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Abstract

Background: There is no consensus regarding the clinical target volume (CTV) margins in radiotherapy for glioma.
In this study, we aimed to perform a complete macropathologic analysis examining microscopic tumor extension
(ME) to more accurately define the CTV in glioma.

Methods: Thirty-eight supra-total resection specimens of glioma patients were examined on histologic sections.
The ME distance, defined as the maximum linear distance from the tumor border to the invasive tumor cells, was
measured at each section. We defined the CTV based on the relationships between ME distance and
clinicopathologic features.

Results: Between February 2016 and July 2020, a total of 814 slides were examined, corresponding to 162 slides for
low-grade glioma (LGG) and 652 slides for high-grade glioma (HGG). The ME value was 0.69 + 043 cm for LGG and
129 + 054 cm for HGG (P < 0.001). After multivariate analysis, tumor grade, O°-methylguanine-DNA-methyltransferase
promoter methylated status (MGMT,,), isocitrate dehydrogenase wild-type status (IDH,,,), and 1p/19q non-co-deleted
status (non-codel) were positively correlated with ME distance (all P < 0.05). We defined the CTV of glioma based on
tumor grade. To take into account approximately 95% of the ME, a margin of 1.00 cm, 1.50 cm, and 2.00 cm were
chosen for grade I, grade lll, and grade IV glioma, respectively. Paired analysis of molecularly defined patients
confirmed that tumors that had all three molecular alterations (i.e., MGMT,/IDH,,/non-codel) were the most
aggressive subgroups (all P < 0.05). For these patients, the margin could be up to 1.50 cm, 2.00 cm, and 2.50 cm for
grade Il, grade Ill, and grade IV glioma, respectively, to cover the subclinical lesions in 95% of cases.

Conclusions: The ME was different between the grades of gliomas. It may be reasonable to recommend 1.00 cm, 1.50
cm, and 2.00 cm CTV margins for grade II, grade Ill, and grade IV glioma, respectively. Considering the highly aggressive
nature of MGMT,/IDH,,/non-codel tumors, for these patients, the margin could be further expanded by 0.5 cm. These
recommendations would encompass microscopic disease extension in 95% of cases.

Trial registration: The trial was registered with Chinese Clinical Trial Registry (ChiCTR2100049376).
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Background

Glioma, the most common malignant primary brain
tumor in adults, is highly aggressive and associated with
a poor prognosis [1]. Surgery is the first choice for the
treatment of glioma. However, due to the diffusely infil-
trating characteristics of glioma, the majority of patients
do not benefit from surgery. In the past 20 years,
technological developments in radiotherapy have made
it a feasible option for maintaining good disease cover-
age and decreasing destruction to normal tissues. How-
ever, the optimal treatment volume for glioma remains a
controversial issue. How far to extend the clinical target
volume (CTV) beyond the gross tumor volume (GTV) is
largely empiric and mainly left to the discretion of the
physician [2]. The European Organisation for Research
and Treatment of Cancer adopts a 2 cm volumetric ex-
pansion of the GTV to generate the CTV [3]. This is
based on imaging data stating that more than 80% of re-
currences occur within a 2 cm margin of the contrast-
enhanced lesion on magnetic resonance (MR) imaging
[4, 5]. The Radiation Therapy Oncology Group defines
CTV as the residual tumor and resection cavity plus
peritumoral brain edema (PTBE) enclosed by 2-2.5 cm
margin [6], considering that findings have demonstrated
high rates of glioma cells at PTBE areas [7, 8]. In the up-
dated Version 1.2021 National Comprehensive Cancer
Network (NCCN) guidelines, the CTV includes the vis-
ible lesion plus 1-2 cm margin [9]. Whether these arbi-
trary CTV margins are excessive or inadequate remains
uncertain. The delineation of CTV in glioma must take
into account the potential for microscopic extension
(ME). Unfortunately, histopathology studies addressing
the distribution of microscopic disease around glioma
are sparse [7, 8, 10].

Therefore, the aim of this study was to quantitatively
evaluate the ME of glioma from histologic investigations
to define the appropriate CTV margins as precisely as pos-
sible. We also analyzed the association of ME with any
particular clinicopathologic factors, including age, gender,
tumor grade, tumor size, PTBE size, tumor location, O°-
methylguanine-DNA-methyltransferase (MGMT) pro-
moter methylation status, isocitrate dehydrogenase (IDH)
mutation, and the co-deletion of chromosome arms 1p
and 19q (1p/19q co-deletion), which would allow the
CTV to be optimally adapted to individual situations.

