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Editorial on the Research Topic
Impact of Radiotherapy and Radiosurgery on Neuro-Oncology

Radiotherapy is one of the main pillars of neuro-oncology. Used universally in all
malignant neoplasms affecting the central nervous system, it is increasingly adopted as an
alternative to surgical treatment in numerous malignant and benign lesions including
brain metastases (BM), meningiomas, vestibular schwannomas, pituitary adenomas or
paragangliomas. The clinical settings in which a radiotherapy treatment is indispensable
are, in fact, innumerable and at least in three different scenarios: as a preoperative (or
neoadjuvant) treatment, as a postoperative (or adjuvant) treatment, and as a rescue
therapy. Furthermore, in many circumstances, radiation therapy is used as a primary or
upfront treatment as an alternative to surgical management. This broadening of the
indications in the use of ionizing radiation in neuro-oncology has been made possible by
the astonishing technological evolution that has been witnessed in the last two decades
together with the availability of clinical results that have definitively demonstrated the
efficacy of radiation treatments, also allowing a progressive refinement of the techniques
and methods of treatment. The technological leap obtained by modern radiotherapy
allowed a significant increase treatment of efficacy while simultaneously reducing
toxicity. To list just a few of them: 3D treatment planning, the extension of the
principles of stereotaxis with the possibility of delivering treatments with very efficient
dose gradients providing excellent normal tissue sparing, and the evolution of image-
guidance. Furthermore, the use of single and multiple fraction radiosurgery to treat brain
lesions has gained momentum over the last few years, and turns out to be now more
promising than ever (1-3).

If much has been done with great success and with the transition of radiotherapy
treatments for neuro-oncology from simple palliation to a fundamental treatment with
prospects for healing the disease, many other aspects remain open. Nonetheless, we are in
a historical phase in which many opportunities to improve the efficacy of radiotherapy
treatments are within reach, above all through both a further improvement of irradiation
techniques and a better understanding of the biomolecular characteristics of tumors, of
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the genetic factors associated with the response to ionizing
radiation, and the use of increasingly advanced neuro-imaging
modalities that make it possible to identify tumor areas with
specific biological characteristics differently responding to
treatment. These innovations represent a challenge, which we
should investigate in order to ensure that all professionals
involved in the care of brain cancer are exposed to cutting-
edge developments, in order to keep delivering the best
possible treatments.

With this in mind, we have decided to propose this
Research Topic of Frontiers in Oncology having as topic the
impact of radiotherapy and radiosurgery on neuro-oncology.
Among several submissions, we selected 9 high quality
contributions providing cutting-edge research in the field,
exploring major aspects of radiotherapy for neuro-oncology.
Particularly, in this Research Topic, we included one study on
frameless robotic radiosurgery reporting one of the largest
series on the treatment of residual, recurrent, or metastatic
intracranial hemangiopericytomas (solitary fibrous tumor)
using Cyberknife. Huang et al. reported data of 28 of these
rare tumors, with a control rate of 78.5%, that is higher than
the mean of the previous studies. A second study on
radiosurgery was authored by Li et al. who analyzed the
outcome of gamma knife radiosurgery (GKRS) in an
outstanding number (369) of nonfunctioning pituitary
adenomas (NFPA) reporting progression free survivals of
100%, 98%, 97%, 86% and 77% at 1, 3, 5, 10, and 15 years,
respectively. The authors also identified predictors of tumor
control including parasellar invasion and tumor margin dose
(<12 Gy).

Two studies provide cutting-edge research in the field of
biomolecular characterization of brain tumors applied to
radiosensitivity. Li et al. analyzed expression of long non-
coding RNAs (IncRNA) to predict the radiotherapy response
of lower-grade gliomas. These RNA species belong to a class of
non-coding RNA with a length of not more than 200 nucleotides
and usually lack coding potential. Several studies have confirmed
that IncRNA expression is associated with tumor initiation,
progression, and treatment. IncRNAs can modulate tumor
radiosensitivity by functioning as competitive endogenous
RNA (ceRNA). In this study, for the first time, authors
systematically investigated the mechanism of ceRNA
regulation in the radiosensitivity of LGG based on RNA-seq
data and database predictions. In the second study, Du et al.
developed a radiosensitivity prediction model based on hypoxia
genes for LGG by using weighted correlation network analysis
(WGCNA) and least absolute shrinkage and selection operator
(Lasso). 12 genes (AGK, ETV4, PARD6A, PTP4A2, RIOK3,
SIGMARI, SLC34A2, SMURFI, STK33, TCEALI, TFPI, and
UROS) were included in the model. A radiosensitivity-related
risk score model was established based on the overall rate of The
Cancer Genome Atlas (TCGA) dataset in patients who
received radiotherapy.
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The development of prediction nomograms based on
radiomics analysis was proposed in other two studies. Zhou
et al. developed and validated an individualized prognostic
nomogram by integrating physiological, volumetric, clinical
chemistry, and molecular biological surrogates for predicting
survival in patients with brain metastases after stereotactic
radiosurgery. The nomogram demonstrated precise risk-
stratifications to guide personalized treatment for brain
metastases. Zhai et al. developed and validated a radiomics
nomogram based on the multiparametric MRI imaging. The
radiomics nomogram demonstrated a favorable predictive
accuracy of meningioma consistency before surgery, which
showing the potential of clinical application. Finally, three
studies propose some hot-topics in radiotherapy field (4, 5),
including new techniques in fractionated photon and
proton radiotherapy.

Ahn et al. describe a series of 123 patients who underwent
hippocampal-avoidance whole-brain radiation therapy (HA-
WBRT) and analyzed the risk of BM in the hippocampal areas
using multi-variable logistic regression, classification and
regression tree (CART) analyses, and gradient boosting
method (GBM).

Eichkorn et al. report results in terms of effectiveness and
toxicity of fractionated proton beam radiotherapy for treatment
of cranial nerve schwannomas unsuitable for photon stereotactic
radiosurgery. Treatment resulted in a promising 100% local
control with cranial nerve functional protection rate of 80%.

Arpa et al. propose an innovative approach to improve the
efficacy of hypofractionated stereotactic radiotherapy (HSRT)
after hyperbaric oxygen therapy (HBO) for the treatment of
recurrent high-grade glioma (rHGG) and herein report the
results of an ad interim analysis. Results are promising and
could represent an alternative, with low toxicity, to
systemic therapies.

In conclusion, we are proud of the results obtained with this
Research Topic which provides an innovative look at many of
the fundamental themes of radiotherapy in the neuro-oncology
field. The proposed studies are all state-of-the-art and
realistically represent a foundation for future research on
the topic.
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Using CyberKnife
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Jiwei Li%, Jinyuan Wang®, Xinguang Yu', Zhipei Ling’, Baolin Qu®* and Longsheng Pan®”
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Purpose: Hemangiopericytomas are aggressive tumors known for their recurrence. The
purpose of this study was to evaluate the management of residual, recurrent, and
metastatic intracranial hemangiopericytomas using CyberKnife (CK) stereotactic
radiotherapy (SRT).

Materials and Methods: Data were collected from 15 patients (28 tumors; eight men
and seven women; 32-58 years) with residual, recurrent, or metastatic intracranial
hemangiopericytomas, who were treated with stereotactic radiotherapy using
CyberKnife between January 2014 and August 2019. All patients had previously been
treated with surgical resection. Initial tumor volumes ranged from 0.84 to 67.2 cm?, with a
mean volume of 13.06 cm®. The mean marginal and maximum radiosurgical doses to the
tumors were 21.1 and 28.76 Gy, respectively. The mean follow-up time for tumors was
34.5 months, ranging from 13 to 77 months.

Results: 15 patients were alive after treatment; the mean post-diagnosis survival at
censoring was 45.6 months (range 13-77 months). The volumes of the 28 tumors in the
15 followed patients were calculated after treatment. Postoperative magnetic resonance
imaging revealed a mean tumor volume of 6.72 cm® and a range of 0-67.2 cm?®, with the
volumes being significantly lower than pretreatment values. Follow-up imaging studies
demonstrated tumor disappearance in seven (25%) of 28 tumors, reduction in 14 (50%),
stability in one (3.57%), and recurrence in six (21.4%). Total tumor control was achieved in
22 (78.5%) of 28 tumors. The tumor grade and fraction time were not significantly
associated with progression-free survival. Intracranial metastasis occurred in three
patients, and extraneural metastasis in one patient.

Conclusions: On the basis of the current results, stereotactic radiotherapy using
CyberKnife is an effective and safe option for residual, recurrent, and metastatic
intracranial hemangiopericytomas. Long-term close clinical and imaging follow-up is
also necessary.

Keywords: stereotactic radiotherapy, CyberKnife, hemangiopericytomas, tumor control, management
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Huang et al.

Treatment of Hemangiopericytomas with CyberKnife

INTRODUCTION

Hemangiopericytomas (HPCs) are rare tumors that exhibit a
high incidence of local recurrence and distant metastasis, even
after gross-total resection (1). Central nervous systems HPCs are
uncommon, accounting for only 0.4% of all primary intracranial
tumors and 2.4% of meningeal tumors (2). Central nervous
system (CNS) HPC usually occurs in adults with an average
diagnostic age between 40 and 50 years (3). The World Health
Organization(WHO) guidelines combine solitary fibrous tumors
and HPC into the single entry solitary fibrous tumor(SFT)/HPC,
which was classified into three variants in 2016: grades I, II, and
III (4). An analysis of surveillance, epidemiology, and end results
in 655 patients and a review of CNS (199) and extra-CNS HPCs
(456) showed 5- and 10-year overall survival rates of 80 and 54%,
respectively. Patients with extracranial HPCs had worse
outcomes, with 5- and 10-year overall survival rates of 58 and
44%, respectively (3).

HPCs frequently show involvement of adjacent dural sinuses
and the skull base, which can make gross-total resection a
challenging, and at times, unrealistic goal. In almost all cases,
the initial treatment of larger intracranial HPCs is resection, with
surgical excision remaining the gold standard treatment. The
local control, progression-free survival, and overall survival rates
of patients receiving radiotherapy seem to be higher than those
who do not receive radiotherapy (5-7), but the efficacy of
adjuvant radiotherapy is still under study. The optimal
management of recurrent or residual intracranial HPCs
presents a challenge. The roles of Gamma Knife Radiosurgery
(GKRS) and CK SRT in the treatment of HPC have been
previously described, with tumor control rates ranging from 46
to 100% (2). However, the published reports describing the use of
CK SRT in the treatment of HPCs are limited. Furthermore, the
optimal dose for successful local control of HPCs without
adverse effects remains unclear. In this study, we evaluated the
safety and efficacy of SRT using the CK system in 15 patients
with residual, recurrent, and metastatic intracranial HPCs.

MATERIALS AND METHODS

Patient Population

This study enrolled 15 patients with HPCs who were treated in
our institute between January 2014 and August 2019. Written
informed consent was obtained from each participant prior to
study inclusion, and the study was approved by the local ethics
committee of our institute (No. S2018-119-01). The patient
inclusion criteria were: (1) all patients received craniotomy and
had histopathologically confirmed diagnoses; (2) all patients
received magnetic resonance imaging (MRI), including T1-
weighted, T2-weighted, contrast-enhanced T1-weighted and
FLAIR sequences; (3) all HPCs were documented as residual,
metastatic, or recurrent lesions. Clinical data including sex, age,

Abbreviations: HPCs, hemangiopericytomas; CK, CyberKnife; GK, Gamma
Knife; MRI, Magnetic Resonance Imaging; SRT, Stereotactic Radiotherapy;
GKRS, Gamma Knife Radiosurgery.

diagnosis, baseline neurological symptoms, and lesion location
were collected. In addition, information on the prescription dose,
planning target volume, and concurrent therapy was
also obtained.

CK Technique

Before treatment, all patients underwent planning CT (Siemens,
Forchheim, Germany) and 3.0T MRI (Siemens, Erlangan,
Germany) with slice thickness of 1 mm. Rigid fusion
registration was performed between the MRI T1-weighted
contrast-enhance sequences and CT scans using MIM Maestro
6.5.4 image processing software (MIM Software Inc., Cleveland,
Ohio, USA). The gross tumor volume (GTV) was determined
from the fused image, and the planning target volume (PTV) was
defined a region extending 1.5 mm outside the gross tumor
volume. The treatment plans varied according to the size of the
treated tumor, its location in relation to critical structures, and
the history of prior radiation. All 28 tumors in the 15 patients
were treated with SRT using CK system (Accuray Inc.,
Sunnyvale, CA).

Follow-Up Evaluation

All patients were interviewed and clinically evaluated to update
their clinical and personal data. Follow-up brain MRI was acquired
from all 15 patients 3 months after CK, and then regularly at 3- to
6-month intervals. At each follow-up, tumor volumes were
determined from the brain MRI using the coniglobus formula:
V = 1/6m x a (diameter length) x b (diameter width) x m (slice
thickness) x ¢ (slice number). The follow-up time ranged from 13 to
77 months, with a mean of 34.5 months. The tumor volume
response was classified in the following manner: ‘disappeared’
(100% decrease in tumor volume), ‘reduction’ (25-99% decrease
in tumor volume), ‘stable’ (<25% decrease or 25% increase in tumor
volume), and ‘recurrence’ (>25% increase).

Statistical Analysis

Statistical analysis was performed using SPSS version 22.0 (SPSS
Inc., Chicago, IL, USA). Overall survival and progression-free
survival were calculated using Kaplan-Meier plots. Univariate
analysis was performed on the Kaplan-Meier curves using the
log-rank test. Statistical significance was set at p < 0.05.

RESULTS

Imaging Outcomes

The 15 patients consisted of eight men (53.4%) and seven women
(46.6%), with a median age of 43 years (range 32-58 years) at the
time of initial CK therapy (Table 1). All patients were previously
treated with surgical resection and had histopathologically
confirmed diagnoses. Eight patients had a WHO classification
of grade II, two of grades II-III, and five of grade III. One patient
had undergone four craniotomies before CK, two patients had
undergone three, two patients had undergone two, and 10
patients had undergone one. Four patients had undergone GK
treatment after surgical resection, and all had infield recurrence.
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TABLE 1 | Patient characteristics.

Number Gender Age at Clinical Number of Radiation Grade Time to CK post- Number of Site

of patients onset presentation craniotomy therapy before surgery (month) CK treatments
(years) before CK CK
(time, dose)

1 F 58 Headache, 3 GKRS (1, 15Gy) Il 96 5 Left anterior skull base,
walking temporal lobe, and the fourth
unsteadily ventricle

2 M 49 Headache 1 None Il 1 1 Left parietal and parasagittal

3 M 38 Asymptomatic 1 None 111 5 5 Tentorium cerebelli, confluence

of sinuses

4 M 38 Headache 1 None 1l 8 4 Tentorium cerebelli

5 M 32 Visual 2 GKRS Il 2 2 Cavernous sinus, orbital apex
impairment (1, 14.5Gy)

6 F 37 Headache 3 None Il 2 2 Anterior skull base

7 M 43 Asymptomatic 4 GKRS 1l 1 1 Right cerebellum

(2, 15Gy, 13Gy)

8 F 49 Asymptomatic 2 GKRS 2, Il 19 1 Right parietal and parasagittal

156Gy, 15Qy)

9 M 48 Hemiplegia, 1 None Il 41 1 Right tentorium cerebelli
alalia

10 F 46 Asymptomatic 1 None 1l 1 1 Left parietal

11 M 34 Headache 1 None 1 1 2 Confluence of sinuses

12 F 42 Headache 1 None Il 2 1 Right parietal

13 F 46 Asymptomatic 1 None Il 36 1 Left cerebellum

14 M 42 Visual 1 None Il 1 1 Sellar region
impairment

15 F 46 Asymptomatic 1 None (I} 2 1 Right parietal

M, male; F, female; CK, CyberKnife; GKRS, Gamma Knife Radiosurgery.

The mean time from surgery to CK treatment was 14.5 months
(range 1-96 months). The patients’ main symptoms included
headache (n = 6), visual impairment (n = 2), and hemiplegia and
alalia (n = 1), with six being asymptomatic (Table 1). All
intracranial HPCs were documented as residual (8), recurrent
(9), and/or metastatic (4). Two patients underwent five CK SRT
treatments, one patient underwent four treatments, four patients
underwent two treatments, and eight patients underwent one
treatment. The most recent CK treatments in patients 1, 3, 8 were
covered by a follow-up period of less than 12 months at the time
of censoring and are not included in the statistical analysis. For
the total of 28 tumors in 15 patients, the mean tumor volume was
13.06 cm® (range 0.84-67.2 cm?). The 28 tumors were located in
a myriad of locations, including the temporal lobe (n = 2),
anterior skull base (n = 3), fourth ventricle (n = 1), parietal and
parasagittal region (n = 5), tentorium cerebelli (n 10),
cerebellum(n = 2), confluence of the sinuses (n = 2), cavernous
sinus (n = 1), sellar region (n = 1), and orbital apex (n = 1,
Supplementary Table 2). Among the 28 tumors, four tumors
were treated twice and were regarded as recurrent. One patient
accepted anti-angiogenesis therapies after metastasis, according
to the professional advice of an oncologist.

Twenty-four tumors required treatment in three fractions,
one tumor required two fractions, and three tumors required a
single session. The mean marginal dose to the tumors was 21.1
Gy (range 14-27 Gy) for the initial CK SRT, and the mean
maximum, mean, and minimum radiosurgical doses were 28.86
Gy (range 20-33.75 Gy), 25.53 Gy (range 17.08-30.83 Gy) and

15.74 Gy (range 4.02-26.52 Gy), respectively. The mean isodose
line was 73.03% (range 70-80%, Supplementary Table 2). In the
three fraction treatments, the mean marginal dose was 21.65 Gy
(range 18-27 Gy), and the mean maximum, mean, and
minimum radiosurgical doses were 29.39 Gy (25.71-33.75 Gy),
25.06 Gy (21.87-30.83 Gy), and 15.72 Gy (4.02-26.52 Gy),
respectively. In the two fraction treatment, the marginal dose
was 22 Gy, and the maximum, mean, and minimum
radiosurgical doses were 31.42, 28.2, and 20.49 Gy,
respectively. In the process of one fraction treatments, the
mean marginal dose was 16.6 Gy(range 14-20 Gy), the
maximum, mean, and minimum radiosurgical doses were 23.8
Gy (20-28.57 Gy), 20.3 Gy (17.08-24.55 Gy), and 14.3 Gy
(11.54-19.63 Gy).

For the all surviving 15 patients, the mean post-diagnosis
survival at censoring was 45.6 months (range 13-77). But the
number of events required for the survival analysis has not been
reached, so no formal statistical comparison has been performed.
The follow-up time ranged from 13 to 77 months, with a mean of
34.5 months. Postoperative MRI revealed tumor volumes
ranging from 0 to 67.2 cm’, with a mean value of 6.72 cm’,
volumes that were significantly lower than on pretreatment MRIL
The follow-up imaging studies demonstrated that seven of 28
(25%) tumors had disappeared at a mean of 30.14 months (range
3-48 months) after CK, 14 (50%) had reduced, one (3.57%) was
stable, and six (21.4%) had recurred after reduction at mean of
33.1 months (range 15-55 months) after CK therapy. Tumor
recurrence was founded at a time interval of 3 or 6 months
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following the reduction. Total tumor control was achieved in 22
(78.5%) of 28 tumors, with the actuarial local control rate of 28
tumors at 1-year being 100% (Figure 1). No correlation between
treatment dose, tumor volume, and tumor response was
apparent in these patients. Total tumor control was achieved in
13 of 17 (76.4%) tumors in the high-grade group and nine of 11
(81.8%) tumors in the low-grade group. The progression-free
survival curves in Figure 2 no statistically significant difference
between patients with high-grade tumors and low-grade tumors
(p = 0.754). In the radiosurgery and hypofractionated groups,
total tumor control was achieved in two of three (75%) tumors,
and 20 of 25 tumors (80%), respectively. The progression-free
survival curves showed no statistically significant differences
between radiosurgery and hypofractionated stereotactic
radiosurgery (p = 0.529; Figure 3). Intracranial metastasis
occurred in three patients and extraneural metastasis in one
patient. Six tumors (one low-grade tumor and five high-grade
tumors) showed recurrence after undergoing a reduction in
volume. No complications occurred after treatment in any
patient in this series. Figures 4 and 5 show tumor numbers 18
and 20 before and after CK therapy. Supplementary Table 2
summarizes the patient characteristics and radiotherapy
parameters of the treatment plans.

Clinical Outcomes

Clinical symptoms were followed in all 15 patients. Of those with
adequate follow up data, six patients reported resolution of
headaches, and eight indicated no change in symptoms, while
no patients described worsening of the initial clinical
presentation. All cranial nerve deficits present at initial
presentation remained, with no improvement or worsening.
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FIGURE 1 | Kaplan-Meier progression-free survival curves after CK
treatment for all patients.
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FIGURE 2 | Kaplan-Meier progression-free survival curves for different

pathology. There was no statistically significant difference between patients
with high-grade tumors and low-grade tumors (P = 0.754).
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FIGURE 3 | Kaplan-Meier progression-free survival curves for different
fraction time. There was no statistically significant difference between
radiosurgery and hypofractionated stereotactic radiosurgery (P = 0.529).

DISCUSSION

HPC’s are derived from fibro-histiocytic precursor cells, the
pericytes of Zimmerman (10). HPCs resemble meningiomas
both clinically and radiographically, but are known for their
aggressiveness, high recurrence rates, and propensity for
extracranial metastasis (11). Therefore, HPCs differ from
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FIGURE 4 | The MRI images of patient 7, tumor 16. (A) Axial T1-weighted contrast-enhanced image showing residual enhancement and a pretreatment tumor
volume of 11.33 cm® (tumor 16); (B) Sagittal T1-weighted contrast-enhanced image; (C) Coronal T1-weighted contrast-enhanced image; (D) Axial T1-weighted
contrast-enhanced image after 13 months, the tumor disappeared. (E) Sagittal T1-weighted contrast-enhanced image after 13 months; (F) Coronal T1-weighted
contrast-enhanced image after 13 months.

FIGURE 5 | The MRI images of patient 9, tumor 20. (A) Axial T1-weighted contrast-enhanced image showing residual enhancement and a pretreatment tumor
volume of 13.41 cm? (tumor 20); (B) Coronal T1-weighted contrast-enhanced image; (C) Axial three dimensional arterial spin labeling (3D-ASL) image showing high
perfusion; (D) Axial T1-weighted contrast-enhanced image after 12 months, the tumor reduced. (E) Coronal T1-weighted contrast-enhanced image after 12 months;
(F) Axial 3DASL image showing low perfusion after 12 months.

meningiomas and require systemic management and long-term  The optimal CK SRT dose for successful local control of HPCs
follow-up. The efficacy of radiotherapy and chemotherapy for ~ without adverse effects also remains unclear.

recurrent intracranial HPCs remains unclear because of the Resection provides the benefits of histological confirmation
scarcity and deficiencies of the available clinical data (8, 12).  and reduces mass effects, and is usually the primary treatment for
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HPC. In previous studies, gross-total resection (GTR) was
significantly associated with longer progression-free survival
and overall survival. In a systematic review of 523 patients
with CNS HPCs (13), the mean survival in patients undergoing
surgery with complete resection was 157.97 months. In contrast,
patients with an incomplete resection had a mean survival of
110.75 months, which was observed to be related to a higher
incidence of mortality. Although gross-total resection can be
challenging as the tumor frequently infiltrates the sinuses and is
highly vascular, it should still be the primary treatment goal in
patients with HPC. Patients with tumors of the posterior fossa
had a shorter survival time (median 10.75 vs. 15.6 years) than
those with tumors located elsewhere (14). Another challenge
with surgical resection alone is the high rate of recurrence after
resection; a study by Sheehan et al. reported a local recurrence
rate of 88% for surgery alone (9). In our study, 14 of 28 tumors
(50%) were recurrences after complete resection and before CK
treatment, and the median time to CK from resection was 2
months (range 1-96). Multiple resections are not an attractive
option for such patients, and they present considerable surgical
risk and trauma. Stereotactic radiosurgery (SRS) combines the
efficacy of resection with a lower rate of radiotherapy-induced
morbidity (11), and may be much more suitable for this highly-
vascular tumors (15).

Many studies have demonstrated the important role of
adjuvant radiotherapy following surgical resection for
intracranial HPC. In the most recent systematic review of 523
patients with HPC, adjuvant radiation led to a longer median
survival of 123 months in comparison with the 93 months in
patients who did not receive it, (p < 0.0001) (13). In another
study by Sheehan et al, the local recurrence rate was reported as
88% with surgery alone, which compared with 12.5% with
surgery and adjuvant radiotherapy (9). An external beam
radiation dose >50 Gy was suggested to give the greatest
benefit in previous series (16, 17), but it was not effective in
preventing metastasis (7).

Compared with conventional radiotherapy, radiosurgery can
achieve a steep dose gradient that minimizes the radiation
delivered to surrounding areas (1). Gamma Knife Radiosurgery
(GKRS) has become a well-established treatment option for
various intracranial tumors and it can administer an
accurately-focused high dose of radiation in a single session. In
1993, Coffey et al. published the first preliminary SRS report on
HPCs treated using GKS (Elekta Instruments, Tucker, Georgia).
The overall tumor control rate was 81.8% after a median follow-
up of 14.8 months. Veeravagu et al. summarized 11 published
studies on stereotactic radiosurgery covering a total of 137
patients with 241 recurrent and residual HPC tumors treated
between 1987 and 2010. They found a mean tumor control rate
of 81.3% after a mean follow-up period of 37.2 months, with a
mean prescription margin dose of 16.2 Gy (11).

Table 2 summarizes 16 published studies (including this
present series) on the use of stereotactic radiotherapy for
recurrent and residual HPCs. Between the years of 1987 and
2019, a total of 294 patients with 529 lesions were treated with
stereotactic radiotherapy and were reported in the literature. For

these lesions, the mean prescription dose to the tumor margin
was 16.7 Gy, the mean follow-up period was 39.9 months, and
the mean tumor control rate was 75.2% (1, 2, 5, 6, 9, 10, 12, 14,
17-23). Our series covered 15 patients with 28 tumors, and at a
mean margin dose of 21.2 Gy, the control rate was 78.5% after
34.5 months of follow-up, a control rate that is higher than the
mean of the previous studies. Higher prescription doses seem to
translate to increased tumor control rates. The average total
tumor control rates of GKRS series (14) and CK series (3) over
the sixteen published studies are 74.7 and 78.4%, respectively.
Postoperative SRT seems to provide an effective and safe
adjuvant management option for patients with residual,
recurrent and metastatic intracranial HPCs. However,
determination of the best stereotactic radiotherapy option
requires more results from large, multi-center series.

The CK system is one available device for stereotactic
radiotherapy. The system offers both single- and multi-session
SRT options. The two previously published studies on patients
with HPC treated using CK SRT were both from Stanford. The
first series was conducted by Chang and Sakamoto in 2003 (5)
and demonstrated tumor control in 75% of the HPCs treated
during a mean follow-up time of 44 months. Although the mean
radiosurgery dose to the tumor margin was higher (20.5 Gy) than
that from GKRS in another series (16.2 Gy), there were no
radiosurgery related complications and very ideal tumor control
rates. In the second series, the tumor margin dose was slightly
higher (21.5 Gy) than in the first series (20.5 Gy). The rates of
tumor reduction, stability, recurrence, and total tumor control
were 54.5, 27.3, 18.2, and 81.8%, respectively. The tumor margin
dose in our series was 21.2 Gy, and the rates of tumor reduction,
stability, recurrence, and total tumor control were 75, 3.5, 21.4,
and 78.5%, respectively. Although the rate of tumor control was
similar to the previous two series, the follow-up time in our study
was not long enough. A satisfactory result in our study was the
disappearance of seven tumors over the relatively short follow-up
time, although the longer-term outcomes require further
observation. In the six tumors that recurred after CK therapy,
and the marginal doses were 27, 16, 22.5, 19.5, 22.5, and 22.5 Gy,
and the grades were III, II-II1, ITL, II, II, and I, respectively. There
is no obvious correlation between the marginal dose and the
grade. Sun et al. considered that a high margin dose appeared to
achieve a reduction in the rate of local recurrence (19). Therefore,
a higher prescription dose needs to be tried gradually for HPCs.
Moreover, we found that four of 15 patients in the current series
whose tumor arose at the deep of the brain had a poor prognosis.

Previous studies reported that the most common sites of
extraneural metastases were the lungs, bones, liver, intra-
abdominal and subcutaneous tissues, breast, pleura, and thyroid
(13). Galanis et al. noted that bones and liver were the most
common metastatic sites (82 and 41% of extraneural recurrences,
respectively) in their series (17). Incidences of extracranial
metastasis of 13, 33, and 64% at 5, 10, and 15 years have been
reported, and their occurrence significantly shortens survival (17).
The mean time to extraneural metastasis shows substantial
variance, ranging from several months to many years (25), even
from initial diagnosis (11). One of our patients currently alive
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TABLE 2 | Literature review of previous studies that reported control rates in patients treated for hemangiopericytoma with SRT.

Authors Institution Study Number of Volume (ml), Type of Number of Prescription Follow-up Tumor control Intracranial Extraneural Extraneural metastasis
period patients/Lesions mean (range) radiotherapy fractions dose (Gy), mean (months), mean at last follow-up r i is, n (%) site
(range) (range) (%) n (%)
Coffey et al. (9) Mayo Clinic 1990-1992 5/11 8.53(0.40-24.25) GK 1 156.5(12-18) 14.8(10-17) 81.8 2(40) 1(20) Liver, spinal
Galanis et al. (17) Mayo Clinic 1976-1996  10/20(Includes five - GK 1 (12-18) —(6-36) 100 - - -
patients from Coffey
etal)
Payne et al. (18) U of Virginiac ~ 1991-1999  10/12 7.6(0.3-33.6) GK 1 14(2.8-25) 24.8(3-56) 75 2(20) 0 -
Sheehan et al. (14) U of 1987-2001 14/15 8.8(0.3-26.6) GK 1 15(11-20) 31.3(5-76) 80 2(14.5) 2(14.5) Spinal, rib, lung
Pittsburgh
Chang et al. (5) Stanford 1992-2002 8/8 - LINAC,CK 1 20.5(16-24) 44(8-77) 75 0 1(12.5) Temporalis muscle
Ecker et al (11) Mayo Clinic 1980-2000 15/45(Includes five 7.8(0.4-58.3) GK 1 16 (12-21) 456 () 93 4(don’t 0
patients from Coffey mention the
et al) site)(27)
Kano et al. (6) U of 1989-2006 20/29 4.5(0.07-34.3) GK 1 15(10-20) 37.9H) 724 3(15) 3+2 both Lung, liver, rib, neck,
Pittsburgh intracranial and vertebral body
extraneural (25)
Sun et al. (19) Beijing Neu. 1994-2006 22/58 5.4(0.4-31.2) GK 1 13.5(10-20) 26(5-90) 89.7 7(31.8) 3(13.6) Orbit, bone, liver, lungs,
Ins pleura,
subcutis
Iwai et al. (20) Osaka City - 5/6 11(4.5-18.8) GK 1 13.7(12-16) 34(10-48) 66.7 1(20) 1(20) Lung
Hosp
Olson et al. (1) U of Virginia 1989-2008 21/28 4.6(0.3-18.7) GK 1 17(2.8-22) 69(2-138) 46.4 3(14) 4(19) Liver, lung, kidney, bone,
bowel, external auditory
canal
Veeravagu et al. Stanford 2002-2009 12(Spine 3)/22(Spine  9.16(0.03-56.7) CK 1-5 21.2(16-30) 37(10-73) 81.8 - - -
(10) 9)
Tsugawa et al. (21) Nagoya 2004-2010 7/10 5.2(0.3-23.9) GK 1 17.5(10-20) 52.1 (13-71) 69.7 2(28.5) 1(14.2) -
Kyoritsu
Hospital
Copeland et al. Mayo Clinic 19902010 22/64 3.3 (0.1-58.3) GK 1 15(12-21) 31(1-155) 59 9(40.9) - -
(22)
Kim et al. (23) Kosin 2002-2014  18/40 1.2 (0.4-7.4) GK 1 20.5(13-30) 71.8 (3.3-153.3) 80 8 (44.4) 7 (38.9) Liver, spine,
University lung, kidney, bone,
Gospel pancreas
Hospital
Cohen-Inbar (2) Multicenter 1988-2014 90/133 4.9(0.2-42.4) GK 1 15(2.8-24) 59 (6-183) 54.8 25(27.8) 22(24.4) Liver, lung, kidney, bone,
bowel, and external
auditory canal
Present study PLA General ~ 2014-2019 15/28 13.06(0.84-67.2) CK 1-3 21.1(14-27) 34.5(1-77) 78.5 3(20) 1(6.6) Liver, spine
Hospital

SRT, stereotactic radiotherapy; GK, Gamma Knife; CK, CyberKnife.
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with liver and bone metastases 6 years after diagnosis, with the
patient having developed. Two intracranial metastases at 2 and 3
years after diagnosis. The rate of intracranial metastases in the 22
patients of Sun’s series was 31.8% (n = 7), whereas the rate of
extracranial metastases was 13.6% (n = 3). In our study, the
intracranial metastasis rate was 20% (n = 3) and the extracranial
metastasis rate 6.6% (n = 1). The variability in these results is
related to the unpredictable nature of HPCs. Other CK SRT series
made paid little mention to intracranial or extraneural metastases.
Because HPCs are highly aggressive, the initial tumor volume can
be regenerated, even if it is reduced or has disappeared after
previous treatment (10); in our series, six tumors (1, 9, 11, 14, 19
and 22) showed such a changing course. Stereotactic radiotherapy
is a focal localized treatment modality, and the possibility of
repeatable treatment is an advantage, but it may also be ineffective
in preventing metastasis. Hence, CNS HPC requires long-term
follow-up and surveillance for recurrence and metastasis. The
appropriate interval is uncertain, but 3 or 6 months might be
considered reasonable.

