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Abstract

Introduction. Dysfunction of the glymphatic system glymphatic system of the brain is considered a pathogenetic factor in some age-dependent
neurodegenerative diseases, including Alzheimer's disease (AD), dementia with Lewy bodies (DLB), Parkinson's disease (PD), and normal pressure
hydrocephalus (NPH). The innovative method for calculating DTI-ALPS (Diffusion Tensor Image Analysis ALong the Perivascular Space) allows
non-invasive assessment of the glymphatic system status using magnetic resonance imaging (MRI).

The aim of the study is to compare DTI-ALPS in patients with AD, DLB, PD, and NPH and to evaluate its potential use as a biomarker of the glym-
phatic system status in these diseases.

Materials and methods. The study included 116 subjects: 32 patients with AD, 15 patients with DLB, 31 patients with PD, 11 patients with NPH, and
27 healthy volunteers. Cognitive testing was performed for patients in the main groups using the Montreal Cognitive Assessment (MoCA) score. All
subjects underwent diffusion tensor imaging (DTI) of the brain. DTI-ALPS was then calculated.

Results. DTI-ALPS index significantly differed across groups (p < 0.001). Patients with AD, DLB, and NPH had a significant-
ly lower DTI-ALPS index on both sides compared to the PD group and healthy volunteers (p < 0.01). Analysis of the entire sample showed
a direct correlation between MoCA score and DTI-ALPS index (p < 0.05).

Conclusion. This is the first comparison of DTI-ALPS across such a broad range of age-dependent neurodegenerative diseases. Since our DTI-ALPS
results were comparable to previously reported data, we believe that this parameter can be used as an indirect marker of the glymphatic system
status.

Key words: glymphatic system; diffusion tensor imaging; magnetic resonance imaging; neurodegenerative diseases; cognitive impair-
ment; Alzheimer's disease; Lewy body dementia; Parkinson's disease; normal pressure hydrocephalus

Ethics approval. All patients provided their voluntary informed consent to participate in the study. The study protocol was
approved by the Ethics Committee of the Research Center of Neurology (protocol No. 1-2/22, dated January 19, 2022).

Source of funding. The study was not supported by any external sources of funding.
Conflict of interest. The authors declare no apparent or potential conflicts of interest related to the publication of this article.

For correspondence: 80 Volokolamskoye shosse, Moscow, 125367, Russia. Research Center of Neurology.
E-mail: lyaskovik@neurology.ru. Liaskovik A.A.

For citation: Liaskovik A.A., Konovalov R.N,, Shpilyukova Yu.A., Nevzorova KV,, Moskalenko A.N,, Fedotova E.Yu., Krotenkova M.V.
Assessment of the glymphatic system using DTI-ALPS in age-dependent neurodegenerative diseases. Annals of Clinical and Ex-
perimental Neurology. 2024;18(3):42-49.

DOL https://doi.org/10.17816/ACEN.1127
Received 26.04.2024 / Accepted 21.06.2024 / Published 30.09.2024

42 AHHasibl KIIMHUYECKOW m aKcriepumMeHTansHo Hesposorum. 2024. T. 18, Ne 3. DOI: https://doi.org/10.17816/ACEN.1127


https://crossmark.crossref.org/dialog/?doi=10.17816/ACEN.1127&domain=PDF&date_stamp=2024-10-03

ORIGINAL ARTICLES. Clinical neurology
Glymphatic system assessment in neurodegenerative diseases

OueHka rmuMgaTUUecKoil cUcTeMbl
metoznoMm DTI-ALPS npu Bo3pacT-3aBUCUMBIX
Helipo/iereHepaTUBHbBIX 3a00/IeBAHUAX

A.A. llackoBuk, P.H. Konosanos, H0.A. llinumiokosa, K.B. Hezoposa, A.H. Mockanenxo, E.H0. ®enorosa, M.B. Kpotenkosa

