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Background: The diffusion tensor image analysis along the perivascular space (DTI-ALPS) may have 
the potential to reflect glymphatic dysfunction in patients with glioma. The study aimed to determine the 
correlation of DTI-ALPS with glioma grade and isocitrate dehydrogenase 1 (IDH1) genotype and to then 
compare the ALPS index with other diffusion metrics.
Methods: In this study, 81 patients with glioma and 31 healthy controls underwent magnetic resonance 
imaging (MRI) examination. The ALPS-index, fractional anisotropy (FA), mean diffusivity (MD), and mean 
kurtosis (MK) were calculated. Comparisons were made between the left and right hemispheres and between 
patients and controls. IDH1 status was compared after age adjustment. The diagnostic performance of each 
metric was assessed via receiver operating characteristic (ROC) analysis.
Results: In patients with glioma, the ALPS-index of the hemisphere ipsilateral to glioma was significantly 
lower than that of the hemisphere contralateral to glioma (1.417±0.177 vs. 1.478±0.165; P=0.002), and the 
bilateral ALPS-index values in patients were significantly decreased compared with those in healthy controls. 
The ALPS-index was significantly higher in lower-grade gliomas (LrGGs) than that in glioblastomas 
(GBMs) (1.495±0.151 vs. 1.320±0.159; P<0.001) and was significantly lower in IDH1-wild-type LrGGs than 
in IDH1-mutant LrGGs (1.400±0.185 vs. 1.530±0.123; P=0.036). FA, MD, and MK also showed significant 
differences between LrGGs and GBMs and between IDH1-mutant and IDH1-wild-type LrGGs (P<0.05). 
Furthermore, the combination of the ALPS-index with FA, MD, or MK, exhibited superior discrimination 
ability compared to each metric used alone. The ALPS-index combined with MD had the highest area under 
the curve (AUC) of 0.854 as compared to that of 0.614–0.807 for a single metric in glioma grading, while for 
IDH1 mutation prediction, this combination had the highest AUC of 0.861 as compared to that of 0.707–
0.778 for a single metric.
Conclusions: The reduced ALPS-index may reflect tumor-induced glymphatic system impairment, and 
the ALPS-index may be able to complement conventional diffusion metrics in glioma grading and IDH1 
genotyping.
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Introduction

Gliomas are the most common primary tumors of the 
central nervous system (1) and have been traditionally 
classified into grades I–IV according to the World 
Health Organization (WHO) based on histopathologic 
features (2). Since 2016, the central nervous system tumor 
classification added the isocitrate dehydrogenase 1 (IDH1) 
genotype for classification (2). Numerous previous studies 
have shown that gliomas with the IDH1 mutation have a 
better prognosis than do gliomas with the wild-type IDH1 
gene (3,4). Thus, accurate glioma grading and genotype 
prediction before surgery are necessary for the treatment 
and prognosis of gliomas.

The glymphatic system is a waste drainage system in 
the brain which functions via aquaporin-4 (AQP4) water 
channels in astrocytic end-feet (5). A few recent studies 
have examined the relationship between the function of 
the glymphatic system and gliomas (6-8). In rodent models 
of glioma, the outflow of cerebrospinal fluid was found to 
be reduced, with the dorsal meningeal lymphatic vessels 
being extensively remodeled (6,7). In addition, impaired 
glymphatic function potentially allows for the accumulation 
of toxic proteins, cytokines, and chemokines, which may 
further promote tumor growth (9,10). As gliomas exhibit 
varying degrees of malignancy and aggressiveness, they may 
in turn cause varying degrees of damage and repair to the 
glymphatic system. Accordingly, we hypothesized that there 
may be differences in glymphatic function across grades and 
across IDH1 mutation statuses.

Diffusion tensor image analysis along the perivascular 
space (DTI-ALPS) method has been recently proposed 
for noninvasively detecting glymphatic system function 
alteration (11). The perivascular space is an important 
part of the glymphatic pathway, and its diffusivity in 
the direction of the in the periventricular white matter 
can indirectly indicate the state of glymphatic function. 
Thus, the ALPS-index has been applied as a potential 
biomarker for glymphatic system function in recent studies  
(12-14). The ALPS-index is a metric calculated at the level 
of the lateral ventricle body. It is based on the fact that the 
perivascular space lies largely orthogonal to the projection 
and association fibers in this area. In addition, DTI and 
diffusion kurtosis imaging (DKI) have been widely used 
for noninvasive glioma grading and identification of IDH1 
mutation status (15-18). Most conventional diffusion 
metrics are measured in the tumor parenchyma, but the 
ALPS-index is measured in the peritumor areas, which 

may provide additional pathophysiological information 
complementary to these metrics for glioma diagnosis and 
prognosis.

There fo re ,  the  purpose  o f  th i s  s tudy  was  to 
comprehensively evaluate the glymphatic dysfunction in 
patients with glioma using the DTI-ALPS method, evaluate 
the role of ALPS-index in glioma grading and IDH1 
mutation status prediction, and compare the diagnostic 
efficacy of ALPS-index with conventional DTI- and DKI-
derived metrics.

