
ARTICLE IN PRESS
JID: NEURAD [m5G;November 30, 2023;23:49]

Journal of Neuroradiology 000 (2023) 1−9

Available online at

ScienceDirect
www.sciencedirect.com
Original Article
Multimodal assessment of brain fluid clearance is associated with
amyloid-beta deposition in humans

Liangdong Zhouy, Tracy A. Butlery, Xiuyuan H. Wang, Ke Xi, Emily B. Tanzi, Lidia Glodzik,
Gloria C. Chiang, Mony J. de Leon, Yi Li*
Department of Radiology, Brain Health Imaging Institute, Weill Cornell Medicine, 407 E 61st St, Feil 2, New York, NY 10065, United States
A R T I C L E I N F O

Article History:
Available online xxx
Abbreviations: CN, cognitively normal; MCI, mild cogni
fusion tensor imaging along perivascular space; vCSF,
ventricle; PVS, perivascular space; MRI, magnetic resona
magnetic resonance imaging; PC-MRI, phase-contrast M
ter; WMH, white matter hyperintensity; ADmask, Amy
mask in brain of AD spectrum; ICV, intracranial volume;
beta-amyloid protein; Tau, tau protein; SUVR, standard u
* Corresponding author.
E-mail address: yil4008@med.cornell.edu (Y. Li).

y These authors contributed equally to this work.

https://doi.org/10.1016/j.neurad.2023.10.009
0150-9861/© 2023 Elsevier Masson SAS. All rights reserv

Please cite this article as: L. Zhou, T.A. Butler
deposition in humans, Journal of Neuroradio
A B S T R A C T

Purpose: The present study investigates a multimodal imaging assessment of glymphatic function and its
association with brain amyloid-beta deposition.
Methods: Two brain CSF clearance measures (vCSF and DTI-ALPS) were derived from dynamic PET and MR
diffusion tensor imaging (DTI) for 50 subjects, 24/50 were Ab positive (Ab+). T1W, T2W, DTI, T2FLAIR, and
11C-PiB and 18F-MK-6240 PET were acquired. Multivariate linear regression models were assessed with both
vCSF and DTI-ALPS as independent variables and brain Ab as the dependent variable. Three types of models
were evaluated, including the vCSF-only model, the ALPS-only model and the vCSF+ALPS combined model.
Models were applied to the whole group, and Ab subgroups. All analyses were controlled for age, gender,
and intracranial volume.
Results: Sample demographics (N=50) include 20 males and 30 females with a mean age of 69.30 (sd=8.55).
Our results show that the combination of vCSF and ALPS associates with Ab deposition (p < 0.05, R2 = 0.575)
better than either vCSF (p < 0.05, R2 = 0.431) or ALPS (p < 0.05, R2 = 0.372) alone in the Ab+ group. We
observed similar results in whole-group analyses (combined model: p < 0.05, R2 = 0.287; vCSF model: p
<0.05, R2 = 0.175; ALPS model: p < 0.05, R2 = 0.196) with less significance. Our data also showed that vCSF
has higher correlation (r = -0.548) in subjects with mild Ab deposition and DTI-ALPS has higher correlation
(r=-0.451) with severe Ab deposition subjects.
Conclusion: The regression model with both vCSF and DTI-ALPS is better associated with brain Ab deposition.
These two independent brain clearance measures may better explain the variation in Ab deposition than
either term individually. Our results suggest that vCSF and DTI-ALPS reflect complementary aspects of brain
clearance functions.

© 2023 Elsevier Masson SAS. All rights reserved.
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Introduction

Brain clearance can be broadly defined as the removal of soluble
waste generated from neuronal functioning and other processes via
multiple, overlapping systems.1−8 Glymphatic clearance refers to the
system in which cerebrospinal fluid (CSF) mixes with interstitial fluid
(ISF) in the perivascular space (PVS) surrounding blood vessels,
thereby facilitating the removal of soluble proteins and metabolic
wastes from the central nervous system. In glymphatic clearance CSF
enters the brain along arterial PVS, exchanges with ISF, and then exits
along venous PVS. This continuous movement of fluid helps to main-
tain brain health by preventing the accumulation of potentially
harmful waste products, such as amyloid-beta (Ab), a protein associ-
ated with Alzheimer’s disease (AD).9,10 Impaired brain CSF clearance
causes soluble Ab accumulation and aggregation into Ab plaques in
the extracellular space, and is a hallmark of AD.11 Late-onset AD is
characterized by an overall impairment in Ab clearance, not Ab pro-
duction, 12 implying an underlying deficit in brain clearance could be
key in the pathogenesis of AD.