Methods

Patients

In general, to meet the basic requirements of the linear
regression model, the sample size (n) should be greater
than 30, or n > 3(k + 1), where k is the number of inde-
pendent variables [11]. The preset number of independ-
ent variables in this study is 9 (k = 9), and the sample
size n should be > 30. Therefore, we sought an enrolled
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sample size of 30, and finally, 42 glioma patients treated
at Shandong Cancer Hospital or the First Affiliated Hos-
pital of Shandong First Medical University between Feb-
ruary 2016 and July 2020 were recruited. The inclusion
criteria were as follows: (a) patients aged 18 years or
older, (b) preoperative Karnofsky Performance Status
(KPS) = 80, (c) tumor growth in non-functional areas,
and (d) tumor location allowing supra-total resection
and resection margins 2 cm and 3 cm from the tumor
border (defined as the enhancing border of the tumor
on T1-weighted MR imaging; for non-enhancing gli-
omas, tumor border was defined as the border of the
hyperintensity signal seen on T2-weighted MR imaging).
The exclusion criteria were as follows: (a) a history of a
previous brain tumor, cranial surgery, radiotherapy,
chemotherapy, or contraindication for MR imaging and
(b) multifocal lesions. Intraoperative neuromonitoring
and neuronavigation were performed to ensure safety
and maximize the extent of intracranial tumor resection.
The 2016 World Health Organization was used for post-
operative grading [12]. This study was approved by two
institutional review boards. Written informed consent
was obtained from all participants.

Preoperative MR image acquisition

Conventional gadolinium-enhanced T1-weighted (T1..), T2-
weighted (T2,), and T2-fluid attenuated inversion recovery
(T2 ar) images were acquired in all patients before surgery.
Acquisitions were performed using a 3T whole-body system
(Philips Achieva 3.0T) with an 8-channel head coil. The MR
scanning images were obtained parallel to the orbitomeatal
line (OML). Imaging sequences included (a) T1. (repetition
time/echo time [TR/TE] = 495/10 ms, slice thickness/gap =
3 mm/0 mm, number of signal averaged [NSA] = 1, field of
view [FOV] = 260 mm x 260 mm, matrix = 256 x 256); (b)
T2,, (TR/TE = 13312/110 ms, slice thickness/gap = 3 mm/0
mm, NSA = 1, FOV = 260 mm x 260 mm, matrix = 416 x
416); and (c) T2 Ak (TR/TE = 11000/120 ms, slice thick-
ness/gap=3 mm/0 mm, NSA = 1, FOV = 260 mm x 260
mm, matrix = 320 x 320). MR imagings were analyzed and
judged by two senior radiologists (ZQ.C. and PP.S.). In en-
hancing gliomas, the tumor-containing zone was defined as
the area of increased signal intensity on T1., image. In non-
enhancing gliomas, the tumor-containing zone was defined
as the area of the FLAIR hyperintensity signal seen on the
T2,, image. For all patients, the radiological tumor size was
determined as the longest axis of the tumor in all three direc-
tions, measured by a radiologist (PP.S.) blinded with respect
to the macroscopic tumor sizes.

Sampling of tumor specimens

The process for large slice preparation was performed as
described previously [13]. During surgery, the orientation
of the excision specimen was marked with different
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alphabet tags (Fig. 1a). Meanwhile, the plane of the OML
was marked on the specimen. Then, the specimen was
fixed in 10% formalin for > 24 h. The macroscopic tumor
size, both before and after fixation, was recorded to deter-
mine the area retraction due to fixation (Fig. 1b, ¢ and
Additional file 1: Table S1). Next, referring to the pre-
operative MR imaging (Fig. 1d, e), the edges of the
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specimen were inked with different colors to indicate the
original orientation of the specimen in the brain (Fig. 1f).
We distinguished three directions: anterior-posterior,
skull-falx, and cranio-caudal. Depending on the position
of the tumor with respect to the brain, the skull-falx direc-
tion corresponds to the left-right direction in the patient.
Subsequently, the plane of the OML was perpendicular to

Fig. 1 a—j Pathology procedure. First, the specimen was collected from surgery (a) and fixed in formalin. The dimensions of the specimen, both