Methods

Participants

This retrospective study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013) and 
approved by the Institutional Review Board of Tongji 
Hospital of Tongji Medical College of Huazhong University 
of Science and Technology (No. TJ-IRB202303157). 
Written informed consent was obtained from all patients.

The image data of consecutive patients admitted to 
our hospital between March 2017 to July 2021 were 
retrospectively analyzed. The inclusion criteria were as 
follows: (I) histopathologically confirmed glioma; (II) 
patients who underwent preoperative DTI examination; and 
(III) no chemotherapy or radiotherapy before examination. 
The exclusion criteria were as follows: (I) magnetic 
resonance imaging (MRI) images with artifacts or poor 
quality; (II) unknown IDH1 mutation status; (III) lesions 
extending across the midline and bilaterally occupying 
the cerebral hemispheres; and (IV) purely cystic glioma or 
glioma with severe destruction of the lateral ventricular 
structures. Ultimately, 81 patients and 31 healthy controls 
were recruited for analysis and matched in terms of age and 
gender. The screening process for participants is shown in 
Figure 1.

Data acquisition

All images were acquired from a 3.0 T MR scanner 
(Discovery MR750, GE HealthCare, Chicago, IL, USA) 
with a 32-channel head coil. The conventional MRI 
sequence included T1 fluid-attenuated inversion recovery 
(T1-FLAIR), T2 fast spin echo (T2-FSE), and T2-FLAIR 
and contrast-enhanced T1 (CE-T1). Diffusion MRI was 
performed under the following parameters: b=0, 1,250, and 
2,500 s/mm2; 25 gradient directions; repetition time =6,500 
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ms; echo time =85 ms; number of excitations =1, field of 
view =24×24 cm2; matrix size =128×128; and slice thickness 
=3 mm without slice spacing.

Data processing and analysis

Diffusion image preprocessing was performed using 
the TractoFlow pipeline. The diffusion imaging data 
were first denoised using Marchenko-Pastur principal 
component analysis (MP-PCA) (19) and corrected for 
Gibbs ringing artifacts using Mrtrix3 (https://www.mrtrix.
org). Subsequently, correction for motion and eddy current 
artifacts, along with skull stripping, was performed using the 
FMRIB Software Library (FSL) (version 6.0.1, University 
of Oxford, Oxford, UK). N4 correction was performed 
with b=0 mm2/s using the Advanced Normalization Tools 
(ANTs) command (N4BiasFieldCorrection algorithm). 
The bias field was then applied to the whole set of diffusion 
imaging data. The DTI model was applied to fit fractional 
anisotropy (FA), mean diffusivity (MD), and diffusion 
tensors along the x-, y-, and z -axis by using FSL DTIFIT 
command with a single shell (b=1,250 s/mm2). The DKI 
model was applied to fit mean kurtosis (MK) with the DIPY 
Toolbox (https://www.dipy.org) with two shells (b=1,250 
and 2,500 s/mm2).

Two neuroradiologists (each with 5 years of experience) 
who were blinded to clinical data placed the regions of 
interest (ROIs) independently. According to anatomic 
images, neuroradiologists manually drew 3 to 6 circular 
ROIs with a 6-mm diameter on the enhanced tumor 
parenchyma (assumed to be tumor the core). For non-
enhancing tumors, ROIs were placed based on T2-FLAIR 
hyperintensity. The peritumoral edema area corresponded 
to the regions within 1 cm of the peritumoral parts 
(hyperintense on FLAIR imaging but no enhancement on 
CE-T1-weighted imaging) (20). Necrotic, hemorrhagic, 
and cystic components were avoided. The measurements of 
FA, MD, and MK were calculated as the average values of 
the ROIs.

ROIs for DTI-ALPS analysis were placed at the layer 
of the lateral ventricle body by the two neuroradiologists 
mentioned above. In this region, the perivascular spaces 
(x-axis) nearly run perpendicular to the association (y-axis) 
and projection fibers (z-axis). The major differences in water 
molecule behavior between x-axis diffusivity in projection 
fibers (Dxproj) and association fibers (Dxassoc) and the 
diffusivity along the y-axis in the region of projection fibers 
(Dyproj) and z-axis diffusivity in the region of association 
fibers (Dzassoc) were derived from the perivascular space. 
Thus, the ALPS-index was calculated using the following 

Healthy controls

(n=31)

Healthy controls

(n=31)

n=95

(I) Patients with histopathologically confirmed gliomas;

(II) Underwent preoperative DTI examination;

(III) Without chemotherapy or radiotherapy 

Severe motion artifact

 or poor quality (n=2)

Unknown IDH1 mutation 

status (n=3)

Glioma extending across the 

midline (n=3)
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Enrolled patients with gliomas 
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Figure 1 The screening process for participants. DTI, diffusion tensor imaging; IDH1, isocitrate dehydrogenase 1.
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formula:  

( )
( )

,
-

,
mean Dxproj Dxassoc

ALPS index
mean Dyproj Dzassoc

=  [1]

Circular ROIs with a 5-mm diameter were drawn on the 
association fibers and projection fibers on both hemispheres 
at the level of the lateral ventricular body according to a 
color-coded V1 map. The direction of medullary veins is 
homologous at the level of the lateral ventricle body (21). 
Therefore, it is not difficult to place ROIs in the proper 
position. An example of ROI placement is shown in Figure 2.

