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Abstract

Purpose: To evaluate glymphatic dysfunction using the diffusion tensor image analysis along the perivascular space
(DTI-ALPS) index in patients with low-grade gliomas (LGGs), high-grade gliomas (HGGs), and metastases, assess
its feasibility as a non-invasive biomarker for tumour differentiation, and examine its relationship with tumour-
specific characteristics.

Material and methods: This single-centre retrospective study examined patients with LGGs (n = 30), HGGs (n = 30),
and metastases (n = 20), calculating the DTT-ALPS index. Tumour volume, peritumoral oedema, tumour volume-
to-total brain volume ratio (TV/TBV), and peritumoral oedema-to-total brain volume ratio (PTE/TBV) were ob-
tained using 3D segmentation. The DTI-ALPS index was compared across the 3 tumour groups, and its relationships
with tumour-associated oedema, peritumoral oedema, TV/TBV, and PTE/TBV were analysed within and between
the groups. Additionally, the DTI-ALPS index was compared between isocitrate dehydrogenase-1 (IDH1) mutant and
IDH1 wild-type gliomas.

Results: There was a significant difference in the DTI-ALPS index between the 3 groups (p < 0.001), with HGGs
having the lowest DTI-ALPS index values, followed by metastases and LGGs. Receiver operating characteristic (ROC)
analysis showed that the DTI-ALPS index had excellent sensitivity and specificity for LGGs (> 1.3838) and HGGs
(< 1.317). No significant correlation was found between the DTI-ALPS index and tumour volume, TV/TBYV,
PTE/TBYV, or peritumoral oedema. Furthermore, the mean DTI-ALPS index in IDH1 wild-type gliomas (1.23 + 0.08)
was significantly lower than that observed in IDH1 mutant tumours (1.42 + 0.10; p < 0.001).

Conclusion: The DTI-ALPS index provides valuable insights into glymphatic dysfunction in brain tumours. This study
underscores its potential as a non-invasive biomarker in differentiating these tumour groups.
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cells, or secondary when they originate from another organ
and metastasise to the brain.

Central nervous system (CNS) tumours are a major cause In the United States, approximately 80,000 new cases of
of mortality and morbidity in adults. These tumours are  primary brain tumours are diagnosed annually, with glio-
classified as primary when originating from intracranial mas accounting for 31% of cases, representing the most

Introduction

Correspondence address:
Shreyas Reddy K, St. John's Medical College Hospital, Sarjapur Road, Bangalore 560034, Karnataka, India, e-mail: drshreyasreddy111295@gmail.com

Authors’ contribution:
A Study design - B Data collection - C Statistical analysis - D Data interpretation - E Manuscript preparation - F Literature search - G Funds collection

This is an Open Access journal, all articles are distributed under the terms of the Creative Commons Attribution-Noncommercial-No Derivatives 4.0

International (CC BY-NC-ND 4.0). License (https://creativecommons.org/licenses/by-nc-nd/4.0/). e611



Dhanush Jayanna, Shravan Reddy Kankara, Shreyas Reddy K, et al.

common primary CNS tumour in adults. Gliomas also
constitute 81% of malignant brain and CNS tumours,
with around 20,000 new cases diagnosed each year [1,2].

The glymphatic system was first described by Iliff
et al. in 2012 [3] as the brain’s waste clearance mechanism,
facilitating the exchange of cerebrospinal fluid (CSF) and
interstitial fluid (ISF) via perivascular spaces (Figure 1).
Astrocytic endfeet, containing aquaporin-4 (AQP4) chan-
nels, plays a critical role in this process by regulating fluid
dynamics (Figure 2). Disruption of this system can impair
waste clearance and exacerbate disease progression [3-5].

A novel imaging method, the diffusion tensor image
analysis along the perivascular space (DTI-ALPS) index,
obtained using diffusion tensor imaging (DTI), quanti-
fies diffusivity along perivascular spaces, enabling the
assessment of glymphatic function. It measures water
diffusivity along perivascular spaces, particularly in re-
gions near the lateral ventricles. The index leverages the
unique anatomical alignment of fibre tracts to isolate
diffusivity along the perivascular axis [6]. Alterations in
glymphatic flow have been linked to various neurological
conditions, including Alzheimer’s disease [6-9], normal
pressure hydrocephalus [10,11], idiopathic intracranial
hypertension [12-14], stroke [15-17], and traumatic brain
injury [18-20].

In brain tumours, glymphatic dysfunction can result
from mass effect and blood-brain barrier (BBB) disrup-
tion, contributing to peritumoral oedema and altered

fluid dynamics. Reduced AQP4 expression near gliomas
further impairs CSF-ISF exchange, promoting inflamma-
tion and tumour progression [21-23].

