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Correlation of tumor-associated macrophage infiltration in
glioblastoma with magnetic resonance imaging characteristics: a
retrospective cross-sectional study
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Background: Glioblastoma (Gb) is the most common primary malignant tumor of brain with poor
prognosis. Immune cells are the main factors affecting the prognosis of Gb, tumor-associated macrophages
(TAMs) are the predominant infiltrating immune cell population in the immune microenvironment of Gb.
Analyzing the relationship between magnetic resonance imaging (MRI) features and TAMs of Gb, and using
imaging features to characterize the infiltration level of TAMs in tumor tissue may provide indicators for
clinical decision-making and prognosis evaluation of Gb.

Methods: Data from 140 in patients with isocitrate dehydrogenase (IDH) wild-type Gb diagnosed via
histopathology and molecular diagnosis in the Second Hospital of Lanzhou University from January 2018
to April 2022 were collected in this retrospective, cross-sectional study. MRI images were reviewed for
lesion location, cyst, necrosis, hemorrhage, contrast-enhanced T1-weighted MRI signal intensity, average
apparent diffusion coefficient (ADCmean), and minimum apparent diffusion coefficient (ADCmin).
Immunohistochemical staining with anti-CD163 and anti-CD68 antibodies was employed for macrophage
detection. The positive cell percentage was estimated in 9 microscopic fields at 400x magnification per
whole-slide image with Image] software (National Institutes of Health). Additionally, the relationship
between MRI features, molecular, states and the positive CD68 and CD163 expression was analyzed.
Results: Our study discovered that the mean or median values of CD68+ and CD163+ TAMs were 7.39%
and 14.98%, respectively. There was an obvious correlation between CD163+ TAMs and CD68+ TAMs
(r=0.497; P=0.000). CD68+ and CD163+ macrophage infiltration correlated with age at diagnosis in patients
with Gb (CD68+: r=0.230, P=0.006; CD163+: r=0.172, P=0.042). The levels of Gb TAM infiltration in
different tumor locations varied, with the temporal lobe having the highest CD163+ macrophage and CD68+
macrophage infiltration (18.58% and 9.46%, respectively). CD163+ macrophage infiltration was positively
correlated with ADCmean (r=0.208; P=0.014). The infiltration of CD68+ macrophages differed significantly
between groups with varying degrees of tumor enhancement (H =4.228; P=0.017). There was a significant
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difference in CD68+ TAMs and CD163+ TAMs between the wild-type and mutant-type telomerase reverse
transcriptase (TERT) types (P=0.004 and P=0.031, respectively).
Conclusions: Age, location of the tumor, degree of tumor enhancement, ADC value, and TERT mutation

status were associated with macrophage infiltration. These findings may serve as an effective tool for

characterizing the tumor microenvironment in patients with Gb.
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Introduction

In the 2021 World Health Organization (WHO)
classification of central nervous system tumors, adult-
type diffuse gliomas were classified according to isocitrate
dehydrogenase (IDH)1/2 mutation or wild type and 1p/19q
codeletion, which can be simplified into 3 main types:
IDH-wild type glioblastoma (Gb; WHO grade 4), IDH-
mutant astrocytoma (WHO grade 2-4), and IDH-mutant
and 1p/19q codeletion oligodendroglioma (WHO grade
2-3) (1). Among these, IDH-wild type GB has the worst
prognosis and shortest median survival (8 months) (2). The
main reason for this is that Gb has an immunosuppressive
and highly heterogeneous tumor microenvironment.
Tumor-associated macrophages (TAMs) are the
predominant infiltrating immune cell population in the
immune microenvironment of Gb, accounting for 30-40%
of tumor tissues. In specific cases, the proportion of
TAMs is as high as 50% (3,4). TAMs promote tumor cell
proliferation, angiogenesis, and immune escape, resulting
in treatment resistance and a poor prognosis in patients
with Gb (5). An experimental animal study discovered
that TAMs consisted of 85% bone marrow-derived
monocytes or macrophages and 15% resident microglia,
which were recruited to the tumor microenvironment
early in tumor formation and localized to the surrounding
blood vessels, thereby promoting tumor development (6).
Under different stimuli, macrophages in the tumor
microenvironment can be polarized to antitumor (M1)
or tumor-promoting (M2) phenotypes. However, most
macrophages recruited to the tumor microenvironment
become the M2 subtype (7,8). M2 phenotypic macrophages
promote tumor cell proliferation, tumor invasion,
migration and angiogenesis by secreting extracellular
matrix components. Tissue-resident memory T cells
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represent a large number of subsets of tumor-infecting
lymphocytes. M2 phenotypic macrophages can inhibit
T cells and induce T-cell anergy, help tumor immune
escape, promote immunosuppression, and enhance drug
resistance (9). M2 phenotypic macrophages can be further
subdivided into different functional phenotypes such as
M2a, M2b, and M2c, indicating that the function of TAMs
changes with the changes in the cytokines in the tumor
microenvironment, reflecting the high heterogeneity of
Gb and considerable TAM plasticity (10,11). M2a and
M2b subtypes play similar roles in immune regulation by
stimulating Th2 response and participating in immune
regulation. M2c subtypes are the main initiators of tumor
growth (12).