Evaluation of tumor grade and IDH1 mutation status

The tumor grade was diagnosed according to the WHO 
2016 classification of tumors (2). Although the fifth edition 
of the classification was recently released with some  
changes (22), our study was retrospective in nature and 
patients were included before the release of the new version, 
and thus WHO 2016 was still used in this study. The IDH1 
mutation status was determined with next-generation 
sequencing or immunohistochemistry.

Statistical analysis

All statistical analyses were performed with SPSS version 21 
(IBM Corp., Armonk, NY, USA), MedCalc version 18 (MedCalc 
Software, Ostend, Belgium), and R version 4.1.3 (The R 
Foundation for Statistical Computing) software. Interobserver 
reliability was measured using the intraclass correlation 
coefficient (ICC), and the distribution normality of continuous 
variables was assessed with the Kolmogorov-Smirnov test. The 
chi-squared test and 1-way analysis of variance (ANOVA) were 
used to test the demographic characteristics.

The differences in ALPS-index between bilateral 
hemispheres were compared with the paired t-test. Since 
the diagnostic efficacy of FA, MD, and MK may be age-
related (23,24) and since the ALPS-index was also found 
to be negatively correlated with age (25), the analysis of 
covariance (ANCOVA) with age adjustment was used to 
compare the differences in metrics between patients and 
healthy controls, between different grades of glioma, and 
between different IDH1 genotypes. Bonferroni correction 
was used for multiple comparisons. To investigate whether 
the combination of metrics could provide better diagnostic 
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H

D

E

Figure 2 An example of ROI placement. (A,B) CE-T1 and T2-FLAIR. (C-E) On FA, MD, and MK maps, 3–6 ROIs were placed on the 
tumor parenchyma (white cycles) and peritumoral edema region (red cycles). (F-H) Color-coded V1 maps illustrating ROIs on projection 
fiber (blue area) and association fiber (green area) in bilateral periventricular regions. The red area indicates the subcortical fiber. (H) 
Schematic diagram showing the relationship between the direction of the perivascular space (gray cylinder) and the direction of the fibers. 
CE-T1, contrast-enhanced T1; T2-FLAIR, T2 fluid-attenuated inversion recovery; ROI, region of interest; FA, fractional anisotropy; MD, 
mean diffusivity; MK, mean kurtosis.
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performance, a binary logistic regression analysis was 
conducted. Receiver operating characteristic (ROC) curves 
were used to calculate the area under the curve (AUC), 
sensitivity, specificity, and the cutoff value. The AUCs of 
metrics and combinations were compared using the DeLong 
test. Finally, the integrated discrimination improvement 
(IDI) indices were calculated to evaluate the added value of 
the combined models, with a positive IDI value indicating 
improved discrimination (26). P<0.05 was considered to be 
statistically significant.

Results

Demographic characteristics of participants

The demographic and clinical characteristics of 81 patients 
with glioma and 31 healthy controls are summarized in 
Table 1. There were 45 lower-grade gliomas (LrGGs)  
(20 grade II astrocytomas, 8 grade II oligodendrogliomas, 
13 grade III anaplastic astrocytomas, 4 grade III anaplastic 
oligodendrogliomas) and 36 glioblastomas (GBMs; grade 
IV). Age and gender were not significantly different 
between the patients and controls (P=0.318 and P=0.139, 
respectively). There were significant differences in IDH1 
mutation status (P<0.001) but not in lesion distribution 
(P=0.168) among patients with grade II–IV gliomas.

Repeatability of measurement

The interobserver variability of measurements is reported 
in Table S1. The ICCs of ALPS-index, FA, MD, and MK 
ranged from 0.809 to 0.972, showing excellent repeatability 
between the two observers (27). Thus, the final values 

of all measurements were calculated by averaging two 
independent measurements.

Differences in the ALPS-index between cerebral 
hemispheres and between patients and healthy controls

The results of comparisons of the ALPS-index between 
the cerebral hemispheres and between patients and 
healthy controls are presented in Figure 3. There was 
no significant difference in the ALPS-index between the 
left and right hemispheres (1.574±0.173 vs. 1.581±0.167; 
P=0.604) in healthy controls. In all patients with gliomas, 
the ALPS-index of the hemisphere ipsilateral to glioma was 
significantly lower than that of the contralateral hemisphere 
(1.417±0.177 vs. 1.478±0.165; P=0.002). Furthermore, the 
ALPS-index of the hemisphere ipsilateral to the tumor (left-
sided glioma: 1.437±0.181; right-sided glioma: 1.392±0.171) 
and even the ALPS-index values of the contralateral 
hemisphere (left-sided glioma: 1.498±0.165; right-sided 
glioma: 1.454±0.165) were significantly decreased in patients 
with either left-sided or right-sided gliomas compared to 
those of the corresponding hemisphere in healthy controls 
(all P values <0.05). The ALPS-index of the hemisphere 
ipsilateral to the tumor showed no significant difference 
between patients with left-sided and right-sided glioma 
(1.437±0.181 vs. 1.392±0.171; P=0.258). Therefore, in the 
subsequent analysis, we did not distinguish if the tumor was 
located in the left or the right hemisphere.