Glymphatic system dysfunction has been investigated
concerning the development of peritumoral brain oedema in
gliomas, meningiomas, lymphomas, and metastases [21-23].
Numerous studies have examined the impact of IDH
mutation status and tumour grade in gliomas, revealing
a progressive decrease in the DTI-ALPS index with in-
creasing glioma grade. Additionally, IDH1 wild-type glio-
mas are associated with a lower DTT-ALPS index, reflect-
ing greater glymphatic dysfunction [23,24].

Existing research on glymphatic dysfunction across
various tumour types, particularly gliomas and metasta-
ses, remains limited. This study investigates glymphatic
dysfunction in high-grade gliomas (HGGs), low-grade
gliomas (LGGs), and metastases using the DTI-ALPS
index. It focuses on evaluating changes in the DTI-ALPS
index concerning tumour volume, peritumoral oedema,
the tumour volume-to-total brain volume ratio (TV/TBV),
and the peritumoral oedema-to-total brain volume ratio
(PTE/TBV) in these 3 tumour groups. We propose that
the aggressive and infiltrative nature of HGGs may influ-
ence glymphatic function distinctly when compared to
LGGs and metastases. A deeper understanding of these
mechanisms may shed light on tumour progression and
pave the way for developing therapeutic strategies target-
ing glymphatic pathways.
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Figure 1. Illustration of the glymphatic system’s role in clearing waste from the central nervous system, highlighting the flow of cerebrospinal fluid (CSF)

and interstitial fluid (ISF) through perivascular spaces and astrocytic end-feet
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Material and methods

Study design

This retrospective study received approval from the In-
stitutional Ethics Committee. Imaging data from patients
were retrospectively analysed between March 2020 and
July 2024. The study included patients who met the fol-
lowing criteria: (I) age 18-65 years; (II) pathologically
confirmed supratentorial gliomas/metastases; (III) had
undergone preoperative DTI evaluation; and (IV) had
not received any treatment (surgery/radiotherapy/chemo-
therapy) before imaging. The exclusion criteria were as
follows: (I) magnetic resonance imaging (MRI) images
of poor quality; (II) tumours with the following imaging
characteristics — lesions that extended across the mid-
line, purely cystic, intraventricular/infratentorial location,
causing a significant mass effect on the lateral ventricles;
(III) projection/association fibres destroyed by the tumour;
(IV) outside the specified age range; and (V) general con-
traindications to MRI. Midline tumours were excluded
because they distort the normal anatomy required for ac-
curate assessment of the DTI-ALPS index, leading to un-
reliable or non-interpretable index values.

At our institution, a cohort of 87 patients diagnosed
with a supratentorial tumour underwent preoperative DTI.
Seven individuals were excluded due to poor-quality MRI
images (n = 2) or gliomas crossing the midline (n = 5).

DTI-ALPS in gliomas and brain metastases

The final study population consisted of 80 histopathologi-
cally verified intracranial tumours: 30 LGGs (World Health
Organization grades I-1I), 30 HGGs (grades III-1V),
and 20 brain metastases. Among the 60 glioma cases,
43 exhibited IDH mutations, while the remaining 17 were
IDH wild-type. The screening process is shown below
(Figure 3).

Data acquisition

All images were obtained using a 3.0 Tesla magnetic
resonance scanner (Discovery MR750, GE HealthCare)
equipped with a head coil consisting of 48 channels.
The standard MRI sequence consisted of DWTI (b = 1000),
T1 BRAVO (TR/TE, 7700/1000 ms), T2 (TR/TE,
5742/1000 ms), T2 FLAIR (TR/TE/T1, 7500/120/1000 ms)
sequences with matrix 256 x 256, FOV 24 x 24 (frequency
and phase FOV), and slice thickness of 1.8 mm. Post-IV-
contrast T1 and FLAIR sequences were performed us-
ing gadolinium-based contrast (gadobuterol) (0.5 ml/kg
[0.1 mmol/kg] body weight at a flow rate of approximately
2 ml/s, with a maximum dose of 10 ml).

DTI data were acquired using a single-shot echo-planar
imaging sequence (TR/TE: 3941/1000 ms) with parallel im-
aging, incorporating 2 strong encoding gradients based on
the Stejskal-Tanner method [25]. Diftusion gradients were
applied in 50 directions with b-values of 0 and 1000 s/mm?>.
The imaging parameters included a frequency FOV of 26,

Neurovaseular unit

Bagal Lamina

Astrocyte endfoot

Astrocyte

Microglia %

Pericyte

Endothelial cell

Tight junction

Figure 2. lllustration of the neurovascular unit, highlighting its components, including neurons, astrocytes, astrocytic end-feet, microglia, pericytes, endo-
thelial cells, tight junctions, and the basal lamina, which together maintain the blood-brain barrier and regulate brain homeostasis
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Figure 3. Patient selection criteria

a phase FOV of 1, an excitation number (NEX) of 1, and
a data matrix of 128 x 128. Thirty-eight slices were cap-
tured, with a slice thickness of 3 mm and no interslice gap,
resulting in a total scan time of approximately 3-4 minutes.