Until now, the use of chemotherapy for treating CNS HPCs has
been very disappointing, although chemotherapy may be helpful
in the specific case of recurrence after radiotherapy (8). However
the efficacies of new therapies for extracranial HPCs, including
anti-angiogenesis therapies, are currently being evaluated (26),
and these treatments may also be useful for intracranial HPCs. In
our series, one patient (number 4) accepted anti-angiogenesis
therapies (pazopanib hydrochloride) after liver and bone
metastases were found. Partial embolization of the liver
metastases was also performed at the same time. We found that
the metastatic tumors shrank after 6 months. Programmed cell
death ligand-1 (PD-L1) is frequently expressed in intracranial
SFT/HPCs, and diffuse or intense PD-L1 expression might be
associated with the early occurrence of extracranial metastasis
(27). A combination of SRS and targeted drugs may improve the
local control rate and extend survival time, but multicenter
prospective large-sample clinical trials are needed to confirm this.

The main limitations of our study are the retrospective design,
the small number of patients, and the relatively short follow-up.
Although no severe complications occurred after a mean follow-up
period of 34.5 months, the follow-up periods were insufficient. We
also failed to identify the relationship between dose and volume
change. Obviously, much longer, follow-up and a larger population
will be required to establish the long-term efficacy of CK-based SRT
for HPC. Therefore, we must be cautious with our conclusions,
because these findings are preliminary. Although a longer follow-
up period and a larger population are necessary to confirm these
early results, this analysis documenting our preliminary experience
of CK-based SRT for intracranial HPCs is very encouraging.
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Objective: This study aimed to report the characteristic of tumor regrowth after gamma
knife radiosurgery (GKRS) and outcomes of repeat GKRS in nonfunctioning pituitary
adenomas (NFPAs).

Design and Methods: This retrospective study consisted of 369 NFPA patients treated
with GKRS. The median age was 45.2 (range, 7.2-84.0) years. The median tumor volume
was 3.5 (range, 0.1-44.3) cm®.

Results: Twenty-four patients (6.5%) were confirmed as regrowth after GKRS. The
regrowth-free survivals were 100%, 98%, 97%, 86% and 77% at 1, 3, 5, 10 and 15 year,
respectively. In multivariate analysis, parasellar invasion and margin dose (<12 Gy) were
associated with tumor regrowth (hazard ratio [HR] = 3.125, 95% confidence interval [Cl] =
1.318-7.410, p=0.010 and HR = 3.359, 95% CI = 1.347-8.379, p = 0.009, respectively).
The median time of regrowth was 86.1 (range, 23.2-236.0) months. Previous surgery was
associated with tumor regrowth out of field (p = 0.033). Twelve patients underwent repeat
GKRS, including regrowth in (n = 8) and out of field (n = 4). Tumor shrunk in seven patients
(568.3%), remained stable in one (8.3%) and regrowth in four (33.3%) with a median repeat
GKRS margin dose of 12 (range, 10.0-14.0) Gy. The actuarial tumor control rates were
100%, 90%, 90%, 68%, and 68% at 1, 3, 5, 10, and 15 years after repeat GKRS,
respectively.

Conclusions: Parasellar invasion and tumor margin dose (<12 Gy) were independent risk
factors for tumor regrowth after GKRS. Repeat GKRS might be effective on tumor control
for selected patients. For regrowth in field due to relatively insufficient radiation dose,
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repeat GKRS might offer satisfactory tumor control. For regrowth out of field, preventing
regrowth out of field was the key management. Sufficient target coverage and close

follow-up might be helpful.

Keywords: gamma knife, radiosurgery, regrowth, pituitary adenoma, aggressive, nonfunctioning

INTRODUCTION

Nonfunctioning pituitary adenomas (NFPAs) represent about
30% (1) of pituitary tumors. The managements of NFPAs
include surgical resection, radiotherapy, medical treatment,
and observation. Surgical resection is firstly recommended as
the primary treatment of symptomatic patients with NFPA (2).
Radiotherapy is recommended for residual or recurrent NFPAs
(3). When patients are not candidate to surgical resection
because of significant comorbidities, an advanced age or
cavernous sinus invasion, radiotherapy may be used as primary
management (4). Gamma Knife radiosurgery (GKRS) which has
advantages of a highly precise, better dose conformity and
focused delivery of radiation in a single session, is one of the
best radiation technique and essential part in the treatment of
pituitary tumors. As previous publications reported (4-12),
GKRS has been proved to offer a high tumor control rate of
83-95% and a low new-onset hypopituitarism rate of 9-32% for
pituitary adenomas. Treatment failure after GKRS for NFPAs
consists of progressive cystic enlargement, tumor apoplexy and
tumor regrowth (4). Tumor regrowth is the most common type
of treatment failure in GKRS for NFPAs. Most publications
reported tumor recurrence in 0-9.6% of treated patients with
NFPA after GKRS (11, 13-18). However, there are few studies
reporting the characteristics of tumor regrowth after GKRS and
outcomes of repeat GKRS. Since 1993, the Second Afhliated
Hospital of Guangzhou Medical University has more than 26
years’ experience in using Gamma Knife (Elekta, Stockholm,
Sweden) for NFPAs. To report the characteristics of tumor
regrowth and outcomes of repeat GKRS for NFPA patients
with tumor regrowth after GKRS, we performed a single-
center study.

METHODS

Patient Population

Between 1993 and 2016, there were 2557 patients with pituitary
adenomas treated with GKRS at the Second Affiliated Hospital of
Guangzhou Medical University. Most of patients were lost to
follow up because of coming from a long distance. Finally, there
were only 751 pituitary adenoma patients had clinical and
sufficient follow-up (>12 months) information at our hospital.
Of the 751 patients, 369 NFPA patients were enrolled in this
study. The patients were diagnosed by surgical pathology or MRI
findings. There was no evidence of hormonal hypersecretion in
these patients. This retrospective study was approved by the
institutional committee of the Second Affiliated Hospital of
Guangzhou Medical University.

Clinical and Radiological Evaluations

All of patients were routinely followed up with MRI of the sellar
and clinical evaluations. No matter when it was possible, patients
took follow-up examination at our hospital. If not, clinical
information, MRI and laboratory tests were sent and reviewed
at our center. The follow-up evaluations were collected and
reviewed by the treating radiologists and clinicians.

Tumor dimensions were got from MR imaging by manual. The
tumor dimensional indices were measured and recorded in three
orthogonal planes: transverse (TR), anteroposterior (AP), and
craniocaudal (CC). The tumor volumes were estimated using the
formula: V= (nx [TR x AP x CC])/6 (19). Considering the irregular
shape of some tumors, tumor volume measurement was only a
rough estimate of the actual volume. Tumor progression was
defined as tumor enlargement at least 20% in tumor volume.
Tumor shrinkage was defined as at least a 20% shrinkage in
tumor volume. Stable tumor was defined as tumor volume
change within 20%. Tumor regrowth was defined as new lesion
detected on follow-up MRI or regrowth on residual tumor. Tumor
regrowth on adjacent or within the prescribed isodose was
considered as regrowth in field (Figure 1). Tumor regrowth
outside the prescribed isodose was considered as regrowth out of
field (Figure 2). The Knosp grade 3 or 4 was considered as parasellar
invasion. The tumor close to optic structure (<2 mm) was
considered as suprasellar extension.

Gamma Knife Radiosurgery Technique

The procedure was performed using Leksell Gamma Knife. Model B
Leksell Gamma Knife Unit was used until April 2014 and was then
replaced by Perfexion Unit (Elekta Instrument, Inc.). Stereotactic
Leksell frame placement was performed under local anesthetic.
Following frame placement, thin-slice stereotactic MR imaging
with the administration of intravenous contrast material was
performed through the sellar. The maximal dose to the optic
pathway was <10 Gy. Small collimators of 4 and 8 mm were
mainly used to get better conformality.

Statistical Analysis

The normal distribution of continuous variables was checked by
Kolmogorov-Smirnov test. The mean ( £ SEM) was used to
describe continuous variables with normal distribution. The
median and interquartile ranges (IQR) was used to describe
variables not normally distributed. F test was used for
homogeneity of variance in continuous variables. Independent-
sample t test was used to compare means of continuous variables
with normal distribution. When continuous variables were not
normally distributed, Wilcoxon rank sum test was used. Chi-square
test and Fisher exact test were used for statistical analysis of
categorical variables. Log-rank test statistics and a step forward
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shrinkage at 205.0 months after repeat GKRS.

FIGURE 1 | A 13-year-old boy with NFPA (max diameter of 7.6 cm) received adjuvant GKRS (10 Gy/35%) after subtotal resection and repeat GKRS (12 Gy/35%)
for tumor regrowth at 36.5 months after prior GKRS. (A) contrast-enhanced coronal T1-weighted magnetic resonance imaging (MRI) scans showed residual giant
NFPA after surgical resection. (B) MRI showed tumor shrinkage at 24.6 months after GKRS. (C) MRI showed tumor regrowth at 37.9 months after prior GKRS.

(D) MRI showed tumor shrinkage at 10.1 months after repeat GKRS. (E) MRI showed tumor shrinkage at 68.8 months after repeat GKRS. (F) MRI showed tumor

likelihood ratio method of Cox proportional hazard models were
used for univariate and multivariate analysis, respectively. Kaplan-
Meier curves were plotted for regrowth-free survival. Probability
values < 0.05 were defined as statistically significant. For statistical
analysis, IBM’s SPSS (version 26.0) was used.

RESULTS

Patient Characteristics

There were 369 NFPA patients in this study. The population
consisted of 185 male (50.1%) and 184 female (49.9%) patients
with a median age of 45.2 (range, 7.2-84.0) years. The median

follow-up was 60.8 (range, 12.8-283.0) months. The median
tumor volume was 3.5 (range, 0.1-44.3) cm®. There were four
patients (1.1%) underwent radiation before GKRS. There were
173 patients (46.9%) treated with adjuvant GKRS after surgery.
There were 162 patients (43.9%) with suprasellar extension and
138 patients (34.8%) with parasellar invasion. The median tumor
margin dose was 13.3 (range, 8.0-22.0) Gy at a median
prescription isodose 40% (range, 25-71%). The median
maximum dose was 33.3 (range, 14.0-66.7) Gy (Table 1).

Risk Factors Associated With Tumor Regrowth
Of the 369 NFPA patients who underwent GKRS, 24 patients
(6.5%) confirmed as tumor regrowth. The regrowth-free
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as in the cavernous sinus out of field.

7l

FIGURE 2 | A 43-year-old male patient with residual NFPA after surgical resection received GKRS and developed tumor regrowth out of field at 71 months after
GKRS. (A) contrast-enhanced coronal T1-weighted magnetic resonance imaging (MRI) scans showed pituitary adenoma. (B) MRI showed subtotal resection for
pituitary adenoma after 3.5 months. (C) Dose distribution of adjuvant GKRS after surgical resection. (D) MRI showed tumor regrowth was either in the sellar as well

survivals were 100%, 98%, 97%, 86% and 77% at 1, 3, 5, 10, and
15 year, respectively (Figure 3). In univariate analysis, risk
factors associated with tumor regrowth included prior surgical
resection (p = 0.034), parasellar invasion (p < 0.001) (Figure 4),
tumor margin dose (<12 Gy) (p < 0.001) (Figure 5), and tumor
volume (=5 cm?) (p = 0.003). In multivariate analysis, only
parasellar invasion and tumor margin dose (<12 Gy) were
significantly related with tumor regrowth (hazard ratio [HR] =
3.125, 95% confidence interval [CI] = 1.318-7.410, p = 0.010 and
HR = 3.359, 95% CI = 1.347-8.379, P = 0.009, respectively)
(Table 2).

Characteristics of Tumor Regrowth

Of the 24 patients with tumor regrowth after GKRS, there were
13 male (54.2%) and 11 female (45.8%) patients with a mean age
of 40.7 (median, 49.2, range, 16.4-70.2) years. The mean follow-
up was 144.1 (median, 134.1, range, 22.5-260.8) months. There
were 15 (62.5%) and 9 patients (37.5%) with tumor regrowth in
and out of field, respectively. There were 14 patients (58.3%)
underwent surgical resection previously. The mean tumor
volume at prior GKRS was 13.1 (median, 9.8, range, 0.9-34.8)

TABLE 1 | Baseline clinical characteristics of 369 patients with nonfunctioning
pituitary adenomas and GKRS parameters.

Characteristic value

Male/Female, n (%) 185/184 (50.1/49.9)

Median age, (range), years 45.2 (7.2-84.0)
Median FU length, (range), months 60.8 (12.8-283.0)
Median tumor volume at GKRS, (range), cm® 3.5 (0.1-44.3)
Previous radiotherapy, n (%) 4(1.1)

Prior surgical resection, n (%) 173 (46.9)
Parasellar invasion, n (%) 138 (34.8)
Suprasellar extension, n (%) 162 (43.9)
GKRS parameters

Median tumor margin radiation dose, (range), Gy 13.3 (8.0-22.0)

Median maximum radiation dose, (range), Gy
Median prescription isodose, (range), %

33.0 (14.0-66.7)
40.0 (25.0-71.0)

FU, follow up; GKRS, gamma knife radiosurgery.

cm’. There were 22 patients (91.7%) with suprasellar extension
and 17 patients (70.8%) with parasellar invasion. The mean prior
GKRS margin dose was 10.0 (median, 10.0, range, 9.0-17.0) Gy.
The mean prior GKRS maximum dose was 33.1 (median, 33.2,
range, 25.0-40.0) Gy. The mean time of regrowth was 91.8

Frontiers in Oncology | www.frontiersin.org

20

March 2021 | Volume 11 | Article 627428


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Lietal

Characteristic of Tumor Regrowth and Outcomes of GKRS

~I77Sunvival Function
i Censored

08 1

06

04

Regrowth-free Survival

02

00

100.0000 150.0000 2500000 300.0000

Months after GKRS

10000 50.0000 2000000

FIGURE 3 | Kaplan-Meier curve of tumor regrowth-free survival.
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FIGURE 4 | Kaplan-Meier curve of tumor regrowth-free survival of parasellar
invasion (p = 0.000).
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FIGURE 5 | Kaplan-Meier curve of tumor regrowth-free survival of tumor
margin dose >12 Gy vs. <12 Gy. Tumor margin dose <12 Gy showed a
lower tumor regrowth-free survival rate (p = 0.000).

TABLE 2 | Results of univariate and multivariate analyses for tumor regrowth
after GKRS.

Variables Tumor regrowth

Univariate, p Multivariate,p HR 95% CI
Age (=55 years) 0.847 NA NA NA
Sex (male VS female) 0.649 NA NA NA
Prior surgical resection 0.034* 0.169 NA NA
Parasellar invasion <0.001* 0.010* 3.125 1.318-7.410
Suprasellar invasion 0.096 0.194 NA NA
Tumor margin dose <0.001* 0.009* 3.3569 1.347-8.379
(<12 Gy)
Tumor volume (=5 cm®) 0.003* 0.920 NA NA

GKRS, gamma knife radiosurgery; ClI, confidential interval; HR, hazards ratio; NA,
not available.
*Statistically significant (P < 0.05).

(median, 86.1, range, 23.2-236.0) months. The characteristics of
the 24 patients, grouped according to the type of tumor
regrowth, were summarized in Table 3. There were more
patients who previously underwent surgery developed tumor
regrowth out of field (p = 0.033). the proportion of gender,
parasellar invasion, suprasellar extension, age, margin dose,
maximum dose, tumor volume, and time of regrowth, were
similar in the two groups (Table 3).

Further Treatment and Outcomes of
Repeat GKRS

Among the 24 patients, 16 patients (66.7%) underwent repeat
GKRS alone, 2 patients (8.3%) underwent surgery, 2 patients
(8.3%) underwent surgery and repeat GKRS, 2 patients (8.3%)
were under observation, 2 patients were lost to follow up. There
was no other medical treatment except hormone supplement in
these patients.

There were 18 patients underwent repeat GKRS. Six patients
were lost to follow up. Finally, only 12 patients underwent repeat
GKRS alone had follow-up MRI. The data was showed in Table
4. The patient population consisted of six male (50%) and 6
females (50%) patients with a median age of 46.7 (range, 16.4-
70.2) years. There were 8 (66.7%) and 4 patients (33.3%) with
tumor regrowth in and out of field, respectively. There were 8
patients (66.7%) with parasellar invasion. The median previous
GKRS margin dose was 10.0 (range, 9.0-15.5) Gy. The median
previous GKRS maximal dose was 33.2 (range, 25.0-36.0) Gy.
The median tumor volume at repeat GKRS was 9.8 (range, 0.6-
66.8) cm’. The median repeat margin dose and maximum dose
was 12 (range, 10.0-14.0) Gy and 33.2 (range, 28-40) Gy,
respectively. Finally, with a median imaging follow-up of 84.8
(range,11.4-205.0) months after repeat GKRS, tumor shrunk in 7
patients (58.3%), remained stable in 1 patient (8.3%) and tumor
regrowth in 4 patients (33.3%). The actuarial tumor control rates
were 100%, 90%, 90%, 68%, and 68% at 1, 3, 5, 10, and 15 years
after repeat GKRS, respectively (Figure 6). Among the eight
patients with tumor control, there were two patients with short
imaging follow-up of 11.4 and 14.1 months, respectively, which
might overestimate tumor control rate in this study. For the
patient with tumor shrinkage at imaging follow-up of 11.4
months, we had follow-up by telephone at 216.9 months after

Frontiers in Oncology | www.frontiersin.org

21

March 2021 | Volume 11 | Article 627428


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Lietal

Characteristic of Tumor Regrowth and Outcomes of GKRS

TABLE 3 | Characteristics of 24 NFPA patients grouped according to the type of tumor regrowth after GKRS.

Characteristic Regrowth in field (n = 15) Regrowth out of field (n = 9) All patients (n = 24) P value
Female sex, n (%) 7 (46.7) 4 (44.4) 11 (45.8) 1.000
Mean age at prior GKRS (years) 411 £ 3.8 39.9 £ 39 40.7 £ 2.7 0.833
Parasellar invasion, n (%) 9 (60) 8(88.9) 17 (70.8) 0.191
Suprasellar extension, n (%) 13 (86.7) 9 (100) 22 (91.7) 0.511
Previous surgical resection, n (%) 6 (40) 8(88.9) 14 (58.3) 0.033*
Prior GKRS margin dose, median (IQR), (Gy) 10.0 (9.0-12.0) 11.0 (10.0-12.8) 10.0 (9.9-12.6) 0.528
Mean prior GKRS maximum dose (Gy) 333 +1.0 334 +06 33.1+£06 0.723
Time of regrowth, median (IQR), (months) 85.0 (64.8-134.8) 97.0 (23.5-102.2) 86.1 (46.8-104.8) 0.325
Mean tumor volume at prior GKRS, median (IQR), (cm®) 9.4 (6.8-15.7) 13.6 (4.6-27.9) 9.8 (6.3-20.1) 0.421
Data are expressed as number, mean + SEM, median and IQR, or percentage.
GKRS, gamma knife radiosurgery; IQR interquartile range.
*Statistically significant (P < 0.05).
TABLE 4 | Imaging outcomes of repeat GKRS for 12 NFPA patients with tumor regrowth after GKRS.
Sex/Age Type of regrowth Previous GKRS dose Repeat GKRS dose Imaging outcome FU after repeat
GKRS (months)
Male/31.4 Out of field 10.0 Gy at 30% 14.4 Gy at 40% Regrowth (out of field) 71.4
Female/49.1 In field 15.1 Gy at 50% 10.0 Gy at 25% Shrinkage 11.4
Female/55.9 In field 9.0 Gy at 36% 11.7 Gy at 35% Regrowth (out of field) 193.8
Female/48.1 In field 10.0 Gy at 30% 13.0 Gy at 40% Shrinkage 89.9
Male/16.4 In field 10.0 Gy at 35% 12.0 Gy at 40% Shrinkage 205.0
Male/53.6 In field 11.6 Gy at 35% 11.7 Gy at 35% Shrinkage 156.9
Female/70.2 In field 10.0 Gy at 30% 14.0 Gy at 50% Shrinkage 38.2
Female/31.9 In field 9.9 Gy at 30% 11.8 Gy at 33% Shrinkage 109.3
Female/49.7 Out of field 10.0 Gy at 30% 10.5 Gy at 35% Stable 141
Male/43.1 Out of field 11.0 Gy at 35% 12.0 Gy at 40% Regrowth (out of field) 15.3
Male/22.3 In field 12.0 Gy at 35% 13.2 Gy at 40% Regrowth (in field) 79.6
Male/45.4 Out of field 14.4 Gy at 40% 14.0 Gy at 40% Shrinkage 120.0
FU, follow up; GKRS, gamma knife radiosurgery; TV, tumor volume.
repeat GKRS, the patient had a good quality of life and nothing to DISCUSSION

complain, including headache, visual impairment, and cranial
nerve impairment. Another patient with a large tumor volume of
66.8 cm® remained stable at 14.1 months was lost to follow-up.
Among the four patients with tumor regrowth after repeat
GKRS, three patients presented with tumor regrowth out of
field. In these three patients, all of the tumors within the repeat
GKRS radiation field were shrinkage, one patient received 3™
GKRS for tumor regrowth in cavernous sinus, one patient was
under observation, and another patient was lost to follow-up. It
was indicated that these patients were heavily infiltrating NFPA
and should be cautious of tumor regrowth out of field. Another
patient with tumor regrowth in field previously presented tumor
regrowth in field again after repeat GKRS and was advised to
receive surgical resection. It was indicated that the tumor might
be resistant to radiation. After repeat GKRS, one patient who
presented with tumor regrowth in the cavernous sinus occurred
new oculomotor neuropathy, another patient whose optic
chiasm was compressed by tumor regrowth in the suprasellar
region occurred new or worsened visual impairment.

Risk factors such as age, sex, parasellar invasion, suprasellar
extension, prior surgery, repeat GKRS margin dose, maximal
repeat GKRS radiation dose, type of regrowth, and time of
regrowth were analyzed. No factors were significantly
associated with progression. The small number of cases limited
statistical power.

Our study was a single-center series reporting the characteristic
of tumor regrowth after GKRS and outcomes of repeat GKRS in
NFPA patients. In the current study, 24 patients (6.5%) were
confirmed as regrowth after GKRS. The regrowth-free survivals

—I"1Sunvival Function
I~ Censored

Proportion with tumor control

0000 50.0000 100.0000 250.0000

Months after GKRS

150.0000 200.0000

FIGURE 6 | Kaplan-Meier curve of tumor control for the 12 patients who
undergoing repeat GKRS. The actuarial tumor control rates were 100%,
90%, 90%, 68%, and 68% at 1, 3, 5, 10, and 15 years after repeat
GKRS, respectively.
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were 100%, 98%, 97%, 86% and 77% at 1, 3, 5, 10, and 15 years,
respectively. The median time of regrowth was 86.1 (range, 23.2-
236.0) months. In multivariate analysis, only parasellar invasion
and tumor margin dose (<12 Gy) were significantly associated
with tumor regrowth. Twelve patients underwent repeat GKRS,
including regrowth in (n = 8) and out of field (n = 4). Tumor
shrunk in seven patients (58.3%), remained stable in one (8.3%)
and regrowth in four (33.3%) with a median repeat GKRS
margin dose of 12 (range, 10.0-14.0) Gy. The actuarial tumor
control rates were 100%, 90%, 90%, 68%, and 68% at 1, 3, 5, 10
and 15 years after repeat GKRS, respectively.

In previous studies, 0-9.6% of NFPA patients occurred tumor
recurrence after GKRS (11, 13-18). In a large study of 543
patients with pituitary adenomas by Losa et al. (18), there were
more patients with NFPA than functioning pituitary adenomas
had a tumor recurrence (9.6% VS 4.8%). In the 272 NFPA
patients, there were 26 patients (9.6%) developed tumor
recurrence, which was higher than our study. In the NFPA
group, there were no risk factors associated with tumor
recurrence. Sheehan et al. (9) reported a pooled analysis of
data from nine center in North America, 31 of 469 NFPA
patients (6.6%) developed tumor regrowth after a shorter
median follow-up of 36 months. Tumor volume at GKRS was
the only risk factor associated with tumor recurrence. Sun et al.
(5) also reported parasellar invasion was risk factor associated
with tumor control in the treatment of GKRS for postsurgical
NFPAs. Radiosurgery with single doses of 212 Gy is
recommended for greater local tumor control rate of 290% in
a systematic review and evidence-based guideline (3). In our
study, a large tumor volume and tumor close to optic nerve were
the reasons of a relative low tumor margin dose to tumor.
Therefore, these patients were prone to regrow due to a
relative low dose. For the tumors with large volume or close to
optic nerve, multisession GKRS or fractioned stereotactic
radiation therapy might have advantage for tumor control
comparing with single session GKRS. Tomotherapy,
Cyberknife or linear accelerator were not available in our
hospital. Leksell Gamma Knife Unit B was replaced by
Perfexion Unit until 2014. These may be disadvantage for
treatment of tumors with large volume.

In current study, with a median imaging follow-up of 84.8
(range,11.4-205.0) months after repeat GKRS for 12 patients
with regrowth, tumor shrunk in seven patients (58.3%),
remained stable in one patient (8.3%), and tumor regrowth in
four patients (33.3%). The actuarial tumor control rates were
100%, 90%, 90%, 68%, and 68% at 1, 3, 5, 10, and 15 years after
repeat GKRS, respectively. In the study of Losa et al. (18), 16 of
26 NFPA patients received GKRS as further therapy, and 15 of
them had final outcomes. With median follow-up of 68 (range,
14-167) months in these patients, tumor improving in 1 patient
(6.7%), remained stable in 13 patients (86.7%), only 1 patient
(6.7%) with tumor progression. The actuarial tumor control rates
were 93 and 93% at 5 and 10 years, respectively, which were
higher than our study. However, the proportion of tumor
improving was much lower than our study. Besides, the only
patient with tumor improving received GKRS and

temozolomide. Did the tumor shrinkage was due to GKRS or
temozolomide or both of them? What’s more, the definition of
tumor improving and stable were not available in the literature.

In this study, we defined two clearly distinct patterns of tumor
regrowth after GKRS: tumor regrowth in and out of previous
radiation field. The tumor regrowth in field was more frequent
than out of field (66.7 VS 33.3%) in our study. In the study of
Losa et al. (18), of the 26 patients, there were 18 patients (69.2%)
developed recurrence out of field, which was higher than our
study. We found previous surgery was significantly associated
with tumor regrowth out of field (p = 0.033). In the study of Losa
et al. (18), 91.5% of NFPA patients had previous surgery.
However, because of significant comorbidities, an advanced
age, preoperative functional status and cavernous sinus
invasion, only 14 patients (58.3%) had previous surgery in our
study. A higher proportion of surgery contributed to a higher
proportion of recurrence out of field. The underlying
pathogenesis might be different in the two kind of tumor
regrowth, which might have influence on prognostic and
therapeutic outcomes. Tumor regrowth out of field usually
represented insufficient target coverage because of the tumor
infiltrating into surrounding structures or difficulty of
differentiating postsurgical changes from residual tumor.
Therefore, the tumor target contouring should be performed
on presurgical and postsurgical MRI, in order to avoid missing
the small residual tumor. Thus, the tumor regrowth out of field
seemed to be a low correlation with radiation resistance. In the
four patients presented tumor regrowth after repeat GKRS, three
of them who were regrowth out of field still showed well response
to repeat GKRS radiation field. In the study of Losa et al. (18),
most patients with “out of field” recurrence also responded well
to GKRS and had stable disease at last follow-up. Preventing
tumor regrowth out of field was the key management. Sufficient
target coverage and close MRI follow-up might be helpful.
Nevertheless, the reasons of tumor regrowth in field might
consist of radiation resistance and relatively insufficient
radiation dose. If the tumors were resistant to radiation, it
might present with aggressive behavior and limit the treatment
options. If the tumors regrowth in field were due to relatively
insufficient radiation dose, then a high radiation dose might be
helpful to control tumor regrowth. In the eight patients with
tumor regrowth in field in our study, seven patients received a
higher repeat GKRS margin dose than previous dose, two
patients (25%) developed regrowth again, including regrowth
in field (n = 1) and out of field (n = 1). The patient regrowth in
field after repeat GKRS should be considered more resistant to
radiation than other patients.

The 2018 European Society of Endocrinology Clinical
Practice Guidelines for the management of aggressive pituitary
tumors and carcinomas suggested aggressive pituitary adenomas
should be considered in patients with a radiologically invasive
tumor and unusually rapid tumor growth rate, or clinically
relevant tumor growth despite optimal standard therapies
(surgery, radiotherapy and conventional medical treatments)
(20). Of the 12 patients receiving repeat GKRS in our study,
only 8 patients (66.7%) were radiologically cavernous sinus
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invasion. Another patient without cavernous sinus invasion was
considered refractory to radiation. Most of cases had
characteristics of aggressive behavior. There was no standard
therapy for aggressive pituitary adenomas. There had been a
low-level evidence for temozolomide in small case series (21—
26). Recently, an international survey of clinical practice (27)
recommended temozolomide as first line chemotherapeutic
treatment of aggressive pituitary tumors or pituitary
carcinomas. As previous reported, 69% (28) of patients could
obtain complete response, partial response or stable disease. The
success rate of clear tumor volume reduction (complete response
or partial response) was 42% (28). There was rare data about
radiotherapy for aggressive pituitary adenomas. In the
international survey of clinical practice (27), there were 10
patients underwent radiotherapy as second and third line
treatments. Six patients (60%) developed progression. The effect
was limited. Our study reported a better tumor control rate.
Perhaps, it was due to the heterogenous of the tumors between
the studies. For aggressive pituitary tumors, patients should be
treated by multidisciplinary team consisting of a neurosurgeon,
radiation oncologist, radiologist, endocrinologist and pathologist.

In this study, there were several limitations should be noticed.
Firstly, this was a single-center retrospective study with small
sample size and thereby reflected selection and treatment biases,
as well as limiting statistical power. Secondly, some patients did
not receive surgical resection before GKRS, the pathological
information was not available, which might indicate aggressive
behavior in these patients. Thirdly, tumor volume measurement
in this study was only a rough estimate of the actual volume
because of the irregular shape of some pituitary tumors.
Fourthly, because many patients came from a long distance
from nationwide, endocrine tests were usually took in local
hospital for their convenience. Therefore, endocrine
evaluations before and after GKRS were incomplete in this study.

In this study, parasellar invasion and tumor margin dose (<12
Gy) were independent risk factors for tumor regrowth after
GKRS. Tumor regrowth may occur several years after GKRS,
long-term regular follow-up is necessary. Tumor regrowth in and
out of field may possess different mechanisms and affect
prognosis. Repeat GKRS might be effective on tumor control
for selected patients. For the pattern of regrowth in field due to
relatively insufficient radiation dose, repeat GKRS may still offer
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Background: Lower-grade glioma (LGG) is a type of central nervous system tumor that
includes WHO grade Il and grade lll gliomas. Despite developments in medical science and
technology and the availability of several treatment options, the management of LGG
warrants further research. Surgical treatment for LGG treatment poses a challenge owing to
its often inaccessible locations in the brain. Although radiation therapy (RT) is the most
important approach in this condition and offers more advantages compared to surgery and
chemotherapy, it is associated with certain limitations. Responses can vary from individual
to individual based on genetic differences. The relationship between non-coding RNA and
the response to radiation therapy, especially at the molecular level, is still undefined.

Methods: In this study, using The Cancer Genome Atlas dataset and bioinformatics, the
gene co-expression network that is involved in the response to radiation therapy in lower-
grade gliomas was determined, and the ceRNA network of radiotherapy response was
constructed based on three databases of RNA interaction. Next, survival analysis was
performed for hub genes in the co-expression network, and the high-efficiency
biomarkers that could predict the prognosis of patients with LGG undergoing
radiotherapy was identified.