Correlation of metrics with glioma grade

The results of the differences in metrics between LrGGs 
and GBMs are shown in Figure 4A. For the tumor parenchyma, 

Table 1 Demographic, clinical, and pathological characteristics of patients

Characteristic
LrGG GBM

Healthy control (N=31) P value
Grade II (N=28) Grade III (N=17) Grade IV (N=36)

Age (years) 43.93±10.50 46.12±14.23 49.17±11.06 45.48±11.34 0.318

Gender (female) 12 (42.9) 11 (64.7) 23 (63.9) 18 (58.1) 0.139

Hemisphere (left) 17 (60.7) 12 (70.6) 16 (44.4) – 0.168

IDH1 <0.001

IDH1(–) 6 (21.4) 6 (35.3) 27 (75.0) –

IDH1(+) 22 (78.6) 11 (64.7) 9 (25.0) –

Data are presented as mean ± standard deviation for continuous variables. Data are presented as numbers and frequencies for categorical 
variables. IDH1, isocitrate dehydrogenase 1; LrGG, lower-grade glioma; GBM, glioblastoma.

https://cdn.amegroups.cn/static/public/QIMS-23-541-Supplementary.pdf
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Figure 3 The ALPS-index in bilateral hemispheres in patients with gliomas and healthy controls. (A) Bilateral ALPS-index in healthy 
controls, (B) bilateral ALPS-index in patients with gliomas, (C) bilateral ALPS-index in patients with left-sided gliomas and healthy controls, 
and (D) bilateral ALPS-index in patients with right-sided gliomas and healthy controls. ALPS, analysis along the perivascular space.

LrGGs, as compared to GBMs, had a significantly higher 
ALPS-index (ALPS-index: 1.495±0.151 vs. 1.320±0.159; 
P<0.001) and MD [(1.340±0.373) vs.  (0.975±0.257) 
×10−3 mm2/s; P<0.001) but a significantly lower FA 
(0.123±0.052 vs .  0 .166±0.103;  P=0.021)  and MK 
(0.506±0.155 vs. 0.686±0.172; P<0.001). The diffusion 
metrics in the peritumoral edema regions showed no 
significant difference between the LrGGs and GBMs [FA: 
0.175±0.068 vs. 0.191±0.077, P=0.309; MD: (1.447±0.245) 
vs. (1.377±0.303)×10−3 mm2/s, P=0.234; MK: 0.504±0.086 
vs. 0.547±0.110, P=0.094]. In addition, the differences in 
metrics for differentiating LrGGs from GBMs were further 
compared among grade II, III, and IV gliomas, as shown in 
Figure 4B and Table S2. The ALPS-index, MD, and MK 
were significantly different across the three groups.

Table 2 and Figure 5A,5B show the results of ROC 
analyses for differentiating LrGGs from GBMs. In 
univariate analysis, MD showed the highest AUC of 
0.807, followed by MK (0.794) and ALPS-index (0.794), 
and FA had a relatively low AUC of 0.614. The ALPS-
index combined with FA, MD, or MK (Table S3) showed 
increased AUCs of 0.823, 0.854, and 0.854, respectively. 

The combination of FA and ALPS-index significantly 
improved the diagnostic efficacy compared with FA alone 
(P=0.002). However, the combination of MD and ALPS-
index and the combination of MK and ALPS-index yielded 
no statistically significant improvement in diagnostic 
efficacy (P=0.259 and P=0.102, respectively). Although 
the Delong test showed no significant AUC difference 
for some combined models, significant improvement in 
discrimination (IDI: P<0.05) could be obtained by adding 
the APLS-index to other diffusion metrics. The ROC 
curves for the comparations among grade II, III, and IV 
gliomas are shown in Figure S1, and their corresponding 
diagnostic characteristics are shown in Table S4.

