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Abstract

BACKGROUND: This study evaluates the capability of cortical microstructural mea-

sures from diffusion magnetic resonance imaging (MRI) to predict progression

from mild cognitive impairment (MCI) to dementia, compared to commonly used

macrostructural measures. Identification of high-risk individuals can support both

clinical practice and trials.

METHODS: Structural and diffusion MRI scans of 826 participants from the National

Alzheimer’s Coordinating Center (NACC) were analyzed to extract macrostructural

measures and three minicolumn-related diffusivity metrics: AngleR, PerpPD+, and

ParlPD. Kaplan–Meier survival analysis was used to investigate time to progression to

dementia, with participants stratified by biomarker metrics.

RESULTS: Cortical diffusivity (PerpPD+ in medial–temporal and connected regions)

outperformed hippocampal volume, cortical volume, and cortical thickness in Kaplan–

Meier survival analysis, predicting faster conversion to dementia.

DISCUSSION:Corticalmicrostructuralmeasures fromdiffusionMRI provide powerful

biomarkers for predicting progression fromMCI to dementia, offering enhanced prog-

nostic capabilities that could support earlier intervention strategies in clinical practice

and improve the power of clinical trials.
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Highlights

∙ Cortical minicolumn-related diffusivity metrics measure neurodegeneration.

∙ Wecompare the predictive value ofmagnetic resonance imaging (MRI)measures for

mild cognitive impairment to dementia progression.

∙ Microstructural cortical disarray outperformsmacrostructural markers.

∙ These results support using diffusionMRI biomarkers to identify andmonitor at-risk

patients.
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1 INTRODUCTION

Mild cognitive impairment (MCI) is an intermediate stage between

normal cognitive aging anddementia characterizedbymeasurable cog-

nitive deficits that do not significantly impair daily functioning. MCI is

a heterogeneous condition—not all MCI cases progress to dementia—

identifying those at higher risk is crucial for early intervention and

treatment planning.1 With the approval of amyloid clearance ther-

apies able to slow disease progression, an early diagnosis and an

accurate prediction of MCI progression can enable timely therapeutic

interventions.

Considering recent efforts to establish a biological definition

of Alzheimer’s disease (AD) within the context of the amy-

loid/tau/neurodegeneration (ATN) framework,2 the identification

of reliable, cost-effective, non-invasive biomarkers capable of detect-

ing early signs of the disease is a crucial goal. The significant progress

achieved in the development of fluid biomarkers of amyloid and tau

represents a major recent advancement in the field.3 However, the

identification and validation of novel early markers of “neurode-

generation” require further efforts. Although neurofilament light

chain (NfL) in blood and cerebrospinal fluid (CSF) shows sensitivity

to neurodegenerative processes, its lack of specificity for different

types of neurodegeneration3,4 and the absence of spatial localiza-

tion highlights the need for imaging modalities. Imaging biomarkers,

potentially alongside NfL, could enhance detection or confirmation of

neurodegeneration, monitoring of disease progression and treatment

response (favorable or unfavorable), and aid in distinguishing different

neurodegenerative diseases.

Magnetic resonance imaging (MRI) has emerged as an important

modality, offering non-invasive insights into structural and functional

brain changes associated with neurodegeneration. Beyond conven-

tional imaging techniques that focus on macrostructural changes,

microstructural MRI techniques, such as diffusion tensor imaging

(DTI), free-water imaging, or neurite orientation dispersion and den-

sity imaging (NODDI), provide a deeper understanding of the brain’s

microarchitecture in the early stages of the disease.5,6,7,8,9,10 These

methods can quantify subtle cortical alterations that are increasingly

recognized as early indicators of pathology. It has been shown that

AD neuropathological changes at in post mortem associated with ear-

lier corticalmicrostructural changes detectable through in vivo cortical

diffusion imaging.11

Although many recent studies have demonstrated the promising

potential of cortical diffusivity measures in detecting changes across

the aging and dementia continuum, to our knowledge, no study has

performed survival analyses comparing microstructural measures

to widely used macrostructural measures, such as hippocampal

volume.

This study investigates a set of minicolumn-related metrics previ-

ously developed and validated using ex vivo and in vivo data5,11,12,13

to detect and monitor neurodegeneration along the clinical con-

tinuum. Cortical minicolumns are the basic organizational units

of the neocortex, consisting of vertically aligned neurons and

RESEARCH-IN-CONTEXT

1. Systematic review: Macrostructural imaging metrics,

such as hippocampal volume, have been extensively stud-

ied and are routinely used to assess neurodegeneration.

However, recent advancements in diffusion magnetic

resonance imaging have enabled the characterization

of cortical microstructure, revealing insights into neu-

rodegenerative processes not captured by volumetric

analyses. Despite their potential, biologically informed

cortical diffusion measures have not been widely imple-

mented, and their value for dementia prognosis remains

underexplored.

2. Interpretation: Cortical diffusion measures significantly

outperform traditional macrostructural markers, in

predicting progression from mild cognitive impairment

to dementia. Findings highlight the value of cortical

microstructure in detecting subtle neurodegeneration,

supporting the use of microstructural metrics for early

diagnosis andmonitoring.

3. Future directions: Future research should integrate

microstructural measures with other biomarkers, such

as positron emission tomography imaging and blood-

based markers, for enhanced predictive accuracy and/or

more fine-grained stratification. Validation in diverse

cohorts and investigation with disease-modifying treat-

ments could further establish clinical utility.

their associated synaptic networks, and changes in the columnar

architecture in AD contribute to the hallmark symptoms of the

disease.14,15,16

Previous studies have demonstrated how this set of cortical mea-

sures is useful in detecting the presence of AD,13 in differential

diagnosis,17,18,19 and in identifying MCI patients at higher risk of con-

version to various forms of dementia.20 Furthermore, these measures

have proven to be sensitive for monitoring patient response in clinical

trials.21

This study aims to evaluate the ability of cortical diffusivity mea-

sures to detect and monitor neurodegeneration along the clinical

continuum; to assess the measures’ capability to predict progression

from MCI to dementia; and to use survival analysis to compare the

performance of the cortical microstructural measure that best distin-

guishes MCI converters from non-converters to the performance of

three widely used macrostructural measures of neurodegeneration in

AD: hippocampal volume, cortical volume, and cortical thickness.

The integration of microstructural data with other modalities,

such as molecular biomarkers and cognitive assessments, may further

refine prognostic accuracy, paving the way for personalized medicine

approaches.
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2 METHODS

2.1 Participants

The present study comprised 826 participants, ranging from cogni-

tively normal to severe dementia, having clinical structural and DTI

scans from the National Alzheimer’s Coordinating Center (NACC).

Table 1 summarizes characteristics of all the participants included in

this study.

The NACC database (https://naccdata.org/) provides data from

patients collected in the Alzheimer’s Disease Research Centers

(ADRCs) funded by the National Institute on Aging. This analysis used

data from 15 ADRCs collected between 2009 and 2023.

Inclusion was limited to participants who were cognitively unim-

paired (CU) or had a clinical AD-type presentation (AD, MCI) who

had undergone MRI scanning (T1-weighted structural and DTI) and

clinical evaluation. For preliminary analysis, all participants were cat-

egorized, using longitudinal follow-up data, into one of the following

subgroups: (1) Cognitively unimpaired (CU = 474): Individuals with

normal cognition (global Clinical Dementia Rating [CDR] = 0 and/or

neuropsychological testing within normal range) and normal behav-

ior, who remained CU for all available follow-up visits. All the CU

participants included in the study have at least 2 years of follow up.

(2) MCI non-converter (MCI NC, N = 110): Individuals with objective

cognitive deficits who did not progress to dementia during the avail-

able follow-up periods. Only participants with a minimum follow-up

of 2 years were included. (3) MCI converter (MCI C, N = 86): Individ-

uals with objective cognitive deficits at baseline who progressed to

dementia at any follow-up visit after the MRI scan. (4) AD (N = 156):

Participants with clinical diagnosis of dementia at baseline and amy-

loid biomarker confirmation of AD pathology when available (amyloid

positron emission tomography [PET] or CSF amyloid beta [Aβ]42 or

autopsy confirmation).

