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Background: High tumor mutational burden (TMB) is an emerging biomarker of sensitivity to immune
checkpoint inhibitors. In this study, we aimed to determine the value of magnetic resonance (MR)-based
preoperative nomogram in predicting TMB status in lower-grade glioma (LGG) patients.

Methods: Overall survival (OS) data were derived from The Cancer Genome Atlas (TCGA) and then
analyzed by using the Kaplan-Meier method and time-dependent receiver operating characteristic (tdROC)
analysis. The magnetic resonance imaging (MRI) data of 168 subjects obtained from The Cancer Imaging
Archive (T'CIA) were retrospectively analyzed. The correlation was explored by univariate and multivariate
regression analyses. Finally, we performed tenfold cross validation. TMB values were retrieved from the
supplementary information of a previously published article.

Results: The high TMB subtype was associated with the shortest median OS (high vs. low: 50.9 wvs.
95.6 months, P<0.05). The tdROC for the high-TMB tumors was 74% (95% CI: 61-86%) for survival at
12 months, and 71% (95% CI: 60-82%) for survival at 24 months. Multivariate logistic regression analysis
confirmed that three risk factors [extranodular growth: odds ratio (OR): 8.367, 95% CI: 3.153-22.199,
P<0.01; length-width ratio > median: OR: 1.947, 95% CI: 1.025-3.697, P<0.05; frontal lobe: OR: 0.455, 95%
CI: 0.229-0.903, P<0.05] were significant independent predictors of high-TMB tumors. The nomogram
showed good calibration and discrimination. This model had an area under the curve (AUC) of 0.736 (95%
CI: 0.655-0.817). Decision curve analysis (DCA) demonstrated that the nomogram was clinically useful. The
average accuracy of the tenfold cross validation was 71.6% for high-TMB tumors.

Conclusions: Our results indicated that a distinct OS disadvantage was associated with the high TMB
group. In addition, extranodular growth, nonfrontal lobe tumors and length-width ratio > median can be

conveniently used to facilitate the prediction of high-TMB tumors.
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Introduction

Lower-grade gliomas (LGGs) are a heterogeneous group
of primary glial brain tumors with highly variable overall
survival (OS) (1-3). The management of LGG (WHO grade
IT and IIT) is still controversial because LGG is molecularly
distinct. Patients with similar clinical features may have
diverse outcomes (4,5). However, the clinical significance
of some newer biomarkers discovered by genomic studies
has not been fully investigated (6,7). Intratumor genetic
heterogeneity plays a pivotal role in driving disease
progression and therapeutic resistance in LGG (8,9).
Intratumor heterogeneity has been linked to metastatic
potential and is likely to be an important prognostic feature
of human cancer.

While treating cancer with immunotherapy can be
highly effective, only some patients respond to these
treatments (10,11). Given the promise that these agents
have demonstrated in the treatment of refractory disease
and the durable responses that occur in some patients,
there is great interest in identifying the patients who are
most likely to benefit from these therapies. One emerging
biomarker for the response to anti-programmed cell
death protein 1 (PD-1) therapy is tumor mutational
burden (TMB). TMB, the total number of somatic coding
mutations in a tumor, is emerging as a promising biomarker
for immunotherapy response in cancer patients (12,13).
High TMB is an emerging biomarker of sensitivity to
immune checkpoint inhibitors and has been shown to be
more significantly associated with the response to PD-1
inhibitors and programmed death-ligand 1 (PD-L1)
blockade immunotherapy than PD-1 or PD-L1 expression,
as measured by immunohistochemistry (IHC) (14,15).

From diagnostics to prognosis to response prediction,
new applications for radiogenomics are rapidly being
developed (16-18). Radiogenomics aims to correlate
radiological features with gene mutations, gene expression
patterns, and other genome-related features and is designed
to capture the intrinsic tumor heterogeneity and facilitate a
deeper understanding of tumor biology (18,19). However,
no study has investigated the associations among TMB,
magnetic resonance imaging (MRI) features and OS in
LGG. In this study, we used TMB to measure heterogeneity
and investigated its correlation with MRI features and

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

survival outcomes.

