum; BCC,

body of corpus callosum; SCC, splenium of corpus callosum; SUMFX, bilateral fornix; FX, fornix (column and body); CGH, cingulum

hippocampus; CGC, cingulate gyrus; UNC, uncinate fasciculus; SFO, superior fronto-occipital fasciculus; IFO, inferior fronto-occipital

fasciculus; SCR, superior corona radiata; ACR, anterior corona radiata; SS, sagittal stratum; PTR, posterior thalamic radiation
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concentrates on people of different ethnic/racial back-
grounds is needed. Third, this study focused on compari-
son of AD with CN. In the future, it will be interesting to
further compare DTI measures of MCI with CN.

Our study suggests that the functions of WM tracts,
CGC, hippocampal cingulum, long associative fibre tract
IFO and the short UNC play important roles in cognitive
memory test MMSE. In particular, breakdown of right
CGC and right UNC in AD links to poor MMSE perfor-
mance and atrophy of hippocampal volume. Among the
structures studied, the DTI measure of these two struc-
tures (CGC-R and UNC-R) might provide a sensitive
early biomarker for Alzheimer’s disease.

5 | CONCLUSION

In summary, our findings support the use of DTI mea-
sures for early detection of the onset of AD, in particular,
the right CGC and the right UNC should be the WM
tracts of focus, based on cluster analysis. Second, this
research supported the view that the WM disconnectivity
and brain asymmetry being the source of pathogenesis in
AD. Among the WM tracts, the CC (including TAP), FX,
CGH, UNC, sagittal striatum, left PTR and fornix-stria
terminalis showed significant increases in diffusivity,
whereas only splenium of CC and FX showed significant
decreases in FA among AD patients. Finally, aging is the
main risk factor associated with the change of these DTI
measures in AD, not gender or education level.

Significant correlations were found among DTI mea-
sures in MD, outcomes of MMSE and HPV. Increased
MD in right CGC and right UNC correlated to a poor cog-
nitive memory task performance in AD but not in
CN. This detailed study of individual brain WM tracts
supported that DTI measures (especially MD) in CGC
and UNC (right side) can be a sensitive biomarker in pre-
dicting, clinical staging and monitoring treatment of AD.
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