Image post-processing and analysis

The DTI images were post-processed using DTT analysis
software on a General Electric (GE) Advantage Workstation
(AW) Model 4.7. The DTI-ALPS index was determined via
DTT advanced analysis software on a GE AW 4.7.

The glymphatic function was evaluated using the DTI-
ALPS approach. This approach assesses the diftusivity along
the perivascular space on an axial slice located at the lateral

ventricle body level. Perpendicular to the ventricular walls
at the surface of the lateral ventricular bodies, the medul-
lary veins, along with perivascular spaces, run in a right-
left or left-right direction (x-axis). At this level, the fibres of
the corona radiata (projection fibres) are present lateral to
the body of lateral ventricles in the craniocaudal direction
(z-axis). Located laterally to the corona radiata, the superior
longitudinal fascicle, which corresponds to the association
fibres, extends in the anterior-posterior direction (y-axis).
Colour-coded maps were used to designate circular regions
of interest (ROIs) with a diameter of 5 mm on the associa-
tion fibres and projection fibres of the affected hemispheres
at the level of the lateral ventricular body. The medullary
veins alignment is parallel to the body of the lateral ven-
tricle [21]. An illustration of ROI placement is presented
(Figures 4-6). Given that the perivascular space is almost
perpendicular to both the projection fibres and association
fibres, the average diffusivity in the x-axis of both fibres can
indicate the variation in perivascular flow. Normalisation of
mean diftusivity is done [6].

)
)

mean (D

xproj’ ~ xassoc

ALPS index:
mean (D

yproj’ Dz assoc

where: D - diffusivity along the x-axis in projection
fibres, D - diffusivity along the x-axis in association

X assoc

fibres, D - diffusivity along the y-axis in projection
fibres, D, - diffusivity along the x-axis in association

fibres.

Segmentation and volumetric analysis

Tumour segmentation was conducted using the 3D Slicer
platform with the open-source automated software Rai-
dionics [26] (https://github.com/raidionics/raidionics). All
segmentation results were carefully reviewed, and any in-
correctly delineated tumour regions were corrected through

Figure 4. A-C) Patient with a low-grade glioma in the left frontal region presenting with headache and seizures. A) and B) Axial fluid-attenuated inversion
recovery (FLAIR) images show the segmented peritumoral oedema (yellow) and tumour volume (blue). C) Image describing the calculation of the diffusion
tensor image analysis along the perivascular space (DTI-ALPS) index using two regions of interest (ROIs) drawn within the projection (blue) and association

(green) fibres in the left periventricular region
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DTI-ALPS in gliomas and brain metastases

Figure 5. A-C) Patient with high-grade glioma in the left parietal region presenting with right-sided weakness. A) Axial post-contrast T1image shows the
segmented tumour volume (blue). B) Axial fluid-attenuated inversion recovery (FLAIR) image shows the segmented peritumoral oedema (yellow). C) Image
describing the calculation of the diffusion tensor image analysis along the perivascular space (DTI-ALPS) index using two regions of interest (ROIs) drawn
within the projection (blue) and association (green) fibres in the left periventricular region

- 4 -..v‘-’.'

Figure 6. A-C) Patient with metastasis in the left frontal region presenting with right lower limb weakness and disorientation. A) Axial post-contrast T1
image shows the segmented tumour volume (blue). B) Axial fluid-attenuated inversion recovery (FLAIR) image shows the segmented peritumoral oedema
(yellow). C) Image describing the calculation of the diffusion tensor image analysis along the perivascular space (DTI-ALPS) index using two regions of
interest (ROIs) drawn within the projection (blue) and association (green) fibres in the left periventricular region

manual adjustment. The output parameters included tu-
mour volume, peritumoral oedema, TV/TBV, and PTE/
TBV.

A blinded radiologist with 5 years of experience (SRK)
independently conducted all the measurements without
knowledge of the clinical and histological data. Represen-
tative images of DTT ALPS index calculation and tumour
segmentation in LGG, HGG, and metastasis are provided
in Figures 4-6.

Statistical analysis

Statistical analyses were performed using Jamovi software
version 2.4 [27]. Quantitative data were expressed as mean
+ standard deviation (SD), median, and range. The nor-
mality of parameters, including the DTI-ALPS index, was
evaluated using the Shapiro-Wilks test. A comparison of the

© Pol J Radiol 2025; 90: e611-e620

DTI-ALPS index between types of tumours using one-way
ANOVA (Welchss test), followed by the Tukey post-hoc test,
was performed for pairwise comparisons. Additionally, the
DTI-ALPS index was compared between IDH1 mutant and
IDH1 wild-type gliomas using Student’s ¢-test.

The relationships between the DTI-ALPS index and
tumour-associated oedema, peritumoral oedema, the tu-
mour volume-to-total brain volume ratio (TV/TBV), and
the peritumoral oedema-to-total brain volume ratio (PTE/
TBV) across the 3 tumour groups were analysed using
a correlation matrix and Pearson’s correlation coefficient (r)
or Spearmanss correlation coeflicient (p). All tests were con-
sidered statistically significant for a p-value < 0.05.