Methods
Patients

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). All patient data
was acquired from the published The Cancer Genome Atlas
LGG (TCGA-LGG) project and within this publication
it is stated “Specimens were obtained from patients, with
appropriate consent from institutional review boards”
(http://cancergenome.nih.gov/). The publicly available
clinical data used in this study were released by TCGA.
For each patient, the determination of age, laterality,
gender, race category, method of sample procurement, first
presenting symptom, seizure, neoplasm histologic grade and
histological type were based on file “nationwidechildrens.
org_clinical_patient_lgg” downloaded from https://tcga-
data.nci.nih.gov/tcga/dataAccessMatrix.htm. For the subset
of the LGG patients from TCGA, the MR exams were
made available by The Cancer Imaging Archive (T'CIA)
(https://wiki.cancerimagingarchive.net/). All adult patients
with LGG were retrospectively reviewed. Patients were
only included if they met all of the following inclusion
criteria: (I) LGG was confirmed by histopathology; (II)
patients underwent MRI (T'CIA); and (III) TMB values
were available (TCGA). The TMB value of each patient
was derived from previously published articles (20). A total
of 168 patients (60 with high-TMB gliomas and 108 with
low-TMB gliomas) fit the inclusion criteria.

Radiologist review of the MR image features

By referring to previous studies (21-23) the following
20 qualitative imaging descriptors were evaluated: (I)
volume (<60 cm’ versus >60 cm’); (I) multifocality (no
versus yes); (III) intratumoral hemorrhage (no versus
yes); (IV) enhancing margin (well defined margin versus
poorly-defined margin); (V) necrosis (no versus yes); (VI)
proportion contrast-enhanced (CE) tumor (<5% versus
>5%); (VII) subventricular zone (SVZ) involvement (no
versus yes): the tumors located in close contact with the
SV7Z are classified as SVZ +, while the tumors located
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Figure 1 Illustration of ten-fold cross validation.

distantly from the SVZ are classified as SVZ —; (VIII)
multilobar lesions (no versus yes); (IX) extranodular growth
(no versus yes); (X) T1 + C/T2 mismatch (no versus yes);
(XI) depth (< median or > median); (XII) width (< median
or > median); (XIII) length (< median or > median); (XIV)
volume (< median or > median); (XV) length (< median or >
median); (XVI) the shortest distance between the edge of the
lateral and the tumor centroid (CS) (<30 mm or >30 mm);
(XVII) length-width ratio (< median or > median); (XVIII)
length-depth ratio (< median or > median); (XIX) width-
depth ratio (< median or > median); (XX) location (frontal
lobe versus other).

The readers independently made their classifications
based on the MR images, and in cases of disagreement, a
consensus was reached after discussion. Both evaluators
were blinded to patient’s data. The interobserver and
intraobserver reproducibility of LGG MR features has been
reported in our previous work (24).

Statistical analysis

The patients were divided into low and high TMB groups
according to previously published articles. The OS data of
each patient were derived from the TCGA. The relationship
between intratumor genetic heterogeneity and OS was
assessed using Kaplan-Meier analysis and time-dependent
receiver operating characteristic (tdROC) analysis (R
package). The correlations between TMB and MRI features
were explored. A univariate analysis of variables was carried
out using the chi-square test (or Fisher’s exact test as
appropriate). Binary logistic regression analyses (version

23.0; SPSS Company, Chicago, IL, USA) were performed
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to identify independent factors of intratumoral genetic
heterogeneity (high-TMB group or low-TMB group). The
estimated odds ratio (OR) was reported. Two-sided P<0.05
indicated a significant difference. The discrimination
of the models was assessed. It was measured using the
receiver operating characteristic curve and summarized by
the area under the curve (AUC). An AUC of 1.0 indicates
perfect concordance, whereas an AUC of 0.5 indicates no
relationship. Finally, we performed tenfold cross validation
(Figure I).

Results

Of the 271 patients from the TCGA, 94 had high-TMB
gliomas and 177 had low-TMB gliomas. High TBM-
subtype was associated with shortest median OS (high vs.
low: 50.9 vs. 95.6 months, P<0.05). OS were assessed using
Kaplan-Meier analysis and tdROC analysis. Kaplan-Meier
analysis (Figure 2A) indicated that there was a significant
difference in OS between the high TMB tumors and
low TMB tumors. The tdROC (Figure 2B) for the high
TMB tumors was 0.74 (95% CI: 0.61-0.86) for survival at
12 months, and 0.71 (95% CI: 0.60-0.82) for survival at
24 months.