Correlation of metrics with IDH1 mutation status

Table 3 displays the differences in metrics between the 
IDH1-mutant group and the wild-type group in both 
LrGGs and GBMs. In LrGGs, the ALPS-index and MD 
of tumor parenchyma were significantly lower in the IDH1 
wild-type group than in the IDH1-mutant group (ALPS-
index: P=0.036; MD: P=0.019), while the FA and MK of 

https://cdn.amegroups.cn/static/public/QIMS-23-541-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-541-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-541-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-541-Supplementary.pdf


Quantitative Imaging in Medicine and Surgery, Vol 13, No 12 December 2023 8265

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(12):8259-8273 | https://dx.doi.org/10.21037/qims-23-541

2.0

1.5

1.0

0.5

0.0

LrGG

GBM

II

III

IV

2.0

1.5

1.0

0.5

0.0

Va
lu

es
 o

f m
et

ric
s

Va
lu

es
 o

f m
et

ric
s

P<0.001 P<0.001

P<0.001

P<0.001

P<0.001

P<0.001

P=0.001

P=0.001

P=1.000
P=1.000

P=1.000

P=1.000

P=1.000

P=1.000

P=0.896

P=0.890

P=0.272

P=0.943

P=1.000

P=0.391

P=0.176

P=0.013

P=0.101

P=0.301

P=0.234

P=0.021 P=0.309

P=0.094

ALPS-index

ALPS-index

FA-tumor

FA-tumor

FA-edema

FA-edema

MD-tumor

MD-tumor

MD-edema

MD-edema

MK-edema

MK-edema

MK-tumor

MK-tumor

A

B

Figure 4 Metrics for glioma grading. (A) Bar charts of diffusion metrics comparing LrGGs and GBMs; (B) bar charts of diffusion metrics 
comparing grade II, III, and IV gliomas. MD is in units of 10−3 mm2/s. LrGG, lower-grade glioma; GBM, glioblastoma; ALPS, analysis 
along the perivascular space; FA, fractional anisotropy; MD, mean diffusivity; MK, mean kurtosis.

Table 2 Diagnostic performance of diffusion metrics in differentiating LrGGs from GBMs

Metric AUC (95% CI) Cutoff value Sensitivity (%) Specificity (%) IDI

ALPS-index 0.794 (0.694–0.895) 1.381 72.22 80.00 –

FA 0.614 (0.486–0.741) 0.138 52.78 71.11 –

FA + ALPS-index 0.823 (0.731–0.915) – 80.56 73.33 0.237 (P<0.001)

MD 0.807 (0.709–0.905) 1.054 72.22 86.67 –

MD + ALPS-index 0.854 (0.774–0.935) – 83.33 80.00 0.123 (P=0.004)

MK 0.794 (0.696–0.893) 0.514 86.11 64.44 –

MK + ALPS-index 0.854 (0.772–0.935) – 91.67 71.11 0.115 (P=0.005)

MD is in units of 10−3 mm2/s. LrGG, lower-grade glioma; GBM, glioblastoma; AUC, area under the curve; CI, confidence interval; IDI, 
integrated discrimination index; ALPS, analysis along the perivascular space; FA, fractional anisotropy; MD, mean diffusivity; MK, mean 
kurtosis.
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the tumor parenchyma in the IDH1-wild-type group were 
significantly higher than those in the IDH1-mutant group 
(FA: P=0.015; MK: P=0.003). However, there was no 
significant difference in these metrics between IDH1-wild-
type GBMs and IDH1-mutant GBMs (all P values >0.05). In 
addition, none of the peritumoral diffusion metrics showed 
a significant difference between IDH1 mutation statuses in 
either LrGGs and GBMs.

The ROC curves for metrics in predicting IDH1 
mutation are shown in Figure 5C,5D, and the corresponding 
AUCs, sensitivities, and specificities are summarized in 
Table 4. In univariate analysis, MK showed the highest AUC 
of 0.778, followed by MD (0.753), ALPS-index (0.737), 
and FA (0.707). The ALPS-index combined with FA, MD, 
and MK (Table S5) showed improved AUCs of 0.788, 
0.861, and 0.846, respectively. Although the differences in 
AUCs were not significant (P=0.397, P=0.133, and P=0.444, 

respectively), all improvements in discrimination were 
significant (IDI: all P values <0.05).

Correlation among the metrics

The ALPS-index was significantly correlated with MD 
(rho =0.324; P=0.003) and MK (rho =–0.382; P<0.001). 
However, the correlation between the ALPS-index and 
FA was not significant (rho =–0.103; P=0.361). Moreover, 
none of the diffusion metrics in peritumoral region were 
correlated with the ALPS-index (FA: rho =–0.181, P=0.131; 
MD: rho =0.049, P=0.685; MK: rho =–0.200, P=0.095). 
These results are shown in Figure 6.

Discussion

Our results demonstrated that in patients with gliomas, 
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Table 3 Comparisons between the IDH1-mutant group and the IDH1-wild-type group in LrGGs and GBMs

Metric IDH1 wild-type IDH1 mutant P value

LrGG

ALPS-index 1.400±0.185 1.530±0.123 0.036

FA-tumor 0.153±0.060 0.112±0.046 0.015

MD-tumor 1.103±0.313 1.426±0.359 0.019

MK-tumor 0.627±0.193 0.462±0.114 0.003

FA-edema 0.193±0.076 0.169±0.065 0.364

MD-edema 1.332±0.340 1.485±0.199 0.144

MK-edema 0.549±0.118 0.489±0.068 0.129

GBM

ALPS-index 1.300±0.169 1.380±0.110 0.175

FA-tumor 0.174±0.111 0.142±0.075 0.448

MD-tumor 0.985±0.247 0.947±0.300 0.781

MK-tumor 0.685±0.170 0.690±0.187 0.999

FA-edema 0.194±0.081 0.183±0.071 0.736

MD-edema 1.421±0.279 1.249±0.350 0.186

MK-edema 0.535±0.096 0.579±0.143 0.274

Data are presented as mean ± standard deviation. MD is in units of 10−3 mm2/s. IDH1, isocitrate dehydrogenase 1; LrGG, lower-grade 
glioma; GBM, glioblastoma; ALPS, analysis along the perivascular space; FA, fractional anisotropy; MD, mean diffusivity; MK, mean 
kurtosis.