Results: We found that some modules in the co-expression network were related to the
radiotherapy responses in patients with LGG. Based on the genes in those modules and
the three databases, we constructed a ceRNA network for the regulation of radiotherapy
responses in LGG. We identified the hub genes and found that the long non-coding RNA,
DRAIC, is a potential molecular biomarker to predict the prognosis of radiotherapy in LGG.

Keywords: The Cancer Genome Atlas, low-grade glioma, bioinformatics, long non-coding RNA, radiosensitivity

Frontiers in Oncology | www.frontiersin.org 26

March 2021 | Volume 11 | Article 622880


https://www.frontiersin.org/articles/10.3389/fonc.2021.622880/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.622880/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.622880/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.622880/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.622880/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:tangzx@suda.edu.cn
mailto:yudong@suda.edu.cn
https://doi.org/10.3389/fonc.2021.622880
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.622880
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.622880&domain=pdf&date_stamp=2021-03-09

Lietal

Bioinformatic Analysis of LGG Radiosensitivity

INTRODUCTION

Gliomas are the most prevalent malignant primary brain tumors
accounting for 81% of all malignant brain tumors (1). The World
Health Organization (WHO) has classified gliomas into four
grades; WHO grade II and III gliomas are not as malignant as
WHO grade IV glioblastoma (GBM). Therefore, WHO grade II
and grade III gliomas are defined as lower-grade gliomas (LGG) by
The Cancer Genome Atlas (TCGA). Lower-grade gliomas include
astrocytomas, oligodendrogliomas, and oligoastrocytomas (2).

Standard treatment of LGG includes surgery, chemotherapy, and
radiation therapy. Because lower-grade gliomas occur primarily in
the functional areas of the brain and tend to grow aggressively with
diffuse infiltration, the suitability of surgery is often controversial.
Chemotherapy with temozolomide has some limitations (such as
hematological toxicity and myelosuppression (3, 4)). Radiation
therapy has significant advantages in the treatment of LGG.
Almost all patients with LGG receive radiation therapy during
their treatment (5).

Although radiotherapy is associated with several advantages
in the treatment of LGG, there exists the problem of
heterogeneity in the efficacy of radiotherapy. Patients who
receive radiation therapy show varying responses; some show
better short-term responses and overall survival compared to
others (6). Moreover, side effects such as cognitive abnormality
and seizure due to the brain damage caused by ionizing radiation
have been observed in some patients (7, 8). With progress in
precision medicine, the study of biomarkers for use in radiation
therapy and the molecular mechanisms regulating the sensitivity
of radiation therapy have gradually become the focus of research
in radiation oncology in recent times.

Long non-coding RNAs (IncRNA) belong to a class of non-
coding RNA with a length of not more than 200 nucleotides and
usually lack coding potential. Several studies have confirmed that
IncRNA expression is associated with tumor initiation,
progression, and treatment (9-13). Some IncRNAs have also
been implicated in the regulation of tumor radiosensitivity. For
example, IncRNA CYTOR sponges miR-195 to regulate the
radiosensitivity of non-small cell lung cancer (NSCLC) (14).
And IncRNA GAS5 can interact with miR-21 and enhance
radiosensitivity in NSCLC (15) whereas IncRNA ANRIL
enhances the radiosensitivity of nasopharyngeal carcinoma via
miR-125a (16). Collectively, these studies reveal that IncRNAs
can modulate tumor radiosensitivity by functioning as
competitive endogenous RNA (ceRNA).

The mechanism of ceRNA is a hypothesis that some RNAs,
such as IncRNA, act as a molecular sponge and compete with
mRNA for binding to miRNA via the miRNA response element
(MRE) (17). Although increasing research on ceRNA reveals its
role in the progression of many diseases and the treatment
responses (18, 19), few studies pertaining to the radiosensitivity
of LGG currently focus on the regulatory function of their non-
coding RNAs or the mechanism of ceRNAs. Therefore,
additional systematic studies on the mechanisms of the
regulation of radiosensitivity in LGG are needed.

In this study, we used weighted correlation network analysis
(WGCNA) to screen the most relevant modules in the co-

expression network and construct a ceRNA network. WGCNA
is a systems biology method used to detect the co-expression of
gene modules (20, 21) and genes in the same module having a
similar expression mode. This technique has been widely used in
biological research. Our study provides clues to determine the
mechanism of post-transcriptional regulation in LGG
radiosensitivity using transcriptome level data. Through
analysis of the expression level of hub genes in the co-
expression network, we found a IncRNA as a potential
biomarker that can be used to predict the prognosis of patients
with LGG undergoing radiotherapy.

DATA SOURCES AND METHODS

Data Sources

Gene expression data and clinical follow-up data from patients with
LGG were downloaded from The Cancer Genome Atlas (TCGA).
TCGA is the world’s largest oncogene database, providing a large
number of gene expression data, mutation data, epigenetic data,
clinical data, and survival data of different tumors.

The expression levels in the RNA-seq data are normalized by
TCGA. We directly used the data standardized by Fragments Per
Kilobase per Million (FPKM) provided by TCGA as the
expression level of the gene.

We categorized patients into radiosensitive and radioresistant
groups based on the short-term response of their primary tumor to
radiotherapy. Patients who showed complete remission after
radiotherapy were considered radiosensitive whereas those
exhibiting disease progression after radiotherapy were considered
resistant to radiotherapy. For survival analysis, our inclusion criteria
for patients were follow-up survival time greater than 30 days and
those who had received radiation therapy.

The IncRNA and mRNA expression data were extracted from
RNA-seq expression data of TCGA-LGG according to the
GENCODE (https://www.gencodegenes.org/) annotations
database V34.

To validate our findings of the biomarkers related to TCGA-
LGG radiosensitivity, we performed overall survival validation using
two independent datasets of Chinese Glioma Genome Atlas
(CGGA, http://www.cgga.org.cn). The expression of the two
CGGA datasets was sequence matched using STAR (22) and
transcripts were quantified using RSEM (23). The two CGGA
datasets included 325 (24, 25) and 693 patients with glioma (26,
27), respectively.

In both CGGA datasets, patients were screened based on criteria,
such as glioma grade WHO II and III, whether or not they received
radiation therapy, and survival follow-up longer than 30 days.

The clinical data of patients from TCGA and CGGA are
uploaded as supplementary material.

WGCNA Co-expression Analysis

Co-expression network analysis was conducted using the
“WGCNA” package in R 4.0 software. Genes with a low
amplitude of change and low expression are generally not
considered to play a critical biological role in the regulation of
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organismal function and in improving the computational
efficiency of WGCNA. The filter standard of miRNA is a
median absolute deviation (MAD) higher than 0.01. MAD is a
robust statistic used to describe the dissociation between
samples. For IncRNA and mRNA, the top 5000 IncRNA and
mRNA with high MAD were selected. Hierarchical clustering
analysis was conducted to remove the outliers.

We performed a co-expression network analysis on IncRNA,
mRNA, and miRNA expression levels. First, the value of the powers
(beta) was estimated using the “pickSoftThreshold” function in the
WGCNA package. The R-squared criterion was set to 0.9. Pearson
correlation coefficients were calculated using the expression data to
generate a correlation matrix, which was converted to a weighted
adjacency matrix based on the power. Lastly, a topological overlap
matrix (TOM) was generated to describe the connection between
genes. Genes with high co-expression were then grouped into same
modules based on the TOM. The merge cut-off threshold was set to
0.2, which meant that modules with a similarity higher than 0.8
were merged into one module.

Module-Radiosensitivity Relationship
Principal component analysis (PCA) of the modules in the co-
expression network of IncRNA, mRNA, and miRNA was
performed. The first principal component (Eigengene)
represented the gene expression level within the module and
was used for Pearson correlation analysis for radiosensitivity.
The modules with the strongest correlation and p-value < 0.05
were considered to play a key role in radiosensitivity.

ceRNA Network Construction

and Visualization

We predicted these genes using three RNA interaction databases,
including IncBase (http://carolina.imis.athena-innovation.gr/diana_
tools/web/index.php?r=Incbasev2%2Findex-predicted), miRDB
(http://mirdb.org/), and mirTarbase (http://mirtarbase.cuhk.edu.
cn/php/index.php). The IncBase was used to predict the
interaction of IncRNA with miRNA, whereas miRDB and
mirTarbase were used to predict the interaction of miRNA with
mRNA. The threshold for the miTGscore in the IncBase was set to
0.9. Interaction pairs with an miTGscore above 0.9 were considered
reliable and were included in the construction of the ceRNA
network. The target mRNAs of miRNAs were predicted using

Hochberg method. The R package “GOplot” (30) was used to
visualize the GO enrichment data.

Selection of Hub Genes

To further screen biomarkers, RNA within the three modules
were identified as hub genes. Hub genes are considered to be
genes with high connectivity within the module that play a key
pivotal role in regulation and are, therefore, more meaningful as
biomarkers. Gene significance (GS) and module membership
(MM) were calculated for each gene. The selection criteria for
hub genes were set to GS > 0.2 and MM > 0.8.

Survival Analysis

To identify the relationship between the expression level of these
hub genes and patient prognosis after radiotherapy, all patients
who had received radiotherapy and had valid survival data were
selected for survival analysis. Patients were divided into high and
low groups based on the expression level of each gene. Kaplan-
Meier curves and log-rank test were used for survival analysis to
calculate the effect of the expression of each gene on the
prognosis of patients with LGG who had received
radiotherapy. Survival analysis and visualization were
performed using the “survival” (31) and “survminer” R
package. The p-value was adjusted using the false discovery rate.

RESULTS

Processing of Data

This study included 49 patients with LGG (Table 1), among
whom 30 had gliomas that showed complete response after
radiotherapy and 19 showed radiographic progressive disease.
The RNA-seq expression data of all patients were available, but
because the miRNA-seq data of one of the patients in the
complete response group was missing, only 48 patients were
included for the miRNA co-expression network analysis.

TABLE 1 | Patient characteristics (n=49).

Progressive disease group Complete Response group

miRDB and mirTarbase, and the sum aggregate of these two Total 19 (100%) 30 (100%)
databases was considered as the target of miRNA. The R package  Age
“ggalluvial” (28) was used for the visualization of the  >40 11 (57.90%) 20 (66.67%)
eRNA network. <40 8 (42.10%) 10 (33.33%)
Grade
I 7 (36.84%) 6 (25.00%)
Gene Ontology and Pathway I 12 (63.16%) 24 (75.00%)
EnriChment AnaIySiS a:llneder 11 (57.90%) 12 (40.00%)
Gene ontology (GO) and Kyoto Encyclopedia of Genes and 8(42.l10%) ; 8(60:00%)
Genomes (KEGG) enrichment analysis of target genes in the IDH1
ceRNA network were implemented using the R package  Mutation 5 (26.32%) 6 (20.00%)
“clusterprofiler” (29). GO enrichment analysis included three — Wid 3(15-79%) 4(13-33%)
ontologies, namely, biological process (BP), molecular function g¢ dose 11(57.89%) 20 (66.67%)
(MF), and cellular component (CC). The p-value of GO and >54000Gy 17 (89.47%) 29 (96.67%)
KEGG enrichment analysis was adjusted using the Benjamini- <5400cGy 2 (10.53%) 1 (3.33%)
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A total of 19,600 mRNA and 14,085 IncRNA were identified
using GENCODE annotation database v34. The MAD of genes
were calculated. There were a total of 2142 miRNAs in the
miRNA expression data, of which 792 had MADs greater than
0.01. The top 5000 IncRNA and mRNA with larger MAD were
extracted for further analyses.

WGCNA Analysis

The mRNA expression data of one of the patients in the complete
response group was identified as an outlier in hierarchical clustering
analysis and was removed. Beta value is key to build a high-
efficiency co-expression network to find the most relevant module
in WGCNA analysis. The power value was calculated using the
function “pickSoftThreshold.” The minimum R-squared value was
set to 0.9 (Figure 1). The beta value of IncRNA for the construction
of the co-expression network was set to 4, whereas it was set to 9 and
8 for mRNA and miRNA, respectively.

A total of 29 modules were identified from the IncRNA co-
expression network. Seventeen mRNA modules from the mRNA
co-expression network and 8 miRNA modules from miRNA co-
expression network are shown in Figure 2. In the module-trait
correlation analysis, the IncRNA module, MEred, the mRNA
module, MEgreen, and the miRNA module, MEred, are the

modules that are most correlated to the radiotherapy response
of patients (Figure 3). The genes in these three modules are
highly related to radiotherapy response in LGG.

ceRNA Network Analysis

Using the Lncbase database, 3142 IncRNA-miRNA interaction
pairs were predicted by IncRNA in MEred. Among those, 32
IncRNA-miRNA interaction pairs were related to 21miRNA in
module MEgreen. MiRDB and mirTarBase were used to
predict the target mRNAs of the 21miRNAs. There were 21
and 53 interaction pairs between miRNA and mRNA found in
the miRDB and miRTarBase, respectively. The miRNA-
mRNA predictions were combined and 19 IncRNAs, 20
miRNAs, and 61 mRNAs were included in the ceRNA
network (Figure 4).

GO and KEGG Pathway

Enrichment Analysis

A total of 56 GO terms were identified from 61 target mRNAs.
The target mRNAs in ceRNA were primary associated with GO
terms such as translational inhibition, negative regulation of
ubiquitin-dependent protein catabolic process, and positive
regulation of translation (Figure 5). The most significant
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FIGURE 1 | (A) The power value selection of INcRNA co-expression networks. (B) The power value selection of mRNA co-expression networks. (C) The power

value selection of mMIRNA co-expression networks.
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dendrogram of miRNA co-expression network.

FIGURE 2 | (A) The cluster dendrogram of IncRNA co-expression network. (B) The cluster dendrogram of mRNA co-expression network. (C) The cluster

KEGG pathway that the target mRNA was associated with was
the ribosome pathway (Figure 6).

Hub Gene Selection and Survival Analysis
After the calculation of GS and MM, 13 IncRNAs, 28 miRNAs,
and 74 mRNAs were selected as hub genes. Results from the
survival analysis (Table 2) indicated that DRAIC was the most
significant IncRNA affecting the overall survival (OS) of patients
who had received radiotherapy. The group with high IncRNA
DRAIC expression showed a significantly better overall survival
than that with low IncRNA DRAIC expression (p < 0.0001)
(Figure 7).

We also noticed that the group with high IncRNA DRAIC
expression level exhibited better progression-free survival than
that with the low expression level of IncRNA DRAIC (p < 0.0001)
(Figure 8).

Two CGGA datasets were used as independent datasets to
validate the relationship between the expression level of
IncRNA DRAIC and the OS of patients with LGG. From the
CGGA325 dataset, we extracted the data of 137 patients with
WHO grade II and III tumors with survival follow-up greater
than 30 days who had received radiation therapy. We also
extracted the data of 308 patients from the CGGA693 dataset
based on similar criteria.

The OS data of patients with high DRAIC expression
obtained from the CGGA325 dataset was significantly better
than those of patients in the low expression group (p<0.0001)

(Figure 9). Although the long-term survival of patients was not
significantly better in the DRAIC high expression group, the OS
and five-year survival were significantly better than that in the
DRAIC low expression group in the CGGA693 dataset
(p=0.0013) (Figure 10).

Chi-square test was used to evaluate the relationship between
DRAIC expression and levels of the traditional biomarkers in the
CGGA datasets. We found that the expression level of IncRNA
DRAIC was highly correlated with IDH mutation and 1p/19q
codeletion. In both CGGA datasets, the DRAIC high expression
group had more 1p/19q codeletion and IDH1 mutations
compared to those in the low expression group. However,
IncRNA DRAIC expression was not related to MGMT
methylation (Tables 3 and 4).

DISCUSSION

The response of patients who receive radiotherapy for tumors
varies widely. Radiotherapy induces several effects including
double-strand breaks (DSB) in the DNA, DNA damage repair,
and the generation of oxygen radicals by the ionizing radiation
(32, 33). The sensitivity of individuals to radiotherapy varies
widely and depends on several factors. Each patient responds
differently and the nature of the response to radiotherapy is
highly dependent on the genetic makeup (34, 35).
Radiotherapy sensitivity has been one of the most important
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FIGURE 3 | (A) Module-trait relationship of INcRNA co-expression network. (B) Module-trait relationship of mRNA co-expression network. (C) Module-trait

topics of research in radiation oncology for a long time.
However, few studies have focused on the regulation of
radiosensitivity at the post-transcriptional level. Molecular
biomarkers, such as IDH1 and IDH2 mutation (36-39) and
1p19q codeletion (40, 41), have been used to predict the
prognoses of patients with LGG. The molecular mechanism
involved in the regulation of radiation response in patients
with LGGs is still undefined and, to date, there is no effective
or reliable biomarker that can be used to determine the
prognosis of patients undergoing radiotherapy.

In this study, for the first time, we systematically investigated
the mechanism of ceRNA regulation in the radiosensitivity of
LGG based on RNA-seq data and database predictions.
Consequently, a IncRNA was identified as a biomarker that
could be effective in predicting the prognosis of patients
after radiotherapy.

After obtaining data from TCGA-LGG, we categorized
patients into different groups based on their short-term
response of their primary tumor to radiotherapy. Although
the TCGA-LGG project did not provide details of surgical

resection, we believe that for low-grade gliomas, even if
maximum resection is performed (e.g., gross total resection),
some microscopic lesions may still be present. These residual
microscopic lesions may still have the potential for local
recurrence and distal metastasis. This is one of the reasons
why lower-grade gliomas are treated using radiotherapy after
surgery. However, patients may still present differently after
postoperative radiotherapy, and some patients may develop
local recurrence and distant metastases (42). Therefore, TCGA
takes into consideration not only the imaging performance of
the lesion before and after radiotherapy but also new tumor
events when assessing the response to radiotherapy. Complete
response is defined as the disappearance of all target lesions
after receiving radiotherapy without the formation of new
lesions for at least 4 weeks. Also, by reviewing the survival and
follow-up data of patients in the CR group, we found that the
majority of patients in the CR group had no new tumor events
during their long-term follow-up. Therefore, we believe that
TCGA is accurate in assessing the recovery of patients and the
efficacy of the treatment modality, and our practice of using
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FIGURE 4 | Sankey diagram of ceRNA network.
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TABLE 2 | Survival analysis results of hub INcCRNAs.

Ensembl ID Gene Symbol p-value

ENSG00000203497 PDCD4-AST 0.023584
ENSG00000229980 TOB1-AST 0.033365
ENSG00000239415 AP001469.3 0.000122
ENSG00000245750 DRAIC 1.24E-07
ENSG00000253669 GASAL1 0.019953
ENSG00000260830 AL135744.1 0.033365
ENSG00000261777 AC012184.3 0.404931
ENSG00000262362 AC004233.1 0.010548
ENSG00000270403 AP001554.1 0.019953
ENSG00000272079 AC004233.2 0.019953
ENSG00000274367 AC004233.3 0.050642
ENSG00000277182 AC006449.5 0.010548
ENSG00000278012 ALO31658.2 0.000122

the short-term response to radiotherapy in TCGA to group
patients is reasonable.

Normally, the RNA-seq studies involve gene analyses to identify
genes related to the trait. All gene expression levels are analyzed
using differential gene expression analysis and the differentially
expressed genes (DEGs) are selected based on a foldchange
threshold. However, the foldchange threshold is not the ideal
choice in biology research as there is no significant difference in
the function of a gene with expression levels a little higher or lower
than the foldchange threshold. Therefore, in this study, we chose
WGCNA analysis to discover the important genes that are involved

in the radiosensitivity in LGG. The WGCNA algorithm avoids the
problem of threshold by using a soft threshold. In WGCNA
analysis, the correlation coefficient of all genes is taken as the
power of n, the coefficient distribution conforms to the scale-free
network, and the genes are classified into different modules based on
the mode of expression. Genes in the same module exhibit highly
similar expression. The distribution pattern of nodes in the scale-
free network corresponds to the mode of action of genes and has a
biological significance, which is the advantage of using the
WGCNA algorithm.

Using WGCNA analysis, we observed that the most relevant
modules of IncRNA and mRNA were positively correlated with
radiosensitivity and the most relevant module of miRNA was
negatively correlated with radiosensitivity. These findings were
consistent with the competitive binding mechanism of ceRNA.
In the gene function enrichment analysis, we noticed that most
of the functions of the target mRNAs in the ceRNA network were
highly concentrated in the ribosomal pathway. Currently, the
role of ribosomes in the response of tumor cells to ionizing
radiation has not been elucidated in the field of gene research
pertaining to radiosensitivity.

We noticed that IncRNA DRAIC had the most significant
effect in predicting the prognosis of patients after receiving
radiotherapy; IncRNA DRAIC has been shown to inhibit the
progression of prostate cancer by interacting with IxB kinase
(IKK) and inhibiting NF-kB activity (43). Activation of NF-xB is
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FIGURE 7 | Kaplan-Merier survival curve of overall survival in the TCGA-LGG dataset.
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TABLE 3 | Relationship between IncRNA DRAIC expression and 1p/19q, IDH
mutation, and MGMT methylation in CGGA325 dataset.

TABLE 4 | Relationship between IncRNA DRAIC expression and 1p/19q, IDH
mutation, and MGMT methylation in CGGAB93 dataset.

CGGA325 High DRAIC expression Low DRAIC expression p-value CGGA693 High DRAIC expression Low DRAIC expression p-value
dataset group (n=69) group (n=68) dataset group (n=154) Group (n=154)

1p/19q <0.0001 1p/19q <0.0001
Codel 40 10 Codel 67 23

Non-codel 28 58 Non-codel 68 122

IDH <0.0001 IDH <0.0001
Mutant 65 37 Mutant 132 86

Wildtype 4 31 Wildtype 13 50

MGMT 0.7483 MGMT 0.1311

Methylated 37 32 Methylated 79 69

Unmethylated 27 28 Unmethylated 40 54

associated with the radiosensitivity of gliomas (44-46). DRAIC
might be the key IncRNA involved in the radiosensitivity
regulation of LGG. Studies report that DRAIC can be a
biomarker to predict prognosis in many malignancies (47).
However, there is no direct evidence to confirm the
involvement of IncRNA DRAIC in the regulation of
radiosensitivity in LGG; therefore, further studies are warranted.

To further strengthen the conclusions based on the data obtained
from TCGA dataset, we performed independent validation of the OS
in patients who underwent radiotherapy. To this effect, we used two
CGGA datasets to validate DRAIC as a biomarker of the response to
radiotherapy. The conclusions obtained based on both CGGA
datasets were similar to those derived from TCGA, which indicated

that patients in the high DRAIC expression group would achieve
better OS after radiation therapy compared to those in the low-
expression group. Furthermore, we noticed that in the CGGA
datasets, IDH mutation and 1p/19q codeletion status were highly
correlated with IncRNA DRAIC expression. Previous studies have
shown that IDH mutation and 1p/19q codeletion are related to the
radiosensitivity of gliomas (48-50). IDH mutation and 1p/19q
codeletion increase the radiosensitivity of gliomas. These results are
in agreement with our findings that IncRNA DRAIC can be used as a
potentially suitable biomarker to determine radiosensitivity
in patients.

Our study has some limitations. Although the number of
patients who were included in this study based on their specific
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response to radiotherapy is justified and adequate for WGCNA
analysis, additional samples may help increase the confidence
levels of our findings. In vivo and in vitro studies (such as
knockdown/knockout of DRAIC and molecular functional
tests) can help further corroborate the conclusions of our
study. This will be the focus of our subsequent study.
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IRCCS Istituto Romagnolo per lo Studio dei Tumori (IRST) “Dino Amadori”, Meldola, Italy, 7 Scientific Directorate, IRCCS
Istituto Romagnolo per lo Studio dei Tumori (IRST) “Dino Amadori”, Meldola, Italy

Background: The presence of hypoxic cells in high-grade glioma (HGG) is one of major
reasons for failure of local tumour control with radiotherapy (RT). The use of hyperbaric
oxygen therapy (HBO) could help to overcome the problem of oxygen deficiency in poorly
oxygenated regions of the tumour. We propose an innovative approach to improve the
efficacy of hypofractionated stereotactic radiotherapy (HSRT) after HBO (HBO-RT) for the
treatment of recurrent HGG (rHGG) and herein report the results of an ad interim analysis.

Methods: We enrolled a preliminary cohort of 9 adult patients (aged >18 years) with a
diagnosis of rHGG. HSRT was administered in daily 5-Gy fractions for 3-5 consecutive
days a week. Each fraction was delivered up to maximum of 60 minutes after HBO.

Results: Median follow-up from re-irradiation was 11.6 months (range: 3.2-11.6 months).
The disease control rate (DCR) 3 months after HBO-RT was 55.5% (5 patients). Median
progression-free survival (MPFS) for all patients was 5.2 months (95%Cl: 1.34-NE), while 3-
month and 6-month PFS was 55.5% (95%Cl: 20.4-80.4) and 27.7% (95%Cl: 4.4-59.1),
respectively. Median overall survival (mOS) of HBO-RT was 10.7 months (95% CI: 7.7-NE).
No acute or late neurologic toxicity >grade (G)2 was observed in 88.88% of patients. One
patient developed G3 radionecrosis.

Conclusions: HSRT delivered after HBO appears to be effective for the treatment of
rHGG, it could represent an alternative, with low toxicity, to systemic therapies for patients
who cannot or refuse to undergo such treatments.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT 03411408.

Keywords: recurrent high-grade glioma, hypofractionated stereotactic radiotherapy, hyperbaric oxygenation,
TomoTherapy, re-irradiation
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INTRODUCTION

High-grade gliomas (HGGs) represent the most malignant and
most frequently encountered primary brain tumour in clinical
neuro-oncology. Despite improvements in diagnostic and
therapeutic strategies, the clinical prognosis for patients with
HGG remains poor, with a median overall survival of <16
months. The majority of cases relapse within a year of
diagnosis, and almost always at the initial site of disease (1).
Life expectancy in this group is even poorer, with a median
survival of around 6-11 months (2-6). Developing effective
salvage treatments at recurrence is thus urgently needed to
prolong overall survival (7). Hypoxia is thought to play a role
in tumour development, angiogenesis and growth, and resistance
to chemotherapy, antiangiogenic therapy and radiotherapy (RT)
in a large number of human cancers (8, 9). Brain tumours,
especially highly aggressive GBM with its necrotic tissue, are
more likely to be affected by hypoxia. GBM is a highly
vascularized tumour with a functionally inefficient
microcirculation that may contribute to hypoxia and necrosis
within a tumour (10-15). Several studies have reported that the
median partial pressure of oxygen (PO2) of high-grade gliomas
in patients under anaesthesia was approximately 5-7 mmHg,
with a significant proportion of PO2 values <2.5 mmHg (16-19).
The radiosensitivity of brain tumours could potentially be
increased by performing hyperbaric oxygenation (HBO) before
the RT session (20-25).

Recent studies suggest that the PO2 within tumours increases
during HBO and is maintained for several minutes after the
procedure (17, 26, 27). It is known that the cellular metabolism of
malignant glioma is anaerobic, with the tumour exhibiting a
lower oxygen consumption rate than normal white matter (28,
29). Thus, in contrast to normal brain tissue, the PO2 within the
tumour decreases more slowly after decompression because of
low oxygen consumption and poor blood flow to the tumour. It
can thus be hypothesized that HBO before RT is capable of
increasing the sensitivity of hypoxic tumour cells to treatment
without increasing the damage to normal brain tissue (20,
30-32).

We propose an innovative approach to improve the efficacy of
HSRT using image-guided helical TomoTherapy after HBO for

Abbreviations: AA, anaplastic astrocytoma; AO, anaplastic oligodendroglioma;
BED, biologically effective dose; CT, computed tomography; DCE, dynamic
contrast-enhanced; DCE, dynamic contrast-enhanced; DCR, disease control
rate; DCR, disease control rate; DSC, dynamic susceptibility contrast-enhanced;
DSC, dynamic susceptibility contrast-enhanced; DWI, diffusion-weighted
imaging; DWI, diftusion-weighted imaging; FiO2, fraction of inspired oxygen;
FLAIR, fluid-attenuated inversion recovery imaging; Gd-MRI, axial imaging with
gadolinium; HBO, hyperbaric oxygen therapy; HGG, high-grade glioma; HSRT,
hypofractionated stereotactic radiotherapy; HSRT, hypofractionated stereotactic
radiotherapy; HT, helical TomoTherapy; IMRT, intensity-modulated
radiotherapy; KPS, Karnofsky performance status; MMSE, mini-mental state
examination; mOS median overall survival; mPFS, median progression-free
survival; MRI, magnetic resonance imaging; OAR, organs-at-risk; OS, overall
survival; PFS, progression-free survival; PO2, pressure of oxygen; PTV, planning
treatment volume; RANO, response assessment for neuro-oncology; RE-RT, re-
irradiation; rHGG, recurrent HGG; rHGGs, recurrent malignant high-grade
glioma; RT, radiotherapy.

the treatment of recurrent HGG (rHGG). Herein we report the
results of an ad interim analysis.

MATERIALS AND METHODS

Patient Eligibility

Adult patients (aged >18 years) with rHGG, as defined by RANO
(Response Assessment for Neuro-Oncology) criteria (33),
underwent HBO followed by re-irradiation (RE-RT). Main
inclusion criteria are shown in Table 1. Exclusion criteria were as
follows: radiotherapy <12 weeks prior to diagnosis of progression if
the lesion was in the radiation field; b) cardiopulmonary disease
(heart failure, bullous emphysema, pneumothorax, chronic
obstructive pulmonary disease with hypercapnia sinusitis); and
closed-angle glaucoma with ocular pressure >24 mmHg.

Study Design

This was a pilot study of Hypofractionated Stereotactic
Radiotherapy (HSRT) using TomoTherapy. This trial provided
5 Gy/day for 3-5 consecutive days after daily HBO for the
treatment of recurrent malignant high-grade glioma(rHGGs).
The maximum time from completion of decompression to HRT
was 60 min. The primary objective of this study was to evaluate
the disease control rate (DCR) of treated patients. DCR was
defined as the percentage of patients with rHGG who have
achieved complete response, partial response and stable disease
3 months after HBO-RT. Secondary objectives were safety
assessment (acute and late toxicity), OS and progression-free
survival (PES).

HBO Therapy

HBO was administrated in a multiplace hyperbaric chamber
according to the following schedule: ten min of compression with
a fraction of inspired oxygen (FiO2) >90% from 152 to 253
kilopascal, 60 min of FiO2 >90% at 253 kilopascal (three
breathing cycles in oxygen of 22 min each, with 2-minute
intervals breathing air and 10 min of decompression with a
FiO2 >90% from 253 to 152 kilopascal. Following the HBO
session, each patient underwent RT.

TABLE 1 | Eligibility criteria.

e Male or female, aged >18 years

e Karnofsky Performance Scale (KPS)> 60

e |Imaging confirmation of first tumour progression or regrowth as defined by
RANO criteria at least 12 weeks after completion of radiotherapy, unless the
recurrence is outside the radiation field or has been histologically documented.
e Recurrence after adjuvant treatment (surgery followed by radiotherapy and
chemotherapy)

e Adequate bone marrow, liver function and renal function measured by
laboratory tests no more than 7 days before start of study treatment.

e Participant is willing and able to give informed consent to take part in the
study.

e Iffemale and of child-bearing potential, the patient must have a negative
pregnancy test a maximum of 7 days before starting therapy.

RANO, Response Assessment in Neuro-Oncology.
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Radiotherapy

Target Volume Definition

Computed tomography (CT) planning (Brilliance Big Bore CT
Philips, Crowley, UK) was performed with a 1- to 3-mm slice
thickness. Patients were placed in a supine position with arms
close to their body and immobilized with a thermoplastic mask.
A co-registration of volumetric CT and magnetic resonance
imaging (MRI) sequences (1- to 3-mm slice thickness) was
performed to define the targets and organs-at-risk (OAR). MRI
sequences were performed using a 1.5-T with T1-weighted
imaging, contrast-enhanced T1-weighted axial imaging with
gadolinium (Gd-MRI), fluid-attenuated inversion recovery
imaging (FLAIR), axial T2- weighted imaging, coronal T2-
weighted imaging, DWI (diffusion-weighted imaging), dynamic
susceptibility contrast-enhanced (DSC) and dynamic contrast-
enhanced (DCE) perfusion. The planning treatment volume 1
(PTV1) was defined as the visible tumour on enhanced T1-MRI
with a 1-mm margin expansion. In accordance with the
neuroradiology team, another treatment volume (PTV FLAIR)
was delineated to include the surrounding edema in cases where

non-enhanced areas highlighted by increased T2-weighted
FLAIR signal were evaluated as disease progression. OARs
were identified as healthy brain, optic chiasm, optic nerves
and brainstem.

