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Background: Blood–brain barrier (BBB) disruption after endothelial damage is a crucial
part of radiation-induced brain necrosis (RN), but little is known of BBB disruption
quantification and its role in the evaluation of therapeutic effect and prognosis for drug
treatment. In this retrospective study, BBB repair by bevacizumab and corticosteroid and
the correlation between BBB permeability and treatment response and relapse were
evaluated by dynamic contrast-enhanced MRI (DCE-MRI).

Methods: Forty-one patients with RN after radiotherapy for nasopharyngeal carcinoma
(NPC) (28 treated with bevacizumab and 13 with corticosteroid), 12 patients with no RN
after NPC radiotherapy, and 12 patients with no radiotherapy history were included as RN,
non-RN, and normal groups, respectively. DCE-MRI assessed BBB permeability in white
matter of bilateral temporal lobe. DCE parameters were compared at baseline among the
three groups. DCE parameters after treatment were compared and correlated with RN
volume decrease, neurological improvement, and relapse.

Results: The extent of BBB leakage at baseline increased from the normal group and
non-RN group and to RN necrosis lesions, especially Ktrans (Kruskal–Wallis test,
P < 0.001). In the RN group, bevacizumab-induced Ktrans and ve decrease in radiation
necrosis lesions (both P < 0.001), while corticosteroid showed no obvious effect on BBB.
The treatment response rate of bevacizumab was significantly higher than that of
corticosteroid [30/34 (88.2%) vs. 10/22 (45.4%), P < 0.001]. Spearman analysis
showed baseline Ktrans, Kep, and vp positively correlated with RN volume decrease and
improvement of cognition and quality of life in bevacizumab treatment. After a 6-month
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follow-up for treatment response cases, the relapse rate of bevacizumab and
corticosteroid was 10/30 (33.3%) and 2/9 (22.2%), respectively, with no statistical
difference. Post-bevacizumab Ktrans level predicted relapse in 6 months with AUC
0.745 (P < 0.05, 95% CI 0.546–0.943, sensitivity = 0.800, specificity = 0.631).

Conclusions: Bevacizumab improved BBB leakage in RN necrosis. DCE parameters
may be useful to predict therapeutic effect and relapse after bevacizumab.
Keywords: blood–brain barrier permeability, bevacizumab, dynamic contrast-enhanced MR imaging, relapse,
radiation-induced brain necrosis
INTRODUCTION

Radiation-induced brain necrosis (RN) is a major adverse event
in patients after radiotherapy for head and neck tumor. Blood–
brain barrier (BBB) disruption is believed to be the major
pathological process during the initiation and development of
RN (1–3). Ionization results in vascular endothelial damage and
BBB permeability increase, which leads to cerebral edema (4, 5).
Meanwhile, local necrosis and hypoxia of brain parenchyma
induce activation of the hypoxia-induced factor (HIF) pathway
and upgrading of vascular endothelial growth factor (VEGF)
production (6). VEGF-modulated angiogenesis further
aggravates BBB leakage and edema development.

Bevacizumab and corticosteroid have been mainstream drug
therapies for RN, with anti-angiogenesis and anti-inflammation
effect, respectively, to reduce RN lesions. Corticosteroid with
general suppression on inflammation response reduces radiation
injury of neurons and endothelial cells and ameliorate
demyelination in white matter (7). Bevacizumab restrains
angiogenesis and normalizes the microcirculation around RN
foci by inhibition of VEGF binding with receptors (8–10).
Previous studies have mainly focused on the treatment effect of
bevacizumab and corticosteroid on volume decrease of RN
necrosis and edema on MRI and clinical improvement of
neurological symptoms (11–14). However, the importance of
BBB permeability in RN development and recovery was not
evaluated in these studies. One previous study has demonstrated
that based on the degree of RN volume decrease, bevacizumab
shows superiority to corticosteroid with higher treatment
response rate and lower relapse rate (12). The fundamental
reason for better outcome by bevacizumab is likely associated
with BBB leakage repair. Meanwhile, the relationships between
BBB permeability and RN volume change, alleviation of
neurological injury, and relapse after treatment course all
remain undetermined.

Dynamic contrast-enhanced MRI (DCE-MRI), a new non-
invasive imaging technique for measurement of tissue
microcirculation, has been widely utilized to detect
angiogenesis activity by obtaining sequential magnetic
resonance images before, during, and after the injection of
small molecular gadolinium contrast. DCE-MRI has been
affirmed as an imaging marker in tumor microvasculature
measurement, especially correlating with tumor detection,
prognostic analysis, and VEGF expression (15, 16). Recently,
2

DCE-MRI is also investigated in BBB permeability assessment of
various neurological diseases, such as ischemic stroke, cerebral
small vessel disease, and Alzheimer’s disease (17–20). Elevation
of DCE-MRI parameter level is associated with aggravation of
BBB leakage, which is considered to be an important
pathophysiological change of the brain (17, 19, 21). These all
prompt the potential application value of DCE-MRI in RN,
including the evaluation of degree of BBB leakage in RN
lesions and evaluation of BBB repair after treatment.

