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Analysis of the glymphatic system function
in high-grade glioma patients using diffusion
tensor imaging along perivascular spaces

Bin Tian', Xili Jiang? Xin Luo' and Wei Zhang®

Abstract

Objectives This study seeks to determine if patients with high-grade glioma (HGG) demonstrate glymphatic system
(GS) impairments using Diffusion Tensor Imaging Along Perivascular Spaces (DTI-ALPS). Additionally, it aims to
examine the factors affecting GS performance and their implications for HGG prognosis.

Methods The study enrolled fifty HGG patients alongside fifty age- and sex-matched healthy individuals. Each
participant underwent diffusion tensor imaging with a Philips 3.0T MRI scanner to assess and compute the ALPS
index within perivascular spaces. Variables such as gender, grade, location, volume, peritumoral edema volume,
mass-edema index (peritumoral edema volume/tumor volume) and ALPS index were recorded. The Student’s t-test
and rank sum test compared the ALPS indices between HGG patients and healthy controls to evaluate hemispheric
differences. Linear and multivariate Cox regression analyses were utilized to discern factors influencing the ALPS index
and to establish independent prognostic markers for HGG, respectively.

Results The ALPS indices in both hemispheres were significantly lower in HGG patients, with the ipsilateral
hemisphere exhibiting further reduced levels than the contralateral (P<0.001). In comparisons involving tumor and
edema volumes, no significant variations were observed between the hemispheres within HGG patients harboring
larger tumors (P=0.079) or lesser edema volumes (P=0.24). A decrease in postoperative ALPS indices compared to
preoperative figures was noted (P<0.001). Univariate linear regression indicated a negative relationship between
the ipsilateral ALPS index and peritumoral edema volume (P=0.0392). Kaplan-Meier analysis demonstrated shorter
survival times in patients with lower ALPS indices. Moreover, multivariate Cox regression highlighted tumor grade
(HR=1.548, P=0.023) and ipsilateral ALPS index (HR=0.040, P=0.003) as crucial prognostic indicators.

Conclusion In patients with HGG, there is impaired GS function in both hemispheres of the brain. Additionally, the
impaired GS function in the tumor-side hemisphere is associated with tumor-associated edema. Following surgery,
further damage to GS function is observed in both hemispheres of the brain in HGG patients. Poor GS function in the
tumor-side hemisphere is correlated with a worse prognosis in HGG patients.
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Introduction

In population-based research, glioma represents the
predominant primary intracranial neoplasm. The World
Health Organization (WHO) categorizes gliomas into
four grades according to their histopathological fea-
tures, with grades 3 and 4 designated as HGG. In HGG
patients, disruption of the blood-brain barrier precipi-
tates the development of peritumoral edemas and esca-
lates intracranial pressure, substantially impairing the
patients’ life quality [1]. Continual increase in intracranial
pressure may induce cerebral ischemia and subsequent
edema, potentially leading to brain herniation, and mor-
tality [2]. The median survival duration for HGG patients
is approximately 15 months, and the five-year survival
rate stands at a mere 5.6% [3]. The GS plays a vital role in
expelling waste and maintaining fluid equilibrium within
the brain parenchyma [4]. Cerebrospinal fluid (CSF), pro-
duced by the periventricular choroid plexus, permeates
the brain parenchyma under the influence of aquapo-
rin-4, mingling with the interstitial fluid (ISF) of the brain
parenchyma, with the eventual discharge of ISF and its
solutes through the perivascular spaces [5]. Monitoring
changes in the GS among HGG patients is essential for
elucidating glioma mechanisms and advancing treatment
and prognostic strategies.

DTI-ALPS is an innocuous methodology for evaluating
the GS’s functionality through the dynamics of ISF in the
human brain via diffusion MRI [6]. Research indicates
a robust correlation between the ALPS index and tradi-
tional GS clearance evaluations conducted post-intrathe-
cal gadolinium administration [7]. Moreover, a marked
reduction in the ALPS index is observed in patients with
normal pressure hydrocephalus, suggesting lymphoid
impairment as confirmed by the protracted clearance
after intrathecal gadobutrol administration [8, 9]. Conse-
quently, the ALPS index functions as an effective surro-
gate indicator for detecting and quantifying deviations in
lymphatic activity.

