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Abstract 

Purpose: Disruption of the tumor‑brain barrier in meningioma is a crucial factor in peritumoral brain edema (PTBE). 
We previously reported the possible effect of osteoporosis on the integrity of the arachnoid trabeculae because both 
the bone and the arachnoid trabeculae are composed of type 1 collagen. We hypothesized that osteoporotic condi‑
tions may be associated with PTBE occurrence after radiation treatment in patients with meningioma.

Methods: A receiver operating characteristic curve analysis was used to identify the optimal cut‑off values of mean 
skull Hounsfield unit for predicting osteopenia and osteoporosis in patients from our registry. Multivariate Cox regres‑
sion analysis was used to determine whether possible osteoporosis independently predicted PTBE development in 
patients with meningioma after radiation.

Results: A total of 106 intracranial meningiomas were included for the study. All patients received linear accelerator‑
based radiation therapy in our hospital over an approximate 6‑year period. Multivariate Cox regression analysis identi‑
fied that hypothetical osteoporosis was an independent predictive factor for the development of PTBE in patients 
with meningioma after linear accelerator‑based radiation treatment (hazard ratio 5.20; 95% confidence interval 
1.11–24.46; p = 0.037).

Conclusions: Our study suggests that possible osteoporotic conditions may affect PTBE development after linear 
accelerator‑based radiation treatment for intracranial meningioma. However, due to the study’s small number of 
patients, these findings need to be validated in future studies with larger cohorts, before firm recommendations can 
be made.

Keywords: Peritumoral brain edema, Meningioma, Osteoporosis, Tumor‑brain barrier, Hounsfield unit

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Radiation therapy is the primary treatment for patients 
with small (< 3  cm) asymptomatic tumors or tumors 
located in the cranial base [1]. While radiation treat-
ment is generally accepted as a safe procedure, symp-
tomatic peritumoral brain edema (PTBE) is the most 
common complication in intracranial meningioma after 
radiation therapy and 6–35% of patients experience 
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treatment-related PTBE [2]. Several risk factors such 
as greater radiation dose, larger tumor size, tumor 
location, brain-tumor interface, no prior resection for 
meningioma, atypical histology, and presence of pre-
treatment edema were reported to be associated with 
PTBE after radiosurgery in meningioma [2, 3]

Disruption of the tumor-brain barrier in meningi-
oma is an important factor in PTBE development [4]. 
The brain-meningioma interface is composed of tumor 
stroma, arachnoid mater, and arachnoid trabeculae [5]. 
To predict bone mineral density (BMD), we previously 
reported a method for prediction of osteoporosis by 
measuring frontal skull Hounsfield unit (HU) values 
on the brain CT [6]. Both the bone and the arachnoid 
trabeculae are composed of type 1 collagen. Therefore, 
we used skull HU values to report the possible effect of 
systemic osteoporosis on the integrity of the arachnoid 
trabeculae [6, 7].

Because osteoporotic conditions may negatively affect 
the integrity of the brain-meningioma interface, which 
is composed of arachnoid trabeculae, in this study, we 
examined whether osteoporotic conditions were associ-
ated with PTBE occurrence after radiation treatment in 
patients with meningioma.

Methods
Study patients
This study included patients from the NOVALIS regis-
try. The NOVALIS registry was designed for prospective 
research of patients who received radiation treatment in 
our hospital [8]. We investigated all consecutive patients 
with intracranial meningioma from the registry who 
underwent linear accelerator (LINAC)-based radiation 
treatment for the first time at our hospital from July 7, 
2014 to September 30, 2020.

All meningiomas were diagnosed by radiologic find-
ings alone or pathological confirmation after surgical 
tumor resection. All radiologic findings were confirmed 
by experienced neuro-radiologists. We defined PTBE as 
newly developed PTBE or the progression of preexist-
ing PTBE in follow-up imaging with newly developed 
neurologic symptoms after radiation treatment [3]. To 
identify PTBE after radiation treatment, we only included 
patients with meningioma in the study who met all fol-
lowing conditions: (1) follow-up for at least 6  months, 
(2) at least one follow-up imaging (CT/magnetic reso-
nance imaging [MRI]), (3) no preexisting PTBE except 
for patients who underwent surgery for the meningioma 
before radiation treatment, and (4) measurable intercor-
tical space of the frontal skull on brain CT scan. The last 
imaging follow-up period after radiation treatment was 
examined in all patients.

