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Background: Cognitive decline and the progression to Alzheimer’s disease (AD) are traditionally associated with 

amyloid-beta (A 𝛽) and tau pathologies. This study aims to evaluate the relationships between microstructural 

white matter injury, cognitive decline and AD core biomarkers. 

Methods: We conducted a longitudinal study of 566 participants using peak width of skeletonized mean diffusivity 

(PSMD) to quantify microstructural white matter injury. The associations of PSMD with changes in cognitive 

functions, AD pathologies (A 𝛽, tau, and neurodegeneration), and volumes of AD-signature regions of interest 

(ROI) or hippocampus were estimated. The associations between PSMD and the incidences of clinical progression 

were also tested. Covariates included age, sex, education, apolipoprotein E4 status, smoking, and hypertension. 

Results: Higher PSMD was associated with greater cognitive decline ( 𝛽= -0.012, P < 0.001 for Mini-Mental State 

Examination score; 𝛽< 0, P < 0.05 for four cognitive domains) and a higher risk of clinical progression from 

normal cognition to mild cognitive impairment (MCI) or AD (Hazard ratio = 2.11 [1.38–3.23], P < 0.001). These 

associations persisted independently of amyloid status. PSMD did not predict changes in A 𝛽 or tau levels, but 

predicted changes in volumes of AD-signature ROI ( 𝛽= -0.003, P < 0.001) or hippocampus ( 𝛽= -0.002, P = 0.010). 

Besides, the whole-brain PSMD could predict cognitive decline better than regional PSMDs. 

Conclusions: PSMD may be a valuable biomarker for predicting cognitive decline and clinical progression to MCI 

and AD, providing insights besides traditional A 𝛽 and tau pathways. Further research could elucidate its role in 

clinical assessments and therapeutic strategies. 
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. Introduction 

With the global population aging, cognitive impairment has become

 significant public health challenge [ 1 ]. The gradual decline in cogni-

ive abilities not only impairs individuals’ quality of life but also imposes

 substantial burden on healthcare systems worldwide. Understanding

he complex mechanisms behind cognitive decline is crucial. In addi-

ion to the well-known effects of amyloid-beta (A 𝛽) and tau pathology

n cognition, damage to brain microstructure also plays an important

ole [ 2 ]. The peak width of skeletonized mean diffusivity (PSMD), a pa-

ameter based on diffusion tensor imaging (DTI), can assess microstruc-
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ural white matter damage [ 3 , 4 ]. White matter, composed of myelinated

erve fibers, facilitates communication between different brain regions

nd plays a crucial role in cognitive processing. Changes in white mat-

er integrity measured by PSMD have been found to be associated with

arious neurological disorders, like Alzheimer’s disease (AD), cerebral

myloid angiopathy (CAA) and multiple sclerosis [ 5–7 ]. 

Previous studies have identified a significant association between

SMD and cognitive function, particularly in cohorts with CAA

 5 , 8 , 9 ]. However, research exploring the relationship between PSMD

nd cognitive progression in the elderly population remains rare.
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D biomarkers, namely A 𝛽 and tau protein, has not been widely

nvestigated. 

Our research aims to elucidate the relationship between microstruc-

ural white matter injury, cognitive decline and core AD biomark-

rs through a longitudinal study. Additionally, we seek to determine

hether the relationship between brain microstructural damage and

ognitive decline is dependent on the presence of amyloid and tau

athology. Furthermore, our study will, for the first time, delve into

he topography of brain region-level PSMD and its association with cog-

ition and clinical outcomes. Through this multifaceted research ap-

roach, we aim to reveal the role of microstructural white matter injury

n cognitive decline, thereby providing new avenues for the diagnosis

nd management strategies of cognitive disorders. 

. Methods 

.1. Data source and study population 

The Alzheimer’s Disease Neuroimaging Initiative (ADNI) database

 http://adni.loni.usc.edu/ ) was the source of data for the main analysis.

etailed inclusion and exclusion criteria for ADNI have been published

reviously [ 10 ]. Diagnosis of AD were based on the National Institute

f Neurological and Communication Disorders/Alzheimer’s Disease and

elated Disorders Association criteria, requiring patients to have a Mini-

ental State Examination (MMSE) score between 20 and 26, a global

linical Dementia Rating (CDR) from 0.5 to 1.0, and a sum-of-boxes

DR (CDR-SB) score of 1.0–9.0. Patients with mild cognitive impair-

ent (MCI) were characterized by an MMSE score between 24 and 30,

bjective memory loss confirmed by the Wechsler Memory Scale Logi-

al Memory II delayed recall, a CDR-SB score of at least 0.5, maintained

aily living activities, and no dementia. Cognitively normal (CN) con-

rols had an MMSE score of at least 24 and a CDR-SB score of 0 or

.5. The ADNI study received approval from the institutional review

oards of all participating centers, and all participants provided writ-

en informed consent. Only ADNI participants with complete diffusion-

eighted imaging (DWI) data were included in this study. 

.2. PSMD calculation 

We referred to the processing procedures and parameters from

revious literature, using the MRtrix v3.0 package ( http://mrtrix.org )

nd the Functional Magnetic Resonance Imaging of the Brain soft-

are library (FSL), v6.0.5 [ 5 , 11 , 12 ]. After preprocessing, PSMD

as calculated using the fully automated script ( http://www.psmd-

arker.com ). Finally, using the jhu-icbm-labels-1 mm template

 https://neurovault.org/images/1401/ ), PSMD was calculated for each

rain region. 