In this study, we aim to 1) quantify and compare the repair of
BBB breakdown of bevacizumab vs. corticosteroid treatment by
DCE-derived parameters, 2) explore the correlation between
BBB permeability with clinical improvement (including RN
volume decrease, improvement of cognition and quality of
life), and 3) explore the prediction efficacy of BBB permeability
for RN prognosis after bevacizumab treatment response.
METHODS AND MATERIALS

Study Design
This was a retrospective comparative study. The ethics
committee of our hospital approved this study and the
requirement for informed consent was waived.

Patient Selection and Eligibility Criteria
In our institution, 65 patients who underwent DCE-MRI on a
3.0-T clinical MRI system were enrolled as a retrospective DCE-
MRI group from September 2017 through December 2018.
Forty-one patients, diagnosed with radiation-induced brain
injury after radiotherapy for nasopharyngeal carcinoma, were
defined as the RN group. In the RN group, 28 patients received
bevacizumab (Avastin, Genentech, South San Francisco, CA,
USA, 5 mg/kg i.v. every 2 weeks for 4 cycles) and 13 patients
received corticosteroid (methylprednisolone 500 mg/day
intravenously for three consecutive days and then gradually
tapered, followed by 10 mg/day oral prednisone, for 1 month
in total). The inclusion criteria were as follows: 1) age >18 years
old, 2) radiographic evidence to support the diagnosis of RN in
temporal lobe without tumor recurrence or metastases (the
diagnosis of RN was defined as hyperintensity edema lesion on
T2-weighted imaging and enhanced lesion on post-gadolinium
imaging, especially “soap bubble” or “Swiss cheese”
enhancement), 3) patients who received standard routine
October 2021 | Volume 11 | Article 720417
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treatment of bevacizumab or corticosteroid for the first time,
4) patients with complete baseline and radiotherapy information,
5) patients who completed clinical score evaluation and DCE-
MRI examination before (within 3 days ahead of treatment start)
and after the treatment course (within 2 weeks after treatment
ending), and 6) routine laboratory studies including urinalysis,
complete blood count, liver function, renal function, and
coagulation test within a normal range.

The exclusion criteria were as follows: 1) evidence of tumor
recurrence or metastasis; 2) treatment routine was not fulfilled
due to refusal, loss to follow-up, or severe side effect; 3) evidence
of side effect during and after the treatment course including but
not limited to active hemorrhage, inadequately controlled
hypertension, peripheral neuropathy, and leukopenia for
bevacizumab and systemic infection, Cushing’s syndrome,
newly diagnosed gastric ulceration, and osteoporosis for
corticosteroid; 4) allergy to Gd contrast; and 5) incomplete
baseline information, radiotherapy information, and
clinical scores.

Twelve patients after nasopharyngeal carcinoma radiotherapy
with no RN (defined as the non-RN group) and 12 patients with
no radiotherapy history (defined as the normal group), who
underwent baseline MR imaging (including DCE-MRI), were
included as contrast at baseline after being matched for age and
sex proportion with the RN group.

DCE-MRI Acquisition and Image Analysis
Each RN patient received baseline cranial MR imaging 24–72 h
before treatment and follow-up MR imaging 2 weeks after
completion of treatment. All cranial MR imaging was
performed by the same team including neuroradiologists and
medical imaging technologists using the 3.0-T clinical MRI
system with a 12-channel head coil (Magnetom Avanto,
Siemens Healthcare, Erlangen, Germany). The MR imaging
parameters are listed in the Supplement.

One neuroradiologist (MC, with 5 years of experience in
neuroradiology), blinded to the group assignment, exported DCE
MRI images (DICOM files) from the Picture Archiving and
Communication System (PACS) and imported them into DCE
software [The Medical Imaging Interaction Toolkit, MITK, ITK
4.3.2, VTK 5.10.1, Qt 4.8.7, with Omni Kinetic toolbox (22)].
Extended Tofts linear model was chosen for pharmacokinetic
analysis (23–25). The arterial input function (AIF), which
described the contrast concentration in blood plasma over
time, was sampled from the internal carotid artery by
thresholding to determine the earliest contrast uptake (26).
Regions of interest (ROIs) of RN and non-RN patients on
DCE-MRI were targeted to 1) typical radiation-induced
necrosis and edema lesion of the temporal lobe, i.e., necrosis
and edema lesion, respectively, corresponded with RN-enhanced
lesion on T1-weighted contrast-enhanced imaging and white
matter hyperintensity lesion on T2-weighted FLAIR imaging
from structural MRI (12) and 2) relatively normal tissue of
temporal lobe on the same level of RN lesion. ROIs for
imaging of normal patients were targeted to bilateral white
matter of temporal lobe. Each ROI included a manual sketch
Frontiers in Oncology | www.frontiersin.org 3
on at least five transection slices, each with an area of 50 mm2

on average.
Pharmacokinetic parameters derived from DCE-MRI quantify

BBB permeability by contrast redistribution in blood plasma and
extravascular extracellular space (EES). According to the extended
Tofts linearmodel, four parameters, namely,Ktrans (volume transfer
constant, min−1), Kep (flux rate constant between EES and plasma,
min−1), ve (volume fraction of EES), and vp (volume fraction of
blood plasma), were calculated pixel-by-pixel in eachROI and then
averaged among five slices. The complete process of DCE-MRI
image is shown in Supplement Figure 1.

