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G L I O M A

Blood-brain barrier opening with 
neuronavigation-guided focused ultrasound in 
pediatric patients with diffuse midline glioma
Cheng-Chia Wu1,2*†, Luca Szalontay3‡, Antonios N. Pouliopoulos4§, Sua Bae4¶, Xander Berg1, 
Hong-Jian Wei1#, Andrea Webster Carrion3,5, Danae Kokossis1,6, Chankrit Sethi3, Jessica Fino3, 
Halina Shatravka3, Jennifer Lipina3#, Robin Ji4, Keyu Liu4, Omid Yousefian4, Matthew Gallitto1, 
Nina Yoh7, Zachary Englander7, Nicholas McQuillan1, Masih Tazhibi1,  
Genesis De Los Santos1, Peter Canoll8, Zhezhen Jin9, James Garvin3, Robyn D. Gartrell3,10,  
Jovana Pavisic3**, Alexis Maddocks11, Angela Lignelli11, Neil Feldstein7,  
Elisa E. Konofagou4,11,12*, Stergios Zacharoulis3*

Focused ultrasound (FUS)–mediated blood-brain barrier (BBB) opening with microbubbles is an emerging technol-
ogy that enables drug delivery for central nervous system diseases. To date, most clinical trials assessing BBB open-
ing in adults were designed to deliver US with a frequency of one treatment over several weeks. Little is known about 
the feasibility of shorter intervals of US delivery or whether this can be achieved in a pediatric population using a 
mobile device. Here, FUS and panobinostat were shown to have additive therapeutic effects in a syngeneic ortho-
topic model of diffuse midline glioma (DMG). We then conducted a single-arm first-in-pediatric trial to investigate 
the safety and feasibility of delivering neuronavigation-guided FUS treatment in combination with oral panobino-
stat in children with relapsed DMGs. We included an intrapatient escalation of FUS delivery to assess the feasibility of 
opening multiple sites in the brain. We demonstrated successful BBB opening using neuronavigation-guided FUS as 
frequently as every 2 days. Magnetic resonance imaging with contrast was used to identify the region of BBB open-
ing. Three patients were accrued; 22 FUS procedures were delivered for 1 NOTS (number of tumor sites) treated, and 
four FUS procedures were delivered for 2 NOTS. All three patients received 1 NOTS, without serious adverse events, 
and two of the patients received 2 NOTS, all without sedation. For 2 NOTS, prolonged BBB opening and one grade 5 
event, unlikely related to FUS, were observed. This study demonstrates feasibility of FUS for BBB opening and drug 
delivery without sedation in pediatric patients.

INTRODUCTION
Diffuse intrinsic pontine glioma (DIPG)—a class of tumors more re-
cently reclassified under diffuse midline glioma (DMG) with histone 
H3 lysine-27–to–methionine (H3K27M) mutation—represents a uni-
versally fatal pediatric brain tumor. These tumors arise in midline 
structures of the brain, most commonly the brainstem, followed by 
the thalamus and spinal cord. Despite identification of the disease-
defining genetic alteration in H3K27M, this knowledge has not re-
sulted in improved treatments (1). Apart from the use of radiotherapy 
(RT) for temporary disease control, no effective systemic treatment 

exists, and prognosis is dismal with a median overall survival (OS) of 
1 year (1–3). Surgical intervention is limited given the functional im-
portance of the brainstem and the substantial morbidity and mortality 
associated with its damage. Unlike other high-grade gliomas, DMGs 
in the brainstem are largely diffuse with microscopic extension into 
regions of the brain where the blood-brain barrier (BBB) remains rela-
tively intact. This is evidenced by the lack of enhancement on postcon-
trast T1-weighted magnetic resonance imaging (MRI) with tumors 
typically visualized on T2-weighted and fluid-attenuated inversion 
recovery (FLAIR) sequences. This protected location presents many 
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treatment challenges for DMGs, including limited bioavailability of 
systemic therapies (2).

The BBB is the brain’s natural protective barrier that prevents tox-
ins and infectious agents from reaching the brain parenchyma (4–6). 
It acts as a permeability membrane limiting penetrance of molecules 
larger than 400 Da to the brain parenchyma and therefore creates a 
barrier for central nervous system (CNS)–based treatments (7). In 
the setting of DMG, the BBB remains relatively intact with some de-
gree of heterogeneity (such as between the pons and thalamus). Po-
tential hypotheses that explain the BBB impermeability for DMG are 
supported by the low density of capillaries along with membrane 
expression of functional ATP-binding cassette (ABC) transporter 
proteins (8, 9). This hinders effective chemotherapeutic and biologi-
cal agents from reaching the tumor and may contribute to why there 
are no effective systemic treatments for DMG to date. Focused ultra-
sound (FUS) offers a safe and noninvasive method of localized BBB 
opening (BBBO) for drug delivery. Combined with the use of micro-
bubbles (an ultrasound contrast agent), FUS delivery of nonionizing 
acoustic radiation in the form of low-frequency, nonablative sound 
waves can achieve local and reversible BBBO to enhance drug deliv-
ery in a noninvasive manner by ~4- to 10-fold (10). In the presence 
of ultrasound contrast or microbubbles, the delivery of FUS can 
cause the microbubbles to rhythmically contract and expand, or en-
ter “cavitation.” This process through a variety of postulated mecha-
nisms can lead to temporary and reversible BBBO (10). BBBO with 
FUS has been shown to be feasible in the hippocampus, putamen, 
and substantia nigra (11). We and others demonstrated in preclinical 
models that FUS-mediated BBBO can also be achieved in the setting 
of the brainstem (12, 13).

The number of early-phase clinical trials demonstrating safety 
and feasibility of BBBO in adults has grown since the first US Food 
and Drug Administration (FDA) approval of a high-frequency ul-
trasound device for patients with essential tremor in 2018 (14). To 
date, there are four clinically investigated ultrasound devices being 
tested in the brain for drug delivery including Exablate Neuro from 
Insightec, SonoCloud and Sonocloud-9 from Carthera, NaviFUS, 
and UltraNav from Delsona (12, 14). BBBO has been achieved in 
adult patients with a wide variety of neurological disorders includ-
ing Alzheimer’s disease, amyotrophic lateral sclerosis, and primary 
and secondary brain tumors (10). To date, however, there has been 
limited experience using FUS in children and specifically in DMGs.

Here, we report a clinical trial using FUS to open the BBB in 
three pediatric patients with DMGs (12). In this study, we treated 
pediatric patients with progressive DMGs with FUS using the Ultra-
Nav FUS device (Delsona) with concurrent oral panobinostat ad-
ministration. We describe our experience and workflow using the 
neuronavigation-guided FUS (NgFUS) device in children in an out-
patient setting without the use of anesthesia and sedation.