Radiation treatment
The detailed radiation technique in our hospital was pre-
viously described [8]. The NOVALIS Tx system (Varian 
Medical Systems, CA, USA; Brainlab, Feldkirchen, Ger-
many) was used to treat all meningioma patients. We 
used noninvasive thermoplastic masks for the simula-
tion-CT for radiation treatment and during the radia-
tion treatment in all patients. To improve the precision of 
radiation treatment, the Novalis ExacTrac image system 
and robotic couch of the NOVALIS Tx system were used 
to adjust the patients’ positions based on the information 
from the real-time image acquisition.

We used the 3D treatment/planning systems of the 
NOVALIS Tx, including iPlan (Brainlab, Feldkirchen, 
Germany) and Eclipse (Varian, CA, USA), for the radia-
tion planning using MRI/CT-fusion images of the 
patients. The gross tumor volume (GTV), clinical tar-
get volume (CTV), and planning target volume (PTV) 
were automatically calculated by the 3D treatment/plan-
ning system of the NOVALIS Tx. We defined the GTV 
as the exact enhanced area of the meningioma on con-
trast-enhanced T1-weighted MRI images. For the oper-
ated patients, the GTV was defined as the postoperative 
resection cavity (if available) plus the enhanced area of 
residual tumor without inclusion of the PTBE area. In 
patients without surgery and for Grade I benign men-
ingioma, the CTV was identical to the GTV. For Grade 
II and III meningiomas, the CTV was usually defined as 
1–2 cm margin added to the GTV [9]. When the tumor 
was located near an organ at risk, we reduced the expan-
sion of the CTV margin near the area of the tumor that 
was close to the organ at risk. The PTV was defined as a 
symmetrical 0- to 2-mm expansion from the CTV.

We defined the fractionated stereotactic radiotherapy 
(FSRT) as > 10 sessions (1.8–2.0  Gy/fraction), hypof-
ractionated stereotactic radiotherapy (hFSRT) as 6 to 
10 fractions, hypofractionated SRS (hf-SRS) as 2 to 5 
fractions, and stereotactic radiosurgery (SRS) as a sin-
gle session treatment [10, 11]. To compare treatment 
doses between patients who received radiation with 
various fractionations, we calculated the biologically 
effective dose (BED) based on the following equation: 
BED = nd × (1 + d/3), where n is the fraction, d is the 
dose of one fraction, and α/β = 3 [12].

Measurement of frontal skull HU values
We used the simulation-CT images (Philips Brilliance 
Big Bore CT Simulators) for radiation planning to meas-
ure the frontal skull HU values in all patients of the study 
cohort. We previously described the detailed methods 
for measuring HU values on frontal cancellous bone on 
brain CT [6–8, 13]. The frontal skull HU values were 
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measured at each of the four lines on the frontal cancel-
lous bone between the right and left coronal sutures at 
the CT slice that the lateral ventricles disappear on the 
brain CT (Additional file  1: Fig.  1). To avoid including 
cortical bone, all CT images were magnified for the HU 
value measurement.

Skull HU and BMD registry
We previously reported the Skull HU and BMD (SHUB) 
registry in our hospital [6]. In addition to the previous 
registry (from January 1, 2010 to December 31, 2016), we 
further enrolled patients (> 18  years old) who had both 
procedure codes for dual-energy X-ray absorptiometry 
(DXA) (NMF03) and brain CT (RCG01A and B) in our 
hospital between January 1, 2017 and December 31, 2019. 
Following the same protocol as before, the lowest T-score 
value for patients who underwent multiple DXA scans 
was used for the analysis. All CT images were obtained 
using a Siemens CT scanner in our hospital with con-
tinuous slices, no gap, and 4.0–5.0-mm slice thickness 
[6]. When patients received multiple brain CT scans, the 
brain CT image closest to the date of the selected DXA 
scan was used. To reduce the time interval heterogene-
ity, we excluded patients with more than 3 years between 
DXA and brain CT. Based on the study showing a slow 
progression to osteoporosis in postmenopausal women, 
we believe that our within 3-year time interval between 
the DXA and brain CT scans may be suitable for inves-
tigation of the relationship between frontal skull HU val-
ues and BMD [14]. In addition, patients with excessively 
narrow intercortical space of the frontal skull on brain 
CT were excluded. Therefore, 2025 patients were finally 
included in the updated SHUB registry.

The BMD was assessed in the lumbar spine (L1–L4) 
and femoral neck using a Discovery Wi DXA system 
(Hologic, Bedford, MA, USA) in all patients of the SHUB 
registry. The lower T-score between the lumbar spine 
and femoral neck was used as the T-score for the registry. 
Based on the World Health Organization T-score clas-
sification, we defined osteoporosis as a T-score ≤ − 2.5, 
osteopenia as a T-score > − 2.5 and ≤ − 1.0, and a normal 
BMD as a T-score > − 1.0.

