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Abstract.
Background: Diagnosis of Alzheimer’s disease (AD) was recently shifted from clinical to biological construct to reflect under-
lying neuropathological status, where amyloid deposition designated patients to the Alzheimer’s continuum, and additional
tau positivity represented AD.
Objective: To investigate white matter (WM) alteration in the brain of patients in the Alzheimer’s continuum.
Methods: A total of 236 subjects across the clinical and biological spectra of AD were included and stratified by nor-
mal/abnormal (–/+) amyloid (A) and tau (T) status based on positron emission tomography results, yielding five groups:
A–T– cognitively normal (CN), A+T– CN, A+T+ CN, A+T+ mild cognitive impairment, and A+T+ AD. WM alteration
was measured by diffusion tensor imaging (DTI). Group differences, correlation of DTI measures with amyloid and tau, and
diagnostic performance of such measures were evaluated.
Results: Compared with A–T– CN, widespread WM alteration was observed in the Alzheimer’s continuum, including
hippocampal cingulum (CGH), cingulum of the cingulate gyrus, and uncinate fasciculus. Diffusion changes measured by
regional mean fractional anisotropy (FA) in the bilateral CGH were first detected in the A+T+ CN group and associated with
tau burden in the Alzheimer’s continuum (p < 0.001). For discrimination between A+T+ CN and A–T– CN groups, CGH FA
achieved accuracy, sensitivity, and specificity of 74%, 58%, and 78% for right CGH and 57%, 83%, and 47% respectively
for left CGH.
Conclusion: WM alteration is widespread in the Alzheimer’s continuum. Diffusion alteration in CGH occurred early and
was correlated with tau pathology, thus may be a promising biomarker in preclinical AD.
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INTRODUCTION

Alzheimer’s disease (AD) is characterized by two
hallmarks, namely, amyloid-� (A�) and neurofibril-
lary tangles composed of phosphorylated tau, which
occurs for years prior to the presentation of clinical
symptoms. Detecting AD-related pathological
changes during the asymptomatic stage is important
not only to understand disease mechanisms and pro-
gression but also to allow potential intervention and
facilitate recruitment in clinical trials [1]. Currently,
A� and tau can only be confirmed on postmortem
examination [2], which has driven research impetus
for the identification of in vivo imaging biomarkers
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to aid in AD diagnosis. Measures for in vivo
A� and tau detection include positron emission
tomography (PET) and cerebrospinal fluid (CSF)
via lumbar puncture. However, the widespread use
of these methods is hindered because of the limited
availability of radioactive tracers, expensive cost,
and inherent invasiveness. Structural brain imaging
may show hippocampal volume loss, but this occurs
in the late stage of the disease and is not specific
to AD, as it can also be age-related and present in
non-AD forms of dementia [3].

White matter (WM) abnormalities are also com-
monly present among patients with AD and may be a
sign of an early neuropathologic event [4]. Diffusion
tensor imaging (DTI) studies revealed WM demyeli-
nation and axonal loss in mild cognitive impairment
(MCI) and preclinical AD [5]. DTI is an MRI tech-
nique that quantifies the magnitude and directionality
of the molecular diffusion of water along axonal
tracts, allowing the assessment of WM integrity [6].
Diffusion in normal axons tends to be limited and
parallel to tracts, whereas diffusion in damaged WM
exhibits lower fractional anisotropy (FA) and higher
mean diffusivity (MD). Results from DTI studies
show that altered WM tracts are widespread at the
stages of MCI and AD [7] in specific regions related
to cognitive decline [8], and in the hippocampal cin-
gulum, corpus callosum, and fornix [8–10]. Changes
in WM have also been reported to precede symp-
tom onset [11], and may be linked to deposition of
A� [12, 13] and tau [6, 14, 15], suggesting their early
involvement in the course of AD. These findings lend
support to the notion that WM changes measured
by DTI could provide useful information for clinical
diagnosis of patients with AD.

Approximately 10% to 30% of clinically diag-
nosed AD dementia do not display AD pathologic
change at autopsy [16], while 30% to 40% of cogni-
tively unimpaired elderly persons have AD pathology
at autopsy [17]. To better reflect underpinning neu-
ropathology, the diagnosis of AD has been shifted
from clinical to biological in the research setting.
Only individuals with abnormal A� deposits are con-
sidered to be in the Alzheimer’s continuum, which is
further divided into two phases: Alzheimer’s patho-
logic change [individuals with abnormal A� but
normal tau biomarker (A+T–)] and AD [individu-
als with abnormal A� and tau biomarkers (A+T+)]
[18]. It remains unclear how WM changes in the
Alzheimer’s continuum with A�, tau, and cognitive
status considered. The main objective of the present
study was to determine the patterns of WM alterations

on DTI in subjects within the Alzheimer’s contin-
uum at different clinical stages. The second objective
was to explore the association of WM microstruc-
tural changes with A� and tau burden within the
Alzheimer’s continuum. The third objective was to
explore the diagnostic performance of regional mean
FA values derived from DTI in the preclinical stage
of AD defined by the biological markers.

