Delivering focused ultrasound to intervertebral discs using time-reversal
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Abstract

Chronic low back pain causes more disability world-wide than any other condition, and is thought to
arise in part through loss of biomechanical function of degenerate intervertebral discs (IVD). Current
treatments can involve replacing part or all of the degenerate IVD by invasive surgery. Our vision is
to develop a minimally invasive approach in which high intensity focused ultrasound (HIFU) is used
to mechanically fractionating degenerate tissue in an IVD; a fine needle is then used to first remove
the fractionated tissue and then inject a biomaterial able to restore normal physiological function. The
goal of this manuscript is to demonstrate the feasibility of trans-spinal HIFU delivery using
simulations of three-dimensional ultrasound propagation in models derived from patient CT scans.
The CT data were segmented in to bone, fat and other soft tissue for three patients. Ultrasound arrays
were placed around the waist of each patient model and time-reversal was used to determine the
source signals necessary to create a focus in the centre of the disc. The simulations showed that for
0.5 MHz ultrasound a focus could be created in most of the lumbar IVDs, with the pressure focal gain
ranging from 3.2 to 13.7. In conclusion, it is shown that, with patient specific planning, focusing
ultrasound into an IVD is possible in the majority of cases despite the complex acoustic path

introduced by the bony structures of the spine.

Keywords: Chronic low back pain; trans-spinal HIFU; full wave modelling; Time-reversal
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INTRODUCTION

Chronic low back pain is one of the most prevalent musculoskeletal conditions with 84% of adults
suffering low back pain at some points in their lives(Shaheed et al. 2014; Walker 2000). It causes
more disability worldwide than any other condition (Hoy et al. 2014) and has huge economic costs,
both through health-care consumption, and lost productivity(Maniadakis & Gray 2000). Although its

causes are not well understood, many cases of low back pain are associated with degeneration of the

intervertebral disc (Cheung et al. 2009), which loses its load-bearing role and hence may place

inappropriate stresses on other spinal structures. The only treatments available to patients who fail
conservative treatments are surgical interventions, such as replacement of the degenerate disc by a
disc prosthesis. These surgical interventions are not ideal as they have relatively high complications
associated with them and the effectiveness of outcome is rather variable(Willems et al. 2013). Less
invasive alternatives for early disc degeneration such as partial disc replacement (PDR) have thus
been developed (Coric & Mummaneni 2008; Lewis 2012). In PDR, the gelatinous core of the
degenerated disc, called the nucleus pulposus (see Fig. 1), is replaced by an implant, however current
methods of removing the original degraded material require a surgical procedure and also leave an
opening in the outer annulus of the disc through which implanted material can be expelled (Di
Martino et al. 2005; Coric & Mummaneni 2008). To significantly reduce the risk of expulsion, we
envision an ultrasound-based, minimally-invasive PDR procedure where the degenerate nucleus
would be fractionated by high frequency focussed ultrasound and the fractionated material removed
via a fine gauge needle inserted through the annulus of the disc into the disc nucleus. Physiologically
appropriate injectable biomaterials could then be inserted into the evacuated nucleus using the same

needle.

The fractionation would be effected by high intensity focused ultrasound (HIFU) which has been
employed for many indications, including: treatment of solid tumours, thrombolysis, drug delivery
and neurological disorders(Al-Bataineh et al. 2012; Medel et al. 2012). In the majority of HIFU

