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Mutant-allele tumor heterogeneity in malignant
glioma effectively predicts neoplastic recurrence
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Abstract. Intra-tumor heterogeneity (ITH) is one of the most
important causes of therapy resistance, which eventually
leads to the poor outcomes observed in patients with glioma.
Mutant-allele tumor heterogeneity (MATH) values are based
on whole-exon sequencing and precisely reflect genetic ITH.
However, the significance of MATH values in predicting
glioma recurrence remains unclear. Information of patients
with glioma was obtained from The Cancer Genome Atlas
database. The present study calculated the MATH value for
each patient, analyzed the distributions of MATH values
in different subtypes and investigated the rates of clinical
recurrence in patients with different MATH values. Gene
enrichment and Cox regression analyses were performed to
determine which factors influenced recurrence. A nomogram
table was established to predict 1-, 2- and 5-year recurrence
probabilities. MATH values were increased in patients with
glioma with the wild-type isocitrate dehydrogenase (NADP®)
(IDH)1/2 (IDH-wt) gene (P=0.001) and glioblastoma (GBM,;
P=0.001). MATH values were negatively associated with the
2- and 5-year recurrence-free survival (RFS) rates in patients
with glioma, particularly in the IDH1/2-wt and GBM cohorts
(P=0.001 and P=0.017, respectively). Furthermore, glioma
cases with different MATH levels had distinct patterns of gene
mutation frequencies and gene expression enrichment. Finally,
a nomogram table that contained MATH values could be used
to accurately predict the probabilities of the 1-, 2- and 5-year

Correspondence to: Professor Liang Yi or Professor Minhui
Xu, Department of Neurosurgery, Daping Hospital and Institute
Research of Surgery, Army Medical University, 10 Changjiangzhi
Road, Daping, Yuzhong, Chongqing 400042, P.R. China

E-mail: yiliangeq@126.com

E-mail: minhuixu66@aliyun.com

Abbreviations: GBM, glioblastoma; ITH, intra-tumor heterogeneity;
LGG, low grade glioma; MATH, mutant-allele tumor heterogeneity;
REFS, recurrence-free survival

Key words: glioma, intra-tumor heterogeneity,
mutant-allele tumor heterogeneity, prediction

recurrence,

REFS of patients with glioma. In conclusion, the MATH value
of a patient may be an independent predictor that influences
glioma recurrence. The nomogram model presented in the
current study was an appropriate method to predict 1-, 2- and
5-year RFS probabilities in patients with glioma.

Introduction

Glioma is the most common primary malignant tumor in
the central nervous system (1). Despite surgery and radio-
therapy, chemotherapy and targeted therapy, the majority of
malignant gliomas still recur (2,3), which is primarily due
to chemo-radiotherapy resistance (4). Previous studies have
demonstrated that intra-tumor heterogeneity (ITH) is the main
cause underlying resistance to current therapy methods and,
ultimately, glioma recurrence (5-8).

ITH was first described by Rudolf Virchow in the
1800s (9), which involved genetic heterogeneity. Subsequently,
Peter Nowell put forward the theory of ‘Clonal Evolution
of Tumor Cell Populations’ in 1976 (10). Nowell noted that
natural selection gives rise to tumor subclones and that ITH
is a basis for tumor evolution (10). With the development
of DNA sequencing technology, an increasing number of
studies (11,12) support this hypothesis. Several studies have
analyzed ITH at multiple loci in tumors or by using single cell
sequencing (13,14). However, it would be difficult to implement
these methods in large-scale analyses of clinical samples.

Mutant-allele tumor heterogeneity (MATH) values are
indicators of gene mutation dispersion that were developed by
Mroz and Rocco (15). These values are based on whole-exome
sequencing (WES) of tumor tissues. Sub-clonal mutations and
copy-number aberrations can influence MATH values (15).
Importantly, ITH can be quantified by comparing the fraction
of tumor gene mutations to that of normal gene mutations, as
has been reported in head and neck (16), rectal (17), breast (18),
and lung cancer (19).

