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treating diffuse intrinsic pontine 
glioma (DIPG). Low-frequency 
focused ultrasound (FUS) therapy 
in conjunction with intravenous 
microbubbles can transiently disrupt 
the BBB in a localized manner to 
facilitate drug delivery. This review 
examines recent preclinical studies 
evaluating the safety and feasibility 
of FUS-mediated BBB opening in the 
brainstem. The authors also discuss 
the published phase 0-2 clinical 
trials of low-frequency FUS therapy 
in the adult glioma population, 
and phase 1 clinical trials in DIPG 
that are underway.
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Abstract

Diffuse intrinsic pontine glioma (DIPG) is a malignant childhood tumor of the brainstem with a dismal prognosis. 
While recent progress has been made in understanding the molecular underpinnings of the disease, the blood-
brain barrier (BBB) remains a significant blockade for effective drug delivery. Low-frequency focused ultrasound 
(FUS) therapy in conjunction with intravenous microbubbles can transiently disrupt the BBB in a localized 
manner to facilitate drug delivery. This is achieved through stable cavitation, the process by which oscillations 
in bubble volume induce minor mechanical stress at the cellular level, disrupting endothelial tight junctions and 
leading to increased BBB permeability. Here we review preclinical studies performed over the last decade that 
have evaluated the safety and feasibility of FUS-mediated BBB opening in the brainstem. Furthermore, we cover 
the published phase 0-II clinical trials of low-frequency FUS therapy in the adult glioma population, as well as 
the phase I clinical trials in DIPG that are underway.

Keywords: DIPG; diffuse intrinsic pontine glioma; brainstem glioma; convection-enhanced delivery;  
focused ultrasound
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Introduction to Focused 
Ultrasound and DIPG 
Focused Ultrasound

Since it was first described by 
brothers Pierre and Jacques Curie 
in the late 1800s, the piezoelectric 
effect — the generation of electricity 
by crystals under mechanical stress 
— has been leveraged for remarkable 
technological achievements. The 
first application was seen in World 

War I with the development of sonar 
devices by the French government 
to detect submarines.1 In 1935, 
Johannes Gruetzmacher fit a curved 
lens on the end of a piezoelectric 
generator and found that ultrasound 
waves could be focused.2,3 In the late 
1940s, the first attempt at clinical 
ultrasonography in the diagnosis 
of brain tumors ultimately failed 
due to the high density of the skull. 
However, 1 year later George Ludwig 

made great progress by imaging 
gallstones across the abdomen and 
advancing research into the interac-
tions between ultrasound waves and 
soft tissues. While this work was oc-
curring, other researchers attempted 
to utilize ultrasound technology for 
therapeutic effects by focusing the 
acoustic energy to heat and lesion 
tissue. This was first reported in ani-
mals by Lynn and Miller at Columbia 
University in 1942 and advanced by 
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others such as Ballantine at Massa-
chusetts General Hospital and the 
Fry brothers in Indianapolis.4 Thera-
peutic ultrasound now encompasses 
a wide variety of categories including 
thermal ablation, histotripsy, nerve 
stimulation, and the opening of the 
blood-brain barrier (BBB). 

The desired bioeffect of ultrasound 
depends both on the acoustic parame-
ters of the waves as well as the charac-
teristics of the target tissue. Generally, 
there are thermal and nonthermal 
effects, but all involve some degree 
of mechanical alteration induced by 
the waves’ energy.5 Thermal effects 
secondary to high-frequency FUS are 
achieved by simple absorption of ul-
trasonic energy by the tissue. The sus-
tained exposure to higher intensities 
produces heat and leads to irrevers-
ible tissue injury. This mechanism is 
well established and can be employed 
for tumor ablation, clot lysis, and 
intracranial lesioning for pathologies 

such as essential tremor,6 Parkinson’s 
disease, chronic intractable neuro-
pathic pain and obsessive-compulsive 
disorder.7,8 Lower-frequency FUS 
exhibits its effects through nonabla-
tive, nonthermal mechanisms. With 
a lower frequency and thus a smaller 
amount of acoustic energy directed 
at the targeted area, the threshold to 
produce ablative lesions is not met. 
Instead, a mechanical effect of low-in-
tensity FUS can be achieved through 
interactions with intravenously deliv-
ered gases, which can ultimately lead 
to disruption of the BBB.

