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Abstract: 41 

Alzheimer’s disease and cerebral amyloid angiopathy are characterized by the accumulation 42 

of amyloid-β (Aβ) species, yet the human fluid-physiological mechanisms that regulate 43 

soluble Aβ transport and clearance remain poorly understood. Aβ40, the dominant vascular 44 

Aβ species, remains relatively soluble and accumulates preferentially along vascular 45 

basement membranes, making it especially relevant to CSF-mediated clearance pathways. 46 

Here, we used non-invasive low b-value diffusion MRI to quantify regional effective CSF 47 

motility in a large multimodal cohort from the Knight Alzheimer Disease Research Center, 48 

including participants with CSF biomarkers (n = 502), plasma biomarkers (n = 459), amyloid 49 

PET imaging (n = 270), and stable isotope labeling kinetics data (n = 40). Effective CSF 50 

motility was quantified as mean pseudo-diffusivity (MΨ) and mapped using CSF pseudo-51 

diffusion spatial statistics with a data-driven CSF Waterways atlas. Higher regional CSF 52 

motility was consistently associated with higher CSF Aβ40 concentrations, with convergent 53 

voxel-wise and region-of-interest effects across ventricular and extra-axial CSF compartments 54 

that were most prominent in peri-Sylvian CSF pathways. Across regions, CSF motility 55 

measures collectively explained approximately 18% of the variance in CSF Aβ40. A weaker, 56 

spatially restricted association was also observed with plasma Aβ40. In contrast, associations 57 

with CSF Aβ42 were smaller, anatomically limited, and further attenuated among participants 58 

with amyloid deposition on PET. In participants with stable isotope labeling kinetics, higher 59 

transventricular and cranio-cervical CSF motility was associated with earlier peak enrichment 60 

of labeled Aβ40 and Aβ42, while greater lateral ventricular motility was associated with faster 61 

fractional turnover of both peptides. Collectively, these findings identify effective CSF motility 62 

as an important physiological determinant of soluble Aβ levels in plasma and CSF, linking 63 



regional CSF dynamics to in vivo Aβ transport and turnover, with potential relevance to 64 

cerebral amyloid angiopathy and Alzheimer’s disease. 65 

 66 



1. Introduction: 67 

The pathogenesis of Alzheimer’s disease (AD) is closely linked to the progressive 68 

accumulation of pathologic amyloid-β (Aβ) species1,2. Cleavage of the amyloid precursor 69 

protein gives rise to multiple Aβ peptide isoforms, of which Aβ42 and Aβ40 are the most 70 

pathologically relevant. Although closely related, these isoforms differ markedly in their 71 

physical properties and aggregation patterns3. Aβ42 is more prone to misfolding and 72 

aggregation and represents the predominant component of parenchymal amyloid plaques in 73 

AD4. By contrast, Aβ40 is more commonly associated with cortical and leptomeningeal 74 

vascular amyloid deposits characteristic of cerebral amyloid angiopathy (CAA)5,6.  75 

The removal of Aβ peptides from the brain involves multiple complementary pathways, 76 

including proteolytic degradation, transport across the blood–brain barrier, and cerebrospinal 77 

fluid (CSF)-based clearance7–9. As alternative pathways diminish with aging, CSF-based 78 

clearance assumes a proportionally greater role, despite being itself vulnerable to age-related 79 

impairment7. Within this clearance pathway, CSF from the subarachnoid space enters the 80 

brain parenchyma through the perivascular spaces, driven by a convective flow. Within the 81 

glymphatic system framework, CSF entering along perivascular routes exchanges with 82 

interstitial fluid (ISF), thereby facilitating clearance of metabolic waste such as Aβ via 83 

perivenous efflux pathways8,9. In contrast, the intramural periarterial drainage (IPAD) model 84 

posits that Aβ is cleared via the arterial vessel walls, cleared along arterial vessel walls, 85 

driven by vasomotor oscillations10–12. Disruption of these pathways can compromise Aβ 86 

clearance, thereby promoting its accumulation within the brain tissue and vasculature13,14. 87 

Despite experimental models implicating CSF circulation in Aβ clearance, it is not yet clear 88 

whether regional CSF motility in humans relates to soluble Aβ species or cerebral amyloid 89 



deposition13. Prior contrast-enhanced magnetic resonance imaging (MRI) studies have 90 

demonstrated age-related impairments in CSF-based clearance15; however, intrathecal 91 

contrast administration is invasive, precluding large cohort studies. Therefore, non-invasive 92 

methods capable of fast and scalable quantification of regional CSF flow are essential. Low b-93 

value diffusion-weighted MRI (low-b dMRI) addresses this need by sensitizing the signal to 94 

the effective motility of CSF across a wide range of flow behavior16–19. Using pulsed-gradient 95 

spin-echo and fast rapid echo-planar imaging (EPI) readout, low-b dMRI quantifies signal 96 

attenuation from pseudorandom CSF displacements to compute mean pseudodiffusivity 97 

(MΨ), a metric of effective CSF motility20,21. Low-b dMRI has been used to evaluate 98 

alterations in CSF effective motility in aging19,22, Parkinson’s disease23, and normal pressure 99 

hydrocephalus24.  100 

Importantly, most human studies rely on static Aβ concentrations and amyloid deposition, 101 

which do not directly capture underlying transport and clearance dynamics. Stable isotope 102 

labeling kinetics (SILK) uses infusion of a nonradioactive labeled amino acid (e.g., 13C6-103 

leucine) and quantifies tracer incorporation into Aβ over time to derive in vivo kinetic 104 

parameters reflecting Aβ transport and turnover25–28. which directly quantifies Aβ production 105 

and clearance kinetics using stable isotope labeling. SILK offers a unique window into Aβ 106 

transport processes that are not accessible with amyloid PET or conventional CSF 107 

biomarkers, which primarily reflect cumulative deposition or steady-state levels. 108 

We hypothesized that regional alterations in CSF circulation influence amyloid clearance from 109 

the brain. To test this, we leveraged a large multimodal dataset encompassing low-b dMRI, 110 

amyloid positron emission tomography (PET), and biofluid Aβ measures (n = 502; Figure 1). 111 

Using CSF pseudodiffusion spatial statistics (CΨSS) together with the CSF Waterways 112 

(CWWs) atlas21, we evaluated how regional effective CSF motility (MΨ) relates to Aβ 113 



concentrations in CSF and plasma, as well as to brain amyloid deposition. In a subset of 114 

participants, we additionally examined associations with in vivo Aβ turnover dynamics 115 

measured using SILK. Greater CSF motility was associated with higher CSF and plasma 116 

Aβ40 concentrations, whereas associations with Aβ42 were weaker and largely confined to 117 

individuals with negative amyloid PET scans. Nonetheless, no cross-sectional relationship 118 

was observed between CSF motility and parenchymal amyloid deposition on PET. SILK 119 

analyses further demonstrated that regional CSF motility was associated with earlier peak 120 

tracer enrichment and faster turnover kinetics, supporting a role for CSF dynamics in 121 

modulating Aβ transport and clearance. 122 

2. Methods 123 

2.1. Participants 124 

This study utilized imaging data from the Knight Alzheimer Research Imaging (KARI) dataset 125 

and corresponding biofluid data collected through the Washington University Knight 126 

Alzheimer Disease Research Center (Knight ADRC). Participants aged 50 years or older 127 

were included from ongoing memory and aging studies corresponding to the 23rd and 26th 128 

data freeze.  All procedures were reviewed and approved by the Institutional Review Board of 129 

Washington University School of Medicine in St. Louis, and written informed consent was 130 

obtained from all participants or their legally authorized representatives. A subset of 131 

participants additionally had available Aβ SILK tracer measurements. The SILK studies were 132 

performed at Washington University in St. Louis and were approved by the Washington 133 

University Human Studies Committee and the General Clinical Research Center Advisory 134 

Committee.  135 

2.2. MRI imaging 136 



Low-b dMRI was performed on multiple 3T Siemens MRI systems (TrioTim, Biograph mMR, 137 

and Magnetom Vida) at the Center for Clinical Imaging Research (CCIR), Mallinckrodt 138 

Institute of Radiology, Washington University in St. Louis between August 2007 and 139 

December 2021. All data were acquired using 2D echo-planar imaging (EPI) with isotropic 2 × 140 

2 × 2 mm3 voxels. Across all scanners and protocols, each diffusion gradient direction was 141 

paired with a unique b-value. Additional acquisition parameters are provided in 142 

Supplementary Table S1.  143 

2.3. Low-b dMRI preprocessing and CSF pseudo-diffusion spatial statistics (CΨSS)  144 

At low b-values, the observed pseudo-diffusion tensor Ψ reflects two principal contributions: 145 

(1) the diffusion tensor D, which reflects a combination of random (disordered) motion and 146 

intrinsic diffusivity, and (2) the covariance matrix of the 3D velocity probability distribution V, 147 

which captures linear (ordered) motion. Therefore, Ψ can be expressed as the sum of D and 148 

V with τd denoting the diffusion time16,17: 149 

! ≈
#!

