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Background: Iron is associated with the pathophysiology of gliomas. The measurement of brain iron levels 
plays a vital role in defining the pathophysiologic changes caused by gliomas. This study aimed to analyze 
the effect of gliomas with different histopathology and molecular characteristics on deep gray matter (DGM) 
iron content and the relationship between DGM iron content and cognition in glioma patients (PT).
Methods: In this retrospective study, we included 81 PT, categorized according to different histopathology 
and molecular characteristics, and 30 age- and gender-matched healthy controls (HC). Brain quantitative 
susceptibility mapping (QSM) maps were computed from three-dimensional (3D) multi-echo gradient-
echo data using Laplacian-based phase unwrapping, a variational sharpening (V-SHARP) background field 
correction and the streaking artifacts reduction (STAR)-QSM method. ITK-SNAP was used to measure 
the susceptibility values reflecting the iron content in the regions of interest. Differences in DGM magnetic 
susceptibility between groups were compared. Pearson’s correlation analysis assessed the relationship 
between DGM magnetic susceptibility and Montreal Cognitive Assessment (MoCA).
Results: Compared to HC, PT showed higher DGM magnetic susceptibility. QSM analysis exhibited 
higher DGM magnetic susceptibility in high-grade gliomas (HGG) than low-grade gliomas (LGG). 
Isocitrate dehydrogenase (IDH) wild-type gliomas showed higher magnetic susceptibility than IDH mutant-
type in the putamen [IDH mutant-type: interquartile range (IQR), 0.052, 0.019 ppm vs. IDH wild-type: 
IQR, 0.062, 0.015 ppm, P=0.015]. A higher Ki-67 index also correlated with higher magnetic susceptibility 
in the putamen (high Ki-67 index group: IQR, 0.063, 0.019 ppm vs. low Ki-67 index group: IQR, 0.052,  
0.016 ppm, P=0.005). The PT group had significantly lower MoCA scores than the HC group (patients 
group vs. HC group: 22.30±4.92 vs. 24.70±2.20, P=0.021). There was a negative correlation between MoCA 
scores and DGM magnetic susceptibility.
Conclusions: The DGM iron content, as measured by QSM, was higher in PT than in HC and correlated 
with tumor grade. Cognitive decline is associated with increased DGM iron content in PT. The DGM iron 
content could be a potential biomarker in glioma differentiation and prognosis.
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Introduction

Gliomas are the most common primary malignant 
intracranial tumors in adults and the leading cause of death 
from primary brain tumors (1-3). According to the 2021 
World Health Organization (WHO) classification of central 
nervous system (CNS) tumors, gliomas are categorized into 
grades 1–4, ranging from low to high malignancy (2). High-
grade gliomas (HGG, grade 3–4) typically exhibit higher 
mortality rates and shorter survival periods compared to 
low-grade gliomas (LGG, grade 1–2). In recent years, 
molecular diagnostics have gained increasing importance 
in glioma assessment, with the identification of molecular 
characteristics, particularly isocitrate dehydrogenase (IDH), 
1p/19q, and O-6-methylguanine DNA methyltransferase 
(MGMT) promoter methylation status, being crucial for 
therapeutic decision-making (1,2). As a non-invasive tool, 
multiparametric magnetic resonance imaging (MRI) has 
been widely adopted for preoperative diagnostic evaluation 
of gliomas (4). Some studies have demonstrated the value of 
diffusion-weighted imaging (DWI), the T2-fluid-attenuated 
inversion recovery (FLAIR) mismatch sign, and perfusion-
weighted imaging (PWI) in identifying IDH status (4-7).

Iron plays a critical role in nerve cell development and 
is essential for tumor cell growth, acting as a cofactor for 
many cellular enzymes (8-10). A growing body of research 
suggests that iron is associated with the pathophysiology 
of gliomas (11). Glioblastoma (GBM) expresses high levels 
of transferrin receptor protein 1 (TfR1), thereby acquiring 
more iron to support aggressive tumor cell growth (11,12). 
Consequently, measurement of brain iron levels plays a vital 
role in defining the pathophysiologic changes of gliomas. 
Quantitative susceptibility mapping (QSM) can be used for 
this purpose. QSM is an advanced MRI technique capable 
of distinguishing between paramagnetic substances (iron, 
hemosiderin) and diamagnetic substances (calcification) 
(13,14). Compared to susceptibility-weighted imaging 
(SWI), QSM offers a higher signal-to-noise ratio, is not 
geometry-dependent, and can quantitatively measure 
the magnetic susceptibility of brain tissues (13-15). Iron 
contributes significantly to changes in the magnetic field, 
and the magnetic susceptibility levels largely reflect the 
iron levels. Thus, QSM can more accurately measure 
tissue iron levels to indicate pathological changes in brain 

