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Abstract

INTRODUCTION: Magnetic resonance imaging (MRI) biomarkers are needed for

indexing early biological stages of Alzheimer’s disease (AD), such as plasma amyloid-β
(Aβ42/40) positivity in Aβ positron emission tomography (PET) negative individuals.

METHODS: Diffusion free-water (FW) MRI was acquired in individuals with normal

cognition (NC) and mild cognitive impairment (MCI) with Aβ plasma-/PET- (NC = 22,

MCI= 60), plasma+/PET- (NC= 5,MCI= 20), and plasma+/PET+ (AD dementia= 21)

biomarker status. Gray and white matter FW and fractional anisotropy (FAt) were

compared cross-sectionally and the relationships between imaging, plasma and PET

biomarkers were assessed.

RESULTS: Plasma+/PET- demonstrated increased FW (24 regions) and decreased

FAt (66 regions) compared to plasma-/PET-. FW (16 regions) and FAt (51 regions)

were increased in plasma+/PET+ compared to plasma+/PET-. Composite brain FW

correlated with plasma Aβ42/40 and p-tau181.
DISCUSSION: FW imaging changes distinguish plasma Aβ42/40 positive and negative
groups, independent of group differences in cognitive status, Aβ PET status, and other
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plasma biomarkers (i.e., t-tau, p-tau181, glial fibrillary acidic protein, neurofilament

light).

KEYWORDS

Alzheimer’s disease, amyloid, biomarker, diffusion, free-water, magnetic resonance imaging

Highlights

∙ Plasma Aβ42/40 positivity is associated with brain microstructure decline.

∙ Plasma+/PET- demonstrated increased FW in 24 total GM andWM regions.

∙ Plasma+/PET- demonstrated decreased FAt in 66 total GM andWM regions.

∙ Whole-brain FW correlated with plasma Aβ42/40 and p-tau181measures.

∙ Plasma+/PET- demonstrated decreased cortical volume and thickness.

1 BACKGROUND

Amyloid-β (Aβ) pathology is a hallmark of Alzheimer’s disease (AD)

and commonly regarded as the earliest preclinical indicator.1,2 In vivo

detection of Aβ can be achieved using fluid biomarkers such as reduced

(i.e., positive) Aβ42/40 ratio in plasma and positron emission tomog-

raphy (PET) imaging of cerebral Aβ deposition in the brain. Plasma

Aβ42/40 has emerged as a surrogate index formeasuring brain amyloi-

dosis andmay have important implications for screening and detection

of individuals at risk of AD and dementia. Several studies have now

shown that plasma Aβ42/40 by high-precision mass spectrometry

predicts Aβ PET status with high area-under-the-curve (AUC; range:

0.78–0.88).3–8

One emerging hypothesis is that a positive plasma Aβ42/40 test

in Aβ PET negative individuals could indicate an early stage of brain

amyloidosis and represent a biological risk factor for AD.4,9,10 Indi-

viduals with isolated plasma Aβ42/40 positivity (plasma+/PET-) at

baseline were found to have a 15-fold higher risk for converting

to Aβ PET positive at follow-up compared to those with concor-

dant negative plasma Aβ42/40 and Aβ PET (plasma-/PET-).4 Lower

baseline plasma Aβ42/40 has been associated longitudinally with

increased brain Aβ accumulation,11 cognitive decline,12 and dementia

risk.13 Developing in vivo neuroimaging biomarkers that are sensi-

tive to isolated plasma Aβ42/40 positivity is important because it

would enable better understanding of early disease pathophysiol-

ogy and foster new approaches to early diagnosis and monitoring of

progression.

Diffusion magnetic resonance imaging (MRI) has emerged as a reli-

able and noninvasive tool for in vivo detection and monitoring of

neurodegenerative changes in the brain.14–16 An advanced diffusion

postprocessing technique called free-water (FW) imaging uses a two-

compartmentmodel to separate extracellular and tissue-specific diffu-

sion properties.17 The approach incorporates a tissue-based operator

for modeling isotropic and anisotropic tensors and is advantageous for

measuring gray (GM) and white matter (WM) microstructure.18,19 The

model quantifies the fractional volume of isotropic FW, which is prin-

cipally found in the extracellular environment. The FW contribution

is then eliminated and the residual diffusion signal is used to deter-

mine fractional anisotropy specific to tissue compartment (FAt).17,20

Increased FW is sensitive to reduced tissue compartment volume

and inflammation surrounding brain parenchyma.17,19,21,22 Reduced

FAt relates to axonal demyelination and degeneration, while inflam-

mation and glial scarring surrounding tissue can lead to increased

anisotropy.16,23–25

Microstructural decline ofWM and GM is a common finding in neu-

rodegenerative conditions, including AD,26 Parkinson’s disease,15 and

aging.27 Increased FW of widespread WM tracts has been reported

in mild cognitive impairment (MCI) and AD compared to control

brains.28–30 Increased FW and decreased FAt values in medial tem-

poral WM tracts at baseline were found to associate with more rapid

longitudinal cognitive decline.31 FW changes in hippocampus, entorhi-

nal cortex, and nucleus basalis of Meynert are sensitive to early stages

MCI,26,32 and cortical FW was a strong predictor of longitudinal cog-

nitive decline in MCI.33 It is unknown, however, whether unique FW

or FAt patterns characterize individuals with isolated plasma Aβ42/40
positivity compared to those with normal plasma and PET Aβ status.
Such a finding would suggest that FW imaging can be leveraged for

evaluating pathophysiology during the earliest biological stages of AD.