The present study calculated MATH values of low grade
glioma (LGG) and glioblastoma (GBM) samples using
data from The Cancer Genome Atlas (TCGA) database.
Subsequently, the distributions of MATH values in different
glioma subtypes were analyzed. Furthermore, the results of
gene expression enrichment analysis in cohorts with different
MATH levels were reported. Finally, the association between
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MATH levels and glioma recurrence was verified, and a
nomogram table was built to predict the probabilities of glioma
recurrence-free survival (RFS) time.

Materials and methods

Patients and clinical variables. The whole data (LGG
and GBM; obtained from 41 clinical centers) used in the
present study were downloaded from the TCGA database
(https://portal.gdc.cancer.gov; project ID: TCGA-LGG and
TCGA-GBM, downloaded on April 3, 2018). Clinical data
were obtained for 515 patients with LGG and 596 patients with
GBM. WES data were obtained for 508 patients with LGG and
390 patients with GBM. RNA sequencing data were obtained
for 529 patients with LGG and 174 patients with GBM. Cases
of recurrent status with uncertainty, contradiction or lack
of clinical data were excluded. Isocitrate dehydrogenase
(NADP®) (IDH)1/2 gene mutation status was obtained from
the WES data. Recurrence status, recurrence time, histological
type, World Health Organization (WHO) grade (2007 WHO
classification) and clinical information were obtained from the
clinical follow-up data.

Generation of MATH values. MATH values were calculated
according to the method described by Mroz and Rocco (15,16).
The ‘t_ref count’ and ‘t_alt_count’ items in the WES data
were selected. To obtain the MATH value, the mutant-allele
fraction (MAF), median MAF value (nMAF) and median
absolute deviation (MAD) were successively calculated to
obtain the equation: MATH = 100*MAD/mMAF. The afore-
mentioned calculations were performed using R (version 3.5.0);
https://www.r-project.org).

Generation of cut-off values. RFS data and MATH values were
combined using the Euclidean distance of the receiver operating
characteristic (ROC) curve to obtain the cut-off values of the
MATH values. The whole patients were separated into high-
and low-MATH groups. Similarly, the present study obtained
the MATH cut-off values in different subtypes including: The
IDH-mutant (mut), IDH-wild-type (wt), grade II, grade III,
grade IV (GBM), oligodendroglioma, oligo-astrocytoma and
astrocytoma groups. Using these cut-off values, the patients
were divided into high- and low-MATH groups.

Statistical analysis. The Kolmogorov-Smirnov test (test
of normality), unpaired t-test, one-way ANOVA followed
by least significant difference post hoc test, x> test and Cox
regression analysis were performed using SPSS v25.0 (IBM
Corp.). Kaplan-Meier analysis and log-rank tests were carried
out using STATA v15.0 (StataCorp LP). The nomogram and
calibration analyses were performed using R (version 3.5.0).
The discrimination and calibration of the nomogram were
validated by discrimination using ROC curve and calibra-
tion curve analyses, respectively. FunRich (version 3.1.3;
http://funrich.org/download) was used for DNA mutation
enrichment analysis of 460 patients with 13,663 mutations
in the low-MATH group and 427 patients with 15,174 muta-
tions in the high-MATH group, and gene set enrichment
analysis (GSEA; version 3.0; http://software.broadinstitute.
org/gsea/index.jsp) was used for RNA enrichment analysis.
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The y? test was used to compare the DNA mutation rates of
patients with different MATH levels. P<0.05 was considered
to indicate a statistically significant difference.