Note that the survival analysis (described below) includes all 196

MCI participants and does not make use of the MCI C and MCI NC

groups as defined above.

To characterize the cohort, the Mini-Mental State Examination

(MMSE), apolipoprotein E (APOE) ε4, and CDR global and sum of boxes

(CDR-SB) scores were used.

For a subset of participants, measurements of Aβ42, total tau (t-

tau), and phosphorylated tau (p-tau)were available, obtained fromCSF

samples. The CSF biomarkers were analyzed using two assay method-

ologies: ELISA (enzyme-linked immunosorbent assay) and Luminex

technology.

2.2 MRI acquisition and image preprocessing

For each participant, the DTI and 3D T1-weighted structural images

were used. Data was acquired from 3TMRI scanners (Siemens and GE

Medical Systems) at multiple centers. For more details about struc-

tural and diffusion acquisition protocols, see www.alz.washington.edu.

Diffusion scans with slice thickness > 3 mm or b-value > 3000

or acquired from 1.5T MRI scanners were not included in the

study.

The T1-weighted anatomical images were automatically processed

using the FreeSurfer software version 6.0 (https://surfer.nmr.mgh.

harvard.edu/).22 This provided outputs containing estimates of cortical

volume, hippocampal volume, cortical thickness, white matter volume,

and white matter hypointensities volume. Left and right hippocampal

volumes were averaged. To account for head size differences, all vol-

umes were expressed as a fraction of the total intracranial volume,

namely cortical volume fraction (CVF), bilateral hippocampal volume

fraction (HVF),whitematter fraction, andwhitematter hypointensities

fraction.

A cortical thickness (CT) “AD signature” previously determined

using independent data from the Alzheimer’s Disease Neuroimag-

ing Initiative (ADNI)23 was calculated combining bilateral cortical

regions: superior temporal, parahippocampal,middle temporal, inferior

parietal, inferior temporal, fusiform, and precuneus.

DTI datawereprocessedusing theFMRIB software library (FSLVer-

sion 6.0.1, FMRIB, Oxford, UK, http://www.fmrib.ox.ac.uk/fsl/).24 Data

were corrected for eddy current distortions and head motion,25 and

thediffusion tensormodel at eachvoxelwas fittedusingDTIFIT. To con-

trol for the effect of headmotion inDTImaps, a displacement indexwas

calculated using an in-house script.

2.3 Cortical diffusivity analysis

Cortical diffusivity analysis was conducted using a proprietary

software tool (Cortical Disarray Measurement [CDM]; patent

WO2016162682A1). The software generates cortical profiles,

that is, lines across the cortex in a radial direction, replicating columnar

organizationwithin the cortex.12,13 Briefly, themetrics calculatedwere

three measures relating to the components of diffusion: AngleR is the

angle between the radial minicolumn axis and the principal diffusion

direction (in radians), ParlPD is the principal diffusion component

parallel with the radial minicolumns (× 10−3 mm2/s), and PerpPD+

combines the components perpendicular to the radial minicolumns

(× 10−3 mm2/s). PerpPD+ used here is a variant of the earlier PerpPD

used in Torso et al.5,13 PerpPD+ includes multiple components (sec-

ondary and tertiary) orthogonal to the cortical columnar profile. All the

cortical values were averaged to reduce the influence of noise in the

DTI scans, effectively smoothing the data, and ensuring only direction-

ality with some local coherence would dominate, guarding against the

influence of random deflections from the radial direction. Values for

the diffusion tensor–derived metrics were averaged along the cortical

profiles, and then across cortical regions using the Desikan–Killiany

cortical parcellation.

Values for the three cortical diffusivity metrics were averaged

over bilaterally symmetricmeta-regions or “AD signatures” comprising

medial–temporal and connected regions, previously determined using

independentdata fromADNI.23 ThisADsignatureoverlapsextensively

with the CT AD signature described above but involves more medial

posterior regions (e.g., posterior–cingulate).
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TABLE 1 Clinical and demographic characteristics.

CU

n= 474

MCI NC

n= 110

MCI C

n= 86

AD

n= 156

Clinical and demographics

Age, years 65.4 (9.7) 73.1 (8.1)* 75.6 (7.6)* 73.3 (8.9)*

Sex, female 308 (65) 51 (46.4)* 34 (39.5)* 72 (46.1)*

Education, years 16.4 (4.5) 15.9 (2.5) 15.8 (2.9) 15.5 (7.4)

Race

White 432 (91.1) 104 (94.5) 76 (88.4) 138 (88.5)

Black or African American 33 (7) 5 (4.5) 6 (7) 15 (9.6)

American Indian or Alaska Native 2 (0.4) 0 (0) 2 (2.3) 0 (0)

Asian 6 (1.3) 0 (0.0) 2 (2.3) 1 (0.6)

Other 0 (0) 0 (0) 0 (0) 2 (1.3)

Unknown 1 (0.2) 1 (0.9) 0 (0) 0 (0)

Ethnicity

Non-Hispanic 457 (96.4)† 87 (79.1) 78 (90.7)† 140 (89.7)†

Hispanic 13 (2.7)† 23 (20.9) 6 (7)† 16 (10.3)†

Unknown 4 (0.8) 0 (0) 2 (2.3) 0 (0)

APOE ε4 carrier 158 (34.1) N.A.= 10 29 (27.1)* N.A.= 3 49 (59)*,† N.A.= 3 102 (68.4)*,† N.A.= 7

Follow-up time, years 7.1 (2.7) 4.7 (2.2) 5.7 (2.8) –

IntervalMRI-conversion, years – – 2.9 (2.2) –

MMSE 29.4 (0.9) 27.1 (1.8)* 26.4 (2.2)*,† 21.9 (4.7)*,†,‡

CDR global 0 0.5 (0.2) 0.5 (0.2) 0.97 (0.5)

CDR-SB 0.6 (0.3) 0.9 (0.9)* 2 (1.4)* 5.4 (3.2)*

CU

n= 104

MCI NC

n= 8

MCI C

n= 15

AD

n= 39

CSF biomarkers

Aβ1–42 (pg/mL) 734.19 (200.1) 610.97 (237.6) 369.91 (126.7)*,† 415.89 (206.9)*,†

P-tau181P (pg/mL) 41.41 (16.8) 42.78 (20.1) 69.58 (46.1) 92.08 (46.4)*,#

T-tau (pg/mL) 305.71 (153.5) 294.17 (162.6) 615.06 (353.3) 725.24 (387.2)

CU

n= 474

MCI NC

n= 110

MCI C

n= 86

AD

n= 156

MacrostructuralMRI

Cortical Volume Fraction 0.299 (0.02) 0.280 (0.02) 0.273 (0.02)* 0.263 (0.03)*,†,‡

Cortical Thickness 2.48 (0.09) 2.43 (0.10) 2.38 (0.10)*,† 2.33 (0.12)*,†,‡

Cortical Thickness Signature 2.57 (0.10) 2.53 (0.12) 2.44 (0.11)*,† 2.37 (0.15)*,†,‡

Hippocampal Volume Fraction 0.0052 (0.0005) 0.0048 (0.0006) 0.0042 (0.0006)*,† 0.0041 (0.0007)*,†

Ventricles Volume Fraction 0.018 (0.009) 0.026 (0.010) 0.030 (0.011)*,† 0.034 (0.013)*,†

WhiteMatter Hypointensities 0.0015 (0.007) 0.0030 (0.003) 0.0036 (0.004) 0.0052 (0.007)*,†

Note: Continuous factors reported asmean (standard deviation) and categorical factors reported as n (%).
Mean value and standard deviation for each measure were reported. Analysis of variance was used for continuous variables and chi-square tests were used

for categorical variables. Marginal means tests were adjusted for multiple comparisons using Bonferroni correction.