MR Macroscopic Histologic
imaging slices slices

before and after fixation were recorded to determine the area retraction (b, ). Then, referring to the MR imaging (d, e), the edges of the specimen
were inked with different colors to indicate the original orientation in the brain (f). Subsequently, the specimens were sectioned into 3 mm thick slices
(g, h), which ensured that each specimen slice matched the MR slice (i). Finally, sections were embedded in paraffin and cut into 5 um thick sections,
which were stained with H&E and antibodies for immunohistochemistry (j). k Representative example of ME measurement. Left: Image of the slide
without magnification. The tumor border was outlined in black. Right: Magnified H&E view (x40) shows invasive tumor cells (blue arrow) outside the
primary tumor border. The red line represents the size of the microscopic tumor extension. A, anterior; P, posterior; S, skull; F, falx; L, left; R, right; CR,
cranial; CA, caudal; T, tumor; B, tumor border
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the table. The specimens were sectioned consecutively
from the cranial side to the caudal side in 3 mm thick
slices using a macrotome (Microm HM 450; GMI, Ram-
sey, Minnesota, USA) (Fig. 1g, h), which ensured that each
specimen slice matched the MR imaging slice (Fig. 1i). Fi-
nally, sections were embedded in paraffin and cut into
5 pm thick sections, which were stained with hematoxylin
and eosin (H&E) and subjected to immunohistochemistry
to remark white matter (WM) fiber tracts (Fig. 1j). The
following primary antibody was used: a mouse monoclo-
nal antibody against S-100 (S1-61; Santa Cruz, California,
USA; 1:100 dilution). An EnVision + System-HRP labeled
polymer anti-mouse (Dako, California, USA) was used as
the secondary antibody. Furthermore, molecular testing
was performed in every patient. The details of the testing
performed are included in the Additional file 2. Briefly,
the methylation status of the MGMT promoter and the
mutation of the IDH were identified using DNA pyro-
sequencing. Deletion of chromosomal arms 1p and 19q
was tested by use of fluorescence in- situ hybridization.

Assessment of microscopic spread

To avoid interobserver variations, the same pathologist
(J].S.) assessed the specimens and identified microscopic
evidence of ME. First, the H&E sections were scanned by
a confocal microscope (LSM800 with Airyscan 2; Carl
Zeiss, Oberkochen, Germany). Considering the shrinkage
of the surgical specimen, each scanning slide was correct
through its corresponding scaling parameters (Additional
file 1: Table S1). Then, on histologic slides, the tumor
border and PTBE border were assessed with the naked eye
(without magnification) and marked on its digitized ver-
sion. The histologic tumor size and PTBE size, defined as
the longest axis of the tumor and PTBE on slides, was also
measured and recorded. Subsequently, we used a magnifi-
cation of 10x to 40x, to search for glioma cells outside the
tumor border. Invasive glioma cells were identified by
means of their nuclear atypia, heteropyknotic staining,
and elongated and hyperchromatic tumor nuclei [13]. Fi-
nally, we measured the ME distance relative to the edge of
the invasive tumor bulk at each section. The ME was de-
fined as the maximum linear distance from the tumor
border to the farthest extent of the invasive tumor cells.
An example of ME measured in a primary tumor is shown
in Fig. 1k. A single investigator (DB.M.) performed all
measurements. Furthermore, the mode of tumor exten-
sion was assessed according to the terms described by
Louis et al. [14], classified according to four main types:
(a) direct extension; (b) perineural spread, i.e., glioma cells
grow along WM tracts; (c) subpial spread, i.e., tumor cells
spread along pia mater; and (d) perivascular spread, de-
fined by the presence of free tumor cells migrating along
the basement membranes of blood vessels (Fig. 2).
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Statistical analysis

The difference between two groups was compared using
the Student’s t-test, Fisher's exact test or Chi-squared test,
as appropriate. Analysis of variance was used to investigate
differences between groups numbering more than two.
Post hoc analysis was used for pairwise comparisons. The
relationship of radiologic size with macroscopic size and
histology size was evaluated by Spearman’s rank correl-
ation. Univariate and multivariate linear regression models
were performed to determine independent factors associ-
ated with ME distance. To avoid multicollinearity, vari-
ance inflation factors for the variables were < 5. Statistical
analyses were performed using SPSS Statistical software
version 22.0 (IBM Armonk, New York, USA), and statis-
tical significance was set at P < 0.05.

Results

Patient characteristics

Thirty-eight patients who met the eligibility criteria for
this study were analyzed. The other four patients were
eliminated either because the specimen was not well-
fixed (n = 1) or not intact (n = 3). No patients experi-
enced surgery-related complications. The clinical and
pathological characteristics of the patients are displayed
in Table 1. The patients included 21 men and 17
women, with a mean age of 48.5 years (range, 20-63
years). Imaging analysis showed that 8 patients had non-
enhancing tumors (all had low-grade gliomas [LGG]),
and 30 patients had enhancing tumors (all had high-
grade gliomas [HGG]). HGG had a significantly larger
PTBE size than LGG (mean + standard deviation [SD],
2.22 + 0.54 cm vs. 1.00 + 0.45 cm, P < 0.001). In total,
162 slides of LGG derived from 8 grade II gliomas and
652 slides of HGG derived from 17 grade III gliomas
and 13 grade IV gliomas were examined.