2
V+ D 150 

Provided that the intrinsic physical properties of CSF (e.g., temperature and viscosity) remain 151 

unchanged, the MΨ derived from the Ψ tensor serves as an indicator of the variability in flow 152 

velocity within a voxel, driven by laminar and/or mixing movements of CSF. To derive MΨ 153 

maps from the diffusion-weighted data and perform group-level analyses of CSF flow 154 

changes, we applied a preprocessing and CΨSS postprocessing workflow, as described 155 

below (Supplementary Figure S1).  156 

Briefly, to correct for susceptibility-induced distortions eddy current-induced distortions and 157 

subject motion were corrected using FSL’s eddy_correct. The resulting eddy corrected image 158 

was then skull-stripped using the brain extraction tool (BET) to generate a brain mask29. The 159 



multi-b-value diffusion MRI dataset was then divided into two subsets. The low b-value subset 160 

(b= 0-450 s/mm2; sampled in ~50 s/mm2 increments) was used to fit a diffusion tensor model 161 

for calculating the mean MΨ maps, which reflect pseudorandom CSF flow. The high b-value 162 

subset (b≥ 500 s/mm2) and b0 images were used to fit a separate diffusion tensor model to 163 

generate fractional anisotropy maps. The resulting low-b mean diffusivity (MΨ) and high-b-164 

value fractional anisotropy maps were then fed into the Atropos30  to derive partial volume 165 

estimates of CSF and white matter using a two-tissue model. Similar to gray matter-based 166 

spatial statistics31,32, partial volume estimates were combined to synthesize pseudo-T1-167 

weighted images, using gray matter, white matter, and CSF probability maps all derived from 168 

diffusion data. MΨ maps were thresholded to exclude physiologically implausible values. 169 

Batch-specific templates were then constructed using both MΨ and pseudo-T1-weighted 170 

images as inputs to the antsMultivariateTemplateConstruction2.sh workflow33. CSF probability 171 

maps were subsequently registered to the common template space. To minimize partial 172 

volume effects, the final CSF mask was created by retaining only those voxels where the CSF 173 

fraction exceeded 0.8 in at least 75% of the subjects. Voxels with CSF fraction less than 0.8 174 

were then filled with the average of the surrounding satisfactory CSF voxels. Finally, spatial 175 

smoothing was then applied within the resulting CSF mask using the AFNI’s 3dBlurInMask 176 

function34, with a full width at half maximum value of 2 mm. 177 

2.4. Amyloid PET imaging 178 

Amyloid PET scans were acquired using [18F] Florbetapir (FBP) or [11C] Pittsburg 179 

Compound-B (PiB) and processed using the PET Unified Pipeline (PUP)35,36. PET images 180 

were processed using an MRI-free pipeline in which scans were spatially normalized to tracer 181 

specific templates and spatially smoothed. Standardized uptake value ratios (SUVRs) were 182 

computed for global cortical composite region using the whole cerebellum as the reference 183 



region. Global amyloid burden was summarized as mean cortical SUVR and, to enable cross-184 

tracer comparability37, additionally expressed in Centiloid units derived from the same cortical 185 

composite38. Details on amyloid PET acquisition and processing protocols are provided 186 

elsewhere37,39.  187 

2.5. CSF and plasma biomarkers 188 

Fasted CSF concentrations of Aβ40 and Aβ42 were measured using the fully automated 189 

LUMIPULSE G1200 chemiluminescent enzyme immunoassay platform (Fujirebio, Malvern, 190 

PA), following standardized collection and processing protocols. Formal lot bridging was 191 

performed to harmonize the full dataset.  Full assay procedures and validation details are 192 

available in prior publications37,40–43 . Fasted plasma Aβ40 and Aβ42 concentration were 193 

quantified by C2N Diagnostics using an immunoprecipitation-mass spectrometry assay as 194 

part of the Knight ADRC fasted plasma PrecivityAD dataset. Detailed assay procedures have 195 

been described previously44.  196 

2.6. Stable Isotope Labeling Kinetics  197 

Aβ stable isotope labeling kinetics (SILK)25 measures were available for a subset of 198 

participants with tracer kinetic data (n=42). Participants received an intravenous infusion of 199 

[13C6]-leucine, with serial hourly CSF samples collected for up to 36 hours during and 200 

following tracer infusion via lumbar catheterization under standardized collection 201 

protocols26,28. Incorporation of the tracer into soluble CSF Aβ40, and Aβ42 was quantified 202 

longitudinally using immunoprecipitation followed by mass spectrometry. Kinetic parameters 203 

were estimated using a previously validated compartmental modeling framework. From these 204 

analyses, we used the apparent amyloid precursor protein production rate (kAPP), the 205 

fractional turnover rate (FTR), reflecting irreversible loss of soluble Aβ peptides; and the time 206 



to peak tracer enrichment (peak time), estimated from the fitted tracer enrichment curves. 207 

Participants with kinetic parameter values exceeding ±3 z-scores were excluded as outliers (n 208 

= 2). Detailed tracer infusion protocols, analytical procedures, and kinetic modeling methods 209 

have been described previously27,28,45.  210 

2.7. CWW region-of-interest analyses 211 

To investigate associations between regional CSF flow alterations and CSF biomarkers, we 212 

performed region-of-interest (ROI) analysis using the CSF Waterway (CWW) atlas— a data-213 

driven atlas based on the covariance structure of intracranial CSF flow21, previously created 214 

using non-negative matrix factorization46. The CWW atlas encompasses the following 215 

cisternal and ventricular CSF regions: CWW-1, lateral ventricles; CWW-2, cranio-cervical 216 

junction; CWW-3, superior premedullary cistern; CWW-4, chiasmatic cistern; CWW-5, 217 

prepontine cistern; CWW-6, perimesencephalic cisterns; CWW-7, Sylvian fissure (opercular 218 

segment); CWW-8, Sylvian fissure (cisternal segment); CWW-9, supracerebellar and velum 219 

interpositum cisterns; CWW-10, third and fourth ventricles; and CWW-11, extra-axial CSF 220 

spaces (Figure 1D). The CWW atlas was nonlinearly registered to our study-specific template 221 

Using ANTs33,47, and mean MΨ values from each CWW region were then extracted with 222 

FSL’s fslstats tool.  223 

2.8. ROI-level harmonization and cross-batch analyses 224 

Associations between CSF MΨ and CSF biomarker concentrations (Aβ40, Aβ42, and 225 

Aβ42/Aβ40 ratio) were examined within each CWW region using general linear models 226 

adjusted for age, sex. Analyses were conducted separately within each of the seven scanner 227 

and imaging acquisition batches. All other region-of-interest statistical analyses were 228 

performed following ComBat harmonization between the batches. ComBat harmonization was 229 



applied to the mean CSF MΨ values extracted from each of the eleven CWW regions. 230 

Harmonization was performed using the neuroHarmonize package, modeling scanner batch 231 

as the harmonization factor while retaining age and sex as covariates48–50. This procedure 232 

removed scanner-related effects while preserving biological variance. The resulting 233 

harmonized dataset containing CWW-specific CSF MΨ values was subsequently used for 234 

association analyses with multiple Aβ biomarkers, including CSF Aβ40 and Aβ42 235 

concentrations, the Aβ42/Aβ40 ratio, plasma Aβ40 and Aβ42 concentrations, and amyloid 236 

PET (Centiloid values). Prior to statistical analyses, regional CWW MΨ values were 237 

winsorized at ±3 SD within each region to limit the influence of extreme observations. For 238 

each Aβ biomarker, linear regression models were fit for each CWW region to assess their 239 

link with harmonized CSF MΨ values, adjusting for age and sex.  240 

Aβ Biomarker ~ age + sex + CWW [Harmonized MΨ] 241 

Additionally, forward stepwise selection was applied to identify CWW MΨ predictors of CSF 242 

Aβ biomarkers’ levels while controlling for age, sex, and brain parenchymal fraction (BPF). At 243 

each iteration, the candidate variable that produced the greatest reduction in Akaike 244 

Information Criterion (AIC) was added, provided the improvement exceeded 2 AIC units51. 245 

Significance was assessed at an pFDR < 0.05 across CWW regions to account for multiple 246 

comparisons. Given the smaller SILK sample size, nominal two-sided p values are reported 247 

without correction for multiple comparisons; these analyses should be considered exploratory 248 

and hypothesis-generating. 249 

2.9. Multi-batch voxel-wise analysis 250 

Since imaging data were acquired across seven distinct scanner batches with varying 251 

acquisition parameters (Supplementary Table S1), voxel-wise harmonization was performed 252 



to address inter-batch variability while preserving biologically meaningful variance, with age 253 

and sex retained as covariates. To do so, batch-specific templates previously generated for 254 

each acquisition group were first constructed into a single “template of templates” using ANTs 255 