This study enrolled participants with normal cognition (NC)

and mild cognitive impairment (MCI) with plasma Aβ42/40 nega-

tive/PET negative (plasma-/PET-) and Aβ42/40 positive/PET negative

(plasma+/PET-) status, as well as AD dementia participants with

Aβ42/40 positive/PET positive (plasma+/PET+) status. FW and

FAt were computed across 136 total GM regions and WM tracts

and compared cross-sectionally between groups. We tested the

primary hypothesis that isolated plasma Aβ42/40 positivity in the

plasma+/PET- group associates with increased FW and decreased FAt

in the brain compared to the plasma-/PET- group. We also assessed
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whether FW and FAt related to other plasma biomarkers, including

total tau (t-tau), phosphorylated tau181 (p-tau181), neurofilament

light (NfL), and glial fibrillary acidic protein (GFAP).

2 METHODS

2.1 Participants and data collection

Diffusion MRI data were acquired in 128 research participants from

the 1Florida Alzheimer’s Disease Research Center (ADRC). Two study

cohorts were included: an Aβ PET negative cohort of 107 partici-

pants without dementia (NC: n = 27; MCI: n = 80) and an Aβ PET

positive cohort of 21 participants with AD dementia. Cognitive sta-

tus was determined using the 1Florida ADRC diagnostic algorithm as

previously described.34 Demographic, cognitive, and biomarker mea-

sures were collected in all participants. The cognitive battery included

Clinical Dementia Rating-Sum of Boxes (CDR-SB),35 Hopkins Verbal

Learning Test – Revised (HVLT-R),36 and neuropsychological measures

of the National Alzheimer’s Coordinating Center Uniform Data Set

(NACC-UDS).37 The plasma biomarker panel included: Aβ42, Aβ40,
Aβ42/40 ratio, t-tau, p-tau181,NfL, andGFAP.Demographic, cognitive,

and biomarker data are provided in Table 1.

2.2 Plasma biomarker quantification methods

Blood samples were centrifuged immediately after draw and stored

at −80◦C. Plasma Aβ42/40 was determined by the Quest AD-Detect,

beta–amyloid 42/40 ratio, plasma test (Quest Diagnostics, San Juan

Capistrano, CA; test code: 11786), which uses high-throughput liquid

chromatography/tandem mass spectrometry (LC-MS/MS). MS-based

approaches have yielded improved classification between Aβ PET

negative and positive participants compared to immunoassays.6 An

initial clinical validation study of the Quest AD-Detect plasma test

demonstrated high AUC for differentiating Aβ PET positive from PET

negative individuals38 and comparable performance to other validated

MS-based assays.3–6 Other plasma biomarkers, including t-tau (N3PA

Advantage Kit, Item #101995), p-tau181 (pTau-181 Advantage V2 kit,

Item#103714), NfL andGFAP (Neurology 2-Plex B kit, Item#103520),

were analyzed using single-molecule array immunoassays (Quanterix

Corporation, Lexington, MA).39

2.3 Amyloid PET imaging

PET scans with [18F]florbetaben or [18F]florbetapir tracers were

acquired in all participants using a Siemens 16 Biograph PET/CT scan-

ner according to previously described methods.40 Following image

reconstruction, global amyloid status (+/-) was determined based on

visual inspection by an experienced rater (R.D.). In studies blinded to

diagnosis and cognitive status, R.D. and an independent, trained neu-

rologist have obtained high inter-rater reliability.40,41 Global cortical-

RESEARCH INCONTEXT

1. Systematic review: A review using available public

databases yielded no evidence that diffusion free-water

(FW) magnetic resonance imaging (MRI) has been used

to assess in vivo brain microstructure changes associated

with plasma amyloid-β (Aβ42/40) positivity in amyloid

positron emission tomography (PET) negative research

participants without dementia.

2. Interpretation: FW imaging changes distinguish plasma

Aβ42/40 positive and negative groups. Plasma Aβ42/40
positivity associates with increased extracellular FW and

decreased tissue FAt compared to those with normal

plasma and PET Aβ status. FW imaging is sensitive to

brain microstructure decline even when even when brain

Aβ PET reactivity is not adequate to achieve positivity

thresholds.

3. Future directions: FW imaging may provide noninvasive

readouts for monitoring early changes in AD pathophysi-

ology. Future longitudinal studies are critical for validat-

ing FW imaging as a tool for predicting and measuring

disease progression.

to-cerebellar standardized uptake value ratios (SUVR) were calculated

and transformed to Centiloid units for quantitative comparison.42

2.4 Plasma/PET status and group stratification

A receiver operating characteristic (ROC) analysis was used to assess

the concordance between plasma Aβ42/40 and Aβ PET status and

define the threshold for plasmaAβ42/40 positivity, as done in previous
studies.3–5 Youden index, calculated as max(sensitivity + specificity

- 1),43 was used to determine the optimal cut-point on the ROC

curve at which plasma Aβ42/40 maximized the classification of Aβ
PET negative and positive participants (cutpointr package in R, ver-

sion 4.2.2). A plasma Aβ42/40 ratio < 0.160 was considered positive

and yielded the maximum Youden index on the ROC curve, with

AUC = 0.9 (95% CI = 0.85–0.94), sensitivity = 1.0 (95% CI = 0.97–

1.0), specificity = 0.79 (95% CI = 0.71–0.87), and accuracy = 0.82

(95% CI = 0.77–0.89) (Figure 1). This level of concordance between

MS-based plasma Aβ42/40 and Aβ PET status is comparable to other

studies.3–6 Participants in the Aβ PET negative cohort were stratified,

independent of cognitive status (NC,MCI), into Aβ42/40 negative/PET
negative (plasma-/PET-, n = 82) and Aβ42/40 positive/PET negative

(plasma+/PET-, n = 25) groups. All participants in the Aβ PET posi-

tive cohort (n = 21) were found to have a concordant positive plasma

Aβ42/40 test (plasma+/PET+) (Table 1).
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TABLE 1 Participant demographic, cognitive, and biomarker characteristics.