Radio-histologic correlations

The histologic specimens of glioma were almost identical to
their radiologic images in morphology. Further analysis re-
vealed that the radiologic tumor size was smaller than its
macroscopic size (mean + SD, 3.59 + 1.37 ¢cm vs. 3.79 +
1.33 cm, P < 0.001), but slightly larger than its histologic size
(3.59 + 1.37 cm vs. 3.56 = 1.29 cm, P = 0.655). On MR im-
aging, the radiologic size of LGG was 2.95 + 1.01 ¢cm and of
HGG was 3.76 + 142 cm. HGG was larger than LGG, but
the difference was not statistically significant (P = 0.140).
This difference was also found on macroscopic and histo-
logic measurements (Table 2). However, the most important
finding was that comparative analysis of these three mea-
surements revealed a significant correlation between radio-
logic tumor size and macroscopic tumor size (r = 0.968, P <
0.001) and histology tumor size (r = 0.961, P < 0.001) (Fig.
3). This was also found for enhancing and non-enhancing
gliomas (all P < 0.001) (Additional file 3: Fig. S1). These
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=== Invasive area
= PTBE border
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Perivascular spread

Fig. 2 Pathology slices showing the invasive mode of gliomas of different grades. a LGG. b HGG. The red circles, yellow stars, brown squares, and green triangles
represent direct extension, perineural spread, subpial spread, and perivascular spread, respectively. The black line delineates the tumor border, delimited by the
naked eye, while the blue line delineates the PTBE border. The purple dotted line delineates the invasive area

.
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Table 1 Patient characteristics

Characteristic LGG HGG Total px*

n (%) n (%) n (%)

Patients 8 @21 30 (79) 38 (100)

Slides* 162 (20) 652 (80) 814 (100)

Age (years) 0.056
Mean (SD) 42 (7.52) 50.23 (11.07) 485 (10.87)
Median (IQR) 41 (38-48.75) 54 (46.75-56.25) 50.5 (44.5-55)

Gender 0.709
Male 5 (63) 16 (53) 21 (55)
Female 3 (38) 14 (47) 17 (45)

Tumor grade < 0.001
Grade I 8 (100) 0 (0) 8 (1)
Grade Il 0 (0) 17 (57) 17 (45)
Grade IV 0 ) 13 (43) 13 (34)

Histologic tumor size (cm) 0.126
Mean (SD) 294 (1.03) 3.72 (1.31) 3.56 (1.29)
Median (IQR) 276 (2.27-3.65) 3.96 (269-4.72) 365 (243-4.67)

Histologic PTBE size (cm) < 0.001
Mean (SD) 1.00 (0.45) 2.22 (0.54) 1.96 (0.72)
Median (IQR) 1.15 (0.48-1.35) 212 (1.84-2.86) 2.00 (145-2.43)

Contrast enhancement < 0.001
Yes 0 (0) 30 (100) 30 (79)
No 8 (100) 0 ©) 8 (@)

Lesion site 0.860
Frontal lobe 5 (63) 16 (53) 21 (55)
Temporal lobe 2 (25) 1" (37) 13 (34)
Occipital lobe 1 (13) 3 (10) 4 an

MGMT methylation status 0426
Unmethylated 5 (63) 12 (40) 17 (45)
Methylated 3 (38) 18 (60) 21 (55)

IDH mutation 0.698
Mutated 4 (50) 12 (40) 16 (42)
Wild type 4 (50) 18 (60) 22 (58)

1p/19q co-deletion 0.689
Co-deleted 2 (25) 11 (37) 13 (34)
Non-co-deleted 6 (75) 19 (63) 25 (66)

Abbreviation: LGG low-grade glioma; HGG high-grade glioma; SD standard deviation; IQR interquartile range; PTBE peritumoral brain edema; MGMT O°-
methylguanine-DNA-methyltransferase; IDH isocitrate dehydrogenase; 1p/19q co-deletion, the co-deletion of chromosome arms 1p and 19q

*Number of slides presenting this criterion
**P value according to the Student’s t-test or Fisher's exact test

findings demonstrated that it was reasonable to delineate
the GTV of the glioma in the MR images.