(antsMultivariateTemplateConstruction2.sh)33  to establish a unified reference space. For this 256 

step, only four batches that provided complete brain coverage with 80 slices were included. 257 

CSF probability maps from all batches were then nonlinearly registered to this common 258 

template. Voxel-wise harmonization of CSF MΨ values in the final CSF mask was 259 

subsequently performed using the ComBat algorithm implemented in the neuroHarmonize 260 

package48–50. After harmonization, 312 participants were available for the final voxel-wise 261 

analyses of associations between the harmonized CSF MΨ and CSF biomarkers. These 262 

association were examined using FSL’s randomise tool with 5,000 permutations and 263 

threshold-free cluster enhancement (TFCE), with statistical significance defined at family-wise 264 

error (FWE)–corrected level of p < 0.05. All models were adjusted for age and sex52. 265 

3. Results 266 

3.1. Demographic and clinical characteristics of the imaging batches 267 

 For the ROI-based analysis, participants with both CSF biomarker and MRI data acquired 268 

within one year of each other were included (n = 502). For the voxel-wise analysis, both CSF 269 

biomarker and MRI data within a one-year interval were once again required; however, for 270 

this step only four batches that ensured consistent anatomical coverage across the whole 271 

brain were included (n = 312). For the additional ROI analyses, participants with MRI and 272 

plasma biomarkers (n = 459) and amyloid PET (n = 270) data acquired within one year were 273 

included. Among the 502 participants with available CSF biomarkers, the mean age was 69.2 274 

± 8.4 years, and 275 (54.6%) were female. The majority of participants were cognitively 275 

unimpaired (Clinical Dementia Rating [CDR] score = 0; 85.8%). Amyloid positivity was defined 276 



using a Centiloid threshold > 18.4153, classifying 17% of participants as amyloid positive. 277 

Summary descriptive statistics for each batch are presented in Table 1 and Figure 1, and 278 

biomarker values are reported in Supplementary Table S2. 279 

3.2. Widespread positive associations between CSF motility and CSF Aβ40, with 280 

weaker associations for Aβ42 281 

Across all batches, CWW MΨ showed widespread positive associations with CSF Aβ40 (pFDR 282 

< 0.05), accounting of age, sex. Associations with CSF Aβ42 were weaker and less 283 

consistent (Figure 2A). Following batch-specific analyses, we performed a multi-batch 284 

analysis using harmonized CSF MΨ values and CSF Aβ biomarkers in a total sample of 502 285 

participants. Consistent with the batch-level results, CSF MΨ showed robust positive 286 

associations with CSF Aβ40 across all CWWs when accounted for age and sex. The 287 

strongest effects localized to CWW-7 and 8 (the Sylvian fissure regions), and CWW-9 288 

(supracerebellar and velum interpositum cisterns) where higher CSF MΨ corresponded to 289 

elevated Aβ40 (CWW-7: β = 0.37; CWW-8: β = 0.32; CWW-9: β = 0.31, pFDR < 1 × 10-6; 290 

Figure 2B and 2C). Given that brain atrophy and ventricular enlargement may affect CSF 291 

flow characteristics and CSF biomarker concentrations21,54, potentially confounding 292 

associations between CSF MΨ and Aβ levels, we repeated the analyses with additional 293 

adjustment for brain atrophy (BPF) and lateral ventricular volume. The overall pattern and 294 

strength of associations remained largely consistent (Figure 2B). To identify which CWWs 295 

explain unique variance in CSF Aβ40 when considered jointly, we performed forward 296 

stepwise regression controlling for age, sex, and BPF. CSF MΨ within four regions, CWW-7 297 

(Sylvian fissure, opercular segment), CWW-2 (cranio-cervical junction), CWW-1 (lateral 298 

ventricles), and transventricular CWW-10 collectively accounted for 18% of the variance in 299 

CSF Aβ40 levels. Consistent with the univariate results, most showed positive associations, 300 



with the exception of CWW-10, which demonstrated a significant negative association (pFDR < 301 

0.05). 302 

By contrast, associations with CSF Aβ42 were markedly weaker, with significant effects 303 

restricted to the Sylvian fissure (CWW-7: β = 0.2; pFDR = 3.68 × 10-5) and supracerebellar and 304 

velum interpositum cisterns (CWW-9: β = 0.15; pFDR = 1.7 × 10-3) when adjusted for age and 305 

sex. Across all CWW regions, the CSF Aβ42/Aβ40 ratio showed a weak but consistent 306 

inverse relationship with CSF MΨ. After FDR correction, significant but modest negative 307 

associations were identified in multiple basilar cisterns (pFDR < 0.05; Figure 2B), with the 308 

strongest effect observed in CWW-8 (β =-0.15, pFDR = 2.7× 10-3). 309 

Following ROI-based analyses, voxel-wise analyses were performed to localize CSF motility-310 

Aβ40 associations beyond predefined CWW regions. These analyses mirrored the ROI 311 

findings, with higher CSF Aβ40 was associated with higher CSF MΨ, with significant clusters 312 

in the Sylvian fissures (left: pFWE = 0.01; right: pFWE = 0.001), lateral ventricles (left: pFWE = 313 

0.01; right: pFWE = 0.009), velum interpositum cistern (pFWE = 0.03), and cisterna magna (pFWE 314 

= 0.01; Figure 3). No voxel-wise associations were observed in the opposite direction for 315 

Aβ40, and no significant voxel-wise associations were observed for Aβ42 or the Aβ42/Aβ40 316 

ratio. 317 

3.3. Peri-Sylvian CSF motility is positively associated with plasma Aβ40 318 

Next, to assess the effect of CSF MΨ on plasma biomarkers concentration, ROI analyses 319 

were performed across all batches between harmonized CSF MΨ and plasma Aβ40 and 320 

Aβ42 levels in 459 participants. After adjusting for age, sex, increased CSF flow—particularly 321 

in the Sylvian fissure—was associated with higher plasma Aβ40 concentrations (CWW-8: β = 322 

0.15, pFDR = 0.05; Figure 4). This association persisted after additional adjustment for brain 323 



parenchymal fraction and CSF Aβ40 levels (n = 444, CWW-8: β = 0.13, p = 0.01). Exploratory 324 

interaction analyses indicated that CSF MΨ did not alter the relation between CSF and 325 

plasma Aβ40 (interaction term: CWW MΨ × CSF Aβ40). No significant association was 326 

observed for plasma Aβ42 in any of the CWW regions.  327 

3.4. CSF motility shows no cross-sectional association with amyloid PET burden 328 

We next evaluated the association between CSF flow and cerebral amyloid deposition using 329 

[18F] Florbetapir amyloid PET Centiloid values (n = 270). Across all batches, harmonized 330 

CSF MΨ showed no significant association with Centiloid values, indicating no cross-331 

sectional relationship between regional CSF flow alterations and global amyloid burden. We 332 

then stratified participants by amyloid PET status. Associations between CSF MΨ and CSF 333 

Aβ40 were largely preserved in both amyloid-negative and amyloid-positive individuals, 334 

whereas inverse associations with the CSF Aβ42/Aβ40 ratio were more pronounced in 335 

amyloid-positive participants, particularly in peri-sylvian regions (CWW-8; amyloid negative: β 336 

= -0.18, unadjusted p = 0.03; amyloid positive: β = -0.31, pFDR = 0.02). In contrast, positive 337 

associations between CSF motility and CSF Aβ42 were primarily observed in amyloid-338 

negative participants and were attenuated in amyloid-positive individuals. The most prominent 339 

associations were observed in the peri-sylvian regions among amyloid-negative participants 340 

(CWW-7: β = 0.28, pFDR = 0.001; CWW-8: β = 0.23, pFDR = 0.02), whereas these associations 341 

were not significant in amyloid-positive individuals (CWW-7: β = 0.14, p = 0.2; CWW-8: β = -342 

0.08, p = 0.5; Figure 5 and Supplementary Figure S2).  343 

3.5 Regional CSF motility shows compartment-specific associations with Aβ kinetic 344 

parameters 345 



To directly assess the relationship between regional CSF effective motility and Aβ dynamics, 346 

we performed ROI-based analyses relating harmonized CSF MΨ to Aβ kinetic parameters in 347 

a subset of participants with MRI and SILK data acquired within six years of each other (n = 348 

40; Figure 6A). To determine how SILK-derived Aβ kinetic measures relate to established 349 

markers of Aβ pathology, we first examined their associations with biofluid and PET 350 

biomarkers. Higher APP production rates (KAPP) were strongly associated with higher CSF Aβ 351 

levels (CSF Aβ42: β = 0.74, p < 0.001; CSF Aβ40: β = 0.68, p < 0.001) and higher CSF 352 