MATERIALS AND METHODS

Subjects

All data was acquired from the Alzheimer’s Dis-
ease Neuroimaging Initiative 3 database (ADNI 3)
(http://adni.loni.usc.edu/). The ADNI was launched
in 2003 as a public–private partnership, led by Prin-
cipal Investigator Michael W. Weiner, MD. The
primary goal of ADNI has been to test whether serial
MRI, PET, other biological markers, and clinical
and neuropsychological assessments can be com-
bined to assess the progression of MCI and early
AD. ADNI includes men and women aged 55–90
years across cognitively normal (CN), MCI, and AD
dementia groups. The clinical diagnosis was given
according to the criteria of the National Institute
of Neurological and Communicative Disorders and
Stroke–Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRAD) [19].

For the current study, participants at various clini-
cal stages who underwent T1-weighted MRI, DTI,
AV45 Florbetapir PET, and AV1451 Flortaucipir
PET at ADNI3 baseline were included. Demographic
information such as age, sex, years of education,
Clinical Dementia Rating (CDR), Mini-Mental State
Exam (MMSE), and clinical diagnosis were recorded.

Biomarker group classification and PET analysis

According to the National Institute on Aging and
Alzheimer’s Association (NIA-AA) 2018 research
framework [18], A� determines if individuals have
Alzheimer’s pathologic change (A+T–), and both A�
and pathologic tau are required for a diagnosis of
AD (A+T+). In this study, we followed the NIA-AA
recommendations and selected subjects mainly by A
and T biomarker profiles. Clinical diagnosis was used
for staging severity. In addition, we hypothesized that
white matter diffusion change occurs at an early stage,
therefore subjects were categorized into the follow-
ing groups: 1) CN subjects with normal A� and tau
(A–T– CN); 2) CN subjects with abnormal A� but
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normal tau (A+T– CN); 3) CN subjects with abnormal
A� and tau (A+T+ CN); 4) MCI with abnormal A�
and tau (A+T+ MCI); and 5) dementia with abnormal
A� and tau (A+T+ AD).

A� and tau status were determined using AV45
florbetapir and AV1451 flortaucipir PET values
provided by the University of California, Berkeley.
The AV45 florbetapir PET was used to assess
global A� load. The mean standard uptake value
ratio (SUVR) on AV45 PET was calculated from
the cortical summary regions-of-interest (ROIs),
including frontal, anterior/posterior cingulate, lateral
parietal, and lateral temporal regions, with whole
cerebellum as reference region. A cut-off value of
1.11 was applied to determine A� positivity (A+)
[20]. The AV1451 Flortaucipir PET SUVR values
were used to quantify tau burden in the AD signature
regions. Briefly, a size-weighted mean Flortau-
cipir SVUR was calculated in temporal meta-ROI
including amygdala, entorhinal, fusiform, inferior
temporal and middle temporal gyri, and normalized
by inferior cerebellar gray matter. Tau positivity
(T+) was thresholded at an SUVR of >1.23 [21].

Structural MRI acquisition and analysis

Image protocols were standardized across ADNI
study sites. 3D T1-weighted volumetric sequences
were acquired with the following parameters: echo
time (TE) = 2.98 ms, repetition time (TR) = 2300 ms,
inversion time = 900ms, flip angle = 10◦, field of
view (FOV) = 208 × 240 × 256 mm3, acquired
resolution = 1 × 1 × 1 mm3. The details of the
MRI parameters can be found at http://adni.loni.
usc.edu/methods/documents/mri-protocols/.

T1-weighted images were corrected for head
motion and intensity inhomogeneity, followed
by removal of non-brain tissue using the
pipeline implemented in Freesurfer version 7.1
(http://surfer.nmr.mgh.harvard.edu/). Skull-stripped
volumes were visually inspected and manually
modified when needed. Hippocampal volume (HV)
and estimated total intracranial volume (eTIV) were
derived from Freesurfer output. HV was normalized
by eTIV using the following formula [14]:

Adjusted HV = raw HV − b(eTIV − mean eTIV)
(1)

where b indicates the regression coefficient when
HV is regressed against eTIV.

