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New focused ultrasound spinal cord applications have emerged, particularly those improving therapeutic agent
delivery to the spinal cord via blood−spinal cord barrier opening and the neuromodulation of spinal cord tracts.
One hurdle in the development of these applications is safety. It may be possible to use safety trends from seminal
and subsequent works in focused ultrasound to guide the development of safety guidelines for spinal cord applica-
tions. We collated data from decades of pre-clinical studies and illustrate a clear relationship between damage,
time-averaged spatial peak intensity and exposure duration. This relationship suggests a thermal mechanism
underlies ultrasound-induced spinal cord damage. We developed minimum and mean thresholds for damage
from these pre-clinical studies. When these thresholds were plotted against the parameters used in recent pre-clin-
ical ultrasonic spinal cord neuromodulation studies, the majority of the neuromodulation studies were near or
above the minimum threshold. This suggests that a thermal neuromodulatory effect may exist for ultrasonic spinal
cord neuromodulation, and that the thermal dose must be carefully controlled to avoid damage to the spinal cord.
By contrast, the intensity−exposure duration threshold had no predictive value when applied to blood−spinal
cord barrier opening studies that employed injected contrast agents. Most blood−spinal cord barrier opening
studies observed slight to severe damage, except for small animal studies that employed an active feedback con-
trol method to limit pressures based on measured bubble oscillation behavior. The development of new focused
ultrasound spinal cord applications perhaps reflects the recent success in the development of focused ultrasound
brain applications, and recent work has begun on the translation of these technologies from brain to spinal cord.
However, a great deal of work remains to be done, particularly with respect to developing and accepting safety
standards for these applications.
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Introduction

The bio-effects of ultrasound focused on the spinal cord have been
studied for decades. Early investigations in the 1950s sought to under-
stand the potential for “tractless lesioning” and damage to the spinal
cord using focused ultrasound [1,2]. These studies found that suffi-
ciently intense focused ultrasound caused paraplegia and hemorrhage in
their animal models. It was also observed that certain sonication regimes
led to reversible changes in reflex arcs in the spinal cord and modifica-
tions in the permeability of the blood−brain barrier, which is function-
ally similar to the blood−spinal cord barrier [3−5]. Despite some initial
promising results, the adoption of treatments based on these bio-effects
was limited by the need for invasive procedures such as craniotomies
and laminectomies to gain access to the brain and spinal cord. Today,
advances in treatment guidance, treatment monitoring and non-invasive
trans-skull focusing methods have enabled the clinical adoption of
focused ultrasound thalamotomies [6] and may enable many new ultra-
sonic brain therapies [7−9]. These advances suggest that the time is
right for the development of focused ultrasound spinal cord therapies.
The development and clinical translation of focused ultrasound spi-
nal cord therapies lags behind those involving the brain, possibly
because there are fewer identified treatable indications or perhaps
because of the added difficulty of focusing ultrasound through the spine.
However, the recent emergence of exciting applications such as micro-
bubble-mediated blood−spinal cord barrier opening (BSCBo) for
improved therapeutic agent delivery to the spinal cord [10−18] and spi-
nal cord neuromodulation [19−22] may help change this trend. These
focused ultrasound spinal cord applications are still at the pre-clinical
stage, and the safety of these applications must be established to move
forward.

A thorough literature review was conducted to identify relevant
works on the topic of focused ultrasound and the spinal cord. Google
Scholar keyword searches were utilized to identify articles. Additional
articles were identified through examination of citation lists and referen-
ces in the initial articles found. This nested approach identified several
articles that may not have been found through keyword searches with
modern terminology. However, it should be noted that this literature
review may not have captured all relevant works, as studies that are not
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Figure 1. Number of papers published per year on ultrasound-induced spinal
cord damage, blood−spinal cord barrier (BSCB) opening, and spinal cord neuro-
modulation from 1950 to 2023.

Figure 2. Thoracic spine and spinal cord illustration. Wikimedia Commons.
Source: Jmarchn. Modified here. This file is licensed under the Creative Com-
mons Attribution-Share Alike 3.0 Unported license.
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cited by the works identified here may have been missed. Furthermore,
this review does not include articles published in non-English scientific
journals and did not consider works on physiotherapeutic ultrasound
spinal applications. Despite these limitations, this review compiles the
findings of 48 studies, a larger array of literature than is incorporated
into modern focused ultrasound spinal cord studies. A systematic analy-
sis on the parameters that influence spinal cord damage was then per-
formed. The identified studies were placed into one of three categories:
damage (under Ablation and Damage), neuromodulation (Section IV)
and BSCBo (under Blood−Spinal Cord Barrier Opening). Figure 1 depicts
the years in which the identified articles were published and the catego-
rization of the articles within this review.

There are many ultrasound parameters that may influence the bio-
effects of a focused ultrasound spinal cord application. These parameters
include the source resonant frequency, the source sonication mode (e.g.,
pulsed vs. continuous sonication, see Figure 4 for the pulse nomencla-
ture used in this review), the source geometry, the source pressure and
the resulting spatial peak pulse averaged intensity (ISPPA) and spatial
peak time averaged intensity (ISPTA). Modifying the pre-clinical model,
either by microbubble injection or by varying temperature, ambient
pressure and atmospheric gas content can also lead to differences in
ultrasound-induced bio-effects. Many different parameters and models
have been tested in focused ultrasound spinal cord studies, which make
direct comparisons between studies challenging. However, it also offers
the opportunity to identify general damage trends that may be broadly
applied for safety in future studies that may not exactly match the
parameters of a pre-existing study. This review provides a comprehen-
sive list of relevant parameters and tests for trends in exposure duration,
intensity and resultant bio-effects. This review is written from a safety
perspective; most modern neuromodulatory or BSCBo studies check for
damage within their experimental groups, but their parameters are not
contextualized by the many historical studies that specifically investi-
gated ultrasound-induced spinal cord damage. The contextualization of
these studies is attempted here, and it is hoped that the safety trends
identified here may be applied to future studies.

Anatomy of the spine and ultrasonic considerations

Many pre-clinical models have been used to investigate the bio-
effects of focused ultrasound on the spinal cord, from mouse neonates,
weighing under 2 g, to juvenile pigs, weighing up to 40 kg. The use of
smaller pre-clinical models can simplify a study as the spine of a small
animal is less acoustically aberrating than large animal or human spines,
but may affect the applicability of the study to future human trials.

The spinal cord, much like the brain, is encased in bone. A section of
the human spinal cord and three thoracic vertebrae are illustrated in
Figure 2. The irregular structure of the vertebrae adds different chal-
lenges (and possible opportunities) to focusing ultrasound on the spinal
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cord, when compared with the skull. The strong reflections at the soft
tissue−bone and bone−soft tissue interfaces, along with the high attenu-
ation rates within the bone, make it difficult to deliver ultrasound
through bone. Additionally, the irregular vertebral surfaces tend not to
be conducive to normal-incidence transmission, further reducing the
efficiency of trans-vertebral compressional-wave ultrasound transmis-
sion from an extracorporeal source when compared with trans-skull
transmission [23]. However, intervertebral acoustic windows may allow
sound to pass through the spine to some spinal cord targets without
being intercepted by bone. A set of experiments revealed that ultrasound
transmission through ex vivo human thoracic vertebrae was approxi-
mately 30%, but varied strongly by target position [24]. Another
approach to delivering ultrasound through the spine is laminectomy, a
highly invasive procedure in which the spinous process and laminae of
one or several vertebrae are surgically removed before the therapy.
With this approach, ultrasound can reach the spinal cord without incur-
ring pre-focal aberrations. Laminectomies are often performed even in
small animal model pre-clinical studies to reduce variability in in situ
intensity. However, reflections from the vertebral bodies may still gener-
ate standing waves, and pressures may exceed the free-field focal values
[25]. Laminectomies are unlikely to be accepted as standard care in an
ultrasound-based spinal cord therapy.

The spine is also encased in several centimeters of soft tissues, includ-
ing ligaments, muscles, fat and skin. These tissues will attenuate and fur-
ther aberrate focused ultrasound as it travels towards the intended
target. The spinal cord resides within the spinal canal, occupying
approximately 25% of the canal volume in healthy cervical spines [26].
Several meninges (from outermost to innermost: the dura mater, the
arachnoid mater and the pia mater) and the space between arachnoid
and pial meninges containing cerebrospinal fluid fill most of the remain-
ing canal volume. The meninges and spinal cord are well supplied by
vasculature; the spinal cord has three main arteries (two posterior arter-
ies and one anterior artery), two main veins (one posterior vein and one
anterior vein) and an extensive network of smaller vasculature within
the spinal cord. The spinal cord and surrounding soft tissue structures
will not influence the ultrasound intensity distribution of a focused
ultrasound spinal cord therapy to the same degree as the spine, but these
structures remain important to consider in terms of possible damage
when evaluating the safety of an ultrasound intensity spatial distribu-
tion. High-intensity focused ultrasound can directly destroy tissues by
sufficiently heating a focal area [27], and histotripsy can directly destroy
tissues by generating intense acoustic cavitation from the endogenous
gas in tissues [28]. Both high-intensity focused ultrasound and histo-
tripsy have many useful applications outside of the spine, but these
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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treatment regimens are not discussed in this review because of the sensi-
tivity and criticality of the spinal cord.
Ablation and damage

Early investigations into the bio-effects of ultrasound on the spinal
cord revealed that focused ultrasound could produce lesions that
resulted in easily measurable hindlimb paralysis. When combined, these
studies appear to have had dual motivations:

1. To investigate the potential therapeutic applications of ultrasonic
ablation in the spinal cord. For example, early ablation studies aimed
to investigate if an ultrasound-generated focal lesion could prevent
the transmission of intractable pain to the brain or prevent the trans-
mission of dysfunctional motor signals.

2. To establish damage thresholds for exposure time (defined here as
the total treatment time, inclusive of ‘off’ periods during pulse soni-
cations) and intensity, to ensure the safety of ultrasound imaging
sequences.