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; APOE, apolipoprotein E; CDR, Clinical Dementia Rating; CDR-SB, Clinical Dementia Rating Sum

of Boxes; CSF, cerebrospinal fluid; CU, cognitively unimpaired; MCI, mild cognitive impairment; MCI C, mild cognitive impairment converter; MCI NC, mild

cognitive impairment non-converter; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; N.A ., not available; p-tau, phosphorylated

tau; t-tau, total tau.

*Significantly different compared to control (Bonferroni-corrected P < 0.05).
†Significantly different compared toMCI NC (Bonferroni-corrected P < 0.05).
‡Significantly different compared toMCI C (Bonferroni-corrected P < 0.05).
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2.4 Statistical analyses

Statistical analyseswere performed using SPSS software (version 29.0;

SPSS Inc.) and MATLAB (version 9.9.0; MathWorks, www.mathworks.

com). Demographic and clinical values were investigated using chi-

square tests for categorical measures and analysis of variance tests for

continuous values.

The CSF values available for a subset of participants, adjusted for

age, sex, and assay methodology, were analyzed to explore potential

associations with MRI metrics (cortical diffusivity whole brain and sig-

natures, HVF, CT signature, and CVF using Pearson correlation, with

corrections for multiple comparisons applied using the Benjamini–

Hochberg false discovery rate (FDR).26 Given the small number ofMCI

participants (MCINC=8,MCIC=15)withCSFvalues, theparticipants

were pooled (CU,MCI, and AD).

Univariate generalized linear model (GLM) analyses were used to

investigate differences among diagnostic groups in cortical diffusion

measurements at whole-brain and signature level, using the diag-

nostic group as a fixed factor, adjusting for scanner model, b-value,

age, sex. The MRI macrostructural measures were assessed using the

samemodel, excluding the adjustment for b-value. Reported significant

results were adjusted for multiple comparisons using the Bonferroni

correction.

Regional differenceswere investigated using linearmodels, with the

cortical diffusivity measures (AngleR, PerpPD+, ParlPD) as dependent

variables; clinical diagnosis as fixed factor; and controlling for scan-

ner model, b-value, age, sex. The results reported were corrected for

multiple comparisons to control FDR over the set of Desikan–Killiany

regions.

To better focus the comparison between different MRI measures

in the survival analysis, only the AD signature of the cortical diffu-

sivity measure that best distinguishes the two MCI groups at the

regional level will be included. Regarding macrostructural measures,

those included in the analysis represent the most studied and com-

monly used for exploring hippocampal damage (HVF), the cortical AD

signature (CT signature), and global diffuse atrophy (CVF).

Although various micro- and macrostructural measures could be

considered in the study, the measures included in the comparison aim

to account for the spatial progression of AD-type neurodegenerative

processes, starting from localized hippocampal damage, progressing

to temporal lobe involvement, and ultimately leading to global cortical

involvement.

For survival analysis, each value of the compared measures

(PerpPD+ signature, HVF, CT signature, and CVF) were adjusted for

confounds (age, sex, scanner model, and b-value) using linear models

and then dichotomized into neurodegeneration positive (N+) and neg-

ative (N−) values using a cutpoint determined as the crossing point of

the estimatedprobability density functions of theCUandADgroups.27

This intersection point represents the threshold that minimizes classi-

fication errors between the two groups. All PerpPD+ signature values

equal or greater than this value were considered neurodegeneration

positive (N+) while HVF, CT signature, and CVF values below the

cutpoint were considered neurodegeneration positive (N+).

Survival functions were generated to estimate the probability

of remaining in the MCI state or progressing to dementia over

time. Progression-free survival was visualized using Kaplan–Meier

survival curves, with separate curves for the dichotomized MCI

subgroups (N+ and N−), using cortical diffusivity or macrostructural

measures.

Median survival time and survival probabilities at specific time

points were reported.

Differences in survival curves between groupswere formally tested

using the log-rank test. Statistical significance was set at P< 0.05.

To compare the predictive ability of the MRI measures considered

(PerpPD+ signature,HVF,CT signature, andCVF) the pairwise log-rank

test was used.

3 RESULTS

3.1 Participant characteristics

Clinical and demographic characteristics of the studied cohort are

summarized in Table 1. All patient groups are significantly different

from the CU group, for age and sex distribution. The distribution

of APOE ε4 carriers and non-carriers differed significantly between

the groups, with a higher proportion of APOE ε4 carriers observed

in the AD and MCI C group. Significant differences were observed

between the groups in MMSE, global CDR, and CDR-SB scores, with

the AD group exhibiting a higher level of impairment as expected. The

MCI NC group showed a significantly higher proportion of Hispanic

individuals.

Pearson correlation analysis revealed multiple significant asso-

ciations of CSF biomarkers with structural MRI. The results are

summarized in Table 2.

3.2 Cortical diffusivity analysis: whole-brain and
signature

Table 3 summarizes whole-brain and signature microstructural data.

At the whole-brain level, the GLM revealed higher AngleR, PerpPD+,

and ParlPD values in the AD group than in the CU group. PerpPD+ and

ParlPD values were able to differentiate significantly between AD and

the other twoMCI groups, and theMCINC andCUgroups. AngleR and

PerpPD+ were able to differentiate significantly between the MCI C

and the CU group.

Similarly, the signature results revealed that AngleR, PerpPD+,

and ParlPD values were significantly higher in the AD group than

in CU group. PerpPD+ and ParlPD values were able to differentiate

significantly between the AD group and the two MCI groups, while all

the signature measures were able to differentiate between MCI NC

and MCI C. The GLM results also revealed that AngleR and PerpPD+

were able to differentiate significantly between theMCI C and the CU

group, while only ParlPDwas able to differentiate theMCI NC and CU

groups.
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TABLE 2 Pearson correlation results between CSF biomarkers andMRImetrics.

CSF/MRI correlations

Aβ1–42 P-tau181 T-tau

Cortical Volume Fraction r= 0.311, P< 0.001* r= 0.020, P= n.s. r= 0.036, P= n.s.

Cortical Thickness Signature r= 0.295, P< 0.001* r= –0.227, P= 0.003* r= –0.210, P= 0.007*

Hippocampal Volume Fraction r= 0.247, P= 0.001* r= –0.191, P= 0.014* r= –0.177, P= 0.023*

AngleRWhole-brain r= –0.260, P< 0.001* r= 0.190, P= 0.014* r= 0.244, P= 0.002*

PerpPD+ Whole-brain r= –0.196, P= 0.012* r= 0.247, P< 0.001* r= 0.231, P= 0.003*

ParlPDWhole-brain r= –0.079, P= n.s r= 0.074, P= n.s. r= 0.044, P= n.s.

AngleR Signature r= –0.404, P< 0.001* r= 0.185, P= 0.017* r= 0.245, P= 0.001*

PerpPD+ Signature r= –0.289, P< 0.001* r= 0.277, P< 0.001* r= 0.339, P< 0.001*

ParlPD Signature r= –0.118, P= n.s. r= 0.050, P= n.s. r= 0.030, P= n.s.

Note: This table presents the Pearson correlation coefficients between CSF biomarkers (including amyloid, total tau, and phosphorylated tau) and micro and

macrostructuralMRImetrics.

Abbreviations: Aβ, amyloid beta; CSF, cerebrospinal fluid; FDR, false discovery rate;MRI, magnetic resonance imaging; p-tau, phosphorylated tau; t-tau, total

tau.

*Statistically significant after Benjamini–Hochberg FDR correction.

TABLE 3 Whole-brain andmicrostructural signature.