Several neuroimaging methods have been tested to assess brain
clearance in humans. Using MRI, the rate at which intrathecally
injected gadolinium-based contrast travels from a lumbar site of
injection to brain PVS can be monitored; this is considered one of the
most direct measures of perivascular clearance obtainable in humans,
yet is inappropriate for routine research use.13−15 MRI can also track
the movement of contrast injected intravenously into brain fluid
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Fig. 1. Flowchart of participants finalization.
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spaces, but this method is limited as gadolinium molecules are inten-
tionally large to restrict entry to the brain or CSF/ISF spaces. One of
the most promising MR methods is Diffusion Tensor Imaging along
perivascular spaces (DTI-ALPS). DTI-ALPS quantifies the ratio of water
diffusivity in the direction of PVS to the direction perpendicular to
PVS and is expected to reflect the glymphatic function.16,17 DTI-ALPS
has demonstrated glymphatic dysfunction in AD 18,19 and other disor-
ders.20−22

Dynamic Positron Emission Tomography (PET) is a promising tool
for imaging the glymphatic system.7,23−25 We developed a method to
measure ventricular CSF clearance/turnover (vCSF) based on the rate
of radiotracer removal from the lateral ventricle (LV).7,26 This focus
on radiotracer washout differs from the traditional use of PET that
assesses radiotracer uptake or binding since there is no tracer binding
in the LV. We used 18F-MK-6240, a second-generation tau PET imag-
ing agent, which has low molecular weight (505.5 g/mol) and freely
crosses the blood−brain barrier.27,28 It demonstrates higher signal-
to-noise, no binding in choroid plexus, and in-vivo kinetics preferable
to previous PET radioligands we have used in previous CSF clearance
studies.7,26 vCSF corresponds to the rate of decreasing radiotracer
concentration in ventricular CSF normalized by the total amount of
tracer delivery. It can also be measured using compartment modeling
that provides convergent results.24,25,29 vCSF is a net measure reflect-
ing several processes critical to brain clearance of solutes: 1) direc-
tional flow of CSF (and tracer) within the ventricular system to the
subarachnoid space for perivascular/glymphatic clearance, 2) CSF
mixing/tracer dilution via pulsatile back-and-forth flow and diffusion
within the ventricular system, and 3) tracer dilution via new CSF pro-
duction (»18−25 ml/h 30) and diffusion of ISF into the ventricle.8,31,32

We have shown that vCSF is reduced in AD and correlates with Ab
deposition measured by 11C-PiB PET.7,26

We hypothesize that DTI-ALPS and vCSF reflect different aspects
of brain CSF clearance. Combining modalities should provide a more
accurate and comprehensive understanding of a complex system
involving interconnected brain fluid systems at multiple levels of the
nervous system. Due to conflicting results of previous studies, show-
ing that independent methods provide convergent information is
important for cross validation of both methods as measures of brain
clearance in humans. We therefore tested the ability of two noninva-
sive fluid clearance measures, vCSF and DTI-ALPS, independently and
combined, to assess the extent of cortical Ab deposition in a group of
well-characterized subjects. Brain Ab arguably constitutes the only
established evidence of clearance failure in humans. Research gaug-
ing the accuracy and validity of clearance imaging methods is
warranted.33,34
Materials and methods

Subjects

Sixty-nine subjects (age > 50 years) were recruited in this study.
Subjects were recruited to this IRB approved study by advertising
(community mailers or internet postings) and by physicians’ refer-
rals. Exclusions included: MRI evidence of stroke,35 sleep disorder,
probable Cerebral Amyloid Angiopathy (CAA),36 and severe WM
lesions (Fazekas=3);37 subjects with STAGE 2 hypertension,38 brain
tumors, and other neoplastic disorders outside the brain where dis-
ease itself or its treatment (radiation, chemotherapy) is likely to affect
brain structure or function. Exclusions are made for major depression
indicated by scores ≥29 on the Beck Depression Inventory, develop-
mental intellectual disability, and recent/ or active substance abuse.
Subjects missing any required images (MR DTI, 11C-PiB and 18F-MK-
6240 PET) were excluded (n=9). Also excluded were 4 subjects with
hydrocephalus,39 1 with white matter lesion (Fazekas=3)37, 1 with a
sleep disorder, and 1 with microbleeding. 3 Ab- subjects diagnosed
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as MCI were (PiB SUVR<1.23)40 also excluded. A flow chart depicting
exclusions is presented in Fig. 1.
Subject assessment