RESULTS
FUS and panobinostat show therapeutic effects in a 
syngeneic orthotopic model of DMG
Using a syngeneic orthotopic model of DMG using 4423 DMG cells 
from O. Becher (15), animals were treated with either vehicle control 
or panobinostat with or without FUS (fig. S1A). The combination of 
FUS and panobinostat improved tumor local control as seen on MRI 
(fig. S1, B and C) and improved OS (fig. S1D). Liquid chromatography–
tandem mass spectrometry (LC-MS/MS) was performed in the 

brainstem tumors and sera of animals treated with panobinostat 
with or without FUS. A trend for an increase in panobinostat deliv-
ery was observed (fig. S1, E and F).

Clinical trial participants
This single-arm, first-in-pediatric trial (NCT04804709) enrolled five 
patients, with three ultimately accrued. Demographics of the enrolled 
patients are summarized in table S1. General clinical characteristics 
and prior treatments are described in table S2. Two of three patients 
with DMGs had initial presentation in the brainstem, whereas one 
patient had thalamic DMG that extended into the brainstem and 
cerebellum. All patients had received up-front RT and systemic anti-
cancer therapies before study enrollment. One patient received reir-
radiation before enrollment.
Treatment workflow
Given that the UltraNav FUS device (Delsona), a new device devel-
oped at Columbia University and previously shown to be successful 
in patients with Alzheimer's disease (16), has not been used in the 
pediatric patient population, a standard operating procedure for pa-
tient workflow (Fig. 1A) was developed including patient intake, pa-
tient simulation, treatment planning, and FUS delivery. This was 
largely adapted from the workflow for radiation treatment (Fig. 1B). 
All patients met with a radiation oncologist and a neuro-oncologist 
for a joint consultation and were consented for the study. Baseline 
enrollment labs and tests were performed, and a restaging treatment 
planning MRI was obtained. Using the Brainsight Software, one or 
two treatment targets were selected and confirmed at our multidisci-
plinary pediatric neuro-oncology tumor board. Given that the clini-
cal treatment target volume (CTV) for radiation planning for DMG 
often extends 1 cm beyond the radiographic findings, the FUS target 
was selected to be in a region of the brain that was noncontrast en-
hancing and within 1 cm of the radiographic extent of disease. For all 
three patients, we targeted the brachium pontis region of disease. 
Treatment planning took ~1 week, and during this time, the patient 
was brought in for a patient simulation session in which a dry run was 
performed for each target to ensure that treatment setup could be 
achieved. This took place in a standard examining room in the De-
partment of Radiation Oncology. Setup parameters and photos were 
documented in the simulation worksheet (a mock patient setup is 
shown in fig. S2, A to E). During treatment planning, patient-specific 
acoustic simulation was conducted to estimate skull-induced ultra-
sound attenuation. On the day of treatment, a clinical time-out was 
performed (in which the patient’s name, date of birth, medical re-
cord number, the FUS procedure to be performed, and the later-
ality was confirmed in the treatment room) and the patient was set 
up as per the simulation worksheet for an initial plan check session to 
ensure setup parameters before treatment. The FUS site was identi-
fied, and an ~5 cm–by–5 cm region was shaved to skin. Degassed ul-
trasound gel was applied to the transducer, and the FUS device was 
targeted (fig. S2E). A 10-ml saline flush was delivered using a 10-ml 
saline syringe, followed by Definity microbubbles and then another 
10-ml saline flush. The FUS sonication was initiated 3 s before the 
microbubble injection and delivered over 2 min (see table S3 for 
sonication parameters). Microbubble cavitation activity was moni-
tored during this time by the passive cavitation detector (PCD). Micro-
bubble “cavitation” denotes the resulting microbubble oscillation 
induced by the ultrasound beam that, upon interaction with the mi-
crobubble, results in the latter’s gas expansion through the incurred 
pressure change. A neurological exam was performed before and 

D
ow

nloaded from
 https://w

w
w

.science.org at C
olum

bia U
niversity on N

ovem
ber 12, 2025



Wu et al., Sci. Transl. Med. 17, eadq6645 (2025)     12 November 2025

S c i e n c e  T r a ns  l at i o n a l  M e d i c i n e  |  R e p o r t

3 of 14

Fig. 1. Trial design and initial patient workflow. (A) Representative workflow of a single treatment cycle. In total, one to four treatment cycles were completed per pa-
tient. For week 2 of each cycle, a similar schema was followed with the exception of MRIs with contrast conducted to evaluate opening and closing of the BBB. Cycles 2 
and 4 followed a similar schema with the exception of an MRI to confirm closure of the BBB on day 3. MRI for BBB closure was planned for the first successful BBBO FUS 
treatment at the beginning of each NOTS level. This was planned per protocol for cycles one, three, and five. (B) Sample patient workflow from consultation to treatment. 
Patient simulation, plan check, and treatment were performed in a standard examining room in the Department of Radiation Oncology.
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after ultrasound. Treatments were performed in a standard examin-
ing room in the Department of Radiation Oncology where patients 
remained awake with no anesthesia required.
Primary outcome
A tabular presentation of the patients' details is included in data file S1. 
A total of 26 FUS procedures were performed. MRI was performed 
with FUS as per protocol. In brief, MRI was performed with the first 
FUS treatment of cycle 1 and after each number of tumor sites (NOTS) 
escalation to confirm BBBO. Some FUS delivery attempts did not 
achieve BBBO, and repeat MRI was performed with the subsequent 
FUS attempts. In total, post-FUS MRI was performed 16 times. A total 
of 22 FUS procedures were for 1 NOTS treated, and four FUS proce-
dures were for 2 NOTS (Fig. 2, A and B). Of the three patients accrued, 
BBBO was achieved in all three patients. In all FUS treatment sessions 
where BBBO was confirmed by MRI, the volume of the opening was 
quantified using the T1-weighted postcontrast MRI image (Table 1). 
The average opening size for 1 NOTS was 0.257 cm3 with a minimum 
of 0.214 cm3 and a maximum of 0.300 cm3. Two patients proceeded 
with 2 NOTS FUS procedures. The 2 NOTS sonications of patient 1 
were performed ipsilaterally, and although they were separated by a 
distance greater than the focal spot width (Fig. 2B), the BBBO of 
the two sites (the trajectory of the two deliveries are depicted by 
the red arrow) merged, and the quantification of the two openings 
was recorded cumulatively. Patient 3 was treated contralaterally. The 
average cumulative opening size of the 2 NOTS targets, when both 
targets were confirmed open, was 1.433 cm3 with a minimum of 0.799 
cm3 and a maximum of 2.440 cm3. In one case of a 2 NOTS procedure, 
the BBB was confirmed to be open only in the first site, and the open-
ing volume was found to be 0.909 cm3 (Table 1). We did not perform 
dynamic contrast-enhanced MRI (DCE-MRI) in this study to cal-
culate capillary permeability (K-trans); however, we quantified the 