Results

MATH values in different cohorts of patients with glioma. The
present study screened a total of 757 patients with complete
clinical and total exon sequencing information (Table SI).
The obtained MATH values exhibited a normal distribution
according to the Kolmogorov-Smirnov test (Fig. 1A). Since
the IDH1/2 gene is a vital molecular marker that influences
glioma prognosis (20), the present study first investigated
the association between MATH values and IDH mutation
status. The MATH values were significantly higher in the
IDH-wt glioma group than in the IDH-mut glioma group
(Fig. 1B). As the MATH value reflected the gene ITH, the
results indicated that ITH levels were higher in the IDH-wt
group than in the IDH-mut group. Furthermore, MATH values
were significantly higher in GBM than in oligodendroglioma
and oligo-astrocytoma. However, there was no significant
difference observed in MATH values between the GBM and
astrocytoma groups (P=0.126; Fig. 1C). Finally, MATH values
were positively associated with glioma WHO grade. MATH
values were significantly higher in grade IV glioma than in
grade II and III glioma (Fig. 1D). These data indicated that
among glioma types, GBM had the highest ITH level.

MATH values and the interval to recurrence are negatively
associated.Kaplan-Meier analysis of all patients was performed
and suitable cut-off values were utilized to divide the patients
with glioma into low- and high-MATH groups. The RFS rates
were 43% at 1 year and 17% at 2 years in the high-MATH
group and 56 and 28%, respectively, in the low-MATH group.
Therefore, the RFS rates were higher in the low-MATH group
compared with in the high-MATH group (P=0.001). These
results demonstrated that MATH values were negatively asso-
ciated with the interval to glioma RFS (Fig. 2A).

Patients with glioma with IDH1/2-wt are predicted to have
a poor prognosis (20). However, the present study revealed
that in the IDH1/2-wt cohort, the interval to neoplastic recur-
rence was significantly longer in low-MATH patients than in
high-MATH patients (Fig. 2B). Similarly, although patients
with GBM have been reported to have the shortest interval
to recurrence among all patients with malignant glioma (21),
the present study revealed that prognoses were significantly
improved in patients with GBM with low MATH levels
compared with those with high MATH levels (Fig. 2D). In the
IDH1/2-mut cohort, glioma MATH levels were not observed
to significantly influence the 5-year RFS rate (Fig. 2C).

Gene mutation and expression enrichment in glioma groups
with different MATH levels. The patients were divided into
low- and high-MATH groups according to the cut-off value
shown in Fig. 2A, and then genetic mutations were analyzed in
the two groups. The present study revealed that the mutation
frequency of single genes distinguished the two groups from
each other. It was observed that seven genes [IDHI, tumor
protein p53 (TP53), titin (TTN), ATRX chromatin remodeler
(ATRX), capicua transcriptional repressor, mucin 16 (MUC16)
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Figure 1. MATH values in different glioma subtypes. (A) Distribution of MATH values among all patients with glioma (LGG and GBM). The MATH
values ranged between 5.81 and 90.60, with a mean of 44.61 and a median of 43.28. (B) Boxplot showing the MATH values of patients with different IDH1/2
glioma types. The MATH values found in IDH1/2-wt ranged between 10.12 and 89.15, with a mean of 47.37+16.03. The MATH values found in patients with
IDH1/2-mut ranged between 5.81 and 90.60, with a mean of 41.68+14.70. (C) Boxplot showing the MATH values found in patients with glioma with different
histological classifications. The MATH values in O, OA, A and GBM were 41.39+15.17,42.18+15.26,44.52+14.56 and 46.86+16.13, respectively, and the ranges
were 5.81-90.60, 13.07-77.60, 16.87-83.22 and 10.12-89.15, respectively. (D) Boxplot showing the MATH values obtained for patients with different World
Health Organization grades of glioma. The MATH values obtained in grade II, III and IV were 41.77+15.15, 43.62+14.84 and 46.86+16.13, respectively, and
the ranges were 5.81-90.60, 11.40-83.22 and 10.12-89.15, respectively. Data are presented as the mean + SD. “P<0.05, ““P<0.001. A, astrocytoma; GBM, glio-
blastoma; IDH, isocitrate dehydrogenase (NADP®); LGG, low grade glioma; MATH, mutant-allele tumor heterogeneity; mt, mutant; O, oligodendroglioma;

OA, olio-astrocytoma; wt, wild-type.