Considering that white matter hyperintensities
(WMH) shown on T2 FLAIR images are possible

factors associated with vascular disease and may
influence DTI measures on WM [22], we controlled
for WMH volumes in the statistical analysis. WMH
volumes were obtained from ADNI, which was esti-
mated with a modified Bayesian probability structure
based on the method of histogram fitting. Briefly, the
likelihood estimates of each image were calculated
through histogram segmentation and thresholding.
Then, along with WMH priors (which were esti-
mated from more than 700 individuals) and tissue
constraints, the probabilities were thresholded at 3.5
standard deviations above the mean to create a binary
WMH mask. Finally, the mask was back-transformed
to native space for volume calculation. The WMH
volumes were available for all included subjects.

DTI acquisition and analysis

Six b0 images and 48 diffusion-weighted DWI
scans at b value = 1000 s/mm2 were acquired at
2 × 2 × 2 mm3 resolution (GE: time repetition,
7800 ms; flip angle, 90◦; time echo, 55–62 ms; field
of view, 232 × 232 × 138 mm. Siemens: time rep-
etition, 7200–9600 ms; time echo, 56–82 ms; flip
angle, 90◦; field of view, 232 × 232 × 160 mm3).
For each subject, raw DWI volumes were first cor-
rected for head motion and eddy-current distortions
with the eddy correct tool from the FMRIB soft-
ware library (FSL) (http://www.fmrib.ox.ac.uk/fsl).
b vectors were rotated accordingly [23]. All non-
brain tissues were removed from diffusion-weighted
images using the FSL’s Brain Extraction Tool. Skull-
stripped b0 images were registered to their respective
corrected T1-weighted scans based on white-matter
boundaries using the FSL’s epi reg tool. The resulting
3D transformation matrices and deformation fields
were applied to the remaining DWI volumes. Lastly,
a single diffusion tensor was fitted at each voxel in
the brain by using FSL’s DTIFIT program, and the
diffusion tensor eigenvalues obtained were used to
calculate FA and MD maps. All processed images
were visually inspected for quality control. Thirty-
five images were excluded from further analysis due
to excessive distortion artifacts.

To derive DTI measures from specific WM tracts,
the Johns Hopkins University–International Consor-
tium of Brain Mapping (JHU-ICBM)-DTI atlas [24]
containing 48 WM tracts was used. The list of tracts
in the atlas is presented in the Supplementary Table 1.
The DTI atlas was first linearly and then non-linearly
registered to each individual’s FA maps using FSL’s
registration tools [25, 26]. The derived deformation
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field was then applied on the WM label to obtain WM
ROIs in the individual spaces. Voxels with FA value
<0.2 were excluded from the ROIs. The WM ROI
was superimposed on FA and MD maps separately to
extract mean values.

Statistical analysis

The normality of continuous variables was first
examined by Shapiro–Wilk test in which the
assumption of normality was violated. WMH was
log-transformed for subsequent analysis due to its
skewness. Group comparisons for continuous vari-
ables with skewed distribution were performed using
Kruskal–Wallis test along with Mann–Whitney U test
for post hoc comparison; otherwise, analysis of vari-
ance followed by Scheffe’s tests was conducted for
normally distributed variables. Chi-square test was
employed to analyze categorical variables.

To evaluate the group difference in diffusion met-
rics of 48 atlas-based tracts, analysis of covariance
(ANCOVA) was performed with control of age, sex,
years of education, and WMH volumes. Bonfer-
roni method (p < 0.05/48) was used to adjust for
false-positive results in multiple comparisons of 48
atlas-based regions of interest. If the ANCOVA
results were significant, post hoc comparisons were
then performed with the Bonferroni method.

To assess the association of DTI measures with
global A� load and tau burden in the temporal meta-
ROI, we formulated a regression model with FA/MD
value as dependent variable, while A� and tau as
well as four covariates (age, sex, years of education,
and WMH volume) were used as independent vari-
ables. Correlation of DTI measures with HV was
also assessed. For these analyses, we verified the
normal distribution of the residuals, the absence of
heteroscedasticity, and the lack of multicollinearity
between the variables, which was determined using
a variance inflation factor below 10. A regression
model was built in each of the following cohorts: (i)
the Alzheimer’s continuum group (all groups except
for A–T– CN group), (ii) the A–T– CN group, (iii)
the A+T– CN group, and (iv) the A+T+ CN group.
The p value was adjusted for multiple comparisons
with the Bonferroni method (p < 0.05/4).