tissues (13,16,17). QSM has emerged as a powerful tool for 
detecting changes in brain iron content (14,15,18). Although 
QSM is more commonly used in neurodegenerative diseases 
(e.g., Parkinson’s and Alzheimer’s disease) to reflect brain 
iron levels (19,20), its application in brain tumors remains 
relatively unexplored. Thus, this study focuses on the use 
of QSM in glioma patients (PT). We hypothesized that 
the iron required for the growth of glioma cells is not only 
increased within the tumor region but also deposited in 
normal brain regions, such as the iron-rich deep gray matter 
(DGM) regions. A previous study reported that the quantity 
of iron in the DGM was well correlated with the magnetic 
susceptibility of the tissue (21).

Therefore, in this study, we included a group of PT 
and a group of healthy controls (HC) matched for age and 
gender to investigate the effect of gliomas with different 
histopathology and molecular characteristics on DGM iron 
content. Moreover, we also investigate the relationship 
between DGM iron content and cognition in PT. We 
present this article in accordance with the STROBE 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-2024-2704/rc).

Methods

Participants

This study retrospectively analyzed patients diagnosed with 
glioma at the Department of Neurosurgery, Beijing Tiantan 
Hospital, Capital Medical University between March 2021 
and April 2024. All relevant patient information, including 
age, gender, histopathology, and molecular characteristics, 
was obtained from hospital records.

The inclusion criteria were as follows: (I) age between 
30 and 60 years; (II) histopathological confirmation of 
glioma; (III) complete clinical data; (IV) preoperative 
conventional and advanced MRI including QSM; (V) 
incipient tumor; and (VI) successful QSM reconstruction. 
The exclusion criteria were as follows: (I) age <30 or  
>60 years; (II) histopathological confirmation of non-
glioma; (III) incomplete clinical data; (IV) recurrent tumor; 
(V) DGM regions affected by the tumor; and (VI) failure to 
reconstruct QSM.

Of the 110 patients diagnosed with glioma during 
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Figure 1 QSM. (A) Flowchart of PT and HC inclusion. (B) Schematic to show quantitative susceptibility mapping processing pipeline used 
to convert 3D multi-echo gradient-echo images into a susceptibility map using STI suite v3.0. 3D, three-dimensional; HC, healthy controls; 
PT, glioma patients; QSM, quantitative susceptibility mapping; STAR, streaking artifacts reduction; V-SHARP, variational sharpening.
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this period; 81 were included, and 29 were excluded. 
Additionally, 43 HC were recruited, of whom 30 were 
included and 13 were excluded. The patient inclusion 
flowchart is shown in Figure 1A. Moreover, 63 participants 
(33 PT and 30 HC) underwent the cognitive assessment 
[Montreal Cognitive Assessment (MoCA) Chinese  
version] (22). To correct for the effect of years of education, 
1 point was added for participants with 4 years of education 
or less on their total MoCA score (but total score  
≤30 points). This study used corrected scores.

This study was approved by the Ethics Committee of 
Beijing Tiantan Hospital, Capital Medical University (No. 
KY2020–146-02). This study was conducted in accordance with 
the Declaration of Helsinki and its subsequent amendments. 
All participants provided written informed consent prior to 
participating in the study and undergoing MRI procedures.