To calculate RN volume on structural MRI, coronary images
of T1-weighted contrast-enhanced images and T2-weighted
FLAIR images were extracted as DICOM files. One neurologist
(RX), blinded to the group assignment, processed the images
with ITK-SNAP software (version 3.8.0) for structure delineation
and semiautomatic segmentation. The volume of RN necrosis
and edema lesion was measured by pixels.

Scale Assessment
Patients in the RN and non-RN groups completed cognitive
assessment by Montreal Cognitive Assessment (MoCA, Chinese
version) (27), symptomatic assessment of radiation injury by the
Late Effects of Normal Tissue (LENT)/Subjective, Objective,
Management, Analytic (SOMA) scales (28), and assessment of
quality of life by the brief version of World Health Organization
Quality of Life Instrument/Short Version (WHOQOL-BREF)
scale (29) before and after the treatment course as standard of
care. The corresponding scales were performed by experienced
doctors specialized in neuropsychological evaluation at the
baseline and the end of the treatment course.

Statistical Analysis
The Shapiro–Wilk test was used to assess the normality of
continuous variables. Clinical characteristics of the normal,
non-RN, and RN groups were compared with c2 test for
categorical variables and Student’s t-test or Wilcoxon test for
continuous variables. DCE-MRI parameters were calculated with
log10 (parameter median) and were compared 1) among white
matter of the normal group, white matter of the non-RN group,
RN edema, and RN necrosis at baseline with Mann–Whitney U
test and 2) among RN edema and RN necrosis before and after
bevacizumab or corticosteroid treatment with paired Wilcoxon
test. Decreased percentage of RN volume on T2 FLAIR ≥25%
was defined as treatment response and <25% as non-response
(12, 14). The increased percentage of RN volume on T2 FLAIR
≥10% compared with the last MRI after treatment reaction was
defined as relapse and <10% as non-relapse (12). The treatment
response rate equaled to the number of RN foci with treatment
response/total number of RN foci. The relapse rate equaled to the
number of RN foci with relapse/number of RN foci with
treatment response. Subgroup analysis was made among
treatment reaction/non-reaction subgroup from the RN group
and relapse/non-relapse subgroup after bevacizumab. Receiver
operating characteristic (ROC) analysis was performed to assess
the prediction efficacy of relapse by DCE parameters, with the
October 2021 | Volume 11 | Article 720417
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area under the ROC curve (AUC) and Youden index for optimal
cutoff value. Correlation analysis between baseline DCE
parameters, RN volume change, and scale score improvement
was conducted. Statistical analysis and visualization were
performed with R software (version 3.6.0), and ROC analysis
was performed with pROC package (30). P-value <0.05 was
considered to indicate statistical significance.
RESULTS

Baseline Characteristics of Patients in the
RN, Non-RN, and Normal Groups
Table 1 summarizes the baseline information of patients in the
RN, non-RN, and normal groups. Variables among the three
Frontiers in Oncology | www.frontiersin.org 4
groups showed no significant difference except for gender
proportion. Supplement Table 1 summarizes the baseline
characteristics of patients treated with bevacizumab and
corticosteroid within the RN group. Most of the variables
showed balance at baseline, while distribution of primary
tumor stage, radiotherapy dose of neck, and the interval
between diagnosis of RN and the first in-hospital treatment in
our institution (IBT) between two treatments showed
statistical difference.

Comparison of DCE Parameters Among
the RN, Non-RN, and Normal Groups
An obvious difference of DCE parameters among the normal
group, non-RN group, and RN group was found in this study.
In Figure 1A, four DCE-derived parameters all showed
TABLE 1 | Baseline comparison of the RN, non-RN, and normal groups.

RN Non-RN Normal P-value

Total 41 12 12
Gender
Male 34 (82.9) 9 (75.0) 5 (41.7) 0.017
Female 7 (17.1) 3 (25.0) 7 (58.3)
Age 47.9 (9.5) 55.3 (11.3) 52.0 (14.6) 0.096
Smoking history
Without 34 (82.9) 11 (91.7) 12 (100.0) 0.256
With 7 (17.1) 1 (8.3) 0 (0.0)
MoCA 24.0 (21.0, 26.0) 20.5 (16.0, 25.2) – 0.124
LENT/SOMA 8.0 (6.0, 12.0) 11.5 (6.8, 22.8) – 0.277
WHOQOL 88.8 (13.8) 90.9 (11.1) – 0.626
T –