Each subject underwent detailed evaluations by a cognitive neu-
rologist consisting of a neurological exam, informant confirmed inter-
views, the Clinical Dementia Rating scale (CDR),41 Montreal Cognitive
Assessment (MoCA),42 the National Alzheimer’s Coordinating Com-
mittee’s (NACC) telephone cognitive battery,43 routine blood tests,
ECG, MRI, and amyloid and tau PET. Subjects were assigned a final
diagnosis according to NACC criteria based on all available informa-
tion. Images were reviewed by a board certified neuroradiologist and
assessed based on American College of Radiation criteria. Cases with
uncertain diagnoses were presented at multidisciplinary consensus
diagnostic meetings. The present study includes those diagnosed as
cognitively normal (CN), mild cognitive impairment (MCI), or demen-
tia due to AD.
MRI and PET acquisition

Subjects underwent MRI on a 3T Siemens Prisma scanner with a
64-channel head-neck coil. T1w used for co-registration and segmen-
tation was acquired using MPRAGE sequence with TR/TE=2400/
2.96ms, flip angle=9°, FOV=25.6 £ 25.6cm, matrix size =256 £ 256,
208 sagittal slices, voxel size=0.5 £ 0.5 £ 0.5mm. DTI used for com-
puting DTI-ALPS (PVS clearance)16 was acquired with 98 directions,
TR/TE=3230/89.20ms, flip angle=78°, FOV=21 £ 21cm, matrix
size=140 £ 140, voxel size=1.5£ 1.5 £ 1.5mm, 92 axial slices, 3 b-val-
ues=0, 1500, and 3000s/mm2, multiband factor=6. Each DTI scan was
acquired with opposite phase encoding direction for geometric dis-
tortion correction. T2w was acquired using T2-SPACE sequence with
FOV=256 mm, TR/TE=3200/408ms, matrix size=512 £ 512 with 320
sagittal slices, voxel size=0.5 £ 0.5 £ 0.5 mm3. FLAIR used for white
matter hyperintensity (WMH) to determine a Fazekas scale rating
was acquired with 1mm isotropic voxel size,37 FOV=250 mm, TR/
TE=7600/384ms. SWI used for checking micro-bleeding was acquired
using multi-echo gradient echo sequence with 10 TEs from 6.1ms to
58.30ms, TR =63ms, FOV=256mm, matrix size=416 £ 512 £ 144,
voxel size=0.5 £ 0.5 £ 1 mm3.



Fig. 2. Illustration of dynamic 18F-MK6240 in the brain and formulation for calculation
of vCSF using TAC in lateral ventricle and area under curve (AUC) of whole brain (WB)
TAC.
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PET scanning used a Siemens Biograph mCT−S (64) slice PET/CT.
11C-PiB was synthesized by the Weill Cornell Medicine radiochemis-
try facility. 18F-MK6240 was provided by the manufacturer. 11C-PiB
PET data was acquired from 40-90 min after rapid bolus injection of
»555 MBq. 18F�MK6240 data was acquired from 0-60 min and 90-
120 min after rapid bolus injection of »185 MBq with a break
between acquisitions. 11C-PiB PET images were reconstructed to a
512 £ 512 £ 74 matrix of 0.8 £ 0.8 £ 3 mm voxels in 5 £ 10 min
time frames from 40min to 90 min. 18F-MK-6240 PET images were
reconstructed to a 400 £ 400 £ 109 matrix of 1 £ 1 £ 2 mm voxels
with 31 frames (12 £ 10 seconds, 3 £ 1 min, 10 £ 5 min, 6 £ 5 min).

Imaging processing

ROI parcellation
T1w MRI was segmented using FreeSurfer1 (FS)44 version 7.1

recon-all command for ROI parcellation with assistance of T2w to
enhance the segmentation quality. ROIs included the bilateral cere-
bellar cortex as a reference region to determine Ab standard uptake
value ratio (SUVR), and bilateral parietal, frontal and temporal ROIs,
collectively referred to as the AD cortical mask (ADmask)45 for quan-
tifying Ab. All ROIs were eroded one voxel from both sides using 3D
sphere kernel to avoid partial volume effect (PVE). The intracranial
volume (ICV) was measured using segmented brain mask (GM+WM
+CSF) in SPM12.46

Evaluation of WMH
We evaluated white matter hyperintensity (WMH) severity and

distribution in all subjects. We scored deep WMH (DWMH) and peri-
ventricular WMH (PVWMH) following Fazekas scale criteria.37 Specif-
ically, the WMH in periventricular white matter is categorized into 4
grades: 0=absent, 1=caps or pencil-thin lining, 2=smooth halo, and
3=irregular periventricular signal extending into the deep white mat-
ter; in deep white matter is scored as 0=absent, 1=punctate foci,
2=beginning confluence, and 3=large confluent areas.

