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Abstract

INTRODUCTION:The spatial and temporal patternsof corticalmeandiffusivity (cMD),

as well as its associationwith Alzheimer’s disease (AD) and suspected non-Alzheimer’s

pathophysiology (SNAP), are not yet fully understood.

METHODS: We compared baseline (n = 617) and longitudinal changes (n = 421) of

cMD, cortical thickness, and graymatter volumeand their relations to vascular risk fac-

tors, amyloid beta (Aβ), and tau positron emission tomography (PET), and longitudinal

cognitive decline in Aβ PET negative and positive older adults.
RESULTS: cMD increases were more sensitive to detecting brain structural alter-

ations than cortical thinning and gray matter atrophy. Tau-related cMD increases

partially mediated Aβ-related cognitive decline in AD, whereas vascular disease-

related increased cMD levels substantially mediated age-related cognitive decline in

SNAP.

DISCUSSION: These findings revealed the dynamic changes of microstructural and

macrostructural indicators and their associations with AD and SNAP, providing novel

insights into understanding upstream and downstream events of cMD in neurodegen-

erative disease.
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Highlights

∙ Cortical mean diffusivity (cMD) was more sensitive to detecting structural changes

thanmacrostructural factors.

∙ Tau-related cMD increases partially mediated amyloid beta–related cognitive

decline in Alzheimer’s disease (AD).

∙ White matter hyperintensity–related higher cMDmainly explained the age-related

cognitive decline in suspected non-Alzheimer’s pathophysiology (SNAP).

∙ cMDmay assist in tracking earlier neurodegenerative signs in AD and SNAP.

1 BACKGROUND

Aggregationof extracellular amyloidbeta (Aβ) plaquesand intracellular
neurofibrillary tau tangles (NFTs) are two core features of Alzheimer’s

disease (AD).1 Positron emission tomography (PET) imaging of Aβ and
tau is commonly used as a proxy for evaluating Aβ plaques and tau

tangles in AD.2,3 According to the biological definition of AD, individ-

uals with substantial Aβ pathology positive (A+) are considered on

the AD continuum,4 whereas individuals with abnormal tau or neu-

rodegeneration but normal Aβ pathology are defined as suspected

non-Alzheimer’s pathophysiology (SNAP).5 Critically, AD and SNAP

patients may have Aβ-related and non-Aβ-related downstream events,

respectively, such as tau aggregation, brain structural dysfunction, and

cognitive decline.6–15

Diffusion-weighted imaging (DWI) could probe the microstruc-

tural properties of tissue by investigating the random displacement

of water molecules in presymptomatic familial AD.16 Although most

studies have used DWI to assess microstructural alterations in white

matter, a growing amount of evidence suggests that cortical mean

diffusivity (cMD) could also capture the microstructurally isotropic

changes in the gray matter in AD and non-AD diseases.17,18 Specifi-

cally, it has been hypothesized that cMDmay have a biphasic trajectory

along AD progression in both sporadic AD19 and autosomal dominant

AD,20 indicating that cMD initially decreases alongwith Aβ deposition,
astrocytosis, or inflammatory response, followed by cMD increases

probably due to the breakdown of microstructural barriers. Increases

in cMD have been observed in frontotemporal dementia (FTD) and

amyotrophic lateral sclerosis (ALS),18 and other dementias21 as well.

Meanwhile, regionally elevated cMD could predict longitudinal hip-

pocampal atrophy and cognitive decline independent of Aβ, tau, and
cortical thickness.22 Mean diffusivity (MD) is frequently found vulner-

able with age23 and vascular disease24 in white matter. However, in

gray matter, we do not fully understood the dynamic changes of cMD

as well as how it relates to age, vascular disease, Aβ, tau, brain atro-

phy, cortical thinning, and cognitive decline in Aβ negative (A–), and A+
older adults.Moreover,whether the cMD ismore sensitive todetecting

earlier abnormal structural changes in the brain than cortical thickness

(CTh) and gray matter volume (GMV) in neurodegenerative disease

remains to be further investigated.

In this study, we analyzed the baseline and longitudinal changes

of cMD, CTh, and GMV based on the diffusion and 3D T1-weighted

magnetic resonance imaging (MRI) images from the Alzheimer’s Dis-

ease Neuroimaging Initiative (ADNI) cohort, aiming to investigate

the cross-sectional and longitudinal characteristics of cMD, CTh, and

GMV as well as how they correlate with age, vascular disease, Aβ,
tau, and cognitive decline in A– cognitively unimpaired (CU), A+/CU,
A– cognitively impaired (CI), and A+/CI individuals. Ultimately, we

want to determine how cross-sectional and longitudinal cMD cor-

relate with age, vascular risk factors, Aβ plaque, and tau tangles

and whether cMD can detect more robust structural changes com-

pared to the AD-signature25 CTh and GMV changes in AD and SNAP

individuals.

2 METHODS

2.1 Participants

Data used in this study were obtained from the ADNI (https://adni.

loni.usc.edu/), which was launched in 2003 led by Principal Investi-

gator Michael W. Weiner, MD. As a public–private partnership, the

main objective of ADNI is to measure the progression of mild cog-

nitive impairment (MCI) and early AD by combining serial MRI, PET,

clinical and neuropsychological assessment, and biological and genetic

biomarkers. The ADNI study was approved by institutional review

boards of all participating institutions, and written informed consent

was obtained for ethical considerations.

