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Abstract

Background and Objectives: The glymphatic system is a whole-brain perivascular
network, which promotes CSF/interstitial fluid exchange. Alterations to this system may
play a pivotal role in amyloi@ (Ap) accumulation. However, its involvement in
Alzheimer’s disease (AD) pathogenesis is not fully understood. Here, we investigated
the changes in noninvasive MRl measurements related to the perivascular network in
patients with mild cognitive impairment (MCI) and AD. Additionally, we explored the
associations of MRI measures with neuropsychological score, PET standardized uptake
value ratio (SUVR), and A deposition.

Methods: MRI measures, including perivascular space (PVS)volume fraction (PVSVF),
fractional volume of free water in white matter (FW-WM), and index of diffusivity

along the perivascular space (ALPS index) of patients with MCI, those with AD, and
healthy controls from the Alzheimer's Disease Neuroimaging Initiative database were
compared. MRI measures were also correlated with the levels of CSF biomarkers, PET
SUVR, and cognitive score in.the combined subcohort of patients with MCI and AD.
Statistical analyses were performed'with age, sex, years of educatigkR@Rdstatus

as confounding factors.

Results: In total, 36 patients with AD, 44 patients with MCI, and 31 healthy controls
were analyzed. Patients with AD had significantly higher total, WM, and basal ganglia
PVSVF (Cohen's d = 1.15-1.48; p < 0.001), and FW-WM (Cohen’s d = 0.73; p < 0.05)
and a lower ALPS index (Cohen’s d = 0.63; p < 0.05) than healthy controls. Meanwhile,
the MCI'group-only showed significantly higher total (Cohen’s d = 390.05) and

WM (Cohen’s d =0.91; p < 0.05) PVSVF. Low ALPS index was associated with lower
CSF A342 (s=0.41, gy = 0.026), FDG-PET uptakes(= 0.54, gy < 0.001), and worse
multiple cognitive domain deficits. High FW-WM was also associated with lower CSF
AB42 (s=-0.47, pr = 0.021) and worse cognitive performances.

Conclusion: Our study indicates that changes in PVS-related MRI parameters occur in
MCI and AD, possibly due to impairment of the glymphatic system. We also report the
associations between MRI parameters an@l deposition, neuronal change, and

cognitive impairment in AD.
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Glossary: AB = amyloid B ADAS = Alzheimer’s Disease Assessment Scale; ADNI =
Alzheimer’s Disease Neuroimaging Initiative; ALPS = diffusivity along the
perivascular space; BG = basal ganglia; CDR-SB = Clinical Dementia Rating Scale
Sum of Boxes; DBP = diastolic blood pressure; DTI = diffusion tensor imaging; DW =
diffusion weighted; FA = fractional anisotropy; FAQ = Functional Activities
Questionnaire; FDG ={F] fluorodeoxyglucose; FLAIR = fluid-attenuated inversion
recovery; FSL = FMRIB Software Library 6.0.3; FW = free water; GBCA =
gadolinium-based contrast agent; GMVF = gray matter volume fraction; Hipp =
hippocampus; HMSCORE = Modified Hachinski Ischemic Score; ISF = interstitial
fluid; MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination;
PVS = perivascular space; PVSVF = PVS volume fraction; RAVLT = Rey Auditory
Verbal Learning Test; ROI = region of interest; SBP = systolic blood pressure; SUVR =
standardized uptake value ratio; Tlw = T1 weighted; WM = white matter; WML =
white matter lesion; WMLVF = white-matter lesion volume fraction; WMVF = white-

matter volume fraction

Footnotes. Data used in preparation of this article were obtained from the Alzheimer's
Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the
investigators within.the ADNI contributed to the design and implementation of ADNI
and/or provided data but did not participate in analysis or writing of this report. A
complete listing of ADNI investigators can be found at: http://adni.loni.usc.edu/wp-

content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf

I ntroduction

The accumulation of extracellular amyloid (AB), a pathological hallmark of
Alzheimer's disease, is initiatedtl5 years before the onset of demehtiZihis

deposition results from multiple impaired brain clearance mechafi$ims glymphatic
system has been suggested to be an essential componghtlebfance in the brain of

rodents® * Glymphatic dysfunction has been found to be correlated with A
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accumulation; however, its involvement in the pathogenesis of Alzheimer’s disease in
humans is yet to be fully understood. The elucidation of its mechanism may promote
new diagnostic and therapeutic methods that delay or prevent the neurodegeneration in
Alzheimer’s disease.

According to the glymphatic hypotheSisubarachnoid CSF enters the brain
interstitial space from the periarterial space via A@@P4 channel expressed in the

astrocyte end-feet and then mixes with the interstitial fUgF) and waste solutes in

the brain. The resulting CSF/ISF exchange and waste products, sugh aseAhen
drained out of the brain via the perivenous efflux pathway. Recent studies have
demonstrated the possibility of measuring glymphatic functions using MRI, with most
of them being MRI tracer-based studies using. a gadolinium-based contrast agent
(GBCA).® However, both intrathecal andintravenous GBCA administration are
relatively invasive. Promising MRI-based noninvasive methods that do not require MRI
tracers; namely, perivascular space (PVS) volunfetgiculation of the fractional
volume of free water (FW) in_brain parenchyma (i.e., brain ISF) from a bitensor
diffusion tensor imaging (DTI) mod&land calculation of the diffusivity along the PVS
(ALPS) index] were recently introduced for the indirect evaluation of perivascular
network activity.