Microscopic tumor extension

The mean ME distance was 1.17 cm (range, 0 to 2.80
cm). We observed a significant difference in ME be-
tween LGG and HGG (P < 0.001), with a mean of 0.69

cm (range, 0 to 1.80 cm) for LGG, and 1.29 cm (range: 0
to 2.80 cm) for HGG. Further analysis showed that grade
IV gliomas had a significantly higher ME than grade III
and grade II tumors (mean + SD, 1.59 + 0.67 cm vs.1.06 +
0.51 cm vs. 0.69 + 0.37 c¢m, all P < 0.001). Analysis of the
ME distribution confirmed the difference between the
three histologic types (Tables 3, 4, and 5). Figure 4 presents
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Table 2 Measurement of radiologic, macroscopic, and
histologic tumor dimensions for the same samples

Mean (cm) SD Range (cm) P*
Radiologic size
LGG 2.95 1.01 1.86-4.78 0.140
HGG 3.76 142 1.02-6.85
Macroscopic size 0.120
LGG 3.14 1.05 1.83-5.01
HGG 397 135 1.73-6.74
Histologic size 0.126
LGG 2.94 1.03 145-4.74
HGG 372 1.31 1.56-6.28

Abbreviation: SD, standard deviation; LGG, low-grade glioma; HGG,
high-grade glioma
*P value according to the Student’s t-test

ME frequency tables classified by increments of 0.25 cm
together. Furthermore, we found that MGMT unmethy-
lated tumors had a significantly lower ME than their
methylated counterparts (1.07 + 0.66 cm vs. 1.24 + 0.61
cm, P < 0.001). In contrast, IDH wild-type tumors had a
higher ME than IDH mutated tumors (1.32 + 0.65 cm
vs. 0.93 £ 0.55 c¢cm, P < 0.001). Tumors with 1p/19q
non-co-deletion had a higher ME than those with 1p/
19q co-deletion (1.24 + 0.68 cm vs. 1.02 + 0.50 cm, P <
0.001) (Additional file 4: Fig. S2). In paired analysis, tu-
mors that had all three alterations (i.e., MGMT methyl-
ated plus IDH wild-type plus 1p/19q non-co-deleted
[MGMT,,/IDH,,/non-codel]) showed a significantly
higher ME than the other counterparts (all P < 0.05)
(Additional file 5: Fig. S3).

Figure 2 and Additional file 6: Table S2 show the inva-
sion mode between different grades of gliomas. Direct
extension (68%) was the most frequent pattern observed
for all groups, followed by perineural spread (12%) and
subpial growth (11%). Furthermore, compared with
LGG, more HGG tumor cells infiltrated through peri-
neural dissemination (13% vs. 4%, P = 0.001) and subpial
growth (13% vs. 5%, P = 0.006).

PTBE PTBE infiltration was found in 76% (615/814) of
slides, corresponding to 106 slides for LGG, and 509
slides for HGG. Compared with LGG, PTBE infiltration
was associated with more HGG (78% vs. 65%, P =
0.001). However, further analysis showed that the major-
ity of PTBE infiltration occurred only at the margin of
the primary tumor (Fig. 2a), and the extent of ME was
much smaller than the PTBE size (mean * SD, 1.52 +
0.34 cm vs. 241 * 0.52 cm, P < 0.001). In contrast,
tumor cell infiltration extended beyond the PTBE area
in 34% (277/814) of slides, including 73 slides for LGG,
and 204 slides for HGG. In the brain parenchyma, out-
side PTBE infiltration occurred when tumor cells
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migrated along WM tracts and pia mater (Fig. 2b). Lin-
ear regression analysis revealed no significant relation-
ship between ME distance and PTBE size (P = 0.122)
(Table 6).

Definition of optimal CTV margins in glioma The de-
tailed results of univariate and multivariate analyses are
displayed in Table 6. Clinical factors associated with the
ME distance included tumor grade, MGMT methylation
status, IDH mutation, and 1p/19q co-deletion (all P <
0.05). In multivariate analysis, each factor remained sig-
nificantly and independently associated with ME dis-
tance, with tumor grade having the largest 3-coefficient
(0.822). Therefore, we defined the CTV of glioma based
on grade. Using an approximately 95% probability to
cover the ME, a margin for grade II gliomas corre-
sponded to 1.00 cm, whereas for grade III and IV gli-
omas, this margin was 1.50 cm and 2.00 cm, respectively
(Tables 3, 4, and 5 and Fig. 5). Considering the highly
aggressive nature of MGMT,,,/IDH,,/non-codel tumors,
we performed a subgroup analysis of this subtype of
tumor. The analysis results are shown in Additional file
7: Table S3 and Fig. S4. For these types of tumors, we
suggested that the margin could be up to 1.50 cm,
2.00 cm, and 2.50 cm for grade II, grade III, and grade
IV glioma, respectively, to fully cover the subclinical le-
sions in 95% of cases.