Aβ42/Aβ40 ratio (β = 0.39, p = 0.02; n=39). In contrast, faster Aβ42 fractional turnover rates 353 

(FTR) were associated with lower CSF Aβ42 concentrations (β = -0.37, p = 0.02), a lower 354 

CSF Aβ42/Aβ40 ratio (β = -0.51, p < 0.001; n = 39), and greater global amyloid PET burden 355 

(β = −0.44, p = 0.01; n = 34). Additionally higher global amyloid PET burden was found to be 356 

linked with earlier peak time for Aβ42 (β = -0.38, p = 0.03; n=33; Figure 6B). Aβ40 kinetic 357 

measures, including FTR and peak time, showed no significant associations with Aβ-related 358 

biomarkers, and plasma Aβ levels were not associated with CSF SILK-derived kinetic 359 

parameters. 360 

Higher CWW-1 MΨ was associated with faster Aβ40 FTR (β = 0.44, p = 0.005) and faster 361 

Aβ42 FTR (β = 0.36, p = 0.03), whereas higher extra-axial CWW-11 MΨ was associated with 362 

slower Aβ42 FTR (β = -0.43, p = 0.006; Figure 6C and 7D). Higher CSF MΨ was associated 363 

with earlier peak times for both Aβ40 and Aβ42 within third and fourth ventricles (CWW-10; 364 

Aβ40: β = -0.4, p = 0.01; Aβ42: β = -0.44, p = 0.005) and the cranio-cervical junction (CWW-2; 365 

Aβ40: β = −0.32, p = 0.04; Aβ42: β = -0.35, p = 0.02). For Aβ40, CSF MΨ within the 366 

supracerebellar and velum interpositum cisterns (CWW-9) was additionally associated with 367 

earlier peak times (β = −0.37, p = 0.01). In contrast, within extra-axial CSF spaces (CWW-11), 368 

higher CSF MΨ was associated with a delayed peak time for Aβ42 (β = 0.32, p = 0.03; 369 



Figure 6C and 7E). Furthermore, higher CSF motility within cranio-cervical junction (CWW-2; 370 

β = 0.52, p < 0.001) and superior premedullary cistern (CWW-3; β = 0.44, p = 0.003) was 371 

highly correlated with KAPP (Figure 6C and 7D). Adjustment for amyloid deposition did not 372 

substantially alter the associations between CWW MΨ and peak times or KAPP. However, 373 

adjustment attenuated the association between extra-axial CWW-11 MΨ and Aβ42 FTR 374 

(Supplementary Figure S3).  375 

4. Discussion 376 

The association between CSF motility (MΨ) and CSF Aβ40 concentrations was robust across 377 

imaging parameters and analytic approaches. ROI-based analyses using the CWW atlas 378 

demonstrated that higher effective CSF motility across multiple ventricular and extra-axial 379 

CSF compartments was associated with higher CSF Aβ40 concentrations across multiple 380 

imaging batches with differing acquisition parameters. These associations were preserved 381 

after adjustment for brain atrophy, including lateral ventricular volume. Voxel-wise analyses 382 

closely mirrored these regional findings, demonstrating convergent and spatially consistent 383 

associations. Overall, regional CSF motility accounted for approximately 18% of the variance 384 

in CSF Aβ40 concentrations.  385 

Associations between CSF motility and CSF Aβ42 were weaker and more anatomically 386 

restricted to the Sylvian and interhemispheric fissures and the extra-axial subarachnoid 387 

space. Moreover, CSF MΨ was not associated with global amyloid burden on PET imaging, 388 

indicating that CSF flow at the time of measurement is not related to contemporaneous 389 

parenchymal amyloid deposition, while leaving open the possibility that altered CSF dynamics 390 

may influence subsequent amyloid accumulation. Associations between CSF motility and 391 

CSF Aβ42 were stronger among amyloid-negative individuals, suggesting that once 392 

substantial parenchymal amyloid deposition is established, plaque sequestration may 393 



attenuate the relationship between CSF motility and soluble CSF Aβ42 levels. These 394 

observations may also represent distinct biochemical and pathophysiological profiles of Aβ40 395 

and Aβ42: Aβ42 differs from Aβ40 by two additional C-terminal residues that confer a more 396 

rigid, aggregation-prone conformation, reducing its water solubility and increasing its 397 

propensity for parenchymal plaque formation in AD55,56.  398 

Higher peri-sylvian CSF motility (CWW-8) was also associated with higher plasma Aβ40 399 

levels. This association situates peri-arterial CSF dynamics within a broader vascular context, 400 

as elevated plasma Aβ40 has been linked to subclinical atherosclerosis, cardiovascular 401 

disease, and intracranial small-vessel disease markers, including white matter 402 

hyperintensities, lacunes, and cerebral microbleeds57–61. Given that vascular amyloid 403 

deposition in CAA is enriched in Aβ40, this finding may also be relevant to amyloid-related 404 

cerebrovascular dysfunction, consistent with prior reports associating higher plasma Aβ40 405 

with CAA59,61 with recent evidence of increased peri-arterial CSF motility in patients with 406 

CAA62. Notably, the peri-sylvian CSF compartment surrounds the middle cerebral arteries and 407 

shows age-related increases in CSF MΨ. Higher peri-sylvian CSF motility may therefore 408 

reflect increased transmission of arterial pulsatility into adjacent CSF spaces as vascular 409 

stiffness increases and pulsatile dampening declines with age63. Together, these observations 410 

raise the possibility that the association between peri-sylvian CSF motility and plasma Aβ40 411 

reflects a vascular-pulsatility phenotype linking arterial aging, altered periarterial CSF 412 

dynamics, circulating Aβ40, and potentially CAA. 413 

The regional pattern of associations between CSF motility and CSF Aβ concentrations 414 

observed in this study may reflect distinct underlying mechanisms. We therefore leveraged 415 

SILK technology to uniquely quantify Aβ production, turnover, and clearance dynamics in 416 

human central nervous system, in vivo25,27,28. SILK-based kinetic analyses provide 417 



mechanistic insight into the kinetic basis of associations between regional CSF motility and 418 

CSF Aβ levels. Among the SILK-derived measures, the apparent amyloid precursor protein 419 

production rate (KAPP) showed the strongest association with CSF Aβ levels. Notably, KAPP 420 

was strongly associated with CSF motility in the lower basilar cisterns and craniocervical 421 

junction (CWW-2 and CWW-3). CSF composition varies across compartments, with 422 

established craniospinal concentration gradients64,65. Given that CSF Aβ40 concentrations 423 

and apparent KAPP were both derived from lumbar CSF, their values likely depend on 424 

intracranial-spinal CSF exchange. Their concordant associations with higher craniocervical 425 

junction CSF effective motility may therefore reflect more efficient mixing and Aβ transport 426 

across these compartments. Higher CSF effective motility at both the craniocervical junction 427 

(CWW-2) and along the transventricular pathway (CWW-10) was associated with earlier peak 428 

time, may reflect more rapid mixing between CSF compartments. The distinct inverse 429 

association between transventricular CSF motility and lumbar CSF Aβ40 and Aβ42 levels 430 

may reflect greater mixing with ventricular CSF, where Aβ concentrations have been reported 431 

to be lower than in lumbar CSF66. Overall, these findings suggest that regional CSF effective 432 

motility may shape lumbar Aβ concentrations and kinetics by modulating mixing and 433 

exchange among spinal, ventricular, and extraventricular intracranial CSF compartments.  434 

Higher effective motility within the lateral ventricles (CWW-1) was associated with faster Aβ40 435 

and Aβ42 turnover (FTR). Although the underlying mechanism remains uncertain, one 436 

possible explanation is that intraventricular CSF motility reflects CSF production dynamics, 437 

such that enhanced CSF production is accompanied by more rapid Aβ clearance and 438 

turnover. In contrast to other CSF compartments, higher extra-axial CSF motility (CWW-11) 439 

was associated with delayed Aβ42 peak timing and reduced FTR. The interpretation of this 440 