Although the subject remains controversial, MRI-visible PVSs are considered to
reflect periarterial spaces instead of perivenous spaces. A study using 7-T MRI reported
that the PVS was spatially consistent with the trajectory of small arterioles, but not
venules'®. Thus, an MRI-visible PVS corresponds to the CSF influx to the brain
parenchyma of the glymphatic system. The dilatation of PVS, which is typically located
in white matter (WM) at the centrum semiovale level, basal ganglia (BG), and
hippocampus “(Hipp), has been hypothesized to be secondary to ISF drainage
blockage'* Neuropathological and MRI studies have reported that patients with
Alzheimer's disease have a higher frequency of PVS dilatation compared with
cognitively healthy participant$;*® a finding that was correlated with corticaB A
deposits™> Most studies to date have used conventional visual scoring scales to evaluate
PVSs based on the number of PVSs counted on predefined brain scan®stices.

Although a visual scoring system is relatively easy and reprodd&ibldpes not allow
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for mapping the entire brain. Consequently, the methods are less sensitive and suffer
from floor and ceiling effects. An automatic whole-brain PVS volume measurement
methods based on isotropic three-dimensional MRI acquisition and computational
imaging analyses have been propd$édand demonstrated to correlate well with the
visual rating scaleusing neuroradiological assessmEnhevertheless, changes in the
PVS volume in each anatomical predilection site in patients with Alzheimer’s disease
have not been fully investigated.

Estimation of the interstitial water content in the brain parenchyma, calculated as
a volume fraction of FW in a voxel using a regularized bitensor model of DTI, has
become possibl® Elevated WM FW has been reported in patients with Alzheimer's
diseasé:?® suggesting the stagnation of fluid drainage .caused by glymphatic
dysfunction. Using DTI, Taokat al.” proposed the ALPS index, which is calculated
from the diffusivity along the deep medullary vein at the level of the lateral ventricle
body, as a measure of perivascular clearance activity in the human brain. They
previously reported a significant association between the Mini-Mental State
Examination (MMSE) score and ALPS index in patients with Alzheimer’'s disease and
mild cognitive impairment. (MCI). The ALPS index has also been used in the evaluation
of various neurological disorde?$?® Furthermore, a recent study validated the ALPS
index as a measure of glymphatic functidSpecifically, the ALPS index was found to
be significantly correlated with glymphatic function measures calculated on MRI after
intrathecal GBCA administratiof.

The PVS volume ds an indicator of enlargement in the periarterial space;
fractional volume of FW in WM (FW-WM), a measure of brain ISF; and ALPS index, a
measure of the diffusivity along the perivenular space around the deep medullary vein.
Together, they enable indirect evaluation of the glymphatic system (Figure 1). We
aimed to determine changes that occur in these MRI parameters in patients with MCI
and Alzheimer’'s disease. Additionally, we examined the associations of the MRI
measurements with (A deposition, which is thought to be caused by glymphatic
dysfunction, neuropsychological scores, and PET standardized uptake value ratios
(SUVRS).
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M ethods

Study participants
The data used in this study were obtained from the ADNI-2 database (eMethod 1 in the

supplement; _https://adni.loni.usc.edu). The details of the inclusion criteria,

neuropsychological scores and other biomarkers assessed in the present study are

available in eMethods 1-3, respectively.

MRI data acquisition

Diffusion-weighted (DW), T1-weighted (T1w), and fluid-attenuated inversion recovery
(FLAIR) imaging data were acquired for each participant using a 3-T scanner. More
imaging details can be found in eMethod 4-in the supplement. Furthermore, MRI data

processing steps are available in eMethod 5.

PV S segmentation

PVSs were mapped from T1w images, using an automated and highly reliable
quantification method, following the pipeline of previous studi€s. WM lesions
(WMLs), which lead to a mis-segmented PVS mask, were excluded from the PVS mask
to eliminate PVS mis-segmentation caused by WM hyperintensity. The PVS volume
was measured in the WM, BG, Hipp, and the sum of these structures (ALL) (Figure 2;
eMethod 5 in the supplement). The PVS volume fraction (PVSVF; PVSVF = PVS
volume/intracranial volume) was then obtained to eliminate interindividual variability in

brain size. Detalls of the pipeline can be found in eMethod 6.

FW calculation

Maps of the fractional volume of FW were constructed from DW images using a
regularized bitensor model with the open-source software package Diffusion Imaging in
Python (also known as Dipy) algorithm (https:/dipy.of§/Mean cerebral FW-WM

was extracted using the T1lw imaging—based WM mask calculated at the MRI data
processing stage (eFigure 1 in the supplement). The effects of WML and PVS were then

excluded using the WML and PVS masks calculated at the MRI data processing stage.
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In the process, the WML and PVS masks were registered to the DW image space by

applying the FLAIR-to-T1w and T1w-to-DW image transformation matrices.