and epidermal growth factor receptor (EGFR)] were hyper-
mutated in the low-MATH group (frequency >10%; Fig. 3A),
whereas 13 genes (TTN, TP53, IDH1, MUC16, ATRX, PTEN,
EGFR, obscurin cytoskeletal calmodulin and titin-interacting
RhoGEF, filaggrin, neurofibromin 1, mucin 17, dynein
axonemal heavy chain 3 and LDL receptor related protein 2)
were hypermutated in the high-MATH group (Fig. 3B).
Therefore, six genes (IDHI1, TP53, TTN, ATRX, MUCI16
and EGFR) were hypermutated in the low- and high-MATH
groups. Using a ? test, it was identified that while the differ-
ence in TP53 was not significant (P=0.91), the mutation sample
frequencies of IDH1 and ATRX were significantly lower in the
high-MATH group, whereas the mutation sample frequencies
of TTN, MUCI16 and EGFR were significantly higher in the
high-MATH group (Fig. 3C).

Furthermore, DNA mutation enrichment analysis demon-
strated that enriched and depleted pathways in the high-MATH
group were different from those in the low-MATH group
(Fig. 3D). Finally, GSEA indicated that there were differences
in the expression patterns of the ‘cell adhesion molecules
cams’ (Fig. 3E) and ‘cytokine cytokine receptor interaction’
signaling pathways (Fig. 3F).

Nomogram based on MATH predicts glioma RFS probability.
The present study utilized Cox regression analysis to screen
for key factors associated with glioma recurrence. In univar-
iate Cox regression analysis, race and the mutation status of
the MUCI16 gene had no effect on glioma recurrence. The
results of the multivariate Cox regression analysis suggested
that MATH level, the mutation status of two genes (IDH and
TTN), and four clinical characteristics (age, sex, WHO grade
and histological classification) had a significant influence on
glioma recurrence. However, the mutation status of the other
three genes assessed (TP53, ATRX and EGFR) was not closely
associated with recurrence (Table I).

Based on the results of the multivariate Cox regression
analysis, the present study developed a nomogram table to
predict the probabilities of glioma RFS within 1,2 and 5 years.
The total scores shown in the nomogram table reflect the sum
of all significant factors, and were positively associated with
glioma recurrence (Fig. 4). ROC curve analysis of the nomo-
gram was used to validate the discrimination capability of the
nomogram, and the area under the curve values for 1, 2 and
5 years were 0.876, 0.903 and 0.821, respectively (Fig. SA-C).
Subsequently, a calibration curve was generated to validate
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Figure 2. Kaplan-Meier survival curves for patients with glioma with high and low MATH levels. (A) The 5-year RFS rate in 757 patients with glioma (LGG and
GBM) with high and low MATH levels. Among patients in the low-MATH group, the RES rates were 56% at 2 years and 28% at 5 years, whereas the rates were 43
and 17%, respectively, in the high-MATH group (P=0.001). (B) The 5-year RFS rate in 389 patients with glioma with the IDH-wt subtype and high or low MATH
levels. The Kaplan-Meier estimates revealed RES rates of 18% at 2 years and 4% at 5 years in the low-MATH group compared with respective rates of 8 and <0.001%
in the high-MATH group (P=0.001). (C) The 5-year RFS rates in 368 patients with the IDH-mut subtype and high or low MATH levels. Patients in the low-MATH
group had an RFS rate of 83% at 2 years and 51% at 5 years, whereas the corresponding rates were 80 and 40% in the high-MATH group (P=0.594). (D) The 5-year
RFS rates in 345 patients with GBM with high or low MATH levels. Patients in the low-MATH group had RFS rates of 16% at 2 years and 3% at 5 years, whereas
those in the high-MATH group had rates of 7 and <0.1%, respectively (P=0.017). The log-rank test was used to determine significance. GBM, glioblastoma; IDH,
isocitrate dehydrogenase (NADP™); LGG, low grade glioma; MATH, mutant-allele tumor heterogeneity; mut, mutant; RFS, recurrence-free survival; wt, wild-type.

the calibration of the nomogram table (Fig. SD-F). The trends
indicated by the curve were consistent with the actual RFS
probability curves at 1, 2 and 5 years. Since the patients came
from multiple clinical centers, there was no need for external
validation (22). In addition, discrimination and calibration
analyses revealed good correspondence between the predicted
probabilities of RFS and the actual probabilities within 1,
2 and 5 years. In summary, the nomogram presented in the
current study effectively predicted glioma RFS probabilities.