Although Toh and Zeng have discussed the impact of
glioma characteristics on GS function, their findings
regarding the effect of peritumoral edema on the ALPS
index are contradictory. Furthermore, Zeng’s study
included gliomas of all grades in evaluating the prognos-
tic value of GS function [10, 11]. Compared to low-grade
gliomas (LGG), HGG exhibits more aggressive behavior
and poorer prognosis. Therefore, investigating the rela-
tionship between GS function and HGG, while avoid-
ing the potential misclassification of some LGG patients
showing no difference in ALPS indices compared to
healthy individuals, could provide further prognostic
value. This study aims to explore the GS functional state
in HGG patients and the impact of GS functional mark-
ers on the prognosis of HGG.
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Materials and methods

Research target

This study initially enrolled 63 patients with pathologi-
cally confirmed high-grade glioma (HGG) from the Sec-
ond People’s Hospital of Hunan Province between 2018
and 2022. Based on predefined inclusion and exclu-
sion criteria, 50 patients were ultimately included in the
analysis. Thirteen patients were excluded for the fol-
lowing reasons: severe anatomical distortion caused by
tumors (n=8), motion artifacts (z=1), and multicentric
tumors involving bilateral cerebral hemispheres (n=4).
Additionally, fifty sex- and age-matched healthy subjects
were enrolled as controls. All control participants had
no history of neurological disorders or malignancies,
demonstrated no abnormal findings on MRI (e.g., space-
occupying lesions or white matter hyperintensities), and
were excluded if they presented with subjective cognitive
complaints, a history of head trauma, or cerebrovascular
risk factors (e.g., hypertension, diabetes mellitus). The
inclusion criteria were: (1) a diagnosis of HGG as per the
2021 fifth edition of the WHO Classification of Central
Nervous System Tumors; (2) a tumor localized in either
a unilateral cerebral hemisphere or one side of the poste-
rior fossa (left or right), appropriate for DTI index assess-
ment; (3) no prior treatment; (4) no significant white
matter lesions; (5) no use of medications affecting the
central nervous system. The exclusion criteria included:
(1) the presence of other central nervous system organic
lesions or psychiatric conditions; (2) prior receipt of
adjuvant chemotherapy or radiotherapy; (3) tumor size
or location that could compromise DTI index accuracy;
(4) significant sleep disorders; (5) MRI contraindications.

Clinical and imaging information

Clinical and imaging data was collected, including gen-
der, age, tumor volume, peritumoral edema volume,
mass-edema index, and tumor location. Histopatho-
logical diagnosis was confirmed by a board-certified
neuropathologist.

MRI

All MRI examinations were performed using a Philips
Ingenia 3.0T superconducting MRI scanner equipped
with a 16-channel head phased-array coil. The MRI
protocol included pre- and post-contrast axial T1 and
T2-weighted imaging, as well as axial fluid attenua-
tion inversion recovery (FLAIR) sequences. Imaging
parameters were: T1WI (TR =2000ms, TE =9ms), T2W1I
(TR=6000ms, TE=96ms), T2-FLAIR (TR=6000 ms,
TE =85 ms). Specifications included a slice thickness of
5.0 mm, a slice gap of 1.0 mm, and a FOV of 245 mm x
245 mm. DTI scan settings featured: TR/TE=9000/90
ms, a matrix of 128 x 128, a FOV of 200 x 200 mm, 64 dif-
fusion gradient directions, a b-value of 1000, and a voxel
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size of 2 mm x 2 mm x 2 mm with a slice thickness of
2 mm.

Image processing and analysis

Tumor and peritumoral edema boundaries were manu-
ally delineated slice-by-slice on imaging data by two
radiologists using 3D Slicer 5.7.0. Regions of interest
(ROI) that covered the entire area of tumor enhance-
ment were manually outlined on the contrast-enhanced
T1-weighted images. An additional ROI was defined on
the T2-weighted FLAIR images to include both the peri-
tumoral edema and the tumor. The volume of peritu-
moral edema was derived by subtracting the tumor-only
ROI from the comprehensive ROL. In cases with multiple
tumors, the aggregate volume of all lesions was calcu-
lated (Fig. 1).