(A) Aβ PET negative (B) Aβ PET positive

Parameter

Plasma-/

PET-

Plasma+/

PET- p
Plasma+/

PET+

vs plasma-/

PET- p
vs plasma+/

PET- p

N 82 25 – 21 – –

Age, y 71.1 (7.5) 74.7 (7.6) 0.197 70.8 (8.8) 0.886 0.162

Sex (M/F), n 35/47 11/14 0.907 11/10 0.464 0.653

Education, y 15.8 (3.3) 15.2 (3.5) 0.702 14.2 (3.4) 0.080 0.495

APOE ε4 (0/1+), n 65/15 16/9 0.197 12/9 0.023* 0.693

Cognitive status, NC/MCI/dementia 22/60/0 5/20/00 0.702 0/0/21 – –

CDR-SB 0.9 (1.1) 1.4 (1.1) 0.197 7.2 (3.6) 0.0003* 0.0005*

HVLT-R Total 21.8 (5.9) 19.5 (5.8) 0.230 10.8 (4.4) 0.0003* 0.0005*

HVLT-RDelayed 4.3 (4) 3.7 (4.2) 0.716 0.14 (0.5) 0.0003* 0.0009*

NACC-MoCA 23.8 (3.9) 21.7 (4.7) 0.197 13.6 (4.6) 0.0003* 0.0005*

NACC-LM-Immediate 11.6 (3.5) 10.1 (5.1) 0.230 3.6 (2.7) 0.0003* 0.0005*

NACC-LM-Delayed 10.1 (4) 8.4 (4.4) 0.199 1.1 (2.3) 0.0003* 0.0005*

NACC-CAT-ANIM 18 (5.1) 16.9 (6.3) 0.625 10.7 (4.5) 0.0003* 0.002*

NACC-CAT-VEG 11.3 (4.3) 10.8 (4.8) 0.742 5.5 (3.6) 0.0003* 0.0005*

NACC-VERB-F 12.7 (4.3) 12.1 (4.1) 0.716 10.2 (3.1) 0.021* 0.162

NACC-TRAIL-A 47.1 (22) 58.1 (27.5) 0.197 90.7 (33.1) 0.0003* 0.002*

NACC-TRAIL-B 111.7 (64.1) 142.2 (75.7) 0.197 269.9 (60.5) 0.0003* 0.0005*

Aβ42, pg/mL 72.7 (16.5) 53.5 (13.8) 0.002* 53.1 (12.5) 0.0003* 0.921

Aβ40, pg/mL 396.7 (72.2) 392.3 (90.7) 0.882 398.8 (76.6) 0.886 0.843

Aβ42/40 ratio 0.18 (0.02) 0.14 (0.02) 0.002* 0.13 (0.02) 0.0003* 0.584

t-tau, pg/mL 3.8 (1.2) 3.9 (1.3) 0.907 4.2 (1.8) 0.405 0.652

p-tau181, pg/mL 1.8 (0.9) 2.0 (0.6) 0.590 3.8 (1.5) 0.0003* 0.0005*

NfL, pg/mL 12.3 (7.4) 15.2 (7.8) 0.230 18.4 (9.0) 0.005* 0.272

GFAP, pg/mL 140.3 (67.7) 165.2 (102.6) 0.363 269.6 (124.2) 0.0003* 0.004*

PETGlobal SUVR 1.02 (0.09) 1.04 (0.09) 0.702 1.52 (0.24) 0.0003* 0.0005*

PET Centiloid 4.03 (14.5) 5.46 (14.2) 0.742 84.35 (43.9) 0.0003* 0.0005*

PET Status (-/+), n 82/0 25/0 – 0/21 – –

Note: Demographic, cognitive, andbiomarkermeasures for participants in the (A)AβPETnegative cohort (n=107) and (B)AβPETpositive cohort (n=21). The

Aβ PET negative cohort in Panel A is stratified by plasma Aβ42/40 status (negative: plasma-/PET-, n= 82; positive: plasma+/PET-, n= 25). All participants in

the AβPET positive cohortwere plasmaAβ42/40 positive. Observation frequencies are provided for categorical variables andmean (SD) values are provided

for continuous variables. FDR-corrected p-values are provided for nonparametric independent sample permutation tests (continuous variables) and Chi-

square tests (categorical variables).

Abbreviations: APOE ε4, apolipoprotein E ε4 allele; Aβ, plasma amyloid-β (42-residue isoform, 40-residue isoform, 42/40 ratio); CDR-SB, Clinical Dementia

Rating – Sum of Boxes; GFAP, glial fibrillary acidic protein; HVLT-R, Hopkins Verbal Learning Test-Revised (total and delayed recall); MCI, mild cogni-

tive impairment; NACC, National Alzheimer’s Coordinating Center – Uniform Data Set; NACC-CAT, categorical fluency test (animals and vegetables);

NACC-LM, logical memory test (immediate and delayed recall); NACC-MoCA, Montreal Cognitive Assessment; NACC-TRAIL, oral trail making test (parts

A and B); NACC-VERB-F, verbal fluency phonemic “F” test; NC, normal cognition; NfL, neurofilament light; PET, positron emission tomography; p-tau181,

phosphorylated tau 181; SUVR, standardized uptake value ratio; t-tau, total tau.

*significant group effect (pFDR < 0.05) for the contrast of interest.