1 1 (2.4) 0 (0.0) 0.905
2 3 (7.3) 1 (8.3)
3 17 (41.5) 6 (50.0)
4 20 (48.8) 5 (41.7)
N –

0 7 (17.1) 1 (8.3) 0.481
1 18 (43.9) 8 (66.7)
2 13 (31.7) 3 (25.0)
3 3 (7.3) 0 (0.0)
Stage –

1 1 (2.4) 0 (0.0) 0.517
2 15 (36.6) 2 (16.7)
3 16 (39.0) 7 (58.3)
4 9 (22.0) 3 (25.0)
Radiotherapy methods –

Conventional 11 (26.8) 3 (25.0) 1.000
IMRT 30 (73.2) 9 (75.0)
Dmax of the temporal lobe (Gy) 70.0 (68.0, 70.0) 70.0 (68.0, 70.0) – 0.769
Total dose of the neck (Gy) 60.0 (54.0, 66.0) 57.0 (50.0, 64.5) – 0.643
Chemotherapy –

Without 13 (31.7) 2 (16.7) 0.514
With 28 (68.3) 10 (83.3)
Secondary radiotherapy –

Without 34 (82.9) 9 (75.0) 0.843
With 7 (17.1) 3 (25.0)
Radiation injury of CN –

Without 28 (68.3) 4 (33.3) 0.065
With 13 (31.7) 8 (66.7)
Octo
ber 2021 | Volume 11 | Article
Data are presented as mean (SD), median (IQR), or N (%).
MoCA, Montreal Cognitive Assessment; LENT/SOMA, the Late Effects of Normal Tissue (LENT)/Subjective, Objective, Management, Analytic (SOMA); WHOQOL, the World Health
Organization Quality of Life Instrument/Short Version (WHOQOL-BREF); Dmax of the temporal lobe, the maximum radiation dose of the temporal lobe; IMRT, intensity-modulated radiation
therapy; IRB, the interval between radiotherapy and brain necrosis; Radiation injury of CN, cranial nerve injury due to radiation.
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significant difference between white matter of the normal group,
white matter of the non-RN group, and RN necrosis lesions,
especially in Ktrans (Kruskal–Wallis test, P < 0.001, non-RN vs.
normal, P < 0.05 and RN necrosis vs. non-RN, P < 0.001,
Figure 1A), representing increasing BBB leakage from the
Frontiers in Oncology | www.frontiersin.org 5
normal group to the non-RN group and to RN necrosis.
Compared with the non-RN and normal groups, edema lesions
showed relatively low levels of parameters in Kep, ve, and vp,
especially in ve (RN edema vs. non-RN, P < 0.05 and RN edema
vs. normal, P < 0.01, respectively, Figure 1A).
A

CB

FIGURE 1 | (A) Comparison of dynamic contrast-enhanced (DCE)-derived parameters between the normal, non-RN, and normal groups. (B, C) Comparison of
DCE-derived parameters among radiation-induced brain necrosis (RN) necrosis, edema lesions, and relatively normal white matter before bevacizumab and
corticosteroid in the radiation injury group. The P-values marked below indicate the results of the Mann–Whitney U test. *P value < 0.05, **P value < 0.01, ***P value
< 0.001, ****P value < 0.0001.
October 2021 | Volume 11 | Article 720417
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Comparison of DCE Parameters Before
and After Bevacizumab or Corticosteroid
for BBB Repair Effect
We compared the baseline level of DCE-derived parameters of
bevacizumab and corticosteroid treatment in the RN group. In
Figures 1B, C, Ktrans, Kep, ve, and vp in RN necrosis lesion were
significantly higher than those of RN edema lesions and
relatively normal region (Kruskal–Wallis test, all P < 0.01,
Ktrans both P < 0.001, Kep P < 0.001 and P < 0.01, ve both
P < 0.001, vp both P < 0.01, Figures 1B, C), indicating that BBB
damage of RN necrosis was the most prominent in the whole
radiation lesion. Parameters of RN edema lesions were lower
than the relatively normal region with no statistical difference
except for vp in the bevacizumab treatment group (vp
P < 0.01, Figure 1B).

Then, we studied the alteration of DCE parameter level before
and after bevacizumab or corticosteroid treatment and compared
the treatment reaction rate. In Figures 2A, B, for RN necrosis
lesions, Ktrans and ve levels decreased significantly after
bevacizumab treatment (Wilcoxon test, Ktrans −1.265 vs. −1.835,
P < 0.001 and ve −0.466 vs. −1.173, P < 0.001, Figures 2A, B), and
no significant change was observed for corticosteroid treatment. In
Figures 2C, D, for RN edema lesions, Kep increased after
bevacizumab and vp decreased after corticosteroid (Wilcoxon
test, Kep −2.283 vs. −1.777, P < 0.01 and vp −2.545 vs. −2.855,
P < 0.05, Figures 2C, D). Pseudo-color map of typical DCE-
derived parameter change before and after bevacizumab is listed in
Figure 3. After bevacizumab treatment, signal intensity of Ktrans

and ve distinctly attenuated along with decrease of RN volume on
the pseudo-color map, which indicated that bevacizumab could
alleviate BBB leakage and reduce angiogenesis.