ALPSindex calculation

ALPS index was calculated from DW images using a semiautomated and highly reliable
pipeline developed and validated by Taekal., *° (Figure 3). Details can be found in
eMethod 7 in the supplement. The average of the left and right ALPS indices (mean
ALPS index) was then calculated. An ALPS index closes to 1.0 reflects minimal

diffusivity, whereas a higher value indicates greater diffusivity.

Statistical analysis

Between-group differences in PVSVF-WM, PVSVF-BG, PVSVF-Hipp, PVSVF-ALL,
FW-WM, mean ALPS index, and diffusivities in the associatiog {Eoc Dyy,assoc @nd
D.z,assop @and projection (B proj Dyyprop @nd ‘B, pro) areas were evaluated using a
general linear model univariate while controlling for age, sex, years of education,
scanning site, andPOE €4 gene carrier status (Model 1). To determine the influence of
WMLs on the measurements of the glymphatic system, we also included WML volume
fraction (WMLVF;, WML volume/ICV). as a confounding factor in Model 2, which
included the covariates of age, sex, years of education, scanningPiE, 4 gene
carrier status, and WMLVE, for the evaluation of PVSVF, FW, and mean ALPS index.
Furthermore, to examine the influence of changes in WM integrity on ALPS index
assessment, we also included the mean FA and mean diffusivity (MD) values measured
in the regions of interest (ROIs) of the association and projections fibers (eMethod 7) as
a covariate for the evaluation of the ALPS index in Model 3, which included the
covariates of age, sex, years of education, scanningAsi@E: €4 gene carrier status,
WMLVF, FA, and MD. The ALPS index has been associated with gray matter (GM)
atrophy in older adults with sleep disord®iConsidering the high incidence of GM
atrophy in Alzheimer’s disease, we also included GM volume fraction (GMVF; GM
volume/ICV) as a confounding factor in Models 2 and 3 to create Models 4 and 5,

respectively. Statistical significance was set atvalBe of €©.05.
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Finally, partial Spearman’s rank correlation tests were used to evaluate the
associations of MRI measurements with neuropsychological scores, CSF biomarker
values, PET SUVRs, and Hipp volume adjusted for age, sex, years of education,
scanning site, anédPOE €4 gene carrier status in the MCI and Alzheimer’'s disease
groups combined. Notably, correlation analyses were only performed on patients with
available data (Table 1). The false discovery rate was used to correct for multiple

correlation tests

Data availability

The data used in this study are publicly available jin the ADNI-2 database

(https://adni.loni.usc.edu). A list of the participants included in this study is available

upon request to the corresponding author.

Results

Demographic and-clinical characteristics of the study
population

This study included 31 cognitively healthy controls (14 men and 17 women; mean age,
73.86 = 4.91 years), 44 patients with MCI (26 men and 18 women; mean age, 73.38 +
5.68 years), and 36 patients with Alzheimer’s disease (22 men and 14 women; mean age,
74.28 + 8.76 years) (Table 1). Age, sex, years of education, systolic and diastolic blood
pressures, -modified Hachinski ischemic score, and WM volume fraction (WM
volume/ICV) did not vary significantly among the control, MCI, and Alzheimer’s
disease groups. All patients with MCI and Alzheimer's disease had a modified
Hachinski ischemic score of <4, indicating primary degenerative dementia. The number
of APOE €4 gene carriers in the patients with MCI and Alzheimer’'s disease was
significantly higher than controls. In contrast, no significant difference was found
between the patients with MCI and those with Alzheimer’s disease. Although data on

neuropsychological scores, blood pressure, PET, and CSF biomarkers were not
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available for all participants, at least 68% of the controls, 70% of the patients with MCI,
and 83% of the patients with Alzheimer’s disease had complete data.

The [®F] florbetapir-PET SUVRs as well as the scores for MMSE, Montreal
Cognitive Assessment, Rey Auditory Verbal Learning Test (RAVLT; immediate), and
logical memory total delayed recall in the patients with MCI and Alzheimer’s disease
were significantly lower than controls; the same parameters in the patients with MCI
were significantly lower than those in the patients with Alzheimer's disease*Fje |
fluorodeoxyglucose (FDG)-PET SUVRs and RAVLT (learning and. percentage of
forgetting) scores in the patients with MCI and Alzheimer’s disease were significantly
lower than controls. The patients with Alzheimer’s disease had significantly lower CSF
AB42, CSF total tau and phosphorylated tau levels compared-with controls, whereas the
patients with MCI only showed a significantly lower CSB4R level compared with
controls. The WMLVF and GMVF were. significantly lower in patients with
Alzheimer’'s disease than controls<and patients with- MCI. Functional Activities
Questionnaire (FAQ), Clinical Dementia Rating Scale Sum of Boxes (CDR-SB),
Alzheimer’s Disease Assessment Scale (ADAS)-11, ADAS-13, and ADAS-Q4 scores in
the patients with MCI and-Alzheimer’s disease were significantly higher than controls;
the same parameters in the patients with"Alzheimer’s disease were significantly higher
than those in the patients with MCI. The patients with Alzheimer's disease had
significantly higher scores for.the time to complete part B of the Trail Making Test
compared with controls and patients with MCI. WMLVF, GMVF, CSF total tau and
phosphorylated tau levels, RAVLT percentage of forgetting, and the score for the time
to complete part. B of the Trail Making Test were not significantly different between
patients with MCl and controls. Moreover, FDG-PET SUVRs, RAVLT (learning and
percentage of forgetting) scores, and the CSF biomarker values were not significantly