Treatment Planning and Irradiation

In patients in whom PTV FLAIR was delineated, a total dose of
12 and 20 Gy was delivered (99% isodose line covering 99% of
the PTV); 15 Gy and 25 Gy were prescribed to the PTV1 in 3-5
daily fractions at the isodose of 67% (Figure 1). The treatment
dose was chosen on the basis of the Karnofsky Performance
Status (KPS) of the patient, the interval between the first and
second radiotherapy course, tumour size, and the proximity of
critical organs to the targets. All patients underwent image-
guided helical TomoTherapy (HT) (TomoTherapy Inc.,
Madison, WI, USA). The HT system uses image-guided RT in
which a CT scan is performed before each treatment, allowing
the radiotherapist to verify and adjust the patient’s position as
needed to ensure that the radiation is directed exactly at the
target area.

2 3

Yolume [%)
8

fractions to PTV FLAIR.

PTVFlair

FIGURE 1 | Examples of (A) dose distribution and (B) typical dose volume histogram (DVH) for a prescription dose of 15 Gy in 3 fractions to PTV1 and 12 Gy in 3
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Assessment of Response and Toxicity

The assessment of radiological and clinical response was based
on MRI sequences obtained before and after HBO-RT according
to RANO Criteria. The radiological protocol consisted in MRI
T1-weighted imaging, contrast-enhanced T1-weighted axial
imaging with gadolinium (Gd-MRI), fluid-attenuated inversion
recovery imaging (FLAIR), axial T2- weighted imaging, DWI
(diffusion-weighted imaging), dynamic susceptibility contrast-
enhanced (DSC) and dynamic contrast-enhanced (DCE)
perfusion. Each patient underwent MRI evaluation,
neurological examination and Mini-Mental State examination
(MMSE) 40 days after the end of RT and every 3 months
thereafter for one year. Patients were followed until disease
progression or death. All toxicities were recorded and graded
according to NCI CTCAE (National Cancer Institute Common
Toxicity Criteria for Adverse Events), version 4.3 (34).

Evaluation and Statistical Analysis

Simon’s two-stage design was used to estimate sample size (35).
In the first stage, nine patients would be accrued. If there were 3
or fewer DCRs in these 9 patients, the study would be stopped.
Otherwise, 15 additional patients would be accrued for a total of
24. The null hypothesis would be rejected if 13 or more patients
with DCR were observed in 24 patients. This design yielded a
type I error rate of 0.05 and power of 80% for a true DCR of 0.62.
The percentage of patients who achieved complete response,
partial response and stable disease were calculated to evaluate the
primary endpoint, and 95% confidence intervals (95%CI) were
derived from the exact binominal distribution. For the safety
assessment, the number and percentage of treated patients
experiencing grades 1-4 adverse events were tabulated. OS and
PES were estimated with the Kaplan-Meier Method (two-sided
95%CI) and the role of potential stratification factors was
analysed with the log-rank test.

RESULTS

Patient Characteristics

Nine patients (2 females and 7 males) with rHGG were enrolled
in this trial between February 2018 and October 2019. At time
of the initial diagnosis, 7 (77.7%) had GBM, one had anaplastic
oligodendroglioma (AO) and one had anaplastic astrocytoma
(AA). The median age at the time of HBO-RT was 58.8 years
(range 35.8-71.7 years). All patients had a Karnofsky
Performance status (KPS) of >60. The entire cohort received
adjuvant primary radiation therapy with concomitant
chemotherapy after primary surgery. Eight patients
underwent post-operative fractionated RT with a total dose of
60 Gy in 30 fractions and one received adjuvant
hypofractionated RT with a total dose of 25 Gy delivered in 5
fractions. The median interval between primary RT and salvage
RT was 17.2 months (range 4.3-23.5 months).The site of
recurrence included 4 frontal lobe, 2 peritrigonal region, 1
temporal lobe, 1 hippocampus, 1 parietal lobe. The prognostic
factor classes established by Carson et al. were applied to all

patients (36). Specific patient characteristics are reported in
Table 2 and in Supplementary Table 1.

Treatment Delivered

All 9 patients completed RE-RT after HBO without interruption.
Five patients underwent HBO-RT treatment over 3 consecutive
days and the remaining four over 5 days (Figure 1). Details of the
RT planning are reported in Table 3. The median time between
HBO and the radiotherapy fraction was 24 minutes (04-
50 minutes).

Outcomes

Median follow-up from RE-RT was 11.6 months (range 3.2-11.6
months). No patient was lost to follow-up. Three months after
treatment, 5 patients (55.5%) maintained local disease control,
while 4 showed progression and the accrual of the first stage of
the two-stage design was completed. Median progression-free
survival (mPES) for all patients was 5.2 months (95%CI: 1.34-
NE) (Figure 2), while 3-month and 6-month PFS was 55.5%
(95%CIL: 20.4-80.4) and 27.7% (95%CIL: 4.4-59.1), respectively.
Upon progression, 2 patients underwent treatment with
temozolomide, one with fotemustine and one with PCV
(procarbazine, lomustine and vincristine).

Median overall survival (mOS) of HBO-RT was 10.7 months
(95% CI: 7.7-NE) (Figure 3). At time of this analysis, 5 patients
with recurrent GBM (rGBM) had died (disease progression) and
4 were still alive, all living virtually normal daily lives until PD.
Of this group, a 60-year-old woman obtained local disease
control (3 months after HBO-RT); a 36-year-old man with
recurrent GBM developed PD 12 months after completing
HBO-RT and underwent treatment with bevacizumab; one

TABLE 2 | Patient characteristics.

No. (%)

Median age at start of HBO-RT therapy (range) 58.8 (35.8-71.7)
Gender

Female 2(22.2)

Male 7(77.8)
KPS

65 1(11.1)

80 2(22.2)

90 4 (44.5)

100 2(22.2)
Carson RPA classes

1 1(11.11)

2 1(11.11)

4 1(11.11)

6 5 (65.5)

7 1(11.11)
Post-operative RT (no. patients)

2 Gy daily (total dose 60 Gy) 8(88.88)

5 Gy daily(total dose 25 Gy) 1(11.12)
Median interval between post-operative radiotherapy 17.2 [4.3-23.5]
and salvage HBO-RT, months [range]
Salvage therapy before HBO-RT

None 9 (100)

HBO, hyperbaric oxygenation;, Carson RPA, Carson recursive partitioning analysis;
RT, radiotherapy.
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TABLE 3 | Treatment details of HRT.

Patient Site of No. PTV1 (cc) PTV FLAIR (cc) Dose prescription Dose prescription D1 (cGy) D1 (cGy)
recurrence fractions to PTV1 (cGy) to PTV FLAIR (cGy) (PTV1) (PTV FLAIR)

1 Right frontal 3 9.60 133.74 1500 1200 2401 2286

2 Left parietal 5 7.01 - 2500 - 3970 -

3 Left peritrigonal 5 7.26 59.62 2500 2000 3891 3891

4 Left frontal 3 12.40 - 1500 - 2437 -

5 Left temporal 3 23.08 - 1500 - 1556 -

6 Left frontal 3 5.57 94.46 1500 1200 1614 1589

7 Left peritrigonal 5 0.94 34.94 2500 2000 3876 3552

8 Left hippocampus 3 6.51 - 1500 - 2279

9 Right frontal 5 5.96 50.73 2500 2000 3881 3253

HSRT, Hypofractionated Stereotactic Radiotherapy; PTV, planning target volume; FLAIR, fluid-attenuated inversion recovery; cGy, centigray; D1, dose to 1% of the volume.

100

754

50

Progression free survival (%)

254

6
Time (Months)

FIGURE 2 | Progression-free survival (PFS) after HBO-RT.

100

754

50

Overall survival (%)

254

6
Time (Months)

FIGURE 3 | Overall survival (OS) after HBO-RT.

patient with recurrent anaplastic oligodendroglioma progressed
after 6 months; and one patient with recurrent AA progressed
after 3months. Neurocognitive functions remained stable until
PD. MMSE values for each patient were stable until PD.

Toxicity

During HBO, only one patient experienced ear pain, without
barotrauma. No patients had convulsive seizures during or after
HBO. RE-RT was well tolerated. All patients completed
treatment without interruption. During treatment
dexamethasone >2 mg was administered to all patients. Three
months after HBO-RT treatment Three patients continued with
2 mg dexamethasone while two took 4 mg dexamethasone and
one 8 mg and three none. No acute or late neurologic toxicity
>grade 2 (CTCAE version 4.3) was observed in 8 patients. A 71-
year-old man with rGBM showed symptoms and radiological
signs of grade 3 radionecrosis. When first diagnosed, the patient
had GBM with unmethylated MGMT, negative IDH1 and IDH2,
Mib1 10%, and positive GFAP. He underwent re-irradiation 24
months after postoperative RT, with a total dose of 25 Gy in 5
fractions to PTV1 (volume 0.96 cc) and 20 Gy in 5 sessions to
PTV FLAIR (volume 34.94 cc). During follow-up, Gd-MRI,
DWI, DSC and DCE perfusion MRI revealed a suspicion of
radionecrosis and concomitant O—(2—[ISF]ﬂuoroethyl—)—L—
tyrosine (‘*F-FET) PET/CT was performed to support the
differential diagnosis of PD or treatment-related changes. The
scans confirmed the radionecrosis. The patient was treated
successfully with corticosteroids and bevacizumab.

DISCUSSION

The survival of patients with HGG depends on local disease
control because the majority of patients die of recurrence at close
proximity to the site of the primary tumour (37). Life expectancy
after relapse is poor, and there is still no standard treatment for
recurrent HGG, highlighting the need to develop effective salvage
treatments to prolong OS (7). Several studies have suggested that
re-irradiation may be a useful option for recurrent HGG, with
acceptable toxicity (38). In fact, the availability of high-precision
radiotherapy techniques permits retreatment, which is generally
performed with single-fraction stereotactic radiosurgery,
fractionated stereotactic RT (FSRT) or HSRT alone or in
combination with systemic chemotherapy (39). The present
paper reports the results of the first phase of a clinical trial,
conducted according to a Simon’s two-stage design, to evaluate
whether re-irradiation of rHGG after HBO can improve the
efficacy of RT.
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Failure of RT in malignant gliomas is primarily due to the
presence of hypoxic, intrinsically radioresistant, cells in the
lesion. In the early 1950s, Gray et al. postulated that oxygen
deficiency was a main source of radiation resistance (40). The
biological effect of ionizing radiation has been reported to be
around 3-fold higher when it is delivered under well-oxygenated
rather than anoxic conditions (40). Overgaard et al. (41, 42)
studied various hypoxic modification techniques, reporting that
HBO showed the most pronounced effect and could thus
potentially improve RT results. Bennett et al. (43) recently
reported that HBO may increase the effectiveness of RT in
patients with head and neck cancer, reducing tumour regrowth
and improving survival. HBO is based on the administration of
100% oxygen at higher than normal atmospheric pressure. It
increases O, tissue delivery independently of haemoglobin levels
(44). Several authors have reported that the increase in tumour
oxygen pressure is preserved for several minutes after HBO
exposure. Kinoshita et al. monitored changes in MRI signal
intensity after HBO exposure using non-invasive MRI. The
authors demonstrated that the signal change related to the
oxygen tension in murine squamous cell carcinoma VII
(SCCVII) tumours decreased rapidly in the muscle after HBO
but slowly in the tumour mass, and was still high 60 minutes
after decompression (27). Beppu et al. stereotactically measured
pO2 in both peritumoural and intratumoural glioma tissue after
HBO, reporting significantly increased pO2 levels that remained
stable for up to 15 minutes in both regions (17). Like Kinoshita
et al., we estimated a maximum interval of 60 minutes between
decompression and HSRT. Koshi et al. suggested that the timing
of irradiation is vital to the overall success of RT following HBO
exposure. In their study of the retreatment of high-grade gliomas,
gamma FSRT was started within 7 minutes of the end of HBOT
and lasted a full 80 minutes. In our study, the overall treatment
time of TomoTherapy plans was much shorter, around 10 minutes
(32). Al-Waili et al. showed that a combination of HBO and RT
reduced tumour growth and improved local control, resulting in

TABLE 4 | Studies on HSRT for recurrent high-grade glioma.

increased survival (45). Several studies have shown the feasibility
of this treatment regimen in primary HGG, suggesting that HBO
improves response rates and survival without serious side-effects
in patients treated with RT (46-49).

Ogawa et al. treated 57 HGG patients with RT immediately
after HBO, reporting a 52% objective response rate (47). Kohshi
et al. used radiotherapy after HBO in HGG patients with residual
disease, registering a 50% reduction in tumour mass and a
median survival of 24 months (48). Yahara et al. evaluated the
feasibility and efficacy of RT using an intensity-modulated
radiotherapy (IMRT) boost after HBO together with
chemotherapy in glioblastoma patients, reporting a median OS
of 22 months (49). Only one study has been carried out on
recurrent HGG patients treated with FSRT immediately after
HBO (32). The authors, Kohshi et al., treated 25 patients with a
median total dose of 22 Gy (range 18-27 Gy) in 8 fractions
delivered to the tumour margin (32). They confirmed a survival
benefit from this treatment, with low toxicity.

In our study, the disease control rate (DCR) 3 months after
HBO-RT was 55.5% (5 patients), fulfilling the primary objective
of the study and enabling us to open the second phase of
recruitment. Median progression-free survival (mPFS) for all
patients was 5.2 months (95%CI: 1.34-NE), while 3-month and
6-month PFS was 55.5% (95%CI: 20.4-80.4) and 27.7% (95%CI:
4.4-59.1), respectively. Median overall survival (mOS) of HBO-
RT was 10.7 months (95% CI: 7.7-NE). These preliminary results
are similar to those of other HSRT re-irradiation studies, i.e. PES
ranged from 4 months to 7.9 months and OS from 7.5 months to
11 months (Table 4).

Our pilot study consisted of HSRT after daily HBO for rHGG.
The prescription doses delivered to PTV1 were 15 Gy in 3
fractions (5 patients), 25 Gy in 5 fractions (4 patients), and 12
Gy-20Gy to the PTV FLAIR in patient in whom PTV FLAIR was
delineated. The equivalent dose in 2 Gy per fraction (EQD2) with
alpha/beta 10 of 15 Gy in 3 fractions was 18.75 Gy, with a
biologically effective dose (BED,) of 22.50 Gy,o. The EQD2 of

Author No. patients Median Median total Dose per Median no. Bedo Associated Median Median
tumour volume dose (Gy) fraction (Gy) fractions systemic therapy PFS (m) 0S (m)
Vordemark et al. (50) 19 15 30 5 6 48 - 4.9 9.3
Ernst-Stecken et al. (51) 15 22.4 35 7 5 59.50 - 75% at 6 m 12
53% at 12 m
Fokas et al. (52) 53 35 30 3 10 39 - 22% at 12 m 9
Kim et al. (53) 8 69.5 25 5 5 3750 - 4.6 7.6
Minniti et al. (54) 54 9.7 30 6 5 48 Tmz 6 124
Shapiro et al. (55) 24 35.3 30 6 5 48 Beva 7.5 12
Yazici et al. (56) 37 24 30 6 5 48 7.9 10.6
Minniti et al. (57) 54 124 25 5 5 37.50 Beva 6 11
Fote 4 8.3
Navarria et al. (58) 25 35 25 5 5 3750 Tmz 16 18
Fotemustine
Beva
Combs et al. (59) 325 54.4 36 2.67 20 42.48  Different regimens - 7.5 (IV grade)
9.5 (Il grade)
Beva, bevacizumab; Fote, fotemustine; TMZ, temozolomide; m, months.
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25 Gy in 5 fractions was 31.25 Gy,, with a BED of 37.50 Gyo.
Very different radiotherapy regimens were used in other HSRT
re-irradiation studies, with fraction sizes ranging from 3 to 7 Gy and
the number of fractions varying from 5 to 10 (Table 4) (50-62).
Yazici et al. treated 37 patients with recurrent glioblastoma with a
median dose of 30 Gy in a median 5 fractions (1-5 fractions) with a
median volume of 24 cc (range 2-81). The authors reported a mPFS
of 7.9 months and a median OS of 10.6 months (1.1-20 months)
(56). The BED; calculated for 30 Gy in 5 fractions was 48 Gy,
Minniti et al. delivered 25 Gy in 5 fractions in association with
bevacizumab or fotemustine. Median PFS was 4 months for patients
treated with HSRT plus fotemustine, and 6 months for HSRT and
bevacizumab, with a median OS of 11 months (57). The BED,,
calculated for 25 Gy in 5 fractions was 37.50 Gy,

In a recent multicentre study on re-irradiation of recurrent
glioma, Navarria et al. identified a BED,, threshold of >43 Gy
that influenced survival (60). Although our calculated BED is
lower than that of other series, in particular that of 22.50 Gy,
our patients showed similar outcomes to those of other studies.
Our ad interim analysis thus suggests a possible advantage of
adding HBO to HSRT for the local control of rHGG.

Bennet et al. suggested that the dose per fraction may
influence the importance of the benefit derived from hypoxic
modification. They concluded that the use of hypofractionation
results in a more pronounced modification of hypoxia (43). In
our case series, we also used altered fractionation i.e.
hypofractionation delivered by image-guided helical
TomoTherapy, which enables large tumour volumes to be
treated, minimizing the toxicity associated with high
dose fractionation.

Our analysis ad interim showed only one case of
radionecrosis grade 3 CTCAE.

Although the results from the present study suggest that the
use of RT after HBO is a safe and practical procedure, our
preliminary findings must obviously be interpreted with caution
because of the small number and inhomogeneity of the patients
involved. We thus aim to validate the results in the second part of
the study in which another 15 patients will be recruited.

In conclusion, HBO-RT could represent an alternative, with
low toxicity, to systemic therapies for patients who cannot or
refuse to undergo such treatments. One of advantages of HBO-
RT is the reduced overall treatment time (3-5 consecutive days).
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Guanhua Deng’, Hainan Li®, Juan Li', Chen Ren*, Jian Wang®, Ming Lu®, Liang Zhang?®,
Taihua Wu®, Dan Zhu®, Feng-Ming (Spring) Kong®, Longhua Chen?, Linbo Cai™*

and Lei Wen™*

" Department of Oncology, Guangdong Sanjiu Brain Hospital, Guangzhou, China, 2 Department of Radiation Medicine,
School of Public Health, Southern Mediical University, Guangzhou, China, 3 Department of Pathology, Guangdong Sanjiu
Brain Hospital, Guangzhou, China, 4 Department of Radiation Oncology, Nanfang Hospital, Southern Medical University,
Guangzhou, China, 5 Department of Neurosurgery, Guangdong Sanjiu Brain Hospital, Guangzhou, China, 6 Department of
Clinical Oncology, The University of Hong Kong Shenzhen Hospital, Shenzhen, China

It is well-known that genomic mutational analysis plays a significant role in patients with
NSCLC for personalized treatment. Given the increasing use of stereotactic radiosurgery
(SRS) for brain metastases (BM), there is an emerging need for more precise assessment
of survival outcomes after SRS. Patients with BM and treated by SRS were eligible in this
study. The primary endpoint was overall survival (OS). Cox regression models were used
to identify independent prognostic factors. A survival predictive nomogram was
developed and evaluated by Concordance-index (C-index), area under the curve (AUC),
and calibration curve. From January 2016 to December 2019, a total of 356 BM patients
were eligible. The median OS was 17.7 months [95% confidence interval (Cl) 15.5-19.9]
and the actual OS at 1- and 2-years measured 63.2 and 37.6%, respectively. A
nomogram for OS was developed by incorporating four independent prognostic
factors: Karnofsky Performance Score, cumulative tumor volume, gene mutation status,
and serum lactate dehydrogenase. The nomogram was validated in a separate cohort and
demonstrated good calibration and good discriminative ability (C-index = 0.780, AUC =
0.784). The prognostic accuracy of the nomogram (0.792) was considerably enhanced
when compared with classical prognostic indices, including the Graded Prognostic
Assessment (0.708), recursive partitioning analysis (0.587), and the SRS (0.536).
Kaplan—Meier curves showed significant differences in OS among the stratified low-,
median- and high-risk groups (P < 0.001). In conclusion, we developed and validated an
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Nomogram for BM After SRS

individualized prognostic nomogram by integrating physiological, volumetric, clinical
chemistry, and molecular biological surrogates. Although this nomogram should be
validated by independent external study, it has a potential to facilitate more precise
risk-stratifications to guide personalized treatment for BM.

Keywords: brain metastases, stereotactic radiosurgery, nomogram, gene mutation, prediction model

INTRODUCTION

Brain metastases (BM) represent the most common intracranial
tumors in adults, which occur up to 10-times more frequently
than primary central nervous system tumors. For brain
metastases, stereotactic radiosurgery (SRS) offers an excellent
minimally invasive ablative treatment option due to its favorable
local control efficacy and late onset toxicity (1, 2). Previous
reports have indicated that the survival probability for patients
after SRS varies with age, Karnofsky Performance Status (KPS),
primary cancer site, driver gene mutations, tumor volume,
number of metastatic sites, extracranial disease burden, and
systemic treatments (3). Nevertheless, the prognosis of BM
is rather complex, and the weighted value for a variety
of risk factors in the prediction of survival outcomes is
largely unknown.

Several well-known prognostic indices are widely utilized for
clinical decision-making and outcome research, and include
recursive partitioning analysis (RPA), the Score Index for
Radiosurgery (SIR), the Basic Score for Brain Metastases
(BSBM), and the Graded Prognostic Assessment (GPA) (4-6).
These prognostic scoring systems were established by integrating
several clinicopathological features such as age, the KPS, the
number of metastatic lesions, extracranial metastases, and the
control of the primary tumor, and allowed a certain degree of
prognostic discrimination. In the era of precision medicine,
the identification of driver gene mutations is essential to
understand the molecular profiles of tumors and hence
provides specific insights for risk assessment as well as tailored
treatment (7). Furthermore, volumetric and clinical chemistry
parameters might also be associated with prognosis (8, 9). In the
light of new knowledge in cancer biology, the incorporation
of molecular and physiological tumor characteristics into
clinical stratification schemes may further advance the
prognostic predictive capacity for brain metastases patients
who received SRS.

The nomogram is widely used to predict specific prognosis of
cancer patients in the form of numerical probability by
quantifying each prognostic factor (10, 11). The present study
aimed to identify independent prognostic factors using a large
retrospective cohort of patients with brain metastases. Given the
important insight from currently available prognostic indices (4-
6), we will further develop and validate a multivariable
nomogram prediction model by integrating several featured
molecular and physiological surrogates. The established
prognostic algorithm could thus facilitate personalized
surveillance programs and appropriate treatment strategies for
this devastating disease following SRS.

METHODS

Patient Population and Data Collection
Between 1 Jan 2016 and 31 December 2019, a total of 594
patients with brain metastases extracted from a prospectively
compiled database at our institution were screened. This study
was conducted under the Institutional Ethics Committee
approved retrospective review, which included a waiver for the
requirement of informed consent for participation in the study.
Patients were eligible if they: a) had a pathologically proven
primary cancer; and b) had undergone SRS for a newly diagnosed
BM. The exclusion criteria were: a) tumor combined with
leptomeningeal metastases, b) diffuse or countless metastases
ineligible for SRS, and c) surgical resection of metastatic lesions
before SRS. A total of 356 patients were finally included in the
present study. For the nomogram analysis, patients were
randomly divided into a training set (n = 230) and a validation
set (n = 126) using a random number generator by R software
(Supplementary Figure S1). Detailed patient characteristics
were collected. We evaluated all brain metastatic lesions based
on contrast-enhanced MRI. Largest tumor volume was defined
as the largest contiguous lesion present on the pre-SRS (T1-
weighted postcontrast image). The cumulative tumor volume
(CTV) was defined as the sum of tumor volume of all treated BM
lesions. For example, a female patient with two metastatic lesions
in the brain, the diameter and volume of the two lesions were
43 cm and 1443 cm’, 1.7 cm and 1.47 cm?, respectively
(Supplementary Figure S2). Then diameter of the largest
tumor was 4.3 cm, the largest tumor volume was 14.43 cm’,
and CTV was 15.90 cm® (14.43 cm® plus 1.47 cm?).

Stereotactic Radiosurgery Treatment

All patients included were treated by single or fractionated SRS
(FSRS) via the Novalis Tx® system (BrainLAB AG, Feldkirchen,
Germany; Varian Medical System, Palo Alto, CA, USA). In brief,
patients were treated either by single SRS with the radiation dose
of 16-18 Gy, or FSRS in two or three fractions at 8-12 Gy/
fraction. For FSRS, fractions were administrated with an interval
of 1-3 days. Prophylactic dehydration measures such as
mannitol were regularly administrated after SRS unless there
were contraindications.

Statistics and Nomogram Development

The endpoint of the present study was overall survival (OS),
which was defined as the time from SRS treatment to death from
any cause or censored at the date of last follow-up unless
otherwise specified. Descriptive statistics for quantitative
variables were expressed as means (+ standard deviation, SD)
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or medians (interquartile range, IQR), and categorical variables
were expressed as numbers (percentages). OS was estimated
using Kaplan-Meier analysis.

The American Joint Committee on Cancer (AJCC)-proposed
checklist was used for guidance in building the prediction model
(12). In the training cohort, Cox proportional hazards models
were used to identify significant prognostic factors associated
with OS. A stepwise variable selection with P-values less than
0.15 by univariable analysis was used as the criteria for entry and
retention in the multivariable analysis. Hazard ratios (HRs) were
presented with their 95% confidence intervals (Cls). Continuous
predictors [i.e., tumor size, largest tumor volume (LTV), and
CTV] were categorized by optimal cutoffs using the receiver-
operating characteristic (ROC) curve method with 1-year OS as
the dependent variable and tumor diameter, LTV, and CTV as
the independent variables (13). The optimal cutoffs of tumor
diameter, LTV, and CTV that maximized sensitivity while
minimizing 1-specificity were determined to be 2.0 cm, 2.5
cm?, and 3.5 cm’, respectively. The KPS score was calculated
as a continuous variable, while age (265 vs <65) and serum
lactate dehydrogenase (LDH) (<200 vs 200-300 vs >300) as
categorical variables in Cox regression analysis. Cox
proportional hazards models were utilized to predicting clinical
outcomes in the constructed nomogram for 1-year and 2-year
OS rates for patients with brain metastases after SRS.

The established nomogram was further analyzed in a
validation cohort. Model performance was assessed by the
predictive accuracy (discriminating ability) and by the accuracy
of point estimates of the survival function (calibration). The
value of the Concordance index (C-index) and the area under the
curve (AUC) were used to evaluate the discriminative ability of
the nomogram (14). A C-index of 0.5 indicates the absence
of discrimination, whereas 1.0 indicates perfect separation of
patients with different outcomes. Calibration was evaluated using
a calibration plot to compare the relationship between the
observed outcome frequencies versus the predicted outcomes.

For each patient, the total number of points based on the
nomogram was calculated and the patients were stratified into
three risk groups (high-, medium-, and low-) based on the sum
of the points, the 25™ and 75" percentiles of the sum of risk
scores were used as the cutoff values (15). Kaplan-Meier curves
of the three risk group patients were plotted to further assess
calibration. The prediction capacity of the established nomogram
was also compared with the more well-established GPA, RPA,
and SIR models by ROC curves. All analyses were performed
using R version 4.0.2 (https://www.rproject.org), SPSS version 26
(IBM, Armonk, NY, USA) and GraphPad Prism 6.0 (San Diego,
California, USA). All statistical tests were two sided, and P-
value <0.05 was considered statistically significant.

RESULTS

Patient Characteristics and Survival
A total of 356 patients who received SRS for 1,481 brain
metastases were analyzed. The median follow-up was 12.2

months (range 1.5-34.1 months) for living patients. A summary
of the patient demographics and tumor characteristics is shown in
Table 1. Most patients (268/356, 75.3%) were diagnosed with a
primary NSCLC, followed by breast cancer (38/356, 10.7%),
digestive system cancer (23/356, 6.5%), and other cancer types
(27/356, 7.6%). Among the 268 BM patients with NSCLC, 146
harbored an EGFR/ALK mutation and 122 were EGFR/ALK wild-
type or of unknown gene status. Most patients (72.3%) had multiple
BM lesions and the median CTV was 9.5 cm® (IQR 2.3-21.5). Single
SRS was conducted in 189 patients while FSRS (2-3 fx) in 167
patients. The median biologically effective dose (BED) of radiation
was 41.6 Gy (IQR 41.6-50.4) for the o/f3 value of 10 (16). In the
overall cohort, the median OS was 17.7 months (95% CI 15.5-19.9).
Actual 1- and 2-year OS rates were 63.2 and 37.6%, respectively.

Univariate and Multivariate Analyses for
Overall Survival in the Training Cohort
Univariable and multivariable Cox regression analysis were
performed to assess variables associated with the OS in
training cohort (Table 2). Univariable analysis identified
several significant variables for OS: age, KPS score, mutation
status, CTV, and serum LDH (Figure 1). These five significant
variables, together with three marginally significant factors (sex,
systematic disease status, and largest tumor volume) were
included in the multivariate analysis. According to
multivariable analysis, the KPS score (P = 0.049), mutation
status (P < 0.001), cumulative tumor volume (P = 0.021), as
well as serum LDH (P = 0.001) were independently associated
with OS in the training cohort.

Development of a Nomogram for Overall
Survival

Based on identified predictive factors from the training cohort,
we developed a nomogram to predict the OS of the patients with
brain metastases after SRS (Figure 2). The nomogram integrated
four factors: the KPS score (range 40-90), primary cancer and
mutation status (NSCLC mutation or NSCLC wild-type/
unknown or non-NSCLC), CTV (<3.5 or >3.5 cc) and serum
LDH levels (<200 or 200-300 or >300 U/L). Higher total points
based on the sum of the assigned number of points for each
factor in the nomogram indicated a favorable OS. For example, a
patient with a good KPS score (80 points), EGFR-mutant
NSCLC, large CTV (5.2 cc) and medium serum LDH levels
(270 U/L) would have a total of 205.5 points (80 points for KPS,
100 points for EGFR mutation, 25.5 points for LDH, and 0 points
for CTV), for a predicted 1-year and 2-year OS of 63.5 and
50%, respectively.

Nomogram Validation and Evaluation

The established nomogram was validated internally with a
separate validation cohort. The C-index of nomogram to
predict OS in the training cohort, validation cohort, and
overall cohort were 0.792, 0.780, and 0.788, respectively. The
AUC of the nomogram for the prediction of 12-month OS was
0.797 for the training cohort (Figure 3A), 0.784 for the validation
cohort (Figure 3C), and 0.792 for the overall cohort.
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TABLE 1 | Demographics and clinical characteristics of the study population.

Characteristics Overall cohort

Training Cohort Validation Cohort

N = 356 (n = 230) (n = 126)

Gender, n (%)

Male 188 (562.8%) 120 (52.2%) 68 (54.0%)

Female 168 (47.2%) 110 (47.8%) 58 (46.0%)
Age (yrs.)

Median (IQR) 58 (49-65) 58 (49-65) 57 (49-64)

>65 92 (25.8%) 61 (26.5%) 31 (24.6%)

<65 264 (74.2%) 169 (73.5%) 95 (75.4%)
KPS

Median (IQR) 80 (70-80) 80 (70-80) 80 (70-90)

>70 280 (78.7%) 181 (78.7%) 99 (78.6%)

<70 76 (21.3%) 49 (21.3%) 27 (21.4%)
Primary tumor

NSCLC 268 (75.3%) 170 (73.9%) 98 (77.8%)

Breast cancer 38 (10.7%) 26 (11.3%) 12 (9.5%)

Digestive system cancer 23 (6.5%) 15 (6.5%) 8 (6.3%)

Others 27 (7.6%) 19 (8.3%) 8 (6.3%)
Mutation status

NSCLC mutant 146 (41.0%) 90 (39.1%) 56 (44.4%)

NSCLC wild type/unknown 122 (34.3%) 79 (34.3%) 43 (34.1%)

N.A. (non-NSCLC) 88 (24.7%) 61 (26.5%) 27 (21.4%)
Systemic disease control

Controlled 146 (41.0%) 97 (42.2%) 50 (39.7%)

Uncontrolled 210 (59.0%) 134 (58.3%) 76 (60.3%)

Number of BM

Solitary 97 (27.2%) 65 (28.3%) 32 (25.4%)

Multiple 259 (72.8%) 165 (71.7%) 94 (74.6%)
Distribution of BM

Supratentorial 166 (46.6%) 108 (47.0%) 58 (46.0%)

Infratentorial 34 (9.6%) 21 (9.1%) 13 (10.3%)

Both 156 (43.8%) 99 (43.0%) 57 (45.2%)
Diameter of largest tumor (cm)

Median (IQR) 2.7 (1.7-3.9) 2.7 (1.8-3.9) 2.7 (1.7-3.9)

2.5 197 (65.3%) 128 (55.7%) 69 (54.8%)

<25 159 (44.7%) 102 (44.3%) 57 (45.2%)
Largest tumor volume (cma)

Median (IQR) 6.2 (1.6-15.4) 6.3 (1.7-15.5) 6.1 (1.6-15.3)

>2.5 241 (67.7%) 156 (67.8%) 85 (67.5%)

<25 115 (32.3%) 74 (32.2%) 41 (32.5%)
Cumulative tumor volume (cm?)