.3. Magnetic resonance imaging (MRI) measures 

High-quality T1-weighted neuroimaging data were used to de-

ive brain structural measures. The 2010 Desikan-Killany atlas guided

reeSurfer in quantifying regional volumes. Volumetric data for the hip-

ocampus and an AD-signature region of interest (ROI), which included

he entorhinal, fusiform, inferior temporal, and middle temporal cor-

ices, were utilized [ 13 , 14 ]. Volumetric measures of frontal and parietal

obes were also extracted. Each of the hippocampus, AD-signature ROI,

s well as frontal and parietal regions were divided by the intracranial

olume (ICV) to eliminate the influence of brain volume. 

.4. PET imaging and CSF biomarkers 

We used ADNI pipeline preprocessed positron emission tomogra-

hy (PET) data for A 𝛽 (florbetapir, or [18F] AV45; florbetaben, or

BB), tau (flortaucipir, or [18F] AV1451), and Fluorodeoxyglucose

FDG). To calculate the mean standard uptake value ratio (SUVR)
2

or each scan, the tracer uptake in the targeted ROI was divided by

he value in a predefined reference region according to the protocol

 http://adni.loni.usc.edu/datasamples/pet/ ). ROIs were defined using

reesurfer (version 7.1.1) based on each subject’s most recent MRI im-

ge for segmentation. To calculate a composite SUVR for each FDG

ET scan, the mean uptake of predefined MetaROIs (including bilat-

ral angular, posterior cingulate, and inferior temporal gyrus) was used

elative to the mean uptake in a pons/vermis reference region [ 15 ].

or A 𝛽 PET, the SUVRs were generated by averaging the uptake ratios

cross summarized cortical regions associated with AD (frontal, ante-

ior/posterior cingulate, lateral parietal, and lateral temporal regions).

hese were then normalized using a composite reference region, which

ncluded the whole cerebellum, brainstem/pons, and eroded subcorti-

al white matter. When compared with using solely cerebellum as a

eference, this composite reference region yielded more reliable longi-

udinal AV45 results in ADNI [ 16 , 17 ]. To compute a composite SUVR

or tau PET, the AV1451 uptake in a weighted composite (MetaROI)

f regions, including the bilateral entorhinal, amygdala, fusiform, and

nferior and middle temporal cortices, was referenced against the mean

ptake of the gray matter in the inferior cerebellum [ 18 , 19 ]. The tau PET

UVR values were extracted from Braak stage ROIs, encompassing three

raak region groups (Braak I, Braak III-IV, and Braak V-VI) in the current

tudy. However, the Braak II region (hippocampus) was excluded due to

nown off-target binding contamination in the choroid plexus. Addition-

lly, cortical uptake of AV45 and AV1451 in 68 ROIs, as defined by the

esikan-Killiany atlas, was extracted from each PET scan co-registered

ith the corresponding individual structural MRI scan. The cutoffs for

rain A 𝛽, tau, and FDG PET categories were established as follows: 0.78

or AV45 SUVR, 0.74 for FBB SUVR, 1.37 for AV1451 MetaROI SUVR

 19 ], and 1.21 for FDG PET [ 15 , 20 ]. 

Cerebrospinal fluid (CSF) was collected by lumbar puncture from

 subset of ADNI participants. The specific methods for CSF collection,

torage, and measurement were as previously described [ 21 ]. The cutoff

alues for CSF A 𝛽42, p-tau181, and t-tau were set based on previous

iterature at 1098 pg/ml [ 22 ], 26.64 pg/ml [ 19 ], and 300 pg/ml [ 23 ],

espectively. 

The amyloid (A) status of participants was defined based on the ab-

ormal status of CSF A 𝛽42 as well as amyloid PET (AV45 and FBB). If

ny one of the three biomarkers indicated an abnormal level of amyloid

athology, the individual would be considered as A positive status. 

.5. Cognitive assessments 

We used the MMSE score to represent global cognitive function.

pecific cognitive domains were evaluated using the episodic memory

MEM) score, executive function (EF) composite score, and the recently

alidated language (LAN) and visual-spatial (VS) function score. The

EM score measured the ability to recall specific events and experiences

rom one’s past. The EF composite score assessed higher-level cognitive

rocesses, like problem-solving, planning, and attention. The LAN score

valuated verbal abilities, including comprehension and expression. The

S function score measured the capacity to understand and manipulate

isual and spatial information. 

.6. Statistical analysis 

The characteristics of participants were described using mean ±
tandard deviation (SD) for normally distributed data, median and in-

erquartile range (IQR) for non-normally distributed data, and frequency

percentage) for categorical variables. At baseline (first DTI measure-

ent), participants were categorized into CN, MCI, and AD groups.

omparisons among groups were conducted using one-way ANOVA, chi-

quare tests, or Kruskal-Wallis tests. 

Multiple linear regression models were performed to examine the as-

ociations between baseline PSMD (whole-brain PSMD and PSMD of 48

ndividual brain regions) and baseline AD phenotypes, with PSMD as the

http://adni.loni.usc.edu/
http://mrtrix.org
http://www.psmd-marker.com
https://neurovault.org/images/1401/
http://adni.loni.usc.edu/datasamples/pet/
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ndependent variables and AD phenotypes as the dependent variables.

he AD phenotypes included cognitive functions (MMSE, MEM, EF, LAN

nd VS scores), MRI measures (AD-signature ROI volume/ICV and hip-

ocampal volume/ICV), CSF AD core biomarkers (A 𝛽42, p-tau181, t-

au, and p-tau/A 𝛽42, t-tau/A 𝛽42), and PET imaging (amyloid: AV45,

BB; tau: AV1451; neurodegeneration: FDG). Variables were log10-

ransformed to ensure normality. Model 1 was adjusted for age at base-

ine; model 2 was additionally adjusted for sex, education, apolipoprotein

4 (APOE4) status, smoking, and hypertension history. Bonferroni cor-

ection was applied for the analyses of PSMD in multiple brain regions,

ith statistical significance set at P < 0.001041667 (0.05 divided by 48

ests). 