different between the patients with MCI and those with Alzheimer’s disease.

Between-group differencesin MRI measurements

After adjusting for age, sex, years of education, scanning site, and &P@#ne carrier
status (Model 1), mean ALPS indeR £ 0.026) was significantly lower and,DRssod P
= 0.006), DBy,proj (P = 0.003), PVSVF-WM R < 0.001), PVSVF-BG F < 0.001),
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PVSVF-ALL (P < 0.001), and cerebral FW-WMP(= 0.025) were significantly higher

in patients with Alzheimer’s disease than controls (Figure 4; eFigure 2; eTable 1 in the
supplement). PVSVF-ALLK = 0.006) and PVSVF-WMR = 0.018) were significantly
higher in the patients with MCI than controls. There were no significant differences in
Dyx,assoe Dyy,assoe Dxx,projp Dzz,prop @nd PVSVF-Hipp among the three groups; i Roc,
Dyy.proy mean ALPS index, FW-WM, and PVSVF-BG between the patients with MCI
and control participants; and in;Lssoc Dyyproy Mean ALPS index, PVSVF-ALL,
PVSVF-WM, and FW-WM between the patients with MCI and those with Alzheimer’s
disease.

In Model 2, which included WMLVF as a covariate in addition to those of
Model 1, PVSVF-WM P < 0.001), PVSVF-ALL P.< 0.001), andPVSVF-BGH( =
0.009) remained significantly higher in the patients with. Alzheimer's disease than
controls. Significantly higher PVSVF-ALLA(= 0.004) and PVSVF-WMHK = 0.007)
were also consistently observed in’ patients with MCl-than in the healthy control
participants. In addition, significantly higher PVSVF-ALP & 0.001) and PVSVF-

WM (P < 0.001) were observed. in patients with Alzheimer’s disease than in those with
MCI. In contrast, significant differences in PVSVF-BG observed between patients with
Alzheimer’s disease and those with MCl-observed in Model 1 and that in FW-WM and
mean ALPS index observed between patients with Alzheimer’s disease and the controls
were no longer present in Model 2 including the additional covariate of WMLVF.

In Model 3, which included FA, MD, and WMLVF as covariates in addition to
those of Model 1, mean ALPS indef & 0.040) remained significantly lower in
patients with Alzheimer’'s disease than that among controls. Consistent with Model 1, a
significant difference in mean ALPS index was not observed between patients with
MCI and controls or between patients with Alzheimer’s disease and those with MCI.

In Model 4, which included GMVF as a new covariate added to the covariates of
Model 2, the results obtained using Model 2 were relatively preserved. PVSVAPWM (
< 0.001) and PVSVF-ALL R < 0.001) were significantly higher in patients with
Alzheimer’s disease than the controls and patients with MCI, whereas PVSVP-BG (
0.020) were significantly higher in patients with Alzheimer’s disease than the controls.
PVSVF-ALL (P = 0.003) and PVSVF-WMHK = 0.004) remained significantly higher in
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patients with MCI than the controls. No significant differences in PVSVF-BG, PVSVF-
Hipp, FW-WM, and mean ALPS index were found among the three groups.

In Model 5, with GMVF included as a covariate in addition to those of Model 3,
the significant difference in mean ALPS index observed among the groups in Model 1

was no longer present.

Correlation analyses

Higher PVSVF-BG was associated with worse FAQ scoge=(0.42, prgr = 0.026)
(Figure 5; eTable 2 in the supplement). Higher FW-WM was also associated with lower
CSF A342 (s= —0.47,pr = 0.021), worse MMSE scores(= —0.41,prgr = 0.021), and
worse FAQ scorer{ = 0.36,piqr = 0.044). Lower mean ALPS index was associated with
lower CSF A42 (s= 0.41,prq = 0.026), FDG-PET SUVr{=0.54,p:- < 0.001), and
worse MMSE (s = 0.41,pigr = 0.026), FAQ i(s = —0.38,prr = 0.016), CDR-SBr(, =

-0.47, prar = 0.003), ADAS-11 1s = =0.40,prgr = 0.013), and ADAS-13 scores; E
—0.33,prgr = 0.041). The correlations of PVSVF-ALL, PVSVF-WM, and PVSVF-Hipp
with neuropsychological scores, CSF biomarkervalues, PET SUVRs, and Hipp volume

were not significant.