Correlation Analysis Between DCE
Parameters and Clinical Improvement
We found a significant difference in the treatment response rate
in the two treatments [bevacizumab 30/34 (88.2%) vs.
corticosteroid 10/22 (45.4%), Fisher’s exact test, P < 0.001,
Figure 2E]. Considering the alteration of DCE parameters and
treatment response rate together, we assumed that bevacizumab
showed therapeutic superiority to corticosteroid in that
bevacizumab prominently repaired BBB leakage in RN lesions.

We further compared Ktrans and ve levels of RN necrosis in the
treatment response and non-response subgroups of bevacizumab
and corticosteroid. In treatment response cases,Ktrans and ve levels of
post-bevacizumab subgroup decreased significantly compared with
pre-bevacizumab (paired Wilcoxon test, Ktrans −1.835 vs. −1.271,
P < 0.001 and ve −1.187 vs. −0.506, P < 0.001, Supplement
Figures 2A, B) and post-corticosteroid subgroups (unpaired
Wilcoxon test, Ktrans −1.835 vs. −1.534, P = 0.019 and ve −1.187
vs. −0.575, P < 0.01, Supplement Figures 2A, B). In non-response
cases, Ktrans and ve levels of post-bevacizumab subgroup decreased
compared with pre-bevacizumab, but with no statistical difference;
no significant difference was found among the pre-/post-
corticosteroid subgroups.

We also studied the relationship between baseline DCE
parameter and the clinical improvement measured by RN
Frontiers in Oncology | www.frontiersin.org 6
volume and scale scores. Spearman correlation coefficient
results are shown in Figure 4. Kep of RN edema, Dmax of the
temporal lobe, and total dose of the neck positively correlated
with volume decrease of RN edema lesions (Spearman coefficient
0.409, 0.433, 0.596, P < 0.05, Figures 4A–C) and RN necrosis
lesions (Spearman coefficient 0.670, 0.521, 0.520, P < 0.01,
Figures 4D–F). Ktrans of RN edema and Kep of RN necrosis
positively correlated with improvement of MoCA (Spearman
coefficient 0.486 and 0.424, P < 0.05, Figures 4G, H). Vp of RN
necrosis positively correlated with improvement of WHOQOL
(Spearman coefficient 0.436, P < 0.05, Figure 4I).

Predictive Efficacy of DCE Parameters for
RN Relapse After Bevacizumab
Treatment Response
We followed up the treatment response cases in bevacizumab
and corticosteroid treatment for 6 months for comparison of
relapse rate, and we found that post-bevacizumab Ktrans level of
RN necrosis predicted RN relapse in a 6-month follow-up.
Among treatment response cases, 10 of 30 (33.3%) RN foci
showed relapse after bevacizumab, while 2 of 9 RN foci (22.2%,
with one case lost to follow-up) showed relapse after
corticosteroid. Relapse rates between two treatments showed
no statistical difference (Fisher’s exact test, P > 0.05). We
compared post-bevacizumab DCE parameter levels of RN
necrosis between the relapse group and the non-relapse group
and noticed that Ktrans acts as a prediction for relapse. In
Figure 5, post-bevacizumab Ktrans level showed a significant
difference between the non-relapse and relapse groups
(Wilcoxon test, Ktrans −2.487 vs. −1.715, P = 0.034, Figure 5A).
ROC analysis of post-bevacizumab Ktrans level showed that AUC
was 0.745 (P < 0.05, 95% CI 0.546–0.943, sensitivity = 0.800,
specificity = 0.631), indicating a favorable predictive efficacy. The
cutoff value of log10K

trans was −2.01, i.e., the cutoff value of Ktrans

was 9.77 × 10−3 (Figure 5B). Thus, Ktrans of RN necrosis
<9.77 × 10−3 in patients with effective response after
bevacizumab treatment would indicate less likely relapse
in 6 months.
DISCUSSION

Here, we compared the repair effect of bevacizumab and
corticosteroid on BBB damage in RN by DCE-MRI evaluation
and explored the correlation between BBB permeability and
clinical improvement and prognosis after bevacizumab
treatment. We found that RN necrosis lesions had the most
severe BBB leakage (typically, the Ktrans parameter) compared
with RN edema lesions and relatively normal region.
Bevacizumab induced decrease of Ktrans and ve level, thus
relieving BBB leakage in RN necrosis lesions. Meanwhile,
bevacizumab decreased the RN volume with high treatment
response rate. On the contrary, corticosteroid showed no
obvious repairment on BBB and reduced RN volume to a
limited extent. When two treatment strategies both reached the
reactive level, bevacizumab showed superiority to corticosteroid
October 2021 | Volume 11 | Article 720417

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


Xue et al. BBB Repair Predicts Clinical Outcome
with BBB leakage repair on RN necrosis. Baseline Ktrans and Kep

positively correlated with RN volume decrease and cognition
improvement in patients treated with bevacizumab. Thus, a high
level of baseline Ktrans and Kep in bevacizumab treatment might
indicate relatively better clinical improvement in RN volume
Frontiers in Oncology | www.frontiersin.org 7
decrease, cognition, and quality of life. In addition, post-
bevacizumab Ktrans level of RN necrosis would act as an
imaging predictor for RN relapse in 6 months.