CU

n= 474

MCI NC

n= 110

MCI C

n= 86

AD

n= 156

Microstructural whole-brain

AngleR 0.884 (0.4) 0.894 (0.4) 0.918 (0.4)* 0.922 (0.5)*,†

PerpPD+ 2.081 (0.19) 2.135 (0.30)* 2.241 (0.22)*,† 2.240 (0.33)*,†,‡

ParlPD 0.581 (0.4) 0.597 (0.7)* 0.602 (0.6)† 0.601 (0.7)*,†,‡

Microstructural Signature

AngleR 0.935 (0.04) 0.949 (0.04) 1.001 (0.05)*,† 1.014 (0.06)*,†

PerpPD+ 1.986 (0.17) 2.044 (0.27) 2.172 (0.22)*,† 2.179 (0.30)*,†,‡

ParlPD 0.619 (0.05) 0.639 (0.08)* 0.649 (0.06)† 0.648 (0.08)*,†,‡

*Significantly different compared to control (Bonferroni-corrected P < 0.05).
†Significantly different compared toMCI NC (Bonferroni-corrected P < 0.05).
‡Significantly different compared toMCI C (Bonferroni-corrected P < 0.05).

Abbreviations: AD, Alzheimer’s disease; CU, cognitively unimpaired; MCI C, mild cognitive impairment converter; MCI NC, mild cognitive impairment non-

converter.

3.3 Cortical diffusivity regional analysis

After FDR correction, regional results show a progressive increase

in AngleR values along the AD continuum (Figure S1 in supporting

information). Comparing each patient group to the CU group, the

results demonstrate a pattern of significant differences primarily in

temporal regions (such as the superior temporal area) in the com-

parison between MCI NC and CU. A progressive expansion of the

cortical alteration pattern is observed, predominantly affecting tem-

poral, frontal, and parietal regions in MCI C patients. This extensive

pattern of cortical alteration reaches its peak in the comparison

between CU and AD, with significant differences involving almost all

cortical regions. In the comparison between the two MCI groups, the

results show a significant increase in AngleR values in key regions,

such as the bilateral precuneus, in the MCI converter group. Finally,

comparing the MCI converter group to the AD group, the results

show a predominantly temporal pattern of significantly increased

AngleR values, particularly bilaterally in the superior temporal regions,

middle temporal regions, isthmus cingulate, and posterior cingulate

regions.

Regarding PerpPD+ values, regional results show a progressive and

significant increase in PerpPD+ values in the MCI C and AD groups

(Figure 1). Compared to the CU group, the MCI C group exhibits a

broad bilateral pattern of elevated PerpPD+ values, primarily affecting

the bilateral temporal regions, followed by elevated values in parietal

and frontal areas. In the AD group, the results indicate a significant

increase in PerpPD+ values across all cortical regions. Comparing the

two MCI groups, the regional analysis reveals a significant increase in

PerpPD+ values in theMCI C group, mainly in bilateral temporal areas,

with additional involvement of parietal and frontal regions. A broad

temporo-parieto-frontal pattern of increased PerpPD+ values is also

found in the AD group compared to theMCI C group.
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TORSO ET AL. 7 of 13

F IGURE 1 Cortical regions exhibiting significant increases in PerpPD+ values. The regions are highlighted on a standardized brain template,
with color intensity indicating themagnitude of the statistical significance corrected for multiple comparisons using the false discovery rate (FDR).
AD, Alzheimer’s disease; CU, cognitively unimpaired;MCI C, mild cognitive impairment converter; MCI NC, mild cognitive impairment
non-converter

Finally, the regional analysis of ParlPD values (Figure S2 in sup-

porting information) reveals a significant increase in the MCI C and

AD groups, predominantly in inferior temporal and occipital areas. The

same pattern is observed comparing the twoMCI groups, while no sig-

nificant differences are found comparing the MCI C group to the AD

group. At the same time, the results highlight a significant progressive

reduction in ParlPD values (Figure S3 in supporting information) along

the clinical continuum. The areas showing reduced ParlPD values are

the insula and superior temporal regions bilaterally.

3.4 Survival analysis

The positivity for PerpPD+ signature, HVF, CT signature, and CVF val-

ues, determined in CU and AD groups using the cut-off corresponding

at the crossing point of the distribution of the two groups, was applied

to classifyMCI participants in N− andN+.

Kaplan–Meier estimates (Table 4) using PerpPD+ signature values

revealed a significantly lower survival time (median 777days, 95%con-

fidence interval [CI]: 503.8–1050.2) for N+ compared to N− (median

2447 days, 95% CI: 2052.3–2841.7). Kaplan–Meier survival curves

were plotted (Figure 2), and the log-rank test showed significant dif-

ferences in clinical progression over time between the twoMCI groups

(chi-square= 20.189; P value< 0.001).

Concerning HVF, the analysis revealed a significantly lower survival

time (median 1305 days, 95% CI: 939.1–1670.9) for MCI N+ com-

pared toN− (median 2514 days, 95%CI: 1858.4–3169.5). The log-rank

test showed significant differences in clinical progression over time

between the twoMCI groups (chi-square= 13.009; P value< 0.001).

For the CT signature, the MCI N+ group showed a significantly

lower survival time (median 935 days, 95% CI: 375.1–1494.9) com-

pared toN− (median 2447 days, 95%CI: 2064.2–2829.8). The log-rank

test showed significant differences in clinical progression over time

between the twoMCI groups (chi-square= 19.461; P value< 0.001).

Finally, regarding the CVF, the analysis revealed no significant dif-

ference in the survival time between the MCI N+ (median 1893 days,

95% CI: 450.4–3335.6) and the N− groups (median 2118 days, 95%

CI: 1663.8–2572.2). The log-rank test showed a non-significant differ-

ence in clinical progression over time between the two MCI groups

(chi-square= 0.778; P value> 0.05).

The cumulative proportion surviving (CPS) at the time was cal-

culated to evaluate the survival function over time for PerpPD+

signature, HVF, CT signature, and CVF and summarized in the Table 5

Two separate Kaplan–Meier pairwise comparison analyses were

performed to assess significant differences between survival curves

for each of the four measures compared (Figure 3). One analysis com-

pared the positive curves of each measure, while the other focused on

the negative curves. This approach allowed for a detailed evaluation

of whether survival distributions differed significantly across markers

within each subgroup.

The log rank (Mantel–Cox) analysis performed to compare the N+

curves showed that only thePerpPD+ signature curvewas significantly
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8 of 13 TORSO ET AL.

TABLE 4 Kaplan–Meier estimates.

Mean (days)a Median (days)

95% confidence interval 95% confidence interval

Estimate Std. error

Lower

bound

Upper

bound Estimate Std. error

Lower

bound

Upper

bound

N-
PerpPD+ signature 2356.1 153.8 2054.7 2657.5 2447.0 201.3 2052.3 2841.7

N+
PerpPD+ signature 1414.6 209.1 1004.8 1824.4 777.0 139.4 503.8 1050.2

N-
HVF 2490.1 186.1 2126.1 2032.6 2514.0 334.5 1858.4 3169.5

N+
HVF 1710.5 164.6 1388.3 2419.9 1305.0 167.3 939.1 1670.9

N-
Thickness Signature 2415.9 167.5 2087.6 2744.2 2447.0 195.3 2064.2 2829.8

N+
Thickness Signature 1518.8 193.4 1139.7 1897.9 935.0 285.7 375.1 1494.9

N-
CVF 2053.5 133.4 1792.1 2314.9 2118.0 231.7 1663.8 2572.2

N+
CVF 2088.4 225.4 1646.7 2530.2 1893.0 736.1 450.4 3335.6

Abbreviations: CVF, cortical volume fraction; HVF, hippocampal volume fraction.
aEstimation is limited to the largest survival time if it is censored.