To evaluate the diagnostic performance of DTI
measures, we analyzed the receiver operating char-
acteristic (ROC) curves. We focused on detecting
AD pathology in subjects without presenting clinical
symptoms, so we performed the following classifica-
tion among CN subjects: 1) A–T– CN versus A+T–

CN; 2) A–T– CN versus A+T+ CN; 3) A+T– CN
versus A+T+ CN. HV was included for comparison
as it is the most established biomarker of AD [3].
Diagnostic performance was evaluated using the area
under the ROC curve (AUC). The optimal cutoff for
positivity was determined using the Youden Index
[27]. Accuracy, sensitivity, and specificity were cal-
culated based on the derived cutoff value. DeLong’s
test [28] was performed to compare differences in
the performance of various diagnostic metrics. All
statistical analyses were performed using SPSS 26.0
(Armonk, NY). Statistical tests were two-sided, with
a significance level set to p < 0.05.

RESULTS

Demographics

A total of 236 subjects were included, comprised
of 97 A–T– CN, 43 A+T– CN, 36 A+T+ CN,
35 A+T+MCI, and 24 A+T+AD. The demographic
details are presented in Table 1. The groups were
comparable in terms of sex (p = 0.51) but different
in terms of years of education (p = 0.02), age, CDR,
MMSE, WMH volumes, global florbetapir SUVR,
flortaucipir SUVR, and hippocampal volume (all with
p < 0.001).

Group comparisons

For FA, significant differences across five groups
were found in the tracts of fornix, hippocampal cingu-
lum (CGH), cingulum of the cingulate gyrus (CGC),
and uncinate fasciculus (UF) after controlling for
age, sex, years of education, and WMH volume
(fornix, F(4, 227) = 6.84, p < 0.001; right CGH, F(4,
227) = 9.47, p < 0.001; left CGH, F(4, 227) = 12.38,
p < 0.001; right CGC, F(4, 227) = 5.58, p < 0.001;
left CGC, F(4, 227) = 5.50, p < 0.001; right UF,
F(4, 227) = 5.82, p < 0.001; left UF, F(4, 227) = 5.50,
p < 0.001). In general, FA in CN groups was higher
than that in MCI and AD groups. Specifically, com-
pared with the A–T– CN group, A+T+ AD group
showed lower FA values in the tracts of fornix, CGH,
CGC, and UF (all with p < 0.001), while the A+T+
MCI group showed lower FA values in the bilateral
CGH tract (all with p < 0.001). The A+T+ AD and
A+T+ MCI groups showed lower FA in the tracts
of fornix, CGH, CGC and UF than the A+T– CN
group, with p < 0.001 for the A+T+ AD group and
p < 0.05 for the A+T+ MCI group. The FA was sig-
nificantly reduced between A+T+ CN and A+T+ AD
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Table 1
Cohort characteristics

A–T– CN (a) A+T– CN (b) A+T+ CN (c) A+T+ MCI (d) A+T+ AD (e) p

N 97 43 36 36 24
Sex: F/M (%F) 52/45 (54%) 25/18 (58%) 24/12 (67%) 22/14 (61%) 11/13 (46%) 0.51
Age 71.1 75.3 76.5 74.9 78.6 <0.001†

(6.3) (8.3) (5.9) (7.6) (9.4)
Education (y) 16 18 17 16 15 0.02††

(16–18) (14–18) (15–19) (15–18) (12–16)
CDR 0 0 0 1 1 <0.001†††

(0-0) (0-0) (0-0) (1-1) (1-1)

MMSE 29 29 29 28 22 <0.001§

(29-30) (28–30) (27–30) (26–29) (17–24)

WMH (cm3) 1.1 2.2 2.2 2.6 3.4 <0.001§§

(0.4–2.6) (0.7–10.0) (0.9–10.5) (0.9–7.8) (2.0–7.2)

Global amyloid SUVR 1.02 1.17 1.29 1.44 1.44 <0.001§§§

(0.98–1.05) (1.14–1.30) (1.19–1.49) (1.29–1.58) (1.31–1.61)
Tau SUVR 1.16 1.16 1.27 1.41 1.57 <0.001¶

(1.12–1.19) (1.12–1.20) (1.25–1.34) (1.31–1.65) (1.37–2.27)
Hippocampal volume (cm3) 8.1 (0.8) 7.9 (0.8) 7.8 (0.7) 7.2 (0.9) 6.5 (0.9) <0.001¶¶