Aβ42-specific reversal remains uncertain and may indicate that increased motility in extra-441 



axial spaces reflects processes distinct from bulk transport efficiency. Importantly, SILK-442 

derived kinetic measures did not fully account for the regional associations between CSF 443 

effective motility and Aβ. For example, peri-sylvian CSF motility showed the strongest 444 

association with CSF Aβ40 concentrations but was not associated with the measured SILK 445 

kinetic parameters, suggesting that additional mechanisms, potentially operating over longer 446 

timescales than those captured by SILK, may contribute to regional CSF motility-Aβ 447 

relationships.  448 

Prior human studies have primarily relied on phase-contrast MRI to evaluate CSF flow, an 449 

approach inherently limited by its restricted field of view. To date, few studies have directly 450 

examined relationships between regional CSF flow and amyloid burden or amyloid 451 

concentrations in CSF or plasma. In one study, aqueductal CSF flow measured with phase-452 

contrast MRI was not associated with cerebral amyloid deposition67, consistent with our 453 

findings. In another study, MRI markers of normal-pressure hydrocephalus were associated 454 

with lower CSF Aβ42 in the absence of parenchymal amyloid deposition. In that context, 455 

these findings suggest that normal pressure hydrocephalus-related disturbances in CSF 456 

circulation and turnover may influence CSF amyloid concentrations and apparent CSF-based 457 

clearance without necessarily affecting parenchymal amyloid deposition68. 458 

There are several limitations that warrant consideration. First, our cohort consisted primarily 459 

of older adults without dementia (85.88% with a CDR of 0) with the overall amyloid positivity 460 

of 17%. As such, the findings may not directly generalize to individuals with established CAA; 461 

evaluating CSF flow alterations in a well-characterized CAA cohort will be an important next 462 

step. Second, our analysis relied on CSF MΨ derived from low-b dMRI as a surrogate of 463 

effective CSF motility. Although this metric captures spatial patterns of overall CSF motility, it 464 

does not encompass the full multidimensional complexity of CSF flow. Emerging approaches 465 



such as dynamic low-b dMRI to assess variation across the cardiac cycle19, multi-directional 466 

low-b acquisitions to characterize flow directionality21, and 4D phase-contrast MRI69 for 467 

quantitative velocity-resolved CSF flow mapping will be essential for a more comprehensive 468 

characterization of CSF dynamics. Third, our analyses of amyloid PET were cross-sectional, 469 

limiting inference about how CSF motility influences amyloid accumulation or deposition over 470 

time; longitudinal imaging will be required to determine whether altered CSF dynamics 471 

modulate the trajectory of amyloid deposition. 472 

In conclusion, our findings identify CSF motility as an important physiological determinant of 473 

soluble Aβ levels and kinetics, with stronger cross-sectional associations for Aβ40 than Aβ42. 474 

In contrast, CSF motility showed no strong association with parenchymal amyloid deposition, 475 

indicating that CSF flow primarily modulates soluble Aβ dynamics. Our findings suggest that 476 

CSF motility shapes CSF-mediated Aβ clearance through a multi-step, compartmental 477 

process. In this framework, extraventricular intracranial CSF spaces may be more closely 478 

coupled to interstitial fluid and APP-derived Aβ production, whereas subsequent Aβ 479 

distribution and removal through the subarachnoid space may depend on CSF production, 480 

turnover, and exchange across CSF compartments. Clinically, these findings suggest that 481 

CSF motility metrics derived from low-b dMRI; readily obtainable from standard diffusion 482 

sequences already included in baseline and longitudinal MRI protocols for amyloid-related 483 

imaging abnormalities (ARIA) monitoring, could provide a scalable, noninvasive physiological 484 

marker to stratify cerebrovascular amyloid clearance efficiency and potentially identify 485 

individuals at higher risk for ARIA; a key treatment-limiting complication of anti-amyloid 486 

therapies or enable early detection of CAA-related vulnerability70,71. Beyond Aβ, CSF 487 

circulation may also contribute to inter-individual variability in other CSF and brain-derived 488 

plasma biomarkers. Understanding these dynamics could provide insights into the 489 



pathophysiology of multiple neurodegenerative diseases and inform the development of fluid-490 

based diagnostic biomarkers. 491 

Acknowledgments: H.H. was supported by the TOP-TIER training grant. A.N. was 492 

supported by the National Institute of Neurological Disorders and Stroke (NINDS; 493 

P01NS131131) and by a Radiological Society of North America (RSNA) Research Scholar 494 

Grant (RSCH25-253). N.J.M. was supported by National Institute on Aging K01 award (NIA; 495 

K01AG08012). C.S was supported by National Institute on Aging K01 award (NIA; 496 

K01AG062796). B.W.P. was supported by NIH P30 DK056341 (Washington University 497 

Nutrition and Obesity Research Center). B.A.G. was supported by the Carol and Gene 498 

Ludwig Family Foundation and the Center for Brain Immunology and Glia (BIG) Center. This 499 

work was also supported by NIA grants R01AG070941 (S.E.S.), P30AG066444, 500 

P01AG003991 (T.L.S.B, B.A.G., S.E.S.), and P01AG026276 (T.L.S.B, B.A.G., S.E.S.), Avid 501 

Radiopharmaceuticals, Inc., a wholly owned subsidiary of Eli Lilly and Company, enabled use 502 

of the 18F-florbetapir radiotracer, but did not provide direct funding and was not involved in 503 

data analysis or interpretation. 504 

Financial interests: T.L.S.B. reports consulting for Eli Lilly, Eisai, Johnson & Johnson, 505 

Medscape, PeerView, Neurology Today, Med Learning Group, and Applied Radiology; holds 506 

U.S. patents 16/097,457 (Diffusion Basis Spectrum Imaging, DBSI) and 12,016,701 507 

(Quantitative Differentiation of Tumor Heterogeneity Using Diffusion MR Imaging Data). 508 

S.E.S. has not received any financial compensation from pharmaceutical or diagnostics 509 

companies since 2024, when she received honoraria for serving on scientific advisory boards 510 

on biomarker testing and education for Eisai and Novo Nordisk and speaking fees from Eisai, 511 

Eli Lilly, and Novo Nordisk. She has recently received honoraria for educational presentations 512 

from Medscape, PeerView, the Academy for Continued Healthcare Learning, Med Learning 513 



Group, and the Global Learning Collaborative. She has provided unpaid scientific advising to 514 

Acumen, Biogen, Cognito Therapeutics, Danaher, Eisai, Eli Lilly, Johnson and Johnson 515 

Innovative Medicine, Sanofi, and Siemens. V.O has submitted the US provisional patent 516 

application 'Plasma Based Methods for Detecting CNS Amyloid Deposition' as co-inventor 517 

and may receive royalty income based on technology (stable isotope labeling kinetics and 518 

blood plasma assay) licensed by Washington University to C2N Diagnostics. 519 

 520 

 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 



References: 535 

1.  Bloom GS. Amyloid-β and tau: the trigger and bullet in Alzheimer disease pathogenesis. JAMA 536 

Neurol 2014;71:505–8. 537 

2.  Hardy J. Alzheimer’s disease: the amyloid cascade hypothesis: an update and reappraisal. 538 

Journal of Alzheimer’s disease 2006;9:151–3. 539 

3.  Qiu T, Liu Q, Chen Y-X, et al. Aβ42 and Aβ40: similarities and differences. J Pept Sci 540 

2015;21:522–9. 541 

4.  Olsson B, Lautner R, Andreasson U, et al. CSF and blood biomarkers for the diagnosis of 542 

Alzheimer’s disease: a systematic  review and meta-analysis. Lancet Neurol 2016;15:673–84. 543 

5.  Alonzo NC, Hyman BT, Rebeck GW, et al. Progression of cerebral amyloid angiopathy: 544 

accumulation of amyloid-beta40 in  affected vessels. J Neuropathol Exp Neurol 1998;57:353–9. 545 

6.  Viswanathan A, Greenberg SM. Cerebral amyloid angiopathy in the elderly. Ann Neurol 546 

2011;70:871–80. 547 

7.  Elbert DL, Patterson BW, Lucey BP, et al. Importance of CSF-based Aβ clearance with age in 548 

humans increases with declining efficacy of blood-brain barrier/proteolytic pathways. Commun 549 

Biol 2022;5:1–13. 550 

8.  Benveniste H, Liu X, Koundal S, et al. The Glymphatic System and Waste Clearance with Brain 551 

Aging: A Review. Gerontology 2019;65:106–19. 552 

9.  Iliff JJ, Wang M, Liao Y, et al. A Paravascular Pathway Facilitates CSF Flow Through the Brain 553 

Parenchyma and the Clearance of Interstitial Solutes, Including Amyloid β. Sci Transl Med 554 

2012;4:147ra111-147ra111. 555 

10.  Albargothy NJ, Johnston DA, MacGregor-Sharp M, et al. Convective influx/glymphatic system: 556 

tracers injected into the CSF enter and leave the brain along separate periarterial basement 557 

membrane pathways. Acta Neuropathol 2018;136:139–52. 558 

11.  Aldea R, Weller RO, Wilcock DM, et al. Cerebrovascular smooth muscle cells as the drivers of 559 

intramural periarterial drainage of the brain. Front Aging Neurosci 2019;11:1–17. 560 

12.  van Veluw SJ, Hou SS, Calvo-Rodriguez M, et al. Vasomotion as a Driving Force for Paravascular 561 

Clearance in the Awake Mouse Brain. Neuron 2020;105:549-561.e5. 562 

13.  Keil SA, Jansson D, Braun M, et al. Glymphatic dysfunction in Alzheimer’s disease: A critical 563 

appraisal. Science 2025;389:eadv8269. 564 

14.  Smyth LCD, Verhaege D, Standen-Bloom E, et al. Amyloidosis of bridging veins is a pathologic 565 

feature of Alzheimer’s disease. Journal of Experimental Medicine 2025;223:e20251860. 566 