Median (IQR) 9.5 (2.3-21.5) 9.5 (2.4-21.0) 9.5 (2.3-22.2)

>3.5 242 (68.0%) 156 (67.8%) 86 (68.3%)

<35 114 (32.0%) 74 (32.2%) 40 (31.7%)
SRS/FSRS

Single SRS 189 (63.1%) 125 (54.3%) 64 (50.8%)

FSRS 167 (46.9%) 105 (45.7%) 62 (49.2%)
BED (Gy)
Median (IQR) 41.6 (41.6-50.4) 43.2 (41.6-50.4) 41.6 (41.6-50.4)
LDH (U/L)

Median (IQR) 197 (167-249) 197 (167-247) 201 (167-257)

<200 181 (50.8%) 119 (31.3%) 62 (49.2%)

200-300 122 (34.3%) 77 (22.6%) 45 (35.7%)

>300 53 (14.9%) 34 (9.6%) 19 (15.1%)

KPS, Karnofsky Performance Score; N.A., not applicable; NSCLC, non-small cell lung cancer; BM, brain metastases; IQR, interquartile range; SRS, stereotactic radiosurgery; FSRS,
fractionated stereotactic radiosurgery; BED, biologically effective dose; LDH, lactate dehydrogenase.

Furthermore, the calibration plots presented good agreement for
the 12-, 18- and 24-month OS in the training and validation
cohorts between the nomogram-predicted and actual observed
OS rates (Figures 3B, D).

The prediction values of this nomogram were compared with
more well-established prognostic indices including the GPA,

RPA, and SIR models as well as the volumetric variable CTV.
In the overall cohort, the AUC of the nomogram (0.792) was
higher than that of the GPA (0.708), CTV (0.589), RPA (0.587),
and SIR (0.536) models (Figure 4). According to nomogram
predicted risk scores, patients from the overall cohort were
classified into high-risk and low-risk groups. As a result, the
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TABLE 2 | Univariate and multivariate analysis for overall survival in BM patients treated by SRS in the training cohort.

Covariate

Gender
Male
Female
Age
<65
>65
KPS
Mutation status
NSCLC mutant
NSCLC wild type/unknown
N.A. (non-NSCLC)
Systemic disease status
Controlled
Uncontrolled
Number of BM
Solitary
Multiple
Distribution of BM
Supratentorial
Infratentorial
Both
Location of largest tumor
Supratentorial
Infratentorial
Diameter of largest tumor (cm)
<2.5
>2.5
Largest tumor volume (cm?)
<2.5
2.5
Cumulative tumor volume (cm?)
<3.5
>3.5
LDH
<200
200-300
>300
SRS
Single SRS
FSRS
BED
<43.2
>43.2

Univariate analysis

Multivariate analysis

HR (95%Cl)

1 [Reference]
0.699 (0.452-1.081)

1 [Reference]
1.192 (0.732-1.941)
0.975 (0.960-0.991)

1 [Reference]
1.736 (0.993-3.036)
3.058 (1.734-5.393)

1 [Reference]
1.446 (0.909-2.299)

1 [Reference]
0.964 (0.586-1.587)

1 [Reference]
0.866 (0.401-1.869)
0.943 (0.587-1.515)

1 [Reference]
1.108 (0.672-1.828)

1 [Reference]
1.650 (0.988-2.755)

1 [Reference]
1.449 (0.890-2.357)

1 [Reference]
1.758 (1.063-2.907)

1 [Reference]
2.144 (1.319-3.487)
3.124 (1.734-5.628)

1 [Reference]
1.361 (0.883-2.099)

1 [Reference]
0.942 (0.601-1.477)

P-value HR (95%Cl) P-value
1 [Reference]
0.107 0.747 (0.473-1.179) 0.210
0.480
0.002 0.981 (0.962-1.000) 0.049
1 [Reference]

0.053 1.517 (0.813-2.832) 0.078
<0.001 2.984 (1.627-5.472) <0.001
1 [Reference]

0.120 1.273 (0.781-2.075) 0.333

0.887

0.714

0.809

0.688
1 [Reference]

0.055 1.714 (0.833-3.530) 0.144
1 [Reference]

0.136 1.819 (0.575-5.747) 0.308
1 [Reference]

0.028 3.369 (1.109-10.232) 0.032
1 [Reference]

0.002 1.852 (1.109-3.095) 0.005

>0.001 2.640 (1.390-5.011) 0.001

0.163

0.796

HR, hazard ratio; Cl, confidence interval; KPS, Karnofsky Performance Score; N.A., not applicable; NSCLC, non-small cell lung cancer; BM, brain metastases; SRS, stereotactic
radiosurgery; FSRS, fractionated stereotactic radiosurgery; BED, biologically effective dose; LDH, lactate dehydrogenase.

Underlined values: the P value of mutation status on OS.

distributions of the death events were predominant in the high-
risk group compared to the low-risk group (Figure 5A). The
Kaplan-Meier survival curve demonstrated a significant
difference in OS among low-, median-, and high-risk groups
with reference to the total risk score by the 25™ and 75"
percentiles (P < 0.001) (Figure 5B).

DISCUSSION

Given the increasingly recognized role of SRS in the treatment of
brain metastases, specific scoring criteria integrating a spectrum
of volumetric, physiological, clinical chemistry, and molecular
biological surrogates for precise assessment of patients following

SRS have yet to be established. Notably, the long-term survival of
BM patients after SRS was not only associated with features of
local BM lesions, but also with the outcome of post-SRS
systematic treatment, i.e., molecular characteristics of primary
cancer. In the present study, we demonstrated that the
cumulative tumor volume, driver gene mutation status, serum
LDH, and KPS were significant prognostic factors for brain
metastases after SRS. Furthermore, we developed and validated
a robust nomogram to predict overall survival in patients with
BM treated by SRS. By incorporating these four-independent
prognostic clinicopathological parameters, the established
nomogram exhibited excellent performance. It was found to
have a robust AUC for the prediction of OS and enhanced
prediction accuracy compared to classical prognostic indices.
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FIGURE 1 | Kaplan-Meier curves for overall survival after stereotactic radiosurgery (SRS) in patients with brain metastases (BM) with reference to (A) cumulative
tumor volume (CTV), (B) primary tumor type (mutation status), and (C) serum lactate dehydrogenase (LDH) levels.

Several well-known prognostic models had been established
for BM. Based on analysis from three consecutive Radiation
Therapy Oncology Group (RTOG) trials conducted between
1979 and 1993, the RTOG RPA divided patients into three
distinct prognostic classes according to four clinical variables:
age, KPS, controlled primary tumor, and extracranial metastases
(4). Similar to the RPA, the new index, GPA, was developed from
five randomized trials in 2008 (17). SIR was also a reliable
prognostic score index for patients with BM submitted to SRS
(18). A nomogram can calculate individualized estimates of
prognosis and have been widely used. Using the nomogram
proposed by Tien et al., the probability of survival with first-line
paclitaxel and carboplatin with or without bevacizumab in non-
squamous NSCLC patients can be estimated (19). Zhang F et al.
(20) established an effective nomogram which could be used to
identify high-risk patients of brain metastases after resection of
primary lung cancer. Diandra NA et al. (21) and Daniel G et al.

FIGURE 2 | The established nomogram to predict overall survival created based on
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four independent prognostic factors.

(22) had developed nomograms to predict distant brain failure
and whole brain radiotherapy-free survival for brain metastases
after SRS, respectively. To our knowledge, our proposed
nomogram is among the first to predict OS for patients with
BM following SRS.

Owing to the spatial limitation of the skull, clinical
manifestations as well as prognosis is subjective to several
volumetric factors such as the number, location, and volume of
intracranial metastatic lesions. SIR is a well-established
prognostic score specific for brain metastases patients treated
by SRS (18). Compared to RPA and GPA, SIR assessment
integrated the largest brain lesion volume, which is a critical
factor for SRS. Our study comprehensively evaluated the impact
of physical characteristics of brain metastases lesions on OS, and
included the number of BM metastasis, distribution of
metastases, location of the largest tumor, the diameter of the
largest tumor, the largest tumor volume and CTV. Although the
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largest tumor volume or number of metastases were widely
considered to affect long-term survival of brain metastases after
SRS (6, 18), multivariate analysis in the present study revealed
CTV played an overwhelming role when using OS as the
endpoint. Our results are consistent with the serial studies
from Chen et al. (23), whereby cumulative intracranial tumor
volume was a superior prognostic factor compared to largest
intracranial tumor volume in radiosurgery-treated BM patients.
They also found that cumulative intracranial tumor volume
could enhance the prognostic value of the lung-specific GPA
model based on two independent cohorts (13).

The last decade saw huge progresses in NSCLC treatment by
appreciating molecular characterization of the tumor and
druggable targets. The therapeutic approaches for NSCLC have
therefore changed since the milestone study Iressa Pan-Asia
Study (IPASS) was published in 2009 (24). Nevertheless, the
classical GPA, RPA, and SIR models were all reported prior to
the ready availability of driver genes identification mutational
status and development of druggable targets in NSCLC. Recently,
several studies have addressed the favorable prognostic role of
activating mutation/rearrangement status determination in BM
from NSCLC (25, 26). Median OS has almost doubled for EGFR/
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FIGURE 3 | Receiver operating characteristic (ROC) analysis and calibration curves for the training and validation cohort. (A) ROC curve for the prediction model in
the training cohort. (B) Calibration plot comparing nomogram-predicted and observed overall survival in the training cohort. (C) ROC for the prediction model in the
validation cohort. (D) Calibration plot comparing nomogram-predicted and observed overall survival in the validation cohort.

ALK+ NSCLC brain metastases patients compared to wild-type
patients (26). As a result, Sperduto et al. revised their original
disease specific-GPA scale to Lung-molGPA, which improved
the prognostic ability over the RTOG RPA and the original
disease specific-GPA by incorporating the impact of EGFR and
ALK gene alterations on survival in patients with NSCLC and
BM (27). The present study, as well as many others (27-30), have
provided clearly supportive data indicating that the mutation
status was an independent prognostic factor for patients with BM
treated by SRS.

Anomalous energy metabolism represents a common
characteristic of cancer (31). LDH, the enzyme responsible for
the conversion of pyruvate to lactate during glycolysis, is known
as a prognostic marker of cancer (9). Based on prospectively
collected serum LDH from 7,895 patients, Wulaningsih et al. (9)
demonstrated that high LDH correlated with an increased risk of
death from prostate, pulmonary, colorectal, gastro-esophageal,
gynecological, and hematological cancers. Our results also
indicated a strong inverse association of pre-SRS serum LDH
with overall survival. The underlying mechanism of LDH
promotes cancer progression might related to its prominent
role for basal autophagy and cancer cell proliferation (32). As a
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key enzyme involved in cancer metabolism, LDH also allows  numbers of one to four and greater than five was only 0.9
neoplastic cells to suppress and evade the immune system by =~ months, which was statistically significant but clinically
altering the tumor microenvironment (33). meaningless (34). We propose that the total volume, rather

Our results did not indicate the presence of a definite  than the total number of BM is a superior prognostic factor.
correlation between OS and the number of BM or extracranial ~ There was only a slight trend for worse OS for uncontrolled
metastases, which were included in the GPA, RAP, and SIR  systematic disease (P = 0.12) in our cohort. This may be a result
scores. Regarding the number of metastases, the prospective  of more patients receiving systemic treatments in recent years
JLGK 0901 study also suggested that SRS treatment outcomes  and the availability of more effective agents, especially for Asian
in patients with five to ten brain metastases were non-inferior to  patients who have a higher probability of EGFR mutation (35,
outcomes in patients with two to four brain metastases (1). A 36). Additionally, we did not include patients treated by adjuvant
case-matched study also found that OS differences between BM SRS following surgical resection in our cohort because we only
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focused on patients who received radical SRS in the present
study. The prognostic value of number, diameter, and volume of
brain metastases lesions might differ between adjuvant SRS and
radical SRS. Thus, this nomogram may not be applicable to BM
patients who have received prior surgical resection.

Potential must be appreciated in the present study. First, it
was a single institutional retrospective study carrying the caveats
of such studies. Although our training cohort-based nomogram
was validated internally, an external validation based on multi-
institutional data is needed. Secondly, the primary cancer in this
cohort included mostly NSCLC patients (268, 73.9%) and a
relatively small number of patients with breast cancer (38
patients), digestive system cancer (23 patients), and other
cancer types (27 patients). Thus, the applicability of this
nomogram for the prognostic evaluation of BM from cancer
other than NSCLC should be used with caution.

In conclusion, we developed and validated a robust
prognostic nomogram for patients with BM after radical SRS
by integrating a panel of independent surrogate markers. In the
context of targeted therapy, the established nomogram
incorporating molecular biological (driver gene mutations),
and radiation biological (total irradiated volume vs maximum
tumor volume vs number of metastatic sites) insights,
contributes to a more precise risk assessment and personalized
surveillance program. However, the developed nomogram
warrants further investigation in external or large-scale multi-
center cohorts.
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Objectives: The aim of this study was to establish and validate a radiomics nomogram for
predicting meningiomas consistency, which could facilitate individualized operation
schemes-making.

Methods: A total of 172 patients was enrolled in the study (train cohort: 120 cases, test
cohort: 52 cases). Tumor consistency was classified as soft or firm according to Zada’s
consistency grading system. Radiomics features were extracted from multiparametric
MRI. Variance selection and LASSO regression were used for feature selection. Then,
radiomics models were constructed by five classifiers, and the area under curve (AUC)
was used to evaluate the performance of each classifiers. A radiomics nomogram was
developed using the best classifier. The performance of this nomogram was assessed by
AUC, calibration and discrimination.

Results: A total of 3840 radiomics features were extracted from each patient, of which
3719 radiomics features were stable features. 28 features were selected to construct the
radiomics nomogram. Logistic regression classifier had the highest prediction efficacy.
Radiomics nomogram was constructed using logistic regression in the train cohort. The
nomogram showed a good sensitivity and specificity with AUCs of 0.861 and 0.960 in
train and test cohorts, respectively. Moreover, the calibration graph of the nomogram
showed a favorable calibration in both train and test cohorts.

Conclusions: The presented radiomics nomogram, as a non-invasive prediction tool,
could predict meningiomas consistency preoperatively with favorable accuracy, and
facilitated the determination of individualized operation schemes.

Keywords: machine learning, consistency, meningioma, nomogram, radiomics

INTRODUCTION

Meningioma is one of the most common intracranial tumors, with an incidence of 7.86 cases per
100,000 people per year (1). It can arise from any area where arachnoid cap cells are present.
Current treatment options for meningioma include observation, surgery and radiosurgery (2).
Though, radiosurgery may be a good choice for small tumor (<2 cm) (3), surgical resection is
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considered the primary treatment for patients with symptomatic
meningiomas (4). However, the operative safe requires a
thoroughly preoperative understanding of tumor characteristics
and surgical anatomy.

The tumor consistency is one of the most important
characteristics that affect surgical difficulty and degree of
resection (5). Soft tumors can be removed by means of
cutting and suctioning. However, firm tumors are more
difficult to be removed, especially skull base meningiomas (6).
More surgical instruments, such as ultrasonic aspiration,
electrophysiological monitoring, and intraoperative
navigation are needed. Thus, it is of vital importance to
develop a noninvasive preoperative technique to predict
tumor consistency. Previously, tumor consistency was
predicted according to the signal intensity of T2 weighted
images or Fluid attenuated inversion recovery images, but the
accuracy was low (7). Radiomics has been considered as a
potent approach for noninvasive high-throughput mining of
tumor characteristics, which has been applied in many tumors,
such as pituitary adenomas, gliomas (8, 9). Nonetheless, few
studies have focused on radiomics signatures to predict
meningioma consistency. Consequently, the current study
aimed to establish a radiomics model for preoperative
prediction of meningiomas’ consistency.

METHODS

Patients

From January 2019 to May 2020, a total of 172 patients with
meningiomas undergoing open craniotomy at the First Affiliated
Hospital of Zhengzhou University were included in this study.
The inclusion criteria were as follows: 1) meningioma diagnosis
was confirmed by pathological report, 2) medical and imaging
records were complete, 3) no history of medical treatment for
meningioma. Excluding criteria were as follow: 1) incomplete
medical records, 2) poor image quality, 3) preoperative treatment
such as radiotherapy. The study was approved by the medical
ethics committee of the First Affiliated Hospital of
Zhengzhou University.

The patients were divided randomly into train cohort
(n=120), which was used for model building, and test cohort
(n=52), which was used for model validation. The following
patients’ data were collected: clinical features (gender, age),
conventional imaging features (tumor location, edema
surrounding meningioma, CSF space surrounding
meningioma), and pathology feature (WHO grade). The
general characteristics of patients were displayed in Table 1.
After surgery, the tumor consistency was classified as soft or
firm according to Zada’s consistency grading system (10). Soft
meningiomas were defined as those amenable to be removed
totally or mainly with suction, which corresponding to Grade 1
and Grade 2 of Zada’s consistency grading system. Firm
meningiomas were defined as those required sharp resection,
ultrasonic aspiration or with calcified lesions, which
corresponding to Grade 3, Grade 4 ad Grade 5 of Zada’s

TABLE 1 | General characteristics of patients.

Train cohort (n=120) Test cohort (n=52)

Soft Firm Pvalue Soft Firm P value

Age (mean, years) 52.8 524 0.86 53.3 555 0.62
Gender
Male 7 18 0.90 2 10 0.75
Female 23 72 6 34
Location
Left 10 36 0.66 3 17 0.90
Right 15 44 3 19
Midline 5 10 2 8
Peritumoral edema
No 22 57 5 27
CSF space surrounding tumor
Yes 17 51 1.0 5 29 0.83
No 13 39 3 15
WHO grade
WHO | 29 80 0.36 7 39 0.61
WHO Il 1 10 1 5

consistency grading system. We reviewed the surgical videos
and operative recordings to determine the tumor consistency.

MR Imaging Acquisition

and Preprocessing

All patients underwent head MR imaging scan before surgery.
Imaging was conducted on three models of MRI scanners,
including Prisma, TrioTim and Verio (Siemens Healthineers,
Erlangen, Germany). The MR imaging protocol included T1-
weighted contrast-enhanced imaging (T1C), T2-weighted
imaging (T2WI), Fluid attenuated inversion recovery imaging
(FLAIR), Apparent diffusion coefficient imaging (ADC). The
T1C sequence was acquired with the following range of
parameters: repetition time (TR)/echo time (TE), 163-250/
2.46-2.48msec; slice thickness, 5mm; spacing between slices,
6.50-6.75mm. The T2 sequence was acquired with the
following range of parameters: TR/TE, 3900-5220/92-150msec;
slice thickness, 5mm; spacing between slices, 6.50-6.75mm. The
FLAIR sequence was acquired with the following range of
parameters: TR/TE, 5000-8000/79-94msec; slice thickness,
5mm; spacing between slices, 6.50-6.75mm. The ADC
sequence was acquired with the following range of parameters:
TR/TE, 3000-4600/81-102msec; slice thickness, 5mm; spacing
between slices, 6.50-6.75mm.

Preprocessing was performed in 3D-Slicer software (v4.9.0).
First, image registration was performed to register T2ZW1, FLAIR,
ADC sequence images to the T1C sequence images for each
patient. Next, N4 bias field correction was applied to each
sequence images to correct intensity non-uniformities.

Tumor Segmentation and

Feature Extraction

The region of interest (ROI) was manually drawn on TIC
imaging by two neuroradiologists independently, using 3D-
Slicer software. The neuroradiologists were blinded to the
clinical data. The extraction of radiomic features was
performed by using PyRadiomics package, which was an open-
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source python package for the extraction of radiomics features
from medical imaging. The detail parameter settings of feature
extraction were provided in the Supplementary Document. To
avoid data heterogeneity bias, all MRI data were normalized (the
intensity of image was scaled to 0-100) and resampled to the
same resolution (3*3*3mm) before feature extraction. For each
imaging sequence, three image types (original, Laplacian of
Gaussian (LoG), wavelet) were applied, and six feature classes
(shape, first order statistics, gray level cooccurrence matrix
(glem), gray level run length matrix (glrlm), gray level size
zone matrix (glszm), gray level dependence matrix (gldm))
were calculated, which resulted in a total of 960 radiomic
features (14 shape features, 18 first-order statistics features, 68
texture features, 172 LoG features, and 688 wavelet features). For
each patient, a total of four imaging sequences were calculated,
which generating 3840 radiomic features. Intraclass correlation
coefficients (ICCs) analysis was performed on the two sets of
ROIs, which were drawn by the two neuroradiologists. We
defined the radiomic features with ICCs > 0.8 as stable
features, which would be used in further analysis.

Feature Selection and Establishment of
Prediction Model

To avoid overfitting, feature selection was performed before model
establishment. Features were selected by a two-stage process based
on the radiomic features extracted by PyRadiomcs package. First,
variances of each feature between soft and firm cases were calculated
by t-test (11). Then, the features whose p-values of t-test were less
than 0.05 were further analyzed by the least absolute shrinkage and
selection operator (LASSO) regression algorithm. 10-fold cross-
validation with a maximum area under the curve (AUC) criterion
was performed to find the optimal A. Finally, the features with non-
zero coefficients were used to construct the prediction model, and
the corresponding non-zero coefficients were defined as the Rad-
score. The radiomics signature for each patient was generated using
the linear combination of the values of selected features that were
weighted by the Rad-score.

We applied five supervised machine-learning algorithms to
establish the prediction model, including Random Forest (RE),
K-nearest Neighbor (KNN), Support Vector Machine (SVM),
Logistic Regression (LR), Adaboost Classifier (Ada), which
generated 5 prediction models.

Predictive Performance of Model

The test cohort was applied to evaluate performance of the
model. The performance of both train and test cohorts was
evaluated using AUC, sensitivity, specificity, and accuracy. The
model with the highest AUC in test cohort was established as the
final prediction model. The flowchart of this study is shown in
Figure 1.

Statistical Analysis

Differences in clinical characteristics between train and test
cohort were assessed by Student’s t-test or chi-square test, as
appropriate, and a two-sided p-value < 0.05 was considered

MRI acquisition and
ROI delineating

Y

Image preprocessing
--Registration
--N4 bias field correction
--Intensity rescaling
(-Resampling

Y

Radiomic features extraction
--Shape
--Histogram
--Texture
--Wavelet filter

AN J

Y
4 7

Machine learning
--Feature selection
--Variance selection
--LASSO
Classifier
--RF
--KNN
--SVM
--LR
--Ada

Y

Favorable classifer
Nomogram construction

Model validation

FIGURE 1 | The flowchart of our study.
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statistically significant. Statistical analysis was conducted in
Python (v3.7.6) and R software (v4.0.0).

RESULTS

Patient Clinical Characteristics

A total of 172 patients were included in the study (120 cases in
the train cohort, 52 cases in the test cohort). No significant
differences between the soft and firm groups were detected in
age, gender, tumor location, peritumoral edema, CSF space
surrounding tumor and WHO grade.

Feature Selection and Radiomic Machine-
Learning Classifier Selection

In total, 3840 radiomics features were extracted in this study.
3719 radiomics features were stable features after being selected
by ICCs. Finally, through variances selection and LASSO
regression algorithm, 28 features were selected. The details of
the selected features were shown in Table 2. The selected
radiomics features were statistically different between the two
tumor consistencies.

The performances of the five prediction models were shown
in Table 3. Notably, the LR and Ada models performed well in
the validation, with AUCs of 0.83 and 0.82, respectively. The
sensitivities of LR and Ada models were 0.91 and 0.89 in the test

TABLE 2 | The details of selected radiomics features.

Class Feature name Feature type Sequence Soft Firm p-value
Log filter (sigma=5.0mm) glszm_GrayLevelNonUniformityNormalized Texture CET1 0.3152 + 1.0513 -0.1098 + 0.9469 0.0183
LLH wavelet filter gldm_DependenceVariance Wavelet CETH 0.4287 + 1.4918 -0.1169 + 0.7826 0.0355
LHL wavelet filter firstorder_Minimum Wavelet CETH 0.3146 + 0.8763 -0.0993 + 1.0174 0.0239
LHL wavelet filter glszm_GrayLevelNonUniformityNormalized Wavelet CETH 0.2645 + 1.0801 -0.1028 + 0.9171 0.0379
LHH wavelet filter glem_MaximumProbability Wavelet CETH 0.3129 + 1.1039 -0.0927 + 0.9607 0.0277
HLL wavelet filter firstorder_Entropy Wavelet CET1 -0.2845 + 11074 0.0980 + 0.9413 0.0351
HLL wavelet filter firstorder_Uniformity Wavelet CETH 0.3099 + 1.1197 -0.1033 + 0.9389 0.0231
HLL wavelet filter glszm_LargeAreal owGraylevelEmphasis Wavelet CETH 0.4034 + 1.6223 -0.1508 + 0.5664 0.045
HLH wavelet filter firstorder_Mean Wavelet CETH -0.3336 + 1.0352 0.0725 + 0.9484 0.0237
HHL wavelet filter glrim_ShortRunEmphasis Wavelet CETH -0.3436 + 1.2254 0.0965 + 0.9164 0.045
HHL wavelet filter gldm_DependenceVariance Wavelet CETH 0.4039 + 1.5169 -0.1109 + 0.7745 0.0498
HHH wavelet filter firstorder_Maximum Wavelet CETH -0.3615 + 0.6751 0.1149 + 1.0500 0.0012
Original glszm_SmallAreaHighGraylLevelEmphasis Texture T2WI 0.2909 + 1.2717 -0.0770 + 0.9037 0.0459
Log filter (sigma=3.0mm) firstorder_Mean Histogram T2WI -0.56683 + 0.9451 0.1659 + 0.9639 0.0001
LHL wavelet filter firstorder_Median Wavelet T2WI -0.3615 + 1.1908 0.0972 + 0.9249 0.0125
HLL wavelet filter firstorder_Median Wavelet T2WI -0.3454 + 1.0061 0.0841 + 0.9758 0.0185
HLL wavelet filter firstorder_Skewness Wavelet T2WI 0.3982 + 1.0452 -0.1097 + 0.9685 0.0056
HLL wavelet filter glem_Correlation Wavelet T2WI 0.3704 + 1.0205 -0.1194 + 0.9641 0.007
LLL wavelet filter firstorder_10Percentile Wavelet T2WI 0.2768 + 0.8975 -0.0912 + 1.0122 0.0443
Original glrim_LongRunHighGrayLevelEmphasis Texture T2flair 0.3360 + 1.1224 -0.0834 + 0.9445 0.0218
Original glszm_HighGrayLevelZoneEmphasis Texture T2flair 0.3152 + 1.2024 -0.0777 + 0.9196 0.0319
Log filter (sigma=3.0mm) glem_ClusterShade Texture T2flair 0.3666 + 1.1785 -0.1018 + 0.9300 0.0109
LLH wavelet filter firstorder_Median Wavelet T2flair -0.3452 + 1.2631 0.1007 + 0.9009 0.0475
HHH wavelet filter firstorder_Mean Wavelet T2flair 0.2956 + 0.8445 -0.0713 + 1.0252 0.045
LHL wavelet filter firstorder_Skewness Wavelet ADC 0.3221 + 1.0248 -0.0928 + 0.9849 0.0244
HLL wavelet filter firstorder_Skewness Wavelet ADC 0.3258 + 1.0802 -0.1050 + 0.9557 0.0183
HLH wavelet filter firstorder_Median Wavelet ADC 0.2946 + 0.7405 -0.1275 + 0.9200 0.0102
HLH wavelet filter firstorder_Skewness Wavelet ADC -0.2725 + 11742 0.0911 + 0.9284 0.0467
TABLE 3 | The performances of five prediction models.
Comparisons Cohorts RF KNN SVM LR Ada
AUC Train 1.0 0.95 1.0 0.89 1.0
Test 0.56 0.67 0.73 0.83 0.82
Sensitivity Train 1.0 0.91 1.0 0.87 1.0
Test 1.0 0.84 0.95 0.91 0.89
Specificity Train 1.0 0.99 1.0 0.92 1.0
Test 0.13 0.50 0.50 0.75 0.75
Accuracy Train 1.0 0.95 1.0 0.89 1.0
Test 0.87 0.79 0.88 0.88 0.87
F1-score Train 1.0 0.95 1.0 0.89 1.0
Test 0.93 0.87 0.93 0.93 0.92

RF, Random Forest; KNN, K-nearest Neighbor; SVM, Support Vector Machine; LR, Logistic Regression; Ada, Adaboost Classifier; AUC, Area Under the Curve.
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meningiomas, and the blue bars show the values for the firm meningiomas.

cohort, respectively, and the accuracies were 0.88 and 0.87 in the
test cohort, respectively, the Fl-scores were 0.93 and 0.92 in
the test cohort, respectively. It revealed that LR model
performed best.

Evaluation of Radiomics Signature and
Clinical Risk Factors

The radiomics signatures for each patient in train and test
cohorts were calculated. The formula of radiomics signatures
was presented in Supplementary Document. The soft tumors
presented lower radiomics signatures than firm tumors (see
Figure 2). The mean radiomics signature of soft tumor in train
cohort was -0.286, which was significantly lower than that of firm
tumor (0.075, p<0.001). In test cohort, the mean radiomics
signatures of soft and firm tumors were -0.311 and 0.122,
respectively (p<0.001). Radiomics signature and clinical factors
were further analyzed using logistic regression to identified the
independent predictors of meningioma consistency. The
univariate logistic regression showed that only radiomics
signature was the significant prediction factor. The logistic
regression results were listed in Table 4. It showed that only
radiomics signature was the independent predictor.

TABLE 4 | The logistic regression results of radiomics signature and clinical risk
factors.

Univariate logistic regression

OR (95%Cl) P value
Gender (female vs male) 1.074 (0.712-1.367) 0.851
Age 0.987 (0.960-1.014) 0.343
Peritumoral edema (yes vs 0.954 (0.520-1.747) 0.877
no)
Tumor location (right side or 0.947 (0.599-1.496) 0.816
middle vs left side)
CSF space surrounding 1.094 (0.607-1.974) 0.764
tumor (yes vs no)
Radiomics signature 1407.372 (202.969-13879.683) <0.001
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FIGURE 2 | Radiomics signature for each patient in the train cohort (A) and test cohort (B). The red bars show the radiomics signature values for the soft
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Patents

Radiomics Nomogram Construction
and Validation
Based on the logistic regression, a radiomics nomogram was
constructed to make it easier to use clinically (see Figure 3).
According to the radiomics signature, the probability of firm
meningioma was obtained. The ROC curve was used to evaluate
the sensitivity and specificity of the nomogram (see Figure 4).
The nomogram showed a good sensitivity and specificity with
AUC:s of 0.861 and 0.960 in train and test cohorts, respectively.
Moreover, the calibration graph of the nomogram showed a
favorable calibration in both train and test cohorts (see Figure 4).
These findings revealed the satisfying ability of the radiomics
nomogram to classify meningiomas consistency.

Figure 5 showed the flowchart of prediction. We wrote a
python script to facilitate radiomics signature calculation, which
was provided in the Supplementary Document.

DISCUSSION

Meningiomas are intracranial extra-axial lesion, which are primarily
managed by operation. About 40% of meningiomas patients can
achieve Simpson I resection, while 35% achieve Simpson II (12). It
has been reported that the risk factors of incomplete resection are
skull-base location, bone invasion, firm consistency, adhesion to
vessels (13). Multiple studies have reported the significance of
meningiomas’ consistency to determine surgical planning and
length of operation time. Especially for meningiomas in skull base
area, firm tumor may need more instruments, such as ultrasonic
aspirator. Therefore, determination of meningiomas consistency
before surgery is important to make the operation plan, avoid the
multistage surgical procedure.

There have been several studies that make efforts to predict
the consistency of meningiomas. Most of the literatures predict
tumor consistency utilizing the conventional MRI techniques.
Many studies have reported that hyperintensity on T2WI was
associated with soft consistency (14). However, Kashimura et al.

Frontiers in Oncology | www.frontiersin.org

62

May 2021 | Volume 11 | Article 657288


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zhai et al.

Meningioma Consistency Prediction via Radiomics

was predicted to be soft before surgery.
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FIGURE 3 | Radiomics nomogram for the meningiomas consistency. As an example, if one patient had the radiomics signature of -0.2, the corresponding total
points was about 46, which corresponding to a 30% probability of a firm meningioma. That’s to say, using the nomogram, the patient’s meningioma consistency
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Radiomics signature

Total Poirts.

Probabilty of Consistency

in7nbsp;surgery.

reported that there was no association between T2WI intensity
and consistency (15). Romani et al. also reported negative results
using TIWI, T2WI or FLAIR sequences (16). Both of sensitivity
and specificity were low using the conventional MRI prediction
method, which providing limited information of consistency
before the operation.