Hayunvui yenmp nesponozuu, Mockea, Poccus

AnHoTanug

Beedenue. Jucyrxyus enumgamuueckoti cucmembl Mo32a cuumaemcs 00HUM U3 namozeHemuteckux (pakmopos HeKomopslX 603pacm-3asu-
cuMblx HetipodezeHepamusHblx 3abonesanuil, maxux kax boneaus Anvyeeiimepa (BA), demenyus ¢ menvyamu Jesu (AT/1), 6onesns [lapkuncona
(BI1) u HopmomenaueHas eudpoyedanus (HTT). HuHosayuonHsiti memod pacuéma undekca DTI-ALPS (Qucpghy3uonro-men3opHble u3o0pasenus
C OUeHKOLI nepusackyapHslX npoCMpaHcme) no3eo.sem HeUHBA3UGHO OYeHUBAMb COCMOSHUE 2NUMPpAmuUUEcKoli cucmembl nocpedcmeom maz-
HUMHO-PE30HAHCHOL MOMOZpaduL.

Llenv uccnedosanus — cpasHums peaynsmamst nokazamens DTI-ALPS y nayuenmos ¢ BA, JJT/I, BIT u HTI, a makse oyeHums 603MoKHOCIY
€20 UCNOMIb30BAHUSA 8 Kauecmae OUOMAPKepa COCMOFHUS 2AUMPAMUUECKOL! cucmeMbl NPU IMUX HO30JI02USX.

Mamepuanst u memodsi. B uccnedosanuu npunsnu yuacmue 116 uenosex: 32 nayuenma c bA, 15 nayuernmos ¢ JT/I, 31 nayuenm c BI1, 11 nayu-
enmos ¢ HTT u 27 3dopossix dobposonvyes. [layueHmam 0CHOBHbIX 2pynn Nposoounu KOZHUMUEHOE MeCMUPOBAHUe ¢ Ucnoab3osaruem MoHpe-
a7bCKOL WKAb! OYEHKU KOZHUMUBHbLX (hyHKyutl. Beem ucnvimyembim 0biia npogedeHa MazHUMHO-pe3OHaHCHAs MOMOZpApUs 20108H020 MO32A
8 pexume dughghysuoHHo-men3opHoli momozpaghuu ¢ nocnedyrousum eviuucaeHuem undekca DTI-ALPS.

Pesynomamet. 3uauenus undekca DTI-ALPS 3nauumo pasznuuanucy mexdy epynnamu (p < 0,001). layuernmet ¢ 5A, [T/ u HTT umenu suauumo
bonee Huskuii undexc DTI-ALPS ¢ obeux cmopor no cpasenuio ¢ epynnoti BII u 30oposvimu dobposonsyamu (p < 0,01). Ananus eceli gbi60pku
8bLA6U NPAMYIO Koppeasyuio mexdy bannom no Moxpeanbckoli wikane oyenku koeumueHslx (ynkyutl u anauenusmu DTI-ALPS (p < 0,05).
3axnouenue. CpasHenue 3nauenuil undexca DTI-ALPS cpedu makozo wiupokozo cnekmpa 603pacm-3aguctmblx HelipodezeHepamueHslx 3a60-
Jlesanuii 0b1110 nposedeHo enepabie. Yuumvigas, umo nosyuennsie snauenus DTI-ALPS conocmasumbl ¢ panee onyOuk08aHHbIMU OQHHbLM, Mbl
nozazaem, 4mo npednoxeHHolii Memod Moxem Gbimb UCNONB30BAH 8 KAUECM8e KOCBEHHO20 MApKepa COCMOSHUS 2AUMpAmuueckoti cucmembL.

Knioueswte cnoea: enumpamuueckas cucmema; 0ughghy3uoHHo-meH30pHble U00PAXKEHUS; MAZHUMHO-PE30HAHCHAS MOMOZPa-
us; HeiipodezenepamusHyie 3a00/7€6aHUS; KOZHUMUBHblE HapyuleHus; Gonesny Anvyeeiimepa; demenyus ¢ menvyamu Jlesu;
6onesHb [lapkuHcona; HopmomeH3usHas 2udpoyedanus

druueckoe yTBep:KaeHue. ViccnenoBanne MpoBOAKIOCH TIpK AOOPOBOIBHOM MH(MOPMUPOBAHHOM COTTIACHH MALKeHTOB. [Ipo-
TOKOJI UCC/TeZI0BaHust 0100peH DTrudecKiM KomuTeToM HayuHoro uexTtpa HeBposoruu (mpotokon N 1-2/22 ot 19.01.2022).