Immunotherapy strategies targeting the Gb tumor
microenvironment have become the focus of Gb treatment
options, and TAM-targeted therapy has great potential
in glioma treatment strategies (13). In particular, the
infiltration of macrophages targeting the M2 phenotype
opens the door for targeted therapy based on avoiding this
phenotype or blocking its function (14,15). According to
a large number of clinical trials, the targeted treatment of
TAMs can be mainly divided into 3 strategies: preventing
TAMs from being recruited to the tumor site, promoting
TAM reprogramming to the M1 phenotype, and immune
checkpoint blockade (16,17). Among them, inhibition of
colony-stimulating factor-1 receptor (CSF-1R) has shown
the ability to consume or reprogram TAMs in clinical
mouse models (18), indicating that the inhibition of CSF-
IR can effectively target TAMs (19). Immune checkpoint
blocking can inhibit tumor progression by regulating the
polarization state of TAMs. The combination of targeted
TAMs and immune checkpoint inhibitors may enhance
the antitumor effect of TILs (20). In addition, therapeutic
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radionuclides targeting CD163 and CD206 can reduce
the number of M2 phenotype TAMs or reprogram the M2
phenotype TAMs to the M1 phenotype (21).

Diagnostic tools for detecting and quantifying TAMs
include gene expression analysis, immunohistochemistry,
and fluorescent magnetic nanoparticle labeling (22). CD68
has been widely reported as a specific marker of total
TAM infiltration in tumors (23,24). Additionally, CD163,
considered to be a reliable marker of M2 phenotype
macrophages, has been used to evaluate the infiltration of
M2 phenotype macrophages in various tumors (25,26).
Structural magnetic resonance imaging (MRI) can be
used to predict the disease progression or posttreatment
recurrence of high-grade glioma (27). We also speculate
that noninvasive imaging biomarkers are clinically valuable
for evaluating and quantifying TAMs, as TAMs can be
monitored noninvasively using imaging techniques. In
particular, exploring imaging methods for M2-type TAMs
is critical for monitoring tumor progression and assessing
treatment efficacy (28). It may provide a new indicator
for predicting tumor progression and poor prognosis and
has the potential to guide the selection of individualized
treatment options.

Therefore, this study aimed to clarify the association
between MRI features and TAM infiltration, especially
M2-type TAM infiltration, to predict macrophage
infiltration based on preoperative MRI features. The
findings are expected to be useful in treatment decision-
making and prediction prognosis. We present this article
in accordance with the STROBE reporting checklist
(available at https://qims.amegroups.com/article/
view/10.21037/qims-23-126/rc).

Methods

This study was performed in line with the principles of the
Declaration of Helsinki (as revised in 2013) and approved
by the Clinical Ethics Committee of Lanzhou University
Second Hospital (No. 2020A-070). Individual consent for
this retrospective analysis was waived.

Study population

Data from 140 in patients with IDH-wildtype GB
diagnosed via histopathology and molecular diagnosis at the
Second Hospital of Lanzhou University from January 2018
to April 2022 were collected for this retrospective, cross-
sectional study. The inclusion criteria were as follows: (I)
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Gb histopathological type, (II) IDH wild-type according
to molecular detection, (III) complete clinicopathological
information, (IV) MRI multisequence scanning [T1
weighted images (T1WI), T2 weighted images (T2WI),
contrast enhancement-T1WI (CE-T1WI), diffusion
weighted imaging (DWI)] completed before operation; (V)
treatment via surgical resection. Meanwhile, the exclusion
criteria were as follows: (I) patients younger than 18 years
old; (IT) IDH mutant type according to molecular detection;
(III) preoperative MRI multisequence scanning images
missing, unclear, or with obvious artifacts; (IV) inability
to evaluate hematoxylin and eosin (HE) staining and
immunohistochemical sections of tumor tissue specimens
postoperatively; and (V) patients lost in survival follow-up.
The inclusion and exclusion processes are shown in Figure 1.
Ultimately, this study included 140 participants, comprising
82 males and 58 females, with an average age of 52.84 years.