percent contrast enhancement (fig. S3). The average percent contrast 
enhancement increase for 1 NOTS opening was 20.8%, whereas for 
2 NOTS, it was 57.1% (Table 1). During each FUS treatment, real-
time cavitation monitoring was performed. The PCD monitored the 
microbubble activity during 2 min of therapeutic ultrasound delivery. 
The cavitation monitoring showed that all cavitation modes increased 
between 10 and 35 s, evidencing the microbubble-ultrasound interac-
tion (Fig. 3). The cavitation modes detected were for harmonic, ultra-
harmonic, and inertial cavitation. For all three patients treated with 
1 NOTS, a baseline cavitation characteristic was recorded before the 
delivery of the microbubble and a rise in cavitation was observed 
(Fig. 3, A, D, and E). For the two patients who received 2 NOTS treat-
ment, only a single microbubble push was used for both targets. 
(Fig. 3, B and F) Thus, for the first treatment site of the 2 NOTS, a rise 
in cavitation was observed as in patients who only received 1 NOTS 
treatment. Doses of all cavitation modes increased between 10 and 
35 s, indicating microbubble and ultrasound interaction after micro-
bubble perfusion into the focal volume. For the second treatment site 
(Fig. 3, C and G), cavitation doses were stable or steadily declining 
throughout the duration of the sonication. No increase from baseline 
was expected because microbubbles were already present in the 
bloodstream. During all treatments, we did not observe that signals of 
inertial cavitation dose (ICD) increased above those of stable cavita-
tion [using stable harmonic cavitation dose (SCDh) or stable ultraha-
rmonic cavitation dose (SCDu)].

A complete list of treatment emergent adverse events (AEs) at-
tributed to FUS or panobinostat is reported in Table 2. In relation to 
FUS, BBBO using a NgFUS system and Definity microbubbles was, 
overall, well tolerated by the patients. One AE was attributed to FUS: 
a Common Terminology Criteria for Adverse Events (CTCAE) 5.0 
grade 1 event of transient skin erythema and dysesthesia at the point 

Fig. 2. MRI demonstration of BBB opening. (A and B) Representative MRI images to illustrate BBBO for 1 NOTS from patient 2 (volume: 0.214 cm3, contrast 126%; MRI 
axial slice) (A) and 2 NOTS from patient 1 (merged volume 2.44 cm3, contrast 180%, MRI coronal slice). BBB opening was defined as areas of new T1-weighted postcontrast 
enhancement along the trajectory of the FUS delivery. (i) Baseline postgadolinium T1-weighted image. (ii) Posttreatment postgadolinium BBBO T1-weighted image. (iii) 
Subtracted image of 1 and 2 with the quantified BBBO contoured in red. (iv) Overlaid image of 1 and 2 with the quantified BBBO contoured in red. The red arrow represents 
the focused ultrasound beam path for each FUS treatment.
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Table 1. Key parameters of BBB opening sessions. BBBO was confirmed by MRI, and the volume of the opening was quantified using the T1-weighted 
postcontrast MRI image. –, not applicable.

NOTS BBB determi-
nation

Total  
procedures

Volume open-
ing (cm3) aver-
age (min-max)

%Contrast 
enhance-
ment (5)

(min-max)

Treatment to 
opening con-

firmation time 
(hours) average 

(min-max)

Treatment 
to closing 

confirmation 
(hours) average 

(min-max)

Treatment 
duration (min) 
average (SD)

1 NOTS Confirmed open  3 0.257  
(0.214–0.300)

20.8 (12.6–30.7) 4.46 (3.9–5.5) 37.2 (33.5–42)  47.7 min ± 12.8

Confirmed not 
open

 6 – – 2.5 (1.5–3.7) –

 Not paired with 
MRI

 13 – – – –

2 NOTS Confirmed open 
(2/2)

 3 1.433  
(0.799–2.44)

57.1 (334.1–80.2) 1.7 (1.6–2.4) 118.8 (86–174)  83.5 min ± 18.7

Confirmed open 
(1/2)

 1 0.909 – 2.4 98.5

Confirmed not 
open

 0 – – – –

 Not paired with 
MRI

 0 – – – –

Fig. 3. Real-time cavitation monitoring during FUS. (A to G) Representative cavitation recordings for all three patients for 1 NOTS FUS treatment [(A), (D), and (E)] or 2 
NOTS FUS treatment [(B) and (F) are the recordings for the first site, and (C) and (G) are the recordings for the second site]. The traces show the recorded cavitation dose 
over 2 min. The green trace represents harmonic, the blue trace represents ultraharmonic, and the red trace represents broadband cavitation. Microbubble injection oc-
curred at ~3 s (arrow) and resulted in an increase in all three modes of cavitation at ~10 s when the microbubbles reached the brain target.
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of contact with the transducer was documented in one patient after 
treatment and resolved without intervention. There were no further 
toxicities or AEs related to FUS. Overall, the treatment-related events 
observed were similar to the known toxicity profile of panobinostat. 
However, one grade 5 event occurred. The event was reviewed by 
Columbia University Medical Center’s Data and Safety Monitoring 
Committee (DSMC) and was characterized as a likely thromboem-
bolic event. Autopsy was offered to the parents, which they deferred. 
Risk factors for thromboembolic events included severe COVID in-
fection requiring prolonged hospitalization, obesity due to steroid 
use, and limited mobility. In addition, panobinostat could have 

contributed to the event given its association with cardiac arrhyth-
mias, myocardial infarction, and cardiac arrest. FUS was delivered 6 
days before this patient’s death, with no sign of acute neurological or 
systemic side effects. Serial MRI had shown near-complete closure 
of the site treated with resolution of the T1-weighted postcontrast 
enhancement and residual T2-FLAIR hyperintensity 2 days before 
the patient’s death (fig. S4). DSMC review determined that it was 
unlikely related to FUS.
Secondary outcome
Using the UltraNav FUS device (Delsona, USA), all FUS treatments 
were delivered as an outpatient procedure in the Department of 

Table 2. List of adverse events (n = 3). LDH, lactate dehydrogenase.