Values are expressed as mean with standard deviation for normal distribution data, otherwise expressed as median with interquartile range. CN,
cognitively normal; MCI, mild cognitively impairment; AD, Alzheimer’s disease; CDR, Clinical Dementia Rating; MMSE, Mini-Mental State
Exam; WMH, white matter hyperintensities; SUVR, standard uptake value ratio. †Statistically significant difference between (a) versus (c),
and between (a) versus (e). ††Statistically significant difference between (a) versus (e), and between (c) versus (e). †††Statistically significant
difference between (a) versus (d)(e), and between (b) versus (d)(e), and between (c) versus (d)(e). §Statistically significant difference
between (a) versus (d)(e), and between (b) versus (d)(e), and between (e) versus (c)(d). §§Statistically significant difference between (a)
versus (c)(d)(e). §§§Statistically significant difference between (a) versus (b)(c)(d)(e), and between (b)versus (d)(e). ¶Statistically significant
difference between (a) versus (c)(d)(e), and between (b) versus (c)(d)(e). ¶¶Statistically significant difference between (a) versus (d)(e), and
between (b) versus (d)(e), and between (c)versus (e).

for the tracts of fornix, CGH, CGC, and UF (all with
p < 0.01) and between A+T+ MCI and A+T+ AD for
the tracts of bilateral CGH, CGC, and UF (all with
p < 0.05). Among three CN groups, both right and
left CGH FA showed a significant difference between
A–T– CN and A+T+ CN groups, and left CGH FA
presented a significant decrease in A+T+ CN com-
pared with A+T– CN group (Fig. 1).

Regarding MD, significant differences across five
groups were found in the tracts of genu of the
corpus callosum (GCC), body of the corpus cal-
losum (BCC), splenium of the corpus callosum
(SCC), CGC, CGH, superior longitudinal fasci-
culus (SLF), and UF (all with p < 0.001). (GCC,
F(4, 227) = 7.80, p < 0.001; BCC, F(4, 227) = 7.96,
p < 0.001; SCC, F(4, 227) = 6.41, p < 0.001; right
CGC, F(4, 227) = 8.06, p < 0.001; left CGC, F(4,
227) = 7.86, p < 0.001; right CGH, F(4, 227) = 21.62,
p < 0.001; left CGH, F(4, 227) = 29.48, p < 0.001;
right SLF, F(4, 227) = 5.67, p < 0.001; left SLF, F(4,
227) = 6.73, p < 0.001; right UF, F(4, 227) = 8.01,
p < 0.001; left UF, F(4, 227) = 8.81, p < 0.001). In gen-
eral, MD in the MCI and AD groups were higher
than that in the CN groups and was comparable
among CN groups. Specifically, compared with the
A–T– CN group, both A+T+ AD and A+T+ MCI

groups showed higher MD in the tracts of GCC, BCC,
SCC, CGC, CGH, SLF, and UF. Compared with the
A+T– CN group, the A+T+ AD group showed higher
MD in the tracts of GCC, BCC, SCC, CGC, CGH,
SLF, and UF (all with p < 0.001), while the A+T+
MCI group showed higher MD in these tracts (all
with p < 0.05) except for left UF (p = 0.68). Com-
pared with the A+T+ CN group, the A+T+ AD group
showed higher MD in the tracts of GCC, BCC, SCC,
CGC, CGH, SLF, and UF (all with p < 0.001), while
the A+T+ MCI group showed higher MD in the
tracts of BCC (p = 0.04), GCC (p = 0.03), right CGC
(p = 0.01), bilateral CGH (all with p < 0.01), bilateral
SLF (all with p = 0.02), and right UF (p < 0.01). No
significant difference was found among the three CN
groups.

Association of DTI measures in CGH with global
Aβ load, tau burden in the temporal meta-ROI,
and HV

Bilateral CGH was the only tract that showed
FA changes among CN groups, and consistently
showed lower FA in the A+T+ CN, A+T+ MCI, and
A+T+ AD groups when compared with the A–T–
CN group. In this regard, we further investigated
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Fig. 1. Comparison of FA (first and second column) and MD (third and fourth column) across groups in the bilateral CGH (A), CGC (B),
and UF (C). The boxplots show the median and inter-quartile range. The values presented in the y-axis are the residuals of FA or MD after
regressing out the effect of age, sex, years of education and WMH volume with linear regression models. CGH, hippocampal cingulum;
CGC, cingulum of cingulate gyrus; UF, uncinate fasciculus; FA, fractional anisotropy; MD, mean diffusivity; CN, cognitively normal; MCI,
mild cognitive impairment; AD, Alzheimer’s disease. A–/A+, negative/positive amyloid-PET; T–/T+, negative/positive tau-PET. ∗p < 0.05;
∗∗p < 0.01; ∗∗∗p < 0.001.