Discussion

Microscopic tumor extension is regarded as the “gold
standard” to accurately define the CTV for radiotherapy.
A quantitative pathologic evaluation of subclinical inva-
sion from the primary lesion into surrounding tissues
for planning external beam radiotherapy has been per-
formed in some tumor sites, including cervix carcinoma,
breast cancer, hepatocellular carcinoma, thyroid cancer,
and lung cancer [15-19]. However, to date, there are
minimal data available for glioma [7, 10], which has re-
sulted in the lack of uniform guidelines to guide CTV
delineation in glioma, and each radiotherapy center var-
ies greatly [2, 3, 6, 9].

To our knowledge, this is the first prospective study to
analyze the macropathology of glioma and to quantify
ME beyond identifiable GTV margins. To validate our
methodology, we first examined the relationship be-
tween pathologic findings and imaging findings. We
demonstrated that the radiologic tumor size measured
on preoperative MR imaging was closely related to its
macroscopic size and histologic size, delimited by the
naked eye. This was also found for both enhancing and
non-enhancing gliomas. This suggests that the tumor
border defined on MR imaging is only the gross tumor
boundary, which does not represent the true boundary
of tumor extension. This is consistent with the findings
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Fig. 3 a Correlation between radiologic tumor size measured on MR
imaging and macroscopic tumor size on all samples. b Correlation
between radiologic tumor size measured on MR imaging and
histologic tumor size on all samples

of previous studies [20, 21]. This result provides useful
evidence for the delineation of the GTV of glioma based
on MR imaging. In terms of ME of tumors, the present
study determined that ME was heterogeneously distrib-
uted in different glioma individuals, which is related to
tumor grade and MGMT methylation, IDH mutation,
and 1p/19q co-deletion status. It is noteworthy that
tumor grade was the most important factor that had a
significant impact on ME distance. In our study, HGG
showed more extensive infiltration of the normal brain
than LGG, which may be related to the stronger prolifer-
ation activity and greater invasiveness of HGG tumor
cells [22, 23]. We defined the CTV of glioma based on
tumor grade. It may be reasonable to recommend 1.00
cm, 1.50 c¢cm, and 2.00 cm CTV margins for grade II,
grade III, and grade IV glioma, respectively, to cover the
subclinical lesions in 95% of cases.
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Table 3 ME distribution for grade Il glioma

ME (cm) No. Cumulative No. % Cumulative %
0.00 16 16 9.88 9.88
0.10 5 21 3.09 12.96
0.20 6 27 3.70 1667
040 6 33 3.70 20.37
0.50 11 44 6.79 27.16
0.60 17 61 1049 37.65
0.70 30 91 1852 56.17
0.80 19 110 11.73 67.90
0.90 12 122 741 7531
1.00 32 154 19.75 95.06
130 1 155 062 95.68
1.50 4 159 247 98.15
1.70 2 161 123 99.38
1.80 1 162 0.62 100

Abbreviation: ME microscopic extension; No. number of slides

MGMT promoter methylation status is associated with
the recurrence pattern of glioma. Two previous studies
[24, 25] reported that patients with MGMT methylated
glioblastomas have a higher tendency to develop distant
recurrence than those without methylation. These find-
ings were supported by the results of our study, in which
MGMT methylation showed increased tumor migration
and invasion than unmethylated tumors. These data may
explain why distant failure was more frequent in

Table 4 ME distribution for grade Il glioma

ME (cm) No. Cumulative No. % Cumulative %
0.00 45 45 12.10 12.10
0.20 4 49 1.08 13.17
0.30 2 51 0.54 13.71
0.50 12 63 3.23 16.94
0.70 10 73 269 19.62
0.80 27 100 726 26.38
0.90 18 118 4.84 31.72
1.00 36 154 9.68 4140
1.20 47 201 12.63 5403
1.30 37 238 9.95 63.98
1.40 57 295 1532 79.30
1.50 59 354 15.86 95.16
1.60 5 359 1.34 96.51
1.70 5 364 1.34 97.85
1.90 4 368 1.08 98.92
2.00 1 369 0.27 99.19
2.10 1 370 0.27 99.46
230 2 372 0.54 100

Abbreviation: ME microscopic extension; No. number of slides
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Table 5 ME distribution for grade IV glioma

ME (cm) No. Cumulative No. % Cumulative %
0.00 38 38 13.57 13.57
1.00 2 40 0.71 14.29
1.20 3 43 1.07 15.36
1.30 1 44 0.36 15.71
140 4 48 143 17.14
1.50 14 62 5 22.14
1.60 13 75 4.64 26.79
1.70 21 96 7.5 34.29
1.80 62 158 2214 5643
1.90 77 235 27.5 83.93
2.00 31 266 11.07 95
2.20 4 270 143 9643
2.30 3 273 1.07 97.5
2.50 1 274 0.36 97.86
260 4 278 143 99.29
2.70 1 279 0.36 99.64
2.80 1 280 0.36 100