MRI acquisition

All participants underwent MRI scans using a 3 T MR 

scanner (MAGNETOM Prisma, Siemens, Erlangen, 
Germany) at Beijing Tiantan Hospital. The imaging 
parameters were as follows: repetition time (TR) 40.0 ms; 
echo time (TE) 7.25 ms, 13.93 ms, 20.61 ms, 27.29 ms;  
flip angle (FA) 15°; slice thickness 3.0 mm; voxel size  
0.8 mm × 0.8 mm × 3.0 mm; echo train length (ETL) 4; 
pixel spacing 0.764/0.764 mm; field of view (FOV) read 
220 mm; FOV phase 90.97%; matrix size 262×288; pixel 
bandwidth 260 Hz; slices per slab 44; slice oversampling 
27.3%; slice resolution 100%; phase resolution 100%; 
readout resolution 100%; parallel imaging technique; R=2; 
and 64-channel head/neck coil.

MRI processing

QSM maps were reconstructed from phase and magnitude 
maps as follows (Figure 1B): (I) data loading; (II) parameter 
setting; (III) mask creation; (IV) phase unwrapping using 
a Laplacian-based approach; (V) background field removal 
using variational sharpening (V-SHARP) filtering; and (VI) 
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Figure 2 The manually-traced ROIs: Pt, Gp, Cn, Th, Sn, Rn, and cerebellar Dn. Cn, caudate nucleus; Dn, dentate nucleus; Gp, globus 
pallidus; Pt, putamen; Rn, red nucleus; ROIs, regions of interest; Sn, substantia nigra; Th, thalamus.
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field-to-susceptibility inversion using streaking artifacts 
reduction QSM (STAR-QSM). All steps were performed 
in MATLAB (R2013b, MathWorks, Natick, MA, USA) 
using the STI Suite toolbox (https://people.eecs.berkeley.
edu/~chunlei.liu/software.html) (23,24).

Image analysis

Brain regions of interest (ROIs) included the putamen 
(Pt), globus pallidus (Gp), caudate nucleus (Cn), thalamus 
(Th), substantia nigra (Sn), red nucleus (Rn), and cerebellar 
dentate nucleus (Dn). These were manually segmented by 
experienced neuro-radiologists using ITK-SNAP software 
(Figure 2). Segmentation was performed on QSM images 
due to their superior differentiation between surrounding 
tissue and ROIs (25). QSM values for each ROI were 
averaged across bilateral multiple axial slices.

Statistical analysis

All statistical analyses were performed using SPSS 27.0 
(IBM Corp., Armonk, NY, USA). Demographic and clinical 
characteristics were analyzed between groups using Chi-
squared or two independent samples t-test. Non-parametric 

tests were used for non-normally distributed data. Age was 
used as a covariate, and analysis of covariance (ANCOVA) 
was used to compare cognitive scores (MoCA), magnetic 
susceptibility values for specific ROIs between PT and HC, 
and DGM magnetic susceptibility values between different 
grades of gliomas. When P<0.05, post-hoc test of least 
significant difference (LSD) was used for pairwise comparisons. 
Pearson’s correlation analysis assessed the relationship 
between DGM magnetic susceptibility and MoCA. Receiver 
operating characteristic (ROC) curves evaluated diagnostic 
performance of significant indicators, calculating area under 
the curve (AUC), 95% confidence interval (CI), specificity, and 
sensitivity. Normality and variance homogeneity were assessed 
using Shapiro-Wilk and Levene tests, respectively. A P value 
<0.05 was considered statistically significant.

Results

Demographic and clinical characteristics

Table 1 summarizes the basic information of 81 PT and 
30 HC. The mean and median ages were 45.43 and  
46.50 years in the HC group, and 44.26 and 43.00 years in the 
PT group, respectively, with no significant difference between 
groups (P=0.463). The HC group comprised 15 males and 15 

https://people.eecs.berkeley.edu/~chunlei.liu/software.html
https://people.eecs.berkeley.edu/~chunlei.liu/software.html
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Table 1 The clinical characteristics of healthy controls and glioma patients