applications, thermally ablated lesions are formed as energy absorption at the ultrasound focus results
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in heating at a rate on the order of 1-C/s(ter Haar & Coussios 2007). The principle of thermal therapy
has been applied for the treatment of low back pain with an interstitial ultrasound device (Nau et al.
2007), with the aim of producing thermal necrosis of ingrowing nociceptive nerve fibres for
coagulation and restructuring of annular collagen. An MR guided HIFU system was adapted for
thermally treating facet joint osteoarthritis pain in a phase I study(Weeks et al. 2012). However,
thermal based therapies, which produce coagulated tissue that is normally mechanically stiff, are
likely not the best approach here where the goal is to remove the tissue. Thermal therapies also have
the potential for heat to conduction to adjacent tissue resulting in unwanted side effects, e.g., the nerve
root and vertebral end plates, in spine applications (Brown et al. 2015; Forslund et al. 2006). A more
promising approach is to use short ultrasound pulses with high amplitude but low average power, that
result in intense cavitation which will mechanical disrupt tissue, by a process referred to as histotripsy
(Lake et al. 2008; Roberts et al. 2006; Vlaisavljevich et al. 2013; Xu et al. 2008) or boiling histotripsy
(Canney et al. 2010; Khokhlova et al. 2011). Once the degenerate material is fractionated it would be

removed using a fine gauge needle and then a biocompatible material injected to restore disc function.

One barrier to employing ultrasound in the IVD is that the treatment site is deeply situated in a
complex anatomy with bony structures and multiple tissue layers in the acoustic path. This means the
ultrasound propagation will be significantly distorted and so generating tightly focused beams will be
challenging. Numerical studies investigating the use of interstitial ultrasound thermal ablation of IVD
and vertebral and spinal tumors have been reported (Persson et al. 2005; Scott et al. 2014) and
demonstrated the possibility of deliver ultrasound into spinal structures in a minimal-invasive way
despite the complex environment. However, extracorporeal delivery is yet more challenging. A
similar problem has been encountered in the transcranial and transcostal ultrasound delivery and time-
reversal techniques have been shown to be effective at restoring a focus in these environments (Aubry
et al. 2008; Fink 1992; Fink et al. 2003). A key limitation in using time-reversal is that an acoustic
transducer is needed at the target location in order to determine the propagation delays associated with
acoustic path to the source. Strategies to accomplish this include: placing a hydrophone at the target

(Pernot et al. 2007; Thomas & Fink 1996), using numerical simulations to compute the phase delays
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(Marquet et al. 2009; Aubry et al. 2008; Robertson et al. 2017) and using cavitation bubble emissions
as a source (Gateau et al. 2010). Transcranial focusing using time-reversal has been shown to have

millemetre accuracy in cadavar models (Marsac et al. 2012).

The goal of this paper was to use numerical simulations to demonstrate that it is feasible to focus
ultrasound into an intervertebral discs in humans using an extracorporeal source. Three-dimensional
models of the torsos of three patients (small, medium and large) were derived from clinical CT scans.
Ray tracing and numerical time-reversal were employed to determine the design of an appropriate
array configuration. It was shown that by correcting for aberrations induced by the tissue
inhomogeneities an appropriate ultrasound focus can be formed at the target location in the centre of
most lumbar IVDs. The predicted pressure amplitudes are likely not sufficient to induce inertial
cavitation in the IVD, and suggest that it will be necessary to introduce a cavitation nucleation into the

disc to make mechanical fractionation of the nucleus of the disc feasible.

MATERIALS AND METHODS

Human data sets were derived from anonymised kidney-ureter-bladder (KUB) CT scans with a 0.625
mm slice thickness and 0.625 mm in-plane pixel size. The anonymised images were acquired as part
of standard-of-care treatment and IRB approval was not required for their use in this research. The
scans covered the anatomical structures from the vertebral body L1 to the pelvis. The CT data were
imported into Matlab (R2014a, Mathworks Inc., Natick, MA, USA) and segmented into air, soft-
tissue, fat and bone using thresholds on the Hounsfield units. In some slices the cortical bone around
the vertebral bodies was so thin that it did not automatically segment into bone and in these cases the
segmentation was manually corrected. The segmentation of soft-tissue into two types: fat and other
soft-tissue was deemed an acceptable approximation from the point of view of acoustic propagation as
most soft-tissue has similar acoustic properties with the exception of fat. The physical parameters

used in the simulations are given in Table I. After segmentation, the processed CT images were
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stacked to form a 3D model that was loaded into the acoustic simulation package. Figure 2(a)

illustrates the steps involved in the segmentation and acoustic simulation process.