Molecular information included p53 (positive/negative),
O6-methyl-guanine DNA methyltransferase (MGMT)
methylation (positive/negative), and TERT (mutant/wild
type). Overall survival (OS) was defined as the time from
the date of surgery to the date of death or the last follow-
up. Follow-up was performed via consultation of patients’
revisit records, assessment of MR images, telephone follow-
up, and reference to the hospital information system
and Picture Archiving and Communication System. The
deadline for follow-up was October 31, 2022. The follow-
up period of OS for surviving patients was at least 6 months
after surgery and 49 months at most. Patients who were lost
follow-up were excluded from the study.

MRI acquisition

MR images were obtained using the Siemens Verio 3.0 T
(Siemens AG, Henkestrasse 127, D-91052, Erlangen,
Germany) and Philips Achieva 3.0 T (Philips Medical
Systems Nederland B.V., Veenpluis 4-6, 5684 PC,
Amsterdam, The Netherlands) MR scanners. The scanning
parameters for T1WI (gradient echo sequence) were
repetition time (TR) 2,000 ms, echo time (TE) 9 ms, layer
thickness 6.0 mm, layer spacing 1.5 mm, field of view (FOV)
230 mm x 230 mm, and matrix 320x340; the parameters
for T2WI were TR 4,000 ms, TE 95 ms, FOV 230 mm
x 230 mm, slice thickness 6.0 mm, interslice gap 1.5 mm,
and matrix 384x284. Diffusion-weighted imaging used the
echo planar-imaging sequence plus frequency selective fat-
suppression technology under the following parameters: TR
3,300 ms, TE 64 ms, layer thickness 6 mm, layer spacing
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<18 years old; no molecular detection
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n=26

Incomplete MRI sequence; the imaging
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is unclear and the artifacts are obvious
n=29

Unable to obtain tumor tissue

Excluded

specimens after surgical
n=24

Patients lost to follow-up

11

n=29

Figure 1 Flowchart of the patient selection process. IDH, isocitrate dehydrogenase; MRI, magnetic resonance imaging.

I mm, FOV 220 mm x 220 mm, and matrix 256x160.
Diftusion gradients (b value =0, 1,000 s/mm’) were applied
in the directions of the x-, y-, and z-axes. Enhanced
scanning was performed using gadolinium-DTPA (Bayer
Schering Pharma AG, Berlin, Germany) as the contrast
agent, which was intravenously administered via a bolus
injection of 0.1 mmol/kg at a flow rate of 3.0 mL/s.

MR image processing and analysis

All MRI studies were reviewed retrospectively and in
consensus by 2 experienced radiologists (with 6 years
of experience). MR images were reviewed for (I) lesion
location (frontal lobe, temporal lobe, parietal lobe,
occipital lobe, and other positions); (II) cyst, necrosis, or
hemorrhage (yes or no); and (III) enhanced T1WTI signal
intensity (none, minimal/mild, marked/avid). According
to the Visually Accessible Rembrandt Images (VASARI)
MRI visual feature guide, the qualitative degree of contrast
enhancement was defined as all or portions of the tumor
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with a significantly higher signal on the postcontrast
T1WI than on precontrast T1W images. Mild or minimal
enhancement indicated was defined as a barely discernable
degree of enhancement relative to precontrast images,
whereas marked or avid enhancement was defined as
obvious tissue enhancement. The exact description can be
found on the National Cancer Institute’s Cancer Imaging
Archive (https://wiki.cancerimagingarchive.Net/display/
Public/VASARI+Research+Project). (IV) Average apparent
diffusion coefficient (ADCmean) and minimum ADC
(ADCmin) were also reviewed on the MR images: the solid
part of the tumor on the ADC map of multiple levels was
selected and manually placed in the region of interest (ROI)
with an area of 20-30 mm’. Subsequently, the average of the
ADCmean and ADCmin values was calculated.