Discussion

The present study combined LGG and GBM data, and
compared the genetic difference between different MATH
levels of glioma. Firstly, combining LGG and GBM data could
help screen efficient predictors more accurately. LGG data
from TCGA database contains grade II and III glioma, which
has malignant progression. In addition, the majority of LGG
cases may eventually progress to GBM, which is combined

with continuous evolution of gene expression (23). Therefore,
gene expression of each grade of glioma is closely associ-
ated, and it is valuable to analyze the genetic heterogeneity of
glioma throughout the whole evolution process.

The analysis confirmed that ITH is an indicator of poor
prognosis in glioma. Patients with GBM and IDH1/2-wt
glioma had higher MATH levels than the other patients with
glioma. When analyzing mutation genes, both the single gene
mutations and signaling pathways reflected by the mutant
gene sets were different between the high- and low-MATH
groups. In addition, the gene expression enriched signaling
pathways differed between the high- and low-MATH groups.
Furthermore, MATH values were independent predictors of
glioma recurrence (P=0.015). However, histological typing
cannot accurately predict glioma prognosis, since a number
of patients with LGG had an even worse prognosis than
those with GBM (24,25). Additionally, ~15% of patients with
GBM have good prognosis, and >2% of patients with GBM
achieve long term survival (>10 years) (26). In certain cohorts
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Figure 3. Somatic mutation sample frequency pattern analysis and gene set
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enrichment analysis. (A) Mutated genes with higher sample frequency in the

low-MATH group of patients. (B) Mutated genes with higher sample frequency in the high-MATH group of patients. (C) Comparison of six common high
sample frequency mutation genes (IDH1, TP53, TTN, ATRX, MUC16 and EGFR) at different levels in the MATH group. Comparisons were made using the y*
test. (D) Mutated genes enriched in biological pathways with fold-changes >100. Compared with low-MATH glioma, high-MATH glioma exhibited more gene
mutations in the BH3 anti-apoptotic signaling pathway and fewer in the dolichyl phosphate biosynthesis signaling pathway. The gene expression set observed
in the high-MATH group was enriched in (E) ‘cell adhesion molecules cams’ (P=0.030; FDR <0.25) and (F) ‘cytokine cytokine receptor interaction’
signaling pathways (P=0.018; FDR q<0.25). ATRX, ATRX chromatin remodeler; CIC, capicua transcriptional repressor; DNAH3, dynein axonemal heavy

chain 3; EGFR, epidermal growth factor receptor; ES, enrichment score; FDR

, false discovery rate; FLG, filaggrin; IDH1, isocitrate dehydrogenase (NADP®)

1; KEGG, Kyoto Encyclopedia of Genes and Genomes; LRP2, LDL receptor related protein 2; MATH, mutant-allele tumor heterogeneity; MUC16, mucin
16; MUCI17, mucin 17; NF1, neurofibromin 1; OBSCN, obscurin, cytoskeletal calmodulin and titin-interacting RhoGEF; TP53, tumor protein pS3; TTN, titin.

predicted to have a poor prognosis, including the IDH-wt and
GBM groups, MATH levels distinguished patients with a rela-
tively good prognosis. Finally, the present study established
a nomogram model based on MATH values that accurately
predicted glioma recurrence. The present study integrated
the factors and accurately predicted the prognosis of glioma,
provided a novel idea for the classification of glioma and
increased the understanding of malignant glioma in terms of
gene heterogeneity.