Wcrounuk ¢uHaHcupoBanus. ABTOPBI 3asIBISIOT 00 OTCYTCTBUM BHELIHMX UCTOYHUKOB (DMHAHCHPOBAHMS TIPU MPOBELEHUH
HCCIIe[l0BaHUSL.

KoHdukT nHTEpecoB. ABTOpbI I€KNIapUpPYIOT OTCYTCTBUE SBHBIX U [OTEHIMAIbHBIX KOHQIMKTOB HHTEPECOB, CBA3aHHbIX
¢ mybnuKaluen HacTosIel cTaTby.

Anpec nns xoppecnionennuu: 125367, Poccus, Mocksa, Bonokonamckoe mocce, fi. 80. HayuHblii 1leHTp HeBpOIOruu.
E-mail: lyaskovik@neurology.ru. JlsckoBuk A.A.

Nna nurupoBanus: Jlackosuk A.A., Konosanos PH. llmumokosa H0.A., Hes3oposa K.B., Mockanenko A.H., ®enorosa E.1O,
Kporenkoa M.B. Ouenka rmmmdaruyeckoit cucremsl MetofoM DTI-ALPS npu BospacT-3aBUCHMBIX HelipojereHepaTHBHbBIX
3aboneBaHUAX. AHHAJIbL KJIUHUYECKOL U dkcnepumenmanbHoll Hesponozuu. 2024;18(3):42—49.
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Introduction In 2012, a group of scientists at the University of Rochester

experimentally described a new system for removing toxic
Considering constant increase of the life expectancy, it substances from the brain substance. This system was called
is extremely important to understand the mechanisms of the glymphatic system or perivascular/paravascular transport
age-dependent neurodegenerative diseases [1, 2]. This paper system. It is represented by perforating arteries dividing into
considers one of these mechanisms and the method of its smaller arterioles, which pulsate and ensure the movement
noninvasive integral assessment. of cerebrospinal fluid-like intercellular fluid between the sur-
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rounding glial cells, astrocytes. At the same time, metabolites
are flushed out and absorbed into small venules that form
large cerebral veins [3]. The glymphatic system is named af-
ter the body's lymphatic system because of the similar action.

The mechanisms of the glymphatic system are still being
studied, but its several important functions have already
been identified. These are elimination of metabolites and to-
xic agents, regulation of intracranial pressure, maintenance
of intracellular and extracellular fluid balance, general ho-
meostasis, and development of the immune response [4].
Dysfunction of the glymphatic system is thought to play im-
portant role in the pathogenesis of Alzheimer's disease (AD),
dementia with Lewy bodies (DLB), Parkinson's disease (PD),
and normal pressure hydrocephalus (NPH) [5].

The glymphatic function may be impaired due to endothelial
changes, depolarization of aquaporin-4 channels, hyperlipi-
demia, sleep disturbances, and deposition of beta-amyloid
and other pathologic proteins that accumulate in age-de-
pendent neurodegenerative diseases. Abnormal protein
deposition may be both a cause and a consequence of the
glymphatic dysfunction [6-10]. Some authors suggest that
additional factors inhibiting the glymphatic system activity
may include a decrease in vascular pulsatility and a decrease
in cardiac activity [11, 12].

In 2017, a group of Japanese scientists led by T. Taoka pro-
posed an innovative technique to assess the status of the
glymphatic system - diffusion tensor image analysis along
the perivascular space (DTI-ALPS) [13]. DTI is used to record
the movement of water molecules in the direction of perivas-
cular spaces. At the level of the lateral ventricular bodies, the
medullary veins are perpendicular to the lateral wall of the
lateral ventricles. The perivascular spaces are in the same
plane from right to left. In this region, the projection fibers
run craniocaudally and the superior longitudinal fascicle of
association fibers runs anteroposteriorly. Therefore, the peri-
vascular spaces in this region are perpendicular to the pro-
jection fibers and the superior longitudinal fascicle (Fig. 1).
This structure allows an almost independent analysis of the
diffusion coefficient in the direction of the perivascular spa-
ces, where the main tracts do not run parallel to the direction
of the perivascular spaces. T. Taoka et al. found a significant
decrease in DTI-ALPS index in the region of interest in pa-
tients with cognitive impairment, and a positive correlation
between this parameter and the severity of cognitive impair-
ment [13]. DTI-ALPS is the ratio between the averaged sum
of the tensor values in the Dxx, Dyy, and Dzz directions in the
region of the projection (proj) and association (assoc) fibers,
which is calculated by the formula:

mean (Dxx—proj, Dxx—assoc)

DTIALPS = e (Dyy—proj, Dzz—assoc)

Projection fibers

III |
|||I\ |

Fig. 1. Calculation of DTI-ALPS.