The DTI-ALPS methodology was employed to assess
glymphatic functionality by measuring diffusion rates
along the perivascular spaces in the body of the lateral
ventricle on a horizontal plane. DTI Studio software facil-
itated the measurement of DTI metrics. Using fractional
anisotropy (FA) color maps at the level of the lateral ven-
tricle body, fiber tracts and associated regions were iden-
tified. A 2x2 voxel cube ROI was positioned over these
regions to capture diffusion rates on the X, Y, and Z axes,
and these values were utilized to compute the DTI-ALPS
index according to the prescribed formula:

D i, D
DTI — ALPS index — mean(Dxxproj, Dxxassoc)

mean(Dyyproj, Dzzassoc)

In this model, Dxxproj and Dxxassoc are the diffusion
coefficients for projection and associative fibers along

Page 3 of 10

the X-axis, respectively, while Dyyproj and Dzzassoc
represent the diffusion coefficients for projection fibers
along the Y-axis and associative fibers along the Z-axis,
respectively.

Statistical analysis

Statistical analyses were performed using SPSS version
26.0. The Shapiro-Wilk and Levene tests determined the
normality and homogeneity of variance for continuous
variables. For data that were normally distributed and
exhibited homogeneous variance, independent-sample
t-tests were utilized to compare the two groups; alter-
natively, for skewed distributions or unequal variances,
the Wilcoxon signed-rank test was implemented. Evalu-
ations of ALPS indices across different categories consid-
ered factors such as tumor side (affected vs. contralateral
hemisphere), tumor grade, tumor volume, peritumoral
edema volume, and pre-operative vs. post-operative
status, along with classifications based on tumor size.
Patients were stratified into high and low groups based
on the median tumor volume and peritumoral edema
volume, respectively. Univariate linear regression ana-
lyzed correlations between ALPS indices and variables
such as age, peritumoral edema volume, and mass-edema
index in patients with HGG. Changes in bilateral ALPS
indices before and after treatment in HGG patients
were measured using Receiver Operating Characteris-
tic (ROC) curves and the area under the curve (AUC).
Kaplan-Meier curves were generated, and Log-rank tests
were used to evaluate survival differences across groups.
Cox regression analysis was applied to determine prog-
nostic risk factors in HGG patients. Significance was set
at a p-value of <0.05.

Fig. 1 Preoperative axial MRI slices of the brain in a patient. The contrast-enhanced T1-weighted sequence (A) shows tumor enhancement with central
necrosis. The FLAIR sequence (B) reveals peritumoral edema. The directionally encoded color map (C) displays the ROI of the contralateral lateral ventricle
perivascular regions, including projection fibers (green region) and association fibers (red region)
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Table 1 Comparison of baseline data

parametric HGG Control sta- P-
left right group tisti- val-
hemisphere hemisphere cal ue

value
quantities 26 24 50 /

Age (years) 50.38+14.88 5042+1532 47.12+1339 0670 0514

Gender

male 14 15 32 0.873 0.646

women 12 9 18

Tumor

grade

3 9 9 0.045 0.832

4 17 15

Tumor 42.25(29.26, 62.15+39.16 / -0.893 0372

volume 70.98)

(mm?)

Edema 68.29 (45.17, 86.88+65.64 / -0.680 0.497

volume 144.17)

(mm?)

Assessment of intra-observer and inter-observer vari-
ability for measuring peritumoral edema volume, tumor
volume, and ALPS indices utilized the intraclass cor-
relation coefficient (ICC) with 95% confidence intervals
(ClIs), following a two-way random-effects model. The
definitive values for peritumoral edema volume, tumor
volume, and ALPS indices were averages derived from
two independent observers.