F IGURE 2 Survival curves for eachmeasure, where each point represents the proportion ofMCI participants that have not yet progressed to
dementia at different time points (years). CVF, cortical volume fraction; HVF, hippocampal volume fraction;MCI, mild cognitive impairment

different compared to cortical volume fraction (chi-square = 4.051;

P value < 0.05). No other significant difference was found in the

comparison between curves.

4 DISCUSSION

Our main goal was to investigate the ability of cortical diffusivity

measures to detect microstructural alterations along the clinical con-

tinuumfromCUtodementia and toassess their potential for predicting

progression fromMCI to dementia using survival analysis.

Previous studies have shown that amyloid and particularly tau PET

are promising biomarkers for predicting progression to dementia.28,29

In this study we investigate the utility of microstructural and

macrostructural neurodegeneration biomarkers.

Brain imaging biomarkers are highly useful for detecting neu-

rodegenerative processes.2,30 However, the most widely used MRI
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TORSO ET AL. 9 of 13

TABLE 5 Cumulative proportion ofMCI participants that have not yet progressed to dementia.

PerpPD+ Signature

0 1Y 2Y 3Y 4Y 5Y 6Y 7Y 8Y 9Y

Cumulative proportion surviving at the time

Negative 1 0.93 0.86 0.79 0.72 0.65 0.55 0.44 0.28 0.24

Positive 1 0.79 0.55 0.37 0.31 0.24 0.21 0.21 0.21 0.14

Number of participants available at each time point

Negative 154 140 127 91 64 38 17 11 7 3

Positive 42 33 23 14 10 7 6 4 3 1

Hippocampal Volume Fraction

0 1Y 2Y 3Y 4Y 5Y 6Y 7Y 8Y 9Y

Cumulative proportion surviving at the time

Negative 1 0.91 0.81 0.79 0.75 0.71 0.58 0.48 0.36 0.30

Positive 1 0.89 0.76 0.55 0.44 0.35 0.31 0.27 0.19 0.14

Number of participants available at each time point

Negative 122 108 94 69 48 28 15 8 6 3

Positive 74 65 55 36 22 15 8 6 4 2

Cortical Thickness Signature

0 1Y 2Y 3Y 4Y 5Y 6Y 7Y 8Y 9Y

Cumulative proportion surviving at the time

Negative 1 0.96 0.88 0.79 0.72 0.65 0.55 0.43 0.29 0.29

Positive 1 0.75 0.59 0.46 0.40 0.31 0.27 0.27 0.21 0.11

Number of participants available at each time point

Negative 140 132 118 86 59 33 17 10 6 6

Positive 56 42 32 19 14 10 6 6 4 2

Cortical Volume Fraction

0 1Y 2Y 3Y 4Y 5Y 6Y 7Y 8Y 9Y

Cumulative proportion surviving at the time

Negative 1 0.93 0.85 0.76 0.65 0.56 0.45 0.37 0.19 0.19

Positive 1 0.84 0.66 0.57 0.57 0.50 0.46 0.41 0.36 0.26

Number of participants available at each time point

Negative 139 126 113 78 48 29 13 9 3 3

Positive 57 48 37 28 25 15 9 8 7 5

biomarkers rely on macrostructural measures, which, while robust in

differentiating healthy individuals from patients in more advanced dis-

ease stages, are less accurate in predicting disease progression or

differentiating groups in the earlier stages.31 It is understood32 that

AD pathology can lead to alterations in cortical architecture at the

microstructural level before clearly detectable changes in macrostruc-

tural measures like volume.

Hippocampal volume, often expressed as a fraction of brain or

intracranial volume, is commonly used in research, trials, and clinical

practice.33 However, while hippocampal volume measurement is

informative about the presence (and/or coexistence) of AD,33,34 and

is a biomarker for monitoring longitudinal change,33 it has limitations

regarding the progression from MCI to AD,35 due to substantial vari-

ation in hippocampal volume and its reduction across MCI patients.

Based on the staging proposed by Braak and Braak,36,37 it is apparent

that hippocampal abnormality, along with alterations in adjacent

cortical areas (e.g., entorhinal, parahippocampal), represents one of

the first manifestations of AD progression. However, for a better

prediction of disease evolution, it is crucial to go beyond the hip-

pocampal region and consider additional areas included in Braak

staging, while still focusing on the temporal lobe.38 For this reason,

in the present study, we investigated also the CT signature and

the CVF.

Recent studies5,8,20 have shown that microstructural imaging mea-

sures offer the possibility of identifying neurodegenerative alterations

earlier than macrostructural measures. However, these studies have
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10 of 13 TORSO ET AL.

F IGURE 3 A, Comparison of survival curves for subjects classified as positive according to each of the four measures being compared. B,
Comparison of survival curves for subjects classified as negative. The tables report the chi-square values and P values for each pairwise
comparison between the survival curves. CVF, cortical volume fraction; HVF, hippocampal volume fraction;MCI, mild cognitive impairment

not investigated time of progression from MCI to dementia using

survival analysis, whichmotivated the present study.

4.1 Patterns of cortical alteration across clinical
stages

In the first part of the study, we exploredmicrostructural alterations at

the whole brain, macroregional (represented by an AD signature), and

regional levels in patients along the clinical continuum from CU indi-

viduals throughMCI non-converters, MCI converters, to AD dementia.

We tested whether diffusion measures can detect progressive corti-

cal alterations and identified the measure potentially most useful for

predicting the progression fromMCI to dementia.

Regional results show how AngleR can detect the progressive

microstructural changes at each clinical stage. Specifically, AngleR

results demonstrate that the initial fronto-temporal pattern of

microstructural differences observed in the comparison between MCI

NC and CU groups gradually expands to involve the entire cortex in

dementia patients compared to CU participants. PerpPD+ results also

reveal a progressive broadening ofmicrostructural cortical alterations,

eventually affecting the entire cortex in dementia patients. However,

the comparison of PerpPD+ values between MCI NC and CU groups

does not show the significant differences detected by AngleR. This

may be due to the different sensitivity of the two measures to cor-

tical alterations caused by distinct degenerative proteins. A previous

study with a cohort of autopsy-confirmed patients11 demonstrated

that AngleR values are associated with amyloid deposition (measured

as Thal phase), while PerpPD+ values are associated with tau depo-

sition (measured as Braak stage). From this, it can be inferred that

AngleRmay be sensitive to early alterations driven by amyloid plaques,

while PerpPD+ may be more sensitive to the disruption of mini-

columns caused by neuronal pathology due to tau deposition, generally

associated with more pronounced symptomatology. In line with this,

PerpPD+ shows greater capacity in differentiating MCI NC andMCI C

groups, with the regional pattern demonstrating more sensitive detec-

tion of the microstructural damage underlying worsening symptoms

and the consequent clinical progression (conversion to dementia).

ParlPD values also show a progressive increase along the clinical

continuum in inferior temporal, occipital, and frontal regions. However,

the results reveal an intriguing progressive pattern of ParlPD value

reduction in the insular cortex and the superior temporal gyrus bilat-

erally. This distinct pattern of reduced ParlPD values in these regions

may reflect a combination of factors related to their structure, func-

tion, and vulnerability to neurodegenerative pathologies. Areas with

predominantly granular cortical layers,39,40 such as the superior tem-

poral gyrus, are characterized by more integrated minicolumns than

regions with dysgranular cortical layers, such as the insula. Further-

more, being regions involved in the processing of complex information,

they are characterized by neurons with extensive dendritic arboriza-

tions. Thismakes themvulnerable to the lossof long-range connectivity

during AD, in which the degeneration of associative pathways is an
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TORSO ET AL. 11 of 13

early hallmark.41,42 Previous studies have shown that ParlPD is sen-

sitive to damage in white matter tracts,11,12 and this reduction might

reflect a progressive deafferentation of the cortical regions.