TAM quantitative analysis

One pathologist (with 7 years of experience in pathologic
examination) retrospectively reviewed all tissue specimens
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Figure 2 CD163 immunohistochemical staining of WSI was checked using TissueFAXS Viewer software, and 9 CD163 regions of interest

were randomly segmented on the immunohistochemical images. Positive expression is indicated in brown (scale bar =20 pm). WSI, whole-

slide images.

(140 surgical specimens). All tumor paraffin-embedded
specimens were resliced. Immunohistochemical staining
was conducted using anti-CD163 antibody (1:1,200,
Rosemont, IL, USA) and anti-CD68 antibody (1:200,
MXB Biotechnologies, Fuzhou, China) for macrophage
detection. In hematoxylin staining, the nucleus stained blue,
and positive expression was brown. The TG TissueFAXS
Plus digital pathological analysis system (TissueGnostics,
Wien, Austria) and 3DHIESTECH digital slice scanning
system (3DHISTECH, Budapest, Hungary) were used to
scan CD68 and CD163 with whole-slide images (WSI).
The WSI images were analyzed with TissueFAXS Viewer
and CaseViewer software, and 9 ROIs were randomly
segmented (Figure 2). Microsections were quantitatively
evaluated using Image] software (version Image]2, National
Institutes of Health, Bethesda, MD, USA). The positive
cells were analyzed via the color threshold, and the
respective coverage areas of CD68 and CD163 positive
expression relative to the whole ROI image were calculated
and are expressed as percentages (%). The final positive
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expression of CD68 and CD163 was considered to be the

average of the expression in the 9 ROIs.

Statistical analysis

All statistical analyses were performed with SPSS 26.0 IBM
Corp., Armonk, NY, USA) and GraphPad Prism software
(GraphPad Software, San Diego, CA, USA). All continuous
variables were initially assessed for normality using the
Kolmogorov-Smirnov test. Measurement and count data
are expressed as the mean = standard deviation (mean = SD)
and percentage. Skewed distributed data are represented
as the median (first quartile, third quartile) [M (Q1, Q3)].
Spearman correlation was used for the correlation analysis
between MRI continuous variables and TAMs. The r
value was used to judge the strength of the correlation as
follows: 0.00-0.19, very weak; 0.20-0.39, weak; 0.40-0.59,
moderate; 0.60-0.79, strong; and 0.80-1.0, very strong (29).
Groups were compared using a 7-test. Differences in

variables between groups were evaluated with the Mann-
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Table 1 Correlation between Gb CD68+ macrophage infiltration and clinical and MRI features

Characteristic Total (N=140) CD68 (%) r P
Gender 0.718 0.474
Male 82 (58.57) 6.84 (2.83, 14.72)
Female 58 (41.43) 9.32 (4.42,14.22)
Age (year) 52.84x11.44 7.39 (3.21, 14.33) 0.230 0.006*
Ki-67 (%) 40.00 (30.00, 50.00) 7.39 (3.21, 14.33) -0.137 0.106
Lateralization of tumor 0.136 0.873
Left 68 (48.57) 7.17 (2.95, 14.55)
Right 59 (42.14) 8.85 (4.35, 14.38)
Bilateral 13 (9.29) 6.73 (3.93, 12.54)
Major location of the tumor 2.559 0.041*
Frontal lobe 46 (32.86) 6.46 (2.42, 12.85)
Temporal lobe 61 (43.57) 9.46 (5.68, 17.17)
Parietal lobe 10(7.14) 4.86 (2.70, 9.21)
Occipital lobe 15 (10.71) 6.54 (3.69, 14.17)
Other 8 (5.71) 4.42 (2.13, 9.26)
Necrosis/cystic 0.122 0.903
Yes 125 (89.29) 7.39 (3.41,17.26)
No 15(10.71) 11.30 (2.70, 17.26)
Hemorrhage -1.502 0.135
Yes 38 (27.14) 10.20 (4.46, 16.35)
No 102 (72.86) 6.78 (3.08, 13.87)
Degree of enhancement 4.228 0.017*
None 8 (5.71) 2.06 (0.55, 6.46)
Mild/minimal 24 (17.14) 4.72 (1.08, 10.53)
Marked/avid 108 (77.14) 9.25 (4.66, 14.97)
ADCmean (SD) (x10° mm?®/s) 886.63+107.60 7.39 (3.21, 14.33) 0.070 0.414
ADCmin (SD) (x107° mm?/s) 788.09+116.62 7.39 (3.21, 14.33) 0.081 0.344

Data are shown as n (%) or mean + SD or median (Q,, Q). *, P<0.05, P values are statistically significant. Gb, glioblastoma; MRI, magnetic
resonance imaging; ADC, apparent diffusion coefficient; SD, standard deviation.