In this study, we identified 617 ADNI participants who had baseline

Aβ PET (18F-florbetapir [FBP] or 18F-florbetaben [FBB]) and concur-

rent (within 1 year) DWI (single-shell or multi-shell), anatomical 3D T1

MRI, and cognitive assessment, of which 382 individuals had tau PET

(18F-flortaucipir [FTP]). MCI and dementia patients were merged into

the CI group. Longitudinally, 421 individuals had at least one follow-

up DWI and 3D T2 fluid-attenuated inversion recovery (FLAIR) MRI

image scan, of which 195 were CU and 226 were CI individuals. Two

hundred twenty-one individuals had tau PET with at least one simul-

taneous DWI and T2 FLAIR MRI scan, including 118 CU and 93 CI

participants.
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2.2 MR imaging and analysis

Details on T1, T2 FLAIR, and DWI scan acquisition are given else-

where (https://adni.loni.usc.edu/). In brief, theADNIT1MRI scanswere

acquired with a sagittal 3D accelerated magnetization-prepared rapid

gradient-echo (MPRAGE) or inversion-recovery spoiled gradient-echo

(IR-SPGR) sequence on the same date as the 3D T2 FLAIR, and axial

DWIwith an echo planar imaging sequence. Notably, in the third phase

of ADNI, the multi-shell DWI protocol was scanned in a subset of

participants.

TheT1 imageswereprocessedusingFreeSurfer (v. 7.2.0),whichpro-

vided automatic preprocessing steps for motion correction, intensity

normalization, removal of non-brain tissue, subcortical segmentation,

and cortical parcellation. GMV was obtained, and CTh was esti-

mated as the distance from the gray/white matter boundary to the

corresponding pial surface.

A detailed description of T2 FLAIR segmentation and white matter

hyperintensity (WMH) volume calculation was published previously.26

Briefly, after co-registering the T2 FLAIR image to the FreeSurfer-

processed T1 image, an anatomical-based MRI deep learning model

was usedwith theT2FLAIR image as the input, and then abinaryWMH

was obtained. The resultingWMHmaskwas further corrected for false

positives in the choroid plexus of the lateral ventricle based on the

cerebrospinal fluid (CSF) mask and was manually edited by two senior

physicians to ensure consistency and accuracy. Finally, the total WMH

value was calculated, and log transformation was applied to meet the

normalization.

The raw DWI data were processed using open-source algorithms

from MRTrix3 (v. 3.0.3), FSL (v. 6.0.3), and Advanced Normalization

Tools (ANTs, v. 2.4.3). Specifically, pre-processing of the diffusion data

included denoising based on Marchenko–Pastur principal component

analysis (MP-PCA), Gibbs ringing removal, eddy current-induced dis-

tortions, motion correction, and B1 field inhomogeneity correction.

After removing non-brain tissue using the Brain Extraction Tool (BET),

the diffusion tensor imaging (DTI) model was fitted to compute the

MD metric using FSL. Notably, for the multi-shell DWI data, vol-

umes with a b-value of 1000 s/mm2 were used to fit the DTI model.

We then co-registered the averaged b0 image to the corresponding

skull-tripped 3D T1 using a boundary-based algorithm and warped

the MD metric. A surface-based approach was adopted to mitigate

partial volume correction (PVC) and kernel-sensitive CSF signal inclu-

sion. Briefly, the volume MD metric for each participant was sampled

at the midpoint of the cortical ribbon and projected to each corti-

cal surface obtained during the FreeSurfer step to create a surface

map of the cMD. Finally, the individual cMD was smoothed using a

15 mm full width at half maximum (FWHM) Gaussian kernel. Visual

quality control was inspected for the raw DWI scan and processed

image.

The averaged cMD, CTh, and GMV values were extracted from

the 68 FreeSurfer regions of interest (ROIs) defined by the Desikan–

Killiany atlas based on processed DWI and FreeSurfer segmented

anatomical 3D T1 MRI. CTh and GMV in AD-signature temporal-

metaROI,25 including entorhinal, inferior temporal, middle temporal,

RESEARCH INCONTEXT

1. Systematic review: Literature reviews in PubMed

and Google Scholar suggest cortical mean diffusivity

(cMD) could provide early microstructural alterations in

Alzheimer’s disease (AD) and suspected non-Alzheimer’s

pathophysiology (SNAP), but the spatial and temporal

patterns of cMD and their associations with AD and

SNAP have been poorly investigated.

2. Interpretation: Elevated cMD levels aremore sensitive to

detecting brain structural alterations than cortical thin-

ning and gray matter atrophy in cognitively impaired

older adults. Cortical tau aggregations and age-related

white matter hyperintensity mainly drive cMD increases

in AD and SNAP, respectively.

Tau- and vascular disease–related elevated cMD lev-

els partially explain the amyloid beta–related and fully

mediated age-related cognitive impairment longitudinal

cognitive decline in AD and SNAP, respectively. These

findings may assist in tracking earlier neurodegenerative

processing in AD and SNAP patients.

3. Future directions: It would be helpful to validate these

findings inother independent cohortswithmore sensitive

cortical microstructural indicators.

and fusiform regions, were calculated using surface-area weighted

average or volume-weighted summation.

