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Abstract

To date, no treatment has been developed for targeted delivery to the inner ear (IE).
Sonoporation, a promising drug delivery method, increases the permeability of round window
membranes (RWMSs), enhancing drug diffusion to the IE. A dedicated ultrasound protocol is
essential to treat IE pathologies in combination with sonoporation. In situ acoustic pressure
(AP) measurements cannot be used for RWM sonoporation because of the heterogeneous
anatomy of the temporal bone. This study aimed to model ultrasound propagation in the IE to
ensure adequate AP for RWM sonoporation. The impact of the position of the ultrasound probe
relative to the RWM on AP as well as potential temperature increases from caused by
tissue/ultrasound interaction were investigated. Using MATLAB®, a surgical procedure was
simulated based on CT-scans of sheep heads (14 IEs). An ultrasound probe (12.7 mm in
diameter, 1 MHz) with a degassed water-filled adapter was placed in front of the RWM.
Mechanical properties, such as tissue density, sound speed, and ultrasound attenuation, were
computed. ultrasound propagation was simulated using k-wave. Standing waves can double the
AP locally; however, the final AP is comparable to a free water field map when accounting for
microbubble-induced attenuation. The angle and distance of the probe relative to the RWM
have minimal effect on the AP; the main effect is caused by centering the probe on the RWM.
No significant thermal elevation was observed. The developed computational model paves the
way for designing an optimal and safe ultrasound protocol for sonoporation-mediated drug

delivery into the IE.



Manuscript

Sonoporation (also termed sonopermeabilization or microbubble-assisted ultrasound) is an
innovative and promising drug-delivery modality!, which relies on the combination of
ultrasound with gas microbubbles. This modality allows targeted, efficient, and safe delivery
of a wide range of therapeutic molecules (e.g., antibiotics, chemotherapeutics, antibodies, and
nucleic acids) for the treatment of several diseases while minimizing systemic side effects?.
Sonoporation could be a relevant modality for curing inner ear (IE) disorders. However,
acoustically mediated drug delivery into the IE is challenging because of the heterogeneous and
complex anatomy of the IE2. The IE is an organ located within the petrous bone and occupies
a volume of 78 mm?®. This organ is involved in hearing and balance®. Pathologies affecting the
IE, causing disorders such as hearing loss and vertigo, are common and disabling. However,
the intricate anatomy and function of the IE present hurdles for targeted drug delivery. The
current systemic drug administration often proves ineffective®. The alternative approach
involves local drug delivery, primarily through the round window membrane (RWM) and, to a
lesser extent, the oval window membrane. The RWM is a thin membrane of approximately 70
um thickness with a surface area of 2.5 mm?2. This membrane plays a crucial role in transmitting
sound waves to the IE®. Currently, transtympanic injection is the most utilized method for the
local administration of drugs in clinical practice. However, its efficacy remains uncertain owing
to the potential leakage of therapeutic agents through the auditory tube’. This underscores the
necessity for developing new, effective therapeutic solutions to restore auditory and vestibular
function.

In this context, several preclinical studies have reported the feasibility of sonoporation-
mediated drug delivery through the RWM on guinea pig, mouse and sheep models® & © 10. 11,
Sonoporation would stimulate intracellular, paracellular, and transcellular pathways, thus

improving the accumulation of drugs in the I1E®. In these preclinical studies, several approaches,