Taken together, PerpPD+ emerged as the measure most useful for

investigating conversion toADwithin theMCI group.More specifically,

a PerpPD+ signature was used, representing a predefinedmeta-region

that includes cortical areas considered key in the progression of

AD.25

4.2 Risk prediction

The Kaplan–Meier survival analysis revealed that PerpPD+ signature

was a superior predictor of conversion to dementia compared to other

structural measures, such as HVF, CT signature, and CVF. Partici-

pants who were positive for PerpPD+ signature exhibited a median

survival time of ≈ 1.5 years earlier than those identified through

reduced hippocampal volume, 0.6 years earlier than those identified

through reduced CT signature, and 3.1 years earlier than those identi-

fied through reduced CVF, while the four measures had similar median

survival times in their neurodegeneration-negative groups.

The performance advantage of PerpPD+ signature may be

attributed to its ability to capture a broader spectrum of AD-

related changes in neocortical regions beyond the hippocampus, in

line with prior evidence11 indicating that increasing PerpPD+ detects

the widespread cortical damage across increasing Braak stages. In

contrast, hippocampal volume, while a robust marker for MCI and AD,

may primarily reflect localized damage and is likely more sensitive to

the presence—rather than progression—of AD pathology.

Regarding the CT signature and CVF, previous studies5 have shown

that cortical microstructural measures can predict macrostructural

cortical changes. This finding may explain the superior performance

of the PerpPD+ signature in predicting the progression from MCI to

dementia.

From a clinical perspective, the earlier detection of AD risk using

PerpPD+ signature could inform timely interventions and improve the

design of therapeutic trials aimed at slowing disease progression. As

shown by theKaplan–Meier curves, patientswith a clinical diagnosis of

MCIwho arePerpPD+ positive andnegative exhibit a significant differ-

ence in conversion risk evenwithin the first years of follow-up (median

conversion forMCI+ at 2.1 years vs. 6.7 years forMCI–). Depending on

the characteristics and objectives of a potential pharmacological treat-

ment, PerpPD+ positivity ornegativity could serveas avaluablemarker

for stratifying and selecting patientsmost suitable for a specific type of

intervention. For example, PerpPD+ positive patients, who are at high

risk of conversion within the next 2 years, might or might not be ideal

candidates for a disease-modifying treatment (DMT) targeting the

earliest stages of neurodegeneration (e.g., anti-amyloid treatments).

These patients could represent the most appropriate population for

treatments with a more symptomatic focus or for DMTs with tar-

gets more closely coupled to symptoms (e.g., anti-tau treatments or

treatments that aim to directly slow aspects of neurodegeneration).

Conversely, PerpPD+ negative patients might be the most promising

responders to DMTs focused on the earliest stages of a pathological

cascade.

It is also important to consider the utility of a multimodal diagnos-

tic approach to AD, in which combining biomarkers, such as amyloid

and tau biomarkers that reflect distinct aspects of disease pathology,

could enhance predictive accuracy, and/or could allow more granular

stratification. In a real-world memory clinic setting,20 microstructural

biomarkersof neurodegenerationprovedprognostically useful forMCI

cases whowere negative for amyloid and tau biomarkers.

While these findings offer important insights, there are limitations

to consider. The survival curve analysis was based on the classifica-

tion of participants into biomarker-positive and biomarker-negative

groups, which might oversimplify the continuous nature of these

measures. The small number of cases with amyloid and tau biomark-

ers available precluded consideration of the combination of these

biomarkers with the microstructural and macrostructural neurode-

generation biomarkers considered here. Furthermore, while PerpPD+

signature outperformed other macrostructural measures in this study,

the heterogeneity of the MCI population and differences in cortical

regional vulnerability warrant further exploration. For example, future

studies might further evaluate region-specific alteration patterns or

combine cortical diffusivity measures with other biomarkers such as

amyloid or tau PET to refine predictions.

4.3 Conclusion

In conclusion, this study demonstrates the value of cortical diffusiv-

ity as a biomarker for predicting conversion from MCI to dementia.

Its shorter median survival and superior performance compared to

macrostructural MRI measures emphasize the need to incorporate

cortical diffusivity assessments into clinical and research frame-

works aimed at understanding and managing AD progression. Further

research is needed to confirm these results in diverse cohorts and to

explore the combination of multiple biomarkers.

ACKNOWLEDGMENTS

The authors would like to acknowledge technical contributions from

Michele Valotti, and Ian Hardingham at Oxford Brain Diagnostics.

Data were provided by NACC. The investigators within the NACC

contributed to the design and implementation of NACC and/or pro-

vided data but did not participate in analysis or writing of this report.

The NACC database is funded by NIA/NIH Grant U24 AG072122.

NACC data are contributed by the NIA-funded ADCs: P50 AG005131

(PI James Brewer, MD, PhD), P50 AG005133 (PI Oscar Lopez, MD),

P50 AG005134 (PI Bradley Hyman, MD, PhD), P50 AG005136 (PI

Thomas Grabowski, MD), P50 AG005138 (PI Mary Sano, PhD), P50

AG005142 (PI Helena Chui, MD), P50 AG005146 (PI Marilyn Albert,

PhD), P50 AG005681 (PI John Morris, MD), P30 AG008017 (PI Jef-

frey Kaye, MD), P30 AG008051 (PI Thomas Wisniewski, MD), P50

AG008702 (PI Scott Small, MD), P30 AG010124 (PI John Trojanowski,

MD, PhD), P30 AG010129 (PI Charles DeCarli, MD), P30 AG010133

(PI Andrew Saykin, PsyD), P30 AG010161 (PI David Bennett, MD),

 15525279, 2025, 5, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.70310 by T

est, W
iley O

nline L
ibrary on [27/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12 of 13 TORSO ET AL.

P30 AG012300 (PI Roger Rosenberg, MD), P30 AG013846 (PI Neil

Kowall, MD), P30 AG013854 (PI Robert Vassar, PhD), P50 AG016573

(PI FrankLaFerla, PhD), P50AG016574 (PIRonaldPetersen,MD,PhD),

P30 AG019610 (PI Eric Reiman, MD), P50 AG023501 (PI BruceMiller,

MD), P50 AG025688 (PI Allan Levey, MD, PhD), P30 AG028383 (PI

Linda Van Eldik, PhD), P50 AG033514 (PI Sanjay Asthana, MD, FRCP),

P30 AG035982 (PI Russell Swerdlow, MD), P50 AG047266 (PI Todd

Golde, MD, PhD), P50 AG047270 (PI Stephen Strittmatter, MD, PhD),

P50 AG047366 (PI Victor Henderson, MD, MS), P30 AG049638 (PI

SuzanneCraft, PhD), P30AG053760 (PIHenryPaulson,MD,PhD), P30

AG066546 (PI Sudha Seshadri,MD), P20AG068024 (PI ErikRoberson,

MD, PhD), P20 AG068053 (PI Marwan Sabbagh, MD), P20 AG068077

(PI Gary Rosenberg, MD), P20 AG068082 (PI Angela Jefferson, PhD),

P30 AG072958 (PI Heather Whitson, MD), P30 AG072959 (PI James

Leverenz, MD). This work has not been supported by external funding.

CONFLICT OF INTEREST STATEMENT

SAC is a co-founder of a company, Oxford Brain Diagnostics, from

which he has received funding for the research and preparation of this

manuscript. MT, PK, and GR are currently employed at a company,

Oxford Brain Diagnostics. SAC has a patent (WO2016162682A1)

related to the diffusion MRI analysis used in the present study. Author

disclosures are available in the supporting information.

CONSENT STATEMENT

Informed written consent to take part in the study was collected from

all participants or their caregivers at each respective ADRC.