Table 4 Diagnostic performance of diffusion metrics for IDH1 mutation status discrimination in LrGGs

Metric AUC (95% CI) Cutoff value Sensitivity (%) Specificity (%) IDI

ALPS-index 0.737 (0.544, 0.931) 1.406 87.88 66.67 –

FA 0.707 (0.540, 0.874) 0.117 60.61 75.00 –

FA + ALPS-index 0.788 (0.632, 0.943) – 63.64 83.33 0.160 (P=0.045)

MD 0.753 (0.581, 0.924) 1.093 87.88 58.33 –

MD + ALPS-index 0.861 (0.710, 1.000) – 90.91 83.33 0.236 (P=0.002)

MK 0.778 (0.603, 0.953) 0.496 69.70 83.33 –

MK + ALPS-index 0.846 (0.685, 1.000) – 90.91 83.33 0.146 (P=0.017)

MD is in units of 10−3 mm2/s. IDH1, isocitrate dehydrogenase 1; LrGG, lower-grade glioma; AUC, area under the curve; CI, confidence 
interval; IDI, integrated discrimination index; ALPS, analysis along the perivascular space; FA, fractional anisotropy; MD, mean diffusivity; 
MK, mean kurtosis.

the ALPS-index of the hemisphere ipsilateral to glioma 
was significantly lower than that of the contralateral 
hemisphere, and bilateral ALPS-index values in patients 
were significantly decreased compared with those in healthy 
controls. These findings may reflect the impairment of the 

glymphatic system in patients with glioma. The ALPS-index 
showed good efficacy in glioma grading and predicting 
IDH1 mutation status. In addition, our results showed that 
the ALPS-index improved diagnostic ability when added to 
other conventional diffusion metrics.
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The ALPS-index reflects the diffusivity along the 
perivascular spaces of the medullary veins, which is an 
important part of the glymphatic system. Thus, a decreased 
ALPS-index value might partly indicate an impaired 
glymphatic system in patients with glioma, as observed 
in rodent experiments in which glioma could induce the 
reduction of cerebrospinal fluid outflow (6,8). It is also 
worth noting that the ALPS-index in the contralateral 
hemisphere of patients in our study was also significantly 
decreased compared with that in healthy controls. These 
findings indicate that the glioma might also induce 
glymphatic dysfunction in the contralateral hemisphere, 
with the glioma-induced global vasogenic edema potentially 
being the primary cause (28). In addition, some studies have 
proposed that gliomas can infiltrate into the contralateral 
normal-appearing white matter (29,30). However, due 
to the lack of histopathological confirmation, we cannot 
directly attribute the observed change to global vasogenic 
edema or tumor infiltration although this change of ALPS-
index was observed in our study.

As it relates to lesion type, the ALPS-index of LrGGs 
was significantly higher than that of GBMs, which might 
suggest that LrGGs have better glymphatic function than 
do GBMs. In one experiment, glioma was found to induce 

the remodeling of glymphatic pathways in glioma-bearing 
mice (7). Given that LrGGs exhibit lower aggressiveness 
and typically result in longer survival time (31), it is 
reasonable to assume that the glymphatic system of LrGGs 
may endure less-severe destruction and be capable of 
maintain function through more extensive remolding. We 
also found that the IDH1-wild-type LrGGs had a lower 
ALPS-index as compared with the IDH1-mutant LrGGs, 
which suggests that the wild-type IDH1 gene might induce 
more severe dysfunction of the glymphatic system. Toh  
et al. (32) observed similar results and speculated that 
reduced glymphatic function of IDH1-wild-type LrGGs 
may be associated with greater aggressiveness and faster 
tumor growth, thus making remodeling of the glymphatic 
pathway and compensation of function more difficult. 
However, the mechanism for this is unclear, and further 
animal or human studies are needed.

The changes in diffusion metrics in peritumoral regions 
may be induced by both increased water content and tumor 
infiltration (33). In our study, we also analyzed diffusion 
metrics in peritumoral edema, but no significant difference 
was found between groups, which is consistent with previous 
studies (20,23) and might be related to the small sample 
size and tumor heterogeneity of the study. Additionally, 
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nonsignificant correlations between ALPS and MD and 
MK were observed in our study. Since previous studies have 
found that AQP4 expression is negatively correlated with 
MD and positively correlated with MK (34,35), there might 
also be a potential correlation between ALPS-index and 
AQP4 expression in patients with glioma. The expression 
of AQP4 is upregulated as a reaction to glioma-associated 
edema (36,37), and the formation of peritumoral edema 
indirectly reflects the insufficient clearance of interstitial 
fluid and the disruption of the glymphatic system (32).