Subsequently, linear mixed-effects models (LMEMs) were utilized to

nvestigate whether baseline PSMD could predict longitudinal changes

n cognitive functions, MRI measures, CSF AD core biomarkers, and PET

maging. The LMEMs regarded the interaction between time and PSMD

s predictors. In addition, the LMEMs included random intercepts and

lopes for time, as well as an unstructured covariance matrix for ran-

om effects. The random effects in LMEMs represented the randomness

nd variability in different individuals. Moreover, the annual rates of

hange in these AD phenotypes were calculated using LMEMs, and then

he associations between PSMD and the rates of change in these AD phe-

otypes were analyzed. Model 1 was adjusted for age at baseline; model

 was additionally adjusted for sex, education, APOE4 status, smoking,

nd hypertension. To maximize the use of data for longitudinal analyses,

or participants who did not have a CSF, MRI or cognitive assessment

t baseline (first DTI measurement), their corresponding measurements

ithin one-year following baseline PSMD measurement were used for

mputation. 

Cox proportional hazard regression models were conducted to ex-

mine the associations between baseline PSMD and the risks of clinical

rogressions, with the duration of follow-up as the timescale. PSMD val-

es were used as both continuous and categorical variables (low [ref-

rence], median, high tertiles). The clinical progressions included the
able 1 

haracteristics of the study population. 

Total ( N = 566) CN ( N

Age (years, mean [SD]) 68.23 (4.64) 68.25

Sex (female,%) 314 (55.5) 194 (6

Education (years, median [IQR]) 16 (15, 18) 17 (16

APOE4 status (%) 

𝜺 4-/- 256 (52.0) 170 (6

𝜺 4-/ + 191 (38.8) 95 (35

𝜺 4 + / + 45 (9.1) 6 (2.2

Smoking (yes,%) 127 (22.4) 65 (21

Hypertension (yes,%) 228 (40.3) 110 (3

PSMD (mean [SD]) 8.85E-04 (1.87E-04) 8.43E

MMSE Score (mean [SD]) 28.04 (2.75) 29.19

ADNI_MEM (mean [SD]) 0.68 (0.92) 1.17 (

ADNI_EF (mean [SD]) 0.74 (1.06) 1.15 (

ADNI_LAN (mean [SD]) 0.60 (0.92) 0.96 (

ADNI_VS (mean [SD]) 0.05 (0.81) 0.24 (

CSF A 𝜷42 (pg/ml, mean [SD]) 1110.60 (619.60) 1274.

CSF p-tau181 (pg/ml, mean [SD]) 24.37 (14.10) 20.15

CSF t-tau (pg/ml, mean [SD]) 259.07 (123.98) 224.4

AV45 PET SUVR (mean [SD]) 1.17 (0.21) 1.10 (

FBB PET SUVR (mean [SD]) 1.14 (0.22) 1.10 (

AV1451 PET SUVR (mean [SD]) 1.27 (0.28) 1.18 (

FDG PET SUVR (mean [SD]) 1.22 (0.17) 1.32 (

Amyloid status (amyloid positivity,%) 190 (42.2) 82 (33

Residual hippocampal volume (cm3, mean [SD]) 7406.32 (1078.89) 7746.

Residual AD-signature ROI volume (cm3, mean [SD]) 64,167.05 (8526.04) 65,64

OTE: Data were compared using one-way ANOVA∗ , chi-square tests† or Kruskal-Wa

bbreviations: CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheime

ein E4 ; PSMD, peak width of skeletonized mean diffusivity; MMSE, Mini-Mental State

ry composite score; EF, executive function composite score; LAN, language compo

 𝛽, 𝛽-amyloid; p-tau181, phosphorylated tau 181; t-tau, total tau; AV45, florbetapir;

orbetaben; AV1451, flortaucipir; FDG, fluorodeoxyglucose; ROI, region of interest. 

3

onversion from CN to MCI, conversion from CN to AD, as well as con-

ersion from MCI to AD. Analyses restricted in CN participants were

epeated, in which the clinical progression was defined as conversion

rom CN to MCI or AD. Follow-up began from DTI baseline to the date

f the earliest clinical progression, or the last recorded time. Model 1

as adjusted for age at baseline; model 2 was additionally adjusted for

ex, education, APOE4 status, smoking, and hypertension. Hazard ratios

HRs) with 95% confidence intervals (CIs) were reported. 

To further explore the longitudinal association of PSMD with AD core

athology, Cox regression models were also conducted to test whether

aseline PSMD could predict amyloid status progression (conversion

rom A- to A + ) after adjusting for age. Follow-up began from DTI base-

ine to the date of the earliest conversion to A + , or the last recorded time.

nalyses were conducted in the total participants as well as restricted

n CN participants, respectively. 

Furthermore, we performed two additional analyses. First, to test

hether PSMD exacerbated neurodegeneration only through AD-related

euronal injury or if also through other non-AD pathologies, the asso-

iations between PSMD and frontal or parietal lobes, which were not

ncluded in AD-signature ROI, were examined. Second, subgroup analy-

es stratified by baseline amyloid status were performed to test whether

SMD contributed to cognitive decline or MRI volumetric changes in

he A- participants, who were presumed to be non-AD. 