including transcanal (through the outer ear canal), transcranial (through the skull), and
transmastoid (through the mastoid bone), have been exploited to deliver ultrasound waves to
the IE®. Among these approaches, the transmastoid approach is the most common one. This
approach requires a surgical procedure called a mastoidectomy, which is performed via a
retroauricular incision to access the middle ear and to the RWM. Subsequently, therapeutic
molecules are introduced into the middle ear, potentially with microbubbles for their delivery
using sonoporation. The ultrasound probe is then placed through the mastoidectomy cavity, and
the ultrasound waves are applied to the IE. Using this approach, preclinical studies have
revealed considerably higher concentrations of therapeutic molecules in the endocochlear fluids
compared to the concentrations when using transtympanic injection®®°. They have demonstrated
great safety profiles for this approach, with preservation of hearing thresholds®, minimal
impact on the histological structure of the RWM?, no toxic overheat, and no modification of
the metabolomic profile of the endocochlear fluids'. Even if sonoporation proves to be a smart
modality for drug delivery in the IE, its preclinical and future clinical applications would face
several challenges. Among these challenges, the accurate control of ultrasound wave
propagation and ultrasound parameters (e.g., acoustic pressure, pulse repetition frequency, and
exposure time) is crucial for efficient and safe delivery of therapeutic molecules into the IE.
Currently, the precise behavior of ultrasound waves in an environment as complex as the IE
remains unknown. In addition, the influence of gas microbubbles on ultrasound propagation in
such an environment is not reported. This knowledge gap can be attributed to the heterogeneous
anatomy of the IE, which makes it challenging to measure acoustic pressure in vitro or in vivo
in anatomical parts. To address this knowledge gap, we investigated the propagation of acoustic
waves in the sheep IE using a CT-based computational model, because this animal model offers
close similarities in size and dimensions to the human 1E*2, thus allowing us to optimize future

ultrasound protocols in our healthy'® and diseased® sheep models.



Before conducting numerical simulations, straightforward experiments were performed to
validate our computational model (Figure 1A). To achieve this objective, a single-element,
custom-made piezoelectric transducer with a 12.7-mm diameter (0.5"), naturally focused at
27.2 mm, was used (Figure 1B). This transducer was connected to a 24 mm-long, degassed
water—filled custom-made polymethyl methacrylate (PMMA) adapter. This adapter reduced the
probe diameter to an aperture of 6 mm and allowed it to be positioned as close as possible to
the RWM in vivo. By adding the adapter, the focal shift was reduced and was comparable to
the RWM area. The focus point shifted to 6.5 mm from the distal end of the adapter. As
previously described®, the ultrasound probe with its adapter was positioned facing a calibrated
polyvinylidene fluoride needle hydrophone (0.2 mm diameter, Precision Acoustic Ltd,
Dorchester, the United Kingdom) in a custom-made PMMA tank filled with degassed water at
room temperature (between 18 and 22°C) for acoustic measurements. This hydrophone was
mounted on a three-axis robotic stage (DC -Motor Controller 500, Owis, Staufen im Breisgau,
Germany). The probe with the adapter and the hydrophone were aligned using the robotic stage.
An arbitrary waveform generator (335008, Agilent, Santa Clara, CA) was used to generate an
electrical sinusoidal signal with a central frequency of 1 MHz, a pulse repetition frequency of
10 kHz, and a duty cycle of 40%. These ultrasound settings were optimized in our previous
experimental studies for in vivo gene and drug delivery®® 1516 The signal was then amplified
using a RF power amplifier (AAP-500-0-2-6-D, AMD group, Valbonne, France) before being
transmitted to the transducer. The probe was set up to achieve a peak negative pressure (PNP)
of 300 kPa at the focus area. This acoustic pressure was chosen in agreement with the published
results on the drug delivery into the IE®!!, The acoustic pressure field was measured along the
longitudinal and perpendicular axes, X (AX = 15 mm) and Z (AZ = 15 mm). These
measurements were recorded with an interval of 0.25 mm using an oscilloscope (TDS 3034,

