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Focused ultrasound (FUS) is an innovative technology that delivers angled acoustic energy to a small
target region. Previous FUS technology has demonstrated efficacy in applications such as tumor
destruction, nerve modulation, and drug delivery in the brain. We investigated the effects of low-
intensity FUS (LIFU) stimulation on the spinal cord and its ability to regulate mean arterial pressure
(MAP). We found that LIFU stimulation on exposed rat spinal cord could modulate MAP, causing a
decrease when applied at a lower thoracic level and an increase when applied at a lumbosacral level.
We also found that shorter stimulation periods (30 s) were more effective in inducing a decrease

in MAP than more extended stimulation periods (90 s). The time required to return to baseline for
MAP was shown to increase with subsequent periods of FUS stimulation. FUS could enable non-
pharmacological, spatially targeted MAP control, especially for impaired patients. Future applications
of FUS neuromodulation extend into solutions for clinical blood pressure disorders, such as autonomic
dysreflexia or chronic hypertension.
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Abbreviations

AD Autonomic dysreflexia

BP Blood pressure

FUS Focused ultrasound

HIFU  High-intensity focused ultrasound
LIFU Low-intensity focused ultrasound

MAP Mean arterial pressure
SCI Spinal cord injury

In the United States alone, 48.1% of adults have high blood pressure (BP)!. Worldwide cases of hypertension are
near 1.28 billion adults?. As a result, BP management has become an essential aspect of modern healthcare®7.
Current methods of managing hypertensive BP primarily rely on pharmacological agents; however, these
pharmacological agents can have many adverse effects, including hypotension, cephalgia, and vertigo®®. In an
effort to develop clinical alternatives to pharmacological BP management, we investigated focused ultrasound
(FUS) stimulation as a novel approach to manipulate mean arterial pressure (MAP). MAP is the average of
the BP waveform over time!®!!. MAP is commonly utilized to estimate systemic blood flow. It is a metric for
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the management of chronic health conditions and in the evaluation of tissue perfusion in potentially ischemic
conditions such as traumatic brain injury and spinal cord injury!®!213,

Focused ultrasound is an effective and inexpensive method for targeted delivery of energy. It focuses ultrasonic
energy onto a single site to cause tissue effects!*"!°. High-intensity FUS (HIFU) has demonstrated clinical safety
and efficacy in applications including tumor ablation and targeted drug delivery'’-22. Low-intensity FUS (LIFU)
has been successfully implemented for neuromodulation?*-2°, peripheral nerve stimulation?’~2°, and transient
crossing of the blood-brain barrier**-33. Although FUS has been implemented on other physiological sites, its
application for MAP management has been minimal*.

This study aims to demonstrate the modulation of MAP with FUS stimulation of the spinal cord. Our
previous studies provided us with preliminary data and limitations in FUS stimulations of the spinal cord,
namely the inability to have live visualization of the FUS**¢. We use a custom-designed transducer mounted
in a 3D-printed frame that can be integrated with conventional ultrasound. This allowed us to achieve live
visualization of FUS with concurrent real-time blood flow imaging. In the study, we characterized changes in
MAP from FUS stimulation in two regions along the exposed rat spinal cord: at a lower thoracic region and at a
lumbosacral region. Finally, we evaluated histological staining samples to characterize tissue effects and confirm
the effectiveness of FUS stimulation.

Our group had two hypotheses. The first hypothesis was that stimulation with FUS on the spinal cord would
elicit a change in blood pressure. The second hypothesis was that different regions along the spinal cord would
elicit different changes in MAP based on the degree of innervation from sympathetic and parasympathetic
pathways. We varied the positioning of the coaxial imaging setup along the spinal cord to better understand the
varied mechanisms of neuromodulation.

Materials and methods

Imaging setup

It was critical to have consistency between the alignment of the focal point of the H-107 FUS probe with a central
aperture (Sonic Concepts Inc.) and the conventional i22LH8 probe (Canon Inc., center frequency 20 MHz)*.
The H-107 FUS probe is a 0.5 MHz focused transducer, with a 64.0 mm active diameter with a 63.2 mm radius of
curvature, fundamental focal length of 21.42 mm, and fundamental focal width of 3.02 mm. This FUS transducer
had a central rectangular opening (Fig. 1A). This is because we wanted accurate live visualization of the FUS
focal point in the anatomical landscape. Key acoustic indices for the focused transducer are outlined in Table 1
and Supplemental Table 1. The coaxial imaging setup consisted of a 3D-printed FUS cone and a 3D-printed
upper clamp (Elegoo Saturn 3) to house the coaxial imaging probe, with the i22LH8 imaging probe positioned
within the rectangular aperture (Fig. 2).

To power the coaxial imaging setup, we connected a series of electrical components. A 33500B Series
Trueform Waveform Generator (Keysight Technologies) was programmed for each frequency and amplitude
parameter in MATLAB. A 240L RF Amplifier (Electronics & Innovation Inc.) was connected to the output of the
Waveform Generator, which was then connected to the input of the paired fundamental resonance impedance
matching network for the FUS probe. A matching network (consisting of step-up transformers) was designed
to match a driver electronics input impedance of 50 Q) to SonicConcept’s H-107 focused ultrasound transducer
(center frequency: 500 kHz).

Pressure intensity simulations

A k-Wave acoustic simulation®® of the transducer’s theoretical beam profile was conducted to estimate and
evaluate the acoustic energy at the spinal cord depth delivered by the FUS transducer. Simulation transducer
parameters were designed to match experimental transducer values and are specified in Table 2. The acoustic
beam profile was measured across an 80 mm cubic medium with generic soft tissue acoustic parameters
(c=1540 m/s, p=1000 kg/m?) to capture the target stimulation depth of interest. An ellipse rod-shaped spinal
cord was modeled at the transducer target focal depth of 51.54 mm to literature-determined dimensions®*>*” and
acoustic parameters*!, specified in Table 3. A continuous wave transmittance with ramp-up of 4 periods was
simulated across a 100 ps total time interval. The maximal pressure outputs of the simulation were measured to
compare the pressure characteristics upon inclusion of the spinal cord.