The region of interest (ROI) highlighted in yellow corresponds to the
association fibers represented by the superior longitudinal fascicle.
The ROI highlighted in red corresponds to the projection ﬁbers re-
presented by the pyramidal tract (adapted from T. Taoka et al. [13]).

The aim of this study was to compare AD, DLB, PD, and NPH
using DTI-ALPS as an indirect parameter of glymphatic sys-
tem function and to evaluate its potential use as a biomarker
for these diseases.

Materials and methods

Subjects and clinical assessment

The study conducted at the Research Center of Neurolo-
gy, included 116 patients from Neurology Department No. 5
with a molecular genetics laboratory (Table 1). Thirty-two
patients were diagnosed with AD at the stage of mild cog-
nitive impairment (n = 21) and dementia (n = 11) according
to the criteria of the National Institute on Aging and Alzhei-
mer's Association [14]. The median age was 71.5 [63.5; 75.5]
years, median Montreal Cognitive Assessment Scale (MoCA)
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Table 1. Demographic characteristics of the study groups

Parameter Normal (n = 27)
male, n (%) 5(18,5%)
Gender
female, n (%) 22 (81,5%)
63,0
Age Me [Q1; Qs] [57,0: 67.0]

was 17.0 [10.3; 20.8] [15]. Fifteen patients were diagnosed
with DLB at the stage of mild cognitive impairment (n = 11)
and dementia (n = 4) according to criteria by 1.G. McKeith
et al. [16]. The median age was 71.0 [66.0; 78.0] years. The
median MoCA score was 19.0 [17.3; 23.3]. As a comparison
group, 31 patients diagnosed with PD at stage 2 (n = 5) and
stage 3 (n = 26) according to the Hoehn and Yahr scale [17]
were examined. They had no cognitive impairment and
were diagnosed according to the clinical criteria of the In-
ternational Parkinson and Movement Disorder Society [18].
The median age was 65.0 [59.0; 70.0] years. The median
MoCA score was 27.0 [26.0; 28.0]. The study also included
11 patients diagnosed with NPH according to the criteria by
N. Relkin et al. [19]. The median age was 68.0 [64.0; 75.0]
years. The median MoCA score was 19.5 [17.8; 21.8]. The
control group included 27 subjects without cognitive impair-
ment (Mini-Mental State Examination score >28 [20]; the
median age was 63.0 [57.0; 67.0] years).

MRI scan

MRI was performed using a Siemens MAGNETOM Prisma 3T
(Siemens Healthineers). In addition to conventional T1, T2, T2
FLAIR, and SWI sequences, the scan also included a 2D EPI
(echo planar images) diffusion tensor sequence (TR = 5,600 ms,
TE = 82 ms, b-values of 0, 1000 and 2500 s/mm?, 64 diffusion
directions in both AP (anterior to posterior) and PA (posterior
to anterior) directions. The slice thickness was 2 mm.

Glymphatic system assessment in neurodegenerative diseases

AD (n = 32) DLB (n = 15) PD (n=31) NPH (1 = 11)
5 (15,6%) 9 (60,0%) 5 (16,1%) 8 (72,7%)
27 (84,4%) 6 (40,0%) 26 (83,9%) 3 (27,3%)
715 71,0 65,0 68,0
[63,5; 75,5] [66,0; 78,0] [59,0; 70,0] [64,0; 75,0]

Image post-processing

DSI Studio (Chen release) was used to post-process the DTI
images'. Magnetic susceptibility artifacts were eliminated
with b = 0 data using TOPUP correction. EDDY correction?
was performed using FSL EDDY. The Population-average at-
las was used to adjust the consistency of the DTI data [21].