The effect of ITH on treatment resistance and the results of
the gene enrichment analysis may explain the poor outcomes
observed in patients with glioma with high MATH levels.
High ITH levels have been found to increase chemoradio-
therapy resistance in glioma (27). In the present study, the
results of the analyses of gene mutation patterns and signaling
pathway enrichment were much more complicated in the
high-MATH group than in the low-MATH group. Glioma
progression conforms to Darwinian theory in that tumors with
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Figure 4. Nomogram prediction table for glioma RFS probability. Each patient can be assigned a point value from the point scale for each factor. The cumula-
tive number of points are identified on the total points bar and used to determine the 1-, 2- and 5-year RFS probabilities. A, astrocytoma; IDH, isocitrate
dehydrogenase (NADP®); MATH, mutant-allele tumor heterogeneity; O, oligodendroglioma; OA, oligo-astrocytoma; RFS, recurrence-free survival; TTN,

titin, WHO, World Health Organization.

a high ITH level possess more tumor subclones (28,29), which
is beneficial for coping with external selective pressure. In
patients receiving chemotherapy drugs or radiation, high ITH
gliomas will have more residual subclones to replace those
that are lost (30,31). Therefore, compared with the low-MATH
group, the high-MATH group tended to have a shorter interval
to recurrence. Additionally, gene enrichment analysis demon-
strated that the gene mutations occurring in patients with high
MATH values were enriched in the ‘BH3 anti-apoptotic’,
‘MAD?2 inhibitory signal’ and ‘glutathione biosynthesis’

signaling pathways, which act to inhibit apoptosis (32), mitotic
catastrophe and radio-chemotherapy resistance (33), respec-
tively (Fig. 3D). In addition, gene expression was enriched
in ‘adhesion molecules’ and ‘cytokine interaction’ signaling
pathways (Fig. 3E and F). These two signaling pathways act
on the tumor microenvironment and provide a driving force
for glioma invasion, migration and growth (34). Therefore,
patients with high MATH values have a genetic and expres-
sion background that indicates a worse prognosis, which is
consistent with the results of the survival analysis.
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Table I. Univariate and multivariate Cox analyses for factors with a significant influence on glioma recurrence.

Univariate analysis

Multivariate analysis

Clinical and molecular factors (n=757) HR 95% C1 P-value HR 95% CI P-value
Age (18-45 years =1, 46-65 years =2, 2.270 1.951-2.641 <0.001 1.011 1.508-1.547 0.011
>65 years =3)

Sex (male =1, female =0) 1.354 1.902-1.679 0006 0.705  0.571-0.888 0.003
Ethnicity (Asian =1, Black or 1.050 0.919-1.198 0474 / / /
African American=2, White =3, Other =4 )

MATH (0-25=1, 25-50=2,50-75=3,75-100=4) 1.307 1.123-1.521 0.001 1.198 1.037-1.410 0.015
WHO grade (G2=2, G3=3, GBM=4) 3.081 2.632-3.607 <0.001 1.478 1.118-1.976 0.006
Histological classification (Oligodendroglioma =1,  2.107 1.876-2.367 <0.001 1.214 1.012-1.473 0.037
Oligoastrocytoma =2, Astrocytoma =3, GBM =4)

IDH1/2 (wild type =0, mutated type =1) 0.172  0.136-0.217 <0.001 0364 0.261-0.561 <0.001
TTN (wild type =0, mutated type =1) 1.340 1.050-1.697 0.018 0.782  0.599-0.992 0.043
MUCI16 (wild type =0, mutated type =1) 1.010 0.724-1.402 0.965 / / /
TP53 (wild type =0, mutated type =1) 0.622 0.501-0.772 <0.001 0.792  0.607-1.011 0.061
ATRX (wild type =0, mutated type =1) 0.499 0.382-0.652 <0.001 1.171 0.802-1.561 0.508
EGFR (wild type =0, mutated type =1) 2.130 1.601-2.834 <0.001 0949  0.686-1.254 0.625

TTN, titin; MUC16, mucin 16; TP53, tumor protein p53; ATRX, ATRX chromatin remodeler; EGFR, epidermal growth factor receptor; GBM,
glioblastoma; HR, hazard ratio; IDH, isocitrate dehydrogenase (NADP®); MATH, mutant-allele tumor heterogeneity; WHO, World Health