We identified 19 studies that investigated irreversible changes or
damage in the spinal cord. These studies tested multiple categorical
parameters, including low versus normal animal temperature, high ver-
sus normal ambient pressure, hypoxic versus normoxic atmospheres and
continuous versus pulsed sonications. These studies also tested pseudo-
continuous parameters including source frequency and the probability
of paralysis. These parameters are characterized here as pseudo-continu-
ous because (i) source frequency is not varied continuously in any of
Figure 3. Earliest or lowest-intensity instance of damage in a parameter set for the
intensity (ISPTA) and total treatment time and (b) non-derated mechanical index and
parameters and blue denotes parameter sets where damage was not discussed. , Fry e
1956 [32]; ×, H€uter et al. 1956 [36]; |, Ballantine et al. 1956 [37]; −, Bowsher
1970 [42]; △, Taylor and Pond 1972 [43]; ▽, Stolzenberg et al. 1980 [40]; F, Frizell e
et al. 1999 [39]. Curve fitting was performed to obtain the minimum thresholds (black lin
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these studies, instead relying on using the source harmonics to effi-
ciently generate multiple frequencies, and (ii) permanent paralysis is
binary but many studies performed probit analyses [29] to identify the
thresholds for 10%, 50% and 90% probability of paralysis. The identified
studies also tested continuous parameters (albeit in limited ranges),
including total treatment time, the non-derated mechanical index and
the spatial peak pulse-averaged intensity (ISPPA). The treatment time and
the ISPPA were used here to calculate the ISPTA:

ISPPA � ISPPA ×
OnTime

Total Treatment Time
�1�

Total time and exposure time are used interchangeably throughout
this text; ‘on time’ is the term used to describe the time with the source
actively sonicating. This approach to calculating ISPTA was taken to
account for the cumulative thermal energy contributions of pulsed
sequences with sufficiently high pulse repetition frequencies that do not
allow for heat to fully dissipate away from the target tissues during the
“off” times. The time over which averaging should be performed is an
active question in the field; here we use the total treatment time to bet-
ter align with the CEM43°C (cumulative equivalent minutes at 43°C)
metric for thermal dose. Unfortunately, none of the identified studies
report thermal dose or data that would enable the accurate calculation
of thermal dose. ISPTA values were recalculated for studies with sonica-
tions that incorporated repeated pulse trains where ISPTA was calculated
over the pulse repetition interval (see Figure 4). The time period limit
used in this article for treatments that span multiple days was the total
treatment per session where treatment-induced heating may be expected
to persist. For example, the total treatment time for treatments repeated
identified spinal cord damage studies, plotted by (a) time-averaged spatial peak
source “on time.” Red denotes damage, black denotes no damage with the given
t al. 1951 [1]; +, Fry et al. 1951 [2]; *, Fry and Fry 1953 [41]; G, Fry and Dunn
1957 [38]; $, Curry and Beaton 1958 [136]; &, Lele 1964 [137]; o, Taylor
t al. 1983 [33]; �, Lee and Frizzell 1988 [31]; I, Frizell et al. 1994 [35]; &, Miller
es) and mean thresholds (red lines) for the onset of spinal cord damage.

ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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Figure 4. Pulsed sonication nomenclature used throughout this review. Pulse
repetition frequency and pulse train repetition frequency are obtained from the
inverses of the pulse repetition interval and the pulse train repetition interval.
This review merges several pulse naming conventions.

Table 1
Fit values for focused ultrasound-induced spinal cord damage
as a function of total time and ISPTA or of time and MI

Parameter A 95% CI B 95% CI

Min [ISPTA] 37 35 to 39 −0.77 −0.81 to -0.73
Mean [ISPTA] 88 73 to 103 −0.61 −0.72 to -0.51
Min [MI] 0.90 0.63 to 1.2 −0.43 −0.62 to -0.23
Mean [MI] 1.7 1.6 to 1.9 −0.33 −0.37 to -0.28

Fit equation is y = AtB, where y is ISPTA or mechanical index
and t is total time or on time.
ISPTA, spatial-peak time-averaged intensity.
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once per day was set to the treatment time within 1 d, and the total treat-
ment time for treatments repeated once every 12 h was set to the treat-
ment time within each 12 h period. This time period limit may need to
be revisited as the field learns more about the effects of prolonged and
repetitive ultrasound exposure.

Mechanical damage to the spinal cord is parameterized in this review
using the source “on time” and the non-derated mechanical index (MI),
which is defined as

MI non � derated� � � pr=√fc �2�
where pr is the spatial peak rarefactional pressure in water, and fc is
source centre frequency. The non-derated MI differs from the MI used in
ultrasonic imaging; in the standard MI used in ultrasonic imaging, the pr
is derated by 0.3 dB/cm [30]. The non-derated MI is used here because
the depths and attenuation coefficients of the intervening dorsal tissues
are not known and the dorsal tissues were often modified via laminec-
tomy and surgical exposure of the spinal cord. Here, we consistently
report non-derated MI values rather than estimated derated values for
each animal model. Most historical studies report intensity rather than a
pr value; when the pr value is not reported, it is estimated from the
reported intensity by assuming that the signal is linear and travelling as
a plane wave. These assumptions result in some uncertainty in the MI
values reported in this review, particularly in studies that implemented
high intensities.

This review identifies damage thresholds for exposure time and ISPTA,
and the transducer “on time” and non-derated MI. Of the 19 studies
identified, 16 had identifiable parameters for (or related parameters
that enabled the calculation of) exposure time, “on time,” ISPTA and non-
derated MI. The minimum exposure time or ISPTA for the earliest/lowest
intensity instance of damage for each tested parameter combination
from each study is given in Figure 3a. Here, a “parameter combination”
refers to a single frequency, a single sonication mode and a single animal
model and environmental conditions, but variable intensity or exposure
duration. A clear relationship can be seen between the logarithm of
exposure time and the logarithm of the ISPTA. A line corresponding to
the minimum reported exposure damage threshold in log−log space was
obtained from the four lowest ISPTA values—total treatment times that
underline the remainder of the Figure 3a distribution. The threshold
function fitting was performed using MATLAB 2022a (The MathWorks,
Natick, MA, USA) fit algorithm for an equation of the form y = AtB to
obtain:

ISPTA � 37 ttotal� ��0:77 W=cm2� � �3�
where ttotal is the total treatment time in seconds. Equation (3) can be
used to estimate the minimum ISPTA for possible damage at a given expo-
sure time, or can be re-arranged to estimate the minimum exposure time
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that may result in damage at a given ISPTA. The mean ISPTA− exposure
time threshold was obtained by fitting an equation of the same form to
the earliest/lowest-intensity instance of damage reported for each tested
parameter combination from each study, and the fit values are outlined
in Table 1.

A clear relationship can also be seen between the logarithm of “on
time” and the logarithm of the non-derated MI. The minimum non-
derated MI−“on time” threshold for damage was obtained from the
three lowest values that underline the remainder of the Figure 3b distri-
bution. The threshold function fitting was also performed using the
MATLAB fit algorithm for an equation of the form y = AtB, giving the
minimum threshold for damage:

MI non � derated� � � 0:90 ton� ��0:43 �4�
where ton is the source on time in seconds. Equation (4) can be used to
estimate the minimum non-derated MI for possible damage for a given
“on time” or can be rearranged to estimate the minimum exposure time
that may result in damage at a given non-derated MI. The mean non-
derated MI−“on time” threshold was obtained by fitting an equation of
the same form to the earliest/lowest non-derated MI instance of reported
damage for each tested parameter combination. The fit values for the
minimum and mean damage thresholds and the 95% confidence inter-
vals are reported in Table 1.

The thresholds used throughout this review are based solely on the
data reported from the identified studies and reveal the limits of the
parameters reported across these studies in which damage was observed,
to show the trends. They are not intended to be interpreted as safety
thresholds below which there will be no damage or as a threshold above
which damage is certain. The thresholds presented here are intended to
illustrate increasing risk with increasing exposure, to facilitate compari-
son of studies and the planning of future studies, but they are not
intended to explicitly define safe/unsafe regions of the parameter space.
To do so requires the development of appropriate safety margins around
the thresholds; this is not attempted here.

The non-derated MI values in the 16 identified studies are low rela-
tive to established estimated non-derated MI thresholds for cavitation
[30]. A review of 13 studies found an average estimated MI threshold
for cavitation of 7.2 (3.8−14.8) across various animal tissues [30], and
only one study identified here exceeded this average value. The signal-
linearity assumption used in this review will overestimate the pr values
of non-linear signals, in turn resulting in an overestimation of the non-
derated MI values. This may place the actual non-derated MI values fur-
ther below the estimated MI threshold for cavitation [30]. Mechanical
effects may still damage the spinal cord at sufficiently high MI values,
and there may be combined thermal and mechanical effects where heat-
ing reduces the cavitation threshold [31], resulting in cavitation-based
damage later in a focused ultrasound exposure. While the in situ MI may
still be a useful metric for predicting possible mechanical damage in the
absence of injected contrast agents, the ISPTA−time damage threshold
will be prioritized in later discussion of ultrasound-induced damage in
this review.

Equation 3 gives an estimate of the threshold for spinal cord damage
based solely on exposure duration and ISPTA, as plotted in Figure 3a.
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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This equation does not incorporate any adjustments for other parame-
ters that may influence spinal cord-focused ultrasound tolerance; Figure
3a and eqn (3) include models and testing conditions that reduce the
exposure intensity or duration needed to generate damage. If a planned
study is to exceed the threshold described by eqn (3), then a careful com-
parison of the study’s parameters relative to those reported here should
be undertaken to understand the risks associated with the study. It is
also important to note that the clear relationship between exposure time
and ISPTA may not persist at long exposure times and low intensities: sev-
eral parameter combinations with long exposure times and lower ISPTA
did not result in observable spinal cord damage despite crossing the
threshold defined in eqn (3). This may be because of variable heat diffu-
sion rates and/or perfusion removing heat, preventing the spinal cord
from reaching damaging temperatures.