We further identified regions of interest corresponding to
projection and association fibers at the level of the posterior
parts of the lateral ventricular bodies and extracted tensor
values in the Dxx, Dyy, and Dzz directions. The values ob-
tained were tabulated to calculate and statistically process
the left and right DTI-ALPS results.

Statistical analysis

Statistical analysis was performed using SPSS Statistics
v. 26.0 (IBM). In all cases, two-sided tests were used.

The null hypothesis was rejected at a significance level of
p<0.05. Due to the sample size (n = 116), both parametric and
non-parametric methods of comparative statistics were used.
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Fig. 2. Distribution of DTI-ALPS index between groups on the left (4) and right (B) sides. *p adj < 0.01.
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Table 2. Adjusted significance level for post hoc pairwise comparisons between study groups

Pair of groups to compare
HC vs AD
HC vs DLB
HC vs PD
HC vs NPH
AD vs DLB
AD vs PD
AD vs NPH
DLB vs PD
DLB vs NPH
PD vs NPH

To assess relationship between quantitative variables, a Pearson
correlation coefficient was used. A Chaddock scale was used to
determine the strength of significant associations. For all post
hoc pairwise comparisons, the Bonferroni method was used to
adjust for multiple comparisons. In addition, the association be-
tween diagnosis group and DTI-ALPS urreyu was assessed using
a general linear model adjusted for gender and age.

Results

Significant differences in DTI-ALPS index were reported
across groups on both right and left sides (Fig. 2). After ad-
justment for gender and age, these differences remained sig-
nificant (p < 0.001).

The post hoc analysis showed that patients with AD, DLB,
and NPH had significantly lower DTI-ALPS index on both
sides compared to healthy volunteers (Table 2). The differ-
ences between AD patients and normal subjects were not
statistically significant.

30

MoCA, score

1,0 1,2 14 1,6 1,8 2,0
DTI-ALPS

DTI-ALPS left DTI-ALPS right
p adj < 0,001 p adj = 0,001
p adj < 0,001 p adj < 0,001
p adj=1,000 p adj = 0,102
p adj < 0,001 p adj < 0,001
p adj = 1,000 p adj = 0,064
p adj = 0,003 p adj = 1,000
p adj = 0,099 p adj < 0,001
p adj = 0,001 p adj = 0,001
p adj=1,000 p adj=0,758
p adj < 0,001 p adj < 0,001

Patients with DLB and NPH had significantly lower DTI-
ALPS index on both sides compared to patients with PD.
Patients with AD also had significantly lower left DTI-ALPS
index compared to patients with PD. On the right side, the
differences were not statistically significant. In addition, pa-
tients with AD had a significantly higher right DTI-ALPS
index compared to patients with NPH. On the left side, the
differences were not statistically significant. Patients with
DLB and NPH were not statistically significantly different.

Analysis of the entire sample showed a significant direct
moderate correlation between MoCA scores and DTI-ALPS
index on the left side (r = 0.332; p = 0.002) and a significant
direct weak correlation on the right side (r = 0.225; p = 0.035).
These data are represented in Figure 3.

Discussion

Since DTI-ALPS is a relatively new parameter for the glym-
phatic system assessment, literature on this topic is limited.
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Fig. 3. Correlation of the left (4) and right (B) DTI-ALPS index with MoCA score.
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Our study is the first in Russia to evaluate DTI-ALPS in pa-
tients with neurodegenrative diseases.

In our study, the lowest DTI-ALPS index was reported in
patients with cognitive impairment (including AD) and the
highest DTI-ALPS index was reported in controls and PD
patients without cognitive impairment. When evaluating the
decline in the glymphatic system activity as a factor of cog-
nitive deficit, the data of T. Lian et al. [22] can be used. This
study evaluated DTI-ALPS index in patients with AD (18 with
moderate cognitive impairment, 38 with dementia), vascular
dementia (n = 21), and healthy subjects (n = 28). As in our
study, the highest DTI-ALPS index was reported in healthy
subjects. The results in AD patients at the moderate cognitive
impairment and vascular dementia stages were comparable,
but significantly lower than those in the control group.