Receiver operating characteristic (ROC) curve analy-
sis was used to determine the diagnostic accuracy of the
DTI-ALPS index for differentiating LGG and HGG. Meta-
stases were included in the overall comparison but not the
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Table 1. Demographics

Characteristics Metastases
(n=20)
Mean age + SD (years) 41.8+8.79 52.6+10.36 548+8.6 49.1+10.89
Sex
Female 18 N 8 37
Male 12 19 12 43
Tumour location
Left cerebral hemisphere 14 17 7 38
Right cerebral hemisphere 16 13 13 42
IDH mutant 30 13 NA NA
IDH wild-type 0 17 NA NA
TV (mm?) — median (IQR 25®-75™) Min: 245.267

Max: 166465.92

56,794 (23,370-101,093)

45,698 (38,570-56,551)

16,694 (10,449-24,070)

16,694 (10,449-24,070)

PTEV (mm?) 192021.729 + 73556.523 | 198849.393 + 198849.393 | 207002.892 + 91606.849 197730.3769 +
74265.5248
TV/TBV — median (IQR 25®-75%) Min: 2.28e-04
Max: 0.148
0.04250(0.01773-0.07400) | 0.03520 (0.02509-0.04450) | 0.01240 (0.00821-0.01770) {0.03330 (0.01560-0.04800)
PTEV/TBV 0.147 £0.0573 0.1264 +0.0636 0.1607 £+ 0.0759 0.141£0.0641

DTI-ALPS index

1.5292 +0.108

1.0939+0.188

1.3576 £ 0.1221

1.3134 £ 0.2466

DTI-ALPS — diffusion tensor image analysis along the perivascular space, IDH — isocitrate dehydrogenase, PTEV — peritumoural oedema volume, TBV — total brain volume, TV — tumour volume,

NA — not applicable

2.0
1.8 1
1.6 1
1.4 1
1.2 1
1.0
0.8 ~
0.6
0.4
0.2 4
0.0

==
—_

DTI-ALPS index

LGG HGG

Group

Metastasis

Figure 7. Box plot comparing the diffusion tensor image analysis along
the perivascular space (DTI-ALPS) index across 3 groups — low-grade glio-
mas (LGG), high-grade gliomas (HGG), and metastases. Outliers in the HGG
group are represented by grey dots

binary classification ROC analyses. Optimal thresholds
were derived using the Youden Index. Area under the
curve (AUC), sensitivity, specificity, and 95% confidence
intervals were reported for each classification.

Results

Eighty patients with pathologically confirmed glio-
mas and metastases were included, 30 of whom were dia-
gnosed with LGGs (grades I and II), 30 with high-grade

gliomas (grades III and IV), and 20 with metastases (pri-
mary site: 7 - lung, 5 - colon, 5 - breast, 3 - head and
neck). Of the 60 gliomas analysed, 43 harboured IDH
mutations, whereas the remaining 17 maintained a wild-
type IDH status. The patient demographics are listed in
Table 1.

The one-way ANOVA (Welch’s test) showed a sta-
tistically significant difference in the DTI-ALPS index
between the groups, with an F-value of 51.2, degrees of
freedom (dfl = 2, df2 = 30.3), and a p-value of < 0.001.
The Tukey post-hoc test was further performed to identify
specific group differences. Significant differences were ob-
served between all pairs of tumour groups (LGG vs. HGG,
LGG vs. metastases, and HGG vs. metastases). The mean
difference between LGG and HGG was 0.435 (p < 0.001);
between LGG and metastases it was 0.172 (p = 0.005); and
between HGG and metastases the mean difference was
-0.264 (p < 0.001). The mean for HGG is the lowest, fol-
lowed by metastases and then LGG.

A box plot illustrates the distribution of the DTI-ALPS
index across these 3 tumour groups (Figure 7).

Furthermore, the mean DTI-ALPS index in IDH1
wild-type gliomas (1.23 + 0.08, n = 17) was significantly
lower than that observed in IDH1 mutant tumours
(1.42 £0.10; n = 43, p < 0.001), implying greater glym-
phatic impairment in wild-type gliomas and supporting
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Figure 8. Receiver operating characteristic curve for the the diffusion tensor
image analysis along the perivascular space (DTI-ALPS) index in the low-
grade glioma (LGG) group, illustrating its diagnostic performance by plotting
sensitivity against 1-specificity, showing excellent sensitivity and specificity
for a cut-off of > 1.3838

DTI-ALPS in gliomas and brain metastases
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Figure 9. Receiver operating characteristic curve for the the diffusion ten-
sor image analysis along the perivascular space (DTI-ALPS) index in the
high-grade glioma (HGG) group, illustrating its diagnostic performance by
plotting sensitivity against 1-specificity, showing excellent sensitivity and
specificity for a cut-off of < 1.317