Our study elucidated that RN necrosis lesions, i.e., enhanced
lesions on T1-weighted contrast imaging, undertook the most
A

C

E

B

D

FIGURE 2 | (A–D) Comparison of DCE-derived parameters of RN before and after bevacizumab (A, C) or corticosteroid (B, D) treatment. (E) Treatment response
cases in two treatment groups. The straight dash line indicates treatment response. *P value < 0.05, **P value < 0.01, ***P value < 0.001, ****P value < 0.0001.
October 2021 | Volume 11 | Article 720417
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obvious BBB leakage with a high level of Ktrans and ve, which was
the target of bevacizumab for BBB repair. Based on pathological
study, RN necrosis lesions contain local micronecrosis foci
(necrosis of neuron, glia, endothelial cells, etc.) with activated
astrocytes and microglia around (2, 3, 10). Activated astrocytes
strongly express VEGF-A and induce angiogenesis, which causes
progressive increase of BBB permeability. Thus, RN necrosis
with severe BBB leakage manifests as enhancement on structural
T1-weighted contrast-enhanced and DCE-MRI imaging. In our
study, bevacizumab targeted to block the VEGF-A secreted by
activated astrocytes around micronecrosis foci and manifested as
repair of BBB leakage, which turned out to lower down DCE
parameters in the whole RN necrosis lesion (31, 32).
Corticosteroid mainly acted as an anti-inflammation agent
with no direct effect on VEGF-A and angiogenesis, so it was
reasonable that no obvious alteration of DCE parameters was
observed after corticosteroid treatment. RN edema lesions, on
the contrary, were vasogenic edema after BBB leakage in RN
necrosis and neuroinflammation (10). No obvious BBB leakage
occurred in edema lesions per se, so no difference of DCE
parameters between RN edema and relatively normal white
matter could be interpretable. RN edema lesions could not be
directly eliminated by bevacizumab or corticosteroid, and BBB
permeability of edema lesions was not altered. So, no transparent
alteration of BBB parameters was observed in RN edema lesions
after bevacizumab and corticosteroid treatment.

In our study, Ktrans and ve quantified the repair effect of
bevacizumab. Ktrans is defined as the number of contrast particles
that are distributed to the interstitium per unit of time, tissue
volume, and arterial plasma concentration (25, 33). In RN, when
BBB progressively losses integrity and angiogenesis aggravates,
blood components extravasate through dysfunctional endothelial
Frontiers in Oncology | www.frontiersin.org 8
cells into EES, thus carrying more Gd contrast into EES and
increasing Ktrans. ve indicates the interstitial space for contrast
extravasation, i.e., the leakage space. Both Ktrans and ve are
generally interpreted as microcirculation permeability in
previous research studies (34, 35). In our study, descending of
Ktrans and ve in bevacizumab treatment, especially in
bevacizumab response cases, was interpreted as improvement
of BBB leakage and reduction of RN-induced angiogenesis by
bevacizumab treatment.

High relapse rate has been observed in a previous study of RN
drug treatment. About 29.1% patients with bevacizumab
treatment response showed RN recurrence on MRI in a 6-
monthsfollow-up in previous studies; however, no biomarker
has been found as an indicator of relapse risk (12).This problem
restrained the effectiveness and utility of bevacizumab in clinical
practice. Our study for the first time found a useful indicator in
terms of BBB permeability; that is, post-bevacizumab Ktrans level
of RN necrosis could differentiate the relapse group from the
non-relapse group. ROC analysis showed good performance of
post-treatment Ktrans for RN relapse prediction and the
sensitivity and specificity reached 0.800 and 0.631, respectively.
If post-bevacizumab Ktrans in RN necrosis is reduced below the
cutoff value, RN relapse will be less likely to occur in 6 months.
This further emphasized the importance of BBB permeability in
both the evaluation of therapeutic effect and the prediction of
relapse in RN treatment.