Organization.
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Figure 5. Internal validation of the nomogram designed to predict the probability of glioma RFS at 1, 2 and 5 years. ROC curves of the nomogram to predict
the probability of glioma RFS at (A) 1, (B) 2 and (C) 5 years. Calibration curve for predicting the probability of RFS at (D) 1, (E) 2 and (F) 5 years. The grey
line indicates the ideal nomogram RFS line. The vertical bars represent the 95% CI. AUC, area under the curve; RFS, recurrence-free survival; ROC, receiver
operating characteristic.
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In the nomogram, several factors including, MATH level,
gene IDH1/2, gene TTN, age, sex, WHO grade and histo-
logical classification, were indicated to have a substantial
effect on glioma recurrence. Age has been identified as an
independent prognostic factor in high-grade glioma (35),
and elderly patients with glioma exhibit abnormal repair
functions, resulting in gene mutations and impaired DNA
metabolic functions. Therefore, compared with young
patients with glioma, older patients are more likely to have
higher tumor ITH levels. In addition, elderly patients tend to
choose palliative surgery and low-dose chemo-radiotherapy
treatment to avoid severe complications (36), and residual
glioma cells can resist chemoradiotherapy by increasing their
DNA mutation rate, which may also increase the ITH level
in glioma (30). Furthermore, prognoses in glioma are worse
in female patients than in male patients (37). However, in
the present study, ITH levels were not significantly different
between male and female patients with glioma (data not
shown). Additionally, while IDH1/2 mutation status, WHO
grade and histological classification are generally considered
to influence glioma prognosis, the present study revealed that
patients with IDH1/2-wt glioma, GBM and WHO grade IV
all have high MATH levels.

The mutation status of the TTN gene was strongly associ-
ated with glioma recurrence. The TTN gene encodes the titin
protein, which performs nucleic acid- and protein-binding
functions, and is involved in dilated cardiomyopathy and
cardiac conduction disease (38). A recent study demonstrated
that TTN serves a role in overgrowth-associated signaling
pathways in PTEN-wildtype Bannayan-Riley-Ruvalcaba
syndrome (39). Although, to the best of our knowledge, no
studies have yet investigated the association between TTN and
tumors, data from the TCGA database revealed that the TTN
gene has a high frequency of mutation in a number of tumors,
including lung (724 cases), skin (379 cases), uterus (282 cases),
stomach (274 cases), colon (264 cases) and breast (291 cases)
tumors (https://portal.gdc.cancer.gov).

In the present study, the mutation status of the TP53, PTEN,
EGFR and ATRX genes was not associated with glioma recur-
rence. Although these were identified to be significant in the
univariate Cox regression analysis, the multivariate Cox regres-
sion analysis revealed no association with glioma recurrence.
These results suggest that numerous confounding factors can
interfere with Cox regression analyses. For example, a number
of studies have demonstrated that TP53 mutations are signifi-
cantly associated with short survival times in patients with
glioma (40-44). However, not all mutations in TP53 result in a
loss in gene transcription; patients with TP53 mutant glioma that
retain transcriptional activity exhibit longer survival times (45).

Several refinements must be taken into account in future
studies. First, the data used to calculate the MATH values were
obtained from a single location in tumor tissues deposited in the
TCGA database, and an increasing number of studies confirm
that the gene mutations found in different locations within
various tumor regions are heterogeneous (46,47). Therefore,
whether the MATH values found in a single location in a
tumor are representative of the state of the whole tumor should
be further investigated by multiple locus sequencing. In addi-
tion, MATH values do not comprehensively describe glioma
ITH, which results from epigenetic regulation and the tumor
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microenvironment and needs to be analyzed using advanced
methods.

In conclusion, the present study quantified ITH according
to MATH values and extended the knowledge concerning the
association between ITH and glioma recurrence. Additionally,
the present study provided a novel MATH-containing
nomogram model that accurately predicted glioma RFS
probabilities.
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