
Risk of low-frequency ultrasound stimulation: Response to “Brain injury during focused 
ultrasound neuromodulation for substance use disorder”

Dear Editor,

We are writing to offer our perspective on the correspondence by 
Rezai et al. [1], disclosing a serious adverse event (SAE) incurred by 
low-intensity transcranial focused ultrasound stimulation (tFUS). Like 
others, we recognize the limitation in only providing the 90 W free-field 
power output in the initial report and commend the tFUS community for 
successfully pushing for the release of more detailed sonication 
parameterization, including mechanical index (MI) and intensity, to 
compare to the published record of safety of low-intensity tFUS [2]. 
Recently published work by the International Transcranial Ultrasonic 
Stimulation Safety and Standards (ITRUSST) consortium synthesizes 
these observations into practical biophysical limits: in the absence of 
contrast agents, MI (or MItc) → 1.9 and conservative thermal constraints 
(ΔT ω 2 ↑C, low thermal dose) define a nonsignificant-risk for neuro-
modulation [3]. New reports have shown that Rezai et al. exceeded these 
guidelines, with MI estimates ranging from 2.7 to 5.1 [4]. However, 
beyond index exceedance alone, this case highlights another safety 
consideration for the field: when neuromodulation is conducted using 
low carrier frequencies in combination with high-output, repurposed 
ultrasound systems, mechanical and spatial safety margins may be 
intrinsically narrowed.

At mid-frequency (~500–700 kHz), low-intensity pulsed tFUS neu-
romodulation has an excellent record of safety. Systematic reviews of 
human tFUS report no serious adverse effects across dozens of studies 
(many clustered around ~500–650 kHz), with only mild, transient 
symptoms (e.g., scalp sensations or headache) and no lasting neuro-
logical or radiological abnormalities when parameters remain conser-
vative [2]. In a recent study, 650 kHz tFUS was safe when applied to the 
right amygdala with stimulation parameters up to MI ↓ 2.803 and 
ISPTA.3 ↓ 10.08 W/cm2 [5], both well beyond the ITRUSST recommen-
dations. While these values could be lower than those used during the 
SAE, they shouldn't be interpreted as a direct comparator. Rather, they 
illustrate that neuromodulation may be performed safely beyond con-
servative guideline limits when operating in parameter regimes with 
wider mechanical tolerance, under carefully controlled conditions, and 
with full transparency of acoustic exposure.

Subsequently, an important factor to consider in the Rezai et al. case 
is the narrowed cavitation safety margin of tFUS at low fundamental 
frequencies using a repurposed device such as that used in the report of 
Rezai et al. (i.e., 220 kHz). Since cavitation thresholds increase with 
frequency, protocols at ~600–700 kHz have a wider mechanical safety 
margin at a given pressure than those at ~200–340 kHz, all else 
equal—a key reason many neuromodulation programs have converged 
on the mid-frequency range [3]. Low-frequency operation (~200–340 
kHz), such as the 220 kHz employed by the device used by Rezai et al. 
narrows safety margins via lower cavitation thresholds and broader 

focal volumes, increasing susceptibility to off-target energy deposition 
and baro-mechanical bioeffects. It is an established fact that lowered 
frequency increases the risk of standing waves in the brain given the 
longer wavelengths, leading to increased risk of cavitation and hemor-
rhaging [6].

Modeling and experimental work has further quantified this nar-
rowing of cavitation safety margins at low frequencies. For example, 
McDannold et al. estimated that, for low-frequency transcranial ultra-
sound, cavitation levels whose mechanical energy dissipation would 
produce non-negligible secondary heating correspond to MItc values in 
the range of approximately 3.8–4.4 [7]. These estimates are substan-
tially higher than typical low-intensity tFUS exposures and provide an 
upper bound for cavitation-related bioeffects in the absence of contrast 
agents.