In order to investigate the effect of the size and inhomogeneous nature of patients on the focal gain
and targeting accuracy of ultrasound, CT scans from three patients were segmented, see Fig 2(b-d).
They will be referred to as model I (small), model II (medium), and model III (large). The
circumferences of these models were 789 mm, 929 mm and 1129 mm respectively, which for
European males correspond to a BMI of 20, 29 40 respectively (Smith & Haslam 2007) where the
mean BMI for a male in the UK is 28.7 (Johnson et al. 2014). The lateral widths were 290 mm, 320
mm and 380 mm respectively. Because there is the possibility of degeneration for every lumbar disc,
the four discs between the vertebral bodies L1 through L5 were all treated as potential targets for
HIFU. It was not possible to automatically segment the IVD from the CT images as the Hounsfield
units of the IVD were very similar to the surrounding soft tissue. Instead it was assumed that the soft
tissue between two consecutive vertebrae was the IVD; the outline of the vertebrae was superimposed
on the soft tissue from which the IVD boundary was determined. This was done for visualisation and

targeting only and for the simulations the properties of the disc were taken to be those of soft tissue.

The ultrasound simulation was carried out using PZFlex (Weidlinger Associates Inc., Mountain View,
CA, USA) which employs the finite element method and an explicit time-domain algorithm to solve
locally linearised versions of the continuity, momentum and state equations. Hexahedral elements
with 8 nodes were used for regularly meshing of the model. The code was run for linear propagation
and the grid was chosen with 15 elements per wavelength which we have previously found gives
sufficient accuracy at an acceptable computational cost (Qiao et al. 2016). All the simulation results

were post-processed and visualised in Matlab.

The size of the computational domain varied for the different patients and the target IVD. On average
the size of the domain was 100mm x 370mm x 175mm and captured the whole targeted IVD and the
adjacent vertebral bodies. Due to the limited PC memory, only the posterior part of patient was

included in the model which resulted in grid size of 500 x 1850 x 875 elements for a total memory
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requirement in excess of 64 GB. Neglecting the anterior portion of the patient was considered
appropriate for the application in question, as the presence of gas in the bowel means that a reliable
acoustic window does not exist and so placement of transducers on the stomach of the patient was not
considered. In addition, no elements were place in a region 160~200 mm wide around the centre-line

of the patient in order to protect the spinal cord from direct insonation by the array.

In order to apply time-reversal, a point source generating a 500 kHz sinusoidal waveform was located
at the centre of the IVD, and the pressure waveforms on a spherically curved surface outside the
patient body were recorded. From this simulation two appropriate acoustic windows, on either flank
of the patient, were identified. A ray tracing method was used to confirm the placement of the array.
In each acoustic window an ultrasound array was generated that consisted of 192 rectangular elements
each of dimensions Smm x 3mm tightly arranged in 3 rows of 64. The transmit signals for each
element was obtained by time-reversing the recorded waveforms from the simulation with a point

source.

RESULTS

Figure 3 compares representative results for model II from ray tracing and a full-wave acoustic
simulation. In Fig 3 (a) the rays that originated from the target location and were not obstructed by the
bone structures on the way to the skin are shown with yellow lines. These rays were then extended to
a spherical surface with the origin at the target and the radius of 170 mm to find the possible acoustic
window for the extracorporeal ultrasound delivery, which is indicated by the red contours in Figure 3.
The pressure distribution on the same spherical surface from the acoustic simulation with a point
source is superimposed on the image and it can be seen that the high pressure area from the PZFlex
simulations falls within the boundaries given by the ray-tracing method. However because the
simulation also accounts for refraction and absorption in the tissue there are regions of low pressure
even at locations where ray theory suggests sound is present. Therefore ray tracing was used to
determine the initial placement of the ultrasound array for a specific disc. This was followed by full

acoustic simulations of the back-propagation from the target to the surface of the transducer and then
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time-reversal was employed to determine the transmit waveforms. Finally, a full acoustic forward

simulation was used to determine the pressure field generated in the IVD.