Tektronic, Beaverton, United States). No measurement was performed on the Y axis,



considering the axisymmetric nature of the probe. At each coordinate, the PNP was calculated
from averaged hydrophone signals (n = 16 measurements). The obtained results were then
analyzed using the MATLAB® software (Version R2022b, The MathWorks, Natick, MA,
USA). The computational analysis was performed using the k-wave toolbox, which exploits a
pseudo-spectral space—time method based on the fast Fourier transform to simulate the temporal
propagation of acoustic waves, thus enabling investigation of the interactions between waves
and matter'” 18, The characteristics of the numerical simulations are as follows: 1) the number
of points per wavelength is 10, 2) the number of points per time period is 50, and 3) the spatial
dimensions of the calculations were 32 mm x 16 mm x 16 mm. The experimental results were
compared with the results obtained through a three-dimensional (3D) numerical simulation
using the same features as the ultrasound probe and acoustic parameters. The simulated probe
was embedded in a homogeneous medium with acoustic properties of water, i.e., a speed of
sound (c) of 1480 m s* and a density (p) of 1000 kg m™3. Numerical modeling, numerical
simulation, and data processing were automated via a dedicated MATLAB® code using the k-
wave toolbox®. As shown in Figure 1C and 1D, a comparison of experimental and simulated
acoustic pressures is presented in pressure maps. Results indicate a great congruence in the
acoustic pressure values, with a —3 dB focus area of 13.87 £ 1.12 mm?2 and 14.45 + 0.69 mm?
in the experimental and simulated models, respectively, considering the incertitude

measurement.

This acoustic propagation model in an unobstructed environment (i.e., free water) was
adapted to a 3D simulation model in a heterogeneous environment. For this purpose, seven CT
scans of the temporal bones (i.e., 14 IEs) of female Ile de France sheep, with an average age of
32.4 months and an average weight of 59.6 kg (PIXANIM platform, INRAE, Nouzilly, Centre

Val-de-Loire, France) were acquired using a Siemens Somatom® CT equipment (Siemens



Healthineers, Courbevoie, France) under general anesthesia in agreement with the Animal Care
and Regional Committee for Ethics in  Animal Experiments (APAFIS code
#2018112714344369) and in accordance with European Directive 2010/63/EU for animal
experiments. The acquisition protocol followed the same procedure as outlined in our previous
study!2. These CT scans were processed using k-wave. The computational domain consisted of
179 x 91 x 91 grid points, covering a volume of 26.5 x 13.5 x 13.5 mm?3. The IE and middle
ear were located on the right and left sides of the sheep head by an ENT clinician (F.M.).
Mastoidectomy was simulated by removing the portion of the temporal bone behind the
posterior part of the external auditory canal, allowing access to the middle ear and visualization
of the RWM. The ultrasound probe was modeled with the exact dimensions of the adapter. It
was then displayed on the CT scan and positioned at the correct angle (90°) and distance

(specifically 6.5 mm) from the RWM. The RWM was selected manually (Figure 2).

As shown in Figure 2, the pixel intensities of the CT images are proportional to the
Hounsfield units (HUs). The air located in the IE was modeled as water to simplify the acoustic
simulations. Acoustic parameters were assumed to be constant for water and tissue, while they
were calculated for bone based on the HU values. A linear relationship between the HU values
and the acoustic parameters, including the density (1) and speed of sound (2), was also assumed.
The ultrasound attenuation equation included bone porosity and the acoustic absorption
coefficient (3) (Figure 3) 1" 19,

Psicunn (6, Y,2) = Pmin + (Pmax — Pmin) (1 — ¥) 1)
Csiutt (%, Y, 2) = Cmin + (Cmax — Cmin) (1 — P) (2)

Uskull = Amin,skull + (amax,skull - amin,skull) X lpO.S (3)



Using Pmin = Ptissue = 1030 kg m—3, Pmax = Pcortical bone = 1710 kg m—3’ Cmin =
Ceissue = 1560 M SY Cux = Ceorticalbone = 2500 m st 2L and porosity ¥ = 1+

HUmax-—HU(x,y,2)
HUmax—HUmin

, Where HU 4, 1S the maximum HU value in the CT scan corresponding to

bone and HU,,,;,, is the minimum HU value in the CT scan corresponding to tissue??. All other

parameters integrated into the MATLAB® code are shown in the Table S1.