BBB

The BBB is a highly discriminatory 
barrier between the central nervous 
system (CNS) and its vasculature. 
The structure of the BBB includes 
astrocyte foot processes and spe-
cialized endothelial cells. Unique 
to the cerebrovasculature, these 
endothelial cells form a continuous 

barrier, anchored to each other by 
tight junctions, which prevents the 
intercellular passage of material 
into the CNS. Additionally, there are 
fewer fenestrations and a variety of 
efflux pumps, which help protect 
the CNS from potentially harmful 
substances in the blood stream, but 
also prevent the passage of therapeu-
tics into the brain.9 Although the BBB 
is protective, transiently and focally 
increasing the permeability of the 
BBB has been a target for investiga-
tion. BBB disruption could allow for 
the delivery of drugs like chemo-
therapy, immunotherapy, stem cells, 
and gene therapy to CNS targets.10 
To improve penetration, investiga-
tors have explored changes in drug 
molecular size and lipophilicity, as 
well as carriers that can cross the 
BBB.11,12 Current attempts to disrupt 
the BBB have shown moderate suc-
cess but with potentially significant 
adverse effects: direct injection of 

Figure 1. Focused ultrasound (FUS) devices: Carthera SonoCloud (A), Insightec Exablate (B), NaviFUS (C), TheraWave (D)
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drugs through convection-enhanced 
delivery is invasive and carries risks 
of damage to neural tissue; and the 
use of hypertonic solutions, such as 
mannitol, to osmotically induce BBB 
opening, leads to a nonselective, 
global increase in BBB permeability 
that can cause unwanted drug-in-
duced CNS toxicity.13-15 Violating the 
BBB in a safe, targeted, and transient 
manner using noninvasive sound 
delivery is a unique application of 
FUS and has the potential to change 
the medical management of infiltra-
tive brain tumors.

FUS and BBB 

Investigations of the nonthermal 
effects of FUS have been underway 
for decades.16 The success of FUS in 
BBB disruption is largely achieved 
through the process of cavitation and 
the resultant mechanical stress on the 
endothelium. With the application of 
ultrasonic waves, injectable gaseous 
microbubbles within the cerebrovas-
culature absorb the energy and begin 
to oscillate.17 This oscillation is known 
as acoustic cavitation and can be in-
ertial or stable. Inertial cavitation is a 
violent implosion or explosion of the 
microbubbles that leads to tissue de-
struction. Stable cavitation on the oth-
er hand is the process by which these 
oscillations in volume induce minor 
mechanical stress at the cellular level, 
disrupting endothelial tight junctions 
and leading to increased BBB perme-
ability.18 The continuous expansion 
and compression of the microbubbles 
is transmitted to the vessel wall as 
mechanical stress, separating the 
endothelial lining. The oscillation 
also induces jet streaming, or acoustic 
streaming, which adds further stress 
to the vessel wall.19 Passage through 
the temporarily disrupted BBB is 
thought to be through 4 mechanisms: 
widening of interendothelial spaces 
due to opening of tight junctions, 
upregulation of transcytosis as 
evidenced by increased cytoplasmic 
vesicles, channel and fenestration 

formation, and free movement across 
the injured endothelium.20

DIPG

DIPG is a malignant tumor that 
arises from the brainstem primarily 
in children ages 5 to 9. It is a difficult 
disease carrying a mean life expectan-
cy of less than a year, with less than 
10% of patients surviving more than 2 
years.21 Given that these tumors grow 
diffusely through the pons, one of the 
most highly eloquent regions of the 
brain, surgical resection is not feasi-
ble.22 The mainstay of treatment for 
this disease is fractionated radiation 
therapy, which is the only treatment 
modality that has been shown to pro-
long survival in these patients.23 Many 
trials have been conducted to evaluate 
different combinations of chemo-
therapy without success. Over the last 
decade, significant advancements have 
been made in understanding the mo-
lecular characteristics of these tumors. 
Nevertheless, there remains little 
success with these targeted therapies 
in clinical trials. The BBB, as described 
above, is thought to be a major factor 
in limiting the penetrance of drugs 
to these infiltrative brain tumors. 
Furthermore, there is very minimal 
tumor-induced BBB disruption in these 
patients as evidence by the absence of 
contrast enhancement on MRI in the 
majority of cases. Thus, FUS appears 
to be a promising option for the treat-
ment of this highly malignant cancer.