its association with the global A�, tau in the tem-
poral meta-ROI, and HV. The results are shown in
Table 2 and Fig. 2. For subjects in the Alzheimer’s
continuum, FA and MD in the bilateral CGH were
associated with tau PET SUVR and HV but not with
A� PET SUVR. Specifically, lower FA was associ-
ated with greater tau burden in right CGH (� = –0.23,
p < 0.001) and left CGH (� = –0.29, p < 0.001), and
higher MD was associated with greater tau burden
in right CGH (� = 0.30, p < 0.001) and left CGH
(� = 0.36, p < 0.001). Lower FA correlated with lower
HV in the right CGH (� = 0.39, p < 0.001) and left
CGH (� = 0.40, p < 0.001), and higher MD corre-
lated with lower HV in the right CGH (� = –0.44,
p < 0.001) and left CGH (� = –0.43, p < 0.001). No

correlation was found in the groups of A–T– CN,
A+T– CN, and A+T+ CN.

Diagnostic performance of CGH FA in
preclinical AD

Table 3 shows the results of ROC analysis of FA in
right and left CGH and HV to discriminate between
A–T– CN, A+T– CN, and A+T+ CN groups. The dis-
crimination between A–T– CN and A+T+ CN groups
was achieved by right and left CGH FA (p < 0.001),
with the AUCs of 0.69 for right CGH FA, and 0.68 for
left CGH FA. Specifically, right CGH FA achieved
74% of accuracy, 58% of sensitivity and 78% of
specificity, while left CGH FA had 57% of accuracy,
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Table 2
Relationship between DTI measures and global amyloid, tau in the temporal meta-ROI, and hippocampal volume (HV)

Amyloid-PET SUVR Tau-PET SUVR HV
� t p � t p � t p

Correlation in the Alzheimer’s continuum
right CGH FA 0.09 1.04 0.30 –0.23 –2.44 0.02 0.39 4.46 <0.001
left CGH FA 0.03 0.41 0.69 –0.29 –3.18 <0.001 0.40 4.74 <0.001
right CGH MD –0.07 –0.93 0.35 0.30 3.81 <0.001 –0.44 –5.94 <0.001
left CGH MD –0.17 –2.27 0.03 0.36 4.24 <0.001 –0.43 –5.35 <0.001

Correlation in the A–T– CN group
right CGH FA –0.05 –0.49 0.62 0.07 0.67 0.51 0.001 0.01 0.99
left CGH FA 0.06 0.60 0.55 0.05 0.48 0.63 0.11 1.13 0.26
right CGH MD 0.07 0.65 0.52 0.10 1.03 0.30 –0.10 –0.89 0.37
left CGH MD 0.04 0.41 0.69 0.06 0.64 0.52 –0.13 –1.34 0.19

Correlation in the A+T– CN group
right CGH FA 0.21 1.27 0.21 –0.02 –0.1 0.92 0.08 0.45 0.66
left CGH FA 0.07 0.43 0.67 –0.01 –0.05 0.96 0.24 1.33 0.19
right CGH MD –0.06 –0.46 0.65 0.20 1.41 0.17 –0.26 –1.73 0.09
left CGH MD –0.17 –1.11 0.28 0.15 0.97 0.34 –0.25 –1.5 0.14

Correlation in the A+T+ CN group
right CGH FA –0.05 –0.22 0.83 –0.18 –0.88 0.39 0.21 0.99 0.33
left CGH FA 0.04 0.20 0.84 0.05 0.25 0.81 0.43 2.06 0.05
right CGH MD 0.15 0.74 0.47 0.15 0.75 0.46 –0.06 –0.29 0.77
left CGH MD –0.08 –0.35 0.73 –0.11 –0.49 0.63 –0.26 –1.15 0.26

Fractional anisotropy (FA) and mean diffusivity (MD) values were used as dependent variables in linear regression analysis as a function
of PET SUVR values. The impact of age, sex, years of education, and WMH volume were regressed out. � is standardized regression
coefficients. p values are uncorrected.