2.5 MRI acquisition

MRI scans were acquired on a 3T Siemens Magnetom Skyra scan-

ner with a 20-channel head/neck coil. The MRI panel included vol-

umetric T1-weighted and diffusion-weighted MRI scans. T1 scans

were acquired using a magnetization-prepared rapid gradient-echo

(MPRAGE) sequence with the following parameters: repetition time

(TR)=1380ms, echo time (TE)=3.03ms, slices=176, gap=0mm, res-

olution = 1 mm isotropic. The diffusion acquisition protocol included

an echo planar imaging (EPI) sequence with the following parameters:

directions=64, TR=9000ms, TE=90ms, slices=64, gap=0mm, res-

olution = 2 mm isotropic, b-value = 1000 s/mm2, b0 images = 1. Raw
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F IGURE 1 Relationship between plasma amyloid-β (Aβ42/40) and Aβ positron emission tomography (PET). (A) Grouped strip plots
representing individual plasma Aβ42/40measurements and groupsmeans (horizontal black lines) in plasma-/PET- (dark gray: -/-), plasma+/PET-
(light gray:+/-), and plasma+/PET+ (white:+/+) groups. Statistical denotations for nonparametric independent samples permutation tests: **
pFDR <= 0.01, *** pFDR <= 0.001. (B) Grouped Aβ PET Centiloid units by plasma Aβ42/40 using the same group color scheme as in plot A. An
outlier data point from a single participant in the plasma+/PET+ groupwas censored for improved visualization but was included in all analyses
(PET Centiloid= 230, plasma Aβ42/40= 0.138). The horizontal dashed lines in plots A and B represent the cut-point for separating plasma
Aβ42/40 positive (< 0.16) and negative participants. (C) Receiver operating characteristic (ROC) area-under-the-curve (AUC) showing the
correspondence between plasma Aβ42/40 and Aβ PET status (+/-).

T1 and diffusion images were visually inspected and confirmed to be

devoid of acquisition artifacts, including incomplete whole-brain cov-

erage, magnetic field inhomogeneities and signal distortions, and overt

pathological lesions.

2.6 MRI processing

2.6.1 T1 image processing

T1 image processing was performed using an automated recon-

struction pipeline in FreeSurfer (version 7.1.0: https://surfer.nmr.

mgh.harvard.edu) and included skull stripping, intensity normaliza-

tion, subcortical segmentation, cortical parcellation, and region-of-

interest (ROI) labeling. Cortical volume and thickness measures

were calculated in 68 total ROIs (34 bihemispheric) using the

Desikan–Killiany atlas.44 Volumetric-only measures were also cal-

culated in 19 ROIs using the FreeSurfer subcortical segmenta-

tion map (five midline, seven bihemispheric). Volumetric measures

from each region were divided by estimated total intracranial vol-

ume to account for variability in head size.45 Reconstructed out-

put files were visually inspected to rule out and troubleshoot

errors in cortical parcellation and subcortical segmentation prior to

analysis.

2.6.2 Diffusion FW image processing

Diffusion image processing was fully automated using FMRIB Soft-

ware Library (FSL) (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki), Advanced

Normalization Tools (ANTs) (http://stnava.github.io/ANTs/), and cus-

tom Linux shell and MATLAB (MathWorks, Natick, MA) scripts. Image

distortions due to eddy currents and head motion were corrected

using affine transformations and the gradient directions were rotated

to account for these corrections. Nonbrain tissue was removed using

FSL Brain Extraction Tool. FW and FAt maps were calculated in MAT-

LAB from the corrected diffusion-weighted volumes using a bitensor

model.17 The bitensor model uses a minimization procedure to quan-

tify the fractional volume of FWwithin each voxel. The predicted signal

attenuation due to FW partial volume is then removed to produce a

set of corrected tissue-specific diffusion tensors. The corresponding

diffusion tensors were used to calculate FAt using FSL DTIFIT. FW

and FAt maps were normalized to Montreal Neurological Institute

(MNI) space using a nonlinear warping procedure in ANTs. The dif-

fusion pipeline included an automated quality assurance procedure

for all data processing steps. Visual inspection was performed on all

normalized FW and FAtmaps.

FW and FAt were calculated in 136 total ROIs. GM ROIs included

96 regions (twomidline, 47 bihemispheric) from theMayo Clinic Adult

Lifespan Template (MCALT; https://www.nitrc.org/projects/mcalt/).46

Eight additional ROIs (four bihemispheric) comprising the magnocellu-

lar cell groups of the basal forebrain were included and derived from

a probabilistic mapping study.47 Basal forebrain ROIs included cell

groupswithin the septum (Ch1-2), horizontal limb of the diagonal band

(Ch3), sublenticular nucleus (Ch4; nucleus basalis of Meynert), and

posterior portion of the sublenticular nucleus (Ch4p). The anatomical

distribution of GM ROIs included frontal/forebrain, temporal, parietal,

occipital, limbic, and subcortical parcellations. WM ROIs included 32

tract regions from the Transcallosal Tract Template (TCATT).28 TCATT

includes commissural tracts emerging from 12 prefrontal, 6 frontal,

3 temporal, 5 parietal, and 6 occipital cortical origins and was devel-

oped using a high-resolution slice-level postprocessing tractography

technique.28 ROIs were selected based on previous application to

AD and MCI studies28,32,48 and because the combination of differ-

ent atlases afforded comprehensive coverage of diverse brain regions,

tissue types, andmicrostructural environments.

https://surfer.nmr.mgh.harvard.edu
https://surfer.nmr.mgh.harvard.edu
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
http://stnava.github.io/ANTs/
https://www.nitrc.org/projects/mcalt/
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2.7 Statistical analysis

2.7.1 Cross-sectional imaging analysis

Volumetric, thickness, FW, and FAt measures for each ROI were

compared cross-sectionally betweenplasma-/PET-, plasma+/PET-, and

plasma+/PET+ groups using a nonparametric permutation analysis of

covariance (ANCOVA) model in R (version 4.2.2, lmperm library). Vol-

umetric group-level effects were corrected for false discovery rate

(FDR) across 87 cortical and subcortical GM ROIs. Cortical thickness

group-level effects were FDR-corrected across 64 cortical GM ROIs.

FW and FAt group-level effects were FDR-corrected across ROIs, sep-

arately for GM (104 tests for both FW and FAt) and WM (32 tests

for both FW and FAt). Each model was covaried for age, sex, educa-

tion, and apolipoprotein E (APOE) ε4 status and considered significant

at pFDR < 0.05. Group-level main effects were decomposed posthoc

using Tukey’sHSDmethodwith familywise error (FWE) correction and

considered significant at pFWE < 0.05.