Figure 4 shows the simulation results for ultrasound delivery to the L4L5 IVD, that is, the disc
between vertebrae L4 and L5, of model II where the source condition was either uniform excitation
(which would result in focusing in water) or time-reversed signals. The white contours represent the
vertebral bones and the black contours, the estimated region of the IVD. The pressure gain is
calculated by normalising the field pressure by the source pressure. As will be presented in the
discussion, a gain in excess of 20 would be needed to generate cavitation in native disc tissue but if

one introduces nucleation agents a gain in excess of 2 should be sufficient.

It can be seen that the uniform excitation (Fig 4(a)) failed to produce focusing in the disc and the
pressure distribution was severely distorted by the vertebral bone and the multiple soft tissue
interfaces resulting in local “hot-spots” at the edge of the disc that extended out into the surrounding
tissue. These are likely due to a combination of scattering from the vertebral bodies and refraction
from variations in the soft tissue path. In comparison using the time-reversed signals (Fig 4(b)),
resulted in an ultrasound focus with a pressure gain of around 9 at the intended location (indicated by
the white star). The focal spot actually consists of three lobes, a main lobe and two similar amplitude
side lobes. This is a feature of the interference between the two crossed beams and was also observed
in simulation is water (data not shown). In addition, to the high pressure in the target region, there
were also “hot spots” at the edge of the disc and in the surrounding tissue but the key difference is that
the highest pressure is now in the target focal area. An approach to ensure fractionation only occurs

in the target location is described in the discussion.

Simulations were carried out for all four lumbar IVDs in all three patient models. The pressure
distributions in the cross-section planes cutting through the centre of the discs are presented in Figure
5 with the black contours representing the estimated region of the IVD. In most cases, the ultrasound
beams coming from the two lateral sides are clearly observed, and a focus is formed at the interaction

of the two ultrasound beams in the centre of the IVD. The interference of the two ultrasound beams



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

resulted in the three lobe focal structure seen in Fig 4(b) although in some cases, e.g., L3L4 in model
II, the distortion resulted in only two lobes. In many cases there are “hot spots” at the edge of the
discs with a similar or even higher pressure gain than the value of the focus. The only disc which
showed no focusing was L4L5 in model III (the largest patient) where little of the disc experienced a
pressure gain of greater than unity. This was likely due to interference from the pelvis and the longer
propagation path in the patient. In addition, for L3L4 in model III, although a focus was generated at
the target location there was a region of higher pressure gain at the edge of the disc. Across all three
patient models the L1L2 disc showed the greatest disturbance of the field with significant regions of
tissue outside the disc having high pressure amplitudes. This is likely due to the interference from the

rib cage which reduces the effective acoustic window to the disc.

In each case the pressure gain and the offset of the peak pressure from the desired target location
(distance between target location and location of the peak pressure) were extracted from the
simulation results. Figure 6 shows the results for the pressure gain and focal position offset for 11 of
the 12 cases; the one exception being the lowest lumbar disc L4L5 of model III in which a focus was
not formed. It can be seen that the focal gain was highest for model I (range 7.0 to 13.7) and lowest
for model III (<1 to 4.5). The most likely reason is that for larger patients the propagation path in the
soft tissue is longer and therefore the sound suffers from more attenuation; an effect that cannot be
overcome by time-reversal. For models I and II the pressure gained exceeded 5.9 for all four lumbar.
The location of the focus (Fig 6(b)) was formed within 1.5 mm of the intended target for all 11 cases,
with a range of offsets varying from 0.28 mm to 1.47 mm. In general, model I and II had offsets of
less than 0.6 mm. One notable exception was L1L2 for model I which had the highest offset but we
note that in Fig 6(a) it was also the case which produced the lowest gain for model I. As described
above, it appears that the presence of the rib cage in the propagation path to L1L2 resulted in poorer
focusing, potentially because the rib cage is closer to the focus in the smaller patient and therefore

more of a solid angle is perturbed.