Discussion

This study used noninvasive MRI measures to assess the whole-brain perivascular
network in patients with'MCIl and Alzheimer’'s disease. The observed higher PVSVFs
and FW-WM-and lower mean ALPS index in patients with Alzheimer's disease as
compared with control participants might reflect the dilatation of the PVS, increased
extracellular free water in the WM interstitial space, and reduced water diffusivity in the
perivenous spaces, possibly due to impairment of the glymphatic system. In contrast,
PVSVF-ALL and PVSVF-WM changes in patients with MCI might indicate early
impairment in the periarterial space. Of these measures, FW-WM and mean ALPS
index were significantly associated with CSH Aevels, FDG-PET SUVRs, and

multiple cognitive scores.
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In patients with Alzheimer's disease, after adjusting for age, sex, years of
education, scanning site, aAdPOE €4 gene carrier status, PVSVF was significantly
enlarged in all parts except the hippocampal region compared with the controls. This
result is consistent with previous studies showing that perivascular luminal expansion in
Alzheimer's disease is mainly seen in the WM (particularly in the centrum semftévale)
1420 and in some cases in the B&' Research has also shown that the hippocampal
PVS is not associated with cognitive function or the occurrence of denfentia.
Furthermore, in line with previous studiés® patients with MCI only showed higher
PVSVF-ALL and PVSVF-WM compared with control participants. Considering MCI
as a prodromal phase of Alzheimer’s disease, our results suggest that enlargement of the
periarterial space occurs the earliest. Notably, the significant differences in PVSVF-
ALL and PVSVF-WM between patients with /Alzheimer’s disease and those with MCI
were only observed after the inclusion of WMLVF as a confounding factor. As expected,
WMLVF was significantly higher in_patients with Alzheimer's disease than in those
with MCI, providing support that WMLs might contribute to an increase in the risk of
Alzheimer’s disease. Thus, our findings demonstrate that WMLVF should be included
in the model for the evaluation of PVSVF. Although the exact cause of PVS dilation
associated with Alzheimer’s disease remains unknown, its pathology has been proposed
to result from blockage of brain drainage pathways due to the accumulatigh®sf A
Indeed, A deposition has also been shown to occur in the pericapillary and
periarteriolar membranes, but not in the perivenular membrarBse significant
correlations between other MRI measures (mean ALPS index and FW-WM) and CSF
AP observed in patients with MCI and Alzheimer’s disease further suggest perivascular
accumulation of f as the cause of perivascular clearance impairment.

The significantly higher FW-WM in Alzheimer's disease is consistent with
previously reported dafd: *? Here, we further showed that increases in FW-WM may
reflect the stagnation of ISF drainage caused by perivascular clearance impairment. In
line with a previous stud¥, our study also observed significant correlations between
FW-WM and cognitive functions, such as executive function, visual construction,
visuomotor coordination, and verbal performance, highlighting the effect of brain ISF

accumulation on cognitive impairment. However, in contrast, the significant difference
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in FW-WM between patients with MCI and control participants observed by Duhont
al.?! in the same ADNI-2 cohort was not detected in this study, which might be due to
the sampling size difference between our studies. In this study, we evaluated a smaller
sample (31 controls, 44 patients with MCI, and 36 patients with Alzheimer’s disease)
relative to that examined by Dumont e?al(81 controls, 103 patients with MCI, and 42
patients with Alzheimer’s disease) because we only selected patients imaged on a GE
scanner to avoid intervendor variability. Furthermore, unlike in our study, they did not
consider age, sex, years of education, scanning site ABGE €4 gene carrier as
confounding factors. Notably, in contrast to PVSVF, even though the normal-appearing
WM without WMLs was included in the measurement of FW-WM, the significant
changes in FW-WM were no longer observed-after the‘inclusion of WMLVF as a
confounding factor, indicating that the changes in FW-WM were impacted by WMLSs.

In the present study, WMLVF was higher in patients with Alzheimer’s disease than in
those with MCI and the healthy controls; therefore, small-vessel disease pathology
might have also influenced the elevated FW'levels detected in patients with Alzheimer’s
disease in the present study. Indeed, FW in_normal-appearing white matter has been
reported to be increased.in patients with small-vessel diease.