PiB PET SUVR
Summed 11C-PiB PET data from 60 min to 90 min were used for

SUVR calculation. All the dynamic frames were realigned to the
summed images between 40-90min, and the summed image was
then coregistered to the T1w in FS space using boundary-based regis-
tration (bbr) method in FS.47 SUVR was calculated by using the cere-
bellar cortex for reference. Average SUVR within the cortical ADmask
served as the measure of Ab deposition.45 Subjects were classified as
quantitatively Ab+ or Ab-using a cut-off value SUVR=1.23.40

18F-MK-6240 vCSF
Dynamic 18F-MK-6240 PET data from 0 min to 60 min was used

for calculating brain CSF clearance in the lateral ventricle. All the
dynamic frames were realigned to the summation of the frames
between 6-30 min. The summation was then coregistered to the T1w
in FS space using FSL with normalized mutual information (NMI) cost
function and the coregistration transformation matrix was saved. The
transformation matrix was then applied to all the dynamic frames to
get dynamic 18F-MK-6240 PET data in FS space. 18F-MK-6240 PET
SUVR was calculated using a summed image during 90 min to
120 min with a reference in the cerebellar cortex. Tau status (tau+/-)
reading was performed on the MK SUVR by two experienced neuro-
radiologists (YL and GC).

The ventricular CSF clearance rate (vCSF) was measured by calcu-
lating the slope of the time-activity-curve (TAC) in an ROI consisting
of 3-voxels eroded (2D disk kernel) in the lateral ventricle (LV) during
10min to 30min and normalized by the area under curve (AUC) of the
whole brain TAC during 1 min to 4 min. Fig. 2 presents an illustrative
description of the vCSF calculation and formula.
3

DTI-ALPS
DTI data was corrected for susceptibility-induced geometric and

eddy current distortions, and intervolume subject motion using the
topup and eddy toolboxes in FSL.48 The preprocessed dMRI data are
used to fit diffusion tensors and obtain fractional anisotropy (FA) and
diffusivity maps for each subject in the directions of the x- (right-left,
Dxx), y- (anterior-posterior, Dyy), and z-axes (inferior-superior, Dzz).
Dxx corresponds to the direction of vessels in the periventricular
white matter, considered to reflect perivenous water diffusivity and
glymphatic function.16,17 On the color-coded FA map, 5-mm circle
ROIs are placed bilaterally in the projection and association areas on
axial slices at the level of the lateral ventricle body. As shown in Fig. 3
(A) the color-coded FA with marked ROIs, and (B) the susceptibility
weighted image (SWI) showing medullary veins. Diffusivity values
are calculated within each ROI. ALPS-index, reflecting CSF diffusivity
in the direction of PVS, is calculated as: mean (Dxx,proj, Dxx,assoc)/mean
(Dyy,proj, Dzz,assoc).16,17 Left and right indices are averaged unless
quantitative or visual differences e.g. due to lesion/injury are noted.

Statistical analysis

The relationship between Ab deposition (PiB SUVRwithin the cortical
AD ROI mask) and the clearance measurements (DTI-ALPS and vCSF) was
evaluated using multiple regression models controlling for age, sex and
ICV. The following regression models were tested (a) vCSF§ALPS model:
PiBsuvr = b0 + b1*age + b2*sex + b3*vCSF + b4*ALPS + b5*vCSF*ALPS
+b6*ICV; (b) vCSF only model:
PiBsuvr = b0 + b1*age + b2*sex + b3*vCSF + b4*ICV and (c) ALPS only
model: PiBsuvr = b0 + b1*age + b2*sex + b3*ALPS + b4*ICV. ICV term was
included to control for head size, whichmay be related to brain clearance
efficiency. An interaction term vCSF*ALPS in the vCSF+ALPS model was
included to account for the interaction of two separate clearance func-
tions from two distinct anatomical sites and medical imaging modalities.
This approach will enable the evaluation of combining two clearance
measures and could enhance the prediction of Ab deposition than either
measure alone.