Of the 168 patients from the TCIA, 60 had high-
TMB gliomas and 108 had low-TMB gliomas. The
relations of selected patient clinical characteristics and
MR characteristics to TMB groups are shown in Tables
1,2. Correlation matrix (Figure 3) yielded distinct groups
of TMB status and qualitative MRI features of LGG. In
univariate analysis, degree of enhancement, proportion CE
tumor, extranodular growth, T'1 + C/T2 mismatch, location,
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Figure 2 OS were assessed using Kaplan-Meier analysis (A). The tdROC (B, dotted dash lines: 95% CI) for the high TMB tumors was 0.74
(95% CI: 0.61-0.86) for survival at 12 months, and 0.71 (95% CI: 0.60-0.82) for survival at 24 months. TMB, tumor mutational burden;

AUC, area under the curve; OS, overall survival; tdROC, time-dependent receiver operating characteristic.

Table 1 Clinical characteristics of the LGG sample set according to TMB status

TMB group
Characteristics Total (n=168) 1t P
TMB low TMB high

Histological type, no. (%) 1.978 0.372
Oligodendroglioma 69 (41.82) 46 (42.59) 23 (40.35)
Astrocytoma 56 (33.94) 33 (30.56) 23 (40.35)
Oligoastrocytoma 40 (24.24) 29 (26.85) 11 (19.3)

Neoplasm histologic grade, no. (%) 11.435 0.001
Gll 82 (49.7) 64 (59.26) 18 (31.58)
Gl 83 (50.3) 44 (40.74) 39 (68.42)

Age at diagnosis, years -8.258 <0.001
Mean 43.86+13.53 38.54+11.65 53.95+10.9
Range 20-75 20-74 22-75

Gender, no. (%) 3.942 0.047
Female 78 (47.27) 45 (41.67) 33 (57.89)
Male 87 (52.73) 63 (58.33) 24 (42.11)

Race, no. (%) - 0.302
American Indian or Alaska native 1(0.61) 1(0.93) 0(0)
Black or African American 11 (6.71) 5 (4.67) 6 (10.53)
White 152 (92.68) 101 (94.39) 51 (89.47)

Family history of cancer, no. (%) 0.88 0.348
No 67 (53.60) 48 (56.47) 19 (47.50)
Yes 58 (46.40) 37 (43.53) 21 (562.50)

Table 1 (continued)
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Table 1 (continued)

TMB group
Characteristics Total (h=168) v/t P
TMB low TMB high
Method of sample procurement, no. (%) - 0.005
Open biopsy 6 (3.57) 4 (3.70) 2(3.33)
Subtotal resection 55 (32.74) 26 (24.07) 29 (48.33)
Gross total resection 107 (63.69) 78 (72.22) 29 (48.33)
First presenting symptom, no. (%) 7.64 0.106
Headaches 40 (25.00) 30 (28.57) 10 (18.18)
Mental status change 15 (9.38) 6 (5.71) 9 (16.36)
Motor or movement change 11 (6.88) 9 (8.57) 2 (3.64)
Seizure 85 (53.13) 55 (52.38) 30 (54.55)
Sensory or visual change 9 (5.63) 5(4.76) 4(7.27)
Laterality, no. (%) - 0.943
Left 79 (48.47) 52 (49.06) 27 (47.37)
Midline 3(1.84) 2(1.89) 1(1.75)
Right 81 (49.69) 52 (49.06) 29 (50.88)
IDH/1p19q subtype, no. (%) 22.295 <0.001
IDHmut-non-codel 85 (51.20) 63 (59.43) 22 (36.67)
IDHmut-codel 43 (25.90) 31 (29.25) 12 (20.00)
IDHwt 38 (22.89) 12 (11.32) 26 (43.33)

LGG, lower-grade glioma; TMB, tumor mutational burden; IDHmut-non-codel, LGG with IDH mutation and no 1p/19q codeletion;
IDHmut-codel, LGG with IDH mutation and 1p/19q codeletion; IDHwt, LGG with wild-type IDH.