We observed a significantly reduced mean ALPS index in patients with
Alzheimer’s disease as compared with control participants, but we did not detect any
significant difference between patients with MCIl and control participants. These
findings are partially consistent with those of a previous preliminary study by Steward
et al.,** who comparatively evaluated the ALPS index in a small cohort of 16 patients
with Alzheimer’s disease, 10 patients with MCI, and 10 healthy participants using a
general linear model adjusted for age, sex, ARAE €4 gene status. In line with our
results, they found a significant decrease in the ALPS index of patients with
Alzheimer’'s disease; however, in contrast to our results, they found a significant
decrease in the ALPS index of patients with MCI as compared with control participants.
Such a discrepancy may be attributed to their small sampleMize36 participants)
relative to oursN = 111 participants). In addition, unlike in this study, their study did
not adjust for years of education, which is an important risk factor for deniéftie.

fact that the mean ALPS index did not significantly differ between patients with MCI
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and control participants in this study suggests the relative preservation of water
diffusivity in perivenous spaces in MCI. Again, a longitudinal study is essential to
support our findings. Of note, the changes in the mean ALPS index were preserved even
after the inclusion of FA and MD as confounding factors in multivariate analyses.
Furthermore, we observed significant changes only jpaRcand DBy poj among
patients with Alzheimer’s disease compared with controls, reflecting increased water
diffusion perpendicular to the association and projection fibers, respectively. These
findings demonstrate degeneration of these fibers in Alzheimer's disease, in
concurrence with the results of previous stulfi&s The lack of significant changes in
Dyxassoc@Nd Duproj Values suggests that the increased water diffusion perpendicular to
the WM tracts is offset by reduction in water diffusion along the PVS. Therefore, the
ALPS index is calculated by dividing the average @f,l and Dxassocby the average

of Dyyproj and Dzassoct0 eliminate the influence of diffusivity related to the WM
microstructure and emphasize diffusivity along the PVS; this indicates that the ALPS
index is significantly lower in the case of Alzheimer's disease. Together, we
demonstrated that the change in the mean ALPS index primarily contributed by the
changes in water diffusivity in the perivenous space and was not impacted by WM
integrity. Nevertheless, in contrast with the other parameters included in our models, the
significant changes observed in the mean ALPS index was not present after the
inclusion of WMLVF and GMVF as covariates, indicating the influence of WMLs and
GM atrophy on glymphatic dysfunction in MCI and Alzheimer's disease which
warrants further investigation. WML pathology is considered to affect the end feet of
astrocytes, leading to impairment of the glymphatic sy&feRurthermore consistent

with the findings of this study, associations between the ALPS index and regional GM
atrophy were previously reported in a study of older adbikshich also explored the
association of the ALPS index with the sleep profile and neuropsychological
performance. The demonstration of an association between the ALPS index and the
sleep profile and the GM volume was a strength of the study, although patients with
dementia were not included. Thus, the findings of the present study, including a lower
ALPS index in patients with Alzheimer’s disease and the association of the ALPS index
with CSF A3 levels and multiple neuropsychological scores, cemght the findings

of that study.
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The significant correlation between mean ALPS index and brain glucose
metabolism is also worth noting.Adeposition was shown to cause a decrease in
glucose metabolism in neurons and astrocytes that might contribute to neurofial loss.
Furthermore, in line with previous studies® we observed significant correlations
between the mean ALPS index and multiple cognitive functioning scales, such as the
MMSE, CDR-SB, FAQ, ADAS-11, and ADAS-13. Altogether, our findings suggest the
association of glymphatic system impairment with neuronal loss, which contributes to
the progression of cognitive and daily living dysfunctions'in Alzheimer’'s disease.
Furthermore, we also showed the use of the mean ALPS index as a disease progression
biomarker in Alzheimer’s disease.

This study has some limitations. First, the ALPS index cannot evaluate whole-
brain glymphatic function. It is based on the orthogonal geometric relationship between
projection and association fibers and medullary arteries and veins in the lateral ventricle
body? Therefore, the ALPS can only be evaluated at the level of the lateral ventricle
body. Notably, the ALPS index does not exclusively measure the diffusivity of the
perivenous space around the deep medullary vein—that is, it is also influenced by the
surrounding white-matter-microstructure included in the ROI. Thus, the ALPS index
needs more careful interpretation and further investigation. Second, we did not use
GBCAs in measuring glymphatic functions. Although use of CSF tracers is fairly
invasive, it can be considered as the current gold standard for measuring glymphatic
functions® However, as mentioned above, the ALPS index has been reported to highly
correlate. with the glymphatic function measures calculated on MRI by intrathecal
GBCA administratiorf> Third, we used only Tlw images for PVS segmentation.
Sepehrbandt al.?’ reported a higher number of PVSs when only T1w or T2-weighted
(T2w) images.were used relative to when enhanced PVS contrast images were obtained
by dividing filtered images (i.e., Tlw/T2w). However, no evidence suggesting a more
superior image in PVS segmentation was found. In addition, all PVS masks in this study
were manually checked to identify incorrect and undetected PVSs. We also
acknowledge the limitations of the PVS segmentation method. Future studies should
utilize high-resolution and quasi-isotropic structural MRI. Furthermore, the accuracy of
PVS segmentation depends on the quality of the image preprocessing step and tubular
noise might be recognized as PVS. Fourth, this study lacked histopathological
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validation. Although previous studies have suggested that a higher level of FW-WM
reflects ISF stasi& “° the exact histopathological process of extracellular water
changes indicated by changes in FW is not fully understood yet. The changes in FW can
occur via different physiological mechanisms, such as atrophy, edema,
neuroinflammation, a reduction in myelin content, or modulation in the permeability of
the blood—brain barrier. Fifth, we only evaluated cross-sectional data from the ADNI-2
database. Future studies should also assess longitudinal ADNI-2 data to validate the
usefulness of the noninvasive glymphatic MRI measurements. Sixth, glymphatic
dysfunction has been associated with sleep disdfdémwever, in the present study,
we were unable to assess the association between sleep quality and glymphatic
dysfunction in patients with MCI and Alzheimer’s.disease due to the lack of data. Thus,
future studies should also assess the potential correlation between glymphatic
dysfunction and sleep disorders. Finally, we acknowledge that the evidence supporting
the utility of these MRI indicators in assessing glymphatic system function remains
insufficient.