Whitney test and Kruskal-Wallis test for nonnormally

distributed data. Statistical significance was set at as a 2-sided

P value <0.05.

Results

Patient demographics

The mean age of the 140 patients included in the study was
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52 years, with 82 male and 58 female patients included. The
mean values of CD68+ and CD163+ macrophage infiltration
were 7.39% and 14.98%, respectively. In the correlation
analysis, there was an obvious correlation between CD163+
TAMs and CD68+ TAMs (r=0.497; P=0.000). Age was
correlated with the infiltration of CD163+ (r=0.172,
P=0.042) and CD68+ (r=0.230, P=0.006) macrophages, and
the cell proliferation index Ki-67 was negatively correlated
with CD163+ TAMs. Tables 1,2 present the correlation
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Table 2 Correlation between Gb CD163+ macrophage infiltration and clinical and MRI features

Characteristic Total (N=140) CD163 (%) r P
Gender -0.556 0.579
Male 82 (58.57) 15.32+8.95
Female 58 (41.43) 14.50+8.23
Age (year) 52.84+11.44 14.98+8.64 0.172 0.042*
Ki-67 (%) 40.00 (30.00, 50.00) 14.98+8.64 -0.177 0.036*
Lateralization of tumor 1.670 0.192

Left 68 (48.57)
Right 59 (42.14)
Bilateral 13 (9.29)

Major location of the tumor

Frontal lobe 46 (32.86)

Temporal lobe 61 (43.57)

Parietal lobe 10 (7.14)

Occipital lobe 15 (10.71)

Other 8 (5.71)
Necrosis/cystic

Yes 125 (89.29)

No 15 (10.71)
Hemorrhage

Yes 38 (27.14)

No 102 (72.86)
Degree of enhancement

None 8 (5.71)

Mild/minimal 24 (17.14)

Marked/avid 108 (77.14)

ADCmean (SD) (x107° mm?/s) 886.63+107.60

ADCmin (SD) (x10°mm?%s) 788.09+116.62

11.57 (6.69, 21.80)
17.47 (10.30, 22.47)
11.32 (4.93, 19.88)
4.079 0.004*
10.84 (6.32, 20.88)
18.58 (11.54, 23.51)
11.45 (7.84, 25.23)
12.58 (10.81, 18.24)
5.14 (2.24, 9.74)
-1.419 0.158
15.17 (9.37, 22.35)
5.98 (2.75, 19.67)
-1.035 0.303
17.08 (10.44, 2301)
13.17 (7.19, 21.34)
1.557 0.214
10.71 (3.72, 15.95)
13.45 (6.50, 20.02)
15.49 (8.88, 22.79)
14.98+8.64 0.208 0.014*
14.98+8.64 0.134 0.115

Data are shown as n (%) or mean + SD or median (Q,, Q). *, P<0.05, P values are statistically significant. Gb, glioblastoma; MRI, magnetic
resonance imaging; ADC, apparent diffusion coefficient; SD, standard deviation.

between Gb macrophage infiltration and the clinical and
MRI features.

Relationship between TAM infiltration and Gb survival

The median OS of the patient population in our study
was 11 months. According to the outcome and OS of
the patients at the end of follow-up, survival curves were

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

drawn using the Kaplan-Meier method. CD68+ TAMs and
CD163+ TAMs were classified into high and low expression
with the critical values of 14.80% and 18.30%, respectively.
The survival rate of patients with high expression of
CD68+ TAMS and CD163+ TAMS decreased rapidly,
the mortality was fast, and the survival time was relatively
short; moreover, the high expression of CD68+ TAMs and
CD163+ TAM:s was negatively correlated with OS (P=0.002
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Figure 3 X-Tile software was used to determine correlations between macrophage expression and survival time. The image color represents

the correlation intensity of each partition from low (dark/black) to high (bright green/red). Green represents a direct correlation, and red

represents a reverse correlation between expression level and characteristic survival rate. (A) The best cutoff value of CD68+ TAMs was
14.80%. The relationship between high and low CD68+ TAM expression and survival time is shown (P=0.002). (B) The best cutoff value of
CD163+ TAMs was 18.30%. The relationship between high and low CD163+ TAM expression and survival time is shown (P=0.001). TAMs,

tumor-associated macrophages.

and P=0.001, respectively; Figure 3).