2.3 PET imaging and analysis

Details aboutFBP, FBB, andFTP imageacquisition andanalysis arepro-

vided at https://adni.loni.usc.edu/. Briefly, PET data were acquired in

4 × 5-minute frames from 50 to 70 minutes for FBP, 90 to 110 min-

utes for FBB, and 75 to 105 minutes (6 × 5-minute frames) for FTP

post-injection. PET images were then motion corrected, realigned to

a standard image, then averaged into one static frame, and the aver-

aged images were filtered to produce images of a uniform isotropic

resolution of 6 mm FWHM. The fully pre-processed PET scans were

downloaded from the Laboratory of Neuro Imaging (LONI) website in

May 2023. All PET scans were co-registered with their T1 MRI scans

that were closest in time to PET scans. Sixty-eight FreeSurfer-defined

ROIs were used to extract reginal FBP, FBB, and FTP measurements

from the co-registered PET scans as described previously.27

Cross-sectional FBP or FBB standardized uptake value ratios

(SUVRs) were calculated by dividing an AD-summarized cortical area

(including frontal, cingulate, parietal, and temporal regions) uptake

value to that in the whole cerebellum to generate the summary COM-

POSITE SUVR. In this study, COMPOSITE SUVR for FBP ≥ 1.11

or FBB ≥ 1.08 were defined as A+, as described previously.27 The

COMPOSITE FBP and FBB SUVRs were converted to Centiloids
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4 SUN ET AL.

using the equations Centiloid = (196.9 × SUVRFBP) – 196.03 and

Centiloid= (159.08× SUVRFBB) – 151.65, respectively.

For FTP, the composite temporal-metaROI (including entorhinal,

amygdala, parahippocampal, fusiform, inferior temporal, and middle

temporal regions) SUVR was calculated using inferior cerebellar gray

matter intensity normalization in nativeMRI space.28

2.4 Vascular risk factors

Based on ADNI’s vascular risk factor data, we selected hyperlipidemia

(HLD), hypertension (HTN), and diabetes. To define HLD, HTN, and

diabetes as present (+) or absent (–), we searched text fields within

the participants’ self-reported medical history (RECM-HIST.csv and

INITHEALTH.csv files downloaded from the LONI website on August

21, 2023) using the following criteria to define the presence of these

risk factors: HLD: “hyperlipidemia” or “cholesterol”; HTN: “hyperten-

sion” or “HTN” or “high blood pressure”; and diabetes: “diabete.” Cases

in which “w/o HTN” was noted were classified as HTN–. Diabetes was

excluded from the analyses due to the limited sample size.

2.5 Cognitive assessments

Previously validated Preclinical Alzheimer Cognitive Composite

(PACC) score was used to represent global cognition in this study, as

we explained in our previous study.29

2.6 Statistical analysis

All statistical analyses were performed using statistical program R (v.

4.2.2, theRFoundation for Statistical Computing). Thenormality of dis-

tribution was tested using the Shapiro-Wilk test in this study. Unless

otherwise specified, the demographics were presented as the median

and interquartile range (IQR) for continuous characteristics or number

(No.) and percentage (%) for categorical characteristics. The charac-

teristics at baseline of A–/CU, A–/CI, A+/CU, and A+/CI groups were
compared using aMann–WhitneyU test for continuous characteristics

or Fisher exact test for categorical characteristics. A false discovery

rate (FDR) 0.05 using Benjamini–Hochberg (BH) was used for multi-

ple comparisons correction. Linear mixed effect (LME) models were

used to calculate slopes of PACC (ΔPACC), cMD (ΔcMD), CTh (ΔCTh),
GMV (ΔGMV), andWMH(ΔWMH)over timebasedon the correspond-

ing longitudinal dataset, including a random slope and intercept, and

additionally adjusting education forΔPACC.
Generalized linear models (GLMs) were used to compare cross-

sectional and longitudinal changes of cMD, CTh, and GMV among

A–/CU, A–/CI, A+/CU, and A+/CI groups based on 68 FreeSurfer-

defined ROIs, controlling for age, sex, apolipoprotein E (APOE) ε4
status, and 12 kinds of DWI protocols used in this study. We defined

individuals with at least one ε4 allele as APOE ε4 carriers and individu-

als without ε4 allele as APOE ε4 non-carriers. The ROIs with the largest

t values in A–/CI and A+/CI individuals compared to the A–/CU group

were identified, and the hierarchical cluster analysis was used to iden-

tify the ROIs among the largest t values into the top cMD increases

cluster, which was defined as the cMD-metaROI for A–/CI and A+/CI
individuals.

To explore how Aβ plaque and tau tangles relate to micro- and

macro-structural changes in A–/CU, A–/CI, A+/CU, and A+/CI individ-
uals, we investigated the associations of baseline and slopes of cMD,

CTh, and GMVwith cortical Aβ PET Centiloid and tau PET SUVR using

Model 1, controlling for age, sex, APOE ε4 status, and DWI protocols.

Model 1: baseline/slopes of cMD/CTh/GMV ∼ Aβ PET + tau PET + Age

+ Sex+ APOE ε4+ Protocols

Subsequently, we determined howvascular risk factors, age, and sex

relate to baseline and slopes of cMD, CTh, and GMV usingModel 2.

Model 2: baseline/slopes of cMD/CTh/GMV ∼ WMH + HLD + HTN +
Age+ Sex+ APOE ε4+ Protocols

Finally, we investigated the association of Aβ PETCentiloid, tau PET
SUVR, cMD-metaROI cMD, and ΔPACC using the GLM model. The

sequential association of Aβ PET, tau PET, cMD-metaROI cMD, and

ΔPACC in the A+ group was explored using latent variable modeling

(R, Lavaan package), controlling for age, sex, protocols, and education

as covariates. Similarly, the association of age, WMH, cMD-metaROI

cMD, and ΔPACC and their sequential association were also investi-

gated in the A- group, controlling for sex, protocols, and education as

covariates. Additionally, we compared baseline cMD, CTh, and GMV

and the cross-sectional association of cMDwithAβ, tau, age, andWMH

in individuals with longitudinal data.