Fig. 2. Scatter plot showing the relationship between DTI measures (FA and MD) and tau-PET SUVR (temporal meta-ROI). The regression
lines including the 95% CIs (shaded bands) for Alzheimer’s continuum as a function of tau are displayed. The value of FA and MD are
residuals after regressing out the effect of age, sex, years of education, and WMH volume.
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Table 3
Performance of DTI measures in CGH in discrimination among groups

AUC (95%CI) SE p Optimal Cutoff† Accuracy (%) Sensitivity (%) Specificity (%)

A–T– CN versus A+T+ CN (n/n = 97/36)
right CGH FA 0.69 (0.59–0.80) 0.003 <0.001 0.35 74 58 78
left CGH FA 0.68 (0.58–0.77) 0.003 <0.001 0.37 57 83 47
HV (cm3) 0.62 (0.51–0.72) 0.050 0.03 7.9 62 64 61

A–T– CN versus A+T– CN (n/n = 97/43)
right CGH FA 0.61 (0.51–0.71) 0.052 0.03 0.35 67 47 76
left CGH FA 0.51 (0.40–0.61) 0.053 0.89 0.37 54 58 53
HV (cm3) 0.56 (0.46–0.67) 0.050 0.24 8.3 51 77 40

A+T– CN versus A+T+ CN (n/n = 43/36)
right CGH FA 0.58 (0.46–0.71) 0.065 0.19 0.37 59 83 40
left CGH FA 0.68 (0.56–0.80) 0.061 <0.01 0.36 66 64 67
HV (cm3) 0.56 (0.43–0.69) 0.070 0.39 7.8 63 56 70

†Youden index-derived cutoff; AUC, area under the receiver operating characteristic curve; CI, confidence interval; SE, standard error; CN,
cognitively normal; CGH, hippocampal cingulum; FA, fractional anisotropy; HV, hippocampal volume (with intracranial volume adjusted).

83% of sensitivity, and 47% of specificity. No met-
rics allowed the discrimination between A–T– CN
and A+T– CN groups. Only left CGH FA allowed
the discrimination between A+T– CN and A+T+ CN
groups, with AUC of 0.68, accuracy, sensitivity, and
specificity of 66%, 64%, and 67% respectively. HV
did not allow discrimination between CN groups.

DISCUSSION

This study aims to describe WM microstructural
alteration on DTI in the Alzheimer’s continuum
defined by A� deposition. Decreased FA and
increased MD were observed across the Alzheimer’s
continuum, with the earliest alteration occurring in
CGH at the CN stage with positive A� and tau
status. The alteration of the DTI measures in the
Alzheimer’s continuum was correlated with tau but
not with A�, suggesting that WM change may reflect
underlying tau pathology. Furthermore, FA change in
bilateral CGH allowed for the discrimination between
CN subjects with and without AD pathologies. Our
results encourage further investigation on diffusivity
changes in the CGH region in preclinical AD.

Diffusion alteration in widespread WM tracts was
observed in A+T+ MCI and A+T+ AD groups,
including fornix, SLF, UF, CGC, and CGH. The find-
ings are consistent with the previous meta-analysis in
studying WM alterations in MCI, which found reli-
able FA and MD alterations in the above-mentioned
tracts [29, 30]. Our study reinforces such alterations
in WM in clinically diagnosed AD but also in bio-
logically defined patients where A� and tau status
are considered. Such alterations occur in cumulative
patterns with increasing cognitive impairment and

increasing A� and tau load. Among the three CN
groups, most tracts showed a trend of increased FA
and decreased MD in the A+T– CN group, followed
by a decreased FA and increased MD in the A+T+
group. However, the differences between groups did
not reach a statistically significant level. A diffusion
kurtosis imaging study demonstrated that subjects
with intermediate A� load displayed more restricted
diffusion compared with subjects with either low or
high A� load, indicating a nonmonotonic trend in
diffusion restriction in early A� accumulation [31].
Our study further showed that the decreased diffu-
sion restriction occurred at the stage when both A�
and tau reached a high level. Hence, a high amount
of tau might account for the diffusion alteration in
the later stage of A� accumulation. A� presence may
strengthen the association between tau and WM alter-
ations [14] and indirectly accelerate WM degradation
in the long run [32].