Toxicity Grade of event
Number of patients 

affected Attributed to drug Attributed to device

Anemia  3  1 Probably related  Unrelated

Alanine aminotransferase 
increased

 2  1 Possibly related  Unrelated

Aspartate aminotransferase 
increased

 3  1 Possibly related  Unrelated

Blood bicarbonate decreased  1  1  Unlikely related  Unrelated

Blood LDH increased  1  1  Unlikely related  Unrelated

Bradycardia  1  1  Unlikely related  Unrelated

Cardiac arrest  5  1  Unlikely related  Unrelated

Diarrhea  1  1 Probably related  Unrelated

Dry eye  2  1  Unlikely related  Unrelated

Dry mouth  1  1  Unlikely related  Unrelated

Dyspepsia  2  1 Possibly related  Unrelated

Flushing  2  1 Possibly related  Unrelated

Headache  1  1  Unlikely related  Unrelated

Hyperglycemia  1  3  Unlikely related  Unrelated

Hypermagnesemia  1  2 Probably related  Unrelated

Hyperphosphatemia  1  1 Probably related  Unrelated

Hypoalbuminemia  1  3 Probably related  Unrelated

Hypocalcemia  2  1 Probably related  Unrelated

Hypokalemia  3  1 Probably related  Unrelated

Hypomagnesemia  1  1 Possibly related  Unrelated

Hyponatremia  1  2 Probably related  Unrelated

Hypophosphatemia  1  1 Probably related  Unrelated

Hypoxia  3  1  Unlikely related  Unrelated

Infections and infestations, 
other COVID-19

 3  1  Unlikely related  Unrelated

Lymphocyte count decreased  3  2 Probably related  Unrelated

Nausea  1  3 Probably related  Unrelated

Otitis media  2  3  Unlikely related  Unrelated

Platelet count decreased  1  1 Probably related  Unrelated

Skin and subcutaneous tissue 
disorders, other excoriation

 1  1  Unlikely related  Unrelated

Skin and subcutaneous tissue 
disorders, other irritation

 1  1  Unrelated Definitely related

Urinary tract infection— 
Escherichia coli

 3  1  Unlikely related  Unrelated

Vomiting  2  1 Probably related  Unrelated
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Radiation Oncology. The mean treatment package time (from the 
patient entering the treatment room to exiting the room, including 
patient setup, registration, pretreatment targeting validation, and 
completion of the FUS delivery) when targeting one site was 47.7 ± 
12.8 min. When targeting two sites, the mean treatment package time 
was 83.5 ± 18.7 min. The ultrasound delivery time for each FUS treat-
ment was 2 min per target. Using Brainsight, we analyzed the degree 
of movement during the ultrasound delivery to assess the targeting 
precision (Fig. 4). Over the course of the study, the average maximal 
distance was 4.10 ± 3.82 mm, whereas the average mean absolute de-
viation (MAD) during each treatment was 1.01 ± 0.90 mm. Previous 
FUS studies have largely limited FUS treatment to one treatment per 
month. We performed FUS treatment as frequently as every other 
day, for up to 2 weeks at a time. One phenomenon we noted in our 
study was that the BBB closure when targeting 2 NOTS was delayed 
longer than with 1 NOTS treatment. For all three patients who re-
ceived 1 NOTS FUS treatment and achieved BBBO, BBB closure was 
confirmed at the first closure MRI image 2 days after FUS delivery. 
However, for 2 NOTS treatment, prolonged BBBO was observed. For 
all 2 NOTS treatments that achieved BBBO, BBB closure was delayed 
beyond 2 days after FUS delivery. For two of the 2 NOTS treatment, 
BBB closure was confirmed at 4 days after FUS delivery. For one of 
the 2 NOTS treatment, BBB closure was near complete at closure 
MRI 4 days after FUS delivery (Fig. 5 and fig. S4). During the study, 
two patients had radiographic tumor control. One patient had early 

progression during cycle one. The two patients who had temporary 
local control had disease limited to the brainstem. Similarly, both pa-
tients had symptomatic improvement (Table 3). The study was closed 
prematurely because the approval of the new drug application (NDA) 
for panobinostat was withdrawn by request from Secura Bio Inc. in 
the United States (17).

DISCUSSION
DIPG/DMG is a fatal brain tumor mainly found in children without 
any progress in treatment despite decades of research. Various reasons 
account for this failure including, but not limited to, the infiltrative 
and heterogeneous nature of the tumor, the anatomical location of the 
disease, and the complex biology in part characterized by epigenetic 
modifications that predispose cells to pro-oncogenic changes in gene 
expression. There is failure to achieve effective intratumoral concen-
trations of cancer fighting drugs because of the BBB. This feasibility 
study attempts to address this BBB limitation through the use of FUS 
while using one of the most effective epigenetic modifiers in vitro.

With the development of a clinical device to target the brain, 
there has been a rise in interest in the applications of low-intensity 
FUS (LIFU) and, since then, has led to multiple clinical trials explor-
ing the use of different clinical devices to deliver low-frequency 
ultrasound for the purpose of opening the BBB. There are three gen-
eral classes of clinical devices that are in clinical trials for BBBO and 

Fig. 4. Analysis of real-time monitoring of movement during FUS. During FUS delivery, movement of the transducer target was monitored in real time using Brain-
sight. The top row shows the movement of the FUS focus (distance error in mm) from the initial focal position recorded during the 2 min of treatment for all three patients. 
The bottom row displays the 3D position of the focus relative to the patient’s head tracked for 2 min. Representative tracing and 3D analysis for all three patients are 
shown. The time is indicated by the color of the dots. The arrow indicates a vector of movement. This is not normalized. Inf-sup, inferior-to-superior axis; ant-pst, anterior-
to-posterior axis; rgt-lft, right-to-left axis.
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drug delivery. These include MRI-guided FUS (MRgFUS), implant-
able non-FUS devices, and NgFUS devices. These devices have been 
extensively used to achieve BBBO in adult patients with brain tu-
mors (primary or secondary) and other neurological diseases in 
early-phase clinical trials (10). In preclinical studies, the use of LIFU 
for BBBO has been shown to achieve a 5- to 10-fold increase in drug 
delivery. Sonabend et  al. further validated this intraoperatively in 
humans, in which a 3.7-fold increase in albumin-bound paclitaxel 
and a 5.9-fold increase in carboplatin were detected in patients with  
glioblastoma who received the aforementioned systemic therapy 
when comparing peritumoral tissues treated with or without ultra-
sound (18). More recently, the usage of FUS-guided delivery of anti-
body targeting amyloid-β (Aβ) for patients with Alzheimer’s disease 
demonstrated focal clearance of Aβ, demonstrating the proof of 
concept of selected delivery of an antibody for a localized clinical 
response (19).

Clinical and preclinical studies associated with LIFU, to date, 
have largely been limited to adult patients. Depending on the type of 
device used, there are differences in their capabilities ranging from 
frequency of use, treatment time, volume of BBBO, and invasiveness 
of procedure. Very little is known regarding pediatric patients, in 
particular patients with relapsed DMGs. Preclinical studies from 
our group and others demonstrated the safety and feasibility of 
FUS-mediated BBBO in animals with brainstem gliomas (11, 13, 

18–21). More recently, a variety of studies have shown increased 
drug delivery for DMG including, but not limited to, doxorubicin, 
etoposide, and panobinostat (13, 20, 22, 23). The questions that re-
main are whether children can tolerate FUS treatment and whether 
BBBO is feasible. Furthermore, when working with pediatric pa-
tients, different considerations include ease of use, anatomical limi-
tations when targeting brain tumors, treatment package time, degree 
of invasiveness of the therapy, patient tolerance, and need for anes-
thesia. In addition, the frequency of FUS delivery needs to be guided 
by the appropriate pharmacokinetic and dynamic data of the agents 
used for therapy. Many therapeutic agents are given daily, and the 
question remains whether opening the BBB with FUS in more fre-
quent intervals is feasible.