To reflect experimental reality, an additional attenuation in the middle ear
corresponding to MB attenuation must be incorporated in our numerical model. Thus, in vitro
attenuation measurements were realized with a substitution method using a Vevo MicroMarker
microbubble solution (FUJIFILM® VisualSonics, Amsterdam, the Netherlands) at 2 x 107
microbubbles/mL in a saline solution (this is the microbubble concentration used for in vivo IE
sonoporation). The same ultrasound parameters (i.e., center frequency = 1 MHz, pulse
repetition frequency = 10 kHz, duty cycle = 40%, and PNP = 300 kPa in free water) were
applied for 3 min. The mean value of ultrasound attenuation was measured at 10 dB cm ™ MHz*
in our experimental conditions. This value was high considering the frequency of the ultrasound
probe (1 MHz), microbubble category (Vevo MicroMarker®), and microbubble concentration®4.
Unlike classical attenuation measurements, a long pulse at higher pressure and higher
microbubble concentration is used. All these parameters have a substantial impact on ultrasound
attenuation?®, Different types of simulations were performed: one with the ultrasound waves
propagating in a serum solution with an attenuation of 0.00036 dB cm™* MHz*?? and others
with an attenuation of 10 dB cm™ MHz ™ based on the experimental data. Each numerical

simulation required approximately 12 min for completion.



Numerical modeling was performed with 14 CT scans to account for inter-individual
variability. Subsequently, new modeling was performed by varying the depth (A = 10 mm),
lateral position (A = 10 mm), and angle (A = 80°) with respect to the RWM. The results are

shown in Figure 4.

The numerical simulation pressure map was significantly different from that observed
in free water. Indeed, elevated acoustic pressures were observed along the bony walls of the IE.
A region of interest (ROI) with a 2.2-mm diameter was drawn to delimit the RWM on the
pressure maps®. The mean PNP value (for the 14 IEs) in the ROI was 543.30 + 48.27 kPa in a
saline solution, which was almost double the initially desired pressure, i.e., 300 kPa. This
increase in acoustic pressure can be attributed to the occurrence of putative standing waves,
which could lead to tissue damage. However, when the ultrasound attenuation of MBs (i.e., 10
dB cm™! MHz ) was implemented in the numerical simulation, the PNP decreased to 320.70 +
50.23 kPa in the ROI. In conclusion, these results demonstrate that ultrasound waves reach the
RWM with a relevant PNP value (i.e., approximately 320.70 + 50.23 kPa) for its sonoporation
in our experimental conditions.

In addition, the effects of ultrasound probe positioning relative to the center of the RWM
on the mean PNP value in the ROI were investigated by first varying the angle between the
ultrasound probe and RWM. For angle incidences > [25°|, the mean PNP value was 315.30 +
26.97 kPa, demonstrating that the ultrasound probe angle has a minimal impact on the variation
in the PNP within the ROI (P = 0.99, with the Kolmogorov—Smirnov test). Then, the changes
in the axial positioning of the ultrasound probe of >2 mm relative to the center of the RWM
induced a decrease in the mean PNP value in the ROI, i.e., 176.20 = 133.10 kPa (versus 360.30
+ 81.45 kPa if the axial positioning of the ultrasound probe was <2 mm to the center of the

RWM, P = 0.04 with the Kolmogorov—Smirnov test), thus revealing the substantial impact of



axial positioning of the ultrasound probe on the IE for acoustically mediated drug delivery.
Although the focal spot of the ultrasound probe was 6.5 mm from the adapter, a satisfactory
PNP value persisted at 8.65 mm and 408.85 kPa or at 10.81 mm and 293.0 kPa (see Figure S2).
Overall, these results demonstrate that the centering of the ultrasound probe on the RWM is a
key parameter to consider for IE sonoporation in vivo.