2.7.2 Composite imaging and correlation analysis

A correlation analysis was performed to examine the relationship

between diffusion imaging measures (FW, FAt) and other biomark-

ers, including Aβ42/40, t-tau, p-tau181, NfL, and GFAP in plasma, as

well as PET Centiloid units. The average value for each imaging met-

ric (FW, FAt) by tissue type (104 GM ROIs, 32WM ROIs) combination

was calculated for each participant, producing four composite imaging

scores (i.e., GM FW, GM FAt, WM FW, WM FAt). Composite imaging

scores were compared cross-sectionally using nonparametric permu-

tation ANCOVA models, covaried for age, sex, education, and APOE

ε4 status. Group main effects (pFDR < 0.05) were decomposed posthoc

using Tukey’s HSD method and considered significant at pFWE < 0.05.

Partial nonparametric Spearman’s rank correlations were computed

between composite imaging scores and other biomarkers and adjusted

for effects of age, sex, education, and APOE ε4 status. For each com-

posite imaging score, correlation effectswereFDR-corrected across all

biomarker measures and considered significant at pFDR < 0.05.

3 RESULTS

3.1 Cross-sectional regional volume and thickness

The ANCOVA model of T1 cortical and subcortical volume yielded

significant group effects for 32 of 87 GM ROIs (all pFDR < 0.05). The

plasma+/PET- group demonstrated significantly reduced volumes

compared to plasma-/PET- in 5 of 32 ROIs, including temporal pole,

amygdala, and putamen (meanCohen’s d=−0.65; all pFWE < 0.05). The

spatial extent of volumetric decline was greater in the plasma+/PET+

group, with significantly reduced volumes compared to plasma-/PET-

in 30 of 32 ROIs (mean Cohen’s d = −0.94; all pFWE < 0.05). This

included ROIs across frontal, temporal, parietal, occipital, limbic, and

subcortical areas. The plasma+/PET+ group also demonstrated signif-

icantly reduced volumes in 16 of 32 ROIs compared to plasma+/PET-

(mean Cohen’s d=−0.85; all pFWE < 0.05), including frontal, temporal,

parietal, limbic, and subcortical areas. The group means and effects

sizes for significant ROI effects are provided in Table S1.

The ANCOVA model of T1 cortical thickness yielded significant

groupeffects for 20of 68GMROIs (all pFDR <0.05). Theplasma+/PET-

group demonstrated significantly reduced thickness compared to

plasma-/PET- in7of 20ROIs (meanCohen’sd=−0.72; allpFWE <0.05),

including temporal cortex, insula, and fusiform. The plasma+/PET+

group demonstrated significantly reduced T1 thickness compared to

plasma-/PET- in all 20 ROIs (mean Cohen’s d = −1.0; all pFWE < 0.05)

and in 9 of 20 ROIs compared to plasma+/PET- (mean Cohen’s

d=−0.8; all pFWE < 0.05). The effects for both cross-sectional compar-

isons were largely localized to left and right temporal cortical regions,

insula, and entorhinal cortex (Table S2).

3.2 Cross-sectional regional FW and FAt effects

TheANCOVAmodel forGMFWyielded significant groupeffects for70

of 104 ROIs (all pFDR < 0.05) (Figure 2A, Table S3). The plasma+/PET-

group demonstrated significantly increased FW compared to plasma-

/PET- in 22 of 70 ROIs (mean Cohen’s d = 0.8; all pFWE < 0.05). Key

ROIs included hippocampus, basal forebrain (Ch1-2, Ch3), and supe-

rior, middle, and inferior temporal regions. FW was also increased in

parietal, occipital, and limbic regions. FW in the plasma+/PET+ group

was significantly increased compared to plasma-/PET- in 65 of 70 ROIs

across frontal, basal forebrain, temporal, parietal, occipital, limbic, and

subcortical areas (meanCohen’s d=0.82; all pFWE <0.05). FWwas also

significantly increased in plasma+/PET+ compared to plasma+/PET-

in 11 of 70 ROIs that included hippocampus and Ch4 region of the

basal forebrain (nucleus basalis of Meynert) (mean Cohen’s d = 0.53;

all pFWE < 0.05).

The ANCOVA model for WM FW yielded significant group effects

for 16 of 32 ROIs (all pFDR < 0.05) (Figure 2B, Table S4). The

plasma+/PET- group demonstrated significantly increased FW com-

pared to plasma-/PET- in 2 of 16 ROIs, including inferior tempo-

ral and lingual tracts (mean Cohen’s d = 0.68; all pFWE < 0.05).

FW in the plasma+/PET+ group was significantly increased com-

pared to plasma-/PET- in all 16 ROIs, including prefrontal, frontal,

temporal, parietal, and occipital tracts (mean Cohen’s d = 0.85; all

pFWE < 0.05). FW was also significantly increased in plasma+/PET+

compared to plasma+/PET- in 5 of 16 ROIs that included tempo-

ral, parietal, and occipital tracts (mean Cohen’s d = 0.47; all pFWE <

0.05).

The ANCOVA model for GM FAt yielded significant group effects

for 50 of 104 GM ROIs (all pFDR < 0.05) (Figure 3A, Table S5). The

plasma+/PET- group demonstrated significantly reduced FAt com-

pared to plasma-/PET- in 42 of 50 ROIs (mean Cohen’s d = −0.64;

all pFWE < 0.05). Several key ROIs included the Ch4p region

of the basal forebrain and superior and middle temporal cortex.