Macrophage infiltration was associated with MRI
characteristics of Gb

We divided the main locations of the tumor into frontal
lobe, temporal lobe, parietal lobe, occipital lobe, and other
parts and discovered a difference in macrophage infiltration
between different tumor locations. Tumors in the temporal
lobe had the highest CD163+ macrophage and CD68+
macrophage infiltration (18.58% and 9.46%, respectively).
ADCmean was significantly correlated with CD163+
macrophage infiltration (r=0.208; P=0.014); the CD163
immunohistochemical images of Gb, correlation scatter
plot, and boxplots are shown in Figure 4. The infiltration of
CD68+ macrophages differed significantly between groups

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

with different degrees of tumor enhancement (H =4.228;
P=0.017). The CD68 immunohistochemical images of Gb,
the scatter plot of the correlation between age and CD68+
TAMs, and the boxplots of CD68+ TAMs according to
degree of enhancement and TERT status are shown in
Figure 5. Figure 6 presents illustrative examples of MR
images enhancement.

Correlation between macropbage infiltration and
molecular status of Gb

There were significant differences in CD68+ TAMs
and CD163+ TAMs between wild-type and mutant
TERT (P=0.004 and P=0.031, respectively). The median
proportions of CD163+ and CD68+ macrophage infiltration
in patients with TERT-mutant Gb were 15.75% and
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Figure 4 CD163 immunohistochemical staining and correlation between CD163+ expression and clinical imaging features. (A) CD163

immunohistochemical whole-slide images of Gb tissue samples. (B) The 400x image of the region of interest of CD163 (scale bar =50 pm).

(C) The 400x magnification pseudo-color image of the region of interest of CD163 (scale bar =50 pm). (D) Scatter plot showing the
association of age with CD163+ TAM:s. (E) Scatter plot showing the association of ADCmean with CD163+ TAMs. (F) Boxplot showing the
differences in CD163+ TAMs between the mutant-type and wild-type TERT groups. TAMs, tumor-associated macrophages; ADCmean,

average apparent diffusion coefficient; TERT, telomerase reverse transcriptase.

10.89%, respectively. The median proportions of CD163+
and CD68+ macrophage infiltration in patients with
wild-type TERT were 11.24% and 5.21%, respectively.
Differences in macrophage infiltration between groups are
shown in Tuble 3.

Discussion

This study investigated the association of Gb MRI features
with TAM infiltration in the tumor microenvironment and
attempted to predict Gb macrophage infiltration using
MRI features. TAMs and M2-TAMs were labelled as CD68
and CD163, respectively. The results revealed that age,
tumor enhancement degree, major location of the tumor,
ADC value, and TERT status were correlated with TAM
infiltration.

Immunohistochemistry was used to detect and visualize
tissue proteins for patient stratification (30). In this study, to
quantify macrophages in the tumor microenvironment, we
used immunohistochemical panmacrophage marker CD68
and M2 macrophage marker CD163 to analyze TAMs

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

and M2-TAMs, respectively (31). CD163 is a membrane
protein and a well-known marker for identifying monocytes
or macrophages (32,33). In Gb, CD163+ TAMs are a
promising immunotherapy target (34). In our exploratory
study, we selected the 9 microscopic fields to ensure
representative coverage of the overall tumor macrophage
quantification; the median value of CD163-positive cells
in Gb was approximately 14.98%, and the median value of
CD68+ cells was 7.39%. In the correlation analysis, there
was an obvious correlation between CD163+ TAMs and
CD68+ TAMs (r=0.497; P=0.000).