As generally accepted, the acoustic properties of bone considerably differ from those of
surrounding soft tissues. Indeed, the exposure of bone tissue to high-intensity ultrasound waves
results in a significant ultrasound absorption, leading to a considerable increase in the
temperature. Such temperature increments can damage the surrounding soft tissues and
negatively affect the efficacy of sonoporation-mediated drug delivery. The Pennes’ bioheat
equation (4) was exploited to simulate the thermal increments in our experimental conditions.
This equation incorporates advective heat loss owing to tissue perfusion (blood flow through

tissue) and heat deposition resulting from ultrasound absorption?®: 27,

pC.o= V.(kVT) + Qo+ Q (4)

where p is the material density, C is the specific heat capacity (see Table S1), T is the tissue

temperature, k is the thermal conductivity constant (see Table S1), Q, is the blood perfusion
2
term, and Q the heat source term (Q = ‘%) that is computed by considering the local pressure

(p), absorption (a), density (p), and sound velocity (c). Tissue perfusion was not considered in
our numerical simulations because the IE is a poorly vascularized organ®. The thermal
properties used are detailed in the Table S1. The initial temperature for different tissues and the
surrounding medium was set at 37.0°C. All numerical simulations involving ultrasound-
induced heating were performed over a period of 180 s, i.e., the total exposure time of our
sonoporation protocol. As expected, a considerable temperature increase was observed in the

entire IE (Figure 5). A maximal temperature peak of 38.89°C £ 0.24°C was calculated in the

10



basal turn of the cochlea, while the mean temperature in the ROl was 38.36°C + 0.28°C. This
value was 38.21°C + 0.16°C, 15 s after the sonoporation protocol ended in the ROI. However,
for simulation calculations, we assumed that the temperature of the entire medium was at
37.0°C. This assumption tends to overestimate the temperature increase, given that the
temperature of the microbubble solution introduced into the middle ear is closer to 20°C in vivo.
These temperature increments agree with those published for in vivo scenarios® ® 10, Preclinical
studies described temperature increments ranging from +0.21°C to +2.7°C in vivo using
temperature sensors placed at the RWM or in contact with the promontory (a prominence
formed by the projection of the first turn of the cochlea) a few seconds after the end of the
sonoporation when employing the transmastoid approach® ® 10, Such temperature increments
have not been associated with tissue damage. Nevertheless, it is important to limit the
temperature increment to not counteract the efficacy of sonoporation and not affect the sensitive
structures such as the facial nerve, which are susceptible to temperature changes. It is well
established that increasing the temperature of the facial nerve beyond 46°C can lead to
irreversible facial paralysis?®. Notably, such a deleterious temperature threshold was not

reached in our study.

This in silico model has certain limitations. While it accounts for the attenuation induced
by microbubbles, it does not factor in the effect of microbubble vibrations on the ultrasound
field. The step size of the k-wave could be reduced to further provide simulation accuracy using
GPU acceleration. While these simulation results are promising, ex vivo measurements are
necessary for confirmation of this numerical model. However, conducting ex vivo

measurements on the anatomical part presents challenges, as placing the hydrophone directly

11



opposite to the endocochlear side of the RWM can lead to the collapse of the IE walls and
distortion of acoustic propagation. As a result, reliable ex vivo measurements are impractical.
Future studies must verify the feasibility and safety of the ultrasound protocol proposed in this

paper through in vivo experiments.

In conclusion, CT-based numerical modeling of ultrasound propagation in the IE for
sonoporation-mediated drug delivery has been developed and validated to help design
ultrasound settings for such applications in a sheep model. Our ultrasound parameters appear
effective and safe for sonoporation-mediated drug delivery in the sheep’s IE without causing
undesirable temperature increases. An important factor for efficient IE sonoporation is the
precise placement of the ultrasound probe relative to the RWM. Nevertheless, further ex vivo
and in vivo validations are required to take into account many factors, including the influence
of MB oscillations on the ultrasound field, and therefore improve our in silico model despite
anatomical challenges. This simulation model holds potential for future development and
adaptation for human application, enabling its use in IE sonoporation for the targeted delivery

of therapeutics.
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Supplemental material:
Table S1: Set of parameters used to run all simulations k-wave toolbox on MATLAB®.
Figure S2: Change in the PNP as a function of the distance of the adapter tip from the
RWM. The focal spot is at 6.5 mm.
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Figure 1: Validation of our model using simple experimental and computed experiments