The pressure distributions were normalised to the pressure gain at the focus in each case and the -3 dB

and -6 dB contours are shown in Figure 7. Since the internal structure of the disc cannot be
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distinguished from the CT image, the disc nucleus (the desired target region for the application) is
approximated as an ellipse (22 mm x16 mm) indicated by the thin black contours. It can be seen that
there is a —3dB region in the target region of the nucleus but, as described above, there are also
regions in the annulus that are at -3 dB in all but one case. The L1L2 disc, in which ribs are present
in the propagation path, appeared to be most challenging to generate a tight focus in, with -3dB
contours crossing from the annulus to the nucleus in all three cases. The -6 dB contours extend from
the outside of the disc to the centre of the nucleus in almost every case. These results suggest that
even though a focus was created in the target region the distribution of the field and the limited
pressure gains mean that using ultrasound to create localised fractionation of the disc in the centre of

the nucleus is likely not possible, however an approach to overcome this is presented in the discussion.

DISCUSSION

In this numerical study, three 3-D human spine models were extracted from clinical CT scans, and a
time-reversal technique was employed to deliver ultrasound into the nucleus of the lumbar IVDs. The
simulation results suggest that, with the help of time-reversal to compensate for the aberration in the
propagation path, ultrasound can be focused in the nucleus of an IVD with focal pressure gain of 3.2
or better. Although time-reversal has been successfully used in transcranial and trans-costal
ultrasound delivery to minimize the effect of the bone structure on the ultrasound focus, we believe
this is first time in which the effectiveness of time-reversal has been demonstrated in trans-spinal
ultrasound delivery. Delivery to the IVD is a particularly challenging as both the vertebral body and
the complex spinal processes significantly distort the ultrasound beam. For example, in trans-costal
application, ray-tracing has been employed to compensate for the presence of ribs to turn off
individual elements that are blocked by the ribs (Bobkova et al. 2010; Qiao et al. 2013). But for this
study, even though ray-tracing was helpful in identifying an appropriate window the phase
information was not sufficient to correct for aberrations presumably because the bone is close to the
focal region and therefore scattering and diffraction associated with the bone strongly impacts the

acoustic field in the focal region.

10
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Flank paths were chosen as acoustic windows to the IVD, recall Fig 3, in order to avoid gas in the
bowel and to prevent the ultrasound beams from passing through the spinal cord; this placement
should also mean that beams avoid vascular structures such as the aorta. The ability to focus using
time-reversal was investigated in all four lumbar discs in each of the three different size patients. The
simulation results indicate that the discs that would best candidates for ultrasound therapy are L.21.3
and L3L4 where for all three patients the -3dB focal region was restricted to a volume less than 6 mm
in diameter in the centre of the nucleus; although there were lobes at -3 dB in the annulus of the discs
too. For the lowermost disc, L4L5, the ilium has the potential to block the ultrasound beam coming
from the posterolateral sides and limit the area of the acoustic window. However, the spinal anatomy
varies between patients and for the small and medium patients time-reversal still resulted in successful
ultrasound focusing. For L1L2 there were a number of “hot spots” away from the target location
which appeared to be due to interference from the ribs. These result suggest that lumbar discs are
potential targets for ultrasound therapy but that detailed patient-specific pre-treatment calculations are
needed in order to identify whether an IVD is a good target for ultrasound therapy and the placement

and phasing of an array source.