3 RESULTS

3.1 Demographics

The demographic characteristics of participants in this study are sum-

marized in Table 1. At baseline, among 617 participants, 305 (51%)

were females, 296 (48%) were A+, 303 (49%) were CI, and the median

age was 72.4 years (IQR 10.3 years, range: 55.2 to 93.5 years). Com-

pared to the reference A–/CU group, the A–/CI (P = 0.005), A+/CU
(P < 0.001), and A+/CI (P < 0.001) groups were older, the CI group

had a higher percentage of males (P < 0.001), and the A+ group had

a higher percentage of APOE ε4 carriers (P < 0.001), as well as signif-

icantly higher Aβ PET Centiloids (P < 0.001). The comparisons of ages

andpercentages of females, A+, CI, andAPOE ε4 in 383 individualswith
tau PET scans had similar demographic characteristics. The character-

istics of longitudinal data with cMD, WMH, and PACC scores are also

illustrated in Table 1. The median visit of DWI was 3 (IQR 2, range: 2

to 13), with a median duration time of 2.2 (IQR 2.2, range: 0.4 to 11.0

years). The demographic characteristics at the baseline of participants

with and without longitudinal participants were similar. The details

of their comparisons were summarized in Tables S1-S3 in supporting

information.
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SUN ET AL. 5

TABLE 1 Demographics of participants.

A–/CU A–/CI A+/CU A+/CI

617 participants with concurrent Aβ PET and DWI at baseline

No. patients (%) 219 (35.5) 102 (16.5) 95 (15.4) 201 (32.6)

Age, years 69.3 (7.8) 73.0 (11.9)a 73.7 (9.0)b 74.6 (9.2)c

Female, no. (%) 134 (61.2) 34 (33.3)a,d 64 (67.4) 80 (39.8) c,f

APOE ε4 carrier, no. (%) 57 (26.0) 26 (25.5) 49 (51.6)b,d 143 (71.1)c,e,f

Aβ PET Centiloids 2.8 (12.2) 1.0 (15.6) 47.3 (46.8)b,d 90.2 (54.5)c,e,f

PACC scores 0.8 (3.6) −4.7 (5.5)a,d 0.0 (4.2) −10.8 (10.0)c,e,f

Hypertension, no. (%) 88 (40.2) 60 (58.8)a 47 (49.5) 99 (49.3)

Hyperlipidemia, no. (%) 99 (45.2) 60 (58.8)a 52 (54.7) 103 (51.2)

421 participants with concurrent Aβ PET and longitudinal DWI, T2 FLAIR and PACC score

No. patients (%) 139 (33.0) 78 (18.5) 56 (13.3) 148 (35.2)

Age, years 70.0 (8.2) 73.1 (10.2)a 73.6 (7.3)b 74.5 (9.0)c

Female, no. (%) 83 (59.7) 23 (29.5)a,d 37 (66.1) 60 (40.5)c,f

Visits of DWI (points) 3 (2, 2–9) 3 (3, 2–13) 3 (1, 2–9) 3 (2, 2–10)

Duration of DWI (years) 3.6 (2.8, 0.4–10.2) 3.0 (2.5, 0.5–11.0) 2.1 (2.3, 0.6–9.8) 2.0 (2.0, 0.5–9.3)

382 participants with concurrent Aβ PET, tau PET, and DWI at baseline

No. patients (%) 157 (41.1) 60 (16.7) 69 (18.0) 96 (25.1)

Age, years 67.9 (7.0) 73.4 (13.4)a 73.7 (8.3)b 75.2 (9.7)c

Female, no. (%) 102 (65.0) 23 (38.3)a,d 43 (62.3) 38 (39.6)c,f

APOE ε4 carrier, no. (%) 40 (25.5) 12 (20.0) 40 (58.0)b,d 66 (68.8)c,e

Aβ PET Centiloids 3.2 (10.8) 2.1 (12.4) 49.4 (47.9)b,d 92.3 (48.7)c,e,f

tau PET SUVR 1.2 (0.1) 1.2 (0.1) 1.2 (0.1) b,d 1.5 (0.5)c,e,f

PACC scores 0.8 (2.9) −4.6 (5.0)a,d 0.4 (3.5) −10.6 (10.0)c,e,f

Hypertension, no. (%) 54 (34.4) 35 (58.3)a 33 (47.8) 47 (49.0)

Hyperlipidemia, no. (%) 67 (42.7) 39 (65.0)a 42 (60.9)b 52 (54.2)

211 participants with concurrent longitudinal DWI, T2 FLAIR and PACC score

No. patients (%) 83 (39.3) 36 (17.1) 35 (16.6) 57 (27.0)

Age, years 68.4 (8.6) 74.1 (13.3)a 73.7 (7.9)b 74.6 (9.4)c

Female, no. (%) 57 (69) 10 (28)a,d 20 (57) 24 (42)c

Visits of DWI (points) 2 (1, 2–4) 2 (1, 2–5) 2 (1, 2–4) 3 (1, 2–5)

Duration of DWI (years) 2.3 (2.0, 1.0–4.6) 2.0 (1.9, 0.9–4.6) 2.0 (2.2, 1.0–4.3) 2.0 (1.7, 0.9–4.0)