The pre-clinical studies plotted in Figure 3 and three other studies
with incomplete intensity-versus-exposure duration information are dis-
cussed in detail in Appendix S1 (online only). An accounting of the
experimental subjects, average subject weights, number of subjects, tar-
get, laminectomy, sonication frequency and mode, transducer “on time,”
ISPPA/ISPTA, spinal cord heating and damage is also provided in brief in
Table 2 and in greater detail in a supplementary Excel file (online only).

Although the foundational studies on focused ultrasound spinal cord
bio-effects were performed in frogs [1,2], all of the following studies
used mammals. The tested mammals spanned more than three orders of
magnitude in body mass, beginning with neonatal mice [31−35], then
mice [36−39] or pregnant mice [40], rats [41−43] and finally cats
[44,45]. All studies that used rats or cats used surgical laminectomies to
obtain access to the spinal cords, reducing the discrepancy between the
reported free-field intensities and the in situ intensities. The studies per-
formed in mice or frogs did not use laminectomies, but the smaller size
of these animals means that the intervening tissues (spine and soft tis-
sues) cause smaller decreases in in situ intensities relative to free-field
intensities.

One parameter that was investigated in several studies was the
model body temperature. This may have been partially owing to the
anaesthetizing effect of low body temperatures, which allowed the
researchers to easily position the animals during the experiments.
Approximately half of the studies were performed with cooled animals
[1,2,31−35], and the remaining studies were performed while at normal
physiological temperatures [1,31,37,39,40,43−46]. Cooling the animals
prior to ultrasound application increased the animal’s ultrasound expo-
sure tolerance, most likely by increasing the exposure time needed for
the spinal cord to reach damaging temperatures.

Most of the identified studies were performed in a natural atmo-
sphere [1,32,36−40,44−46], but some studies investigated hyperbaric
pressures that were intended to reduce or prevent cavitation [2,31,33
−35], and two studies investigated artificial atmospheres that were
intended to induce hypoxia [42,43]. Hyperbaric pressures were found to
have either no effect (in mouse neonates at an ISPTA below 100 W/cm2)
or slightly increase the exposure tolerance (in mouse neonates at higher
intensities or in frogs). The increase in exposure tolerance is attributed
to the suppression of cavitation either within the animals or within the
coupling medium. Gas concentrations intended to produce hypoxia
resulted in lower exposure tolerance [42,43], perhaps because hypoxia
alone can be damaging to neurons [47].

The studies that lie along the minimum threshold for damage illus-
trated in Figure 3a and defined in eqn (3) are:

� The very high-intensity (an ISPPA of approximately 2000 W/cm2)
1 MHz pulsed wave 10°C mouse neonate experiment [35].

� The high-intensity (an ISPTA of approximately 100 W/cm2) 1 MHz
continuous wave 37°C mouse neonate experiments [31].

� The relatively low-intensity (an ISATA of approximately 2.8 W/cm2)
pulsed wave 1 MHz mouse experiment [36]. Here, intensity was
given as a spatial average instead of a spatial peak value and the cor-
responding ISPTA value would lie above the minimum threshold.
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However, the authors reported a 50% probability of paralysis at the
given ISATA, meaning that the threshold for, for example, 5% paraly-
sis, would be lower than the given ISATA value lie below the mini-
mum threshold. These attributes oppose each other.

� The pregnant mouse experiment performed at low intensity (an ISPTA
of 1 W/cm2) with pulsed or continuous 2 MHz sonications with a
large-beam-area unfocused source that also caused off-target effects
such as lung haemorrhage [40].

It is important to note that the values reported for two of the studies
that form eqn (3) are for 10% paralysis within a group [31,35] and were
obtained via probit analysis. It is therefore possible that paralysis could
occur at lower exposures; this is a weakness of the probit analysis report-
ing method. The onset of paralysis likelihood is often rapid, with a factor
of 2−3 separating 10% paralysis and 90% paralysis. This could suggest
that 0% paralysis occurs near 10% paralysis, but this review will not
speculate or attempt to extrapolate the probit analyses to 0% paralysis;
uncertainty must remain in these thresholds because of individual differ-
ences and differences in sonication protocols.

The minimum damage threshold (eqn 3) includes both neonatal and
adult mice, and susceptibility to ultrasound-induced spinal cord damage
may depend on body mass and development stage. For example, mouse
neonates have a total body mass less than 2 g, giving them very little
thermal inertia and perfusive capacity. Mice are known to be less heat
tolerant than larger animals and humans from experiments that have
tested thermal exposure thresholds in non-spinal cord tissues (e.g., skin)
[48]. The difference in threshold between mice and in vivo human tissue
has been estimated at between 0.5°C and 5°C [48]. The data points in
Figure 3 for rats and cats are two- to threefold higher than those for
mice (see Supplementary Material, online only), but the tested ISPTA and
total treatment time ranges differ across animal models, so there is insuf-
ficient data to determine model-specific thresholds. Future studies
should perhaps treat the minimum damage threshold (eqn 3) as a guide-
line that they should stay below whenever possible, and above which
greater caution must be applied and a case be made supporting the treat-
ment safety. The mean damage threshold (parameters in Table 1) should
not be exceeded for a non-ablative treatment without extensive evidence
(e.g., measurements and/or simulations that demonstrate sufficient
derating of the ultrasound exposure along the beam path) that the treat-
ment deviates from the sonications illustrated in Figure 3. Appropriate
treatment monitoring methods should also be implemented across the
ISPTA−total treatment time range.

The analysis illustrated in Figure 3 and eqns (3) and (4) is limited to
pre-clinical models. A hypothetical future in-human trial of a therapeutic
focused ultrasound spinal cord application must also rely on pre-clinical
experiences as there are (thankfully) no published studies or case reports
discussing ultrasound-induced damage to the human spinal cord. How-
ever, many studies have investigated ultrasonic damage thresholds in
the human brain, particularly in the development of thalamotomies [6],
blood−brain barrier opening [7−9,49] and brain neuromodulation
[50]. Only one of the identified studies investigated the intensity and
exposure duration needed to generate a lesion or paralysis in both the
spinal cord and the brain (in separate animal models) [37], finding that
the intensity and corresponding exposure duration were similar for brain
and spinal cord. The development of intensity-versus-exposure thresh-
olds for brain continued, creating damage thresholds to similar that
illustrated in Figure 3a). For example, in the Dunn and Fry plot the dam-
age threshold for embryonic and adult central nervous system tissue
at 1 MHz and 37°C for 0.1−8 s, the embryonic threshold function
matches the spinal cord threshold in Figure 3a) closely, while the
threshold intensity for a given exposure time in adult central ner-
vous system tissue at 1−6 MHz was nearly an order of magnitude
higher [51]. This increase in exposure threshold may result from the
increase in animal body mass and perfusive capacity or the matura-
tion of the vasculature; the underlying reason for the sensitivity of
embryonic tissue is not described.
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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Table 2
Pre-clinical focused ultrasound spinal cord damage studies

Reference Subject n Frequency Mode Time ISPPA ISPTA ΔT Damage

Fry et al. 1950 [1] Frog 12 0.98 Continuous ? 30−40 30−40 10−30 Above 4.3 s
Frog (1°C) 50 0.98 Continuous ? 30−40 30−40 15 Above 7.3 s
Frog 5 0.98 0.08 s, 2 Hz 180 s 30−40 4.8−6.4 12−14 At 180 s
Frog 5 0.98 0.01 s, 20 Hz 600 s 30−40 6.0−8.0 16−18 No

Fry et al. 1951 [2] Frog (1°C) 5 0.98 Continuous ? 6.3 6.3 ? Above 50 s
Frog (1°C) 5 0.98 Continuous ? 9.9 9.9 ? Above 15 s
Frog (1°C) 5 0.98 Continuous ? 14 14 ? Above 7 s
Frog (1°C) 10 0.98 Continuous ? 19.4 19.4 ? Above 4.5 s
Frog (1°C) 10 0.98 Continuous ? 32 32 ? Above 2.5 s
Frog (1°C) 10 0.98 Continuous ? 48 48 ? Above 2 s
Frog (1°C, 13 atm) 5 0.98 Continuous ? 9.9 9.9 ? Above 25 s
Frog (1°C, 13 atm) 10 0.98 Continuous ? 32 32 ? Above 4.5 s
Frog (1°C, 13 atm) 10 0.98 Continuous ? 48 48 ? Above 3 s

Fry 1953 [46] Rat (lam.) 6 0.98 Continuous 2 s 67 67 6−18 ?
Fry& Dunn 1956 [32] Mouse (24 h, 10°C) 30 0.98 Continuous 7 s 54 54 16.5 10%

Mouse (24 h, 10°C) 30 0.98 Continuous 4 s 64 64 9 10%
Mouse (24 h, 10°C) 100 0.98 Continuous 1.9 s 83 83 8 10%
Mouse (24 h, 10°C) 30 0.98 Continuous 1.2 s 121 121 6 10%

H€uter 1956 [36] Mouse 40 1 0.4 s, 1 Hz 30 s 7 2.8 ? 50%
Mouse 20 2.5 0.4 s, 1 Hz 10−60 s 55 222 ? 50% at 30 s
Mouse 20 2.5 0.1 s, 2 Hz 20 s 300 60 ? 15%
Mouse 20 2.5 0.1 s, 2.5 Hz 16 s 300 75 ? 50%
Mouse 20 2.5 0.1 s, 4 Hz 10 s 300 120 ? 80%
Mouse 20 2.5 0.4 s, 1 Hz 10 s 300 120 ? 90%
Mouse 20 2.5 1 s, 0.4 Hz 10 s 300 120 ? 95%
Mouse 1 2.5 0.1 s, 2 Hz 50 s 700 140 ?12 ?
Mouse 1 2.5 0.4 s, 1 Hz 30 s 7 2.8 ?8 ?