FUS — Current Devices
Three classes of FUS devices are 

under investigation for use in hu-
mans: fixed-frame MRI-guided devic-
es (MRgFUS), implantable ultrasound 
devices, and frameless neuronaviga-
tion-guided devices24 (Figure 1). 

Exablate

One of the first FDA-approved 
devices was the Exablate system 
by Insightec, an MRgFUS machine 

initially developed to treat uterine 
fibroids by thermal ablation.7 The 
technology was adapted, and the new-
er Exablate Neuro system has been 
FDA-approved for thalamotomy and 
is in use in more than 10 clinical trials 
investigating its ability to disrupt the 
BBB. The device consists of a helmet 
transducer that includes more than 
1000 elements coordinated to trans-
mit ultrasound to a precise target. The 
treatment planning and monitoring 
is performed using real-time MRI 
guidance. Treatment with the device 
requires placement of a stereotactic 
head frame with fixed skull pins. The 
extended duration of the procedures 
coupled with the discomfort of lying 
in a fixed frame within an MRI ma-
chine can be a limiting factor.

SonoCloud
The SonoCloud-9, developed by 

the French company Carthera, is an 
implantable, unfocused, ultrasound 
system that features 9 transducers. 
The device is placed within the skull 
bone following a craniotomy, which 
can occur either during a sched-
uled brain tumor resection, or as a 
standalone ambulatory procedure. 
While the noninvasive systems 
require mathematical calculations 
to overcome the complexities of 
achieving effective sonication through 
bone, the SonoCloud bypasses the 
skull and sits directly above the dura. 
As the investigators on the original 
clinical trial note, the absence of 
bone-induced attenuation of the 
US waves eliminates the need for 
intraprocedure MRI monitoring.25 
The SonoCloud-9 recently received an 
FDA breakthrough device designation 
and is under investigation in multiple 
clinical trials. 

NaviFUS and TheraWave

The most recently developed devic-
es rely on neuronavigation tracking, a 
technology commonly used for many 
neurosurgical procedures. Using 
infrared cameras, the precise location 
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of FUS transducer placement can be 
achieved by registering the coor-
dinate system developed from the 
preprocedural MRI or CT with the co-
ordinates of the patient’s skull. There 
are 2 such devices in varying stages 
of development: the NaviFUS System, 
developed by a group in Taiwan, and 
a similar device developed by our 
group at Columbia University.26,27 
Like the SonoCloud, these neuronav-
igation-based devices have largely 
been explored with low-frequency 
ultrasound and BBB disruption.28 
The NaviFUS device has been used in 
multiple clinical trials investigating 
its efficacy in the treatment of both 
glioblastoma (GBM) and drug-resis-
tant epilepsy.29 The Columbia device 
(TheraWave) has demonstrated target-
ed and reproducible BBB disruption 
in several nonhuman primate studies. 
It is currently classified under an FDA 
investigational device exemption and 
has been registered in a clinical trial 
for Alzheimer’s disease and anoth-
er for DIPG (discussed below). The 
advantages to these systems are the 
avoidance of invasive procedures and 
the absence of prolonged time in the 
MRI scanner. These are lightweight, 
portable devices that can be used in 
an outpatient setting, allowing for po-
tentially wider access and application.

Preclinical Work

The past decade has seen a signifi-
cant increase in preclinical FUS-me-
diated BBB-opening studies, with 
several groups narrowing their focus 
on drug delivery to the brainstem. 
In 2018, Alli and colleagues from 
the Hynynen lab at the University of 
Toronto demonstrated the safety of 
doxorubicin delivery to the murine 
brainstem following ultrasound 
treatment.30 Using an animal 
MRgFUS device, BBB opening was 
achieved and confirmed both with 
contrast-enhanced MRI and Evans 
blue staining. Using liquid chroma-
tography/mass spectrometry (LCMS), 

significantly higher doses of doxo-
rubicin were found in the brainstem 
of mice that underwent sonication. 
This group also found that treatment 
was not associated with any cardio-
pulmonary or motor deficits. 

