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Abstract

Background and aim: Preclinical in vitro and in vivo experiments suggest that radiation-induced tumour cell 
death can be enhanced 10- to 40-fold when combined with focused-ultrasound (FUS)-stimulated microbubbles 
(MB). The acoustic exposure of MB in the tumour volume causes vasculature perturbation, activation of the acid 
sphingomyelinase (ASMase) ceramide pathway, and resultant endothelial cell apoptosis. When the tumour is 
subsequently treated with radiation, there is increased endothelial cell death and anoxic tumour killing. Here we 
describe a fi rst-in-human experience treating patients with magnetic resonance (MR)-guided FUS-stimulated MB 
(MRgFUS+MB) radiation enhancement.

Case presentation: A head and neck cancer patient with recurrent disease underwent radiotherapy for 5 
separate sites of locoregional disease followed by systemic therapy. The fi rst consisted of a course of 45 Gy 
in 5 fractions alone, the second of 30 Gy in 5 fractions with hyperthermia, and the three others of 20-30 Gy in 
5 fractions along with MRgFUS+MB treatment. The treatment methodology used an MR-coupled FUS-device 
operating at 500 KHz and 540 kPa peak negative pressure with an insonifi cation time of 750 ms spread over 
5 minutes to stimulate intravenously administered MB within tumour target. All sites treated with stimulated 
MB had a complete radiological response, and subsequently, the patient’s other cutaneous metastatic disease 
disappeared. The patient has been under surveillance for over two years without active treatment or disease 
progression.

Discussion: MRgFUS+MB was well-tolerated with no reported treatment-related adverse events, which 
can be attributed to the capability of FUS to selectively stimulate MB within the tumour volume while sparing 
the surrounding normal tissue. Sustained local control at all target sites aligns with earlier preclinical fi ndings 
suggesting the radiation enhancement potential of FUS+MB.

Conclusion: MRgFUS+MB represents a novel and promising therapy for enhancing radiation effi  cacy and 
improving therapeutic index with potential improvements in disease control.

Introduction
High-dose radiation (i.e., 70 Gy in 35 fractions) with 

concurrent platinum-based chemotherapy is the standard 
treatment for unresectable locally advanced head and neck
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cancer [1,2]. Chemotherapy acts as a radiosensitizer, 
enhancing the radiation effect and improving outcomes [1,2]. 
However, despite intensive treatment, locoregional relapse 
is still the most common pattern of treatment failure [1,3]. 
Moreover, concurrent chemotherapy comes at the cost of 
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increased toxicity, partly due to its inability to selectively 
sensitize the tumour. Therefore, there is an unmet need 
for developing new radiosensitizers that could selectively 
improve radiotherapy efϐicacy without increasing treatment 
toxicity. 

Microbubbles (MB) are gas microspheres (< 10 μm) 
stabilized by a thin shell of lipids, routinely used as 
intravascular ultrasound contrast agents. The acoustic 
exposure of MB using focused ultrasound (FUS) causes 
bubble cavitation with resultant shockwaves capable of 
inducing transient perturbation of vasculature. This, in turn, 
activates the acid sphingomyelinase (ASMase) ceramide 
pathway that results in subsequent endothelial cell apoptosis  
[4-6]. Evidence suggests that this mechanism is essential 
for the ablative effect of stereotactic body radiotherapy 
(SBRT) when fractions > 8 - 10 Gy are delivered [5,7]. It was 
demonstrated, however, that ASMase ceramide-mediated 
endothelial apoptosis can be induced with doses as low as 2 
Gy in a single fraction when radiotherapy is combined with 
stimulated MB. This synergism increases tumour endothelial 
cell death, leading to microvascular destruction, impairment 
of tumour blood supply, and subsequent anoxic tumour 
killing [4,6]. This principle has been proven by extensive 
preclinical work in different cancer models  [4,5,6,8-10]. For 
example, using a prostate cancer model, Czarnota, et al. [8] 
demonstrated a mean tumour cell death of only 4% (± 2%) 
for a 2 Gy fraction alone, but at least 10-fold more signiϐicant 
cell kill was observed when combining ultrasound-stimulated 
MB with a single 2 Gy fraction (44% ± 13%) or a single 8 Gy 
fraction (70% ± 8%) [8].

Given the compelling preclinical data results, we 
have started an ongoing phase I clinical trial of magnetic 
resonance (MR)-guided FUS-stimulated MB (MRgFUS+MB) 
enhancement treatment in patients with unresectable or 
inoperable primary head and neck malignancies (clinicaltrials.
gov identiϐier: NCT04431648). Here we describe the ϐirst 
patient treated with this innovative therapy. 

Case presentation
A 48-year-old male with a squamous cell carcinoma of the 

left buccal mucosa underwent tumour resection with positive 
margins (pT3N0) followed by concurrent chemoradiotherapy. 
Radiotherapy consisted of a dose of 56 Gy to the ipsilateral 
nodal levels with a simultaneous integrated boost of 66 Gy to 
the surgical bed using an intensity-modulated radiotherapy 
technique with 33 fractions.