In summary, we reportithat PVSVF and FW-WM are higher, whereas the ALPS
index is lower in individuals with Alzheimer’s disease, which might reflect impairment
of the glymphatic system. Furthermore, our findings provide evidence of early
periarterial space changes (indexed by the PVSVF), as seen in patients with MCI.
Finally, our study also suggested associations between glymphatic dysfunction in
Alzheimer’s disease andpAdeposition, neuronal damage, and cognitive impaitme
However, considering the methodological limitations of this study, with regard to ALPS

index in particular,, results should be interpreted with caution.

WNL-2022-201199 sup --http://links.lww.com/WNL/C352
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Table 1. Demographics of the study population

HC MCI AD P-value
N=31 N =44 N =236 HCvs. HCvs. HCuvs. MCI
MCI MCI AD vs. AD
vs. AD
Sex (Male/Female) 14/17 26/18 22/14 0.363
Age (years) 73.86 +4.91 73.38 +5.68 74.28 +8.76 0.867
Years of education 16.29 £ 2.72 15.50+£2.81 15.22+ 3.02 0.303
APOE ¢4 carriers (%; N, 29 (9/22) 65 (26/14) 71 (24/10) 0.006 0.006 0.004 1.000
+/-)
MMSE (N) 28.97 £1.32 (29) 27.47 £1.94(38) 23.39 + 1.96 (36k0.001 <0.001 <0.001 0.044
MOCA (N) 26.10 £ 2.23 (29) 21.66 = 2.91 (38) 17.28 +4.62 (36x<0.001 0.002 <0.001 <0.001
FAQ (N) 0.10 £ 0.56 (29) 2.92 £3.26 (38) 15.31£6.84 (36)<0.001 0.001 <0.001 <0.001
CDR-SB (N) 0.03+£0.13 (29) 1.51 +0.8 (38) 4,78 +1.40 (36) <0.001 <0.001 <0.001 <0.001
RAVLT-immediate ) 45.93 + 8.18 (29) 31.32 +8.69 (38) 21.64 £7.22 (36x0.001 0.001 <0.001 <0.001
RAVLT-learning (N) 5.38 £ 2.31 (29) 4.42 + 2.23 (38) 2.08 £2.13(36)<0.001 <0.001 <0.001 0.438
RAVLT-forgetting (N) 3.59 +£2.29 (29) 5.32£2.94 (38) 4.56 +1.96 (36)<0.001 0.373  0.006 0.299
RAVLT-% forgetting (\) 33.19 + 23.74 (29) 69.04 £34.83(38) 90.77 +13.37 (3%0.001 <0.001 <0.001 0.017
ADAS-11 (N) 4.72 +2.12 (29) 10.76 £ 4.56 (37) 20.06 + 7.44 (360.001 <0.001 <0.001 <0.001
ADAS-13 (N) 7.79 £ 3.52(29) 18.19 £ 6.63 (37) 30.03 +£8.79 (35k0.001 <0.001 <0.001 <0.001
ADAS-Q4 (N) 2.66 = 2.04 (29) 6.73 £2.43 (37) 8.47 + 1.54(36) <0.001 <0.001 <0.001 0.027
LDELTOTAL (N) 12.19 + 3.36 (27) 5.53 £ 3.84 (36) 1.44 £ 1.84 (36)<0.001 <0.001 <0.001 <0.001
TRABSCOR () 84.76 £40.78 (29) 125.61 £68.96 (38) 225.03 +91.62 (340.001 0.076 <0.001 <0.001
AB42 (pg/mL, N 951.93 + 309.55 (21) 844.82 £ 305.91 633.98 +246.78 <0.001 0.007 <0.001 0.251
(31) (30)
T-tau (pg/mL, N 212.82 £62.42 (21) 295.96 + 154.03 350.56 + 152.31  0.003 0.127  0.002 0.356
(31) (30)
P-tau (pg/mL, N) 19.74+£6.12 (21) 28.88 £16.44 (31) 34.76 £16.17 (30p.002 0.121  0.001 0.276
FDG-PET SUVRsK) 1.31£0.12 (25) 1.25+£0.11 (33) 1.06 £0.18 (35)<0.001 <0.001 <0.001 0.322
AV45-PET SUVRs ) 1.08 £ 0.15 (25) 1.25+0.25 (32) 141 +0.21 (36)<0.001 0.043 <0.001 0.032
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WMLVF (N) 0.03 +0.02 (31) 0.04 + 0.02 (44) 0.05+0.03 (36)<0.001 0.513 0001 0.024