Animals

All animal experiments were conducted in compliance with the National Institutes of Health guide for the care
and use of laboratory animals (NIH Publications No. 8023, revised 1978). The experimental protocols were
approved by the Johns Hopkins University Animal Care and Use Committee. All methods were performed
following the ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments). Eight female Sprague
Dawley rats (11 weeks, Charles River Laboratories) and 1 male Yorkshire pig (70-75 kg, Oak Hill Genetics) were
used for this study. Each rat was allocated to either thoracic or lumbosacral laminectomy. The choice of sex and
age were based on literature model standards in the field*2. This study utilized female Sprague Dawley rats as
our group has an established model with these rats and found it efficient to perform the postoperative care and

bladder expression®3.

Intubation and ventilation

Rats were intubated for constant and stable anesthesia. The rats were placed on an intubation stage and
intubated with standard technique. A rat intubation kit was used (Kent Scientific). Several lidocaine drops were
administered to the rat’s vocal cords to avoid laryngospasm, and a 14 G angiocatheter was advanced into the
trachea. The rat was then connected to the RoVent respirator (Kent Scientific) and placed on the surgical stage
and maintained on isoflurane anesthesia. Isoflurane concentration was maintained at 2.2-2.5% during intubation
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Fig. 1. k-Wave simulation renderings of the transducer. (A) Two CAD orientations show the top (left) and
bottom (right) of the custom coaxial FUS transducer. (B, C) The ‘true’ beam profile of the FUS transducer in

a soft tissue medium with no inclusions. The max pressures for the XZ and YZ planes are included. (D, E) The
maximal beam profile is illustrated for FUS in the spinal medium, with the spinal cord at the focal depth of the
transducer. The spinal cord outline is overlaid in white and the FUS transducer outline is overlaid in magenta.

Hyrophone transducer acoustic indicies

Central frequency 500 kHz
Spatial peak pulse average intensity (Isppa) 1.19 W/em?
Peak negative pressure (PNP) —0.18 MPa
Mechanical index (MI) 0.26
Thermal index (TI) 0.95

Table 1. Physical transducer acoustic indices. Specifies the focused transducer model parameters obtained
from hydrophone scan.
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Fig. 2. Coaxial FUS transducer and commercial ultrasound imaging probe enable precise targeting of the
spinal cord in real-time. (A) Computer-aided design renderings of the coaxial FUS and ultrasound imaging
setup illustrated in an assembled format, top-down view of FUS transducer and commercial ultrasound
imaging probe alignment, exploded format, and midline view for part visualization for FUS in the spinal
cord. (B) Illustration of the coaxial FUS and ultrasound imaging setup over exposed spinal cord with a
representative BP recording. Created in BioRender. Thakor, (2025) https://BioRender.com/itb5fd5.

k-Wave transducer model

Array diameter 64 mm

Central frequency 500 kHz

Central opening (rectangular) | 45.49 mm x 18.59 mm

Maximum surface pressure 1.102 MPa

Table 2. Simulated transducer properties. Specifies the focused transducer model parameters used in the
k-Wave modeling.

and then lowered to 1.5-1.8% during surgical procedures. Anesthesia concentration, tidal volume, respiratory
rate, and end-expiratory pressure were managed at standard values calculated based on weight. Respiratory rate
was maintained at approximately 60 breaths per minute.

The pig was intubated following normal veterinary protocol. Following this, the pig was placed on a ketamine
(30 mg/kg) and xylazine (3 mg/kg) mixture for initial anesthesia. Subsequent use of inhaled isoflurane (0.5-
2.5%) on a ventilator and continuous infusion of fentanyl (0.03-0.2 mg/kg/hr) was done for the duration of
the surgical procedure. Throughout the experiment, anesthesia concentration , tidal volume of 5-10 mL/kg,
respiratory rate of 17-22 breaths per minute were managed. Pig temperature was maintained at 37.2-38.3 °C.
Intravenous saline was administered at 3 mL/kg/hr.
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k-Wave tissue model | Soft tissue Spinal cord
Speed of sound 1540 m/s 1542 m/s
Density 1000 kg/m? 1075 kg/m?

Attenuation coefficient | 0.75 Db/MHz/cm | 0.8 Db/MHz/cm

Dimensions - 3.5 mmx 2.5 mm ellipse

Table 3. Simulated tissue parameters. Specifies the acoustic absorption/attenuation coefficient of the spinal
cord and attenuation of surrounding medium used in the k-Wave modeling.

Arterial catheterization

All rats underwent an arterial catheterization of the femoral artery for MAP recordings. Briefly, the skin above
the femoral artery was incised and blunt dissection was used to expose the femoral artery and vein. A 4-0 silk
suture was fed around the artery and used to occlude the artery distally. A temporary clamp was then placed
on the proximal end of the artery, providing a small, 5 mm region of the artery for the catheter positioning
and placement. Before the catheter incision was made, drops of lidocaine were administered onto the artery to
prevent vasospasm. The 30 G catheter was filled with heparinized saline and then advanced approximately 2 cm
through the small incision. Once the catheter was properly positioned, the temporary clamp was removed and
the catheter was secured with suture.

The pig underwent arterial catheterization which was done according to standard protocol. Briefly, the skin
above the femoral artery was incised and the catheter was introduced to the artery with a 5 Fr introducer set
(Micropuncture Introducer Set, Cook Medical). Arterial blood pressure was measured using a 6 Fr femoral
arterial catheter (Fast-Cath, Abbott Cardiovascular). Once placed, this catheter was sutured to the skin and
connected to the central monitoring system.