Statistical methods
Chi-square and Student’s t testing were used to evalu-
ate differences between the PTBE (−) and PTBE (+)
groups. We used mean skull HU value ([mean right lat-
eral HU + mean right medial HU + mean left medial 
HU + mean left lateral HU]/4) in all analysis.

A receiver operating characteristic (ROC) curve anal-
ysis was performed to identify the optimal cut-off val-
ues of mean skull HU for predicting osteopenia and 
osteoporosis in the patients of the SHUB registry. Mean 

frontal skull HU values were used as the test variable, 
and the individual BMD classification was entered as 
the state variable (dependent variable) in the ROC curve 
analysis. When we identified the cut-off skull HU value 
for predicting osteopenia, we coded the normal BMD 
(T-score > − 1.0) as 0 and the osteopenia and osteoporo-
sis BMD (T-score ≤ − 1.0) as 1 and input the state varia-
ble. In the osteoporosis model, we coded the normal and 
osteopenia BMD (T-score > − 2.5) as 0 and osteoporosis 
(T-score ≤ − 2.5) as 1 and input the state variable.

The cumulative hazard for development of PTBE was 
calculated by Kaplan–Meier analysis classified by hypo-
thetical BMD classification, with censoring of patients 
who had no PTBE on their last brain CT/MRI after 
radiation treatment start. Hazard ratios (HRs) with 95% 
confidence intervals (CIs) were then calculated using 
a multivariate Cox regression analysis to determine 
whether the possible osteoporotic condition indepen-
dently predicted PTBE occurrence in patients with men-
ingioma after radiation treatment. Sex, age (continuous 
variable), BMI (continuous variable), classification of 
mean skull HU, location (continuous variable), GTV 
(continuous variable), BED (continuous variable), frac-
tionation (continuous variable), hypertension, and diabe-
tes were entered into the multivariate model. To balance 
heterogeneities in patient sex, patient age distribu-
tion, tumor location, tumor volume, and radiation dose 
between the PTBE (−) and PTBE (+) groups, additional 
propensity score-matched analysis was performed using 
a multivariable logistic regression model. The model was 
based on patient sex, patient age, tumor location, GTV, 
and BED. We matched the PTBE (+) group to the con-
trols in a 1:2 ratio using the greedy nearest-neighbor 
method using R software [15].

A p value < 0.05 was considered statistically significant. 
All statistical analyses were performed using R software 
version 3.6.3 and SPSS for Windows, version 24.0 (IBM, 
Chicago, IL).

Results
Determination of the optimal skull HU values predicting 
osteopenia and osteoporosis
There were significant linear associations between 
T-scores and skull HU values at four different sites on 
the frontal cancellous bone among the patients in the 
SHUB registry (Fig. 1A, B). The data in Fig. 1C show an 
increase of approximately 105.6 mean skull HU value 
per 1  T-score increase (B = 105.64; p < 0.001). The opti-
mal cut-off value for mean skull HU to predict osteope-
nia was 712.419 (area under the curve [AUC] = 0.798; 
p < 0.001), and the HU value to predict osteoporosis was 
611.704 (AUC = 0.761; p < 0.001) in the patients from 
the SHUB registry (Fig.  1D). According to those cut-off 
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values, the study patients were categorized as hypotheti-
cal normal (above the cut-off HU value for osteopenia 
[> 712.419]), hypothetical osteopenia (between the cut-
off HU values for osteopenia and osteoporosis [> 611.704 
and ≤ 712.419]), and hypothetical osteoporosis (below 
the cut-off HU value for osteoporosis [≤ 611.704]).

Characteristics of the study patients
A total of 99 patients with 106 intracranial meningiomas 
were included for the study. All patients received LINAC-
based radiation treatments in our hospital over an 
approximate 6-year period. A total of 15 patients (14.2%) 
had PTBE after radiation treatment (Table 1). The mean 
patient age was 63.3  years and 77.4% of patients were 

female. A total of 42 patients (39.6%) were categorized as 
hypothetical osteoporosis. The mean GTV of meningi-
oma and BED were 8.2 cc and 89.5 Gy (Gy), respectively. 
Patient characteristics are presented in Table 1.