Radiomics is a new area of study in which quantitative and high-
throughput data are extracted, processed and analyzed to explore
their relationships with valuable information. Radiomics technique
and machine learning algorithm have been widely used in many
tumors’ differential diagnosis and consistency prediction before
operation (17-20). Yang Zhang et al. developed a radiomics
model that could be used in discrimination of lesions located in
the anterior skull base (8). In glioblastoma, Xi Zhang reported a
radiomics nomogram including 25 selected features, which
performing better than clinical risk factors in survival
stratification, and the C-index reached up to 0.974 (21).

Only one article that using radiomics features to predict
meningiomas consistency was published (22). The author
established a model with the Naive Bayes algorithm with an
AUC of 0.961. However, the enrolled cases were few, and the
model was not validated in the test group, which reduced the

ToalPoits

Probabityof Consistency

FIGURE 5 | The example flowchart of prediction. (A) after ROl delineating, image preprocessing, the value of radiomics signature was 0.3444, which
was calculated by the python script including radiomics extraction and model calculation. The result corresponded to >90% probability of a firm
consistency. Thus, the meningioma consistency was predicted to be firm, which was confirmed in surgery. (B) the radiomics signature was -0.2181,
which corresponding to a 30% probability of a firm consistency. Thus, the meningioma consistency was predicted to be soft, which was confirmed

reliability. In our study, we have certain advantages. Firstly, a
total of 172 patients were enrolled. The large sample size
provided reliable results. Secondly, the patients were divided
into train and test cohorts. The prediction model was validated in
test group for internal validation. The result showed that the
AUC in test cohorts was up to 0.960, which meaning that the
constructed model can successfully classify soft and firm
meningiomas. Thirdly, the model displayed good calibration
and discrimination. Fourth, we provided a python script,
which could calculate the radiomics signature conveniently.
With the help of radiomics nomogram, neurosurgeon can get
the consistency prediction result accurately.

This study also had some limitations. First, although we had
validated the model in the test cohort, this was not a multicenter
study. More prospective datasets are needed for independent
verification of the robustness and repeatability of the radiomics
nomogram. Second, the patients’ MRI imaging were acquired by
different scanners, which would increase the data heterogeneity
bias. To avoid it, all MRI imaging were subjected to imaging
normalization before feature extraction. Finally, although
variance selection and LASSO regression methods were highly
efficient, they may be less stable when huge number of features
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were involved in the model. Other feature selection methods
should be investigated in the future work.

In conclusion, our study developed and validated a radiomics
nomogram based on the multiparametric MRI imaging. The
radiomics nomogram demonstrated a favorable predictive
accuracy of meningiomas consistency before surgery, which
showing the potential of clinical application.
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Purpose: In this benign tumor entity, preservation of cranial nerve function is of special
importance. Due to its advantageous physical properties, proton beam radiotherapy
(PRT) is a promising approach that spares healthy tissue. Could PRT go along with
satisfactory preservation rates for cranial nerve function without compromising tumor
control in patients with cranial nerve schwannoma unsuitable for stereotactic
radiosurgery?

Methods: We analyzed 45 patients with cranial nerve schwannomas who underwent
PRT between 2012 and 2020 at our institution. Response assessment was performed by
MRI according to RECIST 1.1, and toxicity was graded following CTCAE 5.0.

Results: The most common schwannoma origin was the vestibulocochlear nerve with
82.2%, followed by the trigeminal nerve with 8.9% and the glossopharyngeal nerve as well
as the vagal nerve, both with each 4.4%. At radiotherapy start, 58% of cranial nerve
schwannomas were progressive and 95.6% were symptomatic. Patients were treated
with a median total dose of 54 Gy RBE in 1.8 Gy RBE per fraction. MRI during the median
follow-up period of 42 months (IQR 26-61) revealed stable disease in 93.3% of the
patients and partial regression in 6.7%. There was no case of progressive disease. New or
worsening cranial nerve dysfunction was found in 20.0% of all patients, but always graded
as CTCAE °I-II. In seven cases (16%), radiation-induced contrast enhancements (RICE)
were detected after a median time of 14 months (range 2-26 months). RICE were
asymptomatic (71%) or transient symptomatic (CTCAE °ll; 29%). No CTCAE °lll/IV
toxicities were observed. Lesions regressed during the follow-up period in three of the
seven cases, and no lesion progressed during the follow-up period.

Frontiers in Oncology | www.frontiersin.org

67 November 2021 | Volume 11 | Article 772831


https://www.frontiersin.org/articles/10.3389/fonc.2021.772831/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.772831/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.772831/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.772831/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.772831/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:tanja.eichkorn@med.uni-heidelberg.de
https://doi.org/10.3389/fonc.2021.772831
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.772831
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.772831&domain=pdf&date_stamp=2021-11-17

Eichkorn et al.

Protons in Cranial Nerve Neuroma

Conclusion: These data demonstrate excellent effectiveness with 100% local control in a
median follow-up period of 3.6 years with a promising cranial nerve functional protection
rate of 80%. RICE occurred in 16% of the patients after PRT and were not or only

mildly symptomatic.

Keywords: acoustic neuroma, vestibular schwannoma, radiation-induced contrast enhancements (RICE),

pseudoprogression, radiation necrosis

INTRODUCTION

Schwannomas are usually benign and slowly growing nerve sheet
tumors that arise from the Schwann cells lining of peripheral nerves.
They are most commonly located in the intradural extramedullary
space and therefore affect mainly cranial or spinal nerves (1).
Vestibular schwannomas (also known as acoustic neuromas) that
commonly arise from the vestibular portion of the eighth cranial
nerve account for most schwannomas. The overall incidence is
approximately 1 in 100,000 persons per year in Western countries
(2). While sporadic schwannomas are rare, they occur frequently in
patients with neurofibromatosis. Bilateral vestibular schwannomas
in children with neurofibromatosis put them at risk for complete
deafness (3-6).

In the past decades, the most effective treatment for
progressive cranial nerve schwannomas has been complete
surgical resection. While local control rates were excellent,
injuries of the affected or adjacent cranial nerves make the
treatment of cranial nerve schwannomas a major challenge. A
large surgical trial reports in vestibular schwannoma a functional
hearing deterioration in up to 60.5% after surgical resection. So,
cranial nerve injuries cause a relatively high morbidity compared
to the excellent oncologic prognosis (7, 8). Due to the slow
progression of schwannomas, the “watch and wait strategy” can
be a legitimate treatment option for selected patients (9).
Therapy sequelae like hearing impairment and tinnitus, vertigo
and gait disturbances, facial nerve palsy, facial pain or
hypesthesia, swallowing difficulties, or others also impair the
quality of life. Therefore, treatment decision needs to be made
carefully, and research on nerve-saving techniques is necessary.

A promising new technique was developed with stereotactic
radiosurgery. Even if large prospective data are still lacking,
stereotactic radiosurgery (SRS) seems to be superior regarding the
risk of cranial nerve damage in schwannomas smaller than 3 cm
with excellent local control rates compared to surgical resection and
is therefore taken into consideration in the European Association of
Neuro-Oncology (EANO) guidelines (9).

But concerns about the induction of malignant transformation
of schwannomas or secondary malignancy induction after
stereotactic radiosurgery still exist, even if there is no evidence for
these concerns in literature, neither for stereotactic radiosurgery nor
for particle beam radiotherapy (10-13). Proton beam radiotherapy
(PRT) is a promising approach to better spare healthy surrounding
tissue and therefore might contribute to the reduction of side effects
in patients unsuitable for SRS due to the advanced tumor stage.

The major concern with proton beam radiotherapy is the risk
of radiation-induced contrast enhancements (RICE), as known

from, e.g., glioma trials (14, 15). RICE are defined by new brain
lesions outside the tumor volume related to cerebral irradiation
that are usually contrast-enhancing and not caused by the tumor.
These RICE are usually transient blood-brain barrier disruptions
and rarely real necrosis.

To date, there are only scarce data on PRT for schwannomas.
One study investigated efficacy and toxicity rates in 94 patients
who underwent fractionated PRT for vestibular schwannoma.
These data demonstrated excellent local control rates and a dose-
dependent risk for hearing deterioration of 36% to 56% with
doses from 50.4 to 54 Gy, while the risk for damage of other
cranial nerves was 5% (16). A case series supported the fact that
fractionated PRT for vestibular schwannoma is well tolerated
and provides good local control (17). A retrospective cohort
study investigated proton (!) beam stereotactic radiosurgery and
reported a 5-year tumor control rate of 95% and a dose
dependency for facial neuropathy (18). No data at all exist on
PRT for other schwannomas except for vestibular schwannomas.

This study investigates the effectiveness and toxicity of
fractionated proton beam radiotherapy for cranial nerve
schwannomas that were unsuitable for SRS. Is excellent tumor
control achievable without major sequelae?

PATIENTS AND METHODS

Patient Characteristics

According to its physical properties, in patients with large target
volumes (for skull base schwannoma defined by T3-T4 tumors)
or tumors in close proximity to the brain stem or other cranial
nerves or if patients could not undergo surgery, PRT was chosen,
as it is suspected that, in these cases, PRT is more suitable than
stereotactic radiosurgery (SRS) and might be more suitable than
fractionated photon radiotherapy. Potential physical superiority
of protons over photons is well investigated in literature, but
potential clinical superiority of fractionated proton radiotherapy
over fractionated photon radiotherapy for cranial nerve
schwannomas has never been proven. This study shall provide
some clinical data on fractionated proton radiotherapy for
cranial nerve schwannomas. Figure 1 demonstrates how
decision was made to treat patients with fractionated PRT. We
finally included 45 patients with cranial nerve schwannomas who
underwent fractionated PRT between 2012 and 2020 at our ion
beam therapy center. Patient and treatment data were extracted
from a clinical database maintained at our institution and from
medical and official records. The first follow-up cMRI was
performed 2-3 months after finishing radiotherapy. If no
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FIGURE 1 | Treatment decision-making in our study cohort exemplarily for vestibular schwannoma. For other cranial nerve neuromas than vestibular schwannoma,

abnormalities were found, the following cMRIs were done in
time intervals of 6-12 months thereafter. Exploration of RICE
risk factors included all available treatment and patient
characteristics as listed in the tables.

Planning and Treatment Features

Immobilization was ensured by using individually shaped
thermoplastic masks in the head first-supine position. In this
positioning, a computed tomography (CT) scan with 3-mm slice
thickness as well as a cranial magnetic resonance tomography
(cMRI) with contrast were acquired for treatment planning.
Gross tumor volume (GTV) comprised the contrast enhanced
schwannoma in T1-weightened cMRI. A planning target volume
(PTV) margin of 3 mm isotopically was added to account for
geometrical uncertainties and physical beam inaccuracies.
Treatment planning followed the principle of irradiation dose
being as low as reasonably achievable (ALARA) without
compromising PTV coverage. Dose prescription to the target
volume was performed according to the constraints of ICRU
report 50 and 62. Normal tissue constraints according to
QUANTEC and Emami et al. (19, 20) were adhered to and
sometimes adapted according to the preserved cranial nerve
function, e.g., hearing function. Active beam application using
raster-scanning technique with a spot size between 8 and 30 mm
full width at half maximum (FWHM), with 2-3 mm of overlap in
lateral (dx, dy) and longitudinal (dz) directions and synchrotron
energy (48-250 MeV), was used, the active change of energy

being available in 256 discrete steps, using two to three treatment
beams under daily image guidance, orthogonal x-rays mounted
on a ceiling robotic arm and with 2D-3D image registration
for the robotic couch position correction. Either single-beam
optimization (SBO) or multibeam optimization (IMPT) was
used. IMPT was aimed for avoiding high-dose gradients per
field, e.g., in difficult shaped targets. The final proton dose was
scaled with a constant RBE factor of 1.1. Treatment was
performed with five to six fractions per week. We took
anatomic factors that might lead to dose uncertainties into
account and used multiple beams, if needed. Furthermore, in
our clinical routine, it is mandatory to regularly perform position
verification scans during the treatment period with plan
recalculations. So, in case of anatomical changes, e.g., in the
petrous bone cavities, we adapted treatment plans. The
conformity index (CI) for PTV was calculated according to
the RTOG guidelines (21) by division of the CTV covered by
the 95% isodose (reference isodose) and the target volume itself.
A value close to 1 corresponds to ideal conformity.

Endpoints

Trial endpoints were effectiveness and toxicity of proton beam
radiotherapy. Effectiveness was evaluated by “Response
Evaluation Criteria in Solid Tumors” (RECIST) version 1.1 and
divided into complete or partial response, stable disease, and
progressive disease (22, 23). Schwannoma progression was
defined as an increase in volume according to RECIST in the
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follow-up period without spontaneous regression in the
following cranial magnetic resonance imaging (cMRI) to
distinguish it from post-treatment edema. Toxicity was graded
following the National Cancers Institute’s Common
Terminology Criteria for Adverse Events (CTCAE) (version
5.0). Cranial nerve functional impairment was assessed by
history taking and physical exam. RICE was defined by a new
post-treatment contrast enhancement in cMRI outside the GTV
during the follow-up period. To face the risk of misinterpretation
of RICE as tumor progression or the other way around, all
images were reviewed independently by one radiologist and two
radiation oncologists. Other toxic effects were assessed based on
both medical records and imaging reports.

Statistical Analysis

Descriptive statistics for baseline variables (Tables 1, 2) and for
objectives (Tables 3-5) include means (SD) and/or median (IQR
and range, as appropriate) for continuous variables and absolute
and relative frequencies for categorical variables. To identify
influencing factors on clinical symptom improvement or
deterioration in the follow-up period, a logistic regression

TABLE 1 | Patient baseline characteristics.

n = 45 [%]

Gender

Female 23 [61.1%]

Male 22 [48.9%)]
Age at initial diagnosis (years)

Mean 51

Median 51

Standard deviation 19

Quartile 1—quartile 3 39-66

Minimum-maximum 10-82
Age at radiotherapy (years)

Median 55

Minimum-maximum 18-88
Schwannoma risk factors

Neurofibromatosis type 2 5 [11.1%)]
Cranial nerve

Trigeminal nerve 4 [8.9%)]

Vestibulocochlear nerve 37 [82.2]

Glossopharyngeal nerve 2 [4.4%]

Vagal nerve 2 [4.4%])
Diagnostic methods

MRI only 28 [62.2%)

DOTATOC-PET-CT 2 [4.4%]

Partial resection/biopsy 14 [31.1%)]

Complete resection 3 [6.7%])

Radiotherapy due to recurrence 3 [100%]
Proof of progressive schwannoma before radiotherapy

Yes 26 [67.8%)]

No 19 [42.2%]
Symptomatic schwannoma (at radiotherapy start)

Yes 43 [95.6%)]

No 2 [4.4%)]
Tumor size at radiotherapy start (ml)

Mean 8

Median 5

Standard deviation 10

Quartile 1—quartile 3 3-8

Minimum-maximum 0.3-60

model was applied using multiple patient and treatment
characteristics: age > 55 years, tumor volume > 5ml, technique
(IMPT vs. SBO), number of beams, and fractions per week. Since
this is a retrospective exploratory data analysis, p-values are of
descriptive nature. Statistical analyses are performed with the
software R Version 4.0.3.

RESULTS

Patient and Treatment Characteristics

Median patient age at the beginning of radiotherapy (RT) was 55
years (range: 18-88). Gender was equally distributed. The most
common schwannoma origin was the vestibulocochlear nerve
with 82.2%, followed by the trigeminal nerve with 8.9% and the

TABLE 2 | Treatment characteristics.

A) Overview n = 45 [%]

Primary diagnosis until radiation therapy start (months)

Median 18
Minimum-maximum 2-159
Total dose (Gy RBE)
Mean 54
Median 54
Standard deviation 3
Quartile 1-quartile 3 54-56
Minimum-maximum 40-58
dose per fraction (Gy RBE)
Mean 1.8
Median 1.8
Standard deviation 0.2
Quartile 1-quartile 3 1.8-1.8
Minimum - maximum 1.8-2
Number of fractions
Mean 29
Median 30
Standard deviation 3
Quartile 1-quartile 3 30-31
Minimum-maximum 16-32
Fractions per week
5 fractions per week 23 [61.1%)]
6 fractions per week 22 [48.9%)]
Proton beam radiotherapy technique
IMPT 37 [82.2%)]
SBO 8 [17.8%)]
Number of beams
1 2 [4.4%)]
2 27 [65.6%)]
3 19 [40.0%)]
GTV (ml)
Mean 8
Median 5
Standard deviation 10
Quartile 1-quartile 3 3-8
Minimum-maximum 0.3-60
PTV (ml)
Mean 20
Median 12
Standard deviation 22
Quartile 1—quartile 3 20-23
Minimum-maximum 4-137

Dmax, maximum dose; Dmean, mean dose; Gy RBE, gray relative biological effectiveness.
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B) Doses for organs at risk (Gy RBE) Dmax Dmean
Inner ear
Mean 49.6 40.4
Median 54 43.8
Quartile 1-quartile 3 51.1-55.4 38-50.3
Minimum-maximum 0-59.4 0-57.3
Adjacent cranial nerves
Mean 8.6 3.1
Median 2.4 0.4
Quartile 1—quartile 3 0.9-9.3 0.1-1.2
Minimum-maximum 0.3-51.9 0-45.5
Ipsilateral temporal lobe
Mean 50.3 136
Median 53.2 13.6
Quartile 1—quartile 3 50.3-54.8 12.2-16.4
Minimum-maximum 3.7-58.3 0-19.8
Brain stem
Mean 51.4 12
Median 53.5 10.6
Quartile 1—quartile 3 52-54.6 6.1-14.9
Minimum-maximum 20.3-57.9 0.5-44.9
Ventricular system
Mean 55.1 6.1
Median 55.1 6.1
Quartile 1—quartile 3 55.1-55.1 6.1-6.1
Minimum-maximum 55.1-55.1 6.1-6.1

Dmax, maximum dose; Dmean, mean dose; Gy RBE, Gray Relative Biological
Effectiveness.

TABLE 3 | Treatment effectiveness observation.

n = 45 [%]
Time PRT end until first imaging follow-up (weeks)
Mean 9
Median 8
Standard deviation 9
Quartile 1—quartile 3 6-10
Minimum-maximum 1-44
Total follow-up period (months)
Mean 43
Median 42
Standard deviation 25
Quartile 1-quartile 3 26-61
Minimum-maximum 3-97

Response to radiotherapy during follow-up period

Complete remission 0 [0.0%]

Partial remission 3 [6.7%)]

Stable disease 42 [93.3%)]

Progressive disease 0 [0.0%]
Progression-free survival

Yes 45 [100%]

No 0 [0.0%]

glossopharyngeal nerve as well as the vagal nerve, each with
4.4%. A neurofibromatosis type 2 as a risk factor for
schwannoma occurrence was found in 11.1% of the patients.
Between primary diagnosis and radiotherapy start passed in a
median of 18 months (range: 2 months to 12 years). Diagnosis
was made mainly by imaging with MRI. In 37.8% of the cases,
histology was confirmed by a prior biopsy or resection. In two
cases (4.4%), a DOTATOC-PET-CT was needed to exclude
meningioma. In 57.8% of the patients, treatment was indicated

due to observed progression. About 95.6% of all treated patients
complained restrictions in everyday life due to schwannoma
symptoms. In median, schwannoma size or gross target volume
(GTV) was 5 ml at radiotherapy start ranging from 0.3 to 60 ml.
The planning target volume (PTV) was 12 ml in median, ranging
from 4 to 137 ml. The median total dose was 54 Gy (range: 40—
57.6 Gy) with a median single dose of 1.8 Gy (range 1.8-2 Gy),
applied in five to six fractions per week. Two patients were
treated with reduced doses due to pre-irradiation in the past. The
most commonly used technique was intensity modulated proton
therapy (IMPT) with 82.2%, followed by single beam
optimization (SBO) with 17.8%. Between one and three beams
were used with two beams in 60.0%, three beams in 42.2%, and
one beam in 4.4%.

Detailed patient characteristics are presented in Table 1;
detailed treatment characteristics are presented in Table 2.

Efficacy and Toxicity

The follow-up period was 42 months in median (IQR 26-61). In
median after 2 months (range: 0.25-11 months), the first follow-up
MRI was performed. During the entire follow-up period, 93.3% of
the patients showed stable disease, and 6.7% demonstrated partial
remission. None of the patients had a schwannoma progression in
the observation period. Detailed data on treatment effectiveness
observation are presented in Table 3.

Before radiotherapy start and during the follow-up period,
detailed data on clinical signs and symptoms caused by
schwannoma were recorded via repeated medical history and
physical exam assessment at each follow-up visit. This allows for
a longitudinal presentation in the course of time of multiple
specific symptoms as presented in Table 4. At radiotherapy start,
95.6% reported clinical symptoms due to the schwannoma. With
vestibular schwannoma being predominantly observed, most
patients complained about hearing impairment (80.0%),
followed by vertigo (35.6%) and tinnitus (22.4%). A trigeminal
neuralgia was reported by 15.6% of the patients, and 4.4% of the
patients suffered from difficulty swallowing. All symptoms were
graded analogous to CTCAE grading for better comparability
with follow-up findings even if CTCAE grading was not
developed to assess pretherapeutic symptoms. After PRT, 60%
of the patients had stable symptoms, 4.4% of the patients
reported a symptom improvement, and 35.6% of the patients
reported any symptom deterioration after PRT, mainly transient
fatigue. New or worsening cranial nerve dysfunctions were found
in 20.0% of all the patients in the follow-up period, e.g., a
worsening in tinnitus, but never relevant for activities of daily
life. The reported symptoms described above were mild and
graded CTCAE I-II. No CTCAE °III/IV toxicities were observed.
Symptoms and toxicities that were not associated to cranial
nerves like fatigue, headache, skin toxicity, dysgeusia, and
alopecia were mainly observed in the early post-irradiation
period and resolved during further follow-up. Explorative
analysis via logistic regression modeling could not find any
substantially influencing factors among all descriptively
presented variables on the improvement or deterioration of
clinical symptoms.
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TABLE 4 | Long-term treatment toxicity assessment.

Clinical symptom Pre-irradiation

Early post-irradiation

Late post-irradiation Overall post-irradiation

Low grade* High grade* Low grade High grade Low grade High grade  Improvement deterioration
(CTCAE I-lI) (CTCAE =llI) (CTCAE I-lI) (CTCAE =llI) (CTCAE I-ll) (CTCAE =lll)
n [%] n [%] n [%] n [%] n [%] n [%] n [%] n [%]
Any 43 [95.6%)] 0 [0.0%)] 45 [100%] 0 [0.0%)] 45 [100%] 0 [0.0%)] 0 [0.0%] 16 [35.6%)
Cranial nerves
Olfactory nerve 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 0 [0.0%)] 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 0 [0.0%]
Optic nerve 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 0 [0.0%)] 0 [0.0%] 0 [0.0%)] 0 [0.0%] 0  [0.0%]
Oculomotory nerve 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%]
Trochlear nerve 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 0 [0.0%)] 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 0  [0.0%]
Trigeminal nerve 7 [15.6%)] 0 [0.0%] 9 [20.0%] 0 [0.0%] 9 [20.0%] 0 [0.0%] 0 [0.0%] 3 [6.7%]
Abducens nerve 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 0 [0.0%)] 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 0 [0.0%]
Facial nerve 11 [26.7%)] 0 [0.0%)] 12 [26.7%) 0 [0.0%)] 12 [26.7%) 0 [0.0%] 0 [0.0%] 1 [2.2%)]
Vestibulocochlear nerve 37 [82.2%)] 0 [0.0%] 37 [82.2%)] 0 [0.0%] 37 [82.2%] 0 [0.0%] 2 [4.4%] 5 [11.1%]
Tinnitus 11 [22.4%)] 0 [0.0%)] 12 [26.7%) 0 [0.0%)] 12 [26.7%) 0 [0.0%)] 1 [2.2%)] 5 [11.1%]
Hearing impairment 36 [80.0%] 0 [0.0%] 36  [80.0%] 0 [0.0%] 36  [80.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%]
Vertigo 16 [35.6%)] 0 [0.0%)] 16 [35.6%) 0 [0.0%)] 16 [35.6%) 0 [0.0%)] 2 [4.4%)] 3  [6.7%)
Glossopharyngeal nerve 1 [2.2%] 0 [0.0%] 1 [2.2%] 0 [0.0%] 1 [2.2%] 0 [0.0%] 0 [0.0%] 0 [0.0%]
Vagal nerve 1 [2.2%)] 0 [0.0%)] 1 [2.2%)] 0 [0.0%] 1 [2.2%] 0 [0.0%] 0 [0.0%] 0 [0.0%]
Accessory nerve 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 0 [0.0%)] 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 0  [0.0%]
Hypoglossal nerve 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%]
RICE 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 0 [0.0%)] 7 [15.6%) 0 [0.0%)] 0 [0.0%)] 7 [15.6%]
Others
Fatigue 0 [0.0%] 0 [0.0%] 11 [24.4%] 0 [0.0%] 3 [6.7%] 0 [0.0%] 0 [0.0%] 11 [24.4%]
Headache 0 [0.0%] 0 [0.0%] 5 [11.1%] 0 [0.0%] 1 [2.2%] 0 [0.0%] 0 [0.0%] 5 [11.1%]
Skin toxicity 0 [0.0%)] 0 [0.0%] 1 [2.2%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 1 [2.2%)]
Dysgeusia 0 [0.0%] 0 [0.0%)] 1 [2.2%)] 0 [0.0%)] 0 [0.0%] 0 [0.0%)] 0 [0.0%)] 1 [2.2%)]
Alopecia 0 [0.0%] 0 [0.0%] 4 [8.9%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 0 [0.0%] 4 [8.9%]

Assessment based on medical and physical exam. Early post-irradiation symptoms were assessed in median after 8 (Q1-Q3: 6-10) weeks, and late post-irradiation symptoms were
assessed during the total follow-up period (median, Q1-Q3: 42, 26-31 months). RICE, radiation-induced contrast enhancements. *All documented signs and symptoms were graded
analogous to CTCAE grading for better comparability. CTCAE, common terminology criteria for adverse events.

No secondary malignancies were encountered during the
follow-up period.

RICE

The follow-up MRIs revealed a contrast enhancement in brain
parenchyma after PRT consistent with an RICE in seven cases
(15.6%). These lesions were observed after a median of 14
months (range: 2-26 months) after PRT. In two of the seven
RICE cases (29%), a deterioration of clinical symptoms was
observed; in one case, mild gait disturbances and in the other
case a facial paresthesia were reported, which made an outpatinet
treatment with a short course of orally administered necessary
(both CTCAE °II). Due to sufficient response to corticosteroid
treatment, in no case bevacizumab administration as an anti-
VEGF antibody was needed. Three of the seven lesions (43%)
regressed during the follow-up period, and no lesion showed
progression. Further analysis of RICE cases did not reveal
considerable differences in the subgroup, in which RICE
occurred, compared to the subgroup, in which no RICE was
diagnosed. Patients with RICE had been treated with standard
therapy of 54-57.6 Gy in 1.8-2.0 Gy RBE per fraction with five to
six fractions per week. GTV volume was 2-7 ml. Only one
patient underwent previous surgery; none of the patients had
neurofibromatosis type 2. CI for PTV was in the median of 0.99
(range 0.98-1.0). Due to lack of power, explorative analysis via
logistic regression modeling could not find any influencing

factors on the development of RICE by comparing the 7 RICE
cases to the 38 cases without RICE among the tested variables:
age > 55 years, tumor volume >5 ml, technique (IMPT vs. SBO),
number of beams, and fractions per week. Table 5 presents a
detailed workup of RICE. Table 5A demonstrates an overview
analysis on all RICE cases, whereas Table 5B shows a detailed
descriptive analysis of each specific RICE case. Table 5C shows
the logistic regression model for RICE risk factors. Figure 1
shows representative images for all seven cases.

DISCUSSION

This study investigates the effectiveness and toxicity of fractionated
proton beam radiotherapy for cranial nerve schwannomas.

As expected, most cranial nerve schwannomas affected the
vestibulocochlear nerve, and therefore, most patients presenting
to our clinic suffered from hearing impairment, tinnitus, or vertigo.
Nevertheless, cranial nerve schwannomas originating from the
trigeminal nerve, the glossopharyngeal nerve, and the vagal nerve
were also found, mainly associated to neurofibromatosis type 2 as
supported by literature data (24). Most patients sought for
treatment due to clinical symptoms or a documented
schwannoma progression under monitoring.

Proton beam radiotherapy for cranial nerve schwannoma was
shown to be effective. No schwannoma progression was
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observed, and therefore, 100% effectivity can be reported for the
follow-up period of 3.5 years in median. These effectivity rates
for proton beam radiotherapy are very promising. However,
further prolongation of the follow-up period is needed. The only
data available on PRT in vestibular schwannoma include 95

TABLE 5 | Detailed analysis of RICE (n=7 [15.6%)).

A) Overall RICE analysis
n=7[16%]

Time radiotherapy end to first occurrence of RICE (months)

patients treated from March 1991 to March 2008 at Loma Linda
University Medical Center. Fractionated proton radiotherapy at
daily doses of 1.8 Gy and a total dose ranging between 59.6 Gy
(RBE) and 50.4 Gy (RBE) was employed, depending on hearing
function. Local control rates for the median follow-up time of 64
months were 95-92%, depending on the applied dose. Cranial
nerve injuries occurred in two patients. Hearing preservation was
maintained in 44-64% of the patients, depending on the applied
dose. The overall patient cohort was divided into three groups
with graduated dose concepts (16).

For gamma knife, a control rate of 98% after a median follow-
up period of 5.8 years was reported (25). For the “watch-and-

Mean 14
Median 14 wait” strategy, a meta-analysis demonstrated in median 43% of
Quartile 1-quartile 3 12-16 schwannoma progressions in a similar follow-up period of 3.2
Minimum-maximum 2-26 years (26). For surgery, a median of 9% schwannoma progression
Symptomatic RICE was demonstrated in a follow-up of 3.1 years (27) with a
Yes 2 (CTCAE °ll) [28.6%] . . .
No 5 [71.4%] considerable rate of surgery-associated cranial nerve damage
Treatment needed for RICE with chances of hearing preservation between 47% and 88%
Steroids only 7 [100%] and even death due to surgery-associated complications (28).
oBe"aC'Z“mab <a”t_"VEGF_a”“b°dY) ) 0 [0%] Therefore, as stated by the EANO Guideline on the Diagnosis
t:(zeswed regression during follow-up period 5 142.9% and Treatment of Vestibular Schwannoma, radiotherapy is
N 0, « LRl .
No 4 (57.1%] superior to both the “watch-and-wait” strategy regarding
Observed progression during follow-up period efficacy as well as surgery especially regarding toxicity in small
Yes 0 [0%] tumors (<3 cm) (9). But both the “watch-and-wait” strategy and
No ! [100%] surgery are valuable for selected patients. Patients without any
RICE, radiation-induced contrast enhancements. symptoms or progression may be suitable for the “watch-and-
B) Analysis of specific RICE cases
Case number 1 2 3 4 5 6 7
Gender Female Male Female Male Female Female Female
Age at radiotherapy (years) 63.9 82.4 67.7 62.8 79.3 77.8 44.3
Latency (months) 17 14.9 2.3 13.8 25.7 10.83 13.3
Treatment Steroids Steroids Steroids Steroids Steroids Steroids Steroids
Inpatient treatment needed No No No No No No No
Cranial nerve Vestibulocochlear ~ Vestibulocochlear  Vestibulocochlear Vestibulocochlear Vestibulocochlear Vestibulocochlear Vestibulocochlear
nerve nerve nerve nerve nerve nerve nerve
Previous surgery No No No No No No Yes
Neurofibromatosis type Il No No No No No No No
Any pre-irradiation symptoms Yes Yes Yes Yes Yes Yes Yes
Pre-irradiation tinnitus No No No No No Yes Yes
Pre-irradiation hearing Yes Yes Yes Yes Yes Yes Yes
impairment
Pre-irradiation vertigo No Yes No No No Yes Yes
Any post-irradiation No Yes No No No Yes No
deterioration
Total dose (Gy RBE) 54.0 54.0 54.0 57.6 57.6 54.0 57.6
Dose per fraction (Gy RBE) 1.8 1.8 2.0 1.8 1.8 1.8 1.8
Fractions per week 5 5 6 5 6 6 5
Radiotherapy technique IMPT SBO IMPT IMPT IMPT IMPT IMPT
Schwannoma size/GTV (ml) 5 5 7 4 5 4 2
Schwannoma maximal 22 25 26 22 21 24 26
diameter (mm)
PTV (ml) 10 12 20 9 12 9 5
Maximum dose GTV (Gy 55.5 55.5 56.1 60.8 56.4 55.9 59.3
RBE)
Maximum dose brain stem 53.2 53.3 54.3 54.7 52.8 52.9 55.5
(Gy RBE)
Number of beams 3 2 2 3 3 3 3
Any pre-irradiation in the past No No No No No No No
RICE, radiation-induced contrast enhancements.
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C) Logistic regression analysis for RICE risk factors

Variable Estimate (95% CI) p-value
Age >55 years -2.41 (5.77 - -0.42) 0.68
Tumor volume =5ml -1.84 (1.24 - 1.48) 0.14
Technique (IMPT vs. SBO) -0.61 (1.50 - -0.40) 0.69
Number of beams 1.77 (1.17 - 1.51) 0.13
Fractions per week -0.72 (1.01 - -0.72) 0.47

Cl, confidence interval IMPT, intensity-modulated proton therapy; SBO, single beam
optimization; RICE, radiation-induced contrast enhancements.

wait” strategy, while very large tumors that have already
completely destroyed the nerve and compress the brainstem
may be suitable for surgery. For radiotherapy, there are several
factors, e.g., dose, fractionation regimes, and treatment
techniques, that have to be taken into consideration when
deciding about the individually best approach. According to a
retrospective comparative analysis of 125 patients in total,
hearing preservation rates might be 2.5-fold higher in
fractionated radiotherapy than in single fraction stereotactic
radiosurgery, but tumor control rates were at least 97% in both
groups (29). However, literature demonstrates also data that
report similar rates for hearing preservation and local control for
both fractionated radiotherapy and single fraction stereotactic
radiosurgery, and the dose of single fraction stereotactic
radiosurgery was significantly influencing hearing preservation
(30). Furthermore, according to literature, it is recommended to
use single fraction stereotactic radiosurgery for smaller lesions,
while FSRT can be used independently of tumor size and should
be preferred in larger tumors (with contact to the brainstem) due
to the better adherence to dose constraints with FSRT (30-33).
For PRT, fractionated radiotherapy might be less toxic than
single fraction stereotactic radiosurgery (16, 18). We cannot
directly compare our results to stereotactic radiosurgery as our
cohort was defined by unsuitability for stereotactic radiosurgery
(T3-T4 tumors). Valid treatment alternatives for our cohort were
surgery or fractionated photon radiotherapy. Cranial nerve
preservation of the affected cranial nerve in fractionated
proton/photon radiotherapy is well known to be superior to
surgery. Compared to fractionated photon radiotherapy,
fractionated proton radiotherapy spares the adjacent cranial
nerves due to steep dose gradients given in proton
radiotherapy. This is a dosimetric advantage, and literature is
lacking data whether this results in clinically detectable
advantages. Since cranial nerve neuromas are mainly located at
the skull base often in close proximity to the brain stem or the
facial nerve (for acoustic neuroma/vestibular schwannoma),
sparing of adjacent structures is critical.