During the same year, the Chen 
lab from Washington University in 
St. Louis published 2 papers on the 
delivery of nanoparticles to the pons. 
The first study evaluated the use of 
FUS in the presence of intravenous, 
radiolabeled gold nanoclusters.31 In 
contrast to the previous study, which 
used contrast-enhancement as a 
marker of BBB disruption, this project 
allowed for a more precise, real-time 
tracking of drug delivery via in vivo 
microPET/CT imaging of 64Cu-integrat-
ed gold nanoclusters. Additionally, the 
spatiotemporal distribution of these 
nanoclusters was then quantified by 
imaging at different time points post-
sonication. In their follow-up study, Ye 
and colleagues attempted to curtail the 
systemic drug exposure by utilizing 
intranasal delivery.32 They successfully 
demonstrated less systemic uptake but 
equivocal pontine distribution with ra-
diolabeled gold nanoclusters following 
inhaled intranasal delivery in mice. 
In their most recent preclinical study, 
using a RCAS/tv mouse DIPG model, 
Zhang et al demonstrated a twofold 
increased uptake of 64Cu-Cu nanoclus-
ters in the murine tumors that were 
exposed to FUS compared with the 
nontreated tumors. In a follow-up 
study, Ye et al evaluated the ability 
of FUS to enhance the delivery of 
immune checkpoint inhibitor therapy 
in a murine brainstem glioma model.33 
Using an intranasally delivered pro-
grammed cell death-ligand 1 antibody 
(aPD-L1) tagged with a fluorescent dye, 
they demonstrated an approximately 
fourfold increase in drug concentra-
tion following FUS therapy compared 
with intranasal delivery alone.

Building on these studies, our group 
set out to investigate the safety of 
FUS-mediated chemotherapy delivery 
in a preclinical pontine glioma mod-
el.34 We implanted high-grade glioma 

cells into the pons of immunocompe-
tent mice. Once tumor formation was 
identified on MRI, we treated mice 
with FUS and found no significant 
cardiopulmonary or motor deficits 
associated with treatment. Histological 
analysis did not show any harmful 
effects. Furthermore, using LCMS, a 
fivefold increase in the concentration 
of etoposide in mice that underwent 
FUS was noted compared with mice 
treated with etoposide alone. Our 
study also found that multiple FUS 
treatments were not associated with 
any negative effects. 

Ishida et al published similar experi-
ments using doxorubicin but in immu-
nocompromised mice with patient-de-
rived xenografts.35 While the tumor 
model was more accurate, the absence 
of immune response in this model was 
a limitation. The justification behind 
using doxorubicin was rooted in sev-
eral in vitro studies demonstrating its 
efficacy in treating multiple DIPG cell 
lines, plus its known limited ability to 
cross the BBB. These authors similarly 
found a fourfold increase in drug con-
centration within the mouse tumors 
that underwent FUS compared with 
the control group. Additionally, they 
found decreased tumor growth rate 
on MRI and decreased ki67 – a marker 
of tumor proliferation – on immuno-
histochemical staining in the treated 
mice. Nevertheless, there was no 
survival benefit in the study, which the 
authors attributed to the limited single 
treatment plan as well as the systemic 
toxicity of doxorubicin. Future animal 
studies will need to optimize drug 
formulations to avoid systemic toxicity, 
while incorporating a more robust FUS 
regimen that can increase tumor ex-
posure to higher drug concentrations 
over a prolonged period.

Clinical Trials

BBB Opening Trials in  
Adult Glioma

Multiple published clinical trials 
have investigated the utility of FUS-me-
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diated BBB opening in the adult supra-
tentorial glioma population (Tables 1 
and 2 summarize the clinical trials and 
serious adverse events, respectively). 
The first published trial came from the 
Carpentier group at the Pitie Salpetri-
ere University Hospital using the Sono-
Cloud CarThera device.25,36 In a sin-
gle-arm, phase 1/2a study, 19 patients 
were implanted and treated with the 
CarThera device alongside the delivery 
of carboplatin. A total of 65 treatments 
were delivered, more than 50 of which 
demonstrated evidence of BBB disrup-
tion on MRI. This radiographic effect 
was quantified based on the degree of 
contrast enhancement and correlated 
with amount of acoustic pressure. 
They found an increased delivery of 
energy associated with a more robust 
BBB opening. No significant adverse 
events (SAEs) were observed. One 
patient experienced a transient facial 
nerve palsy, which resolved within 
2 hours followed by the administra-
tion of steroids. Several patients also 
experienced transient brain edema 
that resolved with steroids. Although 
the study was underpowered, patients 
who underwent radiographic BBB 
breakdown lived longer than those 
who did not (OS 12.94 months vs 
8.64 months).  