A. Experimental experiment: the ultrasound probe, equipped with its adapter, is positioned in a
tank filled with degassed water at room temperature. Opposite the probe, a needle hydrophone
is mounted on a 3-axis robotic stage. The probe is connected to a waveform generator set to a
center frequency of 1 MHz, a pulse repetition frequency of 10 kHz, and a 40% duty cycle. The
signal is amplified via an RF power amplifier. The acoustic pressure field is measured over a
cubic volume of 15 x 15 mm. All measurements are recorded on an oscilloscope and
subsequently analyzed using MATLAB® software. B. Lab-made 13-mm diameter probe with a
conical adapter filled with degassed water. C. Experimental ultrasound field. D. Computed
ultrasound field. Results are expressed in attenuation (dB). The 0-mm depth corresponds to the
tip of the adapter. The red ellipse represents the focal spot at —3 dB, and the white lines represent
the focal spot at —6 dB.

17



Middle ear

Mastoid

Probe axis

[mm]

Inner ear
Lateral sinus

Temporal lobe

[mm]

Figure 2: A. CT scan of the sheep head. The middle and inner ear of the left side are located
using a blue circle. B. ROI is segmented, and the axis of the ultrasound probe is positioned
perpendicular to the RWM at the lower end of the blue line.
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Figure 3: A. Original image of sheep’s middle and inner ear. The red circle represents the ROI,
the RWM. B. Density, C. Speed, and D. Attenuation calculated after mastoidectomy simulation

and adapter tip positioning at 6.5 mm.
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Figure 4: A. Change in the PNP as a function of the incidence angle of the ultrasound probe. B.

Acoustic pressure mapping with ideal probe positioning in an microbubble solution. C. Change
in the PNP as a function of the probe’s lateral position relative to the center of the RWM.
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Figure 5: A. Computed temperature map of the middle and inner ear over a period of 180 s, i.e.,

the total ultrasound exposure time. B. Computed temperature map of the middle and inner ear
15 s after the end of US exposure.
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Supplemental online material:

Numerical

Modeling of Ultrasound

Propagation in the Inner Ear for Sonoporation-Mediated Drug Delivery

F. Micaletti, D. Bakhos, J-M. Escoffre, D. Li, A. Bouakaz, D. Fouan

Table S1: Set of parameters used to run all simulations k-wave toolbox on MATLAB®.

Acoustic properties of different materials | Values | Units | Reference I
Water wave speed (c,,) 1482 m.s-l 17.29
Soft tissue wave speed (c;) 1560 m.s-l 30
Cortical bone wave speed (max HU) (c;,) 2500 m.s-l 3
Water density (p,,) 1 000 kg.rn-B 24,31
Soft tissue density (p;) 1 040 kg.rn-B 30
Cortical bone density (max HU) (p;) 1710 kg.rn-B 3
Power absorption coefficient 1.43 32
Water attenuation (X,,) 0.00036 dB.cm-l.MHZ-l #
Soft tissue attenuation (o<;) 0.8 dB.cm-l.MHz-l 33
Sheep skull maximum attenuation () 8.6859 dB.cm-l.MHZ-l 3
Thermal conductivity in water () 0.615 W.m-1 ‘K'l #
Thermal conductivity in soft tissue (k) 0.528 W.m-1 ‘K'l #
Thermal conductivity in cortical bone (i) 0.32 W.m-1 ‘K'l #
Specific heat in water (C,,) 4180 2
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Figure S2: Change in the PNP as a function of the distance of the adapter tip from the RWM.
The focal spot is at 6.5 mm.