Interestingly, a retrospective analysis found lower tumor
control rates in patients with neurofibromatosis type 2
compared to sporadic tumors (29). This was not confirmed by
our study using fractionated PRT.

When patients present for radiotherapy, they are usually
suffering from schwannoma-associated symptoms that are
mainly hearing impairments in vestibular schwannoma. None
of our patients reported a new or worsening hearing impairment
after PRT despite relevant dose deposition on the inner ear

(Dpean in median = 43.8 Gy). Nevertheless, data on hearing
function are based on medical history and physical exam so a
very mild hearing deterioration might be underestimated in this
analysis, since audiometry was not performed on a regular basis
but only if symptoms were reported. Nevertheless, the used
method is appropriate to detect a hearing deterioration that is
in any way relevant to the patients’ daily life. One-fifth of the
patients reported any new or worsening mild clinical symptoms
associated to the affected cranial nerve in the follow-up period
with a worsening tinnitus being the most common observation.
Symptoms like tinnitus or vertigo might represent an irritation of
the irradiated cranial nerve. Even if some patients (4.4%)
reported an improvement of clinical symptoms, this analysis
demonstrates that PRT can irritate or slightly impair the function
of the affected cranial nerve leading to a mild deterioration of
symptoms even if no loss of cranial nerve function was observed.

To sum up the scarce available data, fractionated proton beam
radiotherapy for tumors unsuitable for stereotactic radiosurgery
is a promising approach that should be further investigated. For
detailed assessment of hearing function using repetitive
audiometry, a prospective clinical trial is urgently needed. Such
a trial is currently conducted at Boston using fractionated proton
radiation therapy for vestibular schwannomas and will close
recruitment in a couple of months, so results will be pending for
multiple years (ClinicalTrials.gov Identifier: NCT01199978).

A special feature of this study is that RICE has been defined as
an endpoint, and it was specifically evaluated for its occurrence,
clinical presentation, treatment, and time course. Despite all
advantageous properties of proton beam radiotherapy presented
above, the rate of 16% for RICE needs to be further focused on.
Due to close proximity of the irradiated cranial nerve
schwannomas to the brain stem, RICE occurred in the
vulnerable healthy brain stem tissue (Figure 2). This
unfavorable localization was also the reason why RICE
treatment was administered liberally, so all of our RICE cases
received a short course of corticosteroids. In two (of seven)
patients, RICE were mild symptomatic, but corticosteroids
relieved symptoms quickly, so none of the patients needed a
bevacizumab therapy. Anti-VEGF antibodies like bevacizumab
go along with excellent remission rates for RICE and are
therefore the treatment of choice in more severe cases of RICE
(34, 35). We showed that these lesions occurred after a median of
14 months. In 43%, the lesions regressed during the follow-up
period. Due to this observed time course, we recommend a close
timeline of follow-up including MRI within the first 2 years. For
these 43% of cases, RICE is probably representing a radiation-
induced blood-brain barrier disruption and probably not an
irreversible radiation necrosis due to its transient nature, as
supported by literature (36).

While the applied dose is standard (16), nearly half of our
patients received up to six fractions per week, which is due to
historical reasons and can therefore be regarded as slight
acceleration. We decided at our institution not to proceed the
irradiation with six fractions per week for central nervous system
tumors as a safety measure. Nevertheless, this was not an
influencing factor in the performed exploratory analysis

Frontiers in Oncology | www.frontiersin.org

74

November 2021 | Volume 11 | Article 772831


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Eichkorn et al.

Protons in Cranial Nerve Neuroma

% of 54.00 Gy (RBE)
107
104 1
95
S0 8§
70

50

':nl‘l {1
U N

FIGURE 2 | Cases of Radiation-induced Contrast Enhancements (RICE). The image presents all seven cases of RICE observed in our study cohort. Column A presents
the planning computer tomography with gross target volume (GTV, green) and planning target volume (PTV, blue) for each patient. Column B demonstrates the treatment
plan with isodoses for each patient. Column C presents the follow-up magnetic resonance imaging (MRI) with the observed RICE at the time of its first notice and a
projection of the initial GTV and PTV in this MRI with an enlargement of this region (column D).

regarding toxicity, RICE, or response of the treatment, but power
was lacking. PTV conformity was sufficient in these cases, so
inconformity can be excluded as a potential cause for RICE.
Another hypothesis is that the current technique of dose
calculation for proton beam radiotherapy underestimates the real
regional biological effectiveness as currently heavily discussed in
the proton beam radiotherapy community. Interestingly, an
RICE localization exactly behind the peak and therefore exactly
distally to the target volume is a typical finding (as also depicted
in Figure 1). The current method of dose prescription in PRT
has known weaknesses. This leads to an uncertainty in dose
calculation and therefore to underdosed and overdosed areas.
Possibly, also an intrinsic difference in radiosensitivity of
different brain tissue types might play a role and makes

adaptions in proton beam radiotherapy planning necessary.
First approaches for a physical risk model to estimate the
probability of the occurrence of RICE for low-grade gliomas
can be found in the literature (15). To reduce the risk for RICE
without compromising the excellent oncologic outcomes, PRT
planning needs to be improved further.

In summary, PRT was demonstrated to be effective and
yielded high rates of cranial nerve functional preservation. The
comparably low cranial nerve toxicity rates are promising, but
the follow-up period needs to be further expanded. Also, a longer
follow-up is needed. The analysis of RICE in this context is
described for the first time. Even if no clinical relevance of RICE
occurrence was demonstrated and corticosteroid response was
good, it is above our understanding why some patients develop
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RICE and therefore further research is needed. Patients should
undergo MRIs on a regular basis after cranial PRT.

CONCLUSION

These data demonstrate excellent effectiveness with 100% local
control in a median follow-up period of 3.6 years with a
promising cranial nerve functional protection rate of 80%.
RICE occurred in 16% of the patients after PRT and were not
or only mildly symptomatic but made a short course of
dexamethasone necessary.
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Background and Purpose: Hypoxia is one of the basic characteristics of the physical
microenvironment of solid tumors. The relationship between radiotherapy and hypoxia is
complex. However, there is no radiosensitivity prediction model based on hypoxia genes.
We attempted to construct a radiosensitivity prediction model developed based on
hypoxia genes for lower-grade glioma (LGG) by using weighted correlation network
analysis (WGCNA) and least absolute shrinkage and selection operator (Lasso).

Methods: In this research, radiotherapy-related module genes were selected after
WGCNA. Then, Lasso was performed to select genes in patients who received
radiotherapy. Finally, 12 genes (AGK, ETV4, PARD6A, PTP4A2, RIOK3, SIGMART,
SLC34A2, SMURF1, STK33, TCEAL1, TFPI, and URQOS) were included in the model. A
radiosensitivity-related risk score model was established based on the overall rate of The
Cancer Genome Atlas (TCGA) dataset in patients who received radiotherapy. The model
was validated in TCGA dataset and two Chinese Glioma Genome Atlas (CGGA) datasets.
A novel nomogram was developed to predict the overall survival of LGG patients.

Results: We developed and verified a radiosensitivity-related risk score model based on
hypoxia genes. The radiosensitivity-related risk score served as an independent
prognostic indicator. This radiosensitivity-related risk score model has prognostic
prediction ability. Moreover, a nomogram integrating risk score with age and tumor
grade was established to perform better for predicting 1-, 3-, and 5-year survival rates.

Conclusions: We developed and validated a radiosensitivity prediction model that can be
used by clinicians and researchers to predict patient survival rates and achieve
personalized treatment of LGG.

Keywords: lower-grade glioma, radiosensitivity prediction model, radiosensitivity, Lasso, WGCNA
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Radiosensitivity Prediction Model for LGG

INTRODUCTION

Lower-grade glioma (LGG) consists of diffuse low-grade and
intermediate-grade gliomas (World Health Organization grades
II and III) (1). For the first time, in the WHO 2016 classification of
gliomas, gliomas were defined based on the presence/absence of
isocitrate dehydrogenase (IDH) mutation and 1p/19q codeletion
(2). This is a transition from histological classification to molecular
classification, and it provides strong support for the individualized
treatment of LGG patients.

Treatments for LGG usually include surgery, chemotherapy,
immunotherapy, and radiotherapy. One study showed that
radiotherapy can increase progression-free survival (PFS) and
improve the overall survival (OS) of LGG patients (3). A
nationwide analysis of LGG patients found that radiotherapy was
associated with improved survival outcomes (4). However, due to
individual differences, some patients showed radiation toxicity after
receiving radiotherapy. The radiosensitivity of tumors is the key
factor in determining the curative effect of radiotherapy. The
purpose of predicting the radiosensitivity of patients is to identify
the population sensitive to radiotherapy and maximize the
treatment benefit of radiotherapy. Thus, it is imperative to
exploit new treatments closely related to radiotherapy for LGG to
improve the prognosis.

The occurrence and development of tumors are related to the
excessive proliferation and reduced apoptosis of tumor cells. The
hypoxic microenvironment promoted the growth, infiltration,
and metastasis of tumor cells. Hypoxia is one of the basic
characteristics of the physical microenvironment of solid
tumors and can influence immune cell functions (5). Tumor
hypoxia and the resulting energy metabolism of tumor cells are
important features of cancer and also the driving force and basis
of cancer metastasis. Hypoxic conditions are considered to be a
feasible approach for targeted immunotherapy (6).

The relationship between radiotherapy and hypoxia is
complex. Radiotherapy is the targeted administration of X-rays
to destroy cancer cells and tumor tissue. It targets rapidly
proliferating tumor cells by inducing oxidative stress through
increased reactive oxygen species (ROS) (7). Hypoxia condition
is the main factor of tumor radiation resistance (8). Tumor cells
in hypoxic conditions thus attain aggressive phenotypes and
become resistant to chemo- and radiotherapies resulting in
higher mortality (9). In addition to the well-known protective
effect of hypoxia on the radiological responses of cells and tissues,
hypoxic conditions can also lead to altered gene expression
patterns, resulting in more or less genomic alterations in
different cell populations (10).

Lin et al. developed a hypoxia signature to evaluate and
predict prognosis in glioma, and this model reflected overall
immune response intensity in the glioma microenvironment
(11). Wang et al. developed a risk signature with five genes
that could serve as an independent factor for predicting the
prognosis of patients with glioblastoma (GBM) (12). Xiao et al.
explored a three-gene signature as a candidate prognostic
biomarker for LGG (13). Likewise, Li et al. developed a
radiosensitive gene signature by using coexpression and
ceRNA network analysis to select genes (14). However, a

model for predicting the benefit of radiotherapy based on
hypoxia-related genes by using weighted correlation network
analysis (WGCNA) in LGGs has not been established.

In this study, WGCNA was used to screen the most relevant
radiotherapy module. This study aims to develop a radiotherapy
signature related to hypoxia-related genes to provide survival
and radiotherapy response prediction for LGG patients.

MATERIALS AND METHODS

Data Sources

LGG patients with clinical and gene expression files were
downloaded from a public database The Cancer Genome Atlas
(TCGA; http://cancergenome.nih.gov/) by using the R package
TCGA-Assembler (15). LGG patients with survival information
were procured from the UCSC Cancer Genomics Browser
(https://xenabrowser.net/datapages/) (16). We used OS and
PES as endpoints and removed those without radiotherapy
information (n = 29) and survival information (n = 3).
Hypoxia-related genes were extracted from GeneCards (https://
www.genecards.org/). Genes with a common symbol name in
TCGA were selected. The flowchart is summarized in Figure 1.
Finally, we obtained 466 patients with 5,403 hypoxia-related
genes for analysis. Gene expression and clinical profiles of 443
LGG patients (CGGA693 dataset) (17, 18) and 182 LGG patients
(CGGA325 dataset) (19, 20) were downloaded as external
validation datasets from the Chinese Glioma Genome Atlas
(CGGA) dataset (http://www.cgga.org.cn/). The RNA-seq
transcriptome data were estimated as log2(x + 1) transformed.
The cleaned clinical data are summarized in Supplementary
Tables 1, 2.

Weighted Correlation Network Analysis
WGCNA can identify highly related genes in thousands of genes
and cluster them into modules and then was used to establish the
relationship between phenotypic traits and gene expression data.
By calculating the correlation degree between the gene module
and the external clinicopathological information, we can obtain
the module genes highly related to the clinicopathological
information and obtain the hub genes. WGCNA can be
implemented by R package WGCNA (21).

In our study, WGCNA was performed to discover
radiotherapy-related genes. We analyzed hypoxia-related genes
and clinical data, including OS status, PES status, age, grade,
radiotherapy, and treatment response. First, hierarchical
clustering analysis was utilized to exclude the outliers.
Subsequently, the “pickSoftThreshold” function was performed
to estimate the value of the powers. The R-squared criterion was
set to 0.9. Pearson’s correlation matrices were used for all pairs of
genes, and the weighted adjacency matrix was constructed using
the power function. After the power was selected, the adjacency
matrix was converted to a topological overlap matrix (TOM).
Genes with similar expression profiles were classified into gene
modules, and hierarchical clustering was performed by the class
average method based on TOM. The minimum gene size in each
module was set as 30. To further analyze the modules, the
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FIGURE 1 | The flowchart of study design, patient selection, and gene selection.

dissimilarity of module eigengenes was calculated, and some
modules were merged. The merged cutoff threshold was set to
0.2, which meant that modules with a similarity higher than 0.8
were merged into one module. Then, the correlations between
modules and clinical factors of LGG were investigated by using
Pearson’s correlation test. Finally, the genes of the most
significant radiotherapy-related module were chosen for
subsequent analysis.

Functional Enrichment Analysis

To obtain the function of genes in the radiotherapy-related
module, we performed the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses by using
the R clusterprofiler (22). The GO analysis included biological

processes (BPs), cellular component (CC), and molecular
function (MF).

Definition of Radiosensitivity and
Radiosensitivity Prediction Model
In our study, radiosensitivity for the patients was defined in terms of
survival benefit (Supplementary Figure 1). 1) In patients who
received radiotherapy, patients in group A had a better survival rate
than the patients in group B. Then patients in group A could be
defined as radiosensitive patients (RS group). 2) In patients who did
not receive radiotherapy, the survival rate of group A (RS group)
was not better (equal or worse) than that of the other group.

The radiosensitivity prediction model was constructed in the
patients who had received radiotherapy. Patients who received
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radiotherapy provided more information related to radiosensitivity.
We defined a radiosensitivity prediction model for the patients
satisfying both of the following criteria: the constructed
radiation sensitivity correlation model constructed can be used
to divide the population into a high-risk group and a low-risk
group. 1) In the radiotherapy patients, the survival rate of the
low-risk group was higher than that of the high-risk group. 2) There
was no significant difference in survival between the high- and low-
risk groups in the group that did not receive radiation therapy.
The low-risk group was defined as the RS group, and the high-
risk group was defined as the radioresistant (RR) group.
Therefore, the radiosensitivity model can select the patients
with better benefit from radiotherapy, while the results in the
population without radiotherapy can better show that the model
is related to radiosensitivity.

Radiosensitivity-Related Risk

Score Construction

A log-rank test was applied to assess the relationship between the
expression of genes in radiotherapy-related modules and the OS
of radiotherapy patients in TCGA. Whole LGG patients were
divided into the high- and low-expression level groups using the
median gene expression level as a cutoff point. The RNAs with
log—rank p < 0.05 in the radiotherapy patients and log-rank p >
0.05 in the non-radiotherapy patients were identified as
radiosensitivity—related RNAs. Then, the least absolute
shrinkage and selection operator (Lasso) regression was
performed to narrow the range of genes in patients who
received radiotherapy. The radiosensitivity-related risk score
was computed as follows:

Radiosensitivity — related risk score = X(BRNAn X exprRNAn)

Radiosensitivity-Related Risk

Score Validation

The LGG patients were divided into the high- and low-risk
groups with the median radiosensitivity-related risk score as the
cutoff. The Kaplan-Meier method was used to plot survival
curves. Time-dependent receiver operating characteristic
(ROC) curve analysis was used to evaluate the prognostic

value. The radiosensitivity-related risk score was validated in
TCGA and two CGGA datasets.

The Radiosensitivity-Related Risk Score Is
an Independent Prognostic Indicator
Univariate and multivariate Cox proportional hazard regression
analyses were used to examine whether the radiosensitivity-
related risk score was an independent prognostic factor. The
forest plot was plotted to show the hazard ratio (HR) and
95% Cls.

Development and Validation of

the Nomogram

To evaluate the 1-, 3-, and 5-year survival probability for patients
with LGG, a nomogram model including all independent
prognostic factors was built for LGG patients in TCGA.

The nomogram model was validated with the PFS of TCGA
and two CGGA datasets.

Analysis Method

All statistical analyses were performed using R software (4.0.2).
WGCNA was performed by using the “WGCNA” R package.
Lasso analysis was conducted by using the “glmnet” R package. A
bilateral p-value <0.05 was considered statistically significant.

RESULTS

Weighted Coexpression Network
Construction and Identification of
Radiotherapy-Related Modules

WGCNA was performed in TCGA-LGG dataset to determine the
coexpression network most highly associated with the
radiotherapy modules. The hclust function was used to
determine if there were any outliers (Supplementary Figure 2).
A total of 466 samples were in the clusters after removing 8
outliers in the samples based on the average linkage method.
When the soft threshold power value was 3 = 7 and the scale R* =
0.84, the average connectivity of the RNA group was high, and the
connectivity between genes conformed to the scale-free network
distribution (Figures 2A, B). The scale-free topological fitting
index R-square was calculated to reach 0.84 (Figures 2C, D). Next,
the TOM was constructed (Figure 3A), and a topological
overlapping heatmap was depicted of the TOM including the
top 400 genes (Figure 3B). A total of 13 modules were identified
from the RNA coexpression network after merging modules with
a similarity higher than 0.8. The relationships between gene
modules and clinical traits are shown in a heatmap (Figure 4A).
Thus, the black module was considered to have the highest
correlation with radiotherapy (r = 0.69, p < 0.001) and was
considered a “radiotherapy-related module” (Figure 4B).

Functional Analysis of Genes
Radiotherapy-Related Module

GO analysis was performed to analyze the function of the
radiotherapy-related module (Figure 4C). We discovered that
the radiotherapy-related module was functionally associated
with responding to oxygen levels, responding to decreased
oxygen levels, and responding to hypoxia, cardiac chamber
morphogenesis, cardiac chamber development, regulation of
mRNA stability, and regulation of RNA stability. CCs include
the transcription repressor complex, nuclear speck, transcription
regulation complex, and methyltransferase complex.

Construction of Radiosensitivity-Related
Signature

We selected modules related to radiotherapy for further analysis. A
total of 231 genes were subjected to the log-rank test in radiotherapy
patients and non-radiotherapy patients. Thirty-six radiosensitivity
—related genes were identified in the univariate analysis.
Subsequently, the Lasso Cox regression model was used to
identify the most robust markers for prognosis (Figures 5A, B).
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Finally, 12 genes (AGK, ETV4, PARD6A, PTP4A2, RIOKS3,
SIGMARI, SLC34A2, SMURF1, STK33, TCEALI, TFPI, and
UROS) were included in the model. The radiosensitivity-related
risk scores were calculated based on the linear combination of the
expression levels of genes multiplied by the corresponding Lasso
coefficients. The radiosensitivity-related risk score was as follows:
radiosensitivity-related risk score = 0.16864 * AGK + 0.14242 *
ETV4 - 0.14386 * PARDG6A + 0.00584 * PTP4A2 — 0.09746 * RIOK3
—0.23212 * SIGMARI + 0.07849 * SLC34A2 + 0.18813 * SMURF1 +
0.04491 * STK33 — 0.4922 * TCEALI + 0.01536 * TFPI - 0.4694
* UROS.

Then, the patients with LGG in TCGA dataset were divided
into the high-risk (n = 233) or low-risk groups (n = 233)
according to the median risk score. The Kaplan-Meier
analysis revealed that OS time was significantly increased in
the low-risk group compared with the high-risk group in
patients who received radiotherapy (p < 0.001, Figure 5C).
There was no difference in OS between the high-risk group
and low-risk group in patients who did not receive
radiotherapy (p = 0.54, Figure 5D). The low-risk group was
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FIGURE 2 | Selection of weighted value B. (A) Determine the weighted value B that satisfies the law of scale-free networks. (B) Determine the soft threshold based
on the network connectivity. (C) B = 7, the connection degree of each node in the network histogram distribution. (D) The scale-free topology test.

defined as an RS group, and the high-risk group was defined as
an RR group. The risk score distribution of each patient in
TCGA is shown in Figure 5E.

Then, ROC analysis was used to evaluate the predictive
efficiency of the radiosensitivity-related risk score model in the
1-, 3-, and 5-year survival rates (1-year area under the curve
(AUC): 0.935 (0.904-0.967); 3-year AUC: 0.856 (0.778-0.933); 5-
year AUC: 0.787 (0.704-0.87), Figure 5F).

Validation of Radiosensitivity Model in
Validation Sets

A radiosensitivity model was validated in TCGA with PES as
the endpoint. The Kaplan-Meier plots indicated that patients
in the RR group exhibited worse PFS than patients in the RS
group in patients who received radiotherapy (p < 0.001,
Figure 6B). Time-dependent ROC analysis results showed
that the AUCs of the radiosensitivity model were 0.74, 0.676,
and 0.732 at survival times of 1, 3, and 5 years, respectively
(Figure 6C). Plots of risk score distribution are shown in
Figures 6A, D, G.
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Patients in the CGGA693 and CGGA325 datasets were
divided into the RS group and RR group based on the median
risk score in each dataset. The Kaplan-Meier analysis showed
that patients in the RS group had a more favorable outcome than
patients in the RR group in patients who received radiotherapy
(CGGA693, p < 0.001; CGGA325, p < 0.001; Figures 6E, H).
These results indicated the accuracy of the radiosensitivity-
related signature in predicting the outcomes of LGG patients.
ROC curves were used to evaluate the predictive accuracy for 1-,
3-, and 5-year survival. AUC values revealed the high predictive
value of the radiosensitivity-related risk score for LGG patients
(CGGA693: 1-year AUC: 0.636 (0.527-0.746); 3-year AUC:
0.655 (0.587-0.732); 5-year AUC: 0.643 (0.572-0.713);
CGGA325: 1-year AUC: 0.696 (0.567-0.862); 3-year AUC:
0.745 (0.644-0.845); 5-year AUC: 0.731 (0.639-0.823),
Figures 6F, I).

The Radiosensitivity-Related Risk Score Is
an Independent Prognostic Factor

Then, univariate and multivariable Cox regression analyses
were conducted to evaluate whether the radiosensitivity-
related risk score is an independent prognostic factor for
LGG. The results indicated that factors such as risk score and
grade were significantly correlated with patient survival in both
TCGA dataset and two CGGA datasets. Age (HR: 1.054, 95%
CI: 1.038-1.071, p < 0.001), tumor grade (HR: 2.715, 95% CI:
1.736-4.247, p < 0.001), and risk score (HR: 2.712, 95% CI:
1.763-4.171, p < 0.001) were significantly associated with OS.
The univariate analysis indicated that a high-risk score was
significantly correlated with poor OS. The multivariate Cox
regression results showed that the radiosensitivity-related risk
score was an independent prognostic factor for LGG patients
after adjusting for clinical factors such as age, sex, tumor grade,
race, and IDH1. When OS was used as an endpoint, the HR was
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2.029 (95% CI: 1.407-3.448, p < 0.001, Figure 7A). When PFS
was used as an endpoint, the HR was 2.170 (HR: 2.170, 95% CI:
1.526-3.086, p < 0.001, Figure 7B). In CGGA datasets, we
adjusted for clinical factors such as age, sex, tumor grade, race,
IDH2, and X1p19q2, and the multivariate Cox regression
results also demonstrated that the radiosensitivity-related risk
score was an independent prognostic factor for LGG
(CGGA693: HR: 1.730, 95% CIL: 1.215-2.463, p = 0.003;
Figure 7C). Unfortunately, the multivariate Cox regression
result was not significant in the CGGA325 dataset
(CGGA325: HR: 1.609, 95% CI: 0.902-2.871, p = 0.112;
Figure 7D). We consider that there are too few patients in
the CGGA325 database.
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FIGURE 4 | Identification of significant modules. (A) Module trait relationship heatmap. (B) Scatterplot of gene significance for radiotherapy (y-axis) vs. module
membership (x-axis) in the black module. (C) GO enrichment analysis of genes in radiotherapy module. BP, biological process; MF, molecular function; CC, cellular

Construction and Validation of Nomogram

Age, tumor grade, and risk score were listed as candidate
indicators for nomogram construction. Then, an optimal
nomogram was established combining age, tumor grade, and
risk score to predict a certain clinical outcome (Figure 8A).
Figure 8B shows that AUCs of the nomogram for 1-, 3-, and 5-
year OS were 0.947 (0.915-0.978), 0.888 (0.83-0.946), and 0.850
(0.779-0.922), respectively, which were better than those of the
models with a single risk score model. Figure 8C demonstrates
that AUCs of the nomogram for 1-, 3-, and 5-year PES were 0.74
(0.665-0.815), 0.676 (0.601-0.750), and 0.732 (0.638-0.826),
respectively. We also used two CGGA datasets to verify a
nomogram model. Figure 8D demonstrates that the AUCs of
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FIGURE 6 | Validation of the radiosensitivity-related risk score model. (A) Risk score distribution of each patient in TCGA (PFS). (B) Kaplan-Meier curves for the RS
group and RR group in patients with radiotherapy from TCGA (PFS). (C) Time-dependent ROC curve analysis of the radiosensitivity-related risk score in TCGA (PFS).
(D) Risk score distribution of each patient in the CGGAB93. (E) Kaplan-Meier curves for the RS group and RR group in patients with radiotherapy from CGGAG93.
(F) Time-dependent ROC curve analysis of the radiosensitivity-related risk score in the CGGAB93. (G) Risk score distribution of each patient in the CGGA325.

(H) Kaplan—Meier curves for the RS group and RR group in patients with radiotherapy from CGGA325. (I) Time-dependent ROC curve analysis of the
radiosensitivity-related risk score in the CGGA325. TCGA, The Cancer Genome Atlas; PFS, progression-free survival; RS, radiosensitive; RR, radioresistant; ROC,

nomogram at 1, 3, and 5 years were 0.64 (95% CI: 0.542-0.739),

0.669 (95% CI: 0.602-0.736), and 0.64 (95% CI: 0.569-0.711),

respectively, for CGGA693. Figure 8E demonstrates that the
AUCs of nomogram at 1, 3, and 5 years were 0.740 (95% CI:
0.608-0.872), 0.787 (95% CI: 0.694-0.88), and 0.79 (95% CI:
0.707-0.872), respectively, for CGGA325. The nomogram model
for the prognostic model displayed superior predictive
performance as compared with the risk score in the CGGA325.

DISCUSSION

LGG is one of the leading causes of cancer-related death worldwide.
The treatments of LGG include surgery, chemotherapy, and
radiotherapy. Radiotherapy may not be appropriate for all patients
due to its toxicity. Thus, it is important to develop risk scores based on
genetic and clinical characteristics to help determine which patients
would benefit the most from radiation therapy.
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FIGURE 7 | Forest plots of multivariate Cox regression. (A) Forest plots of multivariate Cox regression in TCGA (OS). (B) Forest plots of multivariate Cox regression
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oligoastrocytoma; O, oligodendroglioma; TCGA, The Cancer Genome Atlas; OS, overall survival; PFS, progression-free survival.

Hypoxia is a marker of the tumor microenvironment and plays
an important role in tumor occurrence, development, metastasis,
and metabolism (23). The relationship between hypoxia and
radiotherapy is complex. ROS are essential for destroying tumor
cells by ionizing radiation. Under hypoxia, oxygen reduction
interferes with ROS produced by ionizing radiation, and tumor
cells have developed various mechanisms for evading apoptosis
mediated by HIF-1 (24). Tumor hypoxia is a serious problem for
radiotherapy because radiosensitivity is gradually limited when
partial oxygen pressure in the tumor is low (25).

In this study, 6,327 hypoxia-related genes were downloaded
from the GeneCards website. We identified genes of the
radiotherapy-related model by WGCNA. Further log-rank tests
and Lasso Cox regression analyses were performed to identify 12
genes in patients who received radiotherapy. A radiosensitivity-
related risk score model was established based on the OS of TCGA
dataset in patients who received radiotherapy. Then, this model was
validated based on the PFS of TCGA dataset and two CGGA
datasets. This radiosensitivity-related risk score model has
prognostic prediction ability and is an independent prognostic
indicator in LGG.

Of the 12 model genes, PARD6A, RIOK3, SIGMARI, TCEALI,
and UROS expression levels were positively correlated with
favorable outcomes, whereas AGK, ETV4, PTP4A2, SLC34A2,
SMURF1, STK33, RCN1, SPP1, RPN2, and ATP2A2 expression
levels were associated with adverse outcomes. AGK (acylglycerol
kinase) is a lipid kinase. The AGK-PTEN axis is a key pathway that
coordinates the glycolysis and the function of CD8+ T cells (26).

There have been many research findings that AGK is overexpressed
in many cancers, such as gastric cancer (27) and cervical squamous
cell cancer (28). In glioma, the expression level of AGK was
identified as an independent prognostic factor and associated
with the poor prognosis (29). ETV4 (ETS Translocation Variant
4) is one of an ETS family transcription factor and is aberrantly
expressed in a variety of human tumors such as prostate cancer (30)
and non-small cell lung cancer (31). ETV4 plays a wide role in the
regulation of hypoxic genes (32). The RAS-RAF-MEK-ERK
(MAPK) signaling pathway and PI3K/Akt signaling can activate
ETV4 expression in cancer (33). PTP4A2 (protein tyrosine
phosphatase 4A2) is associated with the overall and disease-free
survival of breast cancer (34). Du et al. found that high PTP4A2
expression is associated with ROS-induced cell death, which may
contribute to cancer patient survival and response to radiotherapy
(35). RIOK3 expression is increased during hypoxic exposure and
increases cell migration and invasion in cancer (36). High RIOK3
levels in gliomas contribute to proliferation, migration, and
invasion of glioma cells (37). SLC34A2 (solute carrier family 34
member A2) is a member of the SLC34 family and is usually
overexpressed in glioma tissues and cell lines. SLC34A2
knockdown exhibited suppressive effects on cell proliferation and
migration/invasion (38). SMURFI is involved in the regulation of
cellular processes, including autophagy, growth, and cell migration.
Chang et al. proved that SMURFI was associated with glioma cell
migration (39). STK33 (serine/threonine kinase 33) is a serine/
threonine kinase and plays an important role in cancer cell
proliferation (40). TFPI (tissue factor pathway inhibitor) has been
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associated with radiosensitivity or radiosensitivity in previous
studies (41). However, we were unable to find a report about the
relationship between LGG and PARD6A (partitioning defective 6
homolog alpha), SIGMARI (sigma non-opioid intracellular
receptor 1), TCEALI (transcription elongation factor A-like 1)
and UROS (uroporphyrinogen synthase) genes.