In the survival analysis, CD163+ TAMs and CD68+
TAMs were classified into high and low expression, and
their critical values were 18.30% and 14.80%, respectively.
Significant differences in TAM expression were observed
on the survival curve (CD163+: P=0.001; CD68+ TAM:s:
P=0.002). The high expression of TAMs indicated a
short survival time in patients with Gb. In the study of
Idoate Gastearena et al. (35), the median value of CD163+
TAMs was 10.48%. Based on this cutoff value, there was
a negative correlation between CD163+ TAM infiltration
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Figure 5 CD68 immunohistochemical staining and correlation between CD163+ expression and clinical imaging features. (A) CD68

immunohistochemical whole-slide images of Gb tissue samples. (B) The 400x magnification image of the region of interest of CD68 (scale

bar =50 pm). (C) The 400x magnification pseudo-color image of the region of interest of CD68 (scale bar =50 pm). (D) Scatter plot showing

the association of age with CD68+ TAMs. (E) Boxplot showing the differences in CD68+ TAMs between groups with different degrees

of tumor enhancement. (F) Boxplot showing the differences in CD68+ TAMs between the mutant-type and wild-type TERT groups.

Gb, glioblastoma; TAMs, tumor-associated macrophages; ADCmean, average apparent diffusion coefficient; TERT, telomerase reverse

transcriptase.

and OS. Another study based on a large samples from
the Chinese Glioma Genome Atlas (CGGA) and The
Cancer Genome Atlas (TCGA) datasets confirmed
that patients with Gb with higher expression of CD68+
TAMs had a significantly shorter survival time and that
CD68-targeted therapy could improve the prognosis
of patients with Gbs (23). Other TAM markers, such
as high expression of CD204, are associated with poor
prognosis, and these markers increase as the degree of
malignancy of gliomas increases and contribute to the
formation of the precancerous microenvironment (33).
The expression of allograft inflammatory factor 1 (IBA-1)
is related to a longer survival time in patients with
glioma (36,37). CD206 is one of the 3 targets of positron
emission tomography tracers for the specific expression
of M2 phenotypic macrophages (CD206, CD163, and
arginase) (38). Its expression level is significantly increased
in grade I-IV gliomas. Moreover, progression-free survival
and OS in patients with high expression of CD206 were
found to be significantly lower than those in patients with
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a low expression of CD206 (39). Therefore, our study
and other recent studies agree that high levels of TAM
infiltration can distinguish patients with Gb with poor
prognosis (31,40). This further supports the necessity of
evaluating the level of TAM infiltration using noninvasive
imaging indicators.

Many studies have focused on multiple grades of glioma
and demonstrated that the infiltration of tumor immune
cells in the tumor immune microenvironment increases
with the grade (41). For instance, the higher the tumor
grade in brain tumors, the higher the TAM concentration,
which is associated with poor prognosis (42). Our study
on IDH wild-type Gb according to the latest WHO
classification, showed that the expression of CD68+ and
CD163+ cells was positively correlated with the age at Gb
diagnosis; that is, the older the age at Gb diagnosis, the
higher the level of macrophage infiltration. Additionally,
more than 60% of gliomas occur in the supratentorial
area, including the frontal, temporal, parietal, and occipital
lobes. Studies have shown that different brain regions
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Figure 6 Examples of magnetic resonance images with different degrees of enhancement of Gb. (A-C) TIWI. (D-F) Contrast-enhanced
TIWIL (A,D) No enhancement. (B,E) Mild or minimal enhancement. (C,F) Marked or avid enhancement. Gb, glioblastoma; T1WI, T'1-
weighted imaging.

Table 3 Macrophage infiltration associations with molecular features of Gb

CD68 (%) CD163 (%)
Characteristic Total (N=140)
Value r P Value r P
P53 -2.209 0.029* -1.263 0.209
Positive 84 (60.00) 9.44 (4.69, 14.74) 15.73+9.01
Negative 56 (40.00) 5.82 (1.67,11.92) 13.85+7.99
MGMT methylation -0.974 0.332 -1.260 0.210
Positive 70 (50.00) 10.03 (3.17, 14.63) 15.90+8.61
Negative 70 (50.00) 7.04 (3.21, 13.14) 14.06+8.62
TERT -2.969 0.004* -2.201 0.031*
Mutant 90 (64.29) 10.89 (4.70, 14.71) 15.75 (10.62, 22.47)
Wild 50 (35.71) 5.21 (1.42, 9.39) 11.24 (4.38, 20.99)