In 2019, Mainprize et al published 
the first clinical trial evaluating the 
safety of noninvasive FUS and drug 
delivery in brain tumor patients.37 

In this phase 1, single-arm study, 5 
patients with GBM underwent MRgFUS 
treatment with concurrent chemother-
apy (temozolamide or doxorubicin) 
1 day prior to surgical resection. No 
adverse clinical or radiographic events 
were observed. To quantify radio-
graphic BBB opening, they measured 
the percentage of sonicated tissue that 
exhibited contrast enhancement (in-
creased signal intensity compared with 
the nontreated adjacent brain tissue), 
the highest of which was 50%. Four of 
the 5 patients had evidence of contrast 
enhancement following treatment. In 
2 of the patients, chemotherapy levels 
were quantified with LCMS. The au-
thors found a trend toward increased 
drug concentration in the treated 
tissue compared with the nontreated 
tissue. A phase 0 study published in 
Proceedings of the National Academy of 
Sciences of the United States of America 

(PNAS) 2021 similarly evaluated the 
safety of MRgFUS in 4 adult patients 
with lobar diffuse glioma.38 They did 
not observe any SAEs with treatment, 
although no therapeutic was delivered. 
Furthermore, histological analysis of 
treated tissue did not demonstrate any 
necrosis or microhemorrhage. Each 
treatment volume was measured, the 
largest of which was 10.08 cm3. Using 
intravenously administered fluores-
cein, they found a 2.2-fold increase 
in drug accumulation in the brain 
tissue that underwent FUS-mediated 
BBB opening, compared with non-
treated tissue. 

In Taiwan, Chen et al reported 
their findings in a 6-patient, phase 1 
pilot study. They performed a dose 
escalation design with the NaviFUS 
Neuronavigation-guided focused ul-
trasound system device, without drug 
delivery, to determine a safe energy 

Table 1. BBB-Opening Clinical Trials With Published Results

TRIAL DEVICE/THERAPEUTIC RADIOGRAPHIC CONFIRMATION LARGEST BBB OPENING BBB NORMALIZATION TIME

Idbaih et al36  
NCT02253212

SonoCloud-1 / 
Carboplatin

Gd enhancement N/A N/A

Mainprize et al37 
NCT02343991

Exablate/ None Gd enhancement 2.43 cm3 24 hours

Anastasiadis et al38 
NCT03322813 

Exablate/ None Gd enhancement 10.08 cm3 N/A

Chen et al27  
NCT03626896

NaviFUS/ None Gd enhancement N/A 24 hours

Meng et al39 
NCT03714243

Exablate/ Trastuzumab Gd enhancement/ Radioisotope N/A 24 hours

Table 2. Adverse Events in BBB-Opening Clinical Trials

TRIAL PATIENTS (N) TREATMENT-RELATED ADVERSE EVENTS

Idbaih et al36  
NCT02253212

21 Transient cerebral edema (n = 2, 11%) 
Transient facial palsy (n = 1, 5%)

Mainprize et al37  
NCT02343991

5 Back pain (n = 1, 20%) 
Headache (n = 2, 40%)

Anastasiadis et al38  
NCT03322813

4 None

Chen et al27  
NCT03626896

6 None

Meng et al39  
NCT03714243

4 Pin site tenderness (n = 1, 5%) 
Headaches (n = 1, 5%) 
Back pain (n = 1, 20%)
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level for BBB disruption.27 No SAEs 
were observed. Similar to the Carpen-
tier study, they found a correlation 
between degree of signal change on 
MRI and the amount of acoustic ener-
gy delivered. All radiographic changes 
were transient and returned to near 
baseline at 24 hours. Interestingly, they 
found a lack of significant immunolog-
ical response on histological analysis 1 
week following treatment. 