Results

This study included 50 HGG patients and 50 age- and
sex-matched healthy controls. Among these patients,
26 had left-sided and 24 had right-sided HGG. Eigh-
teen were assigned a Grade 3 classification, while thirty-
two received a Grade 4 classification. There were no

Page 4 of 10

significant differences in age or sex between the two
groups (Table 1).

ALPS indices were used as surrogate markers for glym-
phatic system function, respectively. The inter-observer
consistency was good, with an ICC of 0.91 (95% CI).

As presented in Table 2, when comparing the bilateral
ALPS indices of HGG patients with those of the age- and
sex-matched control group, the indices of HGG patients
were reduced (P<0.001). Within the HGG cohort, the
ALPS index was significantly lower on the tumor-affected
side (P<0.001). Further, the discrepancy in the ALPS
index of the contralateral hemisphere between Grade 3
HGG patients and the control group was not significant
(P=0.068), and no notable differences were found in
the bilateral ALPS indices in patients with either larger
tumor volumes or smaller peritumoral edema volume
(P=0.079).

Figure 2 depicts the inter-group comparison results for
the bilateral ALPS index among various tumor grades,
tumor volumes, and peritumoral edema volume rela-
tive to the control group. Differences were noted in the
contralateral hemisphere ALPS index between grade 3
and grade 4 gliomas, whereas the ipsilateral hemisphere
ALPS index did not exhibit significant differences.

Figure 3 displays the outcomes of univariate linear
regression analyses exploring factors influencing the
bilateral hemisphere ALPS index within the HGG cohort.
In this analysis, the ipsilateral hemisphere ALPS index
demonstrated a negative correlation with peritumoral
edema volume (R?=0.0856, P=0.0392), yet revealed
no substantial correlations with age, tumor volume, or
mass-edema index (P>0.05). Furthermore, no linear
correlations were found between the contralateral hemi-
sphere ALPS index and age, tumor volume, peritumoral
edema volume, or mass-edema index (P> 0.05). Figure 4

Table 2 Comparison between ALPS indices by different tumor grades, tumour location, tumour and oedema volume

parametric Glioma group (n=50) Control group (n=50) #p-value *P-value &p.value
Ipsilateral ALPS index Contralateral ALPS index

Mean ALPS 1.36+0.25 1.54+0.19 1.73+0.21 <0.001 <0.001 <0.001

Tumor grade

3 145+0.26 1.62+0.21 <0.001 0.068 0.031

4 1.30+0.23 1.50+0.18 <0.001 <0.001 <0.001

Tumor volume

Large 1.38+0.26 149+0.18 <0.001 <0.001 0.079

Small 133+0.25 1.59+0.20 <0.001 0014 <0.001

Edema volume

Large 1.2940.25 1.52+0.21 <0.001 <0.001 <0.001

Small 142+0.24 1.56+0.19 <0.001 0.001 0.24

Tumor location

left hemisphere 1.35+0.26 1.53+0.21 <0.001 <0.001 0.004

right hemisphere 136+0.24 1.55+0.19 <0.001 0.001 0.004

Note: # indicates comparison of ALPS index on the affected side of the glioma group with the control group; * indicates comparison of ALPS index on the contralateral
side of the glioma group with the control group; & indicates comparison of ALPS index on the contralateral side of the glioma group with the affected side
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Fig. 2 Boxplot showing the differences in ipsilateral ALPS index with different tumor grades (A), tumor volume (B), and tumor edema volume (C), as
well as the differences in contralateral ALPS index with tumor grading (D), volume (E), and edema volume (F). LTV, large tumor volume; LEV, large edema

volume; STV, small tumor volume; SEV, small edema volume

demonstrates that the ALPS indices of both the ipsilateral
and contralateral tumor sides were significantly lower in
the postoperative group compared to the preoperative
measurements, with statistically significant intergroup
differences.