R version 4.1.2 and GraphPad Prism 8.0.2 software were used for sta-

istical analyses and figure preparation. A P value < 0.05 was considered

ignificant, except where specifically noted. 

. Results 

.1. Participant characteristics 

Baseline characteristics of the subjects were summarized in Table 1 .

e included a total of 566 subjects with an average age of 68.23 years

SD = 4.64), of which 314 (55.5%) were female. The baseline popula-
 = 310) MCI ( N = 187) AD dementia ( N = 60) P value 

 (4.11) 68.34 (5.18) 68.06 (5.47) 0.918∗ 

2.6) 81 (43.3) 32 (53.3) < 0.001 † 

, 18) 16 (14, 18) 16 (13, 18) < 0.001§

< 0.001 † 

2.7) 72 (45.0) 10 (17.5) 

.1) 62 (38.8) 34 (59.6) 

) 26 (16.2) 13 (22.8) 

.0) 47 (25.1) 14 (23.3) 0.555 † 

5.5) 88 (47.1) 25 (41.7) 0.037 † 

-04 (1.65E-04) 9.01E-04 (1.77E-04) 1.06E-03 (2.18E-04) < 0.001∗ 

 (0.98) 27.92 (1.90) 22.37 (4.00) < 0.001∗ 

0.58) 0.35 (0.67) − 0.92 (0.72) < 0.001∗ 

0.81) 0.54 (0.84) − 0.82 (1.22) < 0.001∗ 

0.75) 0.37 (0.73) − 0.56 (1.04) < 0.001∗ 

0.64) 0.01 (0.76) − 0.81 (1.15) < 0.001∗ 

54 (624.19) 1081.42 (592.45) 613.27 (321.96) < 0.001∗ 

 (8.44) 26.01 (16.77) 36.01 (16.57) < 0.001∗ 

5 (82.65) 269.84 (138.96) 362.20 (152.19) < 0.001∗ 

0.14) 1.18 (0.23) 1.44 (0.18) < 0.001∗ 

0.16) 1.13 (0.21) 1.44 (0.32) < 0.001∗ 

0.12) 1.32 (0.30) 1.73 (0.49) < 0.001∗ 

0.13) 1.25 (0.13) 1.00 (0.16) < 0.001∗ 

.6) 67 (44.6) 40 (74.0) < 0.001 † 

56 (811.99) 7324.51 (1052.24) 5858.88 (1062.71) < 0.001∗ 

7.32 (7466.26) 64,824.13 (8084.52) 54,857.70 (9303.07) < 0.001∗ 

llis tests§. 

r’s disease; SD, standard deviations; IQR, interquartile range; APOE4, apolipopro- 

 Examination; ADNI, Alzheimer’s Disease Neuroimaging Initiative; MEM, mem- 

site score; VS, visuospatial function composite score; CSF, cerebrospinal fluid; 

 PET, positron emission tomography; SUVR, standard uptake value ratio; FBB, 
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ion with normal cognition consisted of 310 individuals (54.5%). Dur-

ng a median follow-up period of 3.16 years (IQR = 2.04–4.19), a total of

9 (16.2%) non-dementia individuals experienced clinical progression,

ransitioning to MCI or AD. 

.2. PSMD and cognitive functions 

Fig. 1 illustrated the cross-sectional associations between base-

ine PSMD and cognitive scores (including MMSE, ADNI-MEM, ADNI-

F, ADNI-LAN, and ADNI-VS). Baseline whole-brain PSMD values

ere negatively correlated with cognitive scores (model 1; MMSE,

=− 0.167, P = 4.12E-11; ADNI_MEM, 𝛽=− 3.105, P = 1.72E-12;

DNI_EF, 𝛽=− 3.679, P = 2.93E-13; ADNI_LAN, 𝛽=− 2.361, P = 9.98E-

8; ADNI_VS, 𝛽=− 1.858, P = 1.99E-06; Fig. 1 A). The results were stable

n model 2 (Supplementary Table 1). Fig. 1 B demonstrated the rela-

ionships between PSMD values of different brain regions and cognitive

cores. Significant negative correlations were observed between cogni-

ive scores and PSMD values across multiple white matter tracts (model

, P < Bonferroni correction threshold; Supplementary Table 2). How-

ver, the correlations between PSMD values of individual brain regions

nd cognitive function were not as significant as those between whole-

rain PSMD and cognitive function. The results of brain regions were

table in model 2 (Supplementary Table 3). 
ig. 1. Cross-sectional associations between PSMD and cognitive functions. The asso

ognitive functions were tested by multiple linear regressions after adjusting for age

ith statistical significance set at P < 0.001041667 (0.05 divided by 48 tests). 

bbreviations: PSMD, peak width of skeletonized mean diffusivity; MMSE, Mini-M

EM, memory composite score; EF, executive function composite score; LAN, langu

orpus callosum; bCC, body of corpus callosum; sCC, splenium of corpus callosum; C

CP, superior cerebellar peduncle; CP, cerebral peduncle, ALIC, anterior limb of in

art of internal capsule; ACR, anterior corona radiata; SCR, superior corona radiata

tratum; EC, external capsule; CG, cingulate gyrus; ST, stria terminalis; SLF, superior l

ronto-occipital fasciculus; UF, uncinate fasciculus; R, right hemisphere; L, left hemis

4

.3. PSMD predicted cognitive decline and the clinical progressions 

Description of longitudinal data in the current study was shown

n Supplementary Table 4. The results of LMEMs for MMSE score

nd the four cognitive domains were summarized in Table 2 . Base-

ine PSMD could predict the longitudinal cognitive decline (model 1;

MSE, 𝛽=− 0.012, P = 5.05E-06; ADNI_MEM, 𝛽=− 0.055, P = 2.29E-07;

DNI_EF, 𝛽=− 0.027, P = 0.003; ADNI_LAN, 𝛽=− 0.058, P = 1.67E-06;

DNI_VS, 𝛽=− 0.029, P = 0.012). The results were stable in model 2.

eanwhile, the greater baseline PSMD was associated with faster an-

ual rates of decline in MMSE and cognitive domains scores ( P < 0.001

or all; Fig. 2 A–E and Supplementary Table 5). 