The correlation between DTI-ALPS and vCSF was evaluated to
check the concordance of two clearance measures using the Pearson
or Spearman’s rank correlation test depending on the data distribu-
tion. The age and sex effects of ALPS and vCSF were performed using
a pairwise partial correlation by controlling for sex or age in both CN
and MCI/AD groups.49 To further test the effect of DTI-ALPS and vCSF
on Ab deposition in the Ab+ group, we divided all Ab+ subjects into



Fig. 3. Illustration of ROIs on (A) color-coded FA for DTI-ALPS, white matter fiber directions and (B) the medullary veins on SWI.

Table 1
Demographic and clinical information of
subjects in this study.

Item Number

Subjects number (n) 50
Gender: Male (%) 20 (40)
Mean Age (SD) 69.30 (8.55)
Diagnosis (%)
Cognitive normal 34 (68)
MCI/AD 16 (32)
Ab positive (%) 24 (48)
Tau positive (%) 17 (34)
DWMH score (%)
0 14 (28)
1 29 (58)
2 6 (12)
3 1 (2)
PVWMH score (%)
0 11 (22)
1 21 (42)
2 9 (18)
3 9 (18)
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two groups of mild Ab and severe Ab deposition by using median PiB
SUVR in cortical ADmask as cutoff. The correlation between PiB SUVR
and DTI-ALPS and vCSF were performed by using Spearman’s test in
both mild and severe Ab deposition groups. The effects of DWMH
and PVWMH on vCSF, DTI-ALPS and Ab deposition were tested by
using a t-test or Kruskal-Wallis test for their group difference of all
level of WMH scores, and Pearson or Spearman’s tests were per-
formed to check their correlation. The Shapiro-Wilk normality test
was used to check the normality of the data before all the tests were
performed.50

Whole-group and subgroup (Ab+ and Ab-) analyses were both
conducted. The Akaike information criterion (AIC) and Bayesian
information criterion (BIC) of the models were estimated for compar-
ison. We further used the likelihood ratio test to compare the differ-
ence of nested models.51

Data availability

Data is available upon reasonable request with the provision of a
formal data sharing agreement between the authors’ and the
requesting researchers’ institutions.

Results

Demographics

Table 1 presents the demographic and diagnostic information of
study subjects.

Effect of white matter hyperintensities

Spearman correlation tests show that PVWMH scores are corre-
lated with DTI-ALPS (r = -0.352, p < 0.05) and vCSF (r = -0.319, p <
0.05) in the whole-group, but not PiB SUVR (p > 0.05). Kruskal-Wallis
tests show group differences in DTI-ALPS differ by PVWMH scores
(x2 = 9.158, p < 0.05, mean of DTI-ALPS = 1.402, 1.432, 1.334, and
4

1.235 for PVWMH score 0, 1, 2, and 3, respectively). DWMH scores
are neither correlated with DTI-ALPS nor vCSF (p>0.05).

All significant correlations and group differences lose significance
after controlling for age and sex. Therefore, the WMH scores were
not included in the following regression analysis.
Correlation between DTI-ALPS and vCSF

The Pearson’s correlation between DTI-ALPS and vCSF is r= 0.445,
p < 0.01 (n=50) in the whole group; r = 0.560, p < 0.01 (n=24) the b+
group; and r = 0.311, p = 0.122 (n = 26) and the Ab- group. The results
are presented in Fig. 4 as a scatter plot.



Fig. 4. The positive correlation between DTI-ALPS and vCSF. The correlation between
them is the strongest in the Ab+ group.
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Age and sex effects of DTI-ALPS and vCSF

The age effects of vCSF, DTI-ALPS and PiB SUVR were assessed
using the partial correlation by controlling for sex. Significant partial
correlations between vCSF and age in CN (r = -0.463, p < 0.05),
between ALPS and age in MCI (r = -0.543, p < 0.05), and between PiB
SUVR and age in CN (r = 0.358, p < 0.05) were observed.

The sex effects of vCSF, DTI-ALPS and PiB SUVR were performed
using the partial correlation by controlling for age. No correlations
between these variables are significant in either CN or MCI/AD
groups.