Other ROIs included parietal, occipital, limbic, and subcortical areas.
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F IGURE 2 Significant free-water (FW) group effects. Spatial maps representing significant FW group effects in gray (A) andwhite matter (B)
regions of interest (ROIs). Red and blue colors represent increased and decreased FW, respectively, for the contrast of interest (* pFWE < 0.05). The
color scale represents the Cohen’s d effect size for the contrast of interest. Exemplar bar plots representing themean FWvalues for plasma-/PET-
(dark gray: -/-), plasma+/PET- (light gray:+/-), and plasma+/PET+ (white:+/+) groups are provided for select ROIs for each spatial map. Error bars
represent the standard error of themean. Statistical denotations for Tukey contrasts: * pFWE <= 0.05, ** pFWE <= 0.01, *** pFWE <= 0.001, ****
pFWE <= 0.0001. The significant contrasts for individual graymatter (GM) andwhite matter (WM) ROIs are provided in Tables S3–4. PET, positron
emission tomography.

The plasma+/PET+ group demonstrated significantly increased FAt

compared to plasma-/PET- in one ROI in the Ch4p region of the

basal forebrain (Cohen’s d = 0.69, pFWE = 0.02). The plasma+/PET+

group also demonstrated significantly increased FAt compared to

plasma+/PET- in 38 of 50 ROIs, which includedCh4 region of the basal

forebrain, entorhinal cortex, and superior and middle temporal cortex

(mean Cohen’s d= 0.96; all pFWE < 0.05).

The ANCOVA model for WM FAt yielded significant group effects

for 25 of 32 WM ROIs (all pFDR < 0.05) (Figure 3B, Table S6). The

plasma+/PET- group demonstrated significantly reduced FAt com-

pared to plasma-/PET- in 23 of 25 ROIs, including prefrontal, frontal,

temporal, parietal, and occipital tracts (mean Cohen’s d = −0.73; all

pFWE < 0.05). No significant FAt differences were detected between

plasma+/PET+ and plasma-/PET-. The plasma+/PET+ group demon-

strated significantly increased FAt compared to plasma+/PET- in 13

of 32 ROIs, including prefrontal, frontal, parietal, and temporal tracts

(mean Cohen’s d= 0.73; all pFWE < 0.05).

3.3 Correlation analysis: Composite imaging and
plasma biomarkers

The results from the ANCOVA models for composite imaging scores

are shown in Figure 4A. As expected, based on the cross-sectional

results, significant group effects were uncovered for each com-

posite imaging score (GM FW, GM FAt, WM FW, WM FAt) (all

pFDR < 0.05). Composite GM FW scores were significantly increased

in the plasma+/PET- and plasma+/PET+ groups compared to

plasma-/PET- (meanCohen’s d= 0.81; all pFWE < 0.05), whereas no dif-

ferences were observed between plasma+/PET- and plasma+/PET+.
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F IGURE 3 Significant free-water-corrected fractional anisotropy (FAt) group effects. Spatial maps representing significant FAt group effects
in gray (A) andwhite matter (B) regions-of-interest (ROIs). Blue colors represent decreased FAt for the contrast of interest (* pFWE < 0.05). The
color scale represents the Cohen’s d effect size for the contrast of interest. Exemplar bar plots representing themean FAt values for plasma-/PET-
(dark gray: -/-), plasma+/PET- (light gray:+/-), and plasma+/PET+ (white:+/+) groups are provided for select ROIs for each spatial map. Error bars
represent the standard error of themean. Statistical denotations for Tukey contrasts: * pFWE <= 0.05, ** pFWE <= 0.01, *** pFWE <= 0.001. The
significant contrasts for individual graymatter (GM) andwhite matter (WM) ROIs are provided in Tables S5–6. PET, positron emission tomography.

Composite WM FW scores were significantly increased in the

plasma+/PET+ group compared to plasma-/PET- (Cohen’s d = 0.77;

pFWE < 0.05), whereas no differences were observed between

plasma+/PET- and plasma-/PET- or between plasma+/PET+ and

plasma+/PET- groups. Composite FAt scores in both GM and WM

were significantly decreased in the plasma+/PET- group compared

to both plasma-/PET- and plasma+/PET+ groups (mean Cohen’s

d = −0.83; all pFWE < 0.05), whereas no differences were observed

between plasma-/PET- and plasma+/PET+ groups.

In the partial correlation analysis, composite FW scores in GM and

WM yielded significant inverse correlations with plasma Aβ42/40 (all

rho < −0.28; all pFDR = 0.006) and positive correlations with p-tau181

(all rho > 0.35; all pFDR < 0.001) (Figure 4B, Table 2). Composite FW

scores inGMandWMwere not significantly correlatedwith t-tau, NfL,

GFAP, or PET Centiloid units. The correlation between composite GM

FW and plasma NfL approached significance (rho = 0.22, pFDR = 0.05).

Composite FAt scores inGMandWMwere not significantly correlated

with other biomarkers (Table 2).

4 DISCUSSION

The primary aim of this study was to evaluate diffusion microstruc-

ture changes associatedwith isolatedplasmaAβ42/40positivity,which
has emerged as a potential early biological indicator of AD. A salient

finding was that the plasma+/PET- (isolated plasma Aβ42/40 posi-

tivity) group demonstrated significantly increased FW and decreased

FAt in the brain compared to the plasma-/PET- (normal biomarker)

group. In prior studies, FW imaging changes in GM and WM have

associated with early stages of MCI in individuals with mixed Aβ
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F IGURE 4 Composite imaging scores and correlation plots. (A) Grouped boxplots with overlaid strip plots representing the average (i.e.,
composite) free-water (FW) (top panel) and FW-corrected fractional anisotropy (FAt) (bottom panel) scores in graymatter (GM) (left panel) and
white matter (WM) (right panel) for plasma-/PET- (dark gray: -/-), plasma+/PET- (light gray:+/-), and plasma+/PET+ (white:+/+) groups. Error
bars represent theminimum tomaximum data points. An outlier compositeWMFAt score from a single participant in the plasma+/PET- group
was censored for improved visualization but was included in all analyses. Statistical denotations for Tukey contrasts:* pFWE <= 0.05, **
pFWE <= 0.01, *** pFWE <= 0.001, **** pFWE <= 0.0001. (B) Grouped correlation plots for composite FW scores in GM (top panel) andWM
(bottom panel) with plasma Aβ42/40 (left panel) and p-tau181 (right panel). Individual values are encoded using the same group color scheme as in
plot A. Vertical black dashed lines represent the cut-point for separating plasma Aβ42/40 positive (< 0.16) and negative participants, as
determined by the receiver operating characteristic (ROC)-Youden analysis. Shaded gray areas represent the 95% confidence interval on the
regression estimate (solid black line). PET, positron emission tomography.