Note. Data are presented as number of participants (no.) and percentage (%) or median and interquartile range (IQR). Benjamini–Hochberg was used for

group-level multiple corrections (significant level, P< 0.05).
aA–/CI versus A–/CU.
bA+/CU versus A–/CU.
cA+/CI versus A–/CU.
dA+/CU versus A–/CI.
eA+/CI versus A–/CI.
fA+/CI versus A+/CU.
Abbreviations: Aβ, amyloid beta; APOE, apolipoprotein E; CI, cognitively impaired; CU, cognitively unimpaired; DWI, diffusion-weighted imaging; FLAIR,

fluid-attenuated inversion recovery; PACC, Preclinical Alzheimer Cognitive Composite; PET, positron emission tomography; ROI, region of interest; SUVR,

standardized uptake value ratio;WMH, whitematter hyperintensity

3.2 Comparison of micro- and macro-structural
changes among different stages of dementia

Compared to the A–/CU group, A–/CI individuals had significant cMD

increases in quite broad areas of the brain, including bilateral insula,

parahippocampal, anterior cingulate, isthmus cingulate, and lateral and

medial orbitofrontal regions (Figure 1A), but showed significant CTh

and GMV decreases primarily in the entorhinal, parahippocampal, and

middle temporal regions (Figure 1C, E). In addition, A+/CI individuals
showed significantlymore cMD increases andCThandGMVdecreases
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6 SUN ET AL.

F IGURE 1 Cross-sectional and longitudinal microstructural andmacrostructural changes among different Aβ PET positivity and clinical
stages. Comparison of baseline levels and slopes of (A-B) cortical mean diffusivity, (C-D) cortical thickness, and (E-F) graymatter volume in the
A–/CU groupwith (A) the A+/CI and (B) A/CI groups. Notably, A–=Aβ PET negative; A+=Aβ PET positive. Aβ, amyloid beta; CI, cognitively
impaired; CU, cognitively unimpaired; PET, positron emission tomography

in many overlapped regions than the A–/CU group, although cMD had

the most affected regions, followed by CTh, and GMV had the least

affected regions. Longitudinally, A–/CI individuals showed faster cMD

increases in cingulate and temporal regions (Figure 1B), but no signif-

icant regions were found for decreased CTh and GMV compared to

the A–/CU individuals (Figure 1D, F). The A+/CI individuals showed
significantly faster cMD increases, CTh declines, and GMV decreases

in substantial overlapped regions. No significant difference was found

between A+/CU and A–/CU individuals, regardless of cross-sectional

and longitudinal comparisons in cMD, CTh, and GMV.

Compared to the A–/CU group, the hierarchical cluster analysis

identified that A–/CI individuals showed the highest cMD increases

in the parahippocampal, insula, and rostral anterior cingulate cortices

(Figure 2B) and, additionally, isthmus cingulate for the A+/CI individ-
uals (Figure 2A). In the following analysis, we defined the above four

ROIs as the cMD-metaROI (Figure 2C) for evaluating the cMD change.

As shown in Figure 3, approximately 2- and 3-fold larger effect sizes

between A–/CI and A–/CU groups were observed in cross-sectional

and longitudinal cMD increases of cMD-metaROI than CTh and GMV

decreases of temporal-meROI. Furthermore, the comparisons in base-

line levels and slopes of cMD within cMD-metaROI between A+/CI
and A–/CU group had much larger effect sizes than in CTh and GMV

decreases of temporal-metaROI as well as cMD-metaROI (Figure S1 in

supporting information).

3.3 Prediction of cMD, CTh, and GMV by Aβ PET
and tau PET

Cross-sectionally, elevated cMD levels in multiple brain regions were

negatively associated with Aβ PET in the A–/CI group, whereas they

positively related to tau PET in the A+/CI group (Figure 4A-B). Longi-

tudinally, tau PET but not Aβ PET was associated with faster rates of

cMD increases in bilateral inferior temporal, middle temporal, banks of

the superior temporal sulcus, cingulate, and precuneus regions in the

A+/CI group (Figure 4C-D), but no other significant relationwas found.
In line with the 68 ROIs analysis, we found that Aβ PET was negatively

related to baseline cMD level of cMD-metaROI (Figure 5A, standard-

ized β [βstd] = −0.286 [95% confidence interval: −0.511, −0.061],
P = 0.016) in A–/CI individuals, whereas tau PET was positively

associated with cross-sectional (Figure 5C, βstd = 0.405 [95% confi-

dence interval: 0.187, 0.622], P < 0.001) and longitudinal (Figure 5D,

βstd = 0.436 [95% confidence interval: 0.141, 0.731], P = 0.005) cMD

increases of cMD-metaROI in A+/CI individuals. Meanwhile, we inves-

tigated the association of CTh and GMV with Aβ PET and tau PET

(Figures S2 and S3 in supporting information). In A+/CI individuals,
cross-sectional and longitudinal decreases of CTh and GMV, primar-

ily in the temporal lobe, were negatively correlated with tau PET but

notwith AβPET, but the associated regionswere less than cMD. Cross-

sectional comparisons for baseline cMD, CTh, and GMV in individuals
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SUN ET AL. 7

F IGURE 2 The hierarchical cluster analysis defined cMD-metaROI regions of cognitively impaired individuals. The comparisons of cortical
mean diffusivity in the A–/CU groupwith (A) the A+/CI and (B) A–/CI groups. C, The illustration of hierarchical cluster analysis defined
cMD-metaROI regions of CI individuals. Notably, A–=Aβ PET negative; A+=Aβ PET positive. CI, cognitively impaired; cMD, cortical mean
diffusivity; CU, cognitively unimpaired; PET, positron emission tomography; ROI, region of interest

with longitudinal data substantially showed similar results (Figure S4 in

supporting information). The negative association disappeared in the

Aβ– CI subgroup with concurrent Aβ PET and longitudinal DWI, T2

FLAIR, and PACC score (Figure S5A in supporting information).