The ROC curve of the ipsilateral hemisphere ALPS
index, which shows significant differences among HGG
patients with different outcomes, was plotted to assess its
prognostic value in HGG patients. The results indicate
that the ipsilateral hemisphere ALPS index is an effective
prognostic indicator for HGG patients (AUC=0.7786,
sensitivity = 66.67%, specificity =84.38%) (Fig. 5A). Uti-
lizing the optimal cutoff value from the ROC curve,
HGG patients were segregated into low and high-value
groups to evaluate their survival rates. As illustrated
in Fig. 5B, Kaplan-Meier survival curves demonstrate
that HGG patients with an ipsilateral hemisphere ALPS
index>1.485 experienced longer overall survival (OS)

(HR=2.85, 95% CI 1.46-5.54, P=0.039) (Fig. 5B). Table 3
summarizes a multivariate Cox analysis, indicating that
tumor grade (HR=1.548, 95% CI 1.166-2.057, P=0.023)
and ipsilateral hemisphere ALPS index (HR =0.040, 95%
CI 0.005-0.326, P=0.003) are independent prognostic
factors for HGG patients.

Discussion

This study confirmed that the ALPS indices in both
hemispheres of HGG patients were significantly reduced
compared to healthy controls, with the tumor-affected
hemisphere showing a more pronounced decrease than
the contralateral hemisphere. Such a significant dispar-
ity highlights more severe GS dysfunction in the tumor-
affected hemisphere, consistent with previous studies on
GS function in axial tumors [10]. Contrary to Toh et al.
[11], who did not examine GS function in the contralat-
eral hemisphere, our observations indicate no notable



Tian et al. BMC Neurology (2025) 25:181 Page 6 of 10
2.5 2.04 2.5
.
g g o’ * 3
T 2.0 o k-] o ®
£ o ® . £ 15 S de e o ¢° * 2 20 & .
4 ° ° 4 et &, > ® o’ge
& 154 e ® a, 0y a ° ®5 o L 15 %w8,e * o o
< . < 1 °o® < A °
= oo ° — =S 10 [ ° L] o o @ O
c Y (] ge [ L4 ° ] w . ——
- i - L] °
5 1.0 . L 5 5 1.0 . o . ®
g . s g * o
= A28 T 051  r-00061 % R2=0,0856
2 05 P=0.0911 e P=05912 2 054 P=0.0392
0.0 T T T ™ 1 0.0 T T T T 1 0.0 - - - T y
0 20 40 60 80 100 0 30 60 90 120 150 0 60 120 180 240 300
age Tumor volume (mm®) Edema volume (mm?®)
2.5+ 2.5+ 2.5+
x x
x R=0566 ) (]
(-] ° °
° 0,096 c . c .
2 20 P=0.0962 = 20 = 20 °
3 . oo . P . P
@ . . | e ° = . e [ g °
2 e ® ae®® . I — 2% g I o0l e e
S 15%e .: o . °® g 1.54 oter, * e XN B 1.59 ...'o.. 2%, s
R R R S S IR MR .
= | ® s o, £ R2=0.0640 E 4
@ 10 L4 < 1.04 < 1.0 R?=0.0031
I3 L] ° ° 5 P=0.0764 s o
o o 0.7026
0.5 T T T 1 0.5 T T T T 1 0.5+ T T T T !
0.0 1.5 3.0 45 6.0 0 20 40 60 80 100 30 60 90 120 150
Peritumoral Edema/Tumor Volume Ratio age Tumor volume (mm?)
2.5+ 2.5+ 2.5+
> x >
Q - -3
E 20, ° 2 20l ® 2 20] .
g ®e ol 2 = ® . ® g . o %
2, o ‘ . ° ° E‘ .‘ ° e ® . [ ] El . ° ‘ . [ ] e
- . . = .
T 15 \?T—.-.“\ s 15 Q:..‘ °% e = s 15 ‘IAW .
] 2 » o ]
8 > s e ® ° s ) S o ® ¥ ? ° o J0,
g 1.04 R?=0.0127 g 1.01 Fh £ 1.0 R*=0.1559
E ’ P=04358 g ’ P0.5008 g ’ P=0.0045
3 o o 2
0.5 T T T T ) 0.5 T T T 1 0.5 T T T )
0 60 120 180 240 300 0.0 15 3.0 4.5 6.0 0. 1.0 1.5 2.0 25

Edema volume (mm®)