Characteristics HC PT P value

Number 30 81

Age (years) 0.463&

Mean 45.43 44.26

Median 46.50 43.00

Gender 30 81 0.523#

Male 15 46

Female 15 35

IDH NA 81 NA

Mutant-type 46

Wild-type 35

1p/19q NA 81 NA

Co-deletion 22

Non-codeletion 59

MGMT$ NA 80 NA

Methylation 50

Unmethylated 30

TERT NA 81 NA

Mutant-type 45

Wild-type 36

Ki-67 index NA 81 NA

≥10% (high Ki-67 index group) 35

<10% (low Ki-67 index group) 46

CNS WHO classification NA 81 NA

2 28

3 27

4 26

Number of cognitive assessments 30 33

Gender (male) 15 19 0.547#

Age (years)§ 45.43±7.93 46.67±8.26 0.549†

Education (years)§ 10.83±3.10 10.64±4.50 0.842†

MoCA§ 24.70±2.20 22.30±4.92 0.021‡

&, Mann-Whitney tests; #, Chi-squared test; $, one patient’s MGMT information was lost; †, two independent samples t-test; ‡, analysis of 
covariance, age as a covariate; §, values are given in mean ± standard deviation. CNS, central nervous system; HC, healthy controls; IDH, 
isocitrate dehydrogenase; MGMT, O-6-methylguanine DNA methyltransferase; MoCA, Montreal Cognitive Assessment; NA, not applicable; 
PT, glioma patients; TERT, telomerase reverse transcriptase; WHO, World Health Organization.

females, whereas the PT group had 46 males and 35 females, 
showing no significant gender difference (P=0.523). In the 
PT group, there were 46 IDH mutant-type and 35 wild-type 
cases, 22 1p/19q co-deletion and 59 non-codeletion cases, 50 

MGMT promoter methylation and 30 non-methylation cases, 
45 TERT mutant-type and 36 wild-type cases, and 35 cases 
with Ki-67 index ≥10% (high Ki-67 index group) and 46 cases 
<10% (low Ki-67 index group). In terms of cognitive scores, 



Liu et al. QSM study: DGM iron in glioma patients4660

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(5):4655-4668 | https://dx.doi.org/10.21037/qims-2024-2704

Table 2 Description of DGM magnetic susceptibility in HC and PT

ROI HC PT P value

Putamen 0.045±0.011 0.058±0.014 <0.001*

Globus pallidus 0.081±0.014 0.093±0.012 <0.001*

Caudate nucleus 0.031±0.006 0.037±0.007 <0.001*

Thalamus 0.013±0.004 0.017±0.004 <0.001*

Substantia nigra 0.079±0.014 0.093±0.018 <0.001*

Red nucleus 0.074±0.014 0.082±0.018 0.016*

Dentate nucleus 0.058±0.014 0.071±0.016 <0.001*

Values are given in mean ± standard deviation (ppm) and retained to three decimal places. The DGM magnetic susceptibility was analyzed 
by ANCOVA, with age as a covariate. *, statistical significance. ANCOVA, analysis of covariance; DGM, deep gray matter; HC, healthy 
control group; PT, patient group; ROI, region of interest.

even after controlling for age, MoCA was lower in PT than 
in HC (P=0.021, PT: 22.30±4.92; HC: 24.70±2.20), but 
there were no significant differences in age, gender, and 
years of education between the two groups (P>0.05).

PT versus HC groups

Statistical analysis revealed significantly higher DGM 
magnetic susceptibility in all PT groups than HC groups, 
indicating higher DGM iron content in PT than in HC 
(Table 2). ROC analysis showed that the Pt magnetic 
susceptibility [AUC =0.77 (95% CI: 0.68–0.86)] had 
a higher diagnostic value in identifying gliomas. The 
sensitivity, specificity, and cut-off values were 62%, 83%, 
and 0.052 ppm, respectively. The detailed results for each 
region are as follows:

(I)	 Pt: HC: 0.045±0.011 ppm versus PT: 0.058± 
0.014 ppm, P<0.001 (Figure 3A); ROC analysis: 
AUC =0.77 (95% CI: 0.68–0.86), sensitivity: 62%, 
specificity: 83%.

(II)	 Gp: HC: 0.081±0.014 ppm versus PT: 0.093± 
0.012 ppm, P<0.001 (Figure 3B); ROC analysis: 
AUC =0.74 (95% CI: 0.64–0.85), sensitivity: 67%, 
specificity: 77%.

(III)	 Cn: HC: 0.031±0.006 ppm versus PT: 0.037± 
0.007 ppm, P<0.001 (Figure 3C); ROC analysis: 
AUC =0.77 (95% CI: 0.67–0.86), sensitivity: 70%, 
specificity: 80%.