15.  Zhou Y, Cai J, Zhang W, et al. Impairment of the Glymphatic Pathway and Putative Meningeal 567 

Lymphatic Vessels in  the Aging Human. Ann Neurol 2020;87:357–69. 568 

16.  Bito Y, Harada K, Ochi H, et al. Low b-value diffusion tensor imaging for measuring 569 

pseudorandom flow of cerebrospinal fluid. Magn Reson Med 2021;86:1369–82. 570 

17.  Bito Y, Ochi H, Shirase R, et al. Low b-value Diffusion Tensor Imaging to Analyze the Dynamics 571 

of Cerebrospinal  Fluid: Resolving Intravoxel Pseudorandom Motion into Ordered and 572 

Disordered Motions. Magn Reson Med Sci 2025;24:46–57. 573 

18.  Taoka T, Naganawa S, Kawai H, et al. Can low b value diffusion weighted imaging evaluate the 574 

character of  cerebrospinal fluid dynamics? Jpn J Radiol 2019;37:135–44. 575 

19.  Wen Q, Tong Y, Zhou X, et al. Assessing pulsatile waveforms of paravascular cerebrospinal fluid 576 

dynamics within the glymphatic pathways using dynamic diffusion-weighted imaging (dDWI). 577 

Neuroimage 2022;260:119464. 578 

20.  Chen Y, Hong H, Nazeri A, et al. Cerebrospinal fluid-based spatial statistics: towards 579 

quantitative analysis of  cerebrospinal fluid pseudodiffusivity. Fluids Barriers CNS 2024;21:59. 580 

21.  Nazeri A, Hosseini H, Dehkharghanian T, et al. Characterizing the Spatial Patterns and 581 

Determinants of Cerebrospinal Fluid Pseudorandom Flow in the Human Brain with Low b-value 582 

Diffusion MRI. Imaging Neuroscience 2025. [Epub ahead of print]. 583 

22.  Rane Levendovszky S, Flores J, Peskind ER, et al. Preliminary investigations into human 584 

neurofluid transport using multiple novel  non-contrast MRI methods. J Cereb Blood Flow 585 

Metab 2024;44:1580–92. 586 

23.  Pierobon Mays G, Hett K, Eisma J, et al. Reduced cerebrospinal fluid motion in patients with 587 

Parkinson’s disease revealed  by magnetic resonance imaging with low b-value diffusion 588 

weighted imaging. Fluids Barriers CNS 2024;21:40. 589 

24.  Yamada S, Hiratsuka S, Otani T, et al. Usefulness of intravoxel incoherent motion MRI for 590 

visualizing slow cerebrospinal fluid motion. Fluids Barriers CNS 2023;20:1–12. 591 

25.  Paterson RW, Gabelle A, Lucey BP, et al. SILK studies — capturing the turnover of proteins 592 

linked to neurodegenerative diseases. Nat Rev Neurol 2019;15:419–27. 593 

26.  Bateman RJ, Munsell LY, Morris JC, et al. Human amyloid-β synthesis and clearance rates as 594 

measured in cerebrospinal fluid in vivo. Nat Med 2006;12:856–61. 595 

27.  Patterson BW, Elbert DL, Mawuenyega KG, et al. Age and amyloid effects on human central 596 

nervous system amyloid-beta kinetics. Ann Neurol 2015;78:439–53. 597 

28.  Potter R, Patterson BW, Elbert DL, et al. Increased in vivo amyloid-β42 production, exchange, 598 

and loss in presenilin  mutation carriers. Sci Transl Med 2013;5:189ra77. 599 



29.  Smith SM. Fast robust automated brain extraction. Hum Brain Mapp 2002;17:143–55. 600 

30.  Avants BB, Tustison NJ, Wu J, et al. An open source multivariate framework for n-tissue 601 

segmentation with evaluation  on public data. Neuroinformatics 2011;9:381–400. 602 

31.  Nazeri A, Chakravarty MM, Rotenberg DJ, et al. Functional consequences of neurite orientation 603 

dispersion and density in humans  across the adult lifespan. J Neurosci 2015;35:1753–62. 604 

32.  Nazeri A, Mulsant BH, Rajji TK, et al. Gray Matter Neuritic Microstructure Deficits in 605 

Schizophrenia and Bipolar  Disorder. Biol Psychiatry 2017;82:726–36. 606 

33.  Tustison NJ, Cook PA, Holbrook AJ, et al. The ANTsX ecosystem for quantitative biological and 607 

medical imaging. Sci Rep 2021;11:9068. 608 

34.  Cox RW. AFNI: what a long strange trip it’s been. Neuroimage 2012;62:743–7. 609 

35.  Su Y, D’Angelo GM, Vlassenko AG, et al. Quantitative Analysis of PiB-PET with FreeSurfer ROIs. 610 

PLoS One 2013;8:e73377. 611 

36.  Su Y, Blazey TM, Snyder AZ, et al. Partial volume correction in quantitative amyloid imaging. 612 

Neuroimage 2015;107:55–64. 613 

37.  Su Y, Flores S, Hornbeck RC, et al. Utilizing the Centiloid scale in cross-sectional and longitudinal 614 

PiB PET studies. Neuroimage Clin 2018;19:406–16. 615 

38.  Klunk WE, Koeppe RA, Price JC, et al. The Centiloid Project: standardizing quantitative amyloid 616 

plaque estimation by  PET. Alzheimers Dement 2015;11:1–4. 617 

39.  Koenig LN, LaMontagne P, Glasser MF, et al. Regional age-related atrophy after screening for 618 

preclinical alzheimer disease. Neurobiol Aging 2022;109:43–51. 619 

40.  Alcolea D, Pegueroles J, Muñoz L, et al. Agreement of amyloid PET and CSF biomarkers for 620 

Alzheimer’s disease on Lumipulse. Ann Clin Transl Neurol 2019;6:1815–24. 621 

41.  Fagan AM, Mintun MA, Mach RH, et al. Inverse relation between in vivo amyloid imaging load 622 

and cerebrospinal fluid  Abeta42 in humans. Ann Neurol 2006;59:512–9. 623 

42.  Kaplow J, Vandijck M, Gray J, et al. Concordance of Lumipulse cerebrospinal fluid t-tau/Aβ42 624 

ratio with amyloid PET  status. Alzheimers Dement 2020;16:144–52. 625 

43.  Paciotti S, Sepe FN, Eusebi P, et al. Diagnostic performance of a fully automated 626 

chemiluminescent enzyme immunoassay  for Alzheimer’s disease diagnosis. Clin Chim Acta 627 

2019;494:74–8. 628 

44.  West T, Kirmess KM, Meyer MR, et al. A blood-based diagnostic test incorporating plasma 629 

Aβ42/40 ratio, ApoE  proteotype, and age accurately identifies brain amyloid status: findings 630 

from a multi cohort validity analysis. Mol Neurodegener 2021;16:30. 631 



45.  Mawuenyega KG, Kasten T, Sigurdson W, et al. Amyloid-beta isoform metabolism quantitation 632 

by stable isotope-labeled kinetics. Anal Biochem 2013;440:56–62. 633 

46.  Sotiras A, Resnick SM, Davatzikos C. Finding imaging patterns of structural covariance via Non-634 

Negative Matrix Factorization. Neuroimage 2015;108:1–16. 635 

47.  Avants BB, Tustison NJ, Song G, et al. A reproducible evaluation of ANTs similarity metric 636 

performance in brain image  registration. Neuroimage 2011;54:2033–44. 637 

48.  Fortin J-P, Cullen N, Sheline YI, et al. Harmonization of cortical thickness measurements across 638 

scanners and sites. Neuroimage 2018;167:104–20. 639 

49.  Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expression data using 640 

empirical Bayes methods. Biostatistics 2007;8:118–27. 641 

50.  Pomponio R, Erus G, Habes M, et al. Harmonization of large MRI datasets for the analysis of 642 

brain imaging patterns throughout the lifespan. Neuroimage 2020;208:116450. 643 

51.  Burnham KP AD. Model selection and multimodel inference: a practical information-theoretic 644 

approach. Springer 2002;2nd edn. 645 

52.  Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems of smoothing, 646 

threshold  dependence and localisation in cluster inference. Neuroimage 2009;44:83–98. 647 

53.  Hoagey DA, McKay NS, Gordon BA, et al. The Knight Alzheimer Research Imaging dataset: a 648 

comprehensive multimodal resource for exploring aging, preclinical, and symptomatic 649 