A second primary of the right buccal mucosa developed, 
which was completely resected. Four years later, he 
developed the ϐirst local recurrence of this tumour, which was 
resected again with negative margins (4.4 cm squamous cell 
carcinoma), and no adjuvant treatment was delivered. Eight 
months later, he presented another local recurrence in the right 
buccal mucosa (termed “lesion A”), and this was associated 

with enlarged right supraclavicular nodes (“lesion B”).
Lesion A was treated with SBRT alone with a dose of 45 Gy in 
5 fractions, and lesion B using a dose of 30 Gy in 5 fractions 
along with MR-guided FUS hyperthermia (as part of a 
separate clinical trial). Three months later, upon developing 
a new submental mass (“lesion C”), he was enrolled in the 
stimulated MB phase 1 trial, and lesion C was treated with a 
radiation dose of 30 Gy in 5 fractions along with MRgFUS+MB 
treatment. He then presented enlargement of a pre-
auricular adenopathy (“lesion D”) and a left supraclavicular 
conglomerate (“lesion E”), which were treated with radiation 
doses of 25 Gy in 5 fractions and 20 Gy in 5 fractions, 
respectively, along with concurrent MRgFUS+MB treatment. 

The MRgFUS+MB treatments were delivered immediately 
before radiation fractions 1 and 5. A FUS system (Profound 
Medical/Philips Sonalleve - Profound Medical, Mississauga, 
Canada/ Philips Healthcare, Best, Netherlands) was 
integrated with a 3-Tesla MR system platform (Philips 
Healthcare, Netherlands) and reprogrammed with 
alterations to frequency and power (from 1.2 MHz - 1.4 MHz 
and 270 W - 300 W to 0.8 MHz and 7.3 W, respectively) to 
sonicate tumours at depowered operating conditions that 
cause no heating nor tissue damage. On the MRgFUS+MB 
treatment days, the patient was positioned on the MR 
table with the target in close contact with the in-built FUS 
transducer (Figure 1). Ultrasound gel was applied for 
coupling purposes on the top of a gel pad (Aquaϐlex; Parker, 
Hannover, Germany), facilitating contact with the ultrasound 
transducer without air gaps. The treating radiation oncologist 
used the acquired MR images to deϐine the target volume 
and place individual ultrasound treatment cells that covered 
the entire target volume. MB (Lantheus Medical Imaging, 
USA) were activated by vigorous mechanical agitation for 
45 seconds using a Vialmix unit (Lantheus Medical Imaging, 
USA), then injected intravenously at a dose of 10-30 μL/
kg per treatment cell. Subsequently, FUS sonicated the MB 
within the targeted volume using a peak negative pressure of 
570 kPa until the whole volume was treated. The patient was 
monitored for 30 minutes post-procedure and underwent 
radiotherapy within one hour of MRgFUS+MB treatment 
completion.

The ϐive radiotherapy courses were followed by 
immune checkpoint inhibitors (Nivolumab). At the ϐifth 
cycle, Nivolumab was switched to Paclitaxel/Carboplatin 
chemotherapy due to suspected oligoprogression of lesion 
A while all other sites had complete radiological response. 
Lesion A responded to the new regimen, but during the ϐifth 
cycle of chemotherapy, the patient developed biopsy-proven 
widespread cutaneous metastases. Systemic treatment 
was discontinued, and surprisingly, this was followed by 
spontaneous resolution of all cutaneous lesions within 
1-month after the last chemotherapy. Since then, the patient 
has been on surveillance for over two years (Figures 2 and 3)
with no evidence of active disease. At the last follow-up, 
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Figure 1: Methodology of magnetic resonance-guided focused ultrasound-stimulated microbubbles radiation enhancement treatment. 1. On the treatment days, a 
peripheral intravenous line was inserted to administer contrast media and microbubbles. 2. The patient was positioned on the magnetic resonance table with the target 
tumour in close contact with the focused ultrasound transducer. Ultrasound gel was applied for coupling purposes on the top of a gel pad, facilitating contact with the 
ultrasound transducer without air gaps. 3. The treating radiation oncologist used the acquired magnetic resonance images to defi ne the target tumour and place individual 
ultrasound treatment cells that cover the entire target. 4. The microbubbles were activated by vigorous mechanical agitation for 45 seconds using a Vialmix unit (Lantheus 
Medical Imaging, USA) and then injected intravenously at a dose of 10-30 μL/kg per each ultrasound treatment cell. 5. Focused ultrasound sonicated the microbubbles 
within the targeted volume using a peak negative pressure of 570 kPa until the whole volume was treated. The acoustic exposure of microbubbles causes vasculature 
perturbation, activation of the acid sphingomyelinase (ASMase) ceramide pathway, and resultant endothelial cell apoptosis. 6. The patient was transferred to the linear 
accelerator to undergo radiotherapy within one hour of completing the magnetic resonance-guided focused ultrasound-stimulated microbubbles treatment. Subsequent 
radiation treatment leads to increased endothelial cell death, resulting in microvascular destruction, impairment of the tumour blood supply, and enhanced tumour cell 
death.
Abbreviations: IV: Intravenous; FUS: Focused Ultrasound; MR: Magnetic Resonance; MB: Microbubbles; ASMase: Acid Sphingomyelinase.