(IV)	 Th: HC: 0.013±0.004 ppm versus PT: 0.017± 
0.004 ppm, P<0.001 (Figure 3D); ROC analysis: 
AUC =0.77 (95% CI: 0.67–0.87), sensitivity: 79%, 
specificity: 70%.

(V)	 Sn: HC: 0.079±0.014 ppm versus PT: 0.093± 

0.018 ppm, P<0.001 (Figure 3E); ROC analysis: 
AUC =0.73 (95% CI: 0.63–0.83), sensitivity: 75%, 
specificity: 63%.

(VI)	 Rn: HC: 0.074±0.014 ppm versus PT: 0.082± 
0.018 ppm, P=0.016 (Figure 3F); ROC analysis: 
AUC =0.64 (95% CI: 0.53–0.74), sensitivity: 47%, 
specificity: 83%.

(VII)	Dn: HC: 0.058±0.014 ppm versus PT: 0.071± 
0.016 ppm, P<0.001 (Figure 3G); ROC analysis: 
AUC =0.73 (95% CI: 0.63–0.83), sensitivity: 65%, 
specificity: 77%.

Comparison among different grades of gliomas

Overall, HGG demonstrated higher magnetic susceptibility 
than LGG, but no significant difference was observed 
between glioma grades 3 and 4. HGG exhibited significantly 
higher magnetic susceptibility compared to HC, whereas 
LGG also showed higher values, but the difference was not 
statistically significant in some regions, such as Sn, Rn, and 
Dn (Table 3, Tables S1-S7 shows the post-hoc test of LSD 
results). The detailed results for each region were as follows:

(I)	 Pt: HC: 0.045±0.011 ppm, Grade 2: 0.051± 
0.011 ppm, Grade 3: 0.061±0.015 ppm, Grade 4: 
0.063±0.012 ppm, P<0.001 (Figure 4A).

(II)	 Gp: HC: 0.081±0.014 ppm, Grade 2: 0.092± 
0.013 ppm, Grade 3: 0.094±0.011 ppm, Grade 4: 
0.094±0.012 ppm, P<0.001 (Figure 4B).

(III)	 Cn: HC: 0.031±0.006 ppm, Grade 2: 0.035± 
0.006 ppm, Grade 3: 0.037±0.006 ppm, Grade 4: 
0.039±0.007 ppm, P<0.001 (Figure 4C).

(IV)	 Th: HC: 0.013±0.004 ppm, Grade 2: 0.015± 
0.003 ppm, Grade 3: 0.018±0.005 ppm, Grade 4: 

https://cdn.amegroups.cn/static/public/QIMS-2024-2704-Supplementary.pdf
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Figure 3 Comparison of magnetic susceptibility between PT and HC in different DGM regions: (A) putamen; (B) globus pallidus; (C) 
gaudate nucleus; (D) thalamus; (E) substantia nigra; (F) red nucleus; (G) dentate nucleus. *, P<0.05; ***, P<0.001. DGM, deep gray matter; 
HC, healthy controls; PT, glioma patients; QSM, quantitative susceptibility mapping. 
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Table 3 Description of DGM magnetic susceptibility in different grades of gliomas

ROI HC Grade 2 Grade 3 Grade 4 P value

Putamen 0.045±0.011 0.051±0.011 0.061±0.015 0.063±0.012 <0.001*

Globus pallidus 0.081±0.014 0.092±0.013 0.094±0.011 0.094±0.012 <0.001*

Caudate nucleus 0.031±0.006 0.035±0.006 0.037±0.006 0.039±0.007 <0.001*

Thalamus 0.013±0.004 0.015±0.003 0.018±0.005 0.018±0.004 <0.001*

Substantia nigra 0.079±0.014 0.086±0.014 0.095±0.017 0.099±0.021 <0.001*

Red nucleus 0.074±0.014 0.073±0.016 0.087±0.018 0.086±0.016 0.002*

Dentate nucleus 0.058±0.014 0.065±0.017 0.076±0.015 0.072±0.015 <0.001*

Values are given in mean ± standard deviation (ppm) and retained to three decimal places. The DGM magnetic susceptibility was analyzed by 
ANCOVA, with age as a covariate. The results of pairwise comparison between different grades after multiple comparisons were presented in Tables 
S1-S7. *, statistical significance. ANCOVA, analysis of covariance; DGM, deep gray matter; HC, healthy control group; ROI, region of interest.