Skull HU values based on PTBE in the study cohort and HU 
values and BMD in the SHUB registry cohort
Detailed information about the skull HU values accord-
ing to PTBE in the study cohort and the skull HU values 
with additional BMD information for the SHUB registry 
patients is presented in Table 2. The SHUB registry showed 
relatively a high proportion of women and patients with an 
older age distribution than the study patients. The overall 
average mean frontal skull HU value was 716.2 in the study 

Fig. 1 Scatterplot, linear regression line, and ROC curve from the SHUB registry. A Overall distribution of HU values at each of four lines according 
to T‑scores; B linear regression lines showing the association between the HU value at each of the four lines and the T‑score; C linear regression 
line showing the association between the T‑score and mean skull HU; D ROC curve to determine the optimal cut‑off skull HU values for predicting 
osteopenia and osteoporosis. ROC = receiver operating characteristic; SHUB = skull Hounsfield unit and bone mineral density; HU = Hounsfield unit
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patients and 653.0 among the SHUB registry patients. In 
the study cohort, there were significant differences in skull 
HU values between the PTBE (−) and PTBE (+) groups. 
The median time between brain CT and BMD measure-
ment was 151 days, and 36.6% of patients in the SHUB reg-
istry were diagnosed with osteoporosis.

Association between age and skull HU according 
to the PTBE
We observed a significant negative correlation between 
age and mean skull HU value in the PTBE (−) group 

(p < 0.001). Although not statistically significant, a simi-
lar tendency of a negative association was also observed 
in the PTBE (+) group (p = 0.103) (Fig.  2A). We found 
that the PTBE (+) group showed relatively lower mean 
skull HU values across the age ranges compared with the 
PTBE (−) group. The PTBE (+) group showed margin-
ally significant lower mean skull HU values compared 
with the PTBE (−) group among the older age group 
(p = 0.050) (Fig. 2B).

Table 1 Characteristics of patients with intracranial meningioma who underwent LINAC‑based radiation treatment

LINAC, linear accelerator; PTBE, peritumoral brain edema; SD, standard deviation; IQR, interquartile range; BMI, body mass index; HU, Hounsfield unit; WHO, 
world health organization; GTV, gross tumor volume; PTV, planning target volume; Gy, gray; SRS, stereotactic radiosurgery; hf-SRS, hypofractionated stereotactic 
radiosurgery; hFSRT, hypofractionated stereotactic radiotherapy; FSRT, fractionated stereotactic radiotherapy; BED, biologically equivalent dose

Characteristics PTBE (−) PTBE (+) Total p

Number (%) 91 (85.8) 15 (14.2) 106

Sex, female, n (%) 70 (76.9) 12 (80.0) 82 (77.4) 0.792

Age, mean ± SD, y 62.4 ± 12.2 69.3 ± 9.3 63.3 ± 12.0 0.039

Imaging follow‑up period, median (IQR), days 300.0 (173.0–622.0) 389.0 (243.0–892.0) 319.5 (176.8–635.0) 0.122

BMI, mean ± SD, kg/m2 24.5 ± 3.7 24.3 ± 2.9 24.5 ± 3.6 0.861

Classification of mean skull HU, n (%) 0.069

 Hypothetical normal (> 712.4) 49 (53.8) 4 (26.7) 53 (50.0)

 Hypothetical osteopenia (> 611.7 and ≤ 712.4) 10 (11.0) 1 (6.7) 11 (10.4)

 Hypothetical osteoporosis (≤ 611.7) 32 (35.2) 10 (66.7) 42 (39.6)

Prior surgical resection, n (%) 38 (41.8) 4 (26.7) 42 (39.6) 0.268

Pathology, n (%) 0.472

 WHO grade I 26 (28.6) 3 (20.0) 29 (27.4)

 WHO grade II 8 (8.8) 0 8 (7.5)

 WHO grade III 4 (4.4) 1 (6.7) 5 (4.7)

Location, n (%) 0.730

 Convexity 30 (33.0) 6 (40.0) 36 (34.0)

 Parasagittal or parafalcine 19 (20.9) 5 (33.3) 24 (22.6)

 Sphenoid ridge 9 (9.9) 1 (6.7) 10 (9.4)

 Cerebellopontine angle 11 (12.1) 2 (13.3) 13 (12.3)

 Posterior fossa 8 (8.8) 1 (6.7) 9 (8.5)

 Parasellar or petroclival 11 (12.1) 0 11 (10.4)

 Other 3 (3.3) 0 3 (2.8)