Laminectomy
All rats underwent laminectomy to expose the spinal cord. Rat anesthesia was regulated with the intubation
described above. Isoflurane concentration was monitored and adjusted to the physiological metrics of the rat,
including respiratory rate and paw pinch reflex. The T13 vertebra was localized with palpation of the ribs,
identifying the last floating ribs of the rat. For rats undergoing a lower thoracic laminectomy, the T11-T13
vertebral levels were exposed. This vertebral level was initially chosen for the large size of the vertebrae and
based on previous work in spinal cord injury (SCI) rat models*!. Alternatively, rats undergoing a lumbosacral
laminectomy had the L5-S1 vertebrae localized and exposed. This vertebral level was chosen for the large size of
the vertebrae and based on previous literature®.

Similarly, the pig underwent 2 laminectomies to expose the thoracic spinal cord; an upper and lower thoracic
laminectomy were performed to help evaluate the effectiveness of selected FUS stimulation parameters for
decreasing MAP.

FUS targeting

Initial calibration of the transducer was done with a Y-120 hydrophone (Sonic Concepts) placed in a pressure
tank (Supplemental Fig. 1 ). These scans determined the depth of the focal point along with a profile for the
pressure intensity fields in both the X and Y axial planes. For each rat, the FUS transducer was prepared for
targeting. The 3D-printed coaxial FUS imaging system was mounted with a stereotactic frame above the exposed
spinal cord. The B-mode display guided the positioning of the focal point. The FUS focal point can be seen from
the intraoperative monitor (Supplemental Fig. 2 ).

FUS intensity parameters

The parameters involved in the coaxial modulation included (i) voltage amplitude (mVpp), (ii) stimulation
frequency (kHz), (iii) stimulation period (sec), (iv) duty cycle %, and (v) pulse duration (msec). The center
frequency of the probe is 500 kHz and has a range of 321 to 708 kHz (77% bandwidth: (708-321)/500). A
complete list of rat parameter combinations used and the number of instances can be found in Supplemental
Tables 2, 3 and 4. Multiple stimulation parameters were employed in each rat, with “wash-out” time provided
between stimulations to minimize summation effects. The order of stimulation parameters, such as stimulation
intensity and durations, were randomized within each rat.

With the 2 laminectomies in the pig, we were able to deliver a range of FUS parameters, varying the intensity
and duty cycle of the stimulation between HIFU (500 mVpp, 50-100%) and LIFU (100-250 mVpp, 1-30%).
Given the pig’s larger anatomy, we were more capable of visualizing the effects of the FUS stimulation on the
spinal cord and surrounding tissue, ultimately aiding in our translation to the clinic. A complete list of pig
parameter combinations used and the number of instances can be found in Supplemental Table 5.

Euthanasia
All animals were euthanized in accordance with the experimental protocols approved by the Johns Hopkins
University Animal Care and Use Committee. The rats were euthanized through the inhaled carbon dioxide
method as standard per the institutional guidelines and confirmed through cervical dislocation.

The pig was euthanized with a 390 mg/ml intravenous injection of Euthasol (pentobarbital sodium and
phenytoin sodium).
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Spinal cord histology

Following euthanasia, all spinal cords were collected and fixed in formalin prior to histology embedding,
sectioning, and staining. Samples were kept refrigerated for storage and future processing. Spinal cord samples
were processed by the Johns Hopkins Oncology Tissue Services. Collected spinal cord samples were fixed for 24
to 48 h using 4% paraformaldehyde at 4 °C. After fixation, spinal cord samples were processed and embedded in
paraffin. These were then sectioned at 5 pm thickness and stained in accordance with standard hematoxylin and
eosin (H&E) histological methods. Samples were assessed for hemorrhage and neuronal damage.

Signal processing

MATLAB R2024a (MathWorks) and Python were used for all analyses and plots. All MATLAB scripts will be
available on GitHub. Raw BP data was first processed in MATLAB script and filtered for vertical resolution
enhancement. Systolic pressure (SP), diastolic pressure (DP), and MAP were calculated and used in finding
averages. FUS stimulation periods were overlaid with MAP plots (Fig. 3). Maximum change during FUS
stimulation and mean change during FUS stimulation per parameter was also extrapolated from the BP date
using MATLAB. Delta FUS was calculated using a MATLAB script that extracted MAP values at the start and
end of the stimulation period. The difference between these values was divided by the stimulation duration to
determine delta FUS. Data were categorized based on unique combinations of amplitude, stimulation period, and
duty cycle across all experimental subjects, with any excluded data points filtered out before analysis. Exclusion
was determined via a filtering MATLAB script to identify time points where the arterial line was flushed. The
script computed delta FUS for each unique group and generated graphical representations to visualize the results.

The return to baseline timing was determined using a MATLAB script. To establish the baseline, the script
extracted MAP values from 2 s preceding the first of 6 stimulations, which shared the same amplitude, stimulation
period, and duty cycle. After all stimulations were completed, the time at which the MAP signal returned to
within 5% of the baseline was identified. The return time was calculated by subtracting this time value from the
end of the final stimulation. If the MAP signal did not return to baseline before the onset of a subsequent set
of stimulations, the return time was adjusted to coincide with the start of the following stimulation sequence.

For the exponential fitting of the signal, the MATLAB script identified the intervals for each FUS stimulation.
The script then determined the scaling coefficient (a) and decay rate (b) for each interval. Each fitting underwent
an optimization step before saving the curve. Once all intervals had been individually fitted, an average fit was
generated for each individual rat and for the overall fit across all experiments. The average fittings were calculated
for both lower thoracic and lumbosacral stimulation.