Alzheimer disease pathology. Alzheimer’s & Dementia 2024;20:e086955. 650 

54.  Karlsson L, Vogel J, Arvidsson I, et al. Cerebrospinal fluid reference proteins increase accuracy 651 

and interpretability of biomarkers for brain diseases. Nat Commun 2024;15. 652 

55.  Gu L, Guo Z. Alzheimer’s Aβ42 and Aβ40 peptides form interlaced amyloid fibrils. J Neurochem 653 

2013;126:305–11. 654 

56.  Sgourakis NG, Yan Y, McCallum SA, et al. The Alzheimer’s peptides Abeta40 and 42 adopt 655 

distinct conformations in water: a  combined MD / NMR study. J Mol Biol 2007;368:1448–57. 656 

57.  Janelidze S, Stomrud E, Palmqvist S, et al. Plasma β-amyloid in Alzheimer’s disease and vascular 657 

disease. Sci Rep 2016;6. 658 

58.  McCarter SJ, Lesnick TG, Lowe VJ, et al. Association Between Plasma Biomarkers of Amyloid, 659 

Tau, and Neurodegeneration with Cerebral Microbleeds. Journal of Alzheimer’s Disease 660 

2022;87:1537–47. 661 

59.  Van Leijsen EMC, Kuiperij HB, Kersten I, et al. Plasma Aβ (Amyloid-β) levels and severity and 662 

progression of small vessel disease. Stroke 2018;49:884–90. 663 



60.  Wolters FJ, Hilal S, Leening MJG, et al. Plasma amyloid-β40 in relation to subclinical 664 

atherosclerosis and cardiovascular disease: A population-based study. Atherosclerosis 665 

2022;348:44–50. 666 

61.  Piccarducci R, Caselli MC, Zappelli E, et al. The Role of Amyloid-β, Tau, and α-Synuclein Proteins 667 

as Putative Blood Biomarkers in Patients with Cerebral Amyloid Angiopathy. Journal of 668 

Alzheimer’s Disease 2022;89:1039–49. 669 

62.  Hirschler L, Runderkamp BA, Decker A, et al. Region-specific drivers of CSF mobility measured 670 

with MRI in humans. https://doi.org/10.1038/s41593-025-02073-3. 671 

63.  Zarrinkoob L, Ambarki K, Wåhlin A, et al. Aging alters the dampening of pulsatile blood flow in 672 

cerebral arteries. Journal of Cerebral Blood Flow & Metabolism 2016;36:1519–27. 673 

64.  Reiber H. Dynamics of brain-derived proteins in cerebrospinal fluid. Clinica chimica acta 674 

2001;310:173–86. 675 

65.  Fishman RA, Ransohoff J, Osserman EF. Factors influencing the concentration gradient of 676 

protein in cerebrospinal fluid. J Clin Invest 1958;37:1419–24. 677 

66.  Rostgaard N, Olsen MH, Ottenheijm M, et al. Differential proteomic profile of lumbar and 678 

ventricular cerebrospinal fluid. Fluids Barriers CNS 2023;20:6. 679 

67.  Song AK, Hett K, Eisma JJ, et al. Parasagittal dural space hypertrophy and amyloid-β deposition 680 

in Alzheimer’s disease. Brain Commun 2023;5. 681 

68.  Graff-Radford J, Jones DT, Wiste HJ, et al. Cerebrospinal fluid dynamics and discordant amyloid 682 

biomarkers. Neurobiol Aging 2022;110:27–36. 683 

69.  Rivera-Rivera LA, Vikner T, Eisenmenger L, et al. Four-dimensional flow MRI for quantitative 684 

assessment of cerebrospinal fluid dynamics: Status and opportunities. NMR Biomed 685 

2024;37:e5082. 686 

70.  CH van D, CJ S, P A, et al. Lecanemab in Early Alzheimer’s Disease. N Engl J Med 2023;388:142–687 

3. 688 

71.  Hampel H, Elhage A, Cho M, et al. Amyloid-related imaging abnormalities (ARIA): radiological, 689 

biological and clinical characteristics. Brain 2023;146:4414–24. 690 

  691 

 692 

 693 



Batch 

 (n) 

Age 

 (Y, mean ± SD) 

Sex 

 (Female/Male) 

CDR 

 (n) 

Amyloid 

positivity (%) 

APOE e4 

carriers (%) 

mMR 1 (n=101) 67.9 ± 7.5 60/41 0:89; 0.5:12; 1:0 26.7 37.6 

mMR 2 (n=43) 69.7 ± 8.5 28/15 0:34; 0.5: 5; 1:4 39.5 39.5 

mMR 3 (n=45) 71.3 ± 7.4 20/25 0: 39; 0.5: 6; 1:0 31.1 31.1 

mMR 4 (n=93) 70.1 ± 8.1 45/48 0: 82; 0.5: 6; 1:4 29.0 37.6 

Vida 5 (n=73) 69.7 ± 8.8 36/37 0: 64; 0.5:7: 1:2 - 41.1 

Vida 6 (n=26) 66.9 ± 10.8 13/13 0: 25; 0.5: 1; 1:0 - 30.7 

TrioTim (n=121) 68.8 ± 8.7 72/49 0:98; 0.5:19; 1:2 - 37.1 

Table 1. Demographic, clinical, and imaging characteristics of the low-b dMRI batches. 694 
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713 

Figure 1. Overview of the study design and MRI acquisition across scanner batches. 714 

(A) Overview of the study workflow and sample stratification based on data availability (B) 715 

The seven MRI acquisition batches used in the study with different imaging parameters. (C) 716 

Representative sagittal, coronal, and axial views demonstrating spatial distribution of CSF 717 

motility (MΨ) derived from low-b diffusion MRI. Warmer colors indicate higher MΨ (scale: 0-718 

0.02 mm2/s). (D) The CSF Waterways atlas: CWW-1, lateral ventricles; CWW-2, cranio-719 

cervical junction; CWW-3, superior premedullary cistern; CWW-4, chiasmatic cistern; CWW-5, 720 

prepontine cistern; CWW-6, perimesencephalic cisterns; CWW-7, Sylvian fissure (opercular 721 

segment); CWW-8, Sylvian fissure (cisternal segment); CWW-9, supracerebellar and velum 722 



interpositum cisterns; CWW-10, third and fourth ventricles and CWW-11, extra-axial CSF 723 

spaces. 724 

 725 

Figure 2. Effects of CSF mean pseudo-diffusivity on CSF Aβ biomarkers across CSF 726 

Waterways. (A) ROI analyses performed separately within each MRI acquisition batch using 727 

the CWW atlas. Association between CSF motility (MΨ) and CSF amyloid-β concentrations 728 

(Aβ40, Aβ42, and the Aβ42/ Aβ40 ratio) were examined within each CWW region using the 729 



base linear model: CSF Aβ biomarker ~ age + sex + CWW MΨ. Asterisks (*) indicate FDR-730 

corrected significant associations (pFDR < 0.05), and dots indicate nominal significance 731 

(uncorrected p<0.05). (B) ROI analyses across all batches (n=502) were performed using 732 

harmonized CSF MΨ values. Effects of CSF MΨ on CSF amyloid-β concentrations (Aβ40, 733 

Aβ42, and the Aβ42/Aβ40 ratio) were estimated using the base linear model: CSF Aβ 734 

biomarker ~ age + sex + CWW [harmonized MΨ]. The base model was additionally adjusted 735 

for brain atrophy (BPF), and subsequently for both BPF and lateral ventricle volume. Asterisks 736 

indicate significant effects after FDR correction: p < 0.05 (*), p < 0.01 (**), and p < 0.00001 737 

(***). (C) Scatter plots illustrate the associations between harmonized CSF MΨ and CSF 738 

Aβ40 concentrations across selected CWW regions in ROI analyses across all batches 739 

(n=502), based on the linear base model adjusted for age and sex.  740 

Abbreviations: MΨ, mean pseudo-diffusivity; CWWs, CSF waterways; ROI, region-of-interest; 741 

BPF, brain parenchymal fraction; FDR, false discovery rate 742 



 743 

Figure 3. Multi-batch voxel-wise analysis. Voxel-wise analyses across all batches with 744 

whole-brain coverage (n=312), using the base model adjusted for age and sex, showed that 745 

higher harmonized CSF motility (MΨ) was associated with elevated CSF Aβ40 concentrations 746 

with the significant clusters mainly in the Sylvian fissures (left: pFWE = 0.01; right: pFWE = 747 

0.001), lateral ventricles (left: pFWE = 0.01; right: pFWE = 0.009), velum interpositum cistern 748 

(pFWE = 0.03) and cisterna magna (pFWE = 0.01).  749 

Abbreviations: MΨ, mean pseudo-diffusivity; FWE, family-wise error 750 

 751 

 752 



 753 

Figure 4. Effects of CSF mean pseudo-diffusivity on plasma biomarker levels across 754 