GTV, mean ± SD, cc 7.6 ± 9.5 11.8 ± 9.4 8.2 ± 9.6 0.118

PTV, mean ± SD, cc 10.8 ± 12.7 16.4 ± 10.8 11.6 ± 12.6 0.110

Marginal radiation dose, mean ± SD, Gy 30.9 ± 11.4 27.5 ± 5.6 30.4 ± 10.8 0.262

Fractionation, n (%) 0.360

 SRS 16 (17.6) 3 (20.0) 19 (17.9)

 hf‑SRS (2–5 fractions) 51 (56.0) 10 (66.7) 61 (57.5)

 hFSRT (6–10 fractions) 8 (8.8) 2 (13.3) 10 (9.4)

 FSRT 16 (17.6) 0 16 (15.1)

Dose per fraction, mean ± SD, Gy 7.0 ± 5.1 8.0 ± 5.2 7.1 ± 5.1 0.492

BED (α/β = 3), mean ± SD, Gy 89.0 ± 18.4 92.6 ± 21.0 89.5 ± 18.7 0.497

Past medical history, n (%)

 Hypertension 38 (41.8) 7 (46.7) 45 (42.5) 0.722

 Diabetes 14 (15.4) 3 (20.0) 17 (16.0) 0.652
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Association between possible osteoporosis and PTBE 
in meningioma after radiation
The overall cumulative hazard for PTBE development 
in patients with intracranial meningioma after radiation 
treatment is shown in Fig.  2C. When the patients were 
categorized as the hypothetical BMD classification, the 
hypothetical osteoporosis group showed a significantly 
higher rate of PTBE occurrence (p = 0.013) (Fig.  2D). 
Multivariate Cox regression analysis determined that 
hypothetical osteoporosis was an independent predictor 
for the development of PTBE in patients with meningi-
oma after LINAC-based radiation treatment (HR 5.20; 
95% CI 1.11–24.46; p = 0.037) (Table  3). The additional 
independent predictive factors of PTBE were older age 
and larger GTV.

We also performed additional propensity score-
matched analyses based on patient sex, patient age, 
tumor location, GTV, and BED (Table  4). We found 
that hypothetical osteoporosis remained an independ-
ent predictive factor for the development of PTBE after 
LINAC-based radiation treatment in the propensity 

score-matched patients (HR 5.36; 95% CI 1.06–27.12; 
p = 0.042) (Table 5).

Discussion
We found that hypothetical low BMD was associated 
with PTBE development in the clinical course of intrac-
ranial meningioma after LINAC-based radiation treat-
ment. According to our findings, meningioma patients 
with possible low BMD had an approximate 5.0-fold 
increased risk of PTBE compared with patients with 
possible normal BMD after adjusting for other predic-
tive factors, including age. Because PTBE development 
in meningioma after radiation is associated with men-
ingioma location, meningioma volume, and radiation 
dose [3], we further needed to reduce the confound-
ing effects of these risk factors on the true association 
between osteoporotic conditions and PTBE occur-
rence. Therefore, although we had adjusted for these 
risk factors in the multivariate analysis, we performed 
an additional propensity score-matched analysis, 
which showed that hypothetical osteoporosis remained 

Table 2 Descriptive information of skull HU values according to the development of PTBE in the study and skull HU values and BMD 
in the SHUB registry cohorts

HU, Hounsfield unit; PTBE, peritumoral brain edema; BMD, bone mineral density; SHUB, skull Hounsfield unit and bone mineral density; IQR, interquartile range; SD, 
standard deviation; CT, computed tomography; N/A, not available

Variables Study cohort SHUB registry

PTBE (−) PTBE (+) Total p

Number 91 15 106 2025

Sex 0.792

 Female, n (%) 70 (76.9) 12 (80.0) 82 (77.4) 1704 (84.1)

Age, median (IQR), y 61.0 (54.0–72.0) 72.0 (66.0–75.0) 62.5 (54.8–72.0) 0.039 69.0 (59.0–77.0)

Age, mean ± SD, y 62.4 ± 12.2 69.3 ± 9.3 63.3 ± 12.0 0.039 67.9 ± 11.9

Overall mean skull HU value, median (IQR) 730.8 (581.5–874.0) 547.8 (430.5–725.8) 711.6 (547.2–860.7) 0.025 625.7 (483.8–791.5)

Overall mean skull HU value, mean ± SD 737.9 ± 248.9 584.5 ± 189.4 716.2 ± 246.6 0.025 653.0 ± 229.9