Results of the Cox regression models for predicting clinical progres-

ion were shown in Supplementary Table 6. In the entire cohort, 59

ndividuals experienced clinical progression (including 26 individuals

rogressing from CN to MCI, 28 individuals progressing from MCI to

D dementia, and 5 individuals progressing from CN to AD dementia).

he clinical progression was defined in two ways. The first definition

ncluded all clinical conversions: from CN to MCI, from MCI to demen-

ia, and from CN to dementia. The higher PSMD z-score at baseline was

ignificantly associated with an increased risk of clinical progression

model 1, HR [95% CI] = 1.516 [1.132–2.030], P = 0.005). When classi-

ying baseline PSMD into tertiles, participants in the high PSMD group
ciations of baseline whole-brain PSMD (A) or regional PSMDs (B) with baseline 

. Bonferroni correction was applied for the analysis of PSMD in brain regions, 

ental State Examination; ADNI, Alzheimer’s Disease Neuroimaging Initiative; 

age composite score; VS, visuospatial function composite score; gCC, genu of 

T, corticospinal tract; ML, medial lemniscus; ICP, inferior cerebellar peduncle; 

ternal capsule; PLIC, posterior limb of internal capsule; RPIC, retrolenticular 

; PCR, posterior corona radiata; PTR, posterior thalamic radiation; SS, sagittal 

ongitudinal fasciculus; SFOF, superior fronto-occipital fasciculus; IFOF, inferior 

phere. 
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Fig. 2. PSMD predicted clinical progression and cognitive decline. Rates of change in cognitive functions (year) were calculated by mixed linear models after 

adjusting for age. Then, the associations between baseline PSMD and rates of change in cognitive functions were tested by linear regressions (A-E). Associations 

between baseline PSMD and the incidences of clinical progression were tested using Cox proportional hazard regression models after adjusting for age (F-H). 

Abbreviations: PSMD, peak width of skeletonized mean diffusivity; MMSE, Mini-Mental State Examination; ADNI, Alzheimer’s Disease Neuroimaging Initiative; MEM, 

memory composite score; EF, executive function composite score; LAN, language composite score; VS, visuospatial function composite score; MCI, mild cognitive 

impairment; AD, Alzheimer’s disease; CN, cognitively normal; HR, hazard ratios; CI, confidence intervals . 

5
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Table 2 

Prediction of changes in cognitive function or AD biomarkers by baseline PSMD 

z-score. 

Variables 

Model 1 Model 2 

Beta P value Beta P value 

Cognitive function 

MMSE Score − 0.012 5.05E-06 − 0.012 3.44E-05 

ADNI_MEM − 0.055 2.29E-07 − 0.052 1.71E-06 

ADNI_EF − 0.027 0.003 − 0.024 0.009 

ADNI_LAN − 0.058 1.67E-06 − 0.055 8.24E-06 

ADNI_VS − 0.029 0.012 − 0.026 0.024 

MRI measures 

AD-signature ROI 

volume / ICV 

− 0.003 4.38E-05 − 0.002 1.03E-04 

Hippocampal 

volume / ICV 

− 0.002 0.010 − 0.002 0.012 

CSF measures 

CSF A 𝛽42 0.005 0.218 0.005 0.216 

CSF p-tau181 − 0.002 0.353 − 0.002 0.342 

CSF t-tau − 7.52E-04 0.701 − 8.13E-04 0.677 

CSF p-tau/A 𝛽42 − 0.007 0.114 − 0.008 0.097 

CSF t-tau/A 𝛽42 − 0.007 0.119 − 0.007 0.116 

PET biomarkers 

AV45 PET SUVR 1.42E-04 0.769 2.94E-05 0.952 

FBB PET SUVR 6.40E-04 0.429 5.69E-04 0.487 

AV1451 PET SUVR 9.38E-04 0.311 4.75E-04 0.598 

FDG PET SUVR − 0.002 0.193 − 0.002 0.229 

NOTE: Each of the AD ROI and hippocampus were divided by the ICV to elimi- 

nate the influence of brain volume. 

Associations between baseline PSMD and longitudinal data (cognitive functions, 

MRI measures, CSF AD core biomarkers, PET biomarkers) were tested by mixed 

linear models. Model 1 was adjusted for age. Model 2 was adjusted for age, sex, 

education, APOE4 status, smoking and hypertension history. 