Peritumoral Edema/Tumor Volume Ratio

Ipsilateral ALPS Index

Fig. 3 Scatter plots with regression lines showing the correlation between age, tumor volume, tumor edema volume, and the ratio of tumor edema vol-
ume to tumor volume with ipsilateral ALPS index (A-D) and contralateral ALPS index (E-H). The scatter plot with a regression line (I) shows the correlation
between ipsilateral and contralateral ALPS indices

Ipsilateral ALPS Index

0.5

N

B
2.5

2.0

1.5

1.0

contralateral ALPS Index

0.5

Pre'-Op Posi-Op

Prel-Op Pos't-Op
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Table 3 Multivariate COX regression analysis

parametric bias P-value Risk 95.0% Cl for
regression ratio HR
coefficient (HR) lower limit
limit
Gender -0.511 0.208 0600 0271 1329
Age (years) 0.012 0.427 1.012 0983 1.041
Tumor grade -2.054 0.023 1.548 1.166 2057
Tumor volume 0.009 0.362 1.009 0990 1.029
Edema volume -0.013 0.061 0987 0974 1.001
mass-edema index 0.463 0.118 1.588 0890 2836
Contralateral ALPS  -1.480 0.266 0228 0017 3.093
index
Ipsilateral ALPS -3.224 0.003 0.040 0.005 0326
index

differences in the ipsilateral hemisphere ALPS index
among various tumor grades, while variations were
apparent in the contralateral hemisphere. The absence
of variability in the ipsilateral hemisphere could be due
to the robust proliferation and invasiveness of HGG
[12-14], potentially obscuring differences in GS func-
tion impairment. Additionally, literature indicates pos-
sible asymmetry in GS dysfunction [15], significant radial
asymmetry of white matter tracts [16], and differing
degrees of GS function impairment in the contralateral
hemisphere depending on tumor grade, explaining the
variability in the contralateral hemisphere’s ALPS index.
Notably, the multicentric nature of high-grade glio-
mas may lead to small satellite lesions developing in the
contralateral hemisphere that evade detection by con-
ventional MRI due to their subclinical size. This phenom-
enon could mechanistically contribute to the observed
differential ALPS index expression between tumor grades
within the contralateral hemisphere. Our findings that

the ALPS index in the contralateral hemisphere of grade
3 gliomas did not significantly differ from that in the
healthy control group lend support to this hypothesis.
Additionally, the smaller sample size for the tumor-side
hemisphere ALPS calculation might have contributed to
the observed discrepancies.

Currently, research suggests that GS dysfunction in
brain tumors is the result of multiple internal factors. As
the brain tumor volume increases, tumor compression of
the perivascular spaces hinders CSF flow, leading to GS
dysfunction [17]. In malignant brain tumors, in addition
to mechanical tumor compression, cellular prolifera-
tion, angiogenesis, blood-brain barrier disruption, tumor
infiltration, and inflammatory cell invasion are also sig-
nificant factors contributing to GS dysfunction [18]. In
this study, the ALPS index of the hemisphere adjacent to
the tumor displayed a negative correlation with peritu-
moral edema volume, consistent with prior research on
the tumor ALPS index [10, 11]. However, findings by Gao
et al. [19] presented contrasting results; in their studies,
this relationship was only significant in invasive menin-
giomas, with no notable correlations in malignant brain
tumors. This variation could be linked to a compensatory
upregulation of AQP4 in tumor-associated glial cells,
which may diminish the link between GS dysfunction
and elevated peritumoral edema volume [20, 21]. This
suggests that the association between tumor-associated
edema and GS dysfunction may still require further
investigation.

Investigations into ALPS indices among healthy indi-
viduals and in conditions like Alzheimer’s disease [22—
27] showed a negative correlation with age, while studies
in pediatric populations with autism spectrum disorder
[28] and absence epilepsy [29] revealed a positive age
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correlation. The negative age correlation commonly
observed in adults older than 40 years might be attrib-
uted to a reduction in AQP4 channels in astrocytic
end-feet and decreased CSF production due to lessened
arterial pulsations [5, 30]. The positive correlation in
younger cohorts likely reflects developmental progres-
sion. Our findings indicate no significant age-related
correlation with the ALPS index in either hemisphere of
tumor patients, aligning with results from diverse stud-
ies on brain tumors [11, 31], migraines [32], optic neuritis
[33], and renal diseases [34], likely due to differing clini-
cal conditions among participants.