In this study, we elected to use panobinostat to combine with 
FUS. Panobinostat is a histone deacetylase inhibitor that has shown 
promise in treating DMG in vitro through multiple drug screening 
studies (24). Although panobinostat was found to be efficacious 
in vitro, it had limited therapeutic benefit in patients with DMGs 
and has limited penetrance into the brain parenchyma (16, 25). We 
and others have shown that FUS can enhance panobinostat effects 
in preclinical models of DMG. Whereas we showed that FUS com-
bined with panobinostat led to a local control benefit with a survival 
benefit in preclinical models for DMG (fig. S1), Martinez et al. fur-
ther demonstrated an increase in delivery of panobinostat with FUS 

Fig. 5. Prolonged latencies to achieve BBB 
closure were observed when treating 2 
NOTS. Shown are representative MRI images 
from patients 1 and 3 treated with FUS for 2 
NOTS; patient 3 underwent two attempts of 
2 NOTS BBBO. MRI images were obtained af-
ter FUS treatment to verify BBB opening as 
well as 2 and 4 days posttreatment to verify 
subsequent closure. BBB opening was de-
fined as areas of new T1-weighted postcon-
trast enhancement along the trajectory of 
the FUS delivery (yellow arrow). BBB closure 
was defined as resolution of the contrast en-
hancement as defined by BBB opening.
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into the brain parenchyma and achieved prolonged survival benefit 
in preclinical studies (22). The FUS system we used in the mouse 
model differed from the system used for patients given the distinct 
size of the brain and skull among the two species (16). Given that 
UltraNav is functioning with an investigational new drug (IND), we 
were limited by the safety parameters of using the lowest derated 
peak-negative pressure for BBBO of 0.2 MPa, whereas a higher pres-
sure was used in the preclinical models (13). There are some simi-
larities and differences between our approach and that of Martinez 
and colleagues. Both groups used a 1.5-MHz transducer with a pres-
sure of 0.6 MPa; however, Martinez and colleagues delivered FUS 
once a week, whereas we delivered FUS twice a week. In our clinical 
trial, we had proposed escalating the NOTS to increase the volume 
treated. Thus, in our preclinical model, we delivered 4 NOTS in a 
1-mm lateral–by–2-mm anterior/posterior grid surrounding the 
targeted tumor to ensure adequate BBBO, in contrast with a single 
focus used by the Martinez group. The pressures used in both pre-
clinical models were higher than what was used with the clinical 
device given that the investigational device exemption required a 
lower acoustic pressure. Whereas Martinez et al. elected to use a 
human DIPG cell line, BT-245, orthotopically engrafted into the 
brainstems of immunocompromised mice, our priority was to test 
the safety and feasibility of FUS-mediated panobinostat delivery. We 
selected a syngeneic orthotopic xenograft model of DMG using the 
4423 DMG cells received from O. Becher (15). Repeated FUS treat-
ment with panobinostat was well tolerated without increased mor-
bidity or mortality. It is unknown whether an intact immune system 

altered the therapeutic effects of FUS-mediated delivery of panobi-
nostat, and more studies are needed.

Along with the mechanistic potential of panobinostat, one of our 
goals for the clinical study presented here was to select a therapy that 
can be given orally in the outpatient setting to couple with outpatient-
based FUS delivery. In this trial, panobinostat was given orally 3 days a 
week (Monday-Wednesday-Friday) for 3 weeks with a 1-week break 
per cycle (16). Most clinical trials using various ultrasound devices 
have limited the number of BBBO to approximately one opening 
per month, and a FUS BBBO strategy to couple with a drug given 
daily was needed. Because panobinostat is taken 3 days a week, we 
wanted to increase the frequency of our FUS-mediated BBBO to 
optimize the duration of increased panobinostat delivery to the tar-
get. In our preclinical study, we delivered panobinostat four times a 
week to prolong systemic circulation of panobinostat with FUS 
twice a week to prolong BBBO and drug delivery to the tumor target, 
and treatments were well tolerated. To date, BBBO across various 
clinical devices has been reported to last as short as 6 hours, with 
BBB closure occurring at ~24 to 48 hours (19, 26–28); hence, we 
elected to design our study to deliver FUS Monday-Wednesday-Friday 
to maintain tumor exposure to panobinostat with presumed adequate 
timing for BBB closure between treatments. MRI images for verifying 
BBBO and BBB closure were only performed during the beginning 
of each NOTS escalation. Given the risk for gadolinium toxicity, it 
was not feasible to perform MRI after each FUS treatment.

In this study, we achieved BBBO in all three patients treated. FUS 
was delivered every other day and was well tolerated. We delivered a 

Table 3. Treatment course for all three patients. –, not applicable. 

Patient Cycles  
completed

1 NOTS 
treatment

2 NOTS 
treatments

Clinical 
benefit

Survival time 
from first FUS 

treatment

Survival time 
from last FUS 

treatment

Cause of 
death

Progression-
free survival

1 6 (5 with FUS)  12  2  Muscle 
weakness in 

the upper limb 
improved from 
baseline grade 

3 to grade 2; 
head tremor 

improved from 
grade 2 to 

grade 1; 
dysarthria 

improved from 
grade 2 to 

grade 1

 192 days  87 days COVID- 19 
related, off 

study

 142 days

2 1  6  0  –  91 days  80 days DMG disease 
progression, 

off study

 16 days

3 4 (3 with FUS)  4  2 Dysarthria 
improved from 

grade 2 to 
grade 1; 
muscle 

weakness in 
the lower limb 

(hip flexion) 
improved from 

grade 3 to 
grade 2

 70 days  7 days COVID- 19 
related, on 

study

Death before 
progression
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total of 26 treatments. Patients with limited performance status also 
tolerated treatment, and all treatments were performed in the out-
patient setting in the Department of Radiation Oncology without 
anesthesia or sedation. With our immobilization strategy, patient 
movement during treatment was effectively limited, resulting in pre-
cise targeting with a minimal deviation (MAD = 1.01 + 0.90 mm). 
Only one patient had a grade 1 scalp irritation during one of the 
FUS treatments. At 1 NOTS, BBB closure was confirmed with MRI 
48 hours after FUS delivery for all three patients; however, for two of 
the patients who received 2 NOTS treatment, prolonged BBBO was 
observed. Before this study, prolonged BBBO from repeated clini-
cal FUS delivery had yet to be described, and the time interval for 
BBBO was thought to be limited to within 24 to 48 hours. For these 
reasons, we designed our study to perform BBBO and BBB closure 
MRI at each escalation of NOTS. To date, the use of MRI with con-
trast is the standard mechanism for verifying FUS-mediated BBBO 
and BBB closure. Because gadolinium-based contrast is potentially 
nephrotoxic, it is not clinically feasible to perform scans after every 
FUS treatment; therefore, our treatments and strategies required 
balancing the frequency of FUS delivery and MRI. One approach to 
allowing more frequent MRIs for BBBO confirmation is using deep 
learning to model contrast enhancement from BBBO in a reduced 
contrast agent dose setting (29). Further studies are needed before 
clinical application.