Abbreviation: ME microscopic extension; No. number of slides
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methylated tumors than in unmethylated tumors. More-
over, we observed that IDH wild-type tumors contribute
to more aggressive infiltration than their mutated coun-
terparts, leading to extensive ME. The NCCN guidelines
recommend radiotherapy dose escalation for IDH wild-
type gliomas, as these patients have a more aggressive
course of disease [9]. Our results support the evidence of
the guidelines from a histopathological perspective. Inter-
estingly, the present study also showed that 1p/19q non-
co-deleted tumors had a higher ME extension than those
with co-deleted, which has not been described before. Fu-
ture studies could use bioassays to assess invasive propen-
sity to explain these results. In order to find the most
aggressive molecular combination, we defined eight
groups with the use of the above molecular markers (Add-
itional file 5: Fig. S3). Finally, tumors that had all three
molecular alterations (i.e, MGMT,,/IDH,,,/non-codel)
were proved to be the most aggressive subtype. For these
types of tumors, we suggested that the margin reach 1.50
cm, 2.00 cm, and 2.50 cm for grade II, grade III, and grade
IV glioma, respectively, to cover 95% of the ME.

In this series, no correlation was found between ME and
tumor size in glioma, which is consistent with the study
focusing on the extent of ME in hepatocellular carcinoma
[17]. These correlations of ME distance with the histo-
pathological features of the tumor and not the tumor size

Table 6 Variables associated with ME distance in univariate and multivariate linear regression model

Variables Univariate analysis Multivariate analysis
B (95% ClI) P value B (95% ClI) P value VIF
Age (years) 0.004 (—-0.014 to 0.021) 0.652
Gender
Male/female 0.150 (—0.225 to 0.526) 0421
Tumor grade
LGG/HGG 0.884 (0.532-1.236) < 0.001 0.822 (0.584-1.060) < 0.001 1.078
Histologic tumor size (cm) 0.092 (—0.053 to 0.237) 0.208
Histologic PTBE size (cm) 0.199 (—0.056 to 0.454) 0.122
Tumor location
Frontal lobe Ref. Ref.
Temporal lobe —0.133 (-0.528 t0 0.261) 0497
Occipital lobe —0.388 (—0.987 t0 0.212) 0.198
Molecular markers
MGMT methylation status
Unmethylated/Methylated 0.456 (0.110-0.802) 0011 0.259 (0.066-0.453) 0.010 1.060
IDH mutation
Mutated/wild type 0617 (0.298-0.936) < 0.001 0.391 (0.168-0.613) 0.001 1.382
1p/19q co-deletion
Co-deleted/non-co-deleted 0472 (0.109-0.836) 0.012 0.300 (0.066-0.534) 0.013 1412

Abbreviation: ME microscopic extension; f regression coefficient; C/ confidence interval; VIF variance inflation factor; LGG low-grade glioma; HGG high-grade
glioma; PTBE peritumoral brain edema; MGMT O°-methylguanine-DNA-methyltransferase; IDH isocitrate dehydrogenase; 1p/19q co-deletion the co-deletion of
chromosome arms 1p and 19q



Nie et al. BMC Medicine

(2021) 19:269

Number of slides

Grade II glioma
58

31 32
27
== L Bl g

(on

Number of slides

[0.00,0.25) [0.25,0.50) [0.50,0.75) [0.75,1.00) [1.00,1.25) [1.25,1.50) [1.50,1.75) [1.75,2.00)
Microscopic extension (cm)

Grade III glioma

49 45
22
2 a2 2

Number of slides
Q
<

] 38
i |L| '_L|

0.00,0.25)[0.25,0.50) [0.50,0.75) [0.75,1.00) [1.00,1.25) [1.25,1.50) [1.50,1.75) [1.75,2.00) [2.00,2.25) [2.25,2.50)

Microscopic extension (cm)

139 Grade IV glioma

48

|_|,L.|L| 1

10.00,0.25) [1.00,1.25) [1.25,1.50) [1.50,1.75) [1.75,2.00) [2.00,2.25) [2.25.2.50) |2.50,2.75) [2.75,3.00)

Microscopic extension (cm)

Fig. 4 Microscopic extension distribution in different grades of

gliomas.

a Grade Il gliomas; b Grade lll gliomas; ¢ Grade IV gliomas

1001

95

90+

80

Cumulative percent (%)

70

v T T T 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00

Microscopic extension (cm)

-o— Grade Il glioma -=- Grade III glioma - Grade IV glioma

Fig. 5 Cumulative percentage of the sample as a function of the
extent of microscopic extension by tumor grade

Page 10 of 13

imply that ME may be related to the biological character-
istics and aggressiveness of the primary tumor [17].