Table 2 Summary of MR features per TMB-based subtypes

TMB group
MR features Total (n=168) 1 P
TMB low TMB high
Necrosis 0.149 0.700
Negative 31 (18.45) 19 (17.59) 12 (20.00)
Positive 137 (81.55) 89 (82.41) 48 (80.00)
Multifocality 10.388 0.001
Negative 161 (95.83) 108 (100.00) 53 (88.33)
Positive 7 (4.17) 0(0) 7 (11.67)
Hemorrhage 0.101 0.750
Negative 142 (84.52) 92 (85.19) 50 (83.33)
Positive 26 (15.48) 16 (14.81) 10 (16.67)

Table 2 (continued)
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Table 2 (continued)
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TMB group
MR features Total (n=168) e P
TMB low TMB high

Degree of enhancement 8.925 0.003
Negative 68 (43.04) 52 (52.00) 16 (27.59)
Positive 90 (56.96) 48 (48.00) 42 (72.41)

Proportion CE tumor 12.984 <0.001
Negative 102 (64.56) 75 (75.00) 27 (46.55)
Positive 56 (35.44) 25 (25.00) 31 (53.45)

Enhancing margin 0.024 0.876
Well-defined 42 (26.58) 27 (27.00) 15 (25.86)
Poorly-defined 116 (73.42) 73 (73.00) 43 (74.14)

Extranodular growth 19.49 <0.001
Negative 129 (81.65) 92 (92.00) 37 (63.79)
Positive 29 (18.35) 8 (8.00) 21 (36.21)

T1 + C/T2 mismatch 6.763 0.009
Negative 135 (85.44) 91 (91.00) 44 (75.86)
Positive 23 (14.56) 9 (9.00) 14 (24.14)

CS 1.744 0.187
>30 mm 86 (51.81) 59 (55.66) 27 (45.00)
<30 mm 80 (48.19) 47 (44.34) 33 (55.00)

Location 5.169 0.023
Other 104 (61.90) 60 (55.56) 44 (73.33)
Frontal lobe 64 (38.10) 48 (44.44) 16 (26.67)

Svz 7.413 0.006
Negative 59 (35.12) 46 (42.59) 13 (21.67)
Positive 109 (64.88) 62 (57.41) 47 (78.33)

Volume 0.162 0.687
<60 cm’® 50 (29.76) 31 (28.70) 19 (31.67)
=60 cm® 118 (70.24) 77 (71.30) 41 (68.33)

Intratumoral vascular 0.001 0.973
Negative 4 (2.53) 2 (2.00) 2 (3.45)
Positive 154 (97.47) 98 (98.00) 56 (96.55)

Length 3.303 0.069
< median 83 (49.4) 59 (54.63) 24 (40.00)
> median 85 (50.6) 49 (45.37) 36 (60.00)

Table 2 (continued)
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TMB group
MR features Total (n=168) e P
TMB low TMB high
Width 0.043 0.836
< median 83 (49.40) 54 (50.00) 29 (48.33)
> median 85 (50.60) 54 (50.00) 31 (51.67)
Depth 0.013 0.908
< median 83 (49.40) 53 (49.07) 30 (50.00)
> median 85 (50.60) 55 (50.93) 30 (50.00)
Length-width ratio 4.192 0.041
< median 85 (50.60) 61 (56.48) 24 (40.00)
> median 83 (49.40) 47 (43.52) 36 (60.00)
Length-depth ratio 0.305 0.581
< median 86 (51.19) 57 (52.78) 29 (48.33)
> median 82 (48.81) 51 (47.22) 31 (51.67)
Length-depth ratio 0.014 0.907
< median 84 (50.60) 54 (50.94) 30 (50.00)
> median 82 (49.40) 52 (49.06) 30 (50.00)
Volume 0.28 0.597
< median 83 (49.40) 55 (50.93) 28 (46.67)
> median 85 (50.60) 53 (49.07) 32 (53.33)

MR, magnetic resonance; TMB, tumor mutational burden; CE, contrast-enhanced; CS, the shortest distance between the edge of the

lateral and the tumor centroid; SVZ, subventricular zone.

SVZ and length-width ratio were significant independent
predictors of high TMB tumors (P<0.05).

Multivariate logistic regression analysis confirmed that
three risk factors (extranodular growth: OR: 8.367, 95%
CI: 3.153-22.199, P<0.01; length-width ratio > median:
OR: 1.947, 95% CI: 1.025-3.697, P<0.05; frontal
lobe: OR: 0.455, 95% CI: 0.229-0.903, P<0.05) were
significant independent predictors of high TMB tumors
(1able 3). Extranodular growth, nonfrontal lobe tumors
and length-width ratio > median were associated with
a significantly higher incidence of high TMB tumors
(Figure 4). After multivariate analysis, the nomogram was
built. The nomogram (Figure 5) showed good calibration
and discrimination. The AUC for the ROC curve was 0.736
(95% CI: 0.655-0.817) for high TMB tumors (Figure 6A).
Decision curve analysis (DCA) demonstrated that the
nomogram was clinically useful (Figure 6B). The average

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

accuracy of the tenfold cross validation was 71.6% for high
TMB tumors.