The exact mechanism for why prolonged times to achieve BBB clo-
sure were observed with 2 NOTS treatment is unknown; however, one 
possibility could be the frequent FUS deliveries. The observation of 
prolonged BBBO was seen in later treatment cycles when patients had 
received multiple successful FUS deliveries. FUS-mediated BBBO, in 
part, is due to the cavitation effects of the microbubbles leading to me-
chanical interactions resulting in BBBO; however, FUS has also been 
shown to affect the expression of adhesion molecules and to modulate 
the immune system, all of which contribute to the restoration of the 
BBB (30, 31). Another possibility is that, with 2 NOTS treatment, 
there may be off-target effects of sound waves that reflect off the cal-
varium, contributing to further BBBO. Now, in our second clinical 
trial using etoposide and FUS (32), we are determining the BBB clo-
sure time at the beginning of each cycle to tailor the frequency of ul-
trasound delivery. These findings are important for consideration for 
clinical trial designs for ultrasound-mediated BBBO that are planning 
to either deliver more frequent ultrasound treatments or deliver mul-
tiple treatments in one setting.

Although the volume of BBBO achieved with UltraNav is small, 
very little is known regarding the volumetric size of BBBO and its 
correlation to clinical outcomes. Of the three patients we treated, the 
two patients with clinical improvement had disease localized to 
the brainstem, whereas the patient with disease progression had 
thalamic involvement. Whether larger areas of BBBO are necessary 
depending on the extent of anatomical involvement needs to be 
explored. Our strategy for opening a larger volume involves treating 
higher NOTS. Other strategies are now being explored including 
the usage of acoustic holograms to offer intensity-modulated ultra-
sound (IMUS). We began exploring the potential of using IMUS for 
brainstem patients because this may be an option to increase treat-
ment volume (33–36).

Given that we were targeting brainstem disease through the cer-
ebellum, our treatment approach was through the posterior/lateral 
head. Depending on the anatomical variation, the coupling of the 
transducer may not have been completely flat and may have abutted 

the soft tissue neck. More understanding of how this may affect the 
calculation of the attenuation coefficient is necessary for NgFUS 
treatments that may not target the frontal lobe.

Our study has limitations. Panobinostat was removed from the 
US market, and we had to terminate the study early. In addition, this 
study occurred during the height of the COVID-19 pandemic as the 
medical field was determining strategies to manage the infection. 
One patient had contracted COVID-19 while on study and required 
prolonged hospitalization, whereas a second patient had contracted 
COVID-19 once off study. Although many of the precautionary 
steps regarding COVID-19 and this trial were adjusted on the basis 
of the understanding of the disease, there has since been more infor-
mation on the acute and late risks associated with COVID-19. Risks 
associated with COVID-19 infection should be considered in future 
studies.

Despite this, our study has since led to a growing interest in using 
FUS for the treatment of DIPG/DMG and other pediatric brain tumors. 
Other studies using different devices are ongoing (ClinicalTrials.gov 
identifier: NCT05293197, NCT05630209, and NCT05615623) (12). 
We have since opened our second phase 1 trial using UltraNav spe-
cifically testing the use of etoposide for patients with relapsed DIP-
Gs/DMGs (ClinicalTrials.gov identifier: NCT05762419). With the 
rising interest in the use of ultrasound for BBBO for patients with 
DIPGs/DMGs, the Focused Ultrasound Foundation led a Focused 
Ultrasound for DIPG Workshop in October 2021, which was recent-
ly reported (12). Four devices were discussed: UltraNav (Delsona), 
Exablate Neuro (Insightec), SonoCloud (Carthera), and NaviFUS. 
Both UltraNav and NaviFUS use neuronavigation to target the treat-
ment site and guide the ultrasound delivery in a noninvasive man-
ner. Such targeting can be user dependent for accuracy, precision, 
and time. The UltraNav system uses a single-element transducer for 
therapeutic delivery with an additional PCD, whereas the NaviFUS 
system uses a 256-element array with active cavitation monitoring 
and control. NaviFUS has not been tested on pediatric patients to 
date; however, neither system needs full cranial immobilization, and 
treatments can be delivered in the office as an outpatient procedure 
without sedation. The treatment times are generally shorter with 
neuronavigation-based targeting devices, as opposed to MRgFUS; 
however, to date, smaller volumes of BBBO have been achieved. 
Theoretically, larger BBBO can be achieved with an increased num-
ber of targets delivered; this would increase treatment times. Sono-
Cloud is an implantable ultrasound device that is placed surgically 
with neuronavigation at the time of surgical resection of the brain 
tumor. Once implanted, the treatments are delivered without image 
guidance as an outpatient procedure in which a transdermal needle 
connected to an external power source is attached to the implanted 
device for treatment. The treatment is delivered over 4.5 min and 
is the fastest among the devices given that the device is surgically 
placed and no imaging or targeting is necessary. Large volumes of 
BBBO have been achieved by using multiple transducer elements 
(Sonocloud-9), albeit the region of BBBO is limited by the device, 
with no ability to change the shape of the target to cover irregular or 
multiple lesions (10). Another limitation of the device is that the 
placement of the device is surgical and limited by the anatomical 
placement of the device. This may limit the ability to target select 
structures in the brain. There are no studies using SonoCloud for 
DIPG/DMG; however, there is a study testing the safety of repeated 
BBBO for pediatric patients with supratentorial malignant brain tu-
mors. The Exablate Neuro Type 2 (Insightec) is a MRgFUS system that 
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uses an MRI-compatible helmet that houses a 1024-element LIFU 
transducer. The system uses real-time MRI to limit ultrasound deliv-
ery to the targeted regions while sparing treatment to nontargeted re-
gions. In addition, cavitation threshold detection and spatial mapping 
allow for homogeneous ultrasound delivery for BBBO. Large volumes 
of BBBO have been achieved in adult patients (12). There are now two 
phase 1 clinical trials for patients with DIPGs/DMGs in which doxo-
rubicin is delivered. Although unpublished, reports of successful 
delivery have been reported (37), and one limitation for pediatric pa-
tients is that head stabilization is required; thus, for pediatric patients 
undergoing longer treatments, sedation is required (12).

With the potential for improving drug delivery for DIPG/DMG, 
new strategies prioritizing effective therapies are needed, including 
considering small molecules, biological agents (such as antibodies), 
adoptive cellular therapy, targeted gene therapy, and more. This in-
cludes leveraging the rapidly growing transcriptional and epigenetic 
characterization of these tumors, including analyses with single-cell 
RNA sequencing, along with potential partnerships with computation-
al and systems biologists to help identify promising drug targets (38). 
Furthermore, understanding how to combine FUS with standard-of-
care RT is critical to help improve treatment options (39). The different 
clinical devices for BBBO have various advantages and challenges 
when treating pediatric patients with DIPGs/DMGs, and the optimal 
device is yet to be determined. Some considerations proposed at 
the Focused Ultrasound Foundation DIPG meeting included three-
dimensional (3D) spatial monitoring and control of bubble activity, 
treatment planning that considers standing waves and allows exposure 
optimization, a method of quantification of skull properties, incorpo-
rating technology and methodology to better quantify drug delivery, 
establishing a system to avoid full head immobilization, and treatment 
strategies to allow therapy outside of the MRI environment. Lessons 
learned from this work can lead the effort toward translating combi-
natorial treatment approaches to improve outcomes for children with 
this fatal disease. In conclusion, NgFUS delivery–mediated BBBO is 
feasible as an outpatient procedure with patients with progressive 
DIPGs/DMGs.