ORCID

Mario Torso https://orcid.org/0000-0002-5284-9167

GerardR. Ridgway https://orcid.org/0000-0002-7676-7860

REFERENCES

1. Davis M, O’Connell T, Johnson S, et al. Estimating Alzheimer’s dis-

ease progression rates from normal cognition through mild cog-

nitive impairment and stages of dementia. Curr Alzheimer Res.
2018;15(8):777-788. doi:10.2174/1567205015666180119092427

2. Jack Jr CR, Andrews JS, Beach TG, et al. Revised criteria for diagnosis

and staging of Alzheimer’s disease: Alzheimer’s Association Work-

group. Alzheimers Dement. 2024;20(8):5143-5169. doi:10.1002/alz.
13859

3. Hu Y, Cho M, Sachdev P, et al. Fluid biomarkers in the context of

amyloid-targeting disease-modifying treatments in Alzheimer’s dis-

ease.Med. 2024. doi:10.1016/j.medj.2024.08.004

4. Jack Jr CR, Bennett DA, Blennow K, et al. NIA-AA research frame-

work: toward a biological definition of Alzheimer’s disease. Alzheimers
Dement. 2018;14(4):535-562. doi:10.1016/j.jalz.2018.02.018

5. Torso M, Ridgway GR, Hardingham I, et al. In vivo detection of

changes related to cortical columnarorganization andneuroinflamma-

tion across the AD continuum. J Prev Alzheimers Dis. 2022;9:769-779.
doi:10.14283/jpad.2022.59

6. Yu X, Przybelski SA, Reid RI, et al. NODDI in gray matter is a sensitive

marker of aging and early AD changes. Alzheimer’s & Dementia: Diagno-
sis, Assessment & Disease Monitoring. 2024;16(3):e12627. doi:10.1002/
dad2.12627

7. Weston PS, Coath W, Harris MJ, et al. Cortical tau is associ-

ated with microstructural imaging biomarkers of neurite density

and dendritic complexity in Alzheimer’s disease. Alzheimers Dement.
2023;19(6):2750-2754. doi:10.1002/alz.13011

8. Vogt NM, Hunt JF, Adluru N, et al. Cortical microstructural alterations

in mild cognitive impairment and Alzheimer’s disease dementia. Cereb
Cortex. 2020;30(5):2948-2960. doi:10.1093/cercor/bhz286

9. Spotorno N, Strandberg O, Stomrud E, et al. Diffusion MRI tracks cor-

tical microstructural changes during the early stages of Alzheimer’s

disease. Brain. 2024;147(3):961-969. doi:10.1093/brain/awad428
10. Montal V, Vilaplana E, Alcolea D, et al. Cortical microstructural

changes along the Alzheimer’s disease continuum. Alzheimers Dement.
2018;14(3):340-351. doi:10.1016/j.jalz.2017.09.013

11. Torso M, Ridgway GR, Valotti M, Hardingham I, Chance SA, &

Alzheimer’s Disease Neuroimaging Initiative. In vivo cortical diffusion

imaging relates to Alzheimer’s disease neuropathology.Alzheimer’s Res
Ther. 2023;15(1):165. doi:10.1186/s13195-023-01309-3

12. McKavanagh R, Torso M, Jenkinson M, et al. Relating diffusion tensor

imaging measurements to microstructural quantities in the cerebral

cortex inmultiple sclerosis.HumBrainMapp. 2019;40(15):4417-4431.
doi:10.1002/hbm.24711

13. Torso M, Bozzali M, Zamboni G, JenkinsonM, Chance SA. Alzheimer’s

Disease Neuroimage Initiative. Detection of Alzheimer’s disease using

cortical diffusion tensor imaging. Hum Brain Mapp. 2021;42(4):967-
977. doi:10.1002/hbm.25271

14. Chance SA, Casanova MF, Switala AE, et al. Minicolumn thinning in

temporal lobe association cortex but not primary auditory cortex in

normal human ageing. Acta Neuropathol. 2006;111:459-464. doi:10.
1007/s00401-005-0014-z

15. Chance SA, Clover L, Cousijn H, et al. Microanatomical correlates of

cognitive ability and decline: normal ageing, MCI, and Alzheimer’s

disease. Cereb Cortex. 2011;21(8):1870-1883. doi:10.1093/cercor/
bhq264

16. van Veluw SJ, Sawyer EK, Clover L, et al. Prefrontal cortex cytoarchi-

tecture in normal aging andAlzheimer’s disease: a relationshipwith IQ.

Brain Struct Funct. 2012;217(4):797-808. doi:10.1007/s00429-012-
0381-x

17. TorsoM, Bozzali M, Cercignani M, JenkinsonM, Chance SA. Using dif-

fusion tensor imaging to detect cortical changes in fronto-temporal

dementia subtypes. Sci Rep. 2020;10(1):11237. doi:10.1038/s41598-
020-68118-8

18. Torso M, Ahmed S, Butler C, Zamboni G, Jenkinson M, Chance S.

Cortical diffusivity investigation in posterior cortical atrophy and typ-

ical Alzheimer’s disease. J Neurol. 2021;268(1):227-239. doi:10.1007/
s00415-020-10109-w

19. Torso M, Ridgway GR, Jenkinson M, Chance S. Frontotemporal Lobar

Degeneration Neuroimaging Initiative and the 4-Repeat Tau Neu-

roimaging Initiative (4RTNI). Intracortical diffusion tensor imaging

signatureofmicrostructural changes in frontotemporal lobar degener-

ation.Alzheimer’s Res Ther. 2021;13(1):180. doi:10.1186/s13195-021-
00914-4

20. Torso M, Fumagalli G, Ridgway GR, et al. Clinical utility of diffu-

sion MRI-derived measures of cortical microstructure in a real-world

memory clinic setting. Annals of Clinical and Translational Neurology.
2024;11(8):1964-1976. doi:10.1002/acn3.52097

21. Mencarelli L, Torso M, Borghi I, et al. Macro and micro struc-

tural preservation of grey matter integrity after 24 weeks of rTMS

in Alzheimer’s disease patients: a pilot study. Alzheimer’s Res Ther.
2024;16(1):152. doi:10.1186/s13195-024-01501-z

22. Fischl B. FreeSurfer. Neuroimage. 2012;62(2):774-781. doi:10.1016/j.
neuroimage.2012.01.021

23. Ridgway G, Torso M, Tzaferou D, et al. Prediction of longitudinal

change in CDR Sum of Boxes using a cortical microstructural AD sig-

nature from baseline diffusion MRI. 16th Conference Clinical Trials

Alzheimer’s Disease, October 24-27, 2023, Boston, MA, USA. J Prev
Alzheimers Dis. 2022;10(Supplement 1). 2023.

 15525279, 2025, 5, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.70310 by T

est, W
iley O

nline L
ibrary on [27/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-5284-9167
https://orcid.org/0000-0002-5284-9167
https://orcid.org/0000-0002-7676-7860
https://orcid.org/0000-0002-7676-7860
https://doi.org/10.2174/1567205015666180119092427
https://doi.org/10.1002/alz.13859
https://doi.org/10.1002/alz.13859
https://doi.org/10.1016/j.medj.2024.08.004
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.14283/jpad.2022.59
https://doi.org/10.1002/dad2.12627
https://doi.org/10.1002/dad2.12627
https://doi.org/10.1002/alz.13011
https://doi.org/10.1093/cercor/bhz286
https://doi.org/10.1093/brain/awad428
https://doi.org/10.1016/j.jalz.2017.09.013
https://doi.org/10.1186/s13195-023-01309-3
https://doi.org/10.1002/hbm.24711
https://doi.org/10.1002/hbm.25271
https://doi.org/10.1007/s00401-005-0014-z
https://doi.org/10.1007/s00401-005-0014-z
https://doi.org/10.1093/cercor/bhq264
https://doi.org/10.1093/cercor/bhq264
https://doi.org/10.1007/s00429-012-0381-x
https://doi.org/10.1007/s00429-012-0381-x
https://doi.org/10.1038/s41598-020-68118-8
https://doi.org/10.1038/s41598-020-68118-8
https://doi.org/10.1007/s00415-020-10109-w
https://doi.org/10.1007/s00415-020-10109-w
https://doi.org/10.1186/s13195-021-00914-4
https://doi.org/10.1186/s13195-021-00914-4
https://doi.org/10.1002/acn3.52097
https://doi.org/10.1186/s13195-024-01501-z
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021


TORSO ET AL. 13 of 13

24. Smith SM, JenkinsonM,WoolrichMW, et al. (2004). Advances in func-

tional and structural MR image analysis and implementation as FSL.