Abbreviations: AD, Alzheimer’s disease; PSMD, peak width of skeletonized mean 

diffusivity; MMSE, Mini-Mental State Examination; ADNI, Alzheimer’s Disease 

Neuroimaging Initiative; MEM, memory composite score; EF, executive func- 

tion composite score; LAN, language composite score; VS, visuospatial function 

composite score; MRI, magnetic resonance imaging; ROI, region of interest; ICV, 

intracranial volume; CSF, cerebrospinal fluid; A 𝛽, 𝛽-amyloid; p-tau181, phos- 

phorylated tau 181; t-tau, total tau; PET, positron emission tomography; AV45, 

florbetapir; SUVR, standard uptake value ratio; FBB, florbetaben; AV1451, flor- 

taucipir; FDG, fluorodeoxyglucose; APOE4, apolipoprotein E4 . 
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Fig. 3. Associations between baseline PSMD and rates of changes in AD- 

signature ROI or hippocampal volumes. Each of the AD ROI (A) and hippocam- 

pus (B) were divided by the ICV to eliminate the influence of brain volume. 

Rates of change in MRI measures (year) were calculated by mixed linear models 

after adjusting for age. Then, the associations between baseline PSMD and rates 

of change in MRI measures were tested by linear regressions. 

Abbreviations: PSMD, peak width of skeletonized mean diffusivity; AD, 

Alzheimer’s disease; ROI, region of interest; ICV, intracranial volume; MRI, mag- 

netic resonance imaging. 
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ere 2.19 times more likely to experience clinical progression (model

, HR [95% CI] = 2.194 [1.045–4.604], P = 0.038; Fig. 2 F and 2 H). The

bove results were stable in model 2. 

The second definition of clinical progression included only those who

rogressed from being CN at baseline to MCI or AD. The higher PSMD

-score at baseline was associated with an increased risk of clinical pro-

ression (model 1, HR [95% CI] = 2.111[1.381–3.225], P < 0.001). In

eference to the low PSMD group, participants in the high group showed

 significantly higher risk of progression to MCI or AD dementia in

oth the unadjusted KM curves and multivariable Cox regression mod-

ls (model 1, HR [95% CI] = 3.890 [1.397–10.833], P = 0.009; Fig. 2 G

nd H). The results were stable in model 2. 

.4. PSMD and AD biomarkers 

The cross-sectional associations between whole-brain PSMD and

D biomarkers were summarized in Supplementary Table 1. Base-

ine whole-brain PSMD was significantly associated with baseline CSF

 𝛽42 (model 1, 𝛽=− 0.732, P = 1.18E-06), AD-signature ROI volume

 𝛽=− 0.153, P = 1.24E-09), hippocampal volume ( 𝛽=− 0.337, P = 1.08E-

4), and FDG PET SUR ( 𝛽=− 0.420, P = 3.14E-19), but the associations

or CSF p-tau181 and t-tau did not reach a Bonferroni-corrected signifi-

ance. The results were stable in model 2. For individual brain regions,

ignificant associations were still observed between PSMD values across

ultiple tracts and CSF A 𝛽42, AD-signature ROI volume, hippocampal

olume, and FDG PET SUR (model 1, P < Bonferroni correction thresh-
6

ld; Supplementary Tables 7–9), but not with CSF p-tau181 or t-tau.

he pattern of correlations between PSMD values of individual brain

egion and AD biomarkers was similar to that between PSMD and cog-

itive function. These findings suggested that the association between

SMD values and cognitive impairment might be due to damage in key

ognitive brain regions. The above results of brain regions were stable

n model 2 (Supplementary Tables 10–12). Supplementary Fig. 1 sum-

arized the cross-sectional associations between PSMD in brain regions

nd AD biomarkers. 

The results of LMEMs were shown in Table 2 . Baseline PSMD could

redict longitudinal changes in AD-signature ROI (model 1, 𝛽=− 0.003,

 = 4.38E-05) and hippocampal volumes ( 𝛽=− 0.002, P = 0.010). The

esults were stable in model 2. Meanwhile, a greater baseline PSMD

as associated with a faster annual rate of decline in AD-signature ROI

 𝛽=− 1.05E-04, P = 2.01E-08) or hippocampal volume ( 𝛽=− 4.38E-06,

 = 6.59E-04; Fig. 3 and Supplementary Table 13). With regards to the

ongitudinal relationships between PSMD and amyloid or tau patholo-

ies, however, we found that baseline PSMD could not predict changes

n CSF AD core biomarkers (models 1–2, P > 0.05 for all CSF biomark-

rs; Table 2 ). Nor did baseline PSMD predict changes in A 𝛽 PET, AV1451

ET and FDG PET SUVRs (models 1–2, P > 0.05 for all PET biomark-

rs; Table 2 ). Moreover, the results of COX regression models showed

hat baseline PSMD could not predict the amyloid-positive conversion

 P > 0.05; Supplementary Table 14). 

.5. Additional analyses 

Significant cross-sectional associations of PSMD with frontal- and

arietal- regional volumes were found (Supplementary Table 15). The

MEMs showed that baseline PSMD could predict the longitudinal

hanges in caudal-middle-frontal, rostral-middle-frontal and lateral-

rbito-frontal volumes, as well as change in superior-parietal volume

Supplementary Table 16). 