MATERIALS AND METHODS
Study design
Clinical trial
This was a prospective, single-center, nonrandomized, single-arm 
feasibility clinical trial, at the Columbia University Irving Medical 
Center (CUMC) (NCT04804709). The protocol was developed, and 
data were collected and analyzed by the investigators. The study was 
conducted in accordance with the Declaration of Helsinki, Interna-
tional Conference of Harmonisation, Good Clinical Practice guide-
lines, and applicable regulatory requirements. An independent data 
and safety monitoring committee conducted monitoring of patient 
safety data. The CUMC institutional review board oversaw trial con-
duct and documentation (IRB#AAAS5953). All patients or legal 
guardians provided written informed consent and assent, when ap-
propriate, before participating in the trial.

The minimum enrollment approved was three patients with a 
maximum of 10 patients. Eligible patients met specific inclusion cri-
teria, including age 4 to 21 years and evidence of clinical or radio-
graphic progression of DMG after standard radiation therapy. In 
addition, patients had to have fully recovered from the acute toxic 
effects of all prior anticancer therapy before enrollment. Time from 

prior therapy was determined as per standardized clinical guide-
lines. Further details of eligibility criteria are listed in the protocol 
(data file S2).

Participants in the study were eligible for up to six cycles of FUS 
and oral panobinostat combination therapy. Panobinostat was ob-
tained from Secura Bio Pharmaceuticals. We adhered to the recom-
mended dosing schedule for panobinostat at a dose of 15 mg/m2, 
with a maximum dose of 20 mg, to be administered orally on Monday, 
Wednesday, and Friday of each treatment week. The treatment 
regimen was designed on the basis of the timing of FUS application 
and panobinostat’s pharmacokinetics. Patients were treated with 
FUS on the same alternate weekdays before receiving oral panobi-
nostat. The duration of each cycle was 2 weeks followed by a 1-week 
break. The study followed a NOTS escalation scheme in reference to 
the number of sites targeted with FUS to open the BBB. An intrapa-
tient escalation design was chosen in which two cycles of one area of 
tumor target or NOTS was treated. If the BBBO was successful, the 
following two cycles of treatment were treated with 2 NOTS, fol-
lowed by 3 NOTS at the final two cycles as described in the protocol 
(data file S2). A schematic of the treatment schedule is presented 
in Fig. 2.

The primary outcome was to evaluate the safety and feasibility of 
using FUS to open 1, 2, or 3 NOTS with three times a week adminis-
tration of panobinostat in children with progressive DMG. Evalua-
tion of safety was performed by capturing all treatment-related AEs. 
AEs were assessed through physical and neurological examinations, 
laboratory studies, and neuroimaging studies. All AEs were graded as 
per the Common Terminology Criteria for Adverse Events version 
5.0 (CTCAE 5.0). Feasibility of BBBO using NgFUS was evaluated by 
changes in pattern of contrast enhancement, seen on T1-weighted 
MRI. The secondary outcomes were progression-free survival (PFS), 
OS, volumetric analysis of BBBO on MRI, treatment package time as 
defined as the time from patient entering the room to the patient 
leaving the room, and Brainsight tracking data.

The patient was brought into the outpatient clinic for enrollment 
and eligibility screening. Each patient was reviewed at our institu-
tional pediatric neuro-oncology tumor board. The principal investi-
gator obtained informed consent and assent, as appropriate. Patients 
then underwent eligibility screening. Physical and neurological ex-
ams were completed by the pediatric neuro-oncologist, nurse practi-
tioner, or the pediatric radiation oncologist. Data analysis was done 
descriptively.
Preclinical study
Animal protocols were approved by the Columbia University Irving 
Medical Center Institutional Animal Care and Use Committee (AC-
AABP4566). To generate the DMG mouse model, male 6- to 8-week-old 
B6 (Cg)-Tyrc-2J/J albino mice from the Jackson Laboratory were or-
thotopically injected with 4423 DMG cells as previously described (39). 
To validate tumor growth, a 9.4-T MRI system (Bruker Medical, 
Boston, MA, USA) was used in which weekly T2-weighted images 
were obtained using a T2-weighted TurboRARE sequence at day 14 
postinjection. The free, open-source platform 3D Slicer (www.slicer.
org) was used to quantify tumor volume (39). Mice were randomized 
after tumor establishment for treatments. The animals were divided 
into four groups: vehicle control, FUS alone, panobinostat alone, and 
panobinostat plus FUS. Two doses of 0.2 ml of panobinostat (10 mg/kg; 
Selleck Chemicals LLC, Houston, TX, USA) were administered imme-
diately and the day after the sonication. The vehicle of panobinostat is 
composed of 5% DMSO (dimethyl sulfoxide; Thermo Fisher Scientific, 
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Waltham, MA, USA), 40% PEG-300 (polyethylene glycol, molecular 
weight 800; Selleck Chemicals LLC, Houston, TX, USA), 5% Tween 80 
(Selleck Chemicals LLC, Houston, TX, USA), and 50% double-distilled 
water. Tumor-bearing mice received sonication for BBBO on days 17, 
21, and 24 postinjections. FUS was delivered using a single-element, 
spherical-segment FUS transducer driven by a function generator 
through a 50-dB power amplifier (37). Panobinostat concentrations in 
the serum and the brain were detected using LC-MS/MS as previously 
described (13). Briefly, tumor-bearing animals were treated with FUS 
for BBBO 14 days after tumor implantation. Panobinostat (20 mg/kg) 
was intraperitoneally administered right after FUS sonication. At time 
points of 15, 30, and 60 min after treatment, the serum and brainstem 
were harvested for LC-MS/MS. The animal study was not blinded. 
Animals did not develop tumors after injections were excluded. For 
each experiment, mouse numbers and statistical tests are described in 
the figure legends.

NgFUS procedure
The BBBO procedure was performed using UltraNav (Delsona), a 
NgFUS system, as previously described (40,  41). In summary, a 
single-element FUS transducer (model: H-231, Sonic Concepts) 
was operated at 0.25 MHz (radius: 55 mm; geometric focal depth: 
110 mm; focal length: 49 mm; focal width: 6 mm) and driven by a 
function generator (33500B Series, Agilent Technologies) through a 
55-dB radiofrequency power amplifier (A150, E&I). A polycarbon-
ate coupling cone (Sonic Concepts) filled with degassed water and 
sealed with an elastic membrane was inflated to achieve the correct 
axial distance from the target. NgFUS targeting was guided by the 
neuronavigation system (Brainsight System, Rogue Research Inc., 
Canada) (table S3).