Ballantine et al. 1956 [37] Mouse ? 1 0.4 s, 1 Hz 30 s 60−200 24−80 ? 30%−80%
Mouse ? 2.5 0.4 s, 1 Hz 30 s 400−1000 160−400 ? 30%−80%
Mouse 30 2.5 0.4 s, 1 Hz 10 s 270 108 ? 6%
Mouse 30 2.5 0.4 s, 1 Hz 10 s 450 192 ? 11%
Mouse 30 2.5 0.4 s, 1 Hz 10 s 510 204 ? 20%
Mouse 30 2.5 0.4 s, 1 Hz 10 s 600 240 ? 15%
Mouse 30 2.5 0.4 s, 1 Hz 10 s 720 288 ? 44%
Mouse 30 2.5 0.4 s, 1 Hz 10 s 930 372 ? 63%
Mouse 30 2.5 0.4 s, 1 Hz 10 s 1120 448 ? 78%
Mouse 30 2.5 0.4 s, 1 Hz 10 s 1490 596 ? 97%

Bowsher 1957 [38] Mouse 10 2.5 0.4 s, 1 Hz 5 s 1900 760 ? 100%
Curry& Beaton 1958 [136] Mouse 56 2.5 0.6 s, 1 Hz 15-30 s 2200 1340 ? >20%
Richards et al. 1966 [44] Cat (lam.) 35 2.7 0.3 s, ?Hz ? ? ? ? Yes
Lele 1967 [45] Cat (lam.) Many 1, 3, 5 Continuous 0.5−2 s 252−1050 252−1050 ? Yes
Taylor 1970 [42] Rat (lam.) 16 3.5 0.01 s, 2.5−9 Hz 180+ s 25 0.6−2.2 ? Above 24 s

Rat (lam.) 4 3.5 0.01 s, 2.5 Hz 180+ s 50 4.5 ? Above 18 s
Rat (lam. ↓ O2) 8 3.5 0.01 s, 2.5 Hz 120+ s 25 2.2 ? Above 12 s
Rat (lam.) 8 1 0.01 s, 2.5 Hz 180+ s 25 2.2 ? Above 18 s

Taylor & Pond 1972 [43] Rat (lam.) 16 0.5 0.01 s, 9 Hz 60+ s 25−50 2.2−4.5 6 Yes
Rat (lam.) 6 0.5 0.01 s, 9 Hz 120+ s 50 4.5 6 At 150 s
Rat (lam. ↓ O2) 7 0.5 0.01 s, 9 Hz 90+ s 25 2.2 ? At 100 s
Rat (lam.) 15 1 0.01 s, 9 Hz 150+ s 50 4.5 6 At 150 s
Rat (lam.) 6 1 0.01 s, 9 Hz 210+ s 50 4.5 6 At 240 s
Rat (lam. ↓ O2) 6 1 0.01 s, 9 Hz 120+ s 25 2.2 ? At 150 s
Rat (lam.) 12 2 0.01 s, 5-9 Hz 240+ s 50 2.5-4.5 9 At 240 s
Rat (lam.) 5 2 0.01 s, 9 Hz 240+ s 50 4.5 9 At 270 s
Rat (lam. ↓ O2) 6 2 0.01 s, 9 Hz 150+ s 25 2.2 ? At 160 s
Rat (lam.) 22 3.5 0.01 s, 5−9 Hz 240+ s 25−50 1.2−4.5 10 Yes
Rat (lam.) 6 3.5 0.01 s, 9 Hz 180+ s 50 4.5 10 At 240 s
Rat (lam. ↓ O2) 6 3.5 0.01 s, 9 Hz 150+ s 25 2.2 ? At 180 s
Rat (lam.) 8 4.2 0.01 s, 9 Hz 300+ s 50 4.5 ? At 435 s
Rat (lam. ↓ O2) 5 4.2 0.01 s, 9 Hz 270+ s 25 2.2 ? At 270 s
Rat (lam.) 8 4.9 0.01 s, 9 Hz 600+ s 50 4.5 ? At 600 s
Rat (lam. ↓ O2) 4 4.2 0.01 s, 9 Hz 1200 s 25 2.2 ? Yes
Rat (lam.) 10 6 0.01 s, 9 Hz 900 s 50 4.5 11 No

Stolzenberg et al. 1980 [40] Mouse (preg.) 480 2 Continuous 80+ s 1 1 ? At 100 s
Mouse (preg.) 101 2 0.01 s, 20 Hz 80+ s 5 1 ? At 120 s
Mouse (preg.) 88 2 0.02 s, 200 Hz 80+ s 5 1 ? At 120 s

Frizell et al. 1983 [33] Mouse (24 h, 10°C) >100 1 Continuous 3+ s 86 86 ? 10% at 3.4 s
Mouse (24 h, 10°C) >100 1 Continuous 2+ s 105 105 ? 10% at 2.0 s
Mouse (24 h, 10°C) >100 1 Continuous 1+ s 122 122 ? 10% at 1.4 s
Mouse (24 h, 10°C) 150 1 Continuous 0.8+ s 144 144 ? 10% at 0.8 s
Mouse (24 h, 10°C) >100 1 Continuous 0.4+ s 192 192 ? 10% at 0.4 s
Mouse (24 h, 10°C) >100 1 Continuous 0.2+ s 256 256 ? 10% at 0.2 s
Mouse (24 h, 10°C) >100 1 Continuous 0.2+ s 289 289 ? 10% at 0.2 s

Borelli et al 1986 [34] Mouse (24 h, 10°C) 200 1 Continuous ↑ ↑ ↑ ? Yes

(continued)
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Table 2 (Continued)

Reference Subject n Frequency Mode Time ISPPA ISPTA ΔT Damage

Lee& Frizell 1988 [31] Mouse (24 h, 10°C) 100 1 Continuous 20+ s 45 45 ? 10% at 25 s
Mouse (24 h, 10°C) 100 1 Continuous 3+ s 86 86 ? 10% at 3.2 s
Mouse (24 h, 10°C) 100 1 Continuous 2+ s 105 105 ? 10% at 2 s
Mouse (24 h, 10°C) 100 1 Continuous 1+ s 122 122 ? 10% at 1.4 s
Mouse (24 h, 10°C) 100 1 Continuous 0.8+ s 144 144 ? 10% at 0.84 s
Mouse (24 h, 10°C) 100 1 Continuous 0.3+ s 192 192 ? 10% at 0.36 s
Mouse (24 h, 10°C) 100 1 Continuous 0.2+ s 256 256 ? 10% at 0.23 s
Mouse (24 h, 10°C) 100 1 Continuous 0.2 s 289 289 ? 10% at 0.2 s
Mouse (24 h) 100 1 Continuous 3+ s 45 45 ? 10% at 25 s
Mouse (24 h) 100 1 Continuous 0.5+ s 86 86 ? 10% at 0.53 s
Mouse (24 h) 100 1 Continuous 0.2+ s 105 105 ? 10% at 0.26 s
Mouse (24 h) 100 1 Continuous 0.2+ s 122 122 ? 10% at 0.21 s

Frizell et al. 1994 [35] Mouse (24 h, 10°C) 25 1 Continuous 2.4 s 86 86 ? 50% paralysis
Mouse (24 h, 10°C) 125 1 10 μs, 50 kHz 2.4 s 130 65 ? 4% paralysis
Mouse (24 h, 10°C) 125 1 10 μs, 5 kHz 2.4 s 800 40 ? 3% paralysis
Mouse (24 h, 10°C) 125 1 10 μs, 1 kHz 2.4 s 2500 25 ? 6% paralysis

Miller et al. 1999 [39] Mouse 5 1.09 0.01 s, 9 Hz 200 s 33 3 12 #60% grip
Mouse 5 1.09 0.01 s, 9 Hz 800 s 8 0.7 ? "10% grip
Mouse 5 1.09 Continuous 200 s 4 4 ? #70% grip
Mouse 5 0.4 0.01 s, 9 Hz 200 s 260 24 ? ΔGrip « 0
Mouse 5 N/A Shockwave, 2 Hz 400 s 7500 0.1 ? ΔGrip « 0

Reported parameters include the sample size (n), frequency (MHz), total treatment time, ISPPA and ISPTA (both in W/cm2), heating (ΔT, ºC) and details
regarding the subject (24 h denotes the age of the mice; ↓O2 denotes a study performed under hypoxic conditions). Exposure durations in Borelli et al. [34]
were obtained from Frizell et al. [33].
ISPPA, spatial peak pulse averaged intensity; ISPTA, spatial peak time averaged intensity; lam., laminectomy.
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A direct comparison between eqn (3) and modern brain damage
thresholds is difficult because modern brain damage thresholds are usu-
ally reported with CEM43°C [52], which correlates better with damage
than other metrics such as intensity alone, intensity times exposure
duration or peak temperature [53]. The minimum reported brain
CEM43°C for damage generated by focused ultrasound, measured with
magnetic resonance imaging (MRI) thermometry in a pre-clinical model
is 12 min [53], but is only 7.5 min with brain heating by hot perfused
blood [54]. The minimum mouse spinal cord CEM43°C for damage
(heating by hot water bath or microwave, measured by thermocouple)
has been reported to be approximately 20 min [48,55−57]. Unfortu-
nately, there has yet to be a study that investigates the CEM43ºC thresh-
old for spinal cord using focused ultrasound and MRI thermometry,
again making it difficult to perform a direct comparison between spinal
cord and brain CEM43ºC thresholds.

The identified studies present conflicting results, suggesting either
that the threshold for damage is lower in the spinal cord than in brain
(eqn 3 vs. Dunn and Fry [51]), that the threshold for damage is similar
in brain and spinal cord [37] or that the thermal threshold for damage is
higher in the spinal cord than in the brain [48,53]. Differences between
studied models and ultrasonic parameters may account for the discrep-
ancies between these studies. Future studies that use volumetric temper-
ature measurement in a clinically relevant model subjected to a range of
ultrasound intensities and exposure durations are needed to establish
the brain-versus-spinal cord damage thresholds. For the time being, it
seems sensible to use the most conservative argument and eqn (3) to
guide choices in ultrasound parameters and exposure durations.