3.4 Prediction of cMD, CTh, and GMV by age and
vascular risk factors

Baseline cMD levels were positively associated with older ages in

A–/CU, A–/CI, and A+/CU groups but not in the A+/CI group and

related to higherWMHmainly in the A–/CU, A–/CI, and A+/CI groups
(Figure 6). Longitudinally, older ages predicted faster rates of cMD

increases in the cMD-metaROI as well as middle temporal and infe-

rior temporal regions in the A– group but not in the A+ group, and

largerWMHcorrelatedwith faster rates of cMD increases in the cMD-

metaROI and inferior temporal regions in A–/CU. Additionally, males

had higher cMD than females in several cortical areas, for example,

cMD-metaROI in the A+/CU group and supramarginal and superior

frontal in the A+/CI group (Figure S6 in supporting information). Sim-

ilarly, we also found significant age-related baseline CTh and GMV

decreases in A–/CU and A–/CI individuals (Figure S7 and Figure S8

in supporting information). In contrast, no relationship was found

between cMD, CTh, and GMV andHLD, HTN, and APOE ε4 status.

3.5 Association of cMD and longitudinal cognitive
decline in Aβ– individuals and AD patients

Among 321 A- individuals, older ages were positively correlated with

larger WMH (Figure S9A in supporting information; βstd = 0.397 [95%

confidence interval: 0.269, 0.526], P < 0.001) and cMD (Figure S9B;
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8 SUN ET AL.

F IGURE 3 Comparison of cMD-metaROI cortical mean diffusivity and temporal-metaROI cortical thickness and graymatter volume among
different Aβ PET positivity and clinical stages. Comparisons of baseline levels and slopes of (A, D) cMD-metaROI cortical mean diffusivity, (B, E)
temporal-metaROI cortical thickness, and (C, F) temporal-metaROI graymatter volume between A–/CU, A–/CI, A+/CU, and A+/CI groups.
Notably, A–=Aβ PET negative; A+=Aβ PET positive. Aβ, amyloid beta; CI, cognitively impaired; cMD, cortical mean diffusivity; CU, cognitively
unimpaired; PET, positron emission tomography; ROI, region of interest

βstd = 0.558 [95% confidence interval: 0.471, 0.645], P < 0.001), and

negatively related to faster PACC decline (Figure S9C; βstd = −0.224
[95% confidence interval: −0.353, −0.095], P < 0.001). Among 165

A+ participants with tau PET scans, Aβ PET Centiloids were posi-

tively correlated with tau PET SUVR (Figure S9D; βstd = 0.512 [95%

confidence interval: 0.378, 0.645], P < 0.001) and cMD increases

(Figure S9E; βstd = 0.281 [95% confidence interval: 0.140, 0.423],

P < 0.001), and negatively related to faster rates of PACC decline

(Figure S9F; βstd = −0.482 [95% confidence interval: −0.638, −0.327],
P < 0.001). Finally, we investigated the sequential association of age,

WMH, cMD, and ΔPACC in A– individuals and the association of

Aβ PET, tau PET, cMD, and ΔPACC in A+ individuals. Among A–

individuals, higher WMH-related cMD fully mediated the relation

between age and longitudinal cognitive decline, which explained 89.6%

([−0.031+(−0.098)]/[−0.144] = 0.896) of the association between age

andΔPACC (Figure 7A). In contrast, tau-associated cMD increases only

partially mediated the association between Aβ PET and longitudinal

cognitive decline in A+ individuals. Increased tau and tau-associated

cMD explained 64.5% ([−0.084+(−0.423)]/[−0.786] = 0.645) and

10.7% (−0.084/[−0.786] = 0.107) of the relation between Aβ and

ΔPACC (Figure 7B), respectively.

4 DISCUSSION

In this study, we investigated cross-sectional and longitudinal

microstructural (cMD) and macrostructural (CTh and GMV) alter-

ations as well as how they correlate with age, vascular risk factors,
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SUN ET AL. 9

F IGURE 4 Association of cortical mean diffusivity with Aβ PET and tau PET. Association of baseline levels and slopes of cortical mean
diffusivity in 68 FreeSurfer-defined regions with (A, C) Aβ PET Centiloid and (B, D) tau PET SUVR in A–/CU, A–/CI, A+/CU, and A+/CI groups.
Notably, A–=Aβ PET negative; A+=Aβ PET positive. Aβ, amyloid beta; CI, cognitively impaired; CU, cognitively unimpaired; PET, positron
emission tomography

F IGURE 5 Association of cMD-metaROI cortical mean diffusivity with Aβ PET and tau PET. Association of baseline levels and slopes of
cMD-metaROI cMDwith (A, C) Aβ PET Centiloid and (B, D) tau PET SUVR in A–/CU, A–/CI, A+/CU, and A+/CI groups. Notably, A–=Aβ PET
negative; A+=Aβ PET positive. Aβ, amyloid beta; CI, cognitively impaired; cMD, cortical mean diffusivity; CU, cognitively unimpaired; PET,
positron emission tomography; ROI, region of interest; SUVR, standardized uptake value ratio
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10 SUN ET AL.