The patients were positioned in a phlebotomy chair leaning for-
ward with their head supported by an ophthalmology chinrest or a 
cushioned headrest depending on patient comfort. The patient’s head 
was cleanly shaved in a circular area of ~10-cm radius at the sonica-
tion site, and water-based degassed ultrasound gel was applied di-
rectly onto the scalp to improve the transducer’s coupling. The FUS 
transducer, supported by a mounted positioning arm, was manually 
guided to the preplanned sonication site using Brainsight’s site target-
ing functionality. Once the transducer trajectory was within 2 mm 
and less than 20° of the planned target trajectory, the water-based ul-
trasound gel was applied to the elastic membrane. The transducer was 
then realigned to minimize error. Before initiation of sonication, a 
baseline cavitation signal was collected. The DEFINITY (Lantheus 
Medical Imaging, North Billerica, MA) microbubble vial was acti-
vated, as per the manufacturer’s recommendation, and drawn up in a 
syringe shortly before sonication. DEFINITY microbubbles were ad-
ministered at a dose of 10 μl/kg. The patient’s port was cleared with a 
saline flush, and the syringe with microbubbles was attached. At the 
start of treatment, the microbubbles were injected ~3 s after the ini-
tiation of the sonication into the Port-a-Cath, which was immediately 
flushed with saline. Each sonication lasted for 2 min during which 
the cavitation signal was monitored in real time by the attending pe-
diatric neuro-oncologist or radiation oncologist (42). For 2 NOTS 
sonications, the transducer was retargeted to the second preplanned 
trajectory using the neuronavigation system, with the second site 
sonication being initiated within 5 min of the conclusion of the first 
site sonication to minimize the loss of circulating microbubbles.

Treatment planning and targeting
Patient-specific skull insertion loss coefficient of the FUS pressure 
for the planned beam trajectory was estimated before treatment to 
adjust the output power of FUS for each target (42). The patient’s 
skull density and speed of sound maps were acquired through head 
computed tomography (CT) scans. The treatment planning MRI 
was anatomically registered with the prior CT scan. The tumor targets 
were identified on the MRI, and the simulation was performed on 
the CT scan. 3D numerical simulations were performed in MATLAB 
(The MathWorks, Natick, MA, USA) using the k-Wave acoustics tool-
box (43–45) (data file S3). At least 10 simulations were performed 
per tumor site with variations of 2-mm Euclidean error and 20° an-
gular error (46). Using the insertion loss coefficient, the transmit pres-
sure of the transducer was adjusted so that the treatment would 
deliver an estimated peak-negative pressure of 200 kPa at the tar-
geted site. The insertion loss coefficient used on the day of treatment 
was selected from the simulated values.

Magnetic resonance imaging
The MRI protocol followed the Children’s Hospital of New York 
(CHONY) Radiology Department’s brain tumor imaging protocol 
for MRI with and without gadolinium contrast (Gadavist). MRI 
images were acquired within 1 to 4 hours after FUS treatment. Post-
contrast fast spine echo T1-weighted and volume 3D MRI sequences 
were acquired ~10 to 15 min after injection of contrast. Identification 
of linear enhancement between pre-FUS and post-FUS volumetric 
postcontrast T1-weighted images was used to evaluate changes in 
BBB permeability. The BBBO volume was quantified by first register-
ing the pre-FUS and post-FUS postcontrast MRI volumes. The pre-
FUS volume was then subtracted from the post-FUS volume to 
isolate the difference in contrast enhancement resulting from the 
FUS procedure. The region of enhancement in the subtraction vol-
ume was manually contoured, and the volume of opening was com-
puted automatically by thresholding the intensity values of the BBBO 
voxels until the mean value of the BBBO voxels was greater than the 
non-BBBO voxels within the selected region. The confidence inter-
val was obtained from the z-scores assuming a Gaussian distribution 
of voxel intensities in the selected region. For example, a confidence 
interval of 95% corresponds to a factor of 1.96 and the threshold was 
found to separate the mean of BBBO voxels from the mean of the 
surrounding non-BBBO voxels by a difference of the SD of the sur-
rounding non-BBBO voxels multiplied by 1.96 (42, 47). The percent 
contrast enhancement was calculated by anatomically registering the 
pre-FUS MRI with the post-FUS MRI and comparing the mean in-
tensity of the BBBO volume in post-FUS MRI with the mean inten-
sity of the same volume in pre-FUS MRI. All MRIs were reviewed by 
a dedicated neuroradiologist and by a multidisciplinary team of 
neuro-oncologists and neuroradiologists at the weekly CUIMC Pediatric 
Neuro-Oncology Tumor Board.

Cavitation dose
Real-time cavitation monitoring provides the monitoring physician 
with information on the microbubble cavitation magnitude, dura-
tion, and mode within the focal volume, as previously described 
(41, 47). The doses for three modes of cavitation were calculated for 
the response of each pulse of the 120-pulse sonication. The three 
modes of SCDh, SCDu, and the ICD occupy unique regions of the 
frequency spectrum, and their magnitude indicates the strength of 
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certain microbubble oscillation patterns. Cavitation signals were 
detected using a concentrically aligned 1.5-MHz PCD (diameter: 
32 mm, focal depth: 114 mm, sampling frequency: 50 MHz, capture 
length: 10 ms, ndtXducer, Northborough, MA, USA) and processed 
in MATLAB or a P4-2 array transducer (64 elements, center fre-
quency: 2.5 MHz, bandwidth: 2 to 4 MHz, sampling frequency: 
10 MHz, capture length: 10 ms by ATL Phillips, WA, USA) and pro-
cessed in Verasonics Vantage 256 (Verasonics Inc., Kirkland, WA) 
(47). The SCDh and SCDu were determined by the averaged peak 
magnitudes of the third to sixth harmonic/ultraharmonic frequen-
cies, whereas the ICD was calculated on the basis of the average 
magnitude within the 85-kHz bandwidth between the harmonic and 
ultraharmonic frequencies.

Targeting precision assessment
The patient’s movement relative to the transducer was tracked and 
recorded during sonication using the Brainsight neuronavigation sys-
tem. For each sonication session, the maximum distance and MAD of 
the tracked FUS focal positions from the target centroid were ob-
tained. The mean and SD of the maximum distance and MAD across 
all sessions were calculated to evaluate targeting precision.

Statistical analysis
For the preclinical work, Student’s t test and two-way analysis of 
variance (ANOVA) with post hoc tests were performed. For sur-
vival experiments, Kaplan-Meier survival analysis was used. All 
individual-level data are available in data file S4. For the clinical 
trial, individual patient-level results were presented along with de-
scriptive statistics.

Supplementary Materials
The PDF file includes:
Figs. S1 to S4
Tables S1 to S3

Other Supplementary Material for this manuscript includes the following:
Data files S1 to S4
MDAR Reproducibility Checklist
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