CGH is the only tract that presented FA alter-
ation in the CN stage between A+T+ CN and A–T–
CN groups, and the FA consistently decreased in
A+T+ MCI and A+T+ AD groups. Our results are
in line with previous studies which found altered
CGH diffusion in subjects with AD [33], MCI [33],
and subjective cognitive decline [9]. CGH is the hip-
pocampal formation part of the cingulum, thus its
integrity may be partly linked to the integrity of the
hippocampus. In addition, CGH is a major pathway
of the limbic system, and it connects the hippocampus
to the cingulate gyrus [34]. It was reported that CGH
diffusivity can predict tau burden in the downstream-
connected posterior cingulate cortex in A�-positive
subjects [14]. Therefore, diffusion alteration in CGH
could be a potential biomarker in detecting and mon-
itoring the early accumulation of AD pathology.
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A significant correlation was observed between
diffusion measures and tau but not with A� in the
Alzheimer’s continuum, suggesting that tau may be a
predominant factor that affects diffusion in the course
of AD. Our findings on DTI correlation with tau is
consistent with previous literature. The association
with tau has been reported in the AD-signature region
[15], and increased MD has been shown to correlate
with neurofibrillary tangle at autopsy [6]. Abnormal
tau hyperphosphorylation leads to decreased micro-
tubule binding, destabilizes microtubules, and results
in axonal integrity loss [15], leading to a lower FA
and higher MD value. Thus, DTI measures may be a
potential biomarker in monitoring the accumulation
of tau pathology. As for A�, inconsistent findings
were reported on the correlation of WM alteration
with A�. Along with others [6, 15], we did not
observe the correlation of diffusion measures with
global A� in the mixed cohort of cognitively unim-
paired and impaired subjects, while the correlation
was reported by other studies at global [35] and
regional levels in terms of the cingulum, corpus callo-
sum [13], and UF [36] in the cognitively unimpaired
subjects. A� accumulates early in the course of AD
and is assumed to reach a plateau before the onset of
cognitive symptoms [37], so the correlation is antic-
ipated in the asymptomatic stage. However, we did
not observe the correlation in the CN groups as well.
A possible explanation for the inconsistency is that
the diffusion change in CGH may correlate with A�
in the regions connected by the CGH rather than
global A� measured in this study. Further, a potential
non-monotonic association [13, 35] may also not be
revealed by our statistical analysis.

Right and left CGH FA allow discrimination
between A–T– CN and A+T+ CN groups, and left
CGH FA achieved 83% sensitivity and right CGH
FA achieved 78% specificity. This finding may sug-
gest that FA changes in the left CGH occur earlier than
that in the right CGH. However, the overall diagnostic
performance was not high because all the AUC val-
ues did not exceed 0.7. In addition, a wide range of
AUC may not be suitable for its clinical use. Although
a distinct difference in FA in CGH between sub-
jects with and without AD pathology was detected
at the CN stage, the differences may not allow for
accurate discrimination at the individual level. FA in
CGH has been studied for discrimination. One study
used FA from all voxels within the CGH ROI to dis-
criminate CN, MCI, and AD subjects with a support
vector machine, and achieved average accuracies of
87% between AD and controls and 83% between AD

and MCI [34]. Hence, FA measurement in CGH has
potential to assist in AD diagnosis.

This study has several limitations. First, as a cross-
sectional study design was used, this work cannot
assume that a subject with a certain level of AD
pathology is temporally similar in clinical mani-
festation to another subject with the same level of
pathology. Future longitudinal studies could bet-
ter elucidate microstructural changes in CGH with
increasing AD pathology over time. Second, we did
not further classify subjects based on neurodegenera-
tion due to the small sample size. Neurodegeneration
may correlate more with diffusion change than A�
[10]. We controlled the neurodegeneration effect as
indexed by hippocampal volume in the analysis. Fur-
ther study may explore the complete spectrum of
biologically defined AD with additional neurodegen-
eration factor added. Third, the grouping is limited
to the expected progression of classic “pure” AD
through the biomarker schema, of which clinical MCI
or dementia do not occur until A, T, and neurode-
generation biomarkers are abnormal so the cognitive
deficit is attributable to AD pathologies alone. How-
ever, other biomarker combinations do occur in the
clinical MCI and dementia stage and may indicate
other processes. Future study may explore the dif-
fusion changes in MCI and dementia subjects with
biomarker combinations such as A+T–. Fourth, with
the ROI-based analysis adopted, the derived diffu-
sion metrics largely rely on the accuracy of image
registration. Advanced DTI analysis methods, such as
tractometry, could derive fiber-specific diffusion met-
rics [36], which may in turn improve the diagnostic
performance of diffusion metrics in CGH.

In summary, this study investigated WM alteration
on DTI in the Alzheimer’s continuum. Decreased FA
in the hippocampal cingulum was first detected in
CN subjects with high levels of A� and tau burden
and allowed for the discrimination from pathology
normal subjects. Our results encourage further inves-
tigation on diffusivity changes in the CGH region in
preclinical AD.
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