Meng et al published their phase 
1, FUS-mediated drug-delivery study 
in brain tumor patients, specifically 
in those with Her2-positive breast 
cancer and brain metastases.39 Four 
patients were treated with MRgFUS 
and radiolabeled trastuzumab, a 
monoclonal antibody for the Her2 
receptor. No treatment-related seri-
ous adverse events were observed. 
Unlike prior studies that relied on 
contrast-enhanced, T1-weighted MRI, 
single-photon emission computerized 
tomography (SPECT) imaging was used 
to track radiotracer uptake. Following 
MRgFUS and intravenous injection 
of 111In-BzDTPA-NLS-trastuzumab, 
increased SPECT signal intensity was 
observed only in regions in which FUS 
was targeted, but not in other meta-
static lesions that weren’t sonicated. 
This was the first study to demonstrate 
real-time tracking of drug delivery to 
brain tumors following BBB opening. 

Current and Future 
Trials in DIPGs 

There are 3 current trials in the 
DIPG patient population. Our group 
began the first phase 1 clinical trial 
(NCT04804709) in children with re-
current diffuse midline glioma. Study 
participants underwent treatment with 
FUS combined with oral panobinos-
tat. The purpose of the study was to 
evaluate the feasibility of opening the 
BBB safely in 1, 2, or 3 tumor sites. The 
trial followed a 3+3 Number of Tumor 
Sites (NOTS) escalation scheme, which 
refers to the number of openings in 
the BBB. Subjects started the first cycle 
of the treatment arm with 1 tumor site 

and moved on to incrementing NOTS 
levels if no dose-limiting toxicities 
(DLTs) were observed.

Another trial (NCT05123534) has 
recently opened at Children’s National 
Hospital, University of California San 
Francisco (UCSF), and the Ivy Brain 
Tumor Center using sonodynamic 
therapy, a technology that utilizes 
ultrasound-generated light, or sono-
luminescence. This light can then 
trigger the byproduct of an injectable 
therapy, SONOALA-001, to activate 
cell death exclusively within glioma 
cells. This is a phase 1/2 study in newly 
diagnosed DIPG following radiation 
therapy using a dose escalation 
model with both drug dose and energy 
delivered. Patients are administered 
SONOALA-001 and sonicated using the 
Exablate Neuro system several hours 
later. This treatment modality is also 
being studied in adult GBM patients 
in a clinical trial in Arizona, and early 
reports have noted its safety. Most 
recently, a single-arm, nonrandom-
ized, prospective feasibility study was 
opened at Children’s National Hospital 
to treat DIPG patients with FUS and 
doxorubicin using the Exablate Neuro 
system (NCT05630209). This study is 
recruiting as of press time. 

Other Applications – 
Liquid Biopsy

The first liquid biopsy study follow-
ing FUS was performed by the Chen 
lab. Using an enhanced green fluores-
cent protein (eGFP)-transduced GBM 
cell line, Zhu et al observed a signifi-
cant increase in plasma eGFP mRNA 
in multiple preclinical mouse models 
using a variety of acoustic pressures.40 
Meng et al published the first study 
in humans to evaluate the feasibility 
of liquid biopsy following treatment 
with ultrasound.41 In 9 patients 
undergoing clinical trial for GBM 
with Exablate, blood samples were 
collected before and after sonication. 
Non-brain-tumor patients undergoing 
FUS alone were used as controls. They 
found an increase in cell-free DNA 

(cfDNA) as well as neuron-derived 
vesicles and brain derived proteins 
associated with the treatment. They 
also found methylation signatures 
within the cfDNA samples following 
BBB opening that were distinct from 
the cfDNA collected pre-BBB opening. 
Interestingly, for the 1 patient in the 
trial with an IDH1 mutant glioma, they 
observed a two- to threefold increase 
in IDH1 mutant cfDNA following BBB 
opening. These findings altogether 
are very early but demonstrate the 
feasibility of using FUS-mediated BBB 
opening as a tool for both drug deliv-
ery and noninvasive diagnostics. 

Conclusion
Despite recent advancements in the 

molecular understanding of DIPG, the 
BBB remains a significant challenge 
for advancing care in this disease. The 
advent of FUS-mediated BBB opening 
has led to an exciting new era in the 
field of neuro-oncology. Preclinical 
studies have demonstrated the efficacy 
of increasing drug distribution within 
the brainstem and brainstem tumors 
using FUS. Multiple successful phase 
1 clinical trials have been reported in 
the adult glioma population, and sev-
eral are underway for those with DIPG. 
Although it is still early, our hope is 
that FUS will provide a platform for 
delivering cutting-edge therapies to 
improve outcomes for this population.
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