All of the studies discussed in this section were performed in models
where the in situ ultrasound field intensity would be close to the free-
field values. In mouse neonates, the ossification process is incomplete,
and sound may be transmitted through the posterior elements of the
spine with minimal insertion losses. In adult mice, sound may be
absorbed in the posterior elements of the spine, then quickly dissipated
into the spinal cord as heat because of the small size of the mouse spine,
leading to spinal cord damage. In rats and cats, laminectomies were per-
formed, allowing ultrasound to reach at least free-field intensities within
the spine, or perhaps exceed the free-field values through reflections
from the vertebral bodies [25]. The vertebral bodies of the rats and cats
will also absorb the ultrasound, which can be dissipated back into the
spinal cord as heat and cause damage. In practice, it is unlikely that
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laminectomies will be accepted as a component of an ultrasonic inter-
vention, and most sound will be reflected by or absorbed within the pos-
terior elements of the spine. Although the damage thresholds developed
in this section should be helpful guidelines for implementing safe ultra-
sound parameters, evaluating the safety and efficacy of a potential spinal
cord application will require further investigation prior to in-human
experimentation.

The thresholds developed from the identified pre-clinical studies can
be compared with the intensity and exposure limits given by the U.S.
Food and Drug Administration (FDA), the British Medical Ultrasound
Society (BMUS) and the American Institute of Ultrasound in Medicine
(AIUM) for ultrasonic imaging [58,59]. The FDA ultrasound intensity
limits for cephalic imaging applications are a derated ISPPA <190 W/cm2

and a derated ISPTA <94 mW/cm2, unless the thermal index is displayed,
in which case the ISPTA is <720 mW/cm2 [60]. If the FDA maximum
ISPTA and ISPPA values are inserted into eqn (3) (rearranged for t), the
maximum safe pulse length according to eqn (3) is 0.12 s for the ISPPA
limit, and the maximum safe exposure duration is approximately 39 min
at the 94 mW/cm2 ISPTA limit or 167 s at an ISPTA of 720 mW/cm2. The
temporal component of eqn (3) may provide greater utility for planning
pre-clinical studies than the FDA imaging limits, as it enables the calcu-
lation of intermediate threshold values that may be used to evaluate the
safety of a range of intensities and exposure times. The BMUS−AIUM
approach for the thermal index takes a coarse-grained approach similar
to eqn (3) and sets exponentially shorter exposure time limits for
increasing thermal indices. There are TI limits for cephalic applications
(without skull removal, TIC) and for bone-near-focus applications (TIB);
the thermal limits for adult spinal cord applications should incorporate
the considerations of both thermal indices, that is, the potential for bone
heating at the focus in the TIB and the potentially low thermal tolerance
of spinal cord tissue in the TIC. The TI of a system is based on approxi-
mations that estimate the temperature rise at a certain power and tissue
depth, but these equations may underestimate heating by a factor of 2
[58,61], are validated only for (certain) imaging sequences and incorpo-
rate several assumptions that are not be discussed at length here [62].
The TI may be a useful tool for estimating the maximum safe exposure
time at a given intensity in certain applications, but a simulation of the
temperature elevation resulting from a focused ultrasound spinal cord
sonication could be more accurate and provide more meaningful infor-
mation. Here, it is felt that current TI calculation methods do not
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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Figure 5. Spinal cord neuromodulation studies plotted by spatial peak time-
averaged intensity (ISPTA) and total treatment time. Red denotes damage, black
denotes no damage, and blue denotes studies in which damage was not dis-
cussed. o, Takagi et al. 1960 [138]; +, Ballantine et al. 1960 [3]; *, Liao et al.
2021 [19]; �, Liao et al. 2021 [69]; ×, Liao et al. 2022 [139]; &, Wang et al.
2022 [140]; G, Kim et al. 2022 [20]; I, Tseha et al. 2023 [21]; ⋄, Song et al.
2023 [22]. The previously fit minimum (black line) and mean (red line) damage
thresholds (from Fig. 3) are plotted for reference.
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account for the risks of focused ultrasound spinal cord applications and
should not be used to guide the safety of these applications in their cur-
rent form.

The studies discussed in this section span a long period in time and
experimental practices. The estimation of in situ intensities likely gener-
ates the largest source of error. Intensity was historically measured with
a spherical radiometer or thermocouple calibrated with the spherical
radiometer method. This method may be strongly affected by acoustic
streaming at high intensities and may not be as accurate as modern
hydrophone-based field characterization methods [63]. The first study
in the listed spinal cord studies to use a hydrophone and report wave-
form traces was Frizzell et al. [35]. Despite the metrological shortcom-
ings of some of these works, the sheer number of animals used to
generate the probit analyses means the exposure thresholds are carefully
defined. Summed together, nearly 5000 animals were used in the studies
that form Figure 3, lending a statistical weight to this figure that would
be difficult to recreate from scratch. It would be remiss of this review to
exclude the historical studies because of metrological uncertainties; we
should learn as much from these studies as possible.

Neuromodulation

Investigations into the neuromodulatory effects of ultrasound on the
spinal cord began at a time similar to that of investigations into ultra-
sonic damage of the spinal cord [3,4], and there is some overlap in the
early literature where several of the spinal cord damage studies
observed temporary or reversible paralysis [1,33,34]. However, the
“temporary/reversible” paralysis generally occurred just below the dam-
age thresholds noted in those studies. Most of the studies discussed in
this section check for the presence of damage after the neuromodulatory
pulses but focus primarily on the neuromodulatory effects of the ultra-
sound rather than any short-term morphological changes that result
from the application of ultrasound. Several studies that investigate the
long-term and offline effects of focused ultrasound on the spinal cord
(primarily in the context of the treatment of spinal cord injury) are cited
but not discussed in detail [64−68]. The first group of online neuromo-
dulatory studies were performed in the 1960s; then, after a multidecade
gap, neuromodulatory studies involving the spinal cord emerged again
in the 2020s.

Figure 5 illustrates the distribution of ISPTA versus exposure time for
the identified neuromodulatory studies, along with the minimum and
mean exposure thresholds for damage (eqn 3) obtained from the spinal
cord damage studies. An abbreviated set of the parameters implemented
in the studies plotted in Figure 5 and discussed in detail in Appendix S2
(online only) are summarized in Table 3. Further details from each study
are also compiled in a supplementary Excel file (online only).

The distribution of neuromodulatory study parameters falls on either
side of the minimum damage threshold. This raises the following
concerns:

1. The ultrasonic exposures that generate a neuromodulatory effect
roughly follow the same trend as the minimum and mean damage
thresholds, and the time dependence suggests a thermal mechanism.

2. Several of the studies exceed the minimum and mean damage thresh-
olds to achieve the recorded neuromodulatory effects.

However, only two of the nine plotted studies observed damage
[3,19], and in both cases the exposure parameters were well above the
minimum exposure thresholds (another neuromodulatory study
observed damage but did not list parameters that enable the calculation
of intensity or non-derated MI [4]). Several of the other neuromodula-
tory studies also exceeded the minimum damage thresholds without
reporting any damage, while still testing for damage. This may be owing
to differences in the animal model and environment; neonatal mice and
hypoxic conditions were not used in these neuromodulatory studies, and
several rat studies were performed without laminectomies [19,22,69].
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The sample sizes of the neuromodulatory studies are also smaller than
those of the spinal cord damage studies (often by an order of magni-
tude), so exposures with low damage probability may not have been suf-
ficiently sampled for damage to be detected.

The relative importance of thermal versus mechanical mechanisms in
ultrasonic spinal cord neuromodulation remains an open question in the
field. The time dependence in Figure 5 suggests that heating plays a role
in spinal cord neuromodulation, and the identified spinal cord neuromo-
dulation studies present limited evidence that agrees. Three of the neu-
romodulatory studies measured temperature throughout the sonications
[20−22], recording temperature rises of 0.5°C and higher. Although
these temperature rises are several times smaller than those measured in
the spinal cord damage studies, they do not exclude heating as a driver
of neuromodulatory activity, as the threshold for heat-based neuromo-
dulatory effects in the spinal cord has been cited as 0.5°C [70], and tem-
perature changes in the spinal cord are known to drive change in other
neural circuits [71−74]. Whole-body heating to a mean core tempera-
ture of 38.7°C has been tested in humans [75], where it was also found
that the raised core temperature reduced modulation in the human spi-
nal cord. Heating may also modulate mechanical force-based neuromo-
dulatory effects of ultrasound [76,77], as some of the responsible
mechanosensitive ion channels are also modulated by temperature
[78,79]. A recent study compared the neuromodulatory effect of direct
heat with that of focused ultrasound, finding that both suppressed H-
reflex amplitude but only ultrasound reduced the H-reflex latency [22].
It may not be necessary to design experiments or therapies that avoid
any thermal effects; if the conversion of ultrasound energy to heat
energy at a specific target can achieve an intended neuromodulatory
effect at the target while keeping the temperature elevation below a safe
threshold, then it should remain a viable experiment or therapy.