Our vision for how therapeutic ultrasound would work in an IVD is that cavitation would fractionate
the nucleus of the disc with minimal heating. Although the simulations did demonstrate the ability to
focus in the nucleus neither the pressure amplitudes nor the shape of the focal region were appropriate
to create localised cavitation in vivo. First, the amplitudes were too low; assuming a typical
maximum source level of 1 MPa pressure amplitudes could be as low as 3.2 MPa whereas mechanical
tissue disintegration requires peak negative pressures in excess of 20 MPa in order have a consistent
dense cavitation cloud at the focus (Lin et al. 2014; Vlaisavljevich et al. 2015; Khokhlova et al. 2011;
Vlaisavljevich et al. 2013). Second, although the -3 dB focal spots were well localised, there were
lobes in the annulus and further the -6 dB volume covered much of the disc; consequently given the
stochastic nature of in vivo cavitation, which tends to be random and sparse (Coussios et al. 2007;
Miller et al. 2000), it is likely that even if cavitation could be created, it would likely occur in multiple

regions through the disc rather than just in the nucleus. Generating cavitation outside the focal region,

11
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e.g., in the annulus, has two negative consequences: it could lead to damage outside the target area

and also shield of the nucleus preventing treatment in the target region (Coussios et al. 2007).

One strategy to overcome the cavitation control in this application would be to inject cavitation nuclei
into the nucleus of the disc. For example, ultrasound contrast agents (UCAs) have been used in HIFU
to induce cavitation enhanced therapy (McDannold et al. 2006; Tran et al. 2003). UCAs are probably
not be appropriate for use in the IVD application because continuously multiple injections of UCAs
would be needed for sustained cavitation due to the short life spans which could be even shorter due
to the static overpressure in the IVD (Bouakaz et al. 2005; Chan et al. 2011). An alternative
nucleation agent is a polymeric nanoparticle that has been developed in our group that traps gas in a
pore which, in comparison to a UCA, has a tighter cavitation threshold and results in sustained
cavitation activity in a tumour model in vivo for at least two minutes (Kwan et al. 2015). Preliminary
experiments using these polymeric nanoparticles to mediate the fractionation of the nucleus in the disc
from an ox tail showed sustained cavitation activity for at least 10 min of ultrasound exposure with
the peak negative pressure of approximately 2 MPa at 0.5 MHz (Elbes et al. 2014) which we

anticipate will be sufficient to fractionate a disc (Molinari. 2012).

Although placement of a needle is normally avoided in therapeutic ultrasound, in this specific
application a needle will need to be employed to remove fractionated material and inject a
biocompatible replacement polymer. Therefore we can make use of the needle access in two ways:
first, a hydrophone (we anticipate using a fibre-optic hydrophone with a diameter of 100 xm) can be
placed in the target region in the centre of the IVD in order to carry out the time-reversal process.
Second, the needle could be used to inject of cavitation nuclei. In the simulations reported here, focal
pressures ranging from 3.2 to 13 MPa are achievable, which exceeds the 2 MPa cavitation threshold
of the polymeric nanoparticles in discs. Therefore by adjusting the amplitude of the ultrasound it
should be possible to control the initiation of cavitation to regions where the pressure is above the
cavitation threshold. Limiting the injection of the polymeric nanoparticles to the nucleus also means
that the “hot spots” that occurred in the outer regions of the annulus should not result in cavitation as

the threshold there will be the native tissue threshold which is a factor of five or more above the
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cavitation nuclei. This approach to spatial control of cavitation has been demonstrated using
nanodroplets (Vlaisavljevich et al. 2013). The disc where this approach might not be successful is
lumbar disc L1L2 where the -3dB regions extended from the nucleus to the annulus and warrants

further investigation.

One variable that was not considered in this study was ultrasound frequency. We employed 500 kHz
partly because preliminary evidence (Molinari. 2012) suggested that it is effective in disc
fractionation but also because given the propagation path it provides a trade-off between attenuation
and aberration (which impact higher frequencies) and the ability to create tight focus (which is
wavelength limited). = Employing lower frequencies should in principal reduce the cavitation
threshold; but the longer wavelengths would mean that the focal spot will increase in spatial extent.
The increase in wavelength could be a particular issue in this application due