PTBE is a frequently encountered phenomenon in gli-
oma and is considered significantly associated with the
clinical outcome of patients [26, 27]. However, due to the
unknown relationship of the invasive extent of tumor cells
with PTBE, the necessity of irradiating PTBE in radiother-
apy remains controversial. In our study, the ME of glioma
and PTBE did not show a correlation. We found a large
number of aggressive tumor cells in the PTBE area, which
is consistent with the results from previous histological
studies [7, 8]. However, the majority of PTBE infiltration
occurred only at the margin of the primary tumor. We did
not find that the wider the edema area was, the wider the
range of glioma cell infiltration. In contrast, the extent of
ME was much smaller than that of PTBE zone. Further-
more, in 34% of slices, outside PTBE infiltration occurred
when tumor cells migrated along WM fiber tracts and pia
mater. Therefore, we think that radiotherapy including
PTBE was unreasonable.

Tumor invasion is a complex process that depends on
the interactions between tumor cells and peripheral normal
tissue [28]. In our study, glioma cells followed two main
pathways to invade adjacent tissue. Direct extension is the
main pathway of extension of tumor cells to adjacent sites.
This infiltration mode accounted for a large proportion of
both LGG and HGG. The second pathway is local metasta-
ses. In the brain parenchyma, this extension occurs along
WM tracts, pia mater, and basement membranes of blood
vessels. Although this pathway accounts for a small per-
centage, it is noteworthy that perineural spread was found
to be effectively associated with a greater value of ME in
previous study [28]. The existence of WM tracts allows
rapid migration of tumor cells well beyond the peripheral
region of the primary tumor [28]. Detailed pathologic stud-
ies have shown selective infiltration by tumor cells along
the neural tracts rather than isotropic infiltration (Fig. 2b).
ME is not uniform in all dimensions, which results in aniso-
tropic changes at the edge of the CTV. Diffusion tensor im-
aging (DTI) is widely used to visualize WM tracts and can
be used as a noninvasive imaging method to assess peritu-
moral involvement in WM tracts [29-31]. Future studies
can combine DTI with macropathology to perform individ-
ualized target volume delineation.

However, a few limitations in our study should be
mentioned. First, the presented strategies to define the
CTV margins are based on an analysis of 38 patients,
which was a relatively small population. In order to val-
idate the efficacy and safety of the CTV margin deter-
mined based on ME (CTVyg), we performed a
retrospectively study (Additional file 8). Although the
outcome of patients is improved with the use of CTV g
radiotherapy compared to non-CTVy radiotherapy, the
difference was not statistically significant. But the results
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should be interpreted with care. Retrospective study
might have been influenced by unrecognized biases. Our
analyses were not controlled for confounding factors.
Some factors, such as the molecular status, preoperative
KPS, treatment regimens, extent of resection, etc., may
exist and require further analysis. Therefore, future pro-
spective studies are necessary to evaluate the CTVyg
performance for radiotherapy. Second, the slides of spec-
imens were only representative of two dimensional sec-
tions of the resected tumor, which may not truly
illustrate the ME in three dimensions. Some ME mea-
surements may have been slightly underestimated.
Third, the CTV defined in the present study is only the
isotropic margin. As the present study and Unkelbach
et al. [32] found, in some patients, the anisotropy of gli-
oma extent is not determined by a single margin value.
Future studies should combine DTI with macropathol-
ogy to help with the design of individualize margins.

Conclusions

It was reasonable to delineate GTV based on MR imaging.
The GTV of glioma should include the surgical cavity (if
present) plus any residual enhancing tumor on T1., MR
imaging (in non-enhancing gliomas, consideration may be
given to include T2p Az abnormality in the GTV), with-
out inclusion of PTBE. In terms of CTV, the ME of glioma
is related to tumor grade and MGMT methylation, IDH
mutation and 1p/19q co-deletion status. According to the
histopathologic results of our ME investigation, it is rea-
sonable to recommend 1.00 cm, 1.50 ¢m, and 2.00 cm
CTV margins for grade II, grade III, and grade IV glioma,
respectively. Considering the highly aggressive MGMT,,/
IDH,,/non-codel tumors, for these patients, the margin
could be further expanded by 0.5 cm. These recommenda-
tions would adequately cover microscopic disease exten-
sion in 95% of cases. Future work will focus on combined
imaging and pathology to help with the design of individu-
alized target volume margins.
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