0.018±0.004 ppm, P<0.001 (Figure 4D).
(V)	 Sn: HC: 0.079±0.014 ppm, Grade 2: 0.086± 

0.014 ppm, Grade 3: 0.095±0.017 ppm, Grade 4: 
0.099±0.021 ppm, P<0.001 (Figure 4E).

(VI)	 Rn: HC: 0.074±0.014 ppm, Grade 2: 0.073± 

0.016 ppm, Grade 3: 0.087±0.018 ppm, Grade 4: 
0.086±0.016 ppm, P=0.002 (Figure 4F).

(VII)	Dn: HC: 0.058±0.014 ppm, Grade 2: 0.065± 
0.017 ppm, Grade 3: 0.076±0.015 ppm, Grade 4: 
0.072±0.015 ppm, P<0.001 (Figure 4G).

https://cdn.amegroups.cn/static/public/QIMS-2024-2704-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-2024-2704-Supplementary.pdf
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Figure 4 Comparison of magnetic susceptibility among different grades of gliomas in different DGM regions: (A) putamen; (B) globus 
pallidus; (C) gaudate nucleus; (D) thalamus; (E) substantia nigra; (F) red nucleus; (G) dentate nucleus. *, P<0.05; **, P<0.01; ***, P<0.001. 
Grade 2: patients with grade 2 gliomas; Grade 3: patients with grade 3 gliomas; Grade 4: patients with grade 4 gliomas. DGM, deep gray 
matter; HC, healthy controls; QSM, quantitative susceptibility mapping.
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Molecular characteristics

Pt magnetic susceptibility significantly differed in 
identifying IDH status, with IDH wild-type showing 
higher values than IDH mutant-type [IDH mutant-type: 
interquartile range (IQR), 0.052, 0.019 ppm vs. IDH wild-
type: IQR, 0.062, 0.015 ppm, P=0.015, Table 4, Figure 5A]. 
ROC analysis: AUC =0.66 (95% CI: 0.54–0.78), sensitivity: 
77%, specificity: 54%.

Regarding Ki-67 index, the high Ki-67 index group 
generally showed higher magnetic susceptibility than the 
low Ki-67 index group, except in the Dn (Table 4). This 
difference was more pronounced in the Pt (high Ki-67 index 
group: IQR, 0.063, 0.019 ppm vs. low Ki-67 index group: 
IQR, 0.052, 0.016 ppm, P=0.005, Table 4, Figure 5B). ROC 
analysis for Pt: AUC =0.68 (95% CI: 0.56–0.80), sensitivity: 
57%, specificity: 80%.

DGM magnetic susceptibility showed limited value in 

identifying 1p/19q co-deletion status, MGMT promoter 
methylation status, and TERT status.

Pearson’s correlation analysis

When only PT were considered, there was no statistical 
difference, although susceptibility of each subcortical 
structure was negatively correlated with cognitive scores 
(Table 5). When all the participants were considered, there 
was a significantly negative correlation between MoCA 
scores and susceptibility in the Pt (r=−0.364, P=0.003), Gp 
(r=−0.263, P=0.037), Cn (r=−0.292, P=0.020), Sn (r=−0.353, 
P=0.004), and Dn (r=−0.306, P=0.015) (Table 5).

Discussion

In this study, we quantitatively measured DGM magnetic 
susceptibility using QSM to reflect tissue iron content. 
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Table 4 Description of DGM magnetic susceptibility in IDH and Ki-67 index