Figure 2: Timeline of patient’s treatments. 
Abbreviations: SCC: Squamous Cell Carcinoma; CRT: Chemoradiation; Fx: Fractions; LR: Local Recurrence; MRgFUS+MB: Magnetic Resonance-Guided Focused 
Ultrasound-Stimulated Microbubble Treatment; ST: Systemic Treatment; Chemo: Chemotherapy.



A Novel Strategy to Improve Radiotherapy Eff ectiveness: First-in-Human MR-guided Focused Ultrasound-Stimulated Microbubbles 
(MRgFUS+MB) Radiation Enhancement Treatment

www.radiooncologyjournal.com 050https://doi.org/10.29328/journal.jro.1001052

he had sustained complete resolution of all disease sites, 
and the toxicities were within the expected limit (grade 1 
xerostomia, grade 2 trismus, grade 2 dysphagia, and skin 
hypopigmentation). No MRgFUS+MB treatment-related 
adverse events were reported.

Discussion
We described the ϐirst patient treated with MRgFUS+MB 

treatment as a novel strategy to enhance radiotherapy 
effectiveness. This therapy is supported by extensive 
preclinical research, which showed that FUS+MB 
synergistically activates cellular pathways that ultimately 
cause tumour vasculature disrupture and enhance radiation-
induced cell death [4,5,6,8-10].

The MRgFUS+MB treatment was well-tolerated, with the 
expected radiation-induced toxicity and no local or systemic 
MB-related adverse events. The FUS selectively stimulates MB 

within the tumour volume, sparing the surrounding normal 
tissue. This is achievable due to a modern three-dimensional 
ultrasound technology that permits focused exposure 
with better than 1 mm accuracy. As a result, any toxicity 
of stimulated MB enhancement therapy and intended local 
bioeffects is expected to be restricted to the target tumour. 
Additionally, the MB utilized in our research (Deϐinity, 
Lantheus Medical Imaging, USA) has been commercially 
employed as an ultrasound contrast agent for many years 
and has exhibited a secure safety proϐile, with severe adverse 
events seen in < 0.01% [11,12].

Due to MRgFUS+MB treatment selectivity, one of the 
main applications is to sensitize the tumour so the radiation 
dose can be de-escalated when toxicity is a major concern 
while providing at least the same local control as a higher 
radiotherapy dose could. Interestingly, this strategy was 
demonstrated here as the prescribed dose was progressively 

Figure 3: Clinical and radiological response to radiotherapy.
Abbreviations: MR: Magnetic Resonance; MRgFUS+MB: Magnetic Resonance-Guided Focused Ultrasound-Stimulated Microbubble Treatment; L: Left; R: Right; P: 
Posterior; A: Anterior.
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reduced on subsequent treatments, but no post-MRgFUS+MB 
treatment recurrence was reported. Moreover, stimulated 
MB safety and efϐicacy were further demonstrated as the 
lesions treated with higher radiation doses (lesions A-B) 
were internal controls of those treated with MRgFUS+MB 
(lesions C-E). 

We posit that the MRgFUS+MB treatments could have 
contributed to the priming of the immune system through the 
exposure of tumour antigens associated with the cell death 
that rapidly ensues, leading to enhanced tumour ablation. 
This theory is supported by emerging data suggesting 
that radiation [13,14] and ultrasound-stimulated MB [15] 
remodel tumour microenvironment and increase immune 
cell inϐiltration, resulting in an enhanced immunotherapeutic 
effect. It is intriguing, however, that after an excellent 
response, the patient developed biopsy-proven cutaneous 
metastases that spontaneously disappeared following 
chemotherapy interruption. We hypothesize that the 
stimulated immune system led to the patient’s excellent initial 
response. However, this was subsequently counterbalanced 
by chemotherapy-induced immunosuppression, allowing 
widespread metastatic disease development. Then, when 
chemotherapy was discontinued, upregulation of a previously 
stimulated immune system resulted in the disappearance of 
cutaneous metastases and, ultimately, sustained response. 

Conclusion
We reported the successful experience of the ϐirst patient 

treated with MRgFUS+MB radiotherapy enhancement 
treatment. This represents a novel and promising treatment 
for enhancing radiation efϐicacy and improving the 
therapeutic index with potential improvements in disease 
control. The safety and effectiveness shown in the presented 
case need to be conϐirmed by the ongoing clinical study.
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