PET status.26,32 The current findings are novel and important in that

they indicate that abnormal plasma Aβ42/40 deviations in participants
without dementia associates with quantifiable changes in the tissue

and extracellular microstructural environments, even when brain Aβ
PET reactivity is not adequate to achieve positivity thresholds. FW

and FAt changes reflect different biological processes. Increased FW is

sensitive to increasedneuroinflammation,which affects the partial vol-

ume of extracellular environment surrounding brain parenchyma.19,21

Reduced FAt indicates axonal degeneration and/or demyelination,

which affects the organization and diffusion properties of the tissue

microstructure.24

The inclusion of the plasma+/PET+ group provided an avenue to

cross-sectionally examine the relationship between imaging and bio-

logical Aβ status. Several key ROIs emerged in the cross-sectional

analysis for GM. Compared to the plasma-/PET- group, FW was

increased in the plasma+/PET- group in right hippocampus, left and

right basal forebrain (Ch1-2 and Ch3), and left and right temporal cor-

tex. In the plasma+/PET+ group, increased FW effects extended to

bilateral hippocampus andbasal forebrain regionsCh1-2,Ch3, andCh4

(nucleus basalis of Meynert) compared to the plasma-/PET- group and

bilateral Ch4 compared to the plasma+/PET- group. Microstructural

decline in these regions has previously been shown in the early stages

of MCI, and increased FW has been found to relate to greater cogni-

tive diagnosis severity.26,32,33 In transcallosal WM tracts (TCATT), the

spatial extent of FW effects similarly tracked Aβ status (plasma-/PET-

< plasma+/PET-< plasma+/PET+). FWwas increased in temporal and

occipital tracts in the plasma+/PET- group and extended to prefrontal,

frontal, temporal, parietal, and occipital tracts in the plasma+/PET+

group. Previous cross-sectional studies have found that increased

FW across widespread WM tracts relates to worsened cognitive
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TABLE 2 Correlations between diffusion imaging, plasma, and PET biomarkers.

Aβ42/40 t-tau p-tau181 NfL GFAP PET Centiloid

FW (GM) −0.298 (0.006)* 0.006 (0.95) 0.385 (< 0.001)* 0.22 (0.05) 0.145 (0.246) 0.11 (0.342)

FW (WM) −0.286 (0.006)* 0.054 (0.575) 0.35 (< 0.001)* 0.174 (0.134) 0.13 (0.287) 0.095 (0.388)

FAt (GM) 0.097 (0.592) −0.042 (0.809) −0.038 (0.809) −0.129 (0.592) 0.002 (0.99) 0.150 (0.529)

FAt (WM) 0.118 (0.430) −0.021 (0.819) −0.154 (0.430) −0.133 (0.430) −0.035 (0.819) 0.076 (0.585)

Aβ42/40 1 −0.129 (0.17) −0.391 (< 0.0001)* −0.281 (0.001)* −0.228 (0.018)* −0.329 (0.001)*

t-tau – 1 0.188 (0.074) 0.293 (0.006)* 0.187 (0.074) 0.202 (0.074)

p-tau181 – – 1 0.566 (< 0.0001)* 0.444 (< 0.0001)* 0.396 (< 0.0001)*

NfL – – – 1 0.466 (< 0.0001)* 0.186 (0.059)

GFAP – – – – 1 0.398 (< 0.0001)*

PET Centiloid – – – – – 1

Note: Partial Spearman’s rank correlation coefficients (associated FDR-corrected p-values) between composite diffusion imaging scores (FW, FAt), plasma

biomarkers and Aβ PET Centiloid units, corrected for potential confounding effects of age, sex, education, and APOE status.

Abbreviations: Aβ42/40, plasma amyloid-β 42/40 ratio; FAt, free-water-corrected fractional anisotropy; FW, free-water; GFAP, glial fibrillary acidic protein;

GM, graymatter; NfL, neurofilament light; p-tau181, phosphorylated tau 181; t-tau, total tau;WM, whitematter.

Significant partial correlations (pFDR < 0.05) are denoted using bold font and asterisks(*).

status.28,30 The current findings indicate that FW changes to hip-

pocampus, basal forebrain, temporal cortex, and transcallosal WM are

also sensitive to early deviations in plasma Aβ42/40 and relate to

differences in Aβ biological status.
Another key finding was the U-shaped pattern in GM and WM

FAt, with reduced FAt in the plasma+/PET- group compared to both

plasma-/PET- and plasma+/PET+ groups. Using a differentmethod for

FW partial volume correction, a similar pattern was recently reported

for cortical GM mean diffusivity in cognitively normal individuals

with CSF Aβ42 positive/p-tau negative status compared to individu-

als with concordant negative and concordant positive CSF Aβ42/p-tau
status.49 One possible explanation for our finding is that increased tis-

sue atrophy in the plasma+/PET+ group allows for more FW to diffuse

within interstitial spaces, where reactive astrocytes assemble around

the injury site and can lead to an increase in tissue anisotropy.16,24,50

This explanation conforms to the widespread reduction in cortical

volume and thickness measures, as well as the increase in neuronal

degeneration (NfL)51 and neuroinflammation (GFAP)52 biomarkers in

the plasma+/PET+ group.