ROI
IDH Ki-67 index

Mutant-type Wild-type P value ≥10%$ <10%& P value

Putamen§ 0.052, 0.019# 0.062, 0.015# 0.015* 0.063, 0.019# 0.052, 0.016# 0.005*

Globus pallidus 0.093±0.013 0.093±0.011 0.828 0.094±0.012 0.092±0.012 0.447

Caudate nucleus 0.036±0.006 0.038±0.007 0.232 0.038±0.006 0.036±0.007 0.322

Thalamus 0.016±0.004 0.017±0.004 0.324 0.017±0.004 0.017±0.005 0.684

Substantia nigra 0.092±0.017 0.095±0.019 0.367 0.097±0.019 0.091±0.017 0.132

Red nucleus 0.080±0.018 0.085±0.018 0.214 0.085±0.018 0.079±0.018 0.146

Dentate nucleus 0.070±0.017 0.072±0.015 0.560 0.070±0.012 0.072±0.019 0.625

Values are given in mean ± standard deviation (ppm) and retained to three decimal places. §, the putamen magnetic susceptibility was 
analyzed by Mann-Whitney tests. The other DGM regions magnetic susceptibility was analyzed by two-independent-sample t-tests; #, 
values are presented as median and interquartile range due to non-normal distribution; $, high Ki-67 index group; &, low Ki-67 index group; 
*, statistical significance. DGM, deep gray matter; IDH, isocitrate dehydrogenase; ROI, region of interest.

Figure 5 Comparison of magnetic susceptibility in different molecular characteristics. (A) IDH; (B) Ki-67. *, P<0.05; **, P<0.01. IDH-mut: 
IDH mutant-type glioma patient group; IDH-wil: IDH wild-type glioma patient group; Low-ki67: low Ki-67 index group; High-ki67: high 
Ki-67 index group. IDH, isocitrate dehydrogenase; QSM, quantitative susceptibility mapping.
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Table 5 Pearson’s correlation analysis

ROI
Gliomas The entire participants

r P value r P value

Putamen –0.257 0.148 –0.364 0.003*

Globus pallidus –0.150 0.404 –0.263 0.037*

Caudate nucleus –0.224 0.210 –0.292 0.020*

Thalamus –0.030 0.868 –0.150 0.242

Substantia nigra –0.254 0.154 –0.353 0.004*

Red nucleus –0.100 0.578 –0.200 0.117

Dentate nucleus –0.216 0.226 –0.306 0.015*

Pearson’s correlation analysis assessed the simple univariable relationship between DGM magnetic susceptibility and cognitive scores. *, 
statistical significance. DGM, deep gray matter; ROI, region of interest.
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Our results demonstrated that DGM iron content in PT 
was higher than that in HC, consistent with previous 
studies that the T2 shortening in the basal ganglia and Th 
of brain tumor patients compared to HC (26). The T2 
shortening was suggestive of an increased iron content. This 
phenomenon has also been observed in neurodegenerative 
diseases (23,27,28). Patients with neurodegenerative diseases 
are often accompanied by cognitive decline, which has been 
shown to be associated with increased iron content in DGM 
(29-31). Cognitive decline has also been observed in PT (32).  
Our results indicate that PT have significantly lower MoCA 
scores than HC. Moreover, Pearson’s correlation analysis 
showed a significantly negative correlation between iron 
content and cognitive ability in the Pt, Gp, Cn, Sn, and 
Dn, which may be related to neurodegenerative pathology 
due to increased iron content in DGM in PT. One of the 
poor prognostic factors in GBMs is the compromised 
neurocognitive status at the initial stage, this also predicts 
that higher DGM iron content might be associated with a 
poorer prognosis.

Furthermore, we found that the increase in iron content 
was more pronounced in HGG than in LGG. However, the 
difference in iron content between glioma grades 3 and 4 
was insignificant. Although DGM iron content in LGG was 
higher than in HC, the difference was not pronounced in 
certain regions, such as the Sn, Rn, and Dn. These results 
suggest that DGM iron content increases with glioma 
grade. This is consistent with the previous findings of Reith 
et al. that the basal ganglia iron content increased with 
glioma severity (33).

The potential role of DGM iron content in the 
differentiation of gliomas warrants consideration. It is 
crucial to note that oncologic and non-oncologic diseases 
necessitate distinct treatment strategies. Although biopsy 
remains the gold standard for diagnosis, it is an invasive 
procedure associated with risks and potential tissue 
sampling errors (34). MRI, as a non-invasive alternative, 
offers valuable insights for glioma evaluation (35). 
When differentiation between gliomas and other non-
oncologic diseases proves challenging, QSM can be used 
in combination with other diagnostic tools to help in the 
differential diagnosis of glioma. The diagnostic efficacy 
of the Pt was the best according to the results of the 
ROC analysis, suggesting its potential as a biomarker for 
differentiating gliomas from non-oncologic conditions. It is 
unclear whether this phenomenon of increased iron content 
in DGM regions occurs in other brain tumors; further 
research is needed.