CSF Waterways. (A) ROI analyses across all batches (n=459) show the effects of 755 

harmonized CSF motility (MΨ) on plasma Aβ40 and Aβ42 concentrations across CWW 756 

regions, estimated using a base linear model adjusted for age and sex. Asterisks (*) indicate 757 

significant effects after FDR correction: pFDR = 0.05 (*), and dots indicate nominal significance 758 

(p<0.05). (B) Higher CSF MΨ within the Sylvian fissure (CWW-8) was associated with 759 

increased levels of plasma Aβ40.  760 

Abbreviations: MΨ, mean pseudo-diffusivity; CWWs, CSF waterways; ROI, region-of-interest; 761 

BPF, brain parenchymal fraction; FDR, false discovery rate 762 



 763 

Figure 5. Effects of CSF mean pseudo-diffusivity on CSF Aβ biomarkers after 764 

accounting for amyloid pathology. (A) Heatmaps showing standardized β coefficients for 765 

associations between harmonized CSF motility (MΨ) and CSF Aβ biomarkers (CSF Aβ40, 766 

Aβ42, and the Aβ42/ Aβ40 ratio) across CWW regions. Models included: (A) the base model 767 

adjusted for age and sex; (B) the base model additionally adjusted for amyloid positivity; (C) 768 

the base model restricted to amyloid-negative participants; and (D) the base model restricted 769 

to amyloid-positive participants. Asterisks indicate significant effects after FDR correction: p < 770 

0.05 (*), p < 0.01 (**), and p < 0.00001 (***), and dots indicate nominal significance (p<0.05). 771 

Green boxes indicate regions with nominally significant MΨ ´ amyloid status interaction 772 

effects. (B) Scatter plots show representative regions with significant interaction effects 773 



between CSF MΨ and amyloid status, estimated using the model: CSF Aβ biomarker ~ CWW 774 

[harmonized MΨ] ´ amyloid status + age + sex. Amyloid positivity was defined as PET 775 

Centiloid ³18.41.  776 

Abbreviations: MΨ, mean pseudo-diffusivity; CWWs, CSF waterways; FDR, false discovery 777 

rate 778 



Figure 6. Effects of CSF mean pseudo-diffusivity on Aβ stable isotope labeling kinetics. 779 

(A) Schematic overview of the Aβ SILK protocol, including intravenous [13C6]-leucine infusion, 780 

serial CSF sampling via lumbar catheterization, and compartmental modeling to derive 781 

fractional turnover rate (FTR), peak time and APP production rate (KAPP). (B) Heatmap 782 

illustrating the associations between Aβ kinetic parameters and CSF, plasma, and PET 783 

biomarkers adjusted for age and sex. (C) ROI analyses illustrating the association between 784 

harmonized CSF effective motility (MΨ) and Aβ kinetics across CSF Waterways in 785 

participants with available SILK data (n=40) estimated using the base model adjusted for age 786 

and sex. (D-E) Scatter plots visualize age- and sex-adjusted residualized and standardized 787 

associations between harmonized CSF MΨ and Aβ kinetic parameters (n=40).  788 

Abbreviations: MΨ, mean pseudo-diffusivity; CWWs, CSF waterways; ROI, region-of-interest; 789 

SILK, stable isotope labeling kinetics.  790 
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794 

Supplementary Figure S1. Overview of CSF Pseudo-diffusion Spatial Statistics (CΨSS) 795 

and CSF Waterways (CWW) atlas. (A) For CΨSS, the following steps were performed: (1) 796 

multi-b-value diffusion MRI was divided into low b-value (b=0-450 s/mm2) and high b-value 797 

(b≥ 500 s/mm2) subsets. The Diffusion tensor model was fitted to the high b-value subset to 798 



obtain FA and to the low b-value subset to obtain mean diffusivity. These two were then fed 799 

into Atropos (part of ANTs) to generate partial volume maps and pseudo-T1-weighted 800 

images. (2) Low b-value subset (b=0-450 s/mm2) were used to generate low b-value MΨ 801 

maps, measuring effective CSF motility. (3) MΨ and pseudo-T1 images were utilized to 802 

create batch-specific templates using antsMultivariateTemplateConstruction2.sh (ANTs). CSF 803 

probability maps were subsequently registered to the common template space. To account for 804 

partial volume effects, the final CSF mask was generated by retaining voxels with CSF 805 

fraction > 0.8 in more than 75% subjects. Voxels with a CSF fraction < 0.8 were filled using 806 

surrounding voxel average. Spatial smoothing (2 mm FWHM) was applied within the CSF 807 

mask using 3dBlurInMask (part of AFNI).  808 

Abbreviations: CSF, cerebrospinal fluid; FA, fractional anisotropy; MΨ, mean pseudo-809 

diffusivity; FWHM, full width half maximum. 810 

 811 

812 

Supplementary Figure S2. Stratified associations between harmonized CSF mean 813 

pseudo-diffusivity and CSF Aβ biomarkers based on amyloid status. Scatter plots show 814 

associations between age and sex adjusted CSF motility (MΨ) and CSF Aβ biomarkers (CSF 815 



Aβ40, Aβ42, and the Aβ42/ Aβ40 ratio) across CWW regions, stratified by amyloid status. 816 

Lines represent subgroup-specific linear fits with shaded 95% confidence intervals. Red 817 

boxes indicate regions with nominally significant MΨ ´ amyloid status interaction effects. 818 

Abbreviations: MΨ, mean pseudo-diffusivity; CWWs, CSF waterways 819 

 820 

 821 

Supplementary Figure S3. Effects of CSF mean pseudo-diffusivity on Aβ stable isotope 822 

labeling kinetics after adjustment for global amyloid burden. (A) ROI analyses illustrating 823 



the association between harmonized CSF effective motility (MΨ) and Aβ kinetics across CSF 824 

Waterways in participants with available amyloid PiB PET data (n = 34), estimated using lin-825 

ear models adjusted for age, sex, and global amyloid burden. (B-C) Scatter plots visualize 826 

age- and sex-adjusted residualized and standardized associations between harmonized CSF 827 

MΨ and Aβ kinetic parameters stratified by amyloid status in participants with available amy-828 

loid PiB PET data (n = 34).  829 

Abbreviations: MΨ, mean pseudo-diffusivity; CWWs, CSF waterways; ROI, region-of-interest; 830 

SILK, stable isotope labeling kinetics; PiB, Pittsburgh compound B. 831 
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Scanner   

(3T Siemens) 
Batch TR/TE (ms) Volumes (n) Number of low b-values 

b-value 

(s/mm2) 
Slice number 

Biograph mMR  

mMR 1 9500/93 82 27 0-2000 60 

mMR 2 10200/92 82 27 0-2000 60 

mMR 3 10300/86 26 9 0-1400 80 

mMR 4 13300/99 26 9 0-1400 80 

Vida  Vida 5 5800/79 69 29 0-2000 80 

  Vida 6 9600/79 69 29 0-2000 80 

TrioTim  TrioTim 7 9900/102 26 12 0-1000 60 

Supplementary Table S1 Acquisition parameters of low-b dMRI across 3T Siemens MRI 847 

scanners.848 



 849 

Batch 
 
(n) 

CSF Aβ42 
 
 

CSF Aβ40 
 

CSF Aβ42/Aβ40 Plasma Aβ40 
 

Plasma Aβ42 
 

Aβ PET 
 

mMR 1 
(n=101) 

915.9 ± 399.3 12096.9 ± 3740.1 0.08 ± 0.02 448.9 ± 67.7 44.6 ± 7.5 12.0 ± 31.1 

mMR 2 
(n=43)  

758.7 ± 286.2 11291.8 ± 3395.4 0.07 ± 0.02 460.4 ± 71.2 46.6 ± 7.3 30.0 ± 46.1 

mMR 3 
(n=45) 

823.7 ± 253.6 11719.1 ± 2729.3 0.07 ± 0.02 441.7 ± 73.8 44.3 ± 6.7 12.8 ± 36.1 

mMR 4 
(n=93) 

733.3 ± 309.3 10468.2 ± 3302.5 0.07 ± 0.02 419.6 ± 75.1 41.8 ± 6.4 14.1 ± 35.3 

Vida 5 
(n=73)  

832.9 ± 381.2 11662.0 ± 3450.8 0.07 ± 0.02 434.0 ± 52.3 43.2 ± 4.9 No PET data 
available 

Vida 6 
(n=26)  

888.5 ± 354.3 11060.2 ± 3105.9 0.08 ± 0.02 438.6 ± 66.1 44.9 ± 7.8 No PET data 
available 

TrioTim 
(n=121) 

789.8 ± 361.1 11279.1 ± 3549.1 0.07 ± 0.02 425.8 ± 69.7 43.2 ± 7.6 No PET data 
available 

Supplementary Table S2. Summary of Amyloid Beta biomarkers across scanner 850 

batches. 851 

Values are reported as mean ± SD. CSF and plasma concentrations are in pg/mL. Aβ PET values are AV-852 

45 derived Centiloid measures of global amyloid burden.  853 
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