Moreover, the subgroup analyses showed that baseline PSMD was

egatively associated with baseline cognitive functions, AD-signature

OI volume and hippocampal volume in both of the A- and A + groups

Supplementary Table 17). PSMD could accelerate longitudinal cogni-

ive decline in both A- and A + groups (Supplementary Table 18). As

or MRI measures, the longitudinal correlations between PSMD and AD-

ignature ROI or hippocampal volumetric changes were more significant



H.-Y. Hu, H.-Q. Li, W.-K. Gong et al. The Journal of Prevention of Alzheimer’s Disease 12 (2025) 100037

i  

g  

A

4

 

b  

r  

v  

p  

c  

p  

w  

l  

s  

g  

R  

s  

s  

i  

t  

r

 

t  

a  

n  

e  

t  

s  

c  

c  

n  

H  

l  

(  

c  

c  

e  

c  

m  

c  

I  

d  

w  

(  

r  

c  

h  

n  

b  

d  

p  

d  

M  

P  

i  

m  

t

 

t  

t  

i  

t  

s  

s  

w  

p  

c  

t  

s  

s  

c  

w  

t  

t  

t  

u  

l  

c  

e  

f  

d  

e  

c  

s  

p  

s

 

i  

c  

e  

b  

t  

t  

w  

i  

t  

a  

i  

m  

d  

a  

r  

O  

i

 

b  

b  

h  

t  

t  

a  

t  

m  

i  

c  

d  

f  

i  

p

 

A  

l  

g  

l  

s  

S  

a  

d  

a  

m  
n A + than in A- group (Supplementary Table 18). These findings sug-

ested that PSMD could exacerbate neurodegeneration, which has no

D-specificity and was applicable to non-AD pathology. 

. Discussion 

This study investigated the predictive capability of the PSMD as a

iomarker for cognitive decline. Our results indicated a significant cor-

elation between PSMD and cognitive decline, with whole brain PSMD

alues being significantly higher in the cognitive decline group com-

ared to the cognitively stable group. Also, it is noteworthy that PSMD

ould predict longitudinal changes in AD-signature ROIs and hippocam-

al volumes. Our study also found a close relationship between specific

hite matter tracts and AD-signature ROIs. For example, the anterior

imb of the internal capsule (ALIC), posterior limb of the internal cap-

ule (PLIC), the retrolenticular part of internal capsule (RPIC), and cin-

ulum all showed a significant negative correlation with AD-signature

OIs. Besides, there was no correlation between PSMD and the progres-

ion of AD core biomarkers. These findings suggested that PSMD could

erve as an independent biomarker besides A 𝛽 and tau pathology, aid-

ng in identifying individuals at risk of cognitive decline. Larger longi-

udinal studies are needed in the future to further elucidate the causal

elationship between PSMD and cognitive decline. 

Our results aligned with previous hypotheses that white matter in-

egrity played a crucial role in cognitive function [ 24 ]. Previous liter-

ture has extensively reported the correlation between PSMD and cog-

itive decline, primarily focusing on patients with cerebrovascular dis-

ases, including cerebral autosomal dominant arteriopathy with subcor-

ical infarcts and leukoencephalopathy (CADASIL) [ 4 ], sporadic cerebral

mall vessel disease (SVD) [ 4 ], and CAA [ 5 , 25 , 26 ]. PSMD was signifi-

antly associated with overall cognitive decline and a decrease in pro-

essing speed [ 4 , 25 ]. Additionally, in population cohorts such as Chi-

ese university of Hong Kong–risk index for subclinical brain lesions in

ong Kong (CU-RISK) cohort, neuroinflammation in memory and re-

ated other disorders (NIMROD) cohort, and Hamburg city health study

HCHS) cohort, a correlation has been found between PSMD and the de-

line in global cognitive status, processing speed, and EF [ 27–29 ]. The

orrelation between PSMD and cognitive decline was consistent with

xisting literature, indicating that abnormalities in white matter mi-

rostructure were a significant factor contributing to cognitive impair-

ent. A large body of previous research using DTI has explored the mi-

rostructural changes in the brain white matter of AD patients [ 30–32 ].

n AD patients, due to neurodegeneration, particularly neuronal degra-

ation and demyelination, the directionality of water molecule diffusion

as disrupted, resulting in a significant decrease in fractional anisotropy

FA) and an increase in mean diffusivity (MD) [ 33 , 34 ]. These changes

eflected microstructural damage to white matter and were closely asso-

iated with cognitive impairment in AD. However, few previous studies

ave simultaneously investigated the relationship between PSMD, cog-

ition, and AD core biomarkers. Our study extended previous research

y demonstrating the predictive capability of PSMD independent of tra-

itional A 𝛽 and tau biomarkers. Microstructural white matter damage

layed a vital role in cognitive decline, and PSMD, as an indicator of this

amage, had significant advantages. Compared to traditional structural

RI markers, such as the mean FA and other established MD metrics,

SMD had higher specificity and could more accurately reflect changes

n white matter microstructure [ 28 , 35 ]. Additionally, PSMD measure-

ent methods were simple and highly reproducible, making it a poten-

ial clinical biomarker. 

Furthermore, our research has identified a close correlation between

he patterns of white matter tract damage and declines in cognitive func-

ion scores, particularly in memory, executive function, language abil-

ties, and visuospatial skills. Significant correlations existed between

he PSMD values of the corpus callosum tracts (genu of corpus callo-

um [gCC], body of corpus callosum [bCC], splenium of corpus callo-

um [sCC]) and cognitive scores in memory and executive function,
7

ith the bCC showing the strongest correlation. Damage to the cor-

us callosum influenced the communication between the left and right

erebral hemispheres, potentially leading to trans-hemispheric informa-

ion transfer disorders and further cognitive decline [ 36 , 37 ]. Damage to

ubcortical pathways such as the RPIC, anterior corona radiata (ACR),

uperior corona radiata (SCR) and uncinate fasciculus (UF) were also

losely linked to multidimensional cognitive impairments. These path-

ays played crucial roles in motor control and sensory processing, and

heir damage could lead to a comprehensive decline in cognitive func-

ions [ 38 ]. Damage in the hippocampus and limbic systems, such as

he cingulum, was also strongly correlated with increases in PSMD val-

es. These areas were intimately associated with memory, emotion, and

earning functions. Hippocampal damage was significantly related to de-

lines in episodic memory, supporting the critical role of these areas in

arly cognitive decline [ 30 ]. Differences in PSMD values and cognitive

unction scores between the left and right hemispheres might reflect the

istinct roles of each hemisphere in specific cognitive tasks, such as in

xecutive functions and language abilities. Previous studies have indi-

ated widespread diffusion measure abnormalities in association fibers

uch as the corpus callosum, corona radiata and hippocampus in AD

atients [ 39 ]. Our findings were consistent with these patterns, under-

coring the robustness of this study. 