Mean HU value at each of four sites in the frontal skull, 
mean ± SD

 Right lateral 700.3 ± 238.3 582.5 ± 133.7 683.6 ± 229.7 0.065 598.1 ± 220.4

 Right medial 780.8 ± 287.3 615.5 ± 229.1 757.4 ± 284.8 0.037 704.1 ± 263.6

 Left medial 754.5 ± 283.1 599.5 ± 250.0 732.6 ± 282.8 0.049 698.4 ± 262.4

 Left lateral 716.2 ± 255.2 540.7 ± 178.8 691.3 ± 252.7 0.012 611.5 ± 224.8

 Average, medial 767.7 ± 281.5 607.5 ± 235.2 745.0 ± 280.1 0.040 701.2 ± 257.9

 Average, lateral 708.2 ± 240.1 561.6 ± 153.6 687.5 ± 234.9 0.024 604.8 ± 216.5

Time interval between brain CT and BMD, median (IQR), 
days

N/A N/A N/A 151.0 (9.0–487.0)

T‑score, mean ± SD N/A N/A N/A − 1.99 ± 1.22

 Lumbar spine N/A N/A N/A − 1.65 ± 1.43

 Femur neck N/A N/A N/A − 1.40 ± 1.20

BMD categories, n (%)

 Normal (T‑score > − 1.0) N/A N/A N/A 381 (18.8)

 Osteopenia (T‑score > − 2.5 and ≤ 1.0) N/A N/A N/A 902 (44.5)

 Osteoporosis (T‑score ≤ ‑2.5) N/A N/A N/A 742 (36.6)
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an independent predictor of PTBE development in 
patients with meningioma after radiation treatment.

The HU values in a specific anatomical area on a CT 
image and BMD T-scores are absolute values [16, 17]. 
Therefore, the correlation between the HU value and real 
T-score might not be influenced by the different charac-
teristics of patients between the study cohort and SHUB 
registry. This is because patient characteristics can affect 
bone quality, but they might not influence the simple cor-
relation between the absolute values of HU and BMD [6]. 
A previous study also determined optimal lumbar spine 
HU values for predicting osteoporosis from abdomi-
nal CT images obtained from heterogeneous patients 
for other reasons [18]. Other studies also reported that 

cancellous bone HU values in various anatomical areas 
on CT scans are strongly associated with T-score and 
may be useful in detecting osteoporosis [19–21]. We pre-
viously showed that the frontal skull HU value also can 
predict osteoporotic conditions [6].

Tumor-brain barrier disruption is a crucial component 
of PTBE formation in meningioma [4]. Previous studies 
examining the brain-meningioma interface showed that 
the degree of arachnoid disruption was associated with 
the progression of brain edema [5]. The arachnoid mem-
brane acts as mechanical and biochemical buffer against 
the spread of edema-associated proteins and vasogenic 
edema fluids from meningiomas [1, 2].

Fig. 2 Scatterplot with linear regression lines, boxplots, and Kaplan–Meier curves in the study patients. A Scatterplot with linear regression lines 
showing the association between age and mean frontal skull HU values based on the presence of PTBE; B boxplots with dot plots of the mean 
frontal skull HU values classified by age group according to the presence of PTBE; C overall cumulative hazard of PTBE development; D cumulative 
hazard of PTBE development according to the hypothetical BMD groups. HU = Hounsfield unit; PTBE = peritumoral brain edema; BMD = bone 
mineral density
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Table 3 Uni‑ and multivariate Cox regression analyses for the development of PTBE in patients with intracranial meningioma after 
LINAC‑based radiation treatment based on various predictors

PTBE, peritumoral brain edema; HR, hazard ratio; CI, confidence interval; BMI, body mass index; HU, Hounsfield unit; GTV, gross tumor volume; BED, biologically 
equivalent dose; Gy, gray

Univariate analysis Multivariate analysis

Variable HR (95% CI) p HR (95% CI) p

Sex

 Male Reference Reference

 Female 1.08 (0.30–3.88) 0.905 0.64 (0.15–2.71) 0.543

Age (per 1 year increase) 1.07 (1.02–1.13) 0.005 1.08 (1.01–1.15) 0.032

BMI (per 1 BMI increase) 0.97 (0.82–1.14) 0.722 1.09 (0.88–1.35) 0.419

Classification of mean skull HU

 Hypothetical normal Reference Reference

 Hypothetical osteopenia 1.67 (0.17–16.13) 0.657 3.22 (0.23–45.58) 0.387

 Hypothetical osteoporosis 5.45 (1.48–20.03) 0.011 5.20 (1.11–24.46) 0.037

Location 0.70 (0.49–1.00) 0.050 0.70 (0.46–1.06) 0.094

GTV (per 1 cc increase) 1.08 (1.02–1.15) 0.010 1.12 (1.04–1.21) 0.004

BED (α/β = 3) (per 1 Gy increase) 1.01 (0.98–1.03) 0.665 1.02 (0.97–1.06) 0.484

Fractionation (per 1 fraction increase) 0.94 (0.85–1.03) 0.179 0.90 (0.71–1.16) 0.415