The correlation analysis between composite imaging scores and

plasma biomarkers provides insight into the pathological mecha-

nisms driving the increase in total brain FW. Composite FW scores

in both GM and WM were comparable between the plasma+/PET-

and plasma+/PET+ groups and did not correlate with Aβ PET Cen-

tiloid units. This indicates that the increase in total brain FW was not

directly related to total brain Aβ or Aβ PET status. Composite FW

scores in both GM andWM yielded an inverse correlation with plasma

Aβ42/40 and a positive correlation with p-tau181. Plasma Aβ42/40
ratios were comparable between plasma+/PET- and plasma+/PET+

groups, which is consistent with the finding that plasma Aβ42/40
reaches a plateau early in the AD continuum.53,54 This may suggest

that increasing pathological insult in the brains of plasma+/PET+ indi-

viduals, such as tau phosphorylation, could lead to FW exacerbation

effects. Concentrations of p-tau181were increased significantly in the

plasma+/PET+ group and correlated positivelywithGFAP, NfL, andAβ
PET Centiloid units. The increased p-tau181 between plasma+/PET-

and plasma+/PET+ stages supports previous findings that p-tau mea-

sures associate with increased Aβ pathological load and cognitive

diagnosis severity.53,55–58 The positive correlation between FW and p-

tau181 extends findings fromprevious studies. In brains of ADpatients

for example, FW correlated positively with 18F-THK5351 PET, which

targets tau aggregation and astrogliosis-related neuroinflammation.59

In another study, regional tau PET SUVRs and FW in entorhinal cor-

tex and parahippocampal gyrus were positively correlated in MCI

and AD participants.33 It is also important to consider the poten-

tial contribution of early tau pathology on microstructural decline in

the plasma+/PET- group. Although group-level p-tau181 in plasma-

/PET- and plasma+/PET- groups did not significantly differ, several

participants in both groups had p-tau181 measures that exceeded the

positivity cut-point according to healthy normative data in a recent

study.60

FW imaging has emerged as a clinically relevant tool for tracking

progression of neurodegenerative disease. For example, FW is reli-

ably increased in substantia nigra over a 1-year period in patients with

Parkinson’s disease and predicts subsequent progression of motor and

cognitive impairment.15,16,61–63 The results from this study provide

cross-sectional insight into brain microstructure effects that asso-

ciate with early biological indicators of AD, such as isolated plasma

Aβ42/40positivity, and howFWrelates to plasmabiomarkers at differ-

ent biological stages of disease severity. FW imagingmay have utility in

predicting andmonitoring the conversion fromAβPETnegative to pos-
itive or future cognitive decline. However, it is important to recognize

that not all plasma+/PET- individuals studied here (Aβ42/40 < 0.160)

will become Aβ PET positive or progress to dementia over time. In
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the study by Schindler et al.,4 for example, only 7 of 23 Aβ PET

negative participants with a positive baseline plasma Aβ42/40 test

(Aβ42/40 < 0.1218) converted to Aβ PET positive during the 5.2 ± 2.1

year follow-up period. Plasma Aβ42/40 positive participants, however,
were at significantly increased risk for conversion compared to those

with concordant negative plasma Aβ42/40 and Aβ PET measures. It

is also important to consider the possibility that NC and MCI partic-

ipants with a negative plasma Aβ42/40 test could develop abnormal

Aβ biomarkers or experience future cognitive decline. In the study by

Hanon et al.,13 18% ofMCI participants in the highest plasma Aβ42/40
quartile (Aβ42/40 > 0.169) converted to dementia (95% AD) within 3

years. Large-sample longitudinal assessments are needed to determine

the imagingmeasures andROIs that holdmost promise for early in vivo

clinical detection of AD and predicting progression.

This study has several limitations. One consideration is the method

for determining plasma Aβ42/40 status and separating Aβ PET nega-

tive subgroups (i.e., plasma+/PET- < 0.160 ≤ plasma-/PET-). Despite

high overall agreement between plasma Aβ42/40 and Aβ PET status

in this study and others (AUC range: 0.8–0.9),3–5,8 the determined

cut-point for plasma Aβ42/40 positivity is variable and subject to

differences in sample size and biomarker characteristics. There is a

continued need to develop reliable thresholds for plasma Aβ42/40
“positivity,” which will better enable cross-study comparisons. Sec-

ond, Aβ PET status was determined by visual inspection, leading

to a relatively higher reference standard for defining PET positiv-

ity compared to using PET Centiloid units.8,64 Third, this study does

not rule out secondary pathological causes of brain microstructure

decline and cognitive impairment, particularly in the plasma+/PET-

group. The data from this study support the position that FW imag-

ing distinguishes groups with positive and negative plasma Aβ42/40,
independent of significant group differences in cognitive status, cogni-

tive performance measures, Aβ PET status/Centiloid/SUVR, and other

plasmabiomarkers (i.e., t-tau, p-tau181,GFAP,NfL). Future studiesmay

include additional biomarkers and be better powered to decompose

ADand non-ADpathological underpinnings ofmicrostructure and cog-

nitive decline in plasma+/PET- individuals. A final consideration is that

this study lacks longitudinal assessment of imaging and biological dis-

ease severity, which will be important for demonstrating the reliability

and potential clinical utility of FW imaging.

In conclusion, plasma Aβ42/40 positivity in participants without

dementia associates with FW and FAt abnormalities in widespread

GM regions and WM tracts. This represents a novel finding that FW

imaging is sensitive to early stages of brain microstructure decline,

even when brain Aβ reactivity is not adequate to achieve PET posi-

tive status. FW effects were exacerbated in the plasma+/PET+ group,

whereas a general U-shaped FAt pattern was observed across plasma-

/PET-, plasma+/PET-, and plasma+/PET+ groups. We also found that

increasedbrainFWrelated toworsenedplasmaAβ42/40andp-tau181
measures. With further testing, FW imaging may have clinical utility

formonitoring early changes inADpathophysiology, predicting disease

progression, and evaluating therapeutic effects in early-stage trials

that recruit participants using high-precision plasma assays.
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