A novel nomogram model integrating risk score with age and
tumor grade was developed to predict the OS of LGG patients.
We also validated the nomogram model in two CGGA datasets.
According to the radiosensitivity-related risk score and
nomogram, clinicians can be able to identify a group of
patients who can benefit better from radiotherapy and then
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FIGURE 8 | Construction and validation of nomogram model. (A) Nomogram model for predicting the probability of 1-, 3-, and 5-year OS in LGGs. (B) Time-
dependent ROC curve analyses of the nomogram model in TCGA (OS). (C) Time-dependent ROC curve analyses of the nomogram model in TCGA (PFS). (D) Time-
dependent ROC curve analyses of the nomogram model in the CGGAB93. (E) Time-dependent ROC curve analyses of the nomogram model in the CGGA325. OS,
overall survival; LGGs, lower-grade gliomas; ROC, receiver operating characteristic; TCGA, The Cancer Genome Atlas; PFS, progression-free survival.

can predict the 1-, 3-, and 5-year OS of LGG. Nomograms
could provide probabilistic predictions for individual patients. In
our study, we constructed a nomogram that can predict the OS in
LGG patients. The survival rates in CGGA datasets indicate that
the nomogram had a good predictive performance. At the same
time, the nomogram model that integrated risk score with age
and tumor grade had better predictive performance than the
model constructed by a radiosensitivity-related risk score factor.

Much work thus far has focused on the relationship
between hypoxia and radiotherapy in tumors. Hypoxia is an
important characteristic of the tumor microenvironment, and it
is closely related to the occurrence and development of tumors.
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Several hypoxia genes have been used to develop gene expression
signatures for evaluating tumor prognosis. Liu et al. identified low
hypoxia status and high immune status as factors for gastric
cancer patients’ OS and developed a hypoxia-immune-based gene
signature (42). A hypoxia risk model was developed in TCGA and
validated in CGGA to reflect overall immune response intensity in
the glioma microenvironment (11). The hypoxia-related signature
was also developed and validated in breast cancer (43) and lung
adenocarcinoma (44). To our knowledge, this is the first study to
construct a model to predict radiotherapy sensitivity from hypoxia
genes from the perspective of radiotherapy.

Our study provides new insights into the individualized
treatment for LGG. The main strength of this study is that the
WGCNA method was used to construct a radiosensitivity-related
model in LGG patients. WGCNA can use all genes to identify the
gene set of interest, and it can be associated with the sample
phenotype. At the same time, WGCNA can also be applied to
small samples (21). Considering the importance of hypoxia genes in
the tumor microenvironment, we selected hypoxia genes to be
included in the study. We focused on radiotherapy, so we used
WGCNA to select the gene module most related to radiotherapy.
Then Lasso Cox was used to select genes. Finally, a radiosensitivity-
related model based on hypoxia genes was developed in TCGA
dataset and validated in CGGA datasets. The radiosensitivity-
related model can identify LGG patients most likely to benefit
from radiotherapy. However, a limitation of our study is that this
was a retrospective study, and the models should be further
confirmed by prospective studies. From the perspective of clinical
treatment, the risk score we constructed can select the people who
benefit from radiotherapy, so as to improve the effect of
radiotherapy. On the other hand, we can develop a test kit
according to the risk score for clinical application.

In conclusion, the radiosensitivity-related score was
demonstrated to be an independent prognostic factor for LGG
patients. Patients with LGG can be divided into the RS and RR
groups by radiosensitivity-related score. The patients in the RS
group were more likely to benefit from radiotherapy. This model
can be used by clinicians and researchers to predict patient survival
rates and achieve personalized treatment of LGG.
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Hippocampal-avoidance whole-brain radiation therapy (HA-WBRT) is justified because of
low hippocampal brain metastases (BM) rate and its prevention of cognitive decline.
However, we hypothesize that the risk of developing BM in the hippocampal-avoidance
region (HAR) may differ depending on the lung-cancer stage and molecular status. We
retrospectively reviewed 123 patients with non-small cell lung cancer (NSCLC) at the initial
diagnosis of BM. The number of BMs within the HAR (5 mm expansion) was counted. The
cohort was divided into patients with and without BMs in the HAR, and their clinical
variables, TNM stage, and epidermal growth factor receptor (EGFR) status were
compared. The most influential variable predicting BMs in the HAR was determined
using multi-variable logistic regression, classification and regression tree (CART) analyses,
and gradient boosting method (GBM). The feasibility of HAR expansion was tested using
generalized estimating equation marginal model. Patients with BMs in the HAR were more
frequently non-smokers, and more likely to have extra-cranial metastases and EGFR
mutations (p<0.05). Multi-variable analysis revealed that extra-cranial metastases were
independently associated with the presence of BM in the HAR (odds ratio=8.75, p=0.04).
CART analysis and GBM revealed that the existence of extra-cranial metastasis was the
most influential variable predicting BM occurrence in the HAR (variable importance: 23%
and relative influence: 37.38). The estmated BM incidence of patients without extra-
cranial metastases in th extended HAR (7.5-mm and 10-mm expansion) did not differ
significantly from that in the conventional HAR. In conclusion, NSCLC patients with extra-
cranial metastases were more likely to have BMs in the HAR than those without extra-
cranial metastases.

Keywords: Non-small cell lung cancer, Brain metastasis, Hippocampal-avoidance whole-brain radiation therapy,
Epidermal growth factor receptor, lung-cancer stage
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INTRODUCTION

The brain is a common site of distant metastasis in patients with
non-small cell lung cancer (NSCLC) (1, 2). The overall incidence
of brain metastases (BMs) is estimated to be 10-20% at initial
presentation, but can increase up to 40% throughout the clinical
course (3, 4). Recently, epidermal growth factor receptor (EGFR)
gene mutations and anaplastic lymphoma kinase (ALK)
rearrangements have been identified as significant risk factors
for the development of BMs (5-7). Although molecular targeted
therapy against mutated driver oncogene such as EGFR or ALK
has improved the survival rates of patients with lung cancer, BMs
remain an important cause of morbidity and are associated with
progressive neurologic deficits (8, 9).

Whole-brain radiation therapy (WBRT) has been the standard
of care for patients with multiple BMs. However, most patients
experience cognitive deterioration after WBRT, which raises
concerns about its toxicity (10-12). Accumulating evidence
suggests that neural stem cells in the hippocampus are exquisitely
sensitive to therapeutic doses of cranial radiation, which is believed
tobe a key mechanism underlying the cognitive decline after WBRT
(13-15). Intensity-modulated radiotherapy techniques, developed
to avoid the hippocampal neural stem-cell niche during WBRT to
prevent these adverse effects, reduce the mean dose to this neural
stem-cell compartment by >80% (15, 16). An international multi-
institutional single-arm phase II trial (RTOG 0933) showed that
hippocampal-avoidance WBRT (HA-WBRT) prevented cognitive
decline in patients with BMs (17). In this study, the mean relative
decline in Hopkins Verbal Learning Test-Revised Delayed Recall at
4 months was 7.0%, significantly lower in comparison with that of
historical controls treated with WBRT (30%). A prospective multi-
institutional randomized phase III trial (NRG CC001)
demonstrated that HA-WBRT plus memantine prevented
deterioration in executive function at 4 months (23.3% vs. 40.4%)
and learning and memory function at 6 months (11.5% vs. 24.7%),
as well as alleviated patient-reported symptoms, with no difference
in the intracranial progression-free survival and overall survival
compared with those treated with WBRT plus memantine (18). On
the basis of a recent phase III study of 150 patients with small cell
lung cancer, the HA-PCI arm showed a lower decline in the delayed
free recall test after 3 months compared with the standard PCI arm
(5.8% vs. 23.5%). However, incidence of BMs, overall survival and
quality of life were not significantly different between groups (19).
Few proactive studies have indicated extending the radiation
protected zone from the hippocampus to the limbic system,
which is known to regulate memory and emotions (20, 21).

However, for patients with multiple BMs, HA-WBRT is
accompanied by the possibility of BMs occurring in the
hippocampus after HA-WBRT, leading to treatment failure.
Few studies have estimated the risk of metastases in the
hippocampal-avoidance region (HAR). A pioneer study with
371 BMs from several primary cancers supported the use of HA-
WBRT owing to a low BM rate in the HAR (8.6% of patients)
(22). However, the cohort of this study was limited to patients
with <10 BMs where stereotactic radiosurgery might be preferred
over WBRT. A more recent study with 116 patients with BMs
reported a slightly higher risk of BMs (11.2%) in the HAR (23).

However, it did not conduct risk stratification for the
development of BMs in this region. Information about the
incidence of hippocampal BM according to the lung cancer
stage or EGFR/ALK mutation status can serve as a good guide
for the indication for HA-WBRT. Thus, this study aimed to
estimate the incidence of BM in the hippocampus in patients
with NSCLC as stratified according to the 8th edition of the
American Joint Committee on Cancer (AJCC) staging system
and EGFR/ALK mutation status.

MATERIALS AND METHODS

Participants
This retrospective study was approved by our institutional review
board, which waived the requirement for informed patient
consent. We retrospectively searched the electronic medical
records to identify lung cancer patients undergoing brain
magnetic resonance imaging (MRI) for evaluation of BMs
between April 2017 and October 2020. From 1092 available
brain MRIs, we excluded 969 for the following reasons: (1)
negative BMs (n=633), (2) history of neurosurgery or brain
radiation therapy (n=283), (3) presence of other malignant
diseases (n=24), (4) primary small cell lung cancer (n=22) and
(5) motion or dental material artifacts on the MRIs (n=7). Finally,
123 NSCLC patients with 123 brain MR images showing BMs were
included in this study. BMs were considered to be positive when
(1) the clinical-radiologic consensus was compatible with BMs, (2)
BM was confirmed at pathology with stereotactic biopsy or
metastasectomy, (3) lesions suspected to be BMs increased in
size at follow-up MRI or (4) decrease in size with treatment (4).
The histopathological diagnoses of lung cancer were obtained
using bronchoscopic, percutaneous needle-guided, or surgical
biopsies for all patients. To determine the EGFR mutation
status, DNA was extracted using a DNeasy isolation kit (Qiagen,
Valencia, CA, USA) from FFPE tissues according to the
manufacturer’s instructions. For the EGFR gene, direct DNA
sequencing of exons 18 through 21 or PNAClampTM EGFR
Mutation Detection Kit (PANAGENE, Daejeon, Korea) was
performed. Each case was classified as positive or negative for a
mutation based on comparison with the wild-type sequence. To
identify ALK and ROSI1 rearrangements, fluorescent in situ
hybridization was performed using a break-apart ALK or ROS1
probe (Vysis LSI Dual Color, Break Apart Rearrangement Probe;
Abbott Molecular, Abbot Park, IL, USA), respectively. ALK or
ROSI rearrangements were scored as positive when more than
15% of tumor cells displayed split signals or isolated signals
containing a kinase domain (red for ALK and green for ROS1).
All data were completely anonymized, and all experiments
were conducted in accordance with the approved guidelines.

Staging

NSCLC staging was performed according to the 8th edition of
AJCC guidelines without considering the BMs (24). The tumor-
node-metastasis (TNM) stage at the diagnosis of lung cancer was
based on computed tomography (CT) scans of the chest and
abdomen, whole-bone scanning, and positron-emission
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tomography-CT, which were acquired as a part of initial
evaluation for NSCLC. Extra-cranial metastasis at BM
occurrence was based on the last CT and PET-CT work-up
before the detection of BMs. Extra-cranial metastasis was defined
as (1) tumor in the contralateral lung, (2) pleural/pericardial
nodule, malignant effusion, or (3) extra-thoracic metastasis other
than BMs.

MRI and Preprocessing

Routine MRIs for the evaluation of BMs were acquired using the
Siemens 3T Vida (Siemens Healthineers, Erlangen, Germany) or
GE 3T Discovery MR750 (GE Healthcare, Milwaukee, W1, USA)
scanner. Our brain MRI protocol for the Siemens 3T scanner
included the acquisition of T1-weighted three-dimensional (3D)
magnetization-prepared rapid acquisition with gradient echo
(MPRAGE) imaging. A 3D turbo spin-echo T1-weighted image
(SPACE) was acquired after administering gadobutrol 0.2 mmol/kg
(Gadovist, Bayer Schering Pharma; Berlin, Germany). The
sequence parameters for the 3D T1-weighted MPRAGE were as
follows: inversion time (TI)=900 ms, echo time (TE) 3 ms,
repetition time (TR)=2300 ms, flip angle=9°, slice thickness=1
mm, flield-of-view (FOV)=256 mm, matrix=256x256, slice
thickness=1 mm, generalized autocalibrating partial parallel
acquisition=2, and time of acquisition=5 min 12 s. The sequence
parameters for 3D T1-weighted SPACE were as follows: TE=33 ms,
TR=700 ms, slice thickness=0.8 mm, FOV=230 mm,
matrix=288x288, slice thickness=0.8 mm, acceleration factor of
compressed sensing=9, and time of acquisition=3 min 44 s. A
corresponding sequence was used with similar MR parameters for
the GE scanner.

MRIs were processed using the FMRIB Software Library
(http://www.fmrib.ox.ac.uk/fsl). A neuroradiologist labeled the
BMs by manually segmenting the 3D BM volumes on the native
3D T1-weighted SPACE images. The binary labels of the BMs were
transformed into the Montreal Neurological Institute (MNI) space
by co-registering the 3D T1-weighted MPRAGE images to the
gadolinium-enhanced 3D T1-weighted SPACE images using rigid
body transformation. The native 3D T1-weighted MPRAGE images
were converted to the standard MNI 152 T1-1-mm brain model
using an affine transform matrix. The estimated transform matrix
was concatenated with a co-registration transform matrix, and the
resultant matrix was applied to 3D T1-weighted SPACE images and
binary labeled BM images. The voxel for the center of gravity was
localized for each BM, and binary BM masks were regenerated as
spheres with a 5-mm radius to consider the origin of the BMs more
accurately and to standardize their chronological development (25).

An atlas-based graph cuts algorithm was utilized to define the
hippocampal region (24). First, a hippocampal atlas was manually
drawn on the International Consortium for Brain Mapping 152
template. An artificial neural network classifier was used to classify
the gray matter, white matter, and cerebrospinal fluid regions (26).
Subsequently, voxel-wise partial volume effects (PVEs) were
estimated using the trimmed minimum covariance determinant
method and the PVE maps were used as a prior information for the
subsequent graph cuts segmentation (27). A hippocampal

foreground mask was obtained using the graph cuts method,
followed by the implementation of morphological opening to
limit the false positives. We empirically applied the 25% threshold
level to binarize the above-mentioned atlases by visual inspection
for quality checks. The HAR was generated by volumetrically
expanding the outline of hippocampal mask by 5 mm to account
for systematic setup errors and dose falloff between the clinical
target volume for the whole brain and hippocampus (15).
Consequently, we generated two additional hippocampal masks
by dilating the original hippocampal mask with 7.5-mm and 10-
mm margins to investigate the possibility of expanding the HAR.
Lastly, we counted the number of BM samples in each hippocampal
mask (Figure 1).

Statistical Analyses

The study cohort was divided into two groups: those with BMs in
the HAR and those without BMs in the HAR. History of smoking,
age, sex, T stage, N stage, M stage, TNM stage, extra-cranial
metastasis at BM occurrence, histology, and EGFR/ALK/ROS1
mutation status were compared between the two groups.
Independent t-tests were used for continuous variables, while the
chi-squared test or Fisher’s exact test was used for categorical
variables. Multi-variable logistic regression analysis with
backward selection was also performed to adjust for the smoking
history, extra-cranial metastasis at BM occurrence, and EGFR
mutation status, which were statistically significant in the
univariate analysis for the comparison between the presence and
absence of BM in the HAR. A decision tree model distinguishing the
presence of BM in the HAR from the absence of BM in the HAR was
built using classification and regression tree (CART) analysis.
CART analysis selects the best predictor variable for splitting the
data into two child nodes with maximal purity. The process is
repeated recursively for each child node, until either the minimum
size of the terminal node is reached, or no further split improves the
purity of the terminal node (28). To provide a more accurate
estimate of the responsible variable for BM in the HAR, a popular
ensemble learning method, gradient boosting method (GBM) was
additionally performed. GBM builds an ensemble of shallow and
weak successive trees with each tree learning and improving on the
previous (29). The proportion of BM between three HARs
(hippocampus plus 5-mm margin, 7.5-mm margin, and 10-mm
margin) in patients without extra-cranial metastases were
compared using a generalized estimating equation (GEE)
marginal model to test the feasibility of HAR expansion (30).

RESULTS

Patient Characteristics

A total of 123 patients with NSCLC with BMs were included in this
study. Demographics and clinical characteristics are summarized in
Table 1. Patients with BMs were more frequently non-smokers
(83.33% versus 54.29%, p=0.02), more likely to have extra-cranial
metastases (94.44% vs. 66.67%, p=0.03), and more likely to have
EGFR mutations (66.67% versus 41.11%, p=0.04) than those
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without BMs in the HAR. No significant differences in the age, sex, T
stage, N stage, M stage, TNM stage, histology, ALK, and ROS1 status
were observed between groups.

Most Influential Variable Predicting BM
Occurrence in the HAR

Multivariable analysis did not find any independent predictor for
the presence of BM in the HAR (Table 2). However, the model
using multivariable analysis with backward elimination found that
extra-cranial metastasis at BM occurrence was independently
associated with the presence of BM in the HAR [odds ratio (OR)
=8.75; 95% confidence interval (CI): 1.64, 162.33, p=0.04,
Supplemental Table 1]. Fifteen patients whose EGFR mutation
status was unknown were excluded from the CART analysis. BMs
were present in the HAR of 17% (18/108) of patients with NSCLC.
The existence of extra-cranial metastasis was the first partitioning
predictor in the decision tree model (Figure 2). BMs were found in
the HAR in 22% (17/76) of patients of NSCLC with extra-cranial
metastases, while 3% (1/32) of patients with NSCLC without extra-
cranial metastases showed BMs in the HAR. Further branching was
based on age of 67 years, followed by duration and sex. BMs were
located in the HAR of 31% of patients with NSCLC with extra-
cranial metastases and those aged <67 years (13/42), while 12% of
patients with NSCLC with extra-cranial metastases and those aged
>67 years (4/34) presented with BMs. BMs were observed in the
HAR in 41% (9/22) of patients with NSCLC with extra-cranial
metastases, age <67 years, and BMs detected during follow-up,
while 20% of patients with NSCLC with extra-cranial metastases,
age <67 years, and BMs detected at initial screening (4/20)
presented with BMs. A total of 57% of female patients with

NSCLC with extra-cranial metastases, age <67 years, and BMs
detected during follow-up (3/7) demonstrated BMs in the HAR,
while 33% of male patients with NSCLC with extra-cranial
metastases, age <67 years, and BMs detected during follow-up
(5/15) had BMs. The existence of extra-cranial metastasis at BM
occurrence showed the highest variable importance score, followed
by TNM stage, age, BMs during the course of disease, smoking
history, histology, and EGFR mutation (Table 3). In addition, in
GBM, existence of extra-cranial metastasis demonstrated the
highest prediction power for BM occurrence in the HAR,
followed by sex, BMs during the course of disease, age, TNM
stage, EGFR mutation, smoking history and histology.

Feasibility of Expanding the Hippocampal
Avoidance Region

We analyzed whether the number of BMs in the HAR increased
when the margin of region was expanded from 5 to 7.5 or 10 mm
using a GEE marginal model. This analysis was performed in 36
patients with NSCLC without extra-cranial metastases because
this subgroup may be suitable for HA-WBRT. The estimated
proportion of the incidence of BM in the HAR was 2.78% with a
standard error of 2.75%, which did not differ significantly from
that of the expanded regions (hippocampus plus 7.5 mm and
hippocampus plus 10 mm, p>0.99, Supplementary Table 2).

DISCUSSION

This study tested the hypothesis that the hippocampal metastases
rate would differ based on the patient characteristics, clinical
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TABLE 1 | Baseline characteristics and staging of patients with BMs from NSCLC.

Hippocampal avoidance region

Total (N=123) Absence of BM (N=105) Presence of BM (N=18) p-value
Smoking history 0.02*
Nonsmoker 72 (58.54) 57 (564.29) 15 (83.33)
Smoker 51 (41.46) 48 (45.71) 3 (16.67)
Age (yr) 66.66 + 10.17 67.11 +£10.28 64.00 + 9.27 0.23
Sex 0.12
Male 81 (65.85) 72 (68.57) 9 (50.00)
Female 42 (34.15) 33 (31.43) 9 (50.00)
Detection of BM 0.07
At diagnosis of lung cancer 66 (53.66) 60 (57.14) 6 (33.33)
During the course of disease 57 (46.34) 45 (42.86) 12 (66.67)
Chemotherapy 0.21
No 87 (70.73) 77 (73.33) 10 (55.56)
Yes 36 (29.27) 28 (26.67) 8 (44.44)
T stage 0.61
T1a 1(0.81) 1(0.95) 0 (0.00)
T1b 5(4.07) 4 (3.81) 1(5.56)
Tic 9(7.32) 7 (6.67) 2 (11.11)
T2a 20 (16.26) 19 (18.10) 1 (5.56)
T2b 13 (10.57) 11 (10.48) 2 (11.11)
T3 20 (16.26) 18 (17.14) 2 (11.11)
T4 55 (44.72) 45 (42.86) 10 (55.56)
N stage 0.42
NO 25 (20.33) 24 (22.86) 1 (5.56)
N1 6 (4.87) 5 (4.76) 1 (5.56)
N2 38 (30.89) 32 (30.48) 6 (33.33)
N3 54 (43.90) 44 (41.91) 10 (55.56)
M stage 0.06
MO 46 (37.39) 43 (40.95) 3 (16.66)
Mia 8 (6.50) 8 (7.62) 0 (0.0
M1b 7 (5.69) 5 (4.76) 2 (11.11)
Mic 62 (50.41) 49 (46.67) 13 (72.22)
TNM 0.41
Stage 1 9(7.32) 8 (7.62) 1(5.55)
Stage 2 7 (5.69) 7 (6.67) 0 (0.00)
Stage 3 29 (23.58) 27 (25.71) 2 (11.11)
Stage 4 78 (63.41) 63 (60.00) 15 (83.34)
Extra-cranial metastasis 0.03*
at BM occurrence
Absence 36 (29.26) 35 (33.33) 1 (5.56)
Presence 87 (70.74) 70 (66.67) 17 (94.44)
Histology 0.22
Adenocarcinoma 98 (79.67) 81 (77.14) 17 (94.44)
Squamous cell carcinoma 14 (11.38) 14 (13.33) 0 (0.00)
Large cell carcinoma 11 (8.94) 10 (9.52) 1 (5.56)
EGFR 0.04*
Wild type 59 (54.63) 53 (58.89) 6 (33.33)
Mutation 49 (45.37) 37 (41.11) 12 (66.67)
ALK 0.53
Negative 75 (92.59) 64 (94.12) 11 (84.62)
Positive 6 (7.41) 4 (5.88) 2(15.38)
ROS1
Negative 52 (100) 9 (100) 61 (100)
Positive 0 (0.00) 0 (0.00) 0 (0.00)

NSCLC, non-small cell lung cancer; EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase; MRI, magnetic resonance imaging; BM, brain metastasis.
Asterisk (*) indicates a p-value < 0.05.

stage, and molecular markers. Our results indicated that patients ~ occur in the hippocampus after the implementation of HA-
with BMs in the HAR were more likely to have extra-cranial ~ WBRT in patients with extra-cranial metastases, leading to
metastases before BM occurrence. The clinical implication of this ~ treatment failure. Thus, different radiation therapy strategies
observation is important because of the possibility that BMs may =~ may be necessary depending on the existence of extra-cranial
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TABLE 2 | Multiple logistic regression analysis for BM occurrence in the hippocampus plus 5-mm margin region.

Smoker
Extra-cranial metastasis at BM occurrence
EGFR mutation

EGFR, epidermal growth factor receptor; BM, brain metastasis.

OR (95% CI) p-value
0.34 (0.07-1.31) 0.14
7.82 (1.44-145.96) 0.05
1.68 (0.51-5.84) 0.39

Extracranial_Mets = absence\
presence

©.09 022

Age >= 67

<67

©3D

Duration = initial screening\

follow up

Sex = male
female

FIGURE 2 | Results of the classification and regression tree analysis (CART). Mets, metastasis.

metastasis in patients with NSCLC. Moreover, our results
demonstrated that the hippocampal metastasis rate was low in
patients with NSCLC without extra-cranial metastasis and this
rate remained low if the avoidance zone was expanded to the
hippocampus plus 10-mm region. This observation is also
clinically relevant because the application of HA-WBRT to a
wider safe zone in patients without extra-cranial metastases may

be instrumental in ensuring successful treatment while
preventing cognitive decline.

A multi-institutional study with 371 patients with 1133 BMs
found BMs within the HAR in 8.6% patients, showing that HA-
WBRT may be suitable for controlling BMs (22). However, a
more recent single-center analysis demonstrated a relatively high
incidence of BMs within the HAR in patients with NSCLC

TABLE 3 | Variables for the prediction of BM incidence in the hippocampal avoidance region using classification and regression tree analysis and gradient boosting.

Cart analysis

Gradient boosting

Variables Importance(%) Variables Relative influence
Extra-cranial metastasis 25 Extra-cranial metastasis 37.38

TNM stage 22 Sex 31.84

Age 20 BMs during course of disease 14.96

BMs during course of disease 15 Age 12.91

Sex ihl TNM stage 2.39
Smoking history 5 EGFR mutation 0.34
Histology 1 Smoking history 0.14

EGFR mutation 1 Histology 0

BM, brain metastases.
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(11.8%, 7/59) (23). In our study, 14% of patients with NSCLC
(18/123) had BMs within the HAR. This higher incidence of BMs
within the HAR in recent studies can be explained by the
prolonged survival of patients with widespread intracranial
disease as well as screening with improved MRI techniques,
which enhanced the detection of BMs (31). Our results also
demonstrated that 83.3% of patients with BMs in HAR (15/18)
have extensive BMs (>10). However, patient stratification by the
existence of extra-cranial metastasis revealed significant
differences in hippocampal metastasis: 19.5% of patients with
extra-cranial metastases (17/87) had BMs in the HAR, while
2.7% of patients without extra-cranial metastases (1/36) had BMs
in the HAR. Our multivariate analysis indicated that patients
with extra-cranial metastasis are 8.75 times more likely to have
BMs in the HAR. CART analysis and GBM also suggested that
extra-cranial metastasis was the most influential variable
predicting BM occurrence in the HAR. The mechanism
underlying this phenomenon is unknown. However, the
presence of extra-cranial metastasis has been known as an
independent prognostic factor for the survival of patients with
BMs (32, 33). In addition, BMs are commonly diagnosed as
associated with extra-cranial metastases (34, 35). We may infer
that this extra-cranial metastatic burden may increase the risk of
BM occurrence in the HAR. Hence, we concluded that HA-
WBRT application is safe in patients without extra-cranial
metastases; however, caution must be exercised while applying
HA-WBRT to patients with extra-cranial metastases; alternatively,
a different treatment strategy must be adopted. Recently,
stereotactic radiosurgery (SRS) has been preferred over WBRT
for limited BMs because its efficacy is non-inferior with greater
preservation of neurocognitive functioning, now being applied up
to 10 BMs (36, 37). Few trials have investigated the treatment of >
10 BMs with SRS alone (38, 39). Based on our results, whether
presence of extra-cranial metastases may increase the risk of
treatment failure or not should be considered in these trials.

According to our CART analysis, apart from extra-cranial
metastases, age, BMs during course of disease, and sex were
important risk factors for BM occurrence in the hippocampus.
Our study demonstrated that younger patients (age <67 years) had a
higher hippocampal metastasis rate than that of their older
counterparts (age 267 years). Generally, age is a risk factor for the
development BM in NSCLC. Age <60-70 years was associated with
the risk of BMs (40-43). We may assume that the cerebrovascular
environment in younger patients differ from that in older patients,
in addition to better outcomes with a longer survival in the former,
leading to higher BM prevalence. Based on the same rationale,
younger patients are likely to develop BMs in the hippocampus. The
reason for the greater predominance of hippocampal BMs in
women during the course of the disease than that at the initial
diagnosis of lung cancer is unclear. Further studies are necessary to
validate this observation.

Numerous studies have reported that patients with EGFR
mutations have a nearly two-fold higher risk of BMs than those
without EGFR mutation (44-47). Our univariate analysis

revealed that the proportion of EGFR mutation was higher in
patients with BMs in the HAR (12/18, 66.67%) than in patients
without BMs in the HAR (37/105, 35.24%). The mechanism
underlying this phenomenon may be associated with epithelial-
mesenchymal transition, which may result in the increased
motility and invasiveness of tumor cells (48, 49). However,
according to our multivariate analysis, EGFR mutations were
not an independent risk factor for BM occurrence in the HAR.
ALK-rearrangement tumors exhibit aggressive behavior,
including extra-thoracic metastases (50, 51), and have a higher
risk of BMs. The cumulative incidence of BMs after diagnosis
reaches 58% at 3 years (52, 53). Compared with ALK
rearrangement, ROS1 rearrangement is associated with lower
rates of extra-thoracic metastases and fewer BMs, but it may still
increase the likelihood of BMs (54, 55). Our results demonstrated
a higher but not significant proportion of ALK rearrangement
(2/13, 15.38%) in patients with BM in the HAR than in patients
without (4/68, 5.88%), and no significant difference in the
incidence of ROSI rearrangement between groups (0/61, 0%
vs. 0/9, 0%). However, these results should be carefully
interpreted because of fairly low incidence in our study.

Several studies have reported the incidence of progressive
leukoencephalopathy following cranial radiation (56-58). WBRT
injures the small cerebral vasculature and neuropil, resulting in
oligodendrocyte death and demyelination (59, 60).
Accumulating evidence suggests that diseases of the white
matter are associated with neurocognitive dysfunction (61, 62).
Injury to the parahippocampal white matter may contribute to
memory decline as much as injury to the hippocampus itself
(63). Thus, protecting the hippocampus as well as
parahippocampal white matter from the radiation dose may
prevent the development of neurocognitive dysfunction. Given
the lower hippocampal metastasis rate in patients without extra-
cranial metastasis, we investigated whether extending the
radiation-safe zone was a safe practice. Our results
demonstrated that the occurrence of BM in the hippocampus
plus 10-mm region did not differ significantly from that in the
hippocampus plus 5-mm region. Our results may be applied in
planning radiation strategies with a greater safety margin.

Our study had a few limitations. First, the hippocampal
metastases rate in our sample was measured before radiation
therapy to BMs because the number of available patients who
underwent follow-up MRI after HA-WBRT was small (n=26,
Supplemental Table 3). Other patients were lost to follow-up
after being diagnosed with BMs, were treated with SRS, or
underwent surgery or conventional WBRT. Thus, as the BM
occurrence rate in the HAR after HA-WBRT might differ from
our results. Second, we did not assess the effect of targeted
therapy for BM occurrence in the HAR. Increasing evidence
now suggests that tyrosine kinase inhibitors (TKIs) improves
progression-free survival in patients with metastatic NSCLC
harboring EGFR mutations or ALK rearrangement (7, 64).
Moreover, next-generation TKIs show a superior activity in
treating BMs (65, 66). Third, the number of patients with BM
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in HAR is relatively small (n=18). To draw a solid conclusion,
further validation in a prospective study with a larger cohort
is warranted.

CONCLUSION

In conclusion, our study demonstrated that the incidence of BM
in the HAR was significantly higher in patients with extra-cranial
metastases than in patients without extra-cranial metastases.
Age, time interval to BM development, sex, and EGFR
mutation status may also affect BM rates in the hippocampal
avoidance region. Extending the safety zone from 5 mm to
10 mm in HA-WBRT has little effect on BM incidence in the
HAR in patients without extra-cranial metastasis. This study
supports the adoption of personalized radiation planning for
patients with NSCLC and BMs. These results will allow clinicians
to maximize the effectiveness of radiation therapy while
minimizing cognitive decline.
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