This is not just a theoretical concern; historical clinical experience 
highlights how low-frequency transcranial ultrasound exposures can 
narrow safety margins under certain biological conditions, even when 
nominal acoustic indices appear acceptable. One example of this was the 
prematurely suspended TRUMBI Phase II clinical trial for acute ischemic 
stroke which applied transcranial ultrasound at 300 kHz to patients with 
severe cerebral small vessel disease. Patients were assigned to receive 
either tPA or tPA plus ultrasound, and in that context, characterized by 
pre-existing vascular pathology, impaired cerebral hemodynamics, and 
pharmacologic thrombolysis, the ultrasound arm exhibited a signifi-
cantly increased rate of intracranial hemorrhage, prompting early 
termination [8]. These clinically significant bioeffects were observed at 
MI and TI values within the envelope described by the ITRUSST 
guidelines, employing a conventional pulsation scheme (e.g., 100 Hz 
pulse repetition frequency, 5% duty cycle) and energy levels (i.e., ISPTA 
↓ 700 mW/cm2, MI ω 0.2, Tisω0.5, TIC↔4) consistent with the FDA's 
guidelines for diagnostic ultrasound. Subsequent analyses and com-
mentaries around TRUMBI have repeatedly highlighted the bleeding 
signal observed with ~300–340 kHz sonication through the skull. While 
TRUMBI was not a neuromodulation study and involved patients with 
severe vascular pathology, it clearly demonstrates that low-frequency 
exposures can potentiate harm transcranially, especially when other 
risk factors (e.g., thrombolysis, microbubbles) are present [9].

Notably, the Insightec ExAblate Neuro system operating at 220 kHz 
was originally engineered and FDA-approved for transient blood–brain 
barrier (BBB) disruption, not for neuromodulation [10]. Its use for 
neuromodulation in this context, therefore, represents a substantial 
repurposing of the device. While the focal spot reported by Rezai et al. is 
on the order of a few millimeters (~5 ↗ 5 ↗ 7 mm), the ExAblate Neuro 
platform is capable of generating substantially broader effective treat-
ment volumes through electronic steering, sonication sequencing, and 
high-power operation at low fundamental frequencies [11]. As a result, 
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its physical and acoustic architecture, including large aperture geometry 
and high output headroom, may place greater reliance on careful 
parameter selection and monitoring than devices developed specifically 
for neuromodulation with inherent output limits. When researchers use 
systems not built for this purpose, full transparency around sonication 
parameters is essential to enable proper safety evaluation and to protect 
patients.

As it stands, the field has a contemporary neuromodulation SAE to 
consider. The WVU/RNI report provides a concrete reminder that 
modern protocols can still breach safety measures if margins are inad-
equate. Notably, this same WVU/RNI group previously described nu-
cleus accumbens tFUS as “safe and a potential adjunctive treatment,” 
underscoring that the sonication target was not the point of safety 
concern [12]. These collectively point to the safety risk associated with 
decreased safety margins at low fundamental frequencies. Additionally, 
since frequency interacts strongly with device design, especially focal 
geometry and cavitation thresholds, the choice of hardware is insepa-
rable from the resulting safety margins.

The WVU/RNI case underscores predictable constraints on me-
chanical and spatial safety margins of tFUS: when using systems with a 
low fundamental frequency not designed specifically for neuro-
modulation, the margins for mechanical effects narrow, and adverse 
events may become more likely. Carefully parameterized ~650 kHz 
stimulation using devices developed for neuromodulation, at low in-
tensities and duty cycles, has consistently shown an excellent safety 
profile, even at MI values above 2.5 and ISPTA.3 exceeding 10 W/cm2. 
Notably, MI incorporates frequency (the lower the frequency the higher 
the MI), so by using higher frequency ultrasound devices, a greater 
pressure and intensity of sonication could be delivered at the same MI 
than what would've been achieved with a lower frequency. Accordingly, 
while some will call for stricter guidelines on tFUS parameterization, 
reminding the field of the narrowed safety margins during low- 
frequency operation, and aligning future protocols and device selec-
tion accordingly, is the most immediate, evidence-aligned path to 
reduce the likelihood of similar events.
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