Our findings indicate that DGM iron content has 
limited value in identifying molecular characteristics of 
gliomas. However, Pt iron content showed some potential 
in identifying IDH status. It is important to note that there 
is significant overlap between IDH mutation status and 
glioma grading according to the 2021 WHO classification 
of CNS tumors (36). Therefore, the role of Pt iron content 
in identifying IDH mutation status requires further 
investigation. Nevertheless, our results demonstrate that Pt 
iron content is significantly correlated with glioma grades, 
suggesting that the Pt may reflect more tumor severity 
than other DGM regions. This hypothesis is supported 
by previous studies on type 2 diabetes patients (37) and 
amyotrophic lateral sclerosis (ALS) (23), which found that 
Pt iron content increased more significantly compared to 
other DGM regions.

The most important influence on DGM iron content 
appears to be tumor grade, further confirmed by the Ki-67 
index. We observed that higher Ki-67 index correlated with 
higher DGM iron content in PT, with higher Ki-67 index 
representing increased tumor proliferative activity and more 
severe tumors (38,39). The observed elevation in DGM 
iron content among PT may be attributed to the increased 
iron requirements of rapidly proliferating tumor cells. 
Excessive iron can induce oxidative stress; as a protective 
mechanism, ferritin molecules sequester and store ferrous 
ions, potentially resulting in heightened deposition of iron 
compounds within DGM regions (26). It has been well 
known that some anatomical regions, such as the Gp and 
Sn, are more prone to iron accumulation than others (40), 
but the mechanism of this regional heterogeneity remains 
unknown. Some studies have shown that GBM upregulates 
iron transporter transferrin (41) and transferrin receptor 
(11,12,42), thereby increasing iron uptake.

Disruption of the blood-brain barrier (BBB) may be 
related to DGM iron deposition. The BBB is composed 
of a highly selective semipermeable border formed by 
capillary endothelial cells, astrocytic end-feet, and pericytes 
embedded in the basement membrane that prevents solutes 
in the circulating blood from non-selectively crossing into 
the brain (43,44). When the BBB is disrupted by gliomas, 
low-molecular-weight molecules in the blood (e.g., ferrous 
and ferric ions) are more readily transported to the brain. 
Moreover, the disruption of the BBB leads to a reduced 
clearance function, which will further exacerbate the 
increase in brain iron levels (44-46).

Our study innovatively used QSM to quantitatively 
compare DGM iron content between PT and HC, 
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and to explore its application in identifying molecular 
characteristics of gliomas. However, our study has 
limitations. Firstly, the sample size is relatively small and 
lacking in grade 1 PT. Future investigations should aim 
to expand the cohort to include a broader spectrum of 
glioma grades and a larger number of cases. Secondly, 
ROI-based analyses may be subject to selection bias due to 
subjective differences among investigators. To mitigate this, 
we involved experienced neuroradiologists in segmenting 
and correcting ROIs. Thirdly, the relatively low spatial 
resolution of the acquired image data may have led to an 
underestimation of susceptibility, but the same imaging 
parameters were used for all participants and therefore 
did not significantly affect the results. Lastly, the lack 
of postmortem measurements of DGM iron content in 
our study population prevents definitive confirmation 
that increased magnetic susceptibility values were due to 
increased iron content. However, previous studies have 
shown close agreement between postmortem measurements 
of brain iron concentrations and QSM observations (47-49).

Although this study demonstrates increased DGM 
iron content in PT, this finding represents a preliminary 
conclusion. The specific patterns and mechanisms of iron 
deposition in these regions remain to be elucidated and 
should be the focus of future investigations. Furthermore, 
the potential for gliomas to induce iron deposition in the 
cerebral cortex is an intriguing question that warrants 
dedicated exploration. These research results could provide 
valuable insights into the pathophysiologic changes of 
gliomas and potentially inform new therapeutic approaches.

Conclusions

QSM effectively quantified subcortical iron content in PT 
and HC. The DGM iron content, as measured by QSM, 
was higher in PT than in HC and correlated with tumor 
grade. Cognitive decline is associated with increased DGM 
iron content in PT. The DGM iron content could be a 
potential biomarker in glioma differentiation and prognosis.
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