There are several limitations in this study. First, limitations
in DCE-MRI technology may affect the results in our study. On
one hand, the DCE-MRI pharmacokinetic model is utilized on
the basis of distribution of Gd contrast concentration in
circulation. Thus, hemodynamic factors, such as cardiac
output, blood pressure, and velocity of blood flow, will
FIGURE 3 | Pseudo-color map of DCE-derived parameters of one patient before and after bevacizumab treatment. After bevacizumab, a decrease of RN
enhancement and a decrease of Ktrans and ve level were observed.
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influence the calculation of DCE-MRI parameters. This can be
corrected by consistent choice of blood vessel for AIF and
measurement of hemodynamic features by transcranial
Doppler ultrasound. On the other hand, no gold standard or
widely accepted manipulation for DCE-MRI has been
proposed, so radiological parameters can exert impact on the
Frontiers in Oncology | www.frontiersin.org 9
temporal and spatial resolution in DCE-MRI (36). Second,
selection biases may exist in our study due to the
retrospective nature, thus incurring imbalance factors in
different groups. Although bevacizumab has been proved to
be superior than corticosteroids by decreasing the necrosis
volume significantly (12), corticosteroid, as a traditional and
A B C

D E F

G H I

FIGURE 4 | Spearman correlation analysis of baseline DCE parameters of bevacizumab treatment with volume decrease of RN edema (A–C), RN necrosis
(D–F), and symptomatic improvement scaled by clinical scores (G–I). Dmax of the temporal lobe, the maximum radiation dose of the temporal lobe; MoCA, Montreal
Cognitive Assessment; LENT/SOMA, the Late Effects of Normal Tissue (LENT)/Subjective, Objective, Management, Analytic (SOMA); WHOQOL, the World Health
Organization Quality of Life Instrument/Short Version (WHOQOL-BREF).
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commonly accepted therapy, is still placed as the first choice in
RN patients with high hemorrhagic tendency, history of
thrombosis, RN relapse, and intolerance of other treatments.
Such situation will, to some extent, influence the patient
selection in our study. Third, as a clinical observational study,
we did not further confirm the therapeutic effect of
bevacizumab and the causality between BBB repair and
symptomatic improvement on biological specimens or animal
models. Fourth, the relatively small sample size may affect the
generality of conclusions in this study. A study on BBB
permeability of RN with a large population cohort will be
necessary in the future.
CONCLUSIONS

Bevacizumab alleviated BBB leakage and decreased the RN
volume with high treatment response rate compared with
corticosteroid. DCE-derived parameters, especially Ktrans, can
be used as useful imaging indicators to evaluate BBB
permeability, reflect clinical improvement, and predict lesion
relapse in bevacizumab treatment. Therefore, the therapeutic
significance of bevacizumab for RN should be more emphasized.
Adding DCE sequence into standard cranial MRI examination of
RN will facilitate assessment of BBB leakage and treatment
Frontiers in Oncology | www.frontiersin.org 10
response of bevacizumab. Moreover, post-bevacizumab DCE-
MRI results hint a duration of effectiveness of bevacizumab and
predict a 6-month relapse risk, thus boosting precise treatment
in RN.

Recently, DCE-MRI has been proved useful in the study of
glymphatic efflux and cognition in neurodegenerative diseases
(37, 38). Therefore, a prospective study with a large population
on BBB permeability of RN as well as glymphatic function will be
necessary in the future, in order to unravel the alteration of waste
elimination through glymphatics and cognition after radiation
injury of the brain.
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27. Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, Whitehead V, Collin
I, et al. The Montreal Cognitive Assessment, MoCA: A Brief Screening Tool
October 2021 | Volume 11 | Article 720417

https://www.frontiersin.org/articles/10.3389/fonc.2021.720417/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.720417/full#supplementary-material
https://doi.org/10.1016/j.ijrobp.2013.05.015
https://doi.org/10.1007/s11912-019-0818-y
https://doi.org/10.1007/s11912-019-0818-y
https://doi.org/10.3390/ijms161126068
https://doi.org/10.1667/RR3117
https://doi.org/10.1016/j.ijrobp.2006.06.043
https://doi.org/10.1016/j.ijrobp.2006.06.043
https://doi.org/10.1097/00005072-199906000-00006
https://doi.org/10.2176/nmc.ra.2014-0188
https://doi.org/10.1038/nrd.2015.17
https://doi.org/10.1038/nrd.2015.17
https://doi.org/10.1158/1078-0432.CCR-13-1941
https://doi.org/10.1186/s12943-019-0950-1
https://doi.org/10.1093/neuonc/not085
https://doi.org/10.1016/j.ijrobp.2018.04.068
https://doi.org/10.1016/j.ijrobp.2017.11.023
https://doi.org/10.1016/j.ijrobp.2017.11.023
https://doi.org/10.1016/j.ijrobp.2009.12.061
https://doi.org/10.1200/JCO.2003.08.092
https://doi.org/10.1038/nrclinonc.2012.2
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.1007/s00401-016-1570-0
https://doi.org/10.1016/j.jalz.2019.01.013
https://doi.org/10.1038/s41586-020-2247-3
https://doi.org/10.1186/s12916-016-0725-0
https://doi.org/10.1259/bjro.20180023
https://doi.org/10.1002/jmri.20699
https://doi.org/10.1002/jmri.1880070113
https://doi.org/10.1002/(SICI)1522-2586(199909)10:3%3C223::AID-JMRI2%3E3.0.CO;2-S
https://doi.org/10.1158/1078-0432.Ccr-08-1420
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xue et al. BBB Repair Predicts Clinical Outcome
for Mild Cognitive Impairment. J Am Geriatrics Soc (2005) 53(4):695–9. doi:
10.1111/j.1532-5415.2005.53221.x