Subgroup analysis (Table 4) of IDHmut-non-codel
subtype (n=85) found that SVZ and extranodular growth
were significant independent predictors of high TMB
tumors (P<0.05). Multivariate logistic regression analysis
confirmed that extranodular growth (OR: 4.297, 95% CI:
1.031-17.916, P<0.05) was still the independent predictive
factor for TMB tumors.

Discussion

LGG form a biologically heterogeneous group of tumors.
Intratumoral genetic heterogeneity, variation within a
patient’s individual tumor cells, is increasingly seen as a
molecular mechanism underlying therapeutic failure and
treatment resistance (25). Recently, checkpoint inhibitors
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shortest distance between the edge of the lateral and the tumor centroid; SVZ, subventricular zone; MR, magnetic resonance.

(PD-L1 or PD-1 inhibitors) have emerged as potential
therapeutic options for adult and pediatric gliomas (26,27).
TMB is well known to predict the response to immune
checkpoint inhibitors (28,29). Highly mutated tumors are
thought to harbor an increased neoantigen burden, making
them immunogenic and responsive to immunotherapy (30).

Predicting TMB tumors in low-grade glioma patients is
of great clinical importance, as it can potentially help better
manage such patients and develop personalized treatment
plans. The idea of using MRI is also appealing, as it is
already part of the standard clinical diagnostic routine for
this population, so the lack of an additional cost/procedure
may make potential clinical translation easier. A meta-
analysis (n=103,078) showed that for various cancer patients
treated with surgery or chemotherapy, the prognostic role
of TMB was dependent on cancer type. The meta-analysis
(n=103,078) showed that regarding the response to immune
checkpoint therapy, the high-TMB group had a significantly
higher response rate than the low-TMB group.

There are a number of reports regarding MRI-based

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

Necrosis
Multifocality
Hemorrhage

Degree of enhancement
Proportion CE Tumor
Enhancing Margin
Extranodular Growth
T1+C/T2 Mismatch
CS

Location

Ssvz

Volume

Intratumoral vaslcuar
Length

Width

Depth

Length-Width Ratio
Length-Depth Ratio
Width-Depth Ratio
Volume_median

Length
Width
Depth

Length-Width Ratio
Length-Depth Ratio
Width-Depth Ratio
Volume_median

. TMB, tumor mutational burden; CE, contrast-enhanced; CS, the

Table 3 Results from risk analyses (univariate and multivariate
logistic regression, ORs, 95% CI in parentheses)

Univariate logistic Multivariate logistic

MR features

regression regression

Necrosis

Negative Reference

Positive 0.854 (0.382-1.907)
Multifocality

Negative Reference

Positive -
Hemorrhage

Negative Reference

Positive 1.15 (0.486-2.723)

Degree of enhancement
Negative Reference

Positive 2.844 (1.417-5.708)*

Table 3 (continued)
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Table 3 (continued)

Univariate logistic Multivariate logistic

MR features

Univariate logistic Multivariate logistic

MR features

regression regression regression regression
Proportion CE tumor Depth
Negative Reference < median Reference
Positive 3.444 (1.734-6.842)* > median 0.964 (0.513-1.812)

Enhancing margin
Well-defined Reference
Poorly-defined 1.06 (0.508-2.211)
Extranodular growth
Negative Reference
Positive 6.527 (2.656-16.042)*** 8.367 (3.153-22.199)**

T1 + C/T2 mismatch

Length-width ratio
< median Reference

> median 1.947 (1.025-3.697)*  2.39 (1.128-5.066)*
Length-depth ratio

< median Reference
> median 1.195 (0.635-2.247)