BP signals were analyzed to assess the relationship between BP fluctuations and heart rate variability (HRV).
Raw BP waveforms were preprocessed using a fourth-order Butterworth bandpass filter (1-200 Hz for rats;
1-150 Hz for pigs) to reduce baseline drift and high-frequency noise. A 50 Hz notch filter was applied to suppress
power-line interference. Systolic peaks were then identified to enable reliable pulse detection, and peak-to-peak
intervals were calculated as the time differences between successive systolic peaks. Instantaneous heart rate was
derived from peak-to-peak intervals.

After completion of these steps, MAP tracings were manually inspected to classify the effect of FUS into one
of four groups: 1. Increase, defined as a minimum 10 mmHg rise in MAP from baseline sustained throughout
the stimulation period; 2. Increase with Decompensation, defined as an initial increase followed by subsequent
decline of at least 5 mmHg below the peak value, 3. Decrease, defined as a minimum 10 mmHg decrease in MAP
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Fig. 3. Representative plot of BP modulation with FUS in thoracic spinal cord. Green bars overlay on a BP and
MAP plot to indicate the time and duration of FUS stimulation.
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from baseline sustained throughout the stimulation period; and 4. Decrease with Compensation, defined as an
initial decrease followed by a rebound of at least 5 mmHg towards the baseline.

Statistical analysis

GraphPad Prism version 10.2.3 (GraphPad) and R (version 4.2.2) were used for all statistical analysis. Statistical
significance was assessed using a one-way between-subjects ANOVA with a=0.05, assuming a Gaussian
distribution. Due to small sample sizes per experimental condition, a between-subjects one-way ANOVA was
employed rather than the originally planned repeated-measures design. A post-hoc t-test with Tukey correction
was performed to identify significant differences between conditions, applying an adjusted alpha level of 0.05.
Finally, we performed a Chi-squared test to assess statistical significance in the frequencies of various event
classifications between the stimulated regions. Due to small counts in some observations, the Fisher exact test
was used to confirm significance.

Results

Beam profile characterization

Comprehensive characterization of the FUS transducer beam profile was essential for its implementation in
biological tissue, such as the spinal cord. The coaxial transducer was modeled in MATLAB using k-Wave and
illustrated the pressure intensity of the transducer. Figure 1 demonstrates the total beam pattern and the pressure
intensity of the transducer with a 500 kHz center frequency and a 250 mVpp amplitude. The simulation results
illustrated the transformation of the beam profile from unobstructed propagation in saline solution (Fig. 1B, C)
to the acoustic field distortion observed when overlaid on spinal cord tissue (Fig. 1D, E). The modeled beam
profiles illustrate a maximal focal gain of approximately 15 with reference to the surface acoustic pressure of
the transducer. The addition of the spinal cord did not substantially change the expected beam profile, with a
demonstrated difference in acoustic pressure of less than 1 Pa localized below the spinal structure.

A hydrophone scan of the focused transducer provided intensity and pressure plots of the focal region
(Supplemental Fig. 3 ). Through this scan, key acoustic parameters were obtained and calculated. Specifically,
the focused transducer delivered a spatial peak pulse average intensity (I_ ) and mechanical index (MI) of 1.19
W/cm? and 0.26 respectively (Table 1). These LIFU values and those in Table 1 follow the ITRUSST consortium
checklist (Supplemental Table 1)4¢47 and are within the recommended thresholds of focused ultrasound safety
per the FDA (Isppa: 190 W/cm?* and MI=1.9)*3%, The spatial peak temporal average intensity (I_ ) for each
stimulation parameter are reported alongside the stimulation tables (Tables 4 and 5; SupplementaIPTables 2,3,
5, 6, and 7). LIFU stimulations were classified as those with duty cycles below 50%. Only FUS stimulations at
100% duty cycle yielded I_ . values greater than the recommended LIFU guidelines, thereby falling into a HIFU
catergory. Duty cycles exceeding 50% were used to test whether the observed phenomenon could be replicated
under higher intensity conditions.

Quantification of MAP change in a rat model

Here, we present the implementation and outcomes of FUS stimulation on a naive exposed spinal cord. Using
the previously described coaxial setup on the above-mentioned rat model (Fig. 2), we FUS stimulated at 2 spinal
vertebral levels: the lower thoracic spinal cord and the lumbosacral spinal cord. Initial observations showed that
the stimulations modulated MAP (Fig. 3). Lower thoracic stimulation steadily lowered MAP (Fig. 4A), whereas
lumbosacral stimulation caused a noticeable increase (Fig. 4B).

The initial site of stimulation was at the lower thoracic vertebral level (T11-T13). We stimulated 4 rats, which
yielded 82 instances of stimulation. Stimulation was done with repeated alternation between a FUS stimulation
period and a washout period over several hours per rat. The washout periods allowed sufficient time for rats to
return to baseline and for stimulation effects to dissipate. At the lower thoracic spinal cord, the FUS stimulation
yielded a Decrease in MAP for 61% of 82 instances (Fig. 4A). There was a subsequent 26% of lower thoracic
events that had Decrease With Compensation. Meaning, an overall 87% of FUS stimulation events yielded a type
of decrease in MAP. The mean change in MAP following FUS stimulation was further quantified at the lower
thoracic spinal cord level. Using one-way between-subjects ANOVA, the data was evaluated for the 4 stimulation
durations: 15, 30, 60, and 90 s. Analysis showed that a 30-s FUS stimulation period was more effective at inducing
a neuromodulatory change in MAP than a 90-s FUS stimulation period (P=0.0005; Fig. 5).

Based on the findings of FUS stimulations at the lower thoracic level, positioning along the spinal cord was
further evaluated to understand the ability of FUS to modulate MAP. Four additional rats were stimulated, which
yielded 61 instances of stimulation. At the lumbosacral vertebral level (L5-S1), the FUS stimulation showed an
Increase in MAP for 38% of 61 instances (Fig. 4B). There was an additional 16% of lumbosacral events that had
an Increase With Decompensation. In total, 54% of FUS stimulations at the lumbosacral spinal cord reflected a
type of increase in MAP.