F IGURE 6 Cross-sectional and longitudinal association of cortical mean diffusivity with age andwhite matter hyperintensities. Association of
(A-B) baseline levels and (C-D) longitudinal changes of cortical mean diffusivity with age andwhite matter hyperintensities in A–/CU, A–/CI,
A+/CU, and A+/CI groups. Notably, A–=Aβ PET negative; A+=Aβ PET positive. Aβ, amyloid beta; CI, cognitively impaired; CU, cognitively
unimpaired; PET, positron emission tomography;WMH, white matter hyperintensity

Aβ plaque, tau tangles, and longitudinal cognitive decline in Aβ PET–
negative and -positive older adults. We found that cMD increases

are more sensitive to detecting brain structural alterations than

cortical thinning and graymatter atrophy in older adults with cognitive

impairment, particularly in Aβ PET–negative individuals. Significant

cMD increases were observed in the parahippocampal, insula, isthmus

cingulate, and rostral anterior cingulate regions (cMD-metaROI)

regardless of Aβ positivity. Furthermore, tau PET SUVRswere strongly

linked to cross-sectional and longitudinal increases of cMD in Aβ
PET–positive CI individuals, indicating that the Aβ-related cognitive

decline was only partially due to tau-associated cMD increases. In Aβ
PET–negative individuals, in contrast, older ages and greater WMH

were associated with cross-sectional and longitudinal cMD increases,

suggesting that cMD increase is a downstream effect of aging and part

of the association between aging and cognitive decline is mediated

by cMD increases. These findings revealed the dynamic changes of

microstructural and macrostructural imaging indicators and their

associations with age, vascular risk factors, AD pathologies, and cogni-

tive decline, providing novel insights into understanding upstream and

downstream events of cMD in AD and SNAP patients.

One of the primary findings of this study was that increased cMD

seems more sensitive and robust to detecting abnormal structural

changes than cortical thinning and gray matter atrophy in CI indi-

viduals, particularly in Aβ– individuals. Consistent with our findings,

previous studies reported that cMD may capture subtle microstruc-

tural changes antedating gray matter atrophy.18,30 In addition, one

study proposed that microstructural changes precede changes in

macrostructure.19 Unlike previous studies,19,31 we did not observe

significant cMD increases or decreases in preclinical AD individuals

compared to the Aβ PET–negative CU group. The former study19

found significantly decreased cMD in preclinical CSF Aβ positive and

CSF phosphorylated tau (p-tau)–negative individuals, whereas the lat-

ter one31 observed significant cMD increases in CSF Aβ positive and

CSF p-tau–negative non-demented individuals compared to the con-

trol group. The earlier positivity of CSF Aβ compared to Aβ PET32

and the different extraction locations of MD may explain the discrep-

ancy. Nevertheless, the present study found no significant decreases

in CTh and GMV in preclinical AD individuals compared to the Aβ
PET–negative CU older adults, which aligned with the microstructural

findings. Together, these results indicate that significant neurode-

generation reflected by microstructural increases or macrostructural

decreasesmay be detectable in CI individuals but not in preclinical AD,

but microstructural alterations show more robustness than cortical

thinning and graymatter atrophy, especially in Aβ– individuals.
Among CI older adults, the hierarchical cluster analysis identified

a composite cMD-metaROI region, consisting of parahippocampal,
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SUN ET AL. 11

F IGURE 7 Association of cortical mean diffusivity with age,WMHs, Aβ, tau, and longitudinal decline. A, Themediation analysis of age,WMHs,
cMD-metaROI cMD, and longitudinal changes of PACC (ΔPACC) in Aβ PET negative individuals, and (B) the association of Aβ PET, tau PET,
cMD-metaROI cMD, andΔPACC in Aβ PET positive individuals. Aβ, amyloid beta; CI, cognitively impaired; CU, cognitively unimpaired; PACC,
Preclinical Alzheimer Cognitive Composite; PET, positron emission tomography; ROI, region of interest;WMH, white matter hyperintensity

insula, isthmus cingulate, and rostral anterior cingulate cortices, with

the highest cMD levels. Given the critical role of the limbic system

involved in processing memories, emotions, and other cognitive

functions,33 previous studies reported that the limbic network shows

early adaptation in subjective cognitive decline individuals irrespec-

tive of Aβ pathology34 and breakdown in clinical variants of AD,35

age-related memory impairments,36 and SNAP patients.37 Notably,

recent viral infection studies suggest that the limbic system and asso-

ciated brain structures38 are involved in inflammatory response,39,40

and neuroinflammation is related to microglial activation in AD.31

Microglial activation distributes preferentially along highly connected

brain regions, similar to tau pathology.41,42 A recent study on white

matter neuroinflammation also confirms its association with AD

pathologies and cognition.43 Additionally, the parahippocampus is a

subregion of the medial temporal lobe, which is crucial for episodic

memory.38,44 Besides the limbic network, the insula and cingulate

cortex are also two critical hubs of the salience network, responding

to attention-grabbing and guiding behavior in response to stimuli,45

which is proven to be vulnerable in AD46 and SNAP.47,48 Previous

network and connectivity studies mainly focus on white matter

degeneration49 or cortical macrostructural changes. Notably, one

proof-of-concept study suggests that cMD might reflect underlying

neuroinflammatory mechanisms in the early stages of AD.50 Also,

another study provides an association between cMD and longitudinal

changes of fluid markers reflecting astrocytic activity (i.e., the plasma

level of glial fibrillary acidic protein and CSF levels of YKL-40).31 Our

defined cMD-metaROI also included the cortical regions examined in

the two aforementioned studies, which correlated with neuroinflam-

mation. Further studies are critical to exploring the limbic system’s

association with inflammation. Together, the cMD increases of the

cMD-metaROI region may be one of the significant indicators for

abnormal cortical microstructural alterations in AD and SNAP.