The second concern may be more difficult to address, but it is prom-
ising that several of the studies do not exceed the minimum damage
threshold, and one of the studies were conducted with an ISPTA
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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Table 3
Pre-clinical focused ultrasound spinal cord neuromodulation studies

Reference Subject n Frequency Sonication mode Time (s) ISPPA ISPTA Damage Neuromodulation

Takagi et al. 1960 [138] Toad (cord) 1 1 Continuous 1 3−69 3−69 ? Discharges
Ballantine et al. 1960 [3] Cat (lam.) 11 2.7 0.3 s pulse, 0.33 Hz 51−555 350 35 No Reflex ↑ or ↓

Cat (lam.) 5 2.7 0.3 s pulse, 1 Hz 3 350 105 No Reflex ↑
Cat (lam.) 1 2.7 0.3 s pulse, 1 Hz 4 4000 1200 Yes Reflex ↑
Cat (lam.) 9 2.7 0.3 s pulse, 1 Hz <3 1600 480 No Reflex ↑
Cat (lam.) 14 2.7 0.3 s pulse, 1 Hz >5 1600 480 Yes Reflex ↑

Liao et al. 2021 [19] Rat 24 4 200 μs pulse, 1 kHz 20 8−75 1.6−15 No Recruitment ↑
Rat 24 4 200 μs pulse, 1 kHz 20 75−300 15−60 Yes Recruitment ↑

Liao et al. 2021 [69] Rat 40 4 250 μs pulse, 0.8 kHz 1200 14 2.8 No Injury recovery
Liao et al. 2022 [139] Rat (lam.) 30 4 625 μs pulse, 0.8 kHz 1200 14 7 ? ↓ Spasticity
Wang et al. 2022 [140] Rat (lam.) 18 1 250 μs pulse, 0.8 kHz 1200 15 3 ? ↓ Spasticity
Kim et al. 2022 [20] Mouse 50 3 0.2 s train,a 0.5 Hz 200 21−161 1−8 No ↓ Descending

Mouse 50 3 0.2 s train,a 0.5 Hz 200 65−161 3−8 No ↑ Descending
Tseha et al. 2023 [21] Rat (lam.) 10 0.5 500 μs pulse, 1 kHz 300−600 0.06 0.03 No ↓MEP
Ahmed 2023 Rat (lam.) 30 1 200 μs pulse, 1 kHz 600 0.07 0.014 ? ↑ grasp strength
Song et al. 2023 Rat 35 1.1 200 μs pulse, 2 kHz 60 24-99 9.6-40 No Reflex amp. ↓

Rat 35 1.1 4 ms pulse, 100 kHz 60 73 29 No Reflex amp. ↑

Reported parameters include the sample size (n), frequency (MHz), ISPPA and ISPTA (both in W/cm2), details regarding damage and neuromodula-
tory effect (MEP). This table does not include Shealy 1962 [4] (unknown intensities). The Liao 2021b, Liao 2022, and Wang 2022 experiments
repeated the 1200 s exposures daily for 4 wk.
ISPPA, spatial peak pulse averaged intensity; ISPTA, spatial peak time averaged intensity; lam., laminectomy; MEP, motor evoked potential.

a Kim 2022 pulse trains contained 500 μs pulses (1 kHz pulse repetition frequency).
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approximately an order of magnitude lower than the threshold [21]. Of
the studies that exceeded the threshold, only one was performed in mice
[20]; the remainder were performed in rats or cats, which may be more
resistant to thermal damage because of their larger masses and greater
ability to remove heat via perfusion. The intact spines of the rats used in
several of the studies will also have reduced the intensities relative to
the free-field values [19,22,69]. The mouse neuromodulation study per-
formed by Kim et al. [20] found no damage, yet had ISPTA versus expo-
sure time parameters similar to those of the Stolzenberg et al. [40]
ablation study that found damage at 100−120 s. However, the trans-
ducer used in Stolzenberg et al. [40] produced a broad 3 cm diameter
focal zone, while the source used in Kim et al. [20] produced a 3 mm
diameter focus. The Stolzenberg source would therefore have delivered
approximately 100 times more total ultrasonic energy to the animal, so
it is perhaps unsurprising that damage occurred at the minimum thresh-
old line in the Stolzenberg et al. study [40], while damage was not
observed in the Kim et al. study [20]. The damage discrepancy between
these two studies demonstrates that although the minimum thresholds
may be a useful tool with which to judge the possibility of damage, a
careful consideration of all ultrasonic parameters, perhaps through com-
bined acoustic and thermal simulation, is necessary to fully understand
the damaging potential of an ultrasonic treatment.

Blood−spinal cord barrier opening

Several of the early spinal cord studies noted haemorrhage in dam-
aged spinal cords in the 1950s to 1970s [38,42,43], indicating that dis-
ruption of the normal spinal cord vasculature was possible through the
application of sufficiently intense ultrasound. However, it was not until
after 2001 when a study determined that the blood−brain barrier could
be opened with ultrasound and microbubbles in a reversible and repeat-
able manner [80] that interest in performing BSCBo for therapeutic
agent delivery was piqued, and the first BSCBo study was published in
2005 [10].

Figure 6 depicts all of the identified BSCBo studies (with indepen-
dent and identifiable parameters) with the “potential damage” thresh-
olds plotted for reference. The BSCBo studies reveal that the minimum
and mean damage thresholds have no predictive ability for vascular or
spinal cord damage. This is because the BSCBo studies incorporate
pre-formed microbubbles injected into the vasculature, which can
generate mechanical (cavitation) effects at much lower pressures
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than are needed to generate de novo cavitation. The thresholds for
damage may instead be linked to a combination of the peak negative
pressure or the mechanical index [81], the microbubble dose [82] or
the microbubble gas volume [83], and the interactions between
microbubbles and the ultrasound parameters (e.g., pulse duration
and pulse repetition frequency will have an effect on bubble deple-
tion within the focal region) [84]. The number of linked parameters
for damage in the presence of microbubbles is impractical to visual-
ize, particularly with the addition of feedback controllers that change
pressures based on recordings of real-time microbubble emissions
[85], and the addition of pulse trains containing short (i.e., a few
cycles) pulses and that incorporate phase keying (which may interact
with microbubbles in a different way than pulses that do not use
phase keying) [86,88]. For example, Figure 7 plots damage against
two parameters known to influence vascular disruption (mechanical
index [81] and microbubble dose [82]) and illustrates that these two
parameters alone also cannot explain BSCBo damage thresholds. A
comprehensive statistical analysis of all of the tested parameters to
identify their effects on damage probability could potentially be per-
formed, but the number of BSCBo studies and the range of parame-
ters tested are likely still too limited to obtain meaningful trends. An
abbreviated set of the parameters implemented in the studies plotted
in Figures 6 and 7 and discussed in Appendix S3 (online only) are
summarized in Table 4. Further details from each study are compiled
in the Supplementary Material (online only).

Each of the studies in Table 4 successfully performed BSCBo, mea-
sured using the extravasation of a contrast agent [18,25,87−93] or
the quantification of the increased delivery of a potential therapeutic
agent in the target tissues [10−16,18,94]. While achieving BSCBo
was generally successful (with the exception of the porcine intact
spine model, which required much higher pressures and resulted in
variable and spinal level=dependent BSCBo), many of the studies
observed minor to major damage in the target tissues upon histologi-
cal examination.

Trends in ultrasound-induced damage are not explained by the mini-
mum or mean damage thresholds (Fig. 6) and only partially by mechani-
cal index and microbubble dose (Fig. 7). Safety simulations for BSCBo
may be used to estimate in situ pressure distributions, standing wave for-
mation and tissue heating, particularly given the additional ultrasonic
attenuation and heating that results from systemically administered
microbubbles. However, the best way to avoid ultrasound-induced
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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Figure 6. Blood−spinal cord barrier opening studies plotted by spatial peak
time-averaged intensity (ISPTA) and total treatment time. Red denotes ultra-
sound-induced damage, yellow denotes damage caused by other means, black
denotes no damage, blue denotes studies in which damage was not discussed. o,
Shimamura et al. 2005 [10]; +, Takahashi et al. 2007 [11]; −, Wachsmuth et al.
2009 [88]; G, Oakden et al. 2014 [141]; ×, Weber-Adrian et al. 2015 [13];
|, Song et al. 2017 [14]; *, Payne et al. 2017 [91]; ⋄, Song et al. 2018 [15]; ▽,
O’Reilly et al. 2018 [16]; ^, Montero et al. 2019 [25]; �, → Fletcher et al. 2019
[89]; F, → Shah 2020 [17]; &, Fletcher et al. 2020 [90]; $, Smith et al. 2021
[18]; &, Cross et al. 2021 [92]; △, Fletcher et al. 2021 [87]; I, Bhimreddy et
al. 2023 [93]. The previously fit minimum (black line) and mean (red line) dam-
age thresholds (from Fig. 3) are plotted for reference.

Figure 7. Blood−spinal cord barrier opening studies plotted against the non-
derated mechanical index (MI) and the microbubble dose. Red denotes ultra-
sound-induced damage, yellow denotes damage caused by other means or minor
damage, black denotes no damage, blue denotes studies in which damage was
not discussed. O, Shimamura et al. 2005 [10]; +, Takahashi et al. 2007 [11]; −,
Wachsmuth et al. 2009 [88]; G, Oakden et al. 2014 [141], ×, Weber-Adrian et al.
2015 [13]; |, Song et al. 2017 [14]; *, Payne et al. 2017 [91]; ⋄, Song et al. 2018
[15];▽, O’Reilly et al. 2018 [16]; ^, Montero et al. 2019 [25]; �, Fletcher et al.
2019 [89]; F, Shah 2020 [17];&, Fletcher et al. 2020 [90];$, Smith et al. 2021
[18]; &, Cross et al. 2021 [92]; △, Fletcher et al. 2021 [87]; I, Bhimreddy et
al. 2023 [93].
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damage may be to use a feedback control algorithm to limit the expo-
sures based on microbubble emission spectra [16,18,85], although this
algorithm may require modification for safe usage in large animal mod-
els [90] or eventually in humans. Intraprocedural cavitation localization
may further improve the safety of BSCBo by giving the operators useful
spatial information on the bubble activity [95].

Despite the evidence of mild to major damage in several of the iden-
tified BSCBo studies, only one study reported the ultrasound-induced
paralysis or paraplegia that was discussed in the Ablation and Damage
section of this review, and this paralysis may be linked to cold microbub-
ble injection [13]. Perhaps modern histological methods have improved
to the extent that haemorrhage or other damage can be discovered
before the point of paralysis, which would counter the historical articles
that found that tissue exposed to an ultrasound exposure below the mini-
mum damage threshold was indistinguishable from normal tissue [34].
However, many of the studies discussed in this section were acute stud-
ies and did not specifically investigate paralysis/paraplegia. Further
investigations into the safety of BSCBo with feedback control are war-
ranted, and longitudinal studies performed in large animals would be
particularly useful.

This literature review does not include the many (hundreds of) ultra-
sound and microbubble blood−brain barrier opening studies; a meta-
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analysis of blood−brain barrier opening studies may unveil stronger
trends in damage versus the many parameters used during these treat-
ments [49,84].