Hypertension

 No Reference Reference

 Yes 1.13 (0.41–3.15) 0.815 0.66 (0.17–2.61) 0.554

Diabetes

 No Reference Reference

 Yes 1.05 (0.29–3.79) 0.937 0.42 (0.09–2.03) 0.278

Table 4 Characteristics of patients with intracranial meningioma who underwent LINAC‑based radiation treatment according to the 
presence of PTBE before and after propensity score matching based on patient sex, patient age, tumor location, GTV, and BED

LINAC, linear accelerator; PTBE, peritumoral brain edema; GTV, gross tumor volume; BED, biologically equivalent dose; SD, standard deviation; Gy, gray; HU, Hounsfield 
unit

Characteristics Before propensity score matching After propensity score matching

PTBE (−)
(n = 91)

PTBE (+)
(n = 15)

p PTBE (−)
(n = 30)

PTBE (+)
(n = 15)

p

Sex, female, n (%) 70 (76.9) 12 (80.0) 0.792 23 (76.7) 12 (80.0) 0.800

Age, mean ± SD, y 62.4 ± 12.2 69.3 ± 9.3 0.039 68.2 ± 11.0 69.3 ± 9.3 0.741

Location, n (%) 0.730 0.777

Convexity 30 (33.0) 6 (40.0) 13 (43.3) 6 (40.0)

 Parasagittal or parafalcine 19 (20.9) 5 (33.3) 10 (33.3) 5 (33.3)

 Sphenoid ridge 9 (9.9) 1 (6.7) 3 (10.0) 1 (6.7)

 Cerebellopontine angle 11 (12.1) 2 (13.3) 1 (3.3) 2 (13.3)

 Posterior fossa 8 (8.8) 1 (6.7) 3 (10.0) 1 (6.7)

 Parasellar or petroclival 11 (12.1) 0 0 0

 Other 3 (3.3) 0 0 0

GTV, mean ± SD, cc 7.6 ± 9.5 11.8 ± 9.4 0.118 9.5 ± 12.2 11.8 ± 9.4 0.523

BED (α/β = 3), mean ± SD, Gy 89.0 ± 18.4 92.6 ± 21.0 0.497 93.3 ± 19.9 92.6 ± 21.0 0.905

Classification of mean skull HU, n (%) 0.069 0.447

 Hypothetical normal (> 712.4) 49 (53.8) 4 (26.7) 13 (43.3) 4 (26.7)

 Hypothetical osteopenia > 611.7 and ≤ 712.4) 10 (11.0) 1 (6.7) 3 (10.0) 1 (6.7)

 Hypothetical osteoporosis (≤ 611.7) 32 (35.2) 10 (66.7) 14 (46.7) 10 (66.7)
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A previous study that examined the microscopic anat-
omy of the brain-meningioma interface reported that 
the brain-meningioma interface is composed of tumor 
stroma, arachnoid mater, and arachnoid trabeculae [5]. 
The arachnoid mater is composed of two layers and an 
inner part is the arachnoid trabeculae supporting the sta-
bility of the subarachnoid space [22]. Meningioma origi-
nates from the arachnoid cap cell [23]. Therefore, it is 
naturally hypothesized that meningioma originated from 
arachnoid cap cells may push the arachnoid trabeculae, 
which is inner part of arachnoid membrane, into the pia 
mater [24]. As the tumor grows, arachnoid trabeculae 
may be sandwiched between the pia mater and meningi-
oma, and this may form the brain-meningioma interface.

Type 1 collagen is a major component of bone, and its 
gene mutation causes osteoporosis [25, 26]. Interestingly, 
the arachnoid trabeculae is also composed of type 1 col-
lagen [27]. Because osteoporosis is a systemic disease that 
affects systemic BMD and microarchitecture throughout 
the body, it is reasonable to postulate that osteoporo-
sis may also influence the arachnoid trabeculae, which 
is also composed of type 1 collagen [28]. We recently 
showed the possible association between systemic osteo-
porosis and the structural integrity of arachnoid trabecu-
lae based on the above concept that both the bone and 
arachnoid trabeculae are composed of the same type 1 
collagen [6, 7]. Supporting our hypothesis, osteogenesis 
imperfecta caused by mutations in type 1 collagen genes 
(COL1A1/COL1A2) is associated with communicat-
ing hydrocephalus [29]. Therefore, we hypothesized that 
arachnoid trabeculae in the brain-meningioma interface 
may be more damaged as tumors grow in patients with 
osteoporotic conditions. In addition, radiation affects 

collagen structure and can cause collagen changes and 
damage [30–32]. Therefore, when the meningioma is 
treated with radiation, damage may be increased in the 
brain-meningioma interface, including the arachnoid tra-
beculae, in addition to the own effect of the tumor size 
on this contact interface [1].