Cortical tau tangle but not Aβ plaque aggregations were strongly

associated with cross-sectional and longitudinal cMD increases, corti-

cal thinning, and graymatter atrophy in Aβ PET–positive CI individuals
but not in other groups. This implies that tau tangles are more related

to microstructural and macrostructural alterations than Aβ plaques in
AD patients, consistent with the previous AD cohort studies.14,22,51,52
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12 SUN ET AL.

Critically, the present study further demonstrated that tau-related

cMD increases appear in a more extensive brain area, including the

cingulate, precuneus, and temporal lobe, compared to the cortical thin-

ning and graymatter atrophy inAD. Specifically, tau-associated cortical

thinning and gray matter atrophy were observed in relatively lim-

ited brain regions, providing additional evidence that microstructural

alterations may be more sensitive to reflect tau-related neurodegen-

eration than cortical thinning and brain atrophy. Unexpectedly, we

found that Aβ plaques were negatively related to cMD increases in

Aβ– CI individuals, although significantly larger cMDwere observed in

Aβ– CI individuals compared to the A–/CU individuals. Further inves-

tigation will be essential to elucidate the mechanism underlying this

phenomenon. In addition, one recent study did not find a significant

association between tau and fractional anisotropy in white matter,53

indicating microstructural changes in white matter and gray mat-

ter may represent different aspects of microstructural degeneration.

Altogether, tau-associated cMD increases show a promising poten-

tial of detecting brain structural alterations compared to white matter

microstructural alterations, cortical thinning, and gray matter atrophy

in AD.

Our group has demonstrated that older ages are associated with

vascular disease and SNAP.15 The multivariable regression analysis of

the present study further found that older ages correlated with higher

baseline cMD levels and faster rates of cMD increase in the Aβ PET–
negative older adults regardless of cognitive impairment. We54 and

other groups55,56 recently observed that older ages are correlated

with more significant WMH burdens. This study showed a significant

correlation between WMH and cMD in Aβ PET–negative individu-

als cross-sectionally and longitudinally. Furthermore, the mediation

analysis revealed that the cognitive decline of Aβ– individuals was sub-
stantially explained by the elevated cMD levels, probably due to the

older ages or age-relatedWMH increases. In line with our results, pre-

vious studies also reported that DTI model-based parameters in gray

matter were associated with age57 and WMH.58 These findings sug-

gest that aging and cerebrovascular risk factors in Aβ PET–negative

individuals may be linked to cMD increases, and such an increase

in cMD partially mediated the association of aging and vascular risk

factors with longitudinal cognitive decline. However, in AD patients,

tau was irrefutable as the foremost factor predicting faster cognitive

decline compared to the cMD, which is consistent with the recent per-

spective that effects of Aβ on neurodegeneration and cognitive decline
are fully mediated by tau in the genetically identical twin-pair study.59

In this study, we analyzed a large dataset with cross-sectional and

longitudinal T1MRI and DWI images using the accurate surface-based

method19 to investigate the dynamic changes of cMD, CTh, and GMV

and their relationshipswith AD and non-AD individuals. These findings

are beneficial for understanding the longitudinal microstructural and

macrostructural alterations and provide novel references for track-

ing earlier neurodegeneration in AD and non-AD patients. However,

this study has several limitations. First, to the best of our knowledge,

the ADNI cohort has the most comprehensive concurrent Aβ PET,

tau PET, T2-FLAIR, and longitudinal T1 MRI and DWI image data at

this moment, but validating these findings using independent datasets

is critical and would be extremely helpful in the future, particularly

for the association between Aβ PET and cMD in Aβ PET–negative

CI individuals. Second, technical limitations for the DTI-based cMD

parameter should be considered for cortical microstructural change

detection. Future studies with high-resolution DWI approaches are

expected to validate these findings. Third, recent studies have shown

that models with higher b-values, for example, neurite orientation

dispersion and density imaging (NODDI)17 and mean apparent propa-

gator MRI,60 are more sensitive to detecting early neurodegeneration

inADand SNAPpatients compared to the cMD indicator. However, it is

essential to note that cMD still provides comparable patterns with AD

pathologies as the NODDI approach,61 and cMD owns the advantages

of quick acquisition and clinical penetration.

In summary, this study demonstrates that cMD increases may

detectmore sensitive brain structural alterations than cortical thinning

and gray matter atrophy in AD and Aβ PET–negative CI individuals.

Furthermore, cortical tau aggregations mainly drive cMD increases,

partially explaining the Aβ-related longitudinal cognitive decline in

the AD continuum. These findings provide novel insights into under-

standing the spatial and temporal patterns of microstructure and

macrostructure as well as their association with age, vascular disease,

Aβ plaque, and tau tangles in Aβ PET–negative and -positive older

adults, which may assist in tracking earlier neurodegenerative signs in

AD and non-AD patients.
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