Association of Ab deposition with both DTI-ALPS and vCSF based on Ab
status

In whole-group analyses of the vCSF-only model, only vCSF was
significantly associated with PiB SUVR (t = -2.221, p <
0.05, R2 = 0.174). In the ALPS-only model, only ALPS was significantly
associated with PiB SUVR (t = -2.488, p < 0.05, R2 = 0.196). In the vCSF
+ALPS model (R2 = 0.286), vCSF (t = -2.468, p < 0.05), ALPS (t = -2.902,
p<0.05) and their interaction (t = 2.334, p <0.05) were all signifi-
cantly associated with PiB SUVR. The partial regression plots for these
significant variables in vCSF+ALPS model is presented in Fig. 5. The
results show that both AIC (61.333 (vCSF+ALPS model) < 65.369
(ALPS model) < 66.609 (vCSF model)) and BIC (76.302 (vCSF+ALPS
model) < 76.596 (ALPS model) < 77.837 (vCSF model)) for the com-
bined model are smaller than the single clearance marker model. The
likelihood ratio tests show that the vCSF+ALPS model is significantly
better than vCSF-only (x2 = 7.872, p < 0.05) and ALPS-only models
(x2 = 9.699, p < 0.05).

For Ab+ group analysis in the vCSF-only model, only vCSF was sig-
nificantly associated with PiB SUVR (t = -2.885, p < 0.05, R2 = 0.431,
AIC = 32.571, BIC = 39.384.) In the ALPS-only model, only ALPS was
significantly associated with PiB SUVR (t = -2.416, p <
0.05, R2 = 0.372, AIC = 34.851, BIC = 41.664.) In the vCSF+ALPS model
(R2 = 0.575, AIC = 27.150, BIC = 36.234), vCSF (t = -2.760, p < 0.05),
ALPS (t = -2.843, p < 0.05) and their interaction (t = 2.533, p < 0.05)
as well as sex (t = 2.450, p < 0.05) were all significantly associated
with PiB SUVR. The partial regression plots for these significant varia-
bles in the vCSF+ALPS model is presented in Fig. 6. The results show
that both AIC (27.150 (vCSF+ALPS model) < 32.571 (vCSF model) <
34.851 (ALPS model)) and BIC (36.234 (vCSF+ALPS model) < 39.384
5

(vCSF model) < 41.644 (ALPS model)) for the combined model are
smaller than the single clearance marker model. The likelihood ratio
tests show that the vCSF+ALPS model is significantly better than the
vCSF-only (x2 = 10.074, p < 0.05) and the ALPS-only model
(x2 = 13.281, p < 0.05).

For the Ab- group, neither vCSF nor ALPS were significantly asso-
ciated with PiB SUVR. Only age was significantly associated with the
PiB SUVR in the ALPS-only model (p<0.05, Fig. 7 (C)), and marginally
associated with PiB SUVR in vCSF-only (p=0.056, Fig. 7 (B)) and com-
bined (p=0.053, Fig. 7 (A)) models. The likelihood ratio tests show no
difference between the three models.

Association of Ab deposition with both DTI-ALPS and vCSF based on Tau
status

For the tau+ group, in the vCSF-only model (n = 17, R2 = 0.521),
both vCSF (t = -2.58, p < 0.05) and sex (t = 2.199, p < 0.05) are signifi-
cantly associated with the PiB SUVR. In the ALPS-only model
(R2 = 0.596), both ALPS (t = -3.184, p < 0.01) and sex (t = 2.645, p <
0.05) are associated with PiB SUVR. In the vCSF+ALPS model
(R2 = 0.599), only sex (t = 2.335, p < 0.05) is significantly associated
with PiB SUVR. ALPS is marginally associated with PiB SUVR (t = -
2.029, p = 0.070). The likelihood ratio tests show that the vCSF+ALPS
model is better than the vCSF model (x2 = 6.146, p < 0.05), but not
significantly different from the ALPS model (p > 0.05).

For the tau- group, none of the investigated variables are signifi-
cantly associated with PiB SUVR.

Correlation between clearance biomarkers (DTI-ALPS, vCSF) and Ab
deposition level

24 Ab+ subjects were divided into two subgroups (12 mild and 12
severe Ab deposition) by the median value of the global brain Ab
binding level (cut-off SUVR= 1.640). The correlation between PiB
SUVR and DTI-ALPS is r = -0.048, and vCSF is r = -0.548 in mild Ab
group. For the severe Ab group, the correlation between PiB SUVR
and DTI-ALPS is -0.451, and vCSF is r = -0.435. These results show
that vCSF is sensitive to mild Ab deposition at early stage, while DTI-
ALPS may capture severe Ab accumulation.