Based on the above assumptions, we speculate that a 
larger tumor would be associated with a greater the likeli-
hood of damage to the brain-meningioma contact inter-
face. This damage to the contact interface may be more 
severe in osteoporotic patients, as the arachnoid trabecu-
lae, a component of the brain-meningioma interface, may 
be weakened in osteoporotic conditions since both bone 
and arachnoid trabeculae are composed of the same type 
1 collagen. Radiation therapy may aggravate the damaged 
brain-meningioma interface and may lead to tumor-brain 
barrier disruption. Therefore, more weakened the arach-
noid trabeculae in the brain-meningioma interface due 
to osteoporotic conditions may have a higher possibility 
of having the contact interface disruption after radiation 
treatment.

Meningioma size is a predictive factor for PTBE in 
meningioma after radiation treatment [1, 2]. We observed 
that elderly patients more frequently showed PTBE than 
younger patients. Because osteoporosis is more common 
with increasing age, we speculate that elderly patients 
may have a greater chance of having weakened brain-
meningioma interface integrity. In addition, volumetric 
loss in cerebral white matter and loosening of the micro-
structure network may lead to direct transmission of 
edematous fluids into the white matter and increase the 
possibility of PTBE [33]. We also found that BED was not 
associated with PTBE development. We believe that this 

Table 5 Univariate and multivariate Cox regression analyses of PTBE development in patients with intracranial meningioma after 
LINAC‑based radiation treatment after propensity score matching based on patient sex, patient age, tumor location, GTV, and BED

PTBE, peritumoral brain edema; LINAC, linear accelerator; GTV, gross tumor volume; BED, biologically equivalent dose; HR, hazard ratio; CI, confidence interval; Gy, 
gray; HU, Hounsfield unit

Univariate analysis Multivariate analysis

Variable HR (95% CI) p HR (95% CI) p

Sex

 Male Reference Reference

 Female 0.83 (0.23–2.98) 0.774 0.44 (0.08–2.37) 0.339

Age (per 1 year increase) 1.03 (0.97–1.08) 0.357 1.02 (0.95–1.09) 0.671

Location 0.98 (0.67–1.45) 0.932 1.09 (0.67–1.78) 0.732

GTV (per 1 cc increase) 1.05 (0.99–1.11) 0.095 1.09 (1.01–1.17) 0.028

BED (α/β = 3) (per 1 Gy increase) 0.99 (0.96–1.02) 0.592 1.02 (0.99–1.06) 0.210

Classification of mean skull HU

 Hypothetical normal Reference Reference

 Hypothetical osteopenia 2.90 (0.29–29.30) 0.368 5.67 (0.40–81.37) 0.202

 Hypothetical osteoporosis 3.88 (1.02–14.81) 0.047 5.36 (1.06–27.12) 0.042
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is because we rarely used extremely high radiation doses, 
and a narrowed dose range may not cause significant dif-
ferences in PTBE development [1].

Our study has some limitations. First, due to its ret-
rospective nature, the study has inherent limitations. 
Second, the small sample size of the study may have low 
power, and our findings need to be confirmed by fur-
ther studies. Third, heterogeneity in tumor location and 
absence of pathological confirmation in many cases may 
bias the results. Fourth, there were some differences 
in known risk factors for PTBE occurrence, including 
patient age, tumor location and volume, and radiation 
dose, in meningioma after radiation between the PTBE 
(−) and PTBE (+) groups. Therefore, although these risk 
factors were adjusted in multivariate analysis, we addi-
tionally performed propensity score-matched analysis to 
further reduce the confounding effects of these risk fac-
tors on the true association between osteoporotic condi-
tions and PTBE occurrence. Finally, although skull HU 
value showed a strong correlation with BMD, this may 
not reflect the actual T-score.

In conclusion, our study proposes that possible osteo-
porotic conditions may affect PTBE development after 
LINAC-based radiation treatment for intracranial men-
ingioma. Clinical brain CT scans may allow the detection 
of possible osteoporosis by using a convenient method to 
measure HU in the frontal skull on brain CT. However, 
due to the study’s small sample size, these findings need 
to be confirmed in future studies with larger cohorts for 
the recommend of caution regarding PTBE development 
in osteoporotic patients after radiation.
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