Table 2. Correlation between the the diffusion tensor image analysis along the perivascular space (DTI-ALPS) index and tumour volume, peritumoral
oedema, the tumour volume-to-total brain volume ratio (TV/TBV), and the peritumoral oedema-to-total brain volume ratio (PTE/TBV) among the 3 groups

(significant p-value < 0.05)

Variable

Correlation coefficient

Correlation coefficient

DTI-ALPS index

W6 [ Metstases |

Correlation coefficient

Tumour volume Spearman 0.263 Spearman 0.904 Spearman 0.656
p=0238 p=-0.025 p=-0.144

Peritumoural oedema Pearson’s 0.358 Pearson’s 0.868 Pearson’s 0.455

volume r=0.196 r=0.037 r=-0.239

TV/TBV Spearman 0.281 Spearman 0.575 Spearman 0.625
0=0229 p=-0.115 p=-0.158

PTE/TBV Pearson’s 0.510 Pearson’s 0.550 Pearson’s 0.494
r=0.141 r=0.381 r=-0.219

LGG — low-grade glioma, HGG — high-grade glioma

the potential of IDH1 mutation status as a biomarker for
differential glymphatic function.

The DTI-ALPS index’s diagnostic performance was
assessed using ROC curve analysis to differentiate these
3 tumour groups. The DTI-ALPS index of > 1.3838 dem-
onstrated excellent diagnostic capability, with an AUC of
0.97, a sensitivity of 100%, and a specificity of 86.64%,
indicating that the ALPS index is a reliable predictor for
LGG (Figure 8). Similarly, a DTT-ALPS index of < 1.317 is
a reliable predictor for HGG, with an AUC of 0.982, a sen-
sitivity of 88.89%, and a specificity of 100% (Figure 9).

The Shapiro-Wilks test showed that tumoural volume
and TV/TBV were not normally distributed. Hence, non-
parametric tests were used for correlation of the 2 variables
with the DTI-ALPS index (Spearman’s rho). For peritu-

moral oedema and PTE/TBYV, parametric tests were used
(Pearsons 7).

There was no significant association between the DTI-
ALPS index and tumour volume, peritumoral oedema,
TV/TBV, and PTE/TBV among the 3 tumour groups.
Table 2 shows these results. Scatter plots describing the
relationship between the DTI-ALPS index and different
parameters among the tumour groups are described in
Figure 10 A-D.

Discussion

This study assessed glymphatic dysfunction in LGG,
HGG, and metastases by evaluating the DTT-ALPS index.
The results demonstrate significant differences in the DTI-

© Pol J Radiol 2025; 90: e611-e620
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Figure 10. A-D) Scatter plot describing the relationship between the diffusion tensor image analysis along the perivascular space (DTI-ALPS) index and
tumour volume (A), peritumoral oedema (B), the tumour volume-to-total brain volume ratio (TV/TBV) (C), and peritumoral oedema to tumour volume
ratio (PTE/TBV) (D) across 3 tumour groups: low-grade glioma (LGG), high-grade glioma (HGG), and metastasis. No significant correlation is seen among

these parameters

ALPS index among these groups, highlighting its potential
as a biomarker for assessing tumour-induced alterations
and helping in further understanding glymphatic func-
tion.

The findings in our study align with previous research
indicating a progressive decline in glymphatic function
with increasing glioma grade [23,24]. HGGs showed the
lowest DTT-ALPS index compared to LGGs and metas-
tases, suggesting severe glymphatic impairment. This re-
duction may reflect BBB disruption, tumour angiogenesis,
and decreased and misplaced AQP4 expression secondary
to increased tumour aggressiveness and parenchymal infil-
tration [28-31]. Multiple studies using mouse models have
demonstrated similar findings, showing that a reduction
in AQP4 limits CSF-ISF exchange, leading to the accu-
mulation of inflammatory and immunological substances
generated by tumour cells [28,32,33].

The distinct pathogenic mechanisms behind these tu-
mour types may account for the greater DTI-ALPS index
in metastases compared to HGGs, as they exhibit less infil-
trative behaviour than HGGs and may have a less signifi-
cant effect on the lymphatic system. Furthermore, in the
early stages of metastases, the BBB is usually intact or only
slightly compromised, which may restrict its influence on
glymphatic flow and ISF dynamics [21,34-36] tumor frac-
tional anisotropy.

The glymphatic system may be comparatively con-
served because LGGs are less aggressive and infiltrative

than HGGs. Though less severe, glymphatic dysfunction
persists because tumour-induced astrocytic modifications
and moderate BBB abnormalities may still cause LGGs to
disturb local balance [37,38]. Between the less invasive
metastases and the extremely aggressive HGGs, the inter-
mediate DTI-ALPS index in LGGs corresponds to their
intermediate pathogenic features.