Future directions

A substantial amount of work has been performed in pre-clinical
studies investigating applications of focused ultrasound to the spinal
cord. When amassed, these studies illustrate useful trends in intensity
versus exposure time for observed damage and demonstrate the need for
active monitoring and control of ultrasound exposures when pre-formed
microbubbles have been systemically injected. Further trends (e.g., soni-
cation parameters vs. neuromodulatory effect size) may be elucidated
from existing and future pre-clinical studies. The utility of existing and
future studies in developing these trends depends on the clear and accu-
rate communication of the implemented ultrasound exposure condi-
tions. Guidelines for reporting ultrasound exposure parameters have
been published [96,97] that, if followed, will ensure that future work
contains the necessary details for cross-study comparisons and reviews.
Standardized reporting guidelines for focused ultrasonic neuromodula-
tion in humans are also being developed by the International Transcra-
nial Ultrasonic Stimulation Safety and Standards (ITRUSST) group.
Future studies may also consider reporting where their implemented
ultrasound exposure parameters lie relative to Eqns. (3) and (4) and dis-
cuss differences between their implemented parameters and those
implemented in the studies defining the thresholds.

Pre-clinical studies alone have not yet answered all the safety ques-
tions that need to be addressed, so it is worthwhile considering what is
required to translate spinal cord neuromodulation and blood−spinal
cord barrier opening to the clinical scale. Safety remains one of the main
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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Table 4
Pre-clinical focused ultrasound blood−spinal cord barrier opening studies

Reference Subject n Bubbles Frequency
(MHz)

Sonication mode Time (s) Peak pressure
(MPa)

ISPTA
(W/cm2)

Damage

Shimamura et al. 2005 [10] Rat 40 25 μL Opt. 1 20% duty cycle 5 0.05−0.12 0.02−0.1 No
Takahashi et al. 2007 [11] Mouse 60 <10 μL Opt. 0.95 20% duty cycle 60 0.2 0.26 No
Wachsmuth et al. 2009 [88] Rat 31 0.043 μL/kg Def. 1.08 20 ms pulse, 1 Hz 300 0.28−0.55 0.025−0.1 In 16%
Ando et al. 2011 [94] Rat 40 N/A N/A Photomechanical ? 45/5 ? N/A

Rat 20 N/A N/A Photomechanical ? 135/3 ? N/A
Ando et al. 2012 [12] Rat 40 N/A N/A Photomechanical ? 50/8 ? N/A
Oakden et al. 2014 [142] Rat 19 20−40 μL/kg Def. 1.114 10 ms pulse, 0.5 Hz 300 0.72−0.88 0.085−0.13 Yes
Oakden et al. 2015 [142] Rat 16 20−40 μL/kg Def. 1.114 10 ms pulse, 0.5 Hz 300 0.88 0.13 Yes
Weber-Adrian et al. 2012 [13] Rat 12 20 μL/kg Def. 1.114 10 ms pulse, 0.5 Hz 300 0.4 0.03 In 8%
Song et al. 2017 [13] Rat 158 50 μg NB 1? Continuous 300 0.27 2.5 No
Payne et al. 2017 [91] Rat 14 20−60 μL/kg Opt. 0.94 20 ms pulse, 1 Hz 180 1.0−2.1 0.7−3 20%
Song et al. 2018 [14] Rat 92 50 μg NB 1? Continuous 300 0.35 4 No
O’Reilly et al. 2018 [15] Rat 18 20 μL/kg Def. 0.552 10 ms pulse, 1 Hz 120 0.22−0.43 0.005−0.02 No
Montero et al. 2019 [24] Rabbit 15 200 μL/kg Sono. 1.1 25 ms pulse, 1 Hz 150 0.3−0.8 0.08−0.4 Yes
Fletcher et al. 2019 [89] Rat 7 20 μL/kg Def. 0.514 10 ms train,a 1 Hz 120 0.46−0.69 0.01−0.03 Yes
Shah 2020 [16] Mouse 51 20−40 μL/kg Def. 1.68 10 ms pulse, 1 Hz 120 0.62−0.64 0.13 No
Fletcher et al. 2020 [90] Pig 4 5−10 μL/kg Def. 0.486 10 ms pulse, 1 Hz 120 1.0−4.0 0.3−5.3 Yes

Pig 4 5−10 μL/kg Def. 0.486 10 ms train,a 1 Hz 300 1.0−2.1 0.01−0.25 Yes
Smith et al. 2021 [17] Rat 13 20 μL/kg Def. 0.58 20 ms pulse, 1 Hz 120 0.36 0.006−0.02 No
Cross et al. 2021 [92] Rat 24 20 μL/kg Opt. 0.94 25 ms pulse, 1 Hz 180 1.0−2.1 0.8−3.7 ?
Fletcher 2021 Rat 12 20 μL/kg Def. 0.514 5 ms train,a 1 Hz 120 0.3−0.49 0.005−0.025 Yes

Rat 4 20 μL/kg Def. 0.514 2 ms train,a 1 Hz 300 0.42 0.002 Yes
Rat 4 20 μL/kg Def. 0.514 10 ms train,a 1 Hz 300 0.42 0.01 Yes

Bhimreddy 2023 Rat 5 0.8 mL/kg Lum 0.25 0.4 s pulse, 1 Hz 300 0.47 2.9 No

ISPTA, spatial-peak time-averaged intensity; Def, Definity; Lum, Lumason; Opt, Optison; Sono, SonoVue.
a Denotes pulse trains containing short 2 to 5 cycle pulses with phase keying repeated at 20 to 40 KHz [87,89,90].
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translational challenges; it has been discussed at length in the context of
pre-clinical models, but additional challenges may arise in humans. One
challenge is obtaining a coherent focus within the vertebral canal; many
studies have used laminectomies to enable the generation of a coherent
focus at the intended target, but this alone does not guarantee the in situ
field will resemble the free-field pressure distribution. Laminectomies
are highly invasive procedures and, unless pre-existing from
another surgery, are unlikely to be accepted as part of a treatment
plan. This means that focusing ultrasound through the human spine
to the spinal cord will be necessary. Another translational challenge
may be target selection. Some targets may be focal and near the
centre of the spinal cord; other targets may be diffuse and dispersed
throughout the spinal canal. Different targets are likely to require
different approaches to obtaining the desired bio-effects while
avoiding unintended bio-effects elsewhere. These translational chal-
lenges are discussed in the following subsections.

Safety

Pre-clinical findings have demonstrated a clear relationship between
damage, ISPTA and total treatment time, the importance of performing
feedback control in studies that rely on microbubble-mediated bio-
effects and the importance of performing simulations to estimate the in
situ pressure distributions and heating patterns. However, additional
safety concerns will need to be addressed before the translation of
focused ultrasound spinal cord therapies to humans.

The spine is a complex, irregular bony structure, with several charac-
teristics of importance for focused ultrasound spinal cord studies. One
characteristic is the posterior intervertebral gaps between vertebrae.
These gaps provide acoustic windows through the spine to certain spinal
cord targets. However, a potential drawback of these acoustic windows
may be mode conversion and shear wave transmission into the vertebrae
at non-normal incident angles [23] and subsequent bone heating from
shear wave attenuation. A spinal characteristic that has been briefly dis-
cussed is the cylindrical geometry of the spinal canal, which is suscepti-
ble to standing wave formation at certain vertebral levels [86]. It is
essential that this field avoids the situation that occurred in the TRUMBI
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study, where a set of planar 300 kHz transducers and a tissue plasmino-
gen activator were used to treat brain clots. The study had to be ended
early because five patients developed cerebral hemorrhages and one
patient died. A later study suggested that standing waves and excessive
pressures caused the cerebral hemorrhages [98]. An approach using
phased-keyed short pulses was developed to minimize standing wave
formation and uncontrolled pressure fields in the vertebral canal, out-
performing chirp/swept frequency pulses or longer unmodulated pulses
[86,89]. Relatively few studies have investigated the safety and bubble
response to these phase-keyed short pulses (in comparison to the longer
pulses used for blood−brain barrier opening), and future studies should
investigate their safety in greater detail. Another characteristic of human
vertebrae is the shape of their laminae when viewed from a vertical per-
spective; they are parabolic, making them ideal reflectors and liable to
generate paravertebral tissue heating [24,95]. Finally, the vertebral
canal is narrow, with little distance separating the spinal cord from
the vertebrae. Ultrasound energy absorbed by the vertebrae as heat
may dissipate into the spinal cord. This was reported to be the cause
of some spinal cord damage in Borrelli et al. [34], where damage
was limited to the ventral portion of the spinal cord, nearest to the
vertebral bodies.

Focusing ultrasound to the spinal cord remains a challenge. It may
not be possible to reach certain targets through the posterior interverte-
bral gaps, particularly in the flexion-limited thoracic spine [99]. The
esophagus occludes anterior paths to the spinal cord at the cervical
level; the rib cage and lungs occlude anterior and lateral paths in
the thoracic spine; and potentially gas-filled internal organs occlude
anterior acoustic paths to the lumbar spinal cord. It is possible to
generate a trans-spine focus with an extracorporeal single-element
focused transducer [24,86,100] or a dual-aperture approach
[87,89,91], focused through the posterior elements of the spine.
However, the focus in some transducer positions will inevitably be
aberrated, shifted by several millimetres, or split into several subfoci
by spine-induced wavefront aberrations [24], much like a focus
aberrated by trans-skull propagation. In these cases, the intended
bio-effects may not occur in the desired location or at all. Unless a
target happens to be one that permits the use of a single-element
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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Figure 8. Spinal cord targets. Damage, neuromodulation and blood−spinal cord
barrier opening (BSCBo) studies have investigated targets spanning the spine.
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transducer with minimal aberration, then some form of aberration
correction method will be needed to obtain a focus at the intended
target location [99]. Several aberration correction methods exist for
transcranial applications, including phased arrays [6,101] or 3-D-
printed acoustic lenses [102,103]. Equivalent spine-specific arrays
intended for focusing ultrasound to the vertebral canal have been
optimized in simulation [99] and partially tested in a preliminary ex
vivo experiment [104]. Spine-specific arrays for intervertebral disc
therapies have also been discussed and simulated [105,106], but
none have reached a level of clinical adoption. Both development
and characterisation of arrays capable of focusing ultrasound
through the vertebral canal and the development of accurate image
registration and array-patient registration methods are necessary for
the advancement of the focused ultrasound spinal cord field.

