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a b s t r a c t

Among the primary brain tumors, gliomas are the most commonly found. In the United States, these
tumors account for approximately 78% of the new cases of primary malignant brain and central nervous
system (CNS) tumors diagnosed annually. Glioblastoma multiforme (GBM) is the most common and
aggressive type of glioma, with the poorest survival duration. Although surgical techniques, radiotherapy
and chemotherapy have improved, the prognoses of patients with glioblastomas are still poor (~1 year),
which is largely because of the spread of tumor cells to other regions of the brain. Intravenous admin-
istration of chemotherapy drugs is the standard procedure for treat these spreaded cells, but the
treatment effect is limited because of the adverse side effect and the delivery blockage from the blood
ebrain barrier (BBB). Thus, developing an effective treatment system to conquer this blockage will be
beneficial for those who suffer from malignant brain tumor.

Focused ultrasound (FUS) sonication in the presence of microbubbles (MB) may be able to promote the
effectiveness of drug delivery, and help to overcome the blockage. The oscillation and destruction of
microbubbles as well as microstreaming and radiation forces are the key factors capable of creating the
transient rupture of the vascular barriers and subsequent increase in the tumor's vascular permeability.

The success of FUS BBB disruption in delivering a variety of therapeutic molecules into brain tumors
has recently been demonstrated in an animal model. In this paper the authors review a number of critical
studies that have demonstrated successful outcomes, including enhancement of the delivery of tradi-
tional clinically used chemotherapeutic agents or application of novel nanocarrier designs for actively
transporting drugs, or extending drug half-lives to significantly improve treatment efficacy in preclinical
animal models.
Copyright © 2016, The Chinese Oncology Society. Production and hosting by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Gliomas are the most common of the primary brain tumors; in
the United States, they account for approximately 78% of the new
cases of primary malignant brain and central nervous system (CNS)
tumors diagnosed annually. Glioblastoma multiforme (GBM) is the
most common and aggressive glioma, with the poorest survival. It
is a highly malignant brain tumor, typically affecting adults be-
tween 45 and 60 years of age. Although surgical techniques,
radiotherapy and chemotherapy have improved, the prognoses of

patients with glioblastomas are still poor, largely because of the
spread of tumor cells to other regions of the brain.

The chemotherapeutic agent 1,3-bis- (2-chloroethyl)- 1-
nitrosourea (BCNU, also known as carmustine) and Temozolo-
mide (TMZ), have become commercially available to be used in the
treatment of malignant brain tumors. Although it improves patient
survival, its efficiency is limited by side effects such as myelosup-
pression, hepatic toxicity, and pulmonary fibrosis, which increases
the difficulty of clinical treatment. The effect is limited because of
adverse side effect and delivery blockage from the bloodebrain
barrier (BBB). The BBB is composed of endothelial cell tight junc-
tions (zonulae occludens), basal lamina and glial processes. In
addition, endothelial cells of cerebral vessels are devoid of fenes-
trations and transendothelial channels, and have a paucity of
pinocytotic vessels. Thus, the BBB plays a protective role in the
central nervous system (CNS), restricting the movement of many
substances into the brain. Thus, developing a new brain tumor
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therapeutic system precisely targeting the tumor cells is urgently
needed.

Focused ultrasound (FUS) sonication in the presence of micro-
bubbles (MB) can disrupt the BBB, increasing its permeability.1 This
type of disruption is transient and reversible, and does not damage
neural cells. The oscillation and destruction of microbubbles as well
as microstreaming and radiation forces are the key factors possible
to create the transient rupture of vascular barriers and subsequent
increase in the tumor's vascular permeability. This method could
provide a means for targeted delivery of therapeutic or diagnostic
agents to the brain.

2. Focused ultrasound with chemotherapeutic agent

2.1. BCNU

In our hypothesis, transcranial focused ultrasound in the pres-
ence of microbubbles disrupted the BBB and then enhanced drug
delivery. Therefore, we implanted the cultured glioma cells in rat
brain as the tumor model. BCNU (13.5 mg/kg) was administered
intravenously. MR imaging was used to evaluate the effect of
treatments, including analysis of tumor progression and animal
survival, and brain tissues were histologically examined.1,2

The concentration of BCNU through the BBB was enhanced both
in normal brains (by 340%) and tumor-implanted brains (by 202%)
without intracranial hemorrhage (Fig. 1). In addition, treatment of
tumor-implanted rats with focused ultra-sound alone had no
beneficial effect on tumor progression.

Administration of BCNU only transiently controlled tumor pro-
gression. Nevertheless, relative to untreated controls, the duration
of animal survival was improved by treatment with BCNU alone
(increase in median survival time, 15.7%, P ¼ .023). Treatment with
focused ultrasound before BCNU administration controlled tumor
progression and improved animal survival relative to untreated
controls (increase in median survival time, 85.9%, P¼ .0015).1 These
results revealed disruption of the BBB by using focused ultrasound,
which significantly enhances the penetration of BCNU through the
barrier. Furthermore, treatment of tumor-implanted rats with
focused ultrasound before administration of BCNU both controlled
tumor progression and improved animal survival.1,2

2.2. Temozolomide (TMZ)

Temozolomide (TMZ) is the most important chemotherapy
agent administered to control glioma progression. It is an alkylating
agent of the imidazotetrazine series that possesses strong anti-
neoplastic activity against high-grade glioma.3,4 TMZ is an oral

Fig. 1. Treatment effect of FUS-enhanced BCNU in brain tumor bearing rats. Group 1: control group; group 2: rats treated with ultrasound only; group 3: rats treated with BCNU
only; group 4: rats treated with BCNU enhanced by FUS.
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