Neuroimage. 2004;23:S208-S219. doi:10.1016/j.neuroimage.2004.07.

051

25. Andersson JL, Sotiropoulos SN. An integrated approach to cor-

rection for off-resonance effects and subject movement in diffu-

sion MR imaging. Neuroimage. 2016;125:1063-1078. doi:10.1016/j.
neuroimage.2015.10.019

26. Benjamini Y, Hochberg Y, Controlling the false discovery rate: a practi-

cal and powerful approach to multiple testing. J R Stat Soc Series B Stat
Methodol. 1995;57(1):289-300.

27. Habibzadeh F, Habibzadeh P, Yadollahie M. On determining the

most appropriate test cut-off value: the case of tests with continu-

ous results.Biochemiamedica. 2016;26(3):297-307. doi:10.11613/BM.

2016.034

28. Ossenkoppele R, Pichet Binette A, Groot C, et al. Amyloid and tau

PET-positive cognitively unimpaired individuals are at high risk for

future cognitive decline. Nat Med. 2022;28(11):2381-2387. doi:10.
1038/s41591-022-02049-x

29. Groot C, Smith R, Collij LE, et al. Tau Positron Emission Tomography

for Predicting Dementia in Individuals With Mild Cognitive Impair-

ment. JAMA Neurol. 2024;81(8):845-856. doi:10.1001/jamaneurol.

2024.1612

30. Frisoni GB, Fox NC, Jack Jr CR, Scheltens P, Thompson PM. The

clinical use of structural MRI in Alzheimer disease. Nat Rev Neurol.
2010;6(2):67-77. doi:10.1038/nrneurol.2009.215

31. Lombardi G, Crescioli G, Cavedo E, et al. (2020). Structural mag-

netic resonance imaging for the early diagnosis of dementia due

to Alzheimer’s disease in people with mild cognitive impairment.

CochraneDatabase of Systematic Reviews. 2020;3(3):CD009628. doi:10.
1002/14651858.CD009628.pub2

32. Weston PS, Simpson IJ, Ryan NS, Ourselin S, Fox NC. Diffusion imag-

ing changes in grey matter in Alzheimer’s disease: a potential marker

of early neurodegeneration. Alzheimer’s Res Ther. 2015;7:1-8. doi:10.
1186/s13195-015-0132-3

33. Schuff N, Woerner N, Boreta L, et al. MRI of hippocampal vol-

ume loss in early Alzheimer’s disease in relation to ApoE genotype

and biomarkers. Brain. 2009;132(4):1067-1077. doi:10.1093/brain/
awp007

34. Gosche KM, Mortimer JA, Smith CD, Markesbery WR, Snowdon DA.

Hippocampal volume as an index of Alzheimer neuropathology: find-

ings from the Nun Study. Neurology. 2002;58(10):1476-1482. doi:10.
1212/WNL.58.10.1476

35. Colliot O, Chételat G, Chupin M, et al. Discrimination between

Alzheimer disease, mild cognitive impairment, and normal aging

by using automated segmentation of the hippocampus. Radiology.
2008;248(1):194-201. doi:10.1148/radiol.2481070876

36. Braak H, Braak E. Demonstration of amyloid deposits and neurofibril-

lary changes in whole brain sections. Brain Pathol. 1991;1(3):213-216.
doi:10.1111/j.1750-3639.1991.tb00661.x

37. Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Del Tredici K.

Staging of Alzheimer disease-associated neurofibrillary pathology

using paraffin sections and immunocytochemistry. Acta neuropathol.
2006;112(4):389-404. doi:10.1007/s00401-006-0127-z

38. Sørensen L, Igel C, Pai A, et al. Differential diagnosis of mild cogni-

tive impairment and Alzheimer’s disease using structural MRI cortical

thickness, hippocampal shape, hippocampal texture, and volume-

try. NeuroImage: Clinical. 2017;13:470-482. doi:10.1016/j.nicl.2016.
11.025

39. Bonthius DJ, Solodkin A, Van Hoesen GW. Pathology of the insu-

lar cortex in Alzheimer disease depends on cortical architecture. J
Neuropathol Exp Neurol. 2005;64(10):910-922. doi:10.1097/01.jnen.
0000182983.87106.d1

40. Cadwell CR, Bhaduri A, Mostajo-Radji MA, Keefe MG, Nowakowski

TJ. Development and arealization of the cerebral cortex. Neuron.
2019;103(6):980-1004. doi:10.1016/j.neuron.2019.07.009

41. Teipel S, Grothe MJ, Zhou J, et al. Measuring cortical connectivity in

Alzheimer’s disease as a brain neural network pathology: toward clin-

ical applications. J Int Neuropsychol Soc. 2016;22(2):138-163. doi:10.
1017/S1355617715000995

42. Serra L, Cercignani M, Mastropasqua C, et al. Longitudinal changes in

functional brain connectivity predicts conversion to Alzheimer’s dis-

ease. J Alzheimers Dis. 2016;51(2):377-389. doi:10.3233/JAD-150961

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: TorsoM, Khosropanah P, Chance SA,

RidgwayG. Predicting progression fromMCI to dementia using

cortical disarraymeasurement from diffusionMRI. Alzheimer’s

Dement. 2025;21:e70310. https://doi.org/10.1002/alz.70310

 15525279, 2025, 5, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.70310 by T

est, W
iley O

nline L
ibrary on [27/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.11613/BM.2016.034
https://doi.org/10.11613/BM.2016.034
https://doi.org/10.1038/s41591-022-02049-x
https://doi.org/10.1038/s41591-022-02049-x
https://doi.org/10.1001/jamaneurol.2024.1612
https://doi.org/10.1001/jamaneurol.2024.1612
https://doi.org/10.1038/nrneurol.2009.215
https://doi.org/10.1002/14651858.CD009628.pub2
https://doi.org/10.1002/14651858.CD009628.pub2
https://doi.org/10.1186/s13195-015-0132-3
https://doi.org/10.1186/s13195-015-0132-3
https://doi.org/10.1093/brain/awp007
https://doi.org/10.1093/brain/awp007
https://doi.org/10.1212/WNL.58.10.1476
https://doi.org/10.1212/WNL.58.10.1476
https://doi.org/10.1148/radiol.2481070876
https://doi.org/10.1111/j.1750-3639.1991.tb00661.x
https://doi.org/10.1007/s00401-006-0127-z
https://doi.org/10.1016/j.nicl.2016.11.025
https://doi.org/10.1016/j.nicl.2016.11.025
https://doi.org/10.1097/01.jnen.0000182983.87106.d1
https://doi.org/10.1097/01.jnen.0000182983.87106.d1
https://doi.org/10.1016/j.neuron.2019.07.009
https://doi.org/10.1017/S1355617715000995
https://doi.org/10.1017/S1355617715000995
https://doi.org/10.3233/JAD-150961
https://doi.org/10.1002/alz.70310

	Predicting progression from MCI to dementia using cortical disarray measurement from diffusion MRI
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Participants
	2.2 | MRI acquisition and image preprocessing
	2.3 | Cortical diffusivity analysis
	2.4 | Statistical analyses

	3 | RESULTS
	3.1 | Participant characteristics
	3.2 | Cortical diffusivity analysis: whole-brain and signature
	3.3 | Cortical diffusivity regional analysis
	3.4 | Survival analysis

	4 | DISCUSSION
	4.1 | Patterns of cortical alteration across clinical stages
	4.2 | Risk prediction
	4.3 | Conclusion

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