WMVF (N) 0.30 + 0.02 (31) 0.29 + 0.02 (44) 0.28 +0.02(36)  0.080

GMVF (N) 0.40 +0.02 (31) 0.39 + 0.03 (44) 0.37 +£0.02'(36)<0.001 0.168 <0.001 0.001
SBP (mmHg, Iy 133.84 +11.38 (31) 132.77 +13.96 (44) 133.11 +19.18 (36) 0.898

DBP (mmHg, N 71.32+7.60 (31)  73.27+10.42 (44)  75.39+9.62(36)  0.308

HMSCORE ) 0.74 + 0.68 (31) 0.75 + 0.72 (44) 0.61+0.77 (36)  0.472

Data are presented as mean + standard deviation unless otherwise stepedséhts the number of subjects for whom data was
available. Bold values denote statistical significance at0F05.

Abbreviations: A, amyloidf; AD, Alzheimer's diseaseADAS, Alzheimer's Disease Assessment Scale; AV#FE]florbetapir; CDR-
SB, Clinical Dementia Rating Scale Sum of BoXeBP, diastolic blood pressure; FAQ, Functional Activities Questionn&idss,
[*®F]fluorodeoxyglucose; GMVF, gray-matter volume fraction; HC, healthy contrdSCORE, Modified Hachinski Ischemic Score;
LDELTOTAL, Logical Memory Delayed Recall Total Score;MCI, mild cognitive impairment; MMSE, Mini-Mental State
Examination; MOCA, Montreal Cognitive Assessment; P-tau, phosphorylate@AA(L; T, Rey Auditory Verbal Learning Test; SBP,
systolic blood pressure; SUVR, standardized uptake value T®IABSCOR, time to complete part B of the Trail Making Test; T-tau,
total tau;WMLVF, white-matter lesion volume fractioNYMVF, white-matter volume fraction.
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Figurelegends

Figure 1. Basic concepts of the proposed MRI measuresfor indirect noninvasive
evaluation of glymphatic system compartmentsin healthy and pathological states.

(A) Based on the glymphatic hypothesis, subarachnoid CSF normally enters the brain
interstitial space from the periarterial space [as indexed by the PVSVF (i)] via the AQP4
channel expressed in the astrocyte end-feet and then mixes with the ISF and waste
solutes in the brain. The resulting CSF/ISF exchange [as indexed by the FW-WM (ii)]
and waste products, such a8, Are then drained out of the brain via the perivenous
efflux pathway [as indexed by the ALPS index (iiiB)(n a pathological state, such as

in Alzheimer’s disease, glymphatic dysfunction due‘to brain waste (Bg.;’A
accumulation might cause enlargement of the PVS, increased brain‘extracellular FW,
and decreased perivenous efflux, as reflected by the higher PVSVF (iii), higher FW-
WM (i), and lower ALPS index (iii), respectively.
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Figure 2. PVS mapping. (A) PVS segmentation was performed with preprocessed T1w
images and by applying the Frangi filteB) (PVSs were then extracted from the WM
(light blue), BG (red), and Hipp (yellow).
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Figure 3. ALPS index calculation. (A) Color-coded FA map showing the distribution

of the projection fiberszfaxis, blue) and association fibeysaxis, green) at the level of

the lateral ventricle of the body. Spherical ROIs measuring 5 mm in diameter were
placed in the projection and association areas. Diffusion tensor is shown as an ellipsoid
in the lower row. B) The schematic of the geometric positional relationship of the
principal fiber and PVS runs parallel to the medullary vein. The PVS runs orthogonal to
the projection and association fiberS) The ALPS index was calculated as the ratio of
the mean of the-axis diffusivity in the projection are®{, o) andx-axis diffusivity in

the association are® assog t0 the mean of thg-axis diffusivity in the projection area
(Dyy.pro) and the zaxis diffusivity in the association areaA assop-

ROI placement

' \_ Perivascular space
s e ———
(0: - Medullary vein

Projection  Association _\

fiber fiber X

¥ Projection fiber ~_

Color-coded FA .
. mean (Dxxproj, Dxxasoc)

ALPS index = ——————————
mean (Dyyproj, Dzzasoc)

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.



Figure 4. Between-group differences in MRI measurements. Shown are violin and
box plots of the mean ALPS index, PVSVF-ALL, PVSVF-WM, PVSVF-BG, PVSVF-
Hipp, and FW-WM among the healthy control (HC) participants, patients with MCI,
and patients with Alzheimer’s disease. TRhe/alues correspond to the general linear

model analysis. Statistical significance was sé& «10.05.
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Figure 5. Correlation analyses. Relationships between variables that showed
significant correlation in partial Spearman’s rank correlation tests in the patients with
MCI and Alzheimer’s disease combined. Red lines depict linear regression with 95%
confidence interval (shadow).
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