To quantitatively measure the physiological phenomenon observed, the following parameters were assessed:
(i) the average change during the first 15 s of each group (Supplemental Table 4), (ii) the maximum mmHg
change during FUS (Tables 4 and 5), (iii) the average total mmHg changed following FUS (Tables 4 and 5), and
(iv) the mean time window for rebound following FUS stimulation (Supplemental Tables 6 and 7). Furthermore,
frequencies of each event type are presented in Fig. 6. Statistical significance was observed across spinal region
using both the Chi-squared test (P<0.001) and Fisher’s exact test (P<0.001).

Evaluation of neuromodulatory effect in rat

The FUS stimulation parameters, including center frequency, amplitude, stimulation period, duty cycle, and
pulse duration, were varied across the course of these studies. To characterize the effect of the FUS stimulation,
we narrowed the period of evaluation to the first 15 s of FUS stimulus to assess the increase or decrease of
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Maximum
decrease
in MAP
Mean change in | during
Stimulation period Pulse duration | Mean change in MAP MAP during FUS | FUS
Amplitude (mVpp) | (sec) Duty cycle (%) | (msec) (mmHg/sec) I b (W/ecm?) | (mmHg) (mmHg)
100 90 1 1 0.01 0.01 -4.08 -2237
100 90 5 1 0.00 0.06 -1.02 -12.22
150 15 100 0 -0.13 1.19 334 -12.51
150 30 100 0 -0.14 1.19 -3.30 -25.29
150 60 100 0 -0.10 1.19 -9.21 -26.53
200 15 100 0 -0.53 1.19 1.58 -10.98
200 30 50 1 -0.19 0.60 -24.94 -3432
200 30 100 0 ~0.44 1.19 -16.77 -52.24
200 60 50 1 -0.09 0.60 —4.44 —4.45
200 60 100 0 -0.37 1.19 -32.85 ~46.40
250 15 50 2000 -0.12 0.60 9.17 5.98
250 15 100 0 -0.42 1.19 ~15.42 -37.66
250 30 5 1 -0.01 0.06 -8.20 -20.98
250 30 10 1 -0.18 0.119 -14.87 -38.35
250 30 15 1 -0.03 0.18 3.82 -9.17
250 30 20 1 -0.70 0.24 -16.12 -3432
250 30 25 1 -0.69 0.30 -33.28 -63.77
250 30 50 1 -1.20 0.60 -37.17 -50.99
250 30 50 2000 -0.11 0.60 -4.79 -8.34
250 30 100 0 -0.63 1.19 -16.36 -39.88
250 60 5 1 -0.02 0.06 -26.61 -35.43
250 60 10 1 -0.28 0.12 ~25.56 ~25.56
250 60 15 1 -0.23 0.18 -35.15 -39.60
250 60 20 1 -0.37 0.24 -35.64 -3571
250 60 25 1 -0.57 0.30 ~49.05 -52.38
250 60 50 1 -0.48 0.60 -38.69 ~59.46
250 60 50 2000 -0.00 0.60 -4.03 ~12.50
250 60 100 0 -0.32 1.19 -19.15 —44.19
250 90 1 1 -0.01 0.01 13.55 4.86
250 90 5 1 -0.08 0.06 -16.31 ~40.99
250 90 15 1 -0.23 0.18 -20.01 -25.29
250 90 20 1 -0.21 0.24 -20.01 -38.07
250 90 25 1 -0.08 0.30 5.07 3.62
250 90 100 0 -0.08 1.19 -13.69 ~24.60
500 90 1 1 -0.06 0.01 14.31 7.50
500 90 5 1 -0.30 0.06 -35.29 -3529
Table 4. Average lower thoracic spinal cord responses to focused ultrasound stimulation. Displays the
following parameters for each set of conditions: (i) average change in MAP (mmHg) per each second that FUS
is on, (ii) I, value, (iii) average change in MAP for total stimulation period, and (iv) the maximum decrease
in MAP from FUS stimulation. FUS stimulation period can span 15 to 90 s.
MAP. Individual FUS stimulations lasted 15, 30, 60, or 90 s. From these varied periods, we found the largest
change in MAP over time (mmHg/s). At the lower thoracic level, we found that an L of 0.24 W/cm?, center
frequency of 500 kHz, amplitude of 250 mVpp, stimulation period of 30 s, duty cycle of 20%, and pulse duration
of 1 ms yielded the greatest change in MAP per second of stimulation (Table 4). This group also correlated
with an average decrease of 10.49 mmHg for the first 15 s of FUS stimulation, the largest for the thoracic spinal
cord (n=4 rats) (Supplemental Table 4). At the lumbosacral level, we found that an I_  of 0.30 W/cm?, center
frequency of 500 kHz, amplitude of 250 mVpp, stimulation period of 30 s, duty cycle of 25%, and pulse duration
of 1 ms yielded the most notable change in MAP per second of stimulation (Table 5). This group correlated with
an average increase of 2.14 mmHg for the first 15 s of FUS stimulation, the largest for the lumbosacral spinal cord
(n=4 rats) (Supplemental Table 4). Notably, these I_ . values are within the recommend FDA guidelines (max
I .=072W/ cm?)*. The thoracic parameters evaluated in this study yielded a maximum decrease of 64 mmHg
("Eable 4) while the lumbosacral parameters yielded a maximum increase of 58 mmHg (Table 5).
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Amplitude (mVpp) | (sec) Duty cycle (%) | (msec) (mmHg/sec) I, (W/cm?) | (mmHg) (mmHg)