The correlation found between DTI-ALPS index and the se-
verity of cognitive impairment (MoCA) is consistent with the
data from the pivotal study by T. Tacka et al. [13] and the
study by T. Lian et al. [22] described above. In a similar study,
B.W. Williams et al. also reported a significant correlation be-
tween DTI-ALPS index and cognitive tests such as the Boston
Naming Test [23]; Digit Span Test [24]; Route Construction
Test, Part A [25, 26].

We observed the more significant differences in DTI-ALPS
index in the left cerebral hemisphere, which were comparable
to the data reported by T. Shen et al. who studied DTI-ALPS
in a group of patients with PD at different stages according
to the Hoehn and Yahr scale (n = 76) and in a control group
(n = 48) [27]. The authors suggested that the left hemisphere,
which is dominant in a larger percentage of the population, is
involved in the pathological process earlier than the contra-
lateral right hemisphere. Therefore, in early stages of PD (up
to Hoehn and Yahr stage 2), changes in DTI-ALPS index were
found only on the left side, and at later stages (Hoehn and
Yahr stage 3 and higher), changes were bilateral. This mech-
anism may possibly be applicable not only to PD, but also to
other neurodegenerative processes. X. Zhang et al. [23] and
YJ. Bae et al. [28, 29] showed lower DTI-ALPS index in the
left cerebral hemisphere. However, T. Taoka et al. [13] only
measured the left hemisphere, and T. Lian et al. [22] did not
report for which hemisphere DTI-ALPS index was presented.

We found no statistically significant differences in DTI-ALPS
index between the PD and control groups. Possible reasons
may be that the study included earlier stage PD patients
(Hoehn and Yahr stages 2-3) without cognitive deficit or
that the sample size was small compared to the study by
T. Taoka et al. [13]. However, in the study by YJ. Bae et al.,
which also included 54 PD patients and 54 healthy volun-

Glymphatic system assessment in neurodegenerative diseases

teers, the authors reported significant differences in DTI-
ALPS index between these groups (p < 0.001), as well as
correlations between motor symptoms and cognitive test
scores and DTI-ALPS index [28]. However, the authors did
not report whether DTI-ALPS was evaluated only in one
cerebral hemisphere or whether an average index was cal-
culated. They also did not mention whether patients with
PD had cognitive impairment.

Unfortunately, we did not find any papers that evaluated DTI-
ALPS in patients with DLB, so we could not perform a com-
parative analysis of our data.

Across all study groups, the lowest DTI-ALPS index were re-
ported in the NPH group, which is consistent with data from
other studies. In another study, YJ. Bae et al. evaluated DTI-
ALPS in 16 patients diagnosed with NPH and compared the
results with those of 16 control subjects [29]. DTI-ALPS index
was extremely low in the NPH group, and the difference from
the control group was significant (p < 0.0001). C. Georgiopou-
los et al. also evaluated changes in DTI-ALPS index in 13 NPH
patients and 27 healthy volunteers [30]. Considering the sig-
nificance of DTI-ALPS differences, the authors propose this
parameter as a marker of severity for both radiologic and
clinical manifestations of this disease.

It should be noted that DTI-ALPS is an indirect marker of
glymphatic system function. For a more accurate and direct
assessment, contrast-enhanced invasive techniques are used.
Limitations of interpreting results for this technique are
discussed in the literature [31]. They also include the small
number of patients in the DLB and NPH groups compared to
the AD and PD groups, probably due to the lower prevalence
of these diseases. Furthermore, DTI-ALPS cannot be used as
a marker for the differential diagnosis of these disease due to
the lack of significant differences between the AD, DLB, and
NPH groups and between the PD and control groups.

Conclusion

We evaluated changes in DTI-ALPS index in different age-de-
pendent neurodegenerative diseases, identified correlation
with clinical manifestations (MoCA results), and evaluated
differences in DTI-ALPS index across study groups. Unlike
other papers, our study compared changes in a relatively
wide range of degenerative diseases of the nervous system.
For the first time, data for AD, DLB, PD, and NPH were com-
pared. Since our results of DTI-ALPS index assessment were
comparable to previously published results, we believe that
this parameter can be used as an indirect marker of the glym-
phatic system status. However, its use in the differential diag-
nosis of individual diseases remains debatable.
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