The decrease in ALPS indices observed postoperatively
in both hemispheres of HGG patients might result from
the recent surgical interventions. While the reduction in
the tumor-side hemisphere could arise from extensive
tumor resection, other influences such as cranial and
dura mater disruption impacting CSF dynamics, along
with varying clinical treatments, medication, and sleep
disturbances during hospitalization [35, 36], might also
affect the ALPS index. Additionally, studies have indi-
cated that the ALPS index in the contralateral hemi-
sphere can exceed that of age-matched healthy controls
[37], potentially due to compensatory GS dysfunction
from the ipsilateral tumor. Therefore, ongoing postop-
erative follow-up in HGG patients is recommended for
future studies.

GS, as a key mechanism in maintaining brain tissue
fluid balance, also influences the tumor microenviron-
ment. Radiotherapy, as a first-line treatment for gliomas,
can regulate the tumor’s immune microenvironment.
Tumors with overexpressed vascular endothelial growth
factor C (VEGF-C) in expanded meningeal lymphatic
vessels are highly sensitive to radiotherapy, enhancing
the efficacy of the treatment [38]. However, dysfunc-
tion of GS may impair the anti-tumor immune regula-
tion triggered by radiotherapy. Therefore, GS function
has a potentially evaluative value in glioma treatment
and prognosis. In this research, the ALPS index of the
ipsilateral hemisphere was correlated with the progno-
sis of HGG. Moreover, tumor-associated edema, a criti-
cal determinant of GS function, has been identified in
previous studies as significant for evaluating and differ-
entiating brain tumors through mass-edema index [39,
40], and for its prognostic relevance in brain metastases
[41]. However, its examination in primary brain tumors
remains infrequent. Our findings indicate that mass-
edema index does not significantly correlate with the
ALPS index, nor does it serve as a prognostic indicator
for OS in HGG.

Although some studies use intrathecal gadolinium
contrast MRI to more accurately assess brain lymphatic
clearance function [42], this method is invasive and has
several limitations, such as various indications and fixed
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intervals between MRI scans, making it difficult to widely
apply clinically. DTI-ALPS, on the other hand, is a non-
invasive, single-examination method with good inter-
group consistency [6, 43] and it has been widely applied
and validated in various central nervous system studies.
This research has limitations, particularly that the ALPS
index measures only the free diffusion within perivascu-
lar spaces along the x-axis and does not assess the total
functionality of the brain’s lymphatic system. Secondly,
although most of the tumor data causing significant
deformatiqon in the contralateral ventricle were excluded
from this study, some deformation caused by tumors
in the contralateral ventricle still could not be avoided,
which may result in errors in the reflected indicators. It
should be noted that the volumetric measurements of
tumor and peritumoral edema using 3D Slicer software
in this study were based on retrospectively collected 2D
MRI sequences acquired with 5-mm slice thickness. This
technical limitation may introduce measurement inac-
curacies due to partial volume effects, particularly in
quantifying small lesions at tissue interfaces. Lastly, the
sample size of this study needs to be expanded, and fur-
ther research should include continuous follow-up data
to validate the changes between different features and
indicators.

Conclusion

Our data suggest that reductions in the ALPS index
among HGG patients signify GS dysfunction, especially
on the tumor-side. The extent of GS dysfunction varies
across different HGG grades and is more evident in the
contralateral hemisphere. While the ipsilateral ALPS
index inversely correlates with tumor-associated edema
volume, further research is necessary to clarify the mech-
anisms linking tumor-associated edema with GS dysfunc-
tion. Moreover, the noted postoperative decrease in the
ALPS index suggests a potential temporary reduction in
GS functionality following surgical intervention. A lower
ALPS index on the tumor-side independently correlates
with an adverse prognosis in HGG patients.
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