Maximum
increase
in MAP
Mean change in | during
Stimulation period Pulse duration | Mean change in MAP MAP during FUS | FUS

spta

250

30 1 1 0.03 0.01 -9.75 5.14

250

30 5 1 -0.00 0.06 7.52 57.94

250

30 10 1 0.03 0.12 7.11 38.76

250

30 15 1 -0.01 0.18 -6.89 18.89

250

30 20 1 -0.02 0.24 —5.42 5.28

250

30 25 1 0.14 0.30 -18.76 -18.76

250

60 1 1 -0.09 0.01 6.81 43.77

250

60 5 1 -0.01 0.06 -8.09 24.59

250

60 10 1 -0.03 0.12 -10.00 3.89

250

60 15 1 0.02 0.18 3.61 49.60

250

60 20 1 0.05 0.24 4.38 37.38

250

60 25 1 0.01 0.30 16.67 16.67

250

90 1 1 0.01 0.01 0.59 26.12

250

90 5 1 -0.00 0.06 -9.20 6.39

250

90 10 1 -0.01 0.12 0.10 39.18

250

90 15 1 0.00 0.18 10.34 25.29

250

90 20 1 0.01 0.24 -15.63 -5.70

250

90 25 1 -0.03 0.30 -4.10 2.09

Table 5. Average lumbosacral spinal cord responses to focused ultrasound stimulation. Displays the following
parameters for each set of conditions: (i) average change in MAP (mmHg) per each second that FUS is on, (ii)
I ., value, (iii) average change in MAP for total stimulation period, and (iv) the maximum increase in MAP
from FUS stimulation. FUS stimulation period can span 15 to 90 s.

After a single period of FUS stimulation, the MAP returned to baseline in a few seconds. However, after
several stimulation periods (segments), noticeable shifts in the MAP baselines were observed. This observation
was characterized as a form of sensitization by the nervous system to the FUS stimulation. Following segments of
lower-thoracic-level stimulation, MAP was shown to have an extended reduction relative to the baseline. Across
the 7 parameter groups evaluated, there was a consistent decrease in MAP after FUS stimulation. In subsequent
quantifications of the effects of FUS stimulation, the average timing for the MAP to return to baseline levels
ranged from 112 to 600 s. Supplemental Table 6 outlines the mean return time to threshold for the varying
amplitude and duty cycle parameters used in the thoracic spinal cord. Following segments of lumbosacral-level
stimulation, MAP was shown to have a decreased baseline in rats that received FUS. Overall, an increasing
delay to return was observed in lumbosacral stimulation segments. Lower duty cycle, approximately 1%, showed
shorter periods of return to baseline, while higher duty cycles had return to baseline periods on the order of 120
to 600 s, similar to the thoracic stimulation. It should be noted that for all the animals used, over the hours of
each experiment, the MAP baseline would decrease.

Autonomic tone is the interaction and balance of the sympathetic and parasympathetic nervous systems
Baseline autonomic tone could influence the responsiveness to stimulation. To assess autonomic tone and its
contribution to the observed BP modulations, the peak-to-peak interval dynamics were compared before and
after FUS stimulation with Poincaré plots®*~>*. Scatter plots of successive peak-to-peak intervals demonstrated
tighter clustering prior to stimulation, indicating a more regular rhythm, and greater dispersion after FUS,
consistent with increased variability. Ellipse metrics from Poincaré analysis revealed moderate short-term
variability (SD1) with more pronounced long-term fluctuations (SD2) (Fig. 7A). The overall low SD1/SD2 ratio
indicates that variability was dominated by slower oscillations. These Poincaré results show that FUS induced
measurable changes in HRV, characterized by expanded peak-to-peak interval dispersion and enhanced long-
term variability. The increase along the SD2 axis suggests altered autonomic modulation, potentially reflecting
baroreflex involvement or increased parasympathetic input, while short-term variability remained relatively
stable. Figure 7B shows the average SD1/SD2 ratio for the rats in their respective stimulation sites. Statistical
significance was observed across spinal region using one sample t-tests in both thoracic (P<0.001) and
lumbosacral (P=0.0485) groups.

An exponential fit was applied to the data to quantify the post-stimulation FUS effect on the MAP
(Supplemental Fig. 4). This was done because the MAP response to FUS stimulation is not instantaneous and
cannot be represented as a square function. For lower thoracic stimulation, where MAP decreased, the average
exponential fit for the post-stimulation was as follows (where t is time):

50,51

MAP = —34.78¢(72:33) 1)

Scientific Reports |

(2025) 15:41363 | https://doi.org/10.1038/s41598-025-25330-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

Intraoperative blood T11-T13
pressure monitoring FUS stimulation at
lower thoracic level
Increase
S with Decompensation
2
\ o 'g Increase
_= ~ % Decrease
- - = with Compensation
— Decrease S
e
R, K I T T T T 1
e g il 0 20 40 60 80 100 Representative
S— Chance of MAP Trend Trends
(% of total occurances)
Intraoperative blood L5-51
pressure monitoring
Increase_D
| ¥ ” with Decompensation
e}
& I
] Increase-
> N\ (=
E TR o Decrease M N
- e § with Compensation )ﬂ -~
,~ A
= Decrease NW\Y
A"
& ol A 1 I 1 1 1 1
. Z - == cUS stimulation at | 0 20 40 60 80 100 Representative
™ lumbosacral level Chance of MAP Trend Trends

(% of total occurances)

Fig. 4. Probability of event in rat BP changes from FUS stimulation on naive spinal cord. (A) Schematic
overview of intraoperative modulation at the lower thoracic level. The event probabilities at lower thoracic
levels (T11-T13; 4 rats, n =382 instances of stimulation) are shown on the right. (B) Schematic overview of
intraoperative modulation at the lumbosacral level. The event probabilities at lumbosacral levels (L5-S1; 4 rats,
n=61 instances of stimulation) are shown on the right. Created in BioRender. Thakor, 2025) https://BioRender
.com/itb5fd5.