DTI- and DKI-derived metrics can be used for glioma 
grading and IDH1 mutation status prediction. Although 
imaging features such as enhancement and edema are widely 
used in traditional neurosurgical estimation, the extent 
of enhancement is not always reliable for distinguishing 
glioma grades (38). Advanced diffusion MRI techniques 
offer clinically relevant physiological data that are not 
obtainable via conventional MRI, resulting in more accurate 
glioma diagnosis. GBMs often have pseudopalisading 
structures with obvious vascular endothelial hyperplasia, 
which may result in increased FA values (39). However, 
this increase may be confused with changes induced by 
peritumoral edema, which shows tends to have higher FA 
compared to tumor parenchyma (20,40). With increasing 
tumor grade, GBMs exhibit increased tumor cellularity 
and caryoplasm ratios, which restrict the diffusion of water 
molecules and decrease MD values (24,41). MK may better 
reflect the complexity of microstructures under non-
Gaussian distribution in an organism (15), and a higher MK 
reflects higher tissue complexity, including increased cell 
density, hemorrhage, and necrosis. In contrast, a lower MK 
reflects a higher number of homogeneous nests and well-
differentiated cells (42,43). In agreement with previous 
studies, we also found significantly higher FA, MK, and 
lower MD values in IDH1-mutant LrGGs compared to 
IDH1-wild-type LrGGs (43,44). Similar to GBMs, LrGGs 
in the in IDH1-mutant group were less aggressive than in 
the wild-type-IDH1 group, the latter of which had a higher 
degree of microstructural complexity. In contrast, IDH1 
mutation can inhibit cellular proliferation, leading to fewer 
diffusion restrictions and less complexity (45,46). However, 
no metrics were significantly different between IDH1 
mutation statuses in GBMs possibly because GBMs have 
complex microstructures, perfusions, and other molecular 
changes besides IDH1 mutation (47).

In ROC analyses, the ALPS-index demonstrated 
equivalent efficacy compared to conventional DTI- and 
DKI-derived metrics in diagnosing glioma grade and 

IDH1 mutation status. It is worth noting that although 
significant differences in ALPS-index between groups 
might enhance the understanding of the disease progression 
pattern, there was some degree of overlap in the ALPS-
index values between groups. This indicates that additional 
caution may be necessary when the ALPS-index is applied 
alone in individual diagnosis. Furthermore, a valuable 
finding was that the combination models further improved 
the discrimination abilities in glioma grading and IDH1 
genotyping, which may suggest that conventional DTI 
and DKI metrics mostly measured in the areas of tumor 
parenchyma may only reflect the change of intertumoral 
microstructure (43). Meanwhile, ALPS-index measured 
outside the tumor may reflect additional pathophysiological 
information (11,32) and may act complementarily to 
conventional diffusion metrics, with their combination 
more comprehensively reflecting the microenvironment 
change. Furthermore, as the image acquisition time of DTI 
is acceptable in clinical practice and automated calculation 
techniques are being developed (48,49), the application of 
ALPS-index may provide more convenience in clinic.

There are some limitations in this study. First, a single-
center design was employed, and the sample size was 
small. It is reasonable to assume that the different tumor 
locations might have different impacts on the glymphatic 
system. However, our sample size was insufficiently large 
for analyzing tumor location in more refined subgroupings. 
Considering the imbalanced distribution of IDH1 mutation 
status in different grades, we believe a larger sample 
size is needed in our future study. Second, although 
radiologists were experienced and ROIs were carefully 
drawn, subjectivity was inevitable, especially for GBMs 
with high heterogeneity. Generally, applying multiple 
ROIs can reduce the biases of subjective evaluation. Finally, 
although DTI-ALPS has been used in many studies such 
as Alzheimer disease (13), Parkinson disease (14,50), and 
normal pressure hydrocephalus (51) to evaluate the function 
of the glymphatic system, the relationship between the 
ALPS-index and gold standard contrast-based glymphatic 
imaging has not yet been substantially validated. Thus, 
the mechanism underlying the function of this deductive, 
model-based method should be further investigated.

Conclusions

A lower ALPS-index in patients with glioma may reflect the 
impairment of the glymphatic system, with these changes 
potentially being bilateral. In addition, the ALPS-index 
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could provide peritumoral pathophysiological information 
and complement conventional diffusion metrics for glioma 
grading and IDH1 genotyping. Thus, the ALPS-index has 
considerable potential as a novel imaging biomarker for 
gliomas. The key findings of this study are summarized in 
Table 5.
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Supplementary

Table S1 The interobserver variability of diffusion metrics

Metric ICC 95% CI P value

ALPS-index ipsilateral to glioma 0.927 0.888–0.953 <0.001

ALPS-index contralateral to glioma 0.836 0.695–0.905 <0.001

FA-tumor 0.897 0.841–0.934 <0.001

MD-tumor 0.967 0.948–0.978 <0.001

MK-tumor 0.972 0.957–0.982 <0.001

Bilateral ALPS-index of healthy controls 0.954 0.905–0.978 <0.001

FA-edema 0.895 0.832–0.935 <0.001

MD-edema 0.809 0.694–0.881 <0.001

MK-edema 0.819 0.711–0.887 <0.001

ICC, intraclass correlation coefficient; CI, confidence interval; ALPS, analysis along the perivascular space; FA, fractional anisotropy; MD, 
mean diffusivity; MK, mean kurtosis.