Length-depth ratio

Negative Reference < median Reference
Positive 3.217 (1.293-8.004)* > median 1.038 (0.551-1.956)
CS Volume
>30 mm Reference < median Reference
<30 mm 1.534 (0.812-2.9) > median 1.186 (0.63-2.232)
Location *, P<0.05; **, P<0.01; ***, P<0.001. ORs, odds ratios; MR,
" Ref magnetic resonance; CE, contrast-enhanced; CS, the shortest
Other eterence distance between the edge of the lateral and the tumor centroid;
Frontal lobe 0.455 (0.229-0.903)  0.458 (0.212-0.991)* SVZ, subventricular zone.
Svz
Negative Reference
" - 80 P<0.001
Positive 2.682 (1.302-5.527) —
Volume 707
3 60
<60 cm Reference
X
3 . 50 A P=0.047 P=0.023
>60 cm 0.869 (0.438-1.724) §. — —
9 40
Intratumoral vascular g
) S 30
Negative Reference =
20
Positive 0.571 (0.078-4.169) 2868 s 2824
10 1
Length
. 0 T T T
< median Reference Negative Positive Other Frontal lobe <Median =Median
. Extranodular growth Location Length-width ratio
> median 1.806 (0.952-3.427)
Width Figure 4 Extranodular growth, nonfrontal lobe tumors and length-
< median Reference width ratio > median were associated with a significantly higher
incidence of high TMB tumors. TMB, tumor mutational burden.
> median 1.069 (0.569-2.01)

Table 3 (continued)
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Figure 5 The nomogram (A) showed good discrimination and was well calibrated. (B) The calibration

curve showed that the nomogram

achieved good agreement between prediction and actual observation. TMB, tumor mutational burden.

A 1.0 B

0.8
2 0.6 - £
E 0.6 3
5 8
C -
8044 2

0.2

——TMB group AUC =0.736 (0.655-0.817)
00 - T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity

0.4
—— TMB group
.\
0.3 A —— None
0.2
0.1 A
0 A
P<0.0001 .
_0.1 T T T I‘ T T T T T 1
0 01 02 03 04 05 06 07 08 09 10

Threshold probability

Figure 6 The ROC and DCA demonstrated the usefulness of the proposed nomogram. TMB, tumor mutational burden; AUC, area under

the curve; ROC, receiver operating characteristic; DCA, decision curve analysis.

prediction models for LGG. Wei and coworkers found
that a radiomics signature accurately predicted MGMT
promoter methylation in patients with astrocytomas and
achieved survival stratification for TMZ chemotherapy (31).
Broen and coworkers confirmed that among nonenhancing
LGG, the T2-FLAIR mismatch sign represents a highly
specific imaging marker for IDH-mutant astrocytoma (32).
Wang and coworkers found that a radiomics signature was
independent of clinicopathologic data and was a noninvasive
pretreatment predictor for LGG patient survival (33).
Tay and coworkers confirmed the possibility of a primary
cerebral neoplasm representing a protoplasmic astrocytoma
in a patient with a large frontal or temporal tumor that has a
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very high signal on T2 with a large proportion of the tumor
showing substantial T2 FLAIR suppression (34).

There are a number of reports regarding the relationship
between prognosis and TMB. Alghamri and coworkers (35)
found that TMB is negatively associated with clinical
outcomes in metastatic patients with EGFR-mutant lung
cancer treated with EGFR tyrosine kinase inhibitors.
Samstein and coworkers (36) demonstrated that TMB is
associated with improved survival in patients receiving
immune checkpoint inhibitors across a wide variety of
cancer types. Hwang and coworkers (37) found that the
mutational burden of primary neuroblastoma may be useful
in combination with conventional risk factors to optimize
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Table 4 Results from risk analyses (univariate and multivariate
logistic regression, ORs, 95% CI in parentheses IDHmut-non-
codel n=85)

Table 4 (continued)

Liu et al. An MRI-based nomogram for the prediction of TMB in LGG

Univariate logistic Multivariate logistic

MR features

MR features

Univariate logistic

Multivariate logistic

regression regression
Necrosis
Negative Reference
Positive 1.059 (0.303-3.706)
Hemorrhage
Negative Reference
Positive 0.702 (0.074-6.645)

Degree of enhancement
Negative Reference
Positive 1.806 (0.638-5.117)
Proportion CE tumor
Negative Reference
Positive 1.402 (0.495-3.968)
Enhancing margin
Well-defined Reference
Poorly-defined 0.941 (0.225-3.939)
Extranodular growth
Negative Reference
Positive 4.297 (1.031-17.916)* 4.297 (1.031-17.916)*

T1 + C/T2 mismatch

regression regression
Volume
<60 cm® Reference
=60 cm® 3.404 (0.715-16.206)