For lumbosacral stimulation, where MAP increased, the average exponential fit for the post-stimulation was as
follows (where t is time):

MAP = —8.23¢0:1%) 2)

Ultimately, these average post-stimulation fittings help distinguish how the FUS stimulation response is
represented in the MAP. These equations could be further applied in future models for automated stimulation,
to react to patient MAP and correspondingly turn on FUS stimulation.

Porcine model with FUS

To assess the translational potential of our findings beyond the rodent model, we evaluated the FUS stimulations
on a Yorkshire pig. This pig yielded 31 instances of FUS stimulation. The large animal model provides enhanced
anatomical similarity to human spinal cord dimensions and physiological responses, which can stage for a more
comprehensive translation of FUS-mediated MAP modulation effects to large animal models and humans.
Stimulation was done with repeated alternation between a FUS stimulation period and a washout period over
several hours. Again, the washout periods were to allow sufficient time for the pig to return to baseline and
for stimulation effects to dissipate. At the thoracic spinal cord sonication sites, the FUS stimulations yielded
a Decrease in MAP for 10% (Fig. 8). There was a subsequent 6% of thoracic events that had Decrease With
Compensation. Meaning, an overall 16% of FUS stimulation events yielded a type of decrease in MAP. Consistent
with our rodent findings, thoracic spinal cord FUS stimulation in the porcine model produced comparable
reductions in MAP (Supplemental Table 5). These results suggest cross-species reproducibility of the observed
hemodynamic responses to FUS neuromodulation. While it is encouraging to see the results from rats translate
to a larger animal model, further research in a porcine model might reveal more species-dependent differences.
It should be noted that 65% of pig stimualtions yielded no change in blood pressure, highlighting that parameters
cannot be directly extrapolated across species and that pig-specific parameter optimization will be necessary.
This could be important for future translational studies in humans.

The pig spinal cord sections were evaluated for overall structural integrity and general tissue analysis.
Figure 9A is a representative histological image from spinal cord samples in the upper thoracic vertebral level.
The upper thoracic level in the pig received lower intensity parameters of the FUS stimulation. Here, it is noted
that the anterior horns remain intact and the central canal, peripheral nerve, and nerve roots are unremarkable.
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Fig. 5. Mean change in MAP after FUS stimulation at lower thoracic spinal cord level. The figure depicts the
average change in MAP for one second of stimulation (n =4 rats). Four stimulation periods were evaluated:
15, 30, 60, and 90 s. A one-way between-subjects ANOVA showed that a 30-s FUS stimulation period was
more effective at inducing a neuromodulatory change in MAP compared with a 90-s FUS stimulation period;
a=0.05; **P=0.0005.
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Fig. 6. Distribution of FUS-induced MAP event classification across spinal regions. We evaluated n =382
instances of stimulation in the thoracic region (T11-T13, n=4) and n=61 instances in the lumbosacral region
(L5-S1, n=4). There was a statistically significant difference in frequencies between the spinal regions; ***Chi-
squared and Fisher’s exact P<0.001.

There is mild dilation of the vasculature, which is seen in the blood vessels of the darker, gray matter horn. This
dilation can provide insight into the possible cellular mechanism of FUS stimulation. As we mentioned, thoracic
neuromodulation sees a decrease in MAP. Dilation of these vessels would aid in this decrease in MAP. Figure 9B
is a representative histological image from spinal cord samples in the lower thoracic vertebral level. The lower
thoracic level in the pig received higher intensity parameters of the FUS stimulation. The section shows some
subarachnoid hemorrhage in the meninges, marked dilatation of parenchymal vessels, and degeneration of the
central spinal cord tissue. Notable ablative changes were observed in this tissue. This demonstrates the baseline
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Fig. 7. Intraoperative cardiovascular monitoring. (A) The representative Poincaré plot depicts the difference in
subject heart rate pre- and post-FUS stiumulation. (B) The bar graph illustrates the ratio of SD1/SD2 for the 8
rats (4 thoracic, 4 lumbosacral) from their corresponding Poincaré plots; one sample t-test and Wilcoxon test
*P*P=0.0003, *P=0.0485.
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Fig. 8. Probability of event in pig BP changes from FUS stimulation on naive spinal cord. Schematic overview
of intraoperative modulation at the thoracic level. The event probabilities at lower and upper thoracic levels (1
pig, n=31 instances of stimulation) are shown on the right. This includes LIFU and HIFU stimulation of the
pig spinal cord. Created in BioRender. Thakor, (2025) https://BioRender.com/itb5fd5.

physiological effect of the FUS stimulation. Long term physiological impact and safety were not explored in this
study.

Discussion
Physiological significance
This study establishes the observational results of FUS stimulation to the spinal cord. The coaxial ultrasound
system is unique in its live visualization of the FUS beam profile and focal point (Supplemental Fig. 2). The
novel observations of FUS stimulation leading to decreases or increases in MAP have led to more questions
and hypotheses about the cellular mechanism of action®>. The contrast in physiological responses from the
lower thoracic level and the lumbosacral level is thought to be driven by the distinct interplay of sympathetic
and parasympathetic innervations. The lower thoracic level is characterized by significant sympathetic and
parasympathetic innervation. The lumbosacral level, meanwhile, features predominantly parasympathetic
innervation. We hypothesize that the FUS stimulation described here inhibits neuronal activity, enabling
targeted MAP modulation through level-specific stimulation. This hypothesis aligns with our previous work,
in which FUS was found to inhibit spinal cord pathways. There could also be confounding factors accounting
for the decrease, which would not be attributed to FUS stimulations alone. Our findings align with previous
work demonstrating segment-specific modulation of descending motor pathways via trans-spinal FUS. This
suggests that FUS could be a versatile neuromodulatory technique for both autonomic and somatic circuits
through precise anatomical targeting. Further research may provide a deeper understanding of the cellular
mechanisms underlying FUS stimulation on the spinal cord.