Table S2 Comparisons among grade II, III, and IV gliomas with age adjustment 

Metric Grade II Grade III Grade IV P PII vs. III PII vs. IV PIII vs. IV

ALPS-index 1.495±0.161 1.495±0.139 1.320±0.159 <0.001 1.000 <0.001 0.001 

FA-tumor 0.121±0.048 0.126±0.061 0.166±0.103 0.071 1.000 0.101 0.301 

MD-tumor 1.477±0.382 1.114±0.222 0.975±0.257 <0.001 0.001 <0.001 0.391 

MK-tumor 0.452±0.115 0.595±0.175 0.686±0.172 <0.001 0.013 <0.001 0.176 

FA-edema 0.179±0.068 0.169±0.068 0.191±0.077 0.554 1.000 1.000 0.896 

MD-edema 1.451±0.253 1.442±0.245 1.377±0.303 0.492 1.000 0.840 1.000 

MK-edema 0.495±0.076 0.515±0.097 0.547±0.110 0.215 1.000 0.272 0.943 

Data are presented as mean ± standard deviation. MD is in units of 10−3 mm2/s. ALPS, analysis along the perivascular space; FA, fractional 
anisotropy; MD, mean diffusivity; MK, mean kurtosis. 

Table S3 Multivariable logistic regression analysis of diffusion metrics in evaluating tumor grade

Regression model Variable B SE P value

FA + ALPS-index FA 7.145 3.361 0.033

ALPS-index −7.319 1.876 <0.001

MD + ALPS-index MD −3.829 1.185 0.001

ALPS-index −6.413 1.947 0.001

MK + ALPS-index MK 5.947 1.950 0.002

ALPS-index −5.991 1.876 0.001

B, unstandardized coefficient; SE, standard error; FA, fractional anisotropy; ALPS, analysis along the perivascular space; MD, mean 
diffusivity; MK, mean kurtosis.
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Figure S1 ROC curves of diffusion metrics in differentiating grade II from grade III gliomas (A), grade II from grade IV gliomas (B), 
and grade III from grade IV gliomas (C). The data in parenthesis are shown as 95% CI. ALPS, analysis along the perivascular space; FA, 
fractional anisotropy; MD, mean diffusivity; MK, mean kurtosis; ROC, receiver operating characteristic.

Table S4 Diagnostic performance of diffusion metrics in differentiating grade II from grade III gliomas, grade II from grade IV gliomas, and 
grade III from grade IV gliomas

Grade Metric AUC (95% CI) Cutoff value Sensitivity (%) Specificity (%)

II vs. III ALPS-index 0.529 (0.353, 0.706) 1.621 88.24 32.14 

FA 0.501 (0.324, 0.678) 0.142 82.35 32.14 

MD 0.762 (0.625, 0.899) 1.276 88.24 60.71 

MK 0.760 (0.619, 0.900) 0.508 64.71 75.00 

II vs. IV ALPS-index 0.789 (0.673, 0.905) 1.381 72.22 85.71 

FA 0.631 (0.496, 0.767) 0.174 38.89 89.29 

MD 0.880 (0.800, 0.960) 1.064 75.00 89.29 

MK 0.882 (0.800, 0.964) 0.514 86.11 78.57 

III vs. IV ALPS-index 0.804 (0.685, 0.923) 1.327 58.33 94.12 

FA 0.636 (0.482, 0.791) 0.142 52.78 82.35 

MD 0.693 (0.534, 0.852) 1.052 72.22 82.35 

MK 0.657 (0.491, 0.823) 0.579 69.44 64.71 

AUC, area under the curve; CI, confidence interval; ALPS, analysis along the perivascular space; FA, fractional anisotropy; MD, mean 
diffusivity; MK, mean kurtosis.
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Table S5 Multivariable logistic regression analysis of diffusion metrics in evaluating IDH1 mutation status in LrGGs

Regression model Variable B SE P value

FA + ALPS-index FA −17.126 8.801 0.034

ALPS-index 6.842 2.901 0.018

MD + ALPS-index MD 3.734 1.721 0.03

ALPS-index 6.369 1.933 0.028

MK + ALPS-index MK −7.273 2.977 0.015

ALPS-index 5.728 2.875 0.046

IDH1, isocitrate dehydrogenase 1; LrGG, lower-grade glioma; B, unstandardized coefficient; SE, standard error; FA, fractional anisotropy; 
ALPS, analysis along the perivascular space; MD, mean diffusivity; MK, mean kurtosis.