In previous histopathological and imaging correlation studies involv-

ng CAA and MS populations, DTI metric MD has been found to be

losely associated with myelin density, axonal count, and tissue rar-

faction [ 40 , 41 ]. Therefore, we had reason to infer that the association

etween PSMD and cognitive decline might be attributed to white mat-

er damage caused by disruptions in neural connectivity and informa-

ion processing. Furthermore, inflammatory responses associated with

hite matter damage might exacerbate neurodegeneration, further lead-

ng to cognitive decline [ 42 ]. Abnormalities in white matter microstruc-

ure could impair neural networks, affecting information transmission

nd integration, thereby impacting cognitive function. However, there

s currently a lack of clinical or basic research elucidating the biological

echanisms underlying the association between PSMD and cognitive

ecline. Future research should explore the relationship between PSMD

nd biological processes such as neuronal damage and inflammatory

esponses to comprehensively understand its role in cognitive decline.

ur findings highlighted the importance of considering white matter

ntegrity in understanding cognitive deterioration. 

Although PSMD did not predict longitudinal changes in CSF AD core

iomarkers, PSMD showed significant association with CSF AD core

iomarkers at baseline. We proposed that CSF AD core biomarkers might

ave reached a plateau early in the disease process, which could explain

he lack of significant longitudinal changes [ 43 , 44 ]. A 𝛽 deposition and

au pathology typically occurred before the onset of clinical symptoms

nd might rapidly reach a saturation point early in the disease. Once

he clinical stage was reached, the concentrations of A 𝛽 and tau in CSF

ight plateau, reducing their predictive ability for cognitive progression

n longitudinal analyses. This could explain why, despite a baseline asso-

iation, CSF AD core biomarkers are not reliable predictors of cognitive

ecline over time. In contrast, PSMD, as an imaging marker, might of-

er more dynamic insights into cognitive progression, while the changes

n CSF AD biomarkers might become less informative after reaching a

lateau prior to clinical manifestation. 

The relationship between white matter hyperintensities (WMH) and

D has been a complex and multifaceted issue, involving various patho-

ogical mechanisms, including both vascular factors and the neurode-

enerative changes intrinsic to AD [ 45 ]. In AD patients, the preva-

ence and severity of WMH were higher, and WMH were closely as-

ociated with cognitive impairment, including the onset of AD [ 46 ].

ome perspectives suggested that WMH and AD pathology (such as

myloid plaques and tau pathology) might act independently and ad-

itively, with WMH potentially lowering the threshold for AD diagnosis

nd contributing independently to the development of cognitive impair-

ent [ 47 ]. Alternatively, some argued that there might be an interac-
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ion between WMH and AD pathology, where each lesion exacerbated

he other, leading to more severe cognitive deficits [ 48 ]. Our study ex-

lored the relationship between white matter microstructural damage

nd cognitive decline, as well as the onset and progression of AD, us-

ng PSMD as an indicator. We found that white matter microstructural

amage can promote the onset of cognitive impairment. However, given

he rapid accumulation of AD CSF core biomarkers, the relationship be-

ween white matter microstructural damage and AD pathology warrants

urther investigation. 

Despite our study providing valuable insights into the predictive ca-

ability of PSMD as a biomarker for cognitive decline, there were some

imitations. First, our study had a relatively small sample size. Future

tudies with larger sample sizes are needed to establish the temporal

elationship between PSMD and cognitive decline. Second, this study

erely demonstrated that PSMD could predict cognitive decline in the

lderly population, but it did not explore the mechanisms underlying

he association between PSMD and cognitive impairment. Further re-

earch is needed to investigate how PSMD mediates the process of cogni-

ive impairment. Future research should also replicate these findings in

ore diverse samples. Additionally, utilizing multimodal imaging data

nd comprehensive neuropsychological assessments would offer a more

omprehensive understanding of the relationship between PSMD and

ognitive decline. Moreover, not only baseline PSMD, but also the lon-

itudinal change in PSMD should better be measured in future studies. 

This study has theoretical significance for understanding the patho-

hysiology of cognitive decline and neurodegenerative diseases. By

ighlighting the role of white matter integrity in cognitive function,

his study underscores the importance of considering non-traditional

iomarkers in diagnostic and therapeutic strategies. From a practical

pplication perspective, identifying PSMD as a potential biomarker for

ognitive decline has significant clinical implications. PSMD may pro-

ide clinicians with a non-invasive tool to identify at-risk patients and

ntervene early to slow disease progression. Early identification of in-

ividuals at risk for cognitive decline could facilitate timely interven-

ions and the development of personalized treatment strategies, thereby

aintaining cognitive function and improving patient outcomes. 

In conclusion, PSMD can predict the clinical progressions from CN

o MCI and AD, suggesting that it may serve as a potential biomarker for

ognitive decline or AD beyond traditional A 𝛽 and tau pathways. This

nding is crucial for early diagnosis and clinical management. In fu-

ure, the relationship between PSMD and A 𝛽 accumulation still requires

urther validation through additional clinical and experimental data. 
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