In reference to the pig spinal cord histology, the general ablative effect of HIFU stimulation is overt. Future
studies will discern additional safety indications associated with each FUS stimulation parameter. With the
completed studies, we observed that with low enough intensity, the spinal cord tissue remains intact and shows
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A

Fig. 9. Representative histological images of pig spinal cord after receiving a therapeutic FUS stimulation. (A)
Thoracic spinal cord after receiving low-intensity FUS (n=1 pig). (B) Thoracic spinal cord after receiving high-
intensity FUS (n=1 pig).

dilation of its vasculature. Here, we utilized ultrasound with a power that is greater than diagnostic imaging but
less than ablative HIFU parameters. Stimulation parameters regarding power and specific intensity will need to
be optimized before clinical translation.

The dichotomy in modulatory responses between the lower thoracic and lumbosacral regions opens
intriguing insights into the mechanisms of the two pathways. Although others have studied various aspects
of FUS neuromodulation, the cellular mechanism behind the modulation remains unknown. Some evidence
suggests that the mechanistic pathway involves no thermal component at a low-intensity FUS stimulation!*1°.
It has been shown that FUS can influence ion-channel regulation and activate mechanical receptors in the
neurons®>, In this study, the fundamental focal width of the focused ultrasound is 3.02 mm and the rat spinal
cord cross section ranges from 2.5-3.5 mm. The width of the focused ultrasound beam being similar in size to the
cross section of a rat spinal cord suggests that FUS stimulation at one vertebral level could also affect projections
to adjacent levels. This should be noted, as there could be a possibility of non-specific activation from FUS
stimulation. The single pig is limited in its LIFU translatability from the rats as the prodominent rat parameters
illicited little to no change in the pig’s blood pressure. This highlights the possible need for higher acoustic
intensity in larger models. Ultimate implementation in a clinical setting would require its use to be minimally
invasive or non-invasive. Though this study utilizes FUS in an invasive, surgical approach, the technology has
the potential to emerge as a minimally invasive therapy for BP management.

LIFU could inhibit neuronal activity in a similar manner, reducing neuronal firing at the thoracic and
lumbosacral levels®*C. This inhibition of neuron firing explains the changes in MAP. The lumbosacral vertebrae
are innervated mainly by parasympathetic neurons. As a result, inhibition at these levels would lead to relative
sympathetic predominance, as reflected in the MAP increases observed and vasoconstriction. The lower thoracic
vertebrae are innervated by a combination of sympathetic and parasympathetic neurons, and when inhibited,
we see a decrease in MAP. This suggests one of two scenarios. Either A) FUS inhibits sympathetic neurons more
than parasympathetic neurons, or B) the lower thoracic vertebrae in rats and pigs have a greater percentage of
sympathetic innervation than parasympathetic. In the latter scenario, when both pathways are inhibited, the
summative result is a decrease in MAP. There are still limitations to our understanding of the differences between
local and systemic MAP. In cases of SCI, it is thought that recruitment of blood flow to the site of injury is best for
patient recovery. Current methods of increasing blood flow involve increasing the MAP, thereby necessitating a
comprehensive investigation of regional spinal cord MAP dynamics following injury.

It should be noted that the chronic effects of such a model were not explored within this study. Long-term
safety studies are warranted to establish the lasting effects of FUS and to investigate the immune response that
may be elicited before the technology can be translated to humans. Prior investigations in tumor treatments
have demonstrated that immune responses can be elicited with FUS stimulation, particularly at high-intensity
acoustic parameters and with the use of microbubbles®'~¢%. In the setting of spinal cord injury, FUS has the
potential to modulate immune responses and promote recovery; however, the field is still in its infancy and
requires additional investigation®*.

Clinical translation

Traumatic SCI dramatically decreases an individual’s quality of life, causing loss of motor function, sexual
function, and bowel control®>¢. Acute SCI management involves surgical decompression via laminectomy to
alleviate spinal cord compression and subsequent inflammation'2136-%_ In some cases, SCI can lead to the
development of autonomic dysreflexia (AD), a life-threatening syndrome consisting of episodes of uncontrolled
hypertension triggered by a stimulus below the site of injury. Current AD management relies predominantly on
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pharmacological agents, which are associated with significant adverse effects, including rebound hypotension,
cephalgia, and vertigo, plus diminished therapeutic efficacy over time®. These limitations highlight the need for
more reliable MAP management options. Our experimental findings demonstrate that FUS stimulation of the
spinal cord effectively modulates MAP. Further evaluation will help maximize FUS neuromodulation as a safe
and non-systemic intervention for frequent AD episodes and chronic BP disorders.

Conclusion

We have demonstrated that therapeutic FUS stimulation of the spinal cord causes changes in MAP. The studies
outlined in this paper illustrate the development of FUS for BP modulation. To date, we have implemented FUS
stimulation and assessed its implementation on an exposed spinal cord in both rodent and porcine models.
The observations demonstrate that FUS can have region-specific modulation outcomes in the spinal cord.
Future research may focus on optimizing transducer design, stimulation parameters, FUS probe localization,
power delivery, and evaluating patient safety. Our findings establish the foundation for considering LIFU as a
therapeutic modality for MAP regulation via spinal cord neuromodulation. LIFU’s effects on spinal cord are
observed to affect both increase in MAP and reduction as well depending on the target site. Thus, how the FUS
probes are implemented and where they are placed will need optimization for appropriately targeted clinical
applications.

Data availability

The data supporting the results of this study are available within the paper and its Supplementary Information.
All data generated in this study will be made available. For data, please contact Angelica Lopez (alopez47@
jh.edu) and Amir Manbachi (amir.manbachi@jh.edu).

Code availability

The code used in this manuscript for statistical analysis will be made available on GitHub at the following
domain: https://github.com/afl008/bpfus. Please contact Angelica Lopez (alopez47@jh.edu) for questions and
access.
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