Methods for obtaining trans-spine aberration corrections still require
further development. An implanted/virtual source method has been simu-
lated for focusing sound to targets within the vertebral canal, generating
phase corrections [99], or to the nearby intervertebral discs, to perform
time reversal-based beamforming [105]. However, implanting an ideal
source in the spinal cord is unlikely to be feasible in practice (although
interstitial sources have been investigated for tumour ablation in the ver-
tebral canal [107]). In microbubble-based procedures, microbubble emis-
sions may potentially be used to improve targeting in a similar “guide
star” like manner to atmospheric wavefront distortions [108]. This
method has been tested with ex vivo skulls [109] and for essential tremor
thalamotomies with promising results [110], but still relies on initial sim-
ulation-based calculations. Simulations alone can generate phase correc-
tions or act as a beamforming algorithm; this has been tested at length for
trans-skull ultrasonic focusing with large multi-element arrays [111,112].
Studies have investigated simulation accuracy in predicting trans-spine
ultrasound focusing [24] and used this modelling to optimise a method to
convert CT-derived vertebral lamina densities to sound speed, a crucial
component to performing CT-based simulations for aberration correction.
However, these modelling studies have been limited to many fewer simu-
lation methods than trans-skull work [113] and to just one single ex vivo
spine [23,24,95,104]. It will be important to replicate these studies with
new samples and different simulation methods in order to build consensus
on the translation of trans-skull ultrasonic methods to trans-spine focused
ultrasound applications [113].

Once sound is successfully delivered to the spinal cord, then any
intended or unintended bio-effects should be monitored to ensure the
safety of the procedure. This will be particularly important if the param-
eters are close to the minimum damage threshold or if microbubbles are
systemically injected. Heating may be non-invasively monitored with
MR thermometry; a proof-of-concept study suggests that temperature
measurement in the nearby dorsal root ganglions is possible [114]. How-
ever, MR temperature measurement in cortical bone is not possible
because of the lack of mobile protons, and MR thermometry might not
be able to measure hot spot formation on the vertebral surfaces. Ensur-
ing that temperature rises do not exceed a safe threshold in cortical
bone may be the domain of validated acoustic and thermal simulation.
The spatial mechanical effects of focused ultrasound in the presence of
microbubbles may be monitored with acoustic receivers and passive
acoustic mapping [95], although this method has yet to be demonstrated
experimentally. Therapies that use parameters well below the minimum
damage threshold and do not involve microbubbles may not require rig-
orous thermal and mechanical bio-effect monitoring methods, but the
outcome (e.g., neuromodulatory) effects should still be monitored by
other available means.

Targets

A focused ultrasound treatment must by definition have a target. The
target will be based on a disease or medical condition and how it
presents in a specific patient, as well as the intended bio-effects of the
focused ultrasound treatment. For example, spinal cord injuries can
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occur at any level, although they tend to be most common at the cervical
level, then thoracic, then lumbar levels [115]. A focused ultrasound
therapy intended to treat spinal cord injury, either via improved thera-
peutic agent delivery to the injured tissue, stem cell stimulation [116] or
“offline” neuromodulatory or neuroplastic effects sustained post-treat-
ment [15,66−68] may require a different ultrasonic strategy based on
the target. A diffuse disease (e.g., spinal muscular atrophy, where treat-
ment [117] efficiency may be improved with BSCBo [13]) would still
require point-by-point or region-by-region targeting to expose the whole
spinal cord.

The spinal cord targets used in all studies discussed here are listed in
the Supplementary Material (online only) and plotted in Figure 8. There
are some trends in target level; most of the spinal cord damage studies
describe targeting in the low thoracic to lumbar region, most likely to
enable the identification of hindlimb paralysis/paraplegia. Neuromodu-
lation studies follow a similar trend, perhaps again to isolate the bio-
effects to the lower limbs. The BSCBo studies used targets that span
most of the spinal cord, with slightly fewer in the lumbar spine. The ref-
erenced studies investigate a wide range of targets. Studies that focused
ultrasound to an entire region (e.g., dorsal, cervical, thoracic, thoraco-
lumbar or lumbar) are represented at each level, while studies that tar-
geted a single level are only represented at that level. Spine morphology
and number of vertebrae differ across the tested animal models, so the
reference levels in Figure 8 are an estimated representation of the equiv-
alent level in a human spine. When future studies are performed, this
may be a useful starting point for choosing a target level in an animal
model.

Any treatment intending to affect a specific spinal cord nerve, dam-
aged region of the spinal cord or focal tumour will be targeted based on
the afflicted region. It is unlikely that (at the writing of this review) a
study will have been performed with the specific parameters for that tar-
get. The safety of the treatment should therefore be demonstrated before
the treatment. Simulation is one potential method to demonstrate safety
across a large set of parameters; given patient-specific imaging and
proper patient−image−source registration, it may be possible to accu-
rately calculate the treatment mechanical forces and heat deposition
and ensure that they remain within safe limits. Similarly, given a large
enough image data set, a simulation study could be performed before an
in vivo study to establish the safety of a specific set of ultrasonic parame-
ters for a given target. When safe limits for heat deposition and mechani-
cal index are established and accepted for BSCBo and neuromodulation,
and simulation accuracy is established and accepted for predicting these
in situ values, simulation-based safety studies could accelerate the field
of focused ultrasound spinal cord therapies.

This review has focused on spinal cord targets throughout. However,
other targets surrounding the spinal cord have been investigated at vari-
ous levels. For example, there is substantial pre-clinical research investi-
gating the delivery of ultrasound to intervertebral disks [105,106,118
−122], the ablation of facet joints [123−126], and the ablation or
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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neurostimulation of lumbar nerves or dorsal root ganglions [127−130].
Ultrasound has also been used to deliver energy to drive piezoelectric
stimulators in rat spinal cords [131]. These studies employ strategies
that may prove useful for spinal cord-targeting therapies. For example,
Zhang et al. [125] used a thermochromic spine phantom based on a
human CT scan to investigate heating in a potential facet joint ablation
treatment. This phantom-based approach could be used to validate
safety simulations and independently demonstrate the safety of a poten-
tial focused ultrasound spinal cord therapy, particularly if extended to a
range of phantoms that represent a normal range in human anatomical
variation and bone density.

The physiotherapeutic use of ultrasound for low back pain was not
discussed in this review as such a review has been published recently
[132], and opinions are mixed regarding the utility of this treatment.
There have been instances where the application of physiotherapeutic
ultrasound to the spine had deleterious side effects [133]. For continu-
ous or pulsed intensities of 0.1−3 W/cm2, there appears to be little to no
benefit of using ultrasound to treat chronic back pain, and the targeting
in these physiotherapeutic studies is generally vague [132]. For exam-
ple, the targeting is described in one article as follows: slow circular
movements were applied using the transducer head over the paraverte-
bral region, aiming for a local exposure time of one minute [134]; ther-
mal dose and in situ pressures between patients is likely to be highly
operator-dependent and difficult to reproduce.

Studies have also investigated ultrasonic methods for performing
ablation of tumours in the spine and near the spinal cord using a percu-
taneous/interstitial source [107,135]. Strategies developed for source
guidance and control and monitoring in these works may be useful for
focused ultrasound spinal cord therapies, despite differences in the per-
cutaneous/interstitial approach versus a non-invasive approach.

The spine and spinal cord are critical to motor control, sensation,
reflex arcs and providing the structural support for most of the human
body. With its many roles and many possible diseases and disorders,
there are many possible targets for focused ultrasound therapies. It will
be interesting to see what targets are identified and the paths taken to
demonstrate the safety and efficacy of potential therapies. It is hoped
that this review provides a useful foundation for the safe development
of spinal cord therapies and relevant safety guidelines.

Conclusion

There is a renewed interest in focusing ultrasound on the spinal cord,
particularly for blood−spinal cord barrier opening for improving thera-
peutic agent delivery to the spinal cord and for the neuromodulation of
ascending or descending tracts of the spinal cord. However, it remains
crucial that historical papers from the early days of focused ultrasound
be considered when designing new studies and potential therapies.
These historical papers investigated the damage to the spinal cord in
several pre-clinical models and in large numbers to understand trends in
damage versus exposure duration and intensity. This review collates the
data across animal models and reveals a clear relationship between
time-averaged spatial peak intensity and exposure duration and damage,
independent of animal model and various different tested environmental
conditions. Equations were fit to the pre-clinical data to create minimum
and mean thresholds for the reported damage across studies, then these
thresholds were compared with the intensities and exposure durations used
in recent neuromodulation studies. Although some of the neuromodulation
studies were below the minimum threshold, the majority of the studies were
near or above this threshold. Neuromodulatory pulse sequences that rely on
a thermal effect that approach this threshold must be carefully controlled to
avoid damage and possible paralysis or paraplegia.

When applied to the blood−spinal cord barrier opening studies that
employed injected contrast agents (microbubbles or nanobubbles) to
enhance the redistribution of ultrasonic energy to the vasculature, the
intensity−exposure duration threshold had little to no predictive value.
Most blood−spinal cord barrier opening studies observed slight to
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severe damage, except for studies that employed an active feedback con-
trol method to limit pressures based on the measured bubble oscillation
behaviour. Although successful in small animals, this feedback control
method did not prevent damage in a porcine model, suggesting that the
controller may need further optimisation for spinal cord-focused ultra-
sound therapies. The development of blood−spinal cord barrier opening
and ultrasonic spinal cord neuromodulation perhaps reflects the recent
successes in the development of focused ultrasound brain applications,
and recent work has begun on the translation of these technologies from
brain to spinal cord through the complex spine. However, there remains
a great deal of work, particularly with respect to developing and accept-
ing safety standards for these potential treatments. May the rapid
growth in blood−spinal cord barrier opening studies and focused ultra-
sound spinal cord neuromodulation studies continue, safely.
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