Intratumoral vascular

Negative Reference

Positive 0.702 (0.060-8.164)
Length

< median Reference

> median 2.900 (0.952-8.83)
Width

< median Reference

> median 1.641 (0.564-4.771)
Depth

< median Reference

> median 2.275 (0.787-6.572)

Length-width ratio
< median
> median
Length-depth ratio
< median
> median

Width-depth ratio

Reference

2.679 (0.960-7.47)

Reference

1.313 (0.491-3.510)

< median Reference

> median 1.239 (0.468-3.28)
Volume

< median Reference

> median 2.55 (0.836-7.776)

Negative Reference

Positive 2.292 (0.468-11.224)
CS

>30 mm Reference

<30 mm 0.994 (0.362-2.725)
Location

Other Reference

Frontal lobe 0.447 (0.146-1.367)
Svz

Negative Reference

Positive 4.167 (1.115-15.568)*
Table 4 (continued)
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*, P<0.05. ORs, odds ratios; IDHmut-non-codel, lower-grade
glioma with IDH mutation and no 1p/19q codeletion; MR,
magnetic resonance; CE, contrast-enhanced; CS, the shortest
distance between the edge of the lateral and the tumor centroid;
SVZ, subventricular zone.

Quant Imaging Med Surg 2022;12(3):1684-1697 | https://dx.doi.org/10.21037/qims-21-300



Quantitative Imaging in Medicine and Surgery, Vol 12, No 3 March 2022 1695

risk stratification and guide treatment decisions, pending
prospective validation. Wang and coworkers (20) found that
TMB is associated with poor outcomes in diffuse glioma,
and the high proliferative activity in the high-TMB group
could account for the shorter survival of these patients.
However, no study has investigated associations between
TMB and MRI features in LGG.

Radiogenomics is a computational discipline that
identifies correlations between cross-sectional imaging
features and tissue-based molecular data (38,39). Tumor
size, tumor location, composition, and MRI features tend
to demonstrate significant associations with genomic
and molecular factors, likely related to the cell of origin
and growth characteristics (39). Tumor heterogeneity (8)
has been explored at the histological and genetic levels,
and increased levels of intratumor genetic heterogeneity
have been reported to be associated with adverse clinical
outcomes. In the current study, the correlations between
TMB status and MRI features were explored. Multivariate
logistic regression analysis confirmed that extranodular
growth, nonfrontal lobe tumors and length-width ratio >
median can be conveniently used to facilitate the prediction
of high-TMB tumors. The nomogram showed good
discrimination (AUC: 0.732) for predicting high-TMB
gliomas. To our knowledge, this is the first study focusing
on the relationships among TMB status, MR features and
OS in patients with LGG.

A meta-analysis showed that codeletion of 1p and 19q is
associated with better survival rates in glioma (40). Another
meta-analysis revealed that patients with glioma harboring
IDH mutations have improved OS and progression free
survival (PFS), especially patients with WHO grade 111
and grade II-1II (41). TCGA Research Network classified
LGG into three categories: LGG with IDH mutation and
no 1p/19q codeletion (IDHmut-non-codel), LGG with
IDH mutation and 1p/19q codeletion IDHmut-codel),
and LGG with wild-type IDH (IDHwt). The IDHmut-
noncodel subtype is linked to the best OS. Subgroup
analysis of the IDHmut-noncodel subtype (n=85) confirmed
that extranodular growth was still an independent predictive
factor of TMB tumors.

This study has several limitations. Tissue samples for
the TCGA were collected from many sites and analyzed
to reach accrual targets, with usually approximately five
hundred specimens per cancer type. For this reason, the MR
image data sets are heterogeneous in terms of MR scanner
modalities, manufacturers and MR acquisition protocols.
However, similar to other articles published using TCGA

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

datasets (42), the lesions were relatively large. In addition,
an average accuracy of 71.6% was obtained based on the
tenfold cross-validation method for high-TMB tumors. The
result of the value was good. Therefore, we believe that our
results are not largely affected by this limitation.

In conclusion, our results indicated that distinct OS
disadvantages were associated with the high TMB group.
Additionally, extranodular growth, nonfrontal lobe tumors
and length-width ratio > median can be conveniently used
to facilitate the prediction of high-TMB tumors. The
calibration curve and DCA demonstrated the usefulness
of the proposed nomogram. The average accuracy of the
tenfold cross validation was 71.6% for high-TMB tumors.
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