28. Routledge JA, Burns MP, Swindell R, Khoo VS, West CML, Davidson SE.
Evaluation of the LENT-SOMA Scales for the Prospective Assessment of
Treatment Morbidity in Cervical Carcinoma. Int J Radiat Oncol Biol Phys
(2003) 56(2):502–10. doi: 10.1016/S0360-3016(02)04578-9

29. Development of the World Health Organization WHOQOL-BREF Quality of
Life Assessment. The WHOQOL Group. Psychol Med (1998) 28(3):551–8.
doi: 10.1017/s0033291798006667

30. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez J-C, et al. pROC:
An Open-Source Package for R and S+ to Analyze and Compare ROC Curves.
BMC Bioinf (2011) 12:77. doi: 10.1186/1471-2105-12-77

31. Garcia J, Hurwitz HI, Sandler AB, Miles D, Coleman RL, Deurloo R, et al.
Bevacizumab (Avastin®) in Cancer Treatment: A Review of 15 Years of
Clinical Experience and Future Outlook. Cancer Treat Rev (2020) 86:102017.
doi: 10.1016/j.ctrv.2020.102017

32. Grothey A, Galanis E. Targeting Angiogenesis: Progress With Anti-VEGF
Treatment With Large Molecules. Nat Rev Clin Oncol (2009) 6(9):507–18.
doi: 10.1038/nrclinonc.2009.110

33. Sourbron SP, Buckley DL. Classic Models for Dynamic Contrast-Enhanced
MRI. NMR BioMed (2013) 26(8):1004–27. doi: 10.1002/nbm.2940

34. Fu F, Sun X, Li Y, Liu Y, Shan Y, Ji N, et al. Dynamic Contrast-Enhanced
Magnetic Resonance Imaging Biomarkers Predict Chemotherapeutic
Responses and Survival in Primary Central-Nervous-System Lymphoma.
Eur Radiol (2021) 31(4):1863–71. doi: 10.1007/s00330-020-07296-5

35. Tofts PS, Kermode AG. Measurement of the Blood-Brain Barrier Permeability
and Leakage Space Using Dynamic MR Imaging. 1. Fundamental Concepts.
Magn Reson Med (1991) 17(2):357–67. doi: 10.1002/mrm.1910170208
Frontiers in Oncology | www.frontiersin.org 12
36. Rosen MA, Schnall MD. Dynamic Contrast-Enhanced Magnetic Resonance
Imaging for Assessing Tumor Vascularity and Vascular Effects of Targeted
Therapies in Renal Cell Carcinoma. Clin Cancer Res Off J Am Assoc Cancer Res
(2007) 13(2 Pt 2):770s–6s. doi: 10.1158/1078-0432.CCR-06-1921

37. Ding XB, Wang XX, Xia DH, Liu H, Tian HY, Fu Y, et al. Impaired Meningeal
Lymphatic Drainage in Patients With Idiopathic Parkinson’s Disease. Nat
Med (2021) 27(3):411–8. doi: 10.1038/s41591-020-01198-1

38. Wang X, Tian H, Liu H, Liang D, Qin C, Zhu Q, et al. Impaired Meningeal
Lymphatic Flow in NMOSD Patients With Acute Attack. Front Immunol
(2021) 12:692051. doi: 10.3389/fimmu.2021.692051

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Xue, Chen, Cai, Deng, Pan, Liu, Li, Rong, Li, Xu, Shen and Tang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
October 2021 | Volume 11 | Article 720417

https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1016/S0360-3016(02)04578-9
https://doi.org/10.1017/s0033291798006667
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1016/j.ctrv.2020.102017
https://doi.org/10.1038/nrclinonc.2009.110
https://doi.org/10.1002/nbm.2940
https://doi.org/10.1007/s00330-020-07296-5
https://doi.org/10.1002/mrm.1910170208
https://doi.org/10.1158/1078-0432.CCR-06-1921
https://doi.org/10.1038/s41591-020-01198-1
https://doi.org/10.3389/fimmu.2021.692051
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Blood–Brain Barrier Repair of Bevacizumab and Corticosteroid as Prediction of Clinical Improvement and Relapse Risk in Radiation-Induced Brain Necrosis: A Retrospective Observational Study
	Introduction
	Methods and Materials
	Study Design
	Patient Selection and Eligibility Criteria
	DCE-MRI Acquisition and Image Analysis
	Scale Assessment
	Statistical Analysis

	Results
	Baseline Characteristics of Patients in the RN, Non-RN, and Normal Groups
	Comparison of DCE Parameters Among the RN, Non-RN, and Normal Groups
	Comparison of DCE Parameters Before and After Bevacizumab or Corticosteroid for BBB Repair Effect
	Correlation Analysis Between DCE Parameters and Clinical Improvement
	Predictive Efficacy of DCE Parameters for RN Relapse After Bevacizumab Treatment Response

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