Data are shown as n (%) or mean + SD or median (Q;, Q). *, P<0.05, P values are statistically significant. Gb, glioblastoma; MGMT, O6-
methyl-guanine DNA methyl-transferase; TERT, telomerase reverse transcriptase.
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have different susceptibilities to Gb progression (43). Our
study revealed that Gbs growing in the temporal lobe had
the highest macrophage infiltration, whereas Gbs located
in the frontal lobes had low macrophage infiltration; the
median proportion of CD68+ TAM:s in the temporal lobe
was 9.46%, and that of CD163+ TAMs was 18.58%. The
level of macrophage infiltration in different cerebral lobes
showed a certain difference. This conclusion is in agreement
with that of Schulze Heuling ez 4/. (44), who reported that
frontal glioma tumors had higher numbers of tumor cells
than did the tumors in other brain lobes, indicating that
the microenvironment of frontal gliomas contains relatively
fewer macrophages. According to these results, we can
speculate that Gb in the temporal lobe is more malignant,
the prognosis may be worse, and the tumor should be
removed as completely as possible during surgery. We also
analyzed the TAM infiltration in tumors with different P53,
MGMT, and TERT statuses. Patients with TERT-mutant
Gb had higher TAMs infiltration. Therefore, patients with
IDH wild-type Gb and mutant-TERT Gb might have a
worse prognosis than may those with wild-type TERT
Gb (45), and this conclusion is further confirmed by the
highly invasive nature of TAMs.

Imaging features are macroscopic manifestations of
tumor biological heterogeneity, and combining imaging and
molecular features can improve prognosis prediction. We
believe that it is necessary to explore biomarkers to monitor
the immune properties of the tumor microenvironment
based with noninvasive imaging methods. In recent years,
only a few studies have used MRI to characterize the tumor
microenvironment (46). One of these studies was based
on MRI features, including tumor margins (regular or
irregular), cystic component, radiation necrosis, peritumoral
edema, multifocality, and hemorrhage, illustrating that
conventional MRI features can predict TAM content
in different Gb molecular subtypes (47). A recent study
reported the correlation between structural MRI features
and the ratio of recruited macrophages and resident
microglia, with their results suggesting that the infiltration
of blood-borne macrophages has an effect on some of the
MRI parameters of Gb (48).

Considering that the ADC value represents the cell
density, we quantitatively analyzed the ADCmean and the
ADCmin values based on the ADC map and discovered
that ADCmean was positively correlated with macrophage
infiltration, indicating that the higher the macrophage
infiltration is, the higher the ADC value. This is consistent
with the notion that water diffusion is restricted at high
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tumor cell ratios, suggesting that the tumor immune
environment affects ADC values. An earlier study
showed that CD68+ TAM infiltration is closely related to
neovascularization in gliomas (49). Aghighi er a/. further
confirmed that enhanced MRI signals were related to
the presence of CD68+ TAMs and CD163+ TAMs (22).
Moreover, in our study, the expression of CD68+ TAMs on
contrast-enhanced T1WI varied according to the degree of
enhancement (H =4. 228; P=0.017). Given the correlation
between preoperative MRI features and macrophage
infiltration in the tumor microenvironment, the detection
of these MRI parameters may be an effective tool for
characterizing the tumor microenvironment.

Other advanced technologies such as nanoparticle MRI
can be used to track macrophages and assess immune
responses in cancer (22). MR susceptibility imaging has
potential as a noninvasive method for quantifying and
phenotyping TAMs, with gradient echo relaxation (R2%)
measurements correlating with both CD68 and CD86+ cell
counts (50). Preoperative radiomics signatures reflect the
tumor microenvironment, and related research suggests
that a radiomics prediction model based on preoperative
T2WI-MRI can assess tumor-infiltrating macrophages
in patients with glioma (51). These results support the
possibility of characterizing the heterogeneity of the Gb
microenvironment based on advanced MRI techniques
and radiomics methods. However, these methods require
further research and confirmation.

This study had several limitations. First, our sample
size was relatively small. Second, our study was based on
conventional MRI features. However, conventional MRI
features remain clinically available and reproducible. Finally,
our results only showed the correlation between imaging
features and the level of TAM infiltration. On the basis of
this study, the next stage of our research will be focused on
the use of MRI radiomics for predicting TAM infiltration.

Conclusions

In this preliminary study, we used CD68 and CD163
to label Gb panmacrophage infiltration and M2-type
macrophage infiltration, respectively, with the aim
of determining the association between preoperative
conventional MRI features and TAMs. We discovered that
age, location of the tumor, degree of enhancement, ADC
value, and TERT status were associated with macrophage
infiltration. Our findings may serve as an informative
reference for characterizing the tumor microenvironment
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in patients with Gb and may further assist in the survival
stratification and prognosis prediction of these patients.
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