Interestingly, no significant association was found
between the DTI-ALPS index and tumour-associated
oedema, peritumoral oedema, the TV/TBV, or the PTE/
TBV among the 3 tumour groups. These findings are
contrary to several prior studies in which an association
was found between peritumoral oedema volume and re-
duced glymphatic function in various brain tumours [21-
24,31,39,40]. Mechanisms for the peritumoral oedema
formation in brain tumours include disruption of the
BBB, increased vascular permeability secondary to angio-
genic factors like vascular endothelial growth factor, and
dysregulated expression of AQP4. Therefore, peritumoral
oedema is predominantly caused by vascular and onco-
genic processes, while glymphatic dysfunction primarily
occurs in poor clearance of metabolic waste and solutes.
Hence, glymphatic dysfunction may have a secondary or
indirect effect on the formation of peritumoral oedema
[34,36,41,42]. Since the DTI-ALPS index is based on
measurements near the lateral ventricles, it might not ac-
curately represent glymphatic dysfunction in more distal
regions affected by peritumoral oedema. The morphology
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of the periventricular veins may also change because of
changing tumour sites, and mass effects may influence the
measurement of diffusivity along the perivascular spaces
on the ipsilateral side. No studies to date have specifically
investigated whether there is a relation between glymphat-
ic function and the location of a tumour.

The DTI-ALPS index demonstrated exceptional dia-
gnostic performance in differentiating between the 3 tu-
mour groups; a DTI-ALPS index value of < 1.317 was
a strong predictor of HGGs, while a value of > 1.3838 con-
sistently identified LGGs with high sensitivity and specific-
ity. These cutoff points demonstrate the clinical utility of
the DTI-ALPS index as a non-invasive imaging biomarker
for tumour grading that can be used in conjunction with
traditional and multiparametric MRI imaging and histo-
logical analysis.

The observed glymphatic dysfunction in gliomas and
metastases highlights the need for therapeutic interventions
targeting the glymphatic system. Restoring glymphatic
flow may improve waste clearance, reduce peritumoral
oedema, and mitigate tumour-associated inflammation,
potentially enhancing treatment outcomes [28]. Future
studies investigating the impact of glymphatic modulation
on tumour progression and therapeutic response are war-
ranted.

Limitations

There are multiple limitations to this study. The single-
centre, retrospective study design has the potential to in-
troduce selection bias. Second, excluding tumours causing
significant mass effects or crossing the midline may limit
the generalisability of the findings to all brain tumours. Fi-
nally, the DTI-ALPS index offers useful information about
glymphatic dysfunction but fails to capture the dynamic
elements of CSF-ISF exchange, which may require sophis-
ticated imaging techniques such as dynamic contrast-en-

DTI-ALPS in gliomas and brain metastases

hanced MRI using gadolinium/radionucleotide-labelled
CSF tracers.

The pathophysiology of these tumour-associated glym-
phatic alterations should be further studied by future mul-
ticentric research studies that examine the relationship be-
tween glymphatic dysfunction and tumour location, size,
and molecular markers; the relationship between glym-
phatic dysfunction and the development of peritumoral
oedema must be studied in time; and longitudinal studies
that examine changes in the DTI-ALPS index before and
after treatment may shed light on the effects of therapeutic
interventions on glymphatic function.

Conclusions

The DTI-ALPS index is a promising biomarker for eval-
uating tumour-induced changes in glymphatic func-
tion, and this study emphasises the important role that
glymphatic dysfunction plays in gliomas and metastases.
The results highlight the potential of using the DTI-ALPS
index in standard clinical practice for tumour grading.
Future research focusing on therapeutic options that tar-
get the glymphatic system may make novel approaches
to improving outcomes for patients with brain tumours.

Disclosures

1. Institutional review board statement: The study received
approval from the Institutional Ethics Committee (IEC
Registration No. IRB00003163) of St. John’s Medical
College and Hospital, Bangalore, India (approval No.
313/2024).

2. Assistance with the article: We thank the Radiology and
Neurosurgery departments for their support and guid-
ance.

3. Financial support and sponsorship: None.

4. Conflicts of interest: None.

References

1. Ostrom QT, Gittleman H, Stetson L, Virk SM, Barnholtz-Sloan JS.
Epidemiology of gliomas. Cancer Treat Res 2015; 163: 1-14.

2. Lapointe S, Perry A, Butowski NA. Primary brain tumours in adults.
Lancet 2018; 392: 432-446.

3. 1liff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al.
A paravascular pathway facilitates CSF flow through the brain paren-
chyma and the clearance of interstitial solutes, including amyloid f.
Sci Transl Med 2012; 4: 147ral11. DOI: 10.1126/scitranslmed.
3003748.

4. Hablitz LM, Nedergaard M. The glymphatic system: a novel compo-
nent of fundamental neurobiology. ] Neurosci 2021; 41: 7698-7711.

5. 1liff JJ, Nedergaard M. Is there a cerebral lymphatic system? Stroke
2013; 44: 593-595.

6. Taoka T, Masutani Y, Kawai H, Nakane T, Matsuoka K, Yasuno E,
et al. Evaluation of glymphatic system activity with the diffusion MR

technique: diffusion tensor image analysis along the perivascular
space (DTI-ALPS) in Alzheimer’s disease cases. Jpn ] Radiol 2017;
35:172-178.

. Chang HI, Huang CW, Hsu SW, Huang SH, Lin KJ, Ho TY, et al.

Gray matter reserve determines glymphatic system function in

~N

young-onset Alzheimer’s disease: Evidenced by DTI-ALPS and com-
pared with age-matched controls. Psychiatry Clin Neurosci 2023; 77:
401-409.

. Silva I, Silva J, Ferreira R, Trigo D. Glymphatic system, AQP4, and

o]

their implications in Alzheimer’s disease. Neurol Res Pract 2021. 3: 5.
DOI: 10.1186/542466-021-00102-7.
. Hsu J, Wei Y, Toh CH, Hsiao I, Lin K, Yen T, et al. Magnetic re-

sonance images implicate that glymphatic alterations mediate

o

cognitive dysfunction in Alzheimer disease. Ann Neurol 2023; 93:
164-174.

© Pol J Radiol 2025; 90: e611-e620

e619



Dhanush Jayanna, Shravan Reddy Kankara, Shreyas Reddy K, et al

10.

1

—

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Yokota H, Vijayasarathi A, Cekic M, Hirata Y, Linetsky M, Ho M,
et al. Diagnostic performance of glymphatic system evaluation using
diffusion tensor imaging in idiopathic normal pressure hydrocepha-
lus and mimickers. Curr Gerontol Geriatr Res 2019; 2019: 5675014.
DOI: 10.1155/2019/5675014.

. Georgiopoulos C, Tisell A, Holmgren RT, Eleftheriou A, Rydja J,

Lundin F, et al. Noninvasive assessment of glymphatic dysfunction
in idiopathic normal pressure hydrocephalus with diffusion tensor
imaging. ] Neurosurg 2024; 140: 612-620.

Eide PK, Pripp AH, Ringstad G, Valnes LM. Impaired glymphatic
function in idiopathic intracranial hypertension. Brain Commun
2021; 3: fcab043. DOI: 10.1093/braincomms/fcab043.

Liu W, Jia L, Xu L, Yang E, Cheng H, Li H, et al. Idiopathic intrac-
ranial hypertension in patients with cerebral small vessel disease:
a case report. Medicine 2023; 102: €32639. DOI: 10.1097/MD.
0000000000032639.

Jones O, Cutsforth-Gregory J, Chen J, Bhatti MT, Huston J, Brinjikji W.
Idiopathic intracranial hypertension is associated with a higher bur-
den of visible cerebral perivascular spaces: the glymphatic connec-
tion. AJNR Am J Neuroradiol 2021; 42: 2160-2164.

Toh CH, Siow TY. Glymphatic dysfunction in patients with ischemic
stroke. Front Aging Neurosci 2021; 13: 756249. DOI: 10.3389/fnagi.
2021.756249.

Zhang C, Sha ], Cai L, Xia Y, Li D, Zhao H, et al. Evaluation of the
glymphatic system using the DTI-ALPS index in patients with spon-
taneous intracerebral haemorrhage. Oxid Med Cell Longev 2022;
2022:2694316. DOI: 10.1155/2022/2694316.

Gaberel T, Gakuba C, Goulay R, De Lizarrondo SM, Hanouz JL,
Emery E, et al. Impaired glymphatic perfusion after strokes revealed
by contrast-enhanced MRI: a new target for fibrinolysis? Stroke 2014;
45:3092-3096.

Piantino J, Schwartz DL, Luther M, Newgard C, Silbert L, Raskind M,
et al. Link between mild traumatic brain injury, poor sleep, and
magnetic resonance imaging: visible perivascular spaces in veterans.
] Neurotrauma 2021; 38: 2391-2399.

Chen HL, Chen PC, Lu CH, Tsai NW, Yu CC, Chou KH, et al. Asso-
ciations among cognitive functions, plasma DNA, and diffusion
tensor image along the perivascular space (DTI-ALPS) in patients
with Parkinson’s disease. Oxid Med Cell Longev 2021; 2021: 4034509.
DOI: 10.1155/2021/4034509.

Yang DX, Sun Z, Yu MM, Zou QQ, Li PY, Zhang JK. Associa-
tions of MRI-derived glymphatic system impairment with global
white matter damage and cognitive impairment in mild traumatic
brain injury: a DTI-ALPS study. ] Magn Reson Imaging 2024; 59:
639-647.

Toh CH, Siow TY, Castillo M. Peritumoral brain edema in metasta-
ses may be related to glymphatic dysfunction. Front Oncol 2021; 11:
725354. DOI: 10.3389/fonc.2021.725354.

Toh CH, Siow TY, Castillo M. Peritumoral Brain Edema in Menin-
giomas May Be Related to Glymphatic Dysfunction. Front Neurosci
2021; 15: 674898. DOI: 10.3389/fnins.2021.674898.

Toh CH, Siow TY. Factors associated with dysfunction of glymphatic
system in patients with glioma. Front Oncol 2021; 11: 744318. DOI:
10.3389/fonc.2021.744318.

Zeng S, Huang Z, Zhou W, Ma H, Wu J, Zhao C, et al. Noninvasive

evaluation of the glymphatic system in diffuse gliomas using diffu-

25.

26.

27.

28.

29.

30.

3

—

32.

33

34.

35.

36.

37.

38

39

40.

4

oy

42,

sion tensor image analysis along the perivascular space. ] Neurosurg
2024; 142: 187-196.

Sinnaeve D. The Stejskal — tanner equation generalized for any gra-
dient shape — an overview of most pulse sequences measuring free
diffusion. Concepts Magn Reson 2012; 40A: 39-65.

Bouget D, Alsinan D, Gaitan V, Helland RH, Pedersen A, Solheim O,
et al. Raidionics: an open software for pre- and postoperative central
nervous system tumor segmentation and standardized reporting. Sci
Rep 2023; 13: 15570. DOI: 10.1038/541598-023-42048-7.

Jamovi - open statistical software for the desktop and cloud. Available
from: https://www.jamovi.org/ (Assessed: 16.01.2025).

Lan Y, Wang H, Chen A, Zhang J. Update on the current knowledge
of lymphatic drainage system and its emerging roles in glioma man-
agement. Immunology 2023; 168: 233-247.

Xu D, Zhou J, Mei H, Li H, Sun W, Xu H. Impediment of cerebrospi-
nal fluid drainage through glymphatic system in glioma. Front Oncol
2022; 11: 790821. DOI: 10.3389/fonc.2021.790821.

Kaur J, Ding G, Zhang L, Lu Y, Luo H, Li L, et al. Imaging glym-
phatic response to glioblastoma. Cancer Imaging 2023; 23: 107. DOIL:
10.1186/540644-023-00628-w.

. Scalia G, Ferini G, Silven MP, Noto M, Costanzo R, Maugeri R, et al.

Alterations of the glymphatic system in glioblastomas: a systematic
review. Anticancer Res 2024; 44: 3223-3230.

Papadopoulos MC, Verkman AS. Aquaporin-4 and brain edema.
Pediatr Nephrol 2007; 22: 778-784.

. Trillo-Contreras JL, Toledo-Aral J], Echevarria M, Villadiego J. AQP1

and AQP4 contribution to cerebrospinal fluid homeostasis. Cells
2019; 8: 197. DOI: 10.3390/cells8020197.

Wrobel JK, Toborek M. Blood-brain barrier remodeling during brain
metastasis formation. Mol Med 2016; 22: 32-40.

Hu X, Deng Q, Ma L, Li Q, Chen Y, Liao Y, et al. Meningeal lymphatic
vessels regulate brain tumor drainage and immunity. Cell Res 2020;
30:229-243.

Guan Z, Lan H, Cai X, Zhang Y, Liang A, Li J. Blood-brain barrier,
cell junctions, and tumor microenvironment in brain metastases, the
biological prospects and dilemma in therapies. Front Cell Dev Biol
2021; 9: 722917. DOI: 10.3389/fcell.2021.722917.

Jin P, Munson JM. Fluids and flows in brain cancer and neurological
disorders. WIREs Mech Dis 2023; 15: €1582. DOI: 10.1002/wsbm.1582.

. Ma Q, Schlegel E, Bachmann SB, Schneider H, Decker Y, Rudin M,

et al. Lymphatic outflow of cerebrospinal fluid is reduced in glioma.
Sci Rep 2019; 9: 14815. DOI: 10.1038/541598-019-51373-9.

.Zhu H, Xie Y, Li L, Liu Y, Li S, Shen N, et al. Diffusion along the

perivascular space as a potential biomarker for glioma grading and
isocitrate dehydrogenase 1 mutation status prediction. Quant Imag-
ing Med Surg 2023; 13: 8259273-8258273.

Gao M, Liu Z, Zang H, Wu X, Yan Y, Lin H, et al. A histopathologic
correlation study evaluating glymphatic function in brain tumors by
multiparametric MRI. Clin Cancer Res 2024; 30: 4876-4886.

. Dubois LG, Campanati L, Righy C, D’Andrea-Meira I, de Sampaio E

Spohr TCL, Porto-Carreiro I, et al. Gliomas and the vascular fragility
of the blood brain barrier. Front Cell Neurosci 2014; 8: 418. DOIL:
10.3389/fncel.2014.00418.

Ohmura K, Tomita H, Hara A. Peritumoral edema in gliomas: a re-
view of mechanisms and management. Biomedicines 2023; 11: 2731.
DOI: 10.3390/biomedicines11102731.

€620

© Pol J Radiol 2025; 90: e611-e620