Discussion

We found that two independent clearance measures, vCSF and
DTI-ALPS, measured with 18F-MK-6240 PET and MRI respectively,
correlated strongly (r = 0.560 in Ab+ group vs r = 0.445 in whole
group), supporting both as in vivo measures of brain fluid clearance.
We found that a model including both vCSF, DTI-ALPS, and their
interaction term (controlling for age, sex and ICV) explained a
remarkably high proportion of variance in cortical Ab deposition
(57.5%) in Ab+ subjects. This model explained more variance (higher
R2 and lower AIC and BIC) than either clearance measure alone. Like-
lihood ratio tests show that the combination of vCSF and ALPS are
significantly better associated with Ab deposition in the Ab+ and
whole group than each individual model. vCSF and DTI-ALPS are
clearance measures from different brain sites and quantified using
different imaging modalities. The strong correlation between two
independent clearance measures that collectively correlate with cor-
tical amyloid − the only established gold standard of prior failed
clearance - strongly supports their validity as in vivo clearance meas-
ures. Additionally, DTI-ALPS and vCSF independently explain varia-
tion in Ab deposition, indicating that each measure reflects distinct,
but complementary aspects of fluid clearance that can be applied to
Ab deposition and clearance. It is worth mentioning that this multi-
modal analysis with two clearance biomarkers will not impose any
additional time or financial burden on patients since DTI MRI is a typ-
ical sequence in routine MRI scans, and vCSF derived from 18F-MK-



Fig. 5. In whole group, partial regression plot of significant variables versus Ab deposit in AD mask in vCSF+ALPS model. (A) vCSF; (B) ALPS; and (C) ALPS*vCSF.
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6240 PET is a second-generation tau PET imaging method typically
required to confirm the diagnosis of AD.

The explanatory power increased dramatically for the Ab+ group
(57.5%) compared with the whole group consisting of Ab+ and Ab-
subjects (only 28.6%). In Ab- subjects, neither clearance measure
explained cortical Ab. These results are intuitive considering that
Fig. 6. In Ab positive group, partial regression plot of significant variables versus Ab depo

6

subjects with significant, above-threshold Ab accumulation demon-
strate a clear, inverse relationship between clearance and Ab is
expected (i.e., worse clearance = higher Ab). In contrast, in Ab- sub-
jects, the relationship between clearance and Ab may be more com-
plex, with clearance rates likely homeostatically linked to Ab
production/deposition in some, but not all subjects. Additionally,
sit in AD mask in vCSF+ALPS model. (A) vCSF; (B) ALPS; (C) ALPS*vCSF; and (D) Sex.



Fig. 7. In Ab negative group, partial regression plot of significant variable (Age) versus Ab deposit measured in AD mask in (A) vCSF+ALPS model, (B) vCSF model; and (C) ALPS
model.
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assessing the relationship between clearance and Ab deposition in
Ab- subjects remains difficult because the total Ab load is too low.

In all groups, when the models are divided by tau status instead of
Ab status results are weaker. However, we did observe a higher R-
squared value for the vCSF-only and ALPS-only model compared
with those from Ab status-based model, implying a stronger correla-
tion between the clearance measurements and Ab deposition in tau+
group. Subjects with both Ab and tau positivity are usually in a more
advanced stage of the disease. One could infer that tau+ subjects may
have stronger, measurable clearance deficits. CSF clearance deficits
may also affect tau clearance and propagation in the brain.52,53 Due
to a limited number of tau+ subjects in our sample, further research
is warranted to understand how brain clearance affects tau.

In the Ab+ group, Pearson’s correlation reveals that vCSF has a
stronger correlation with Ab deposition than ALPS in subjects with
mild Ab deposition, while ALPS has a stronger correlation in subjects
with severe Ab deposition. Mild Ab deposition can be regarded as
early Ab deposition stage, while severe Ab deposition may be treated
as later Ab deposition stage considering that Ab accumulation is a
gradual process. Note that in the Ab+ group, R-squared for the vCSF-
only model is 0.431, which is greater than the ALPS-only model
(R2=0.372), implying that vCSF and ALPS contain different and com-
plementary information. This could explain why the combination
model with both ALPS and vCSF is associated with Ab deposition bet-
ter than the individual markers. This could also be amongst the rea-
sons why the combination model does not apply to the tau+ group in
our data since most tau+ subjects (10/17) are in severe Ab deposition
group. Note that in the tau+ group, the R-squared for the vCSF-only
model is 0.521 compared to 0.596 for ALPS-only model. Considering
the results for the Ab+ group and tau+ group together, the data shows
that vCSF is a marker correlated with early clearance deficits while
ALPS is more correlated with later clearance deficits. This could also
imply that clearance deficits contribute to tau deposition, although
further investigation is needed.

Glymphatic clearance depends on interconnected fluid systems.
The recently characterized glymphatic system involves the convec-
tive exchange of CSF and ISF through PVS and the well-defined CSF
system consisting of ventricles and connecting aqueducts. The inter-
relationship between bulk CSF flow and glymphatic flow has been
widely discussed.10,54,55 Abnormalities at any point within these
interconnected systems may reduce CSF-ISF flow and mixing that in
turn, impairs clearance of solutes like Ab leading to its accumulation.
Our data shows that both glymphatic function (DTI-ALPS) and ven-
tricular CSF clearance/turnover (VCSF) are highly relevant to brain Ab
deposition. The ability to measure and monitor brain clearance in
vivo in humans is expected to inform understanding of AD pathogen-
esis and guide targeted therapies.
7

Our data shows that WMH have no significant effects on Ab depo-
sition. However, PVWMH was observed negatively correlated with
ALPS and vCSF. To reduce the effect of PVWMH on ALPS measures,
we carefully avoided WMH regions when tracing ROIs for ALPS calcu-
lations in this study. ALPS and vCSF were calculated from different
imaging modalities and by using unique algorithms. The negative
correlation cannot be explained by WMH artifacts. It is unclear why
PVWMH correlates to CSF clearance and DWMH does not, and this
difference is likely induced by regional vulnerability. Periventricular
white matter (PWM) is particularly susceptible to certain types of
damage due to its blood supply and drainage dynamics. Being close
to the ventricular system, any damage to the ependymal lining or
changes in CSF dynamics might exert more direct effects on the
PVWM and reactive astrogliosis might be more pronounced follow-
ing such damage. Evaluating the relationship between WMH and
ALPS or vCSF is out of the scope of this study. However, knowledge of
this relationship will enhance the understanding of interacting neu-
roinflammation and brain CSF clearance.

Although the promising results presented in this study contribute to
understanding brain clearance mechanisms in AD, it is not without limi-
tations. First, this study includes a total of 50 subjects including 24 Ab+
and 26 Ab- subjects, with 16 Ab+ subjects diagnosed as MCI/AD. Apply
multimodal regression analyses and sub-analyses to a relatively small
sample is difficult due to sample heterogeneity. An unbalanced sex ratio
(30F+20M) along with an unbalanced sex distribution across ages (most
Ab+ male is between 65 to 80 years old) do not allow for rigorous analy-
ses of sex differences in brain clearance. A larger sample is required to
confirm these results. Second, as a cross-sectional study this research
does not assess the causal effects that the two clearance markers may
have on Ab deposition longitudinally. These subjects are due for follow
up assessments after two years. Third, the vCSF and ALPS are relatively
new biomarkers in brain clearance research. In many studies, ALPS was
considered a biomarker of interstitial fluid activity, and vCSF was devel-
oped as amarker of CSF turnover rate in the lateral ventricle. They are dif-
ferent from other proposed clearance measurements derived from
functional MRI (fMRI) or phase-contract MRI (PC-MRI). PC-MRI quantifies
rate, volume and direction of CSF transit through the ventricular system
via the cerebral aqueduct.56,57 fMRI has been used to assess physiological
low-frequency oscillations that drive pulsatile CSF movement through
the ventricular system into and out of the brain.58,59 Future studies should
test the convergent validity of our proposed framework with framework
with fMRI, PC-MRI and other clearancemeasures.

Conclusion

Our results demonstrate that two independent brain clearance
measures, MRI-quantified DTI-ALPS and PET-quantified vCSF,
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correlate strongly. A regression model including both measures is
associates with Ab deposition more strongly than either measure
alone. These results indicate that vCSF and ALPS reflect different and
complementary aspects of the brain clearance system in humans.
Reliable methods for measuring clearance in humans are essential in
understanding how clearance dysfunction may lead to AD for early
identification of reduced clearance in asymptomatic subjects at risk
of neurodegeneration, and for testing the efficacy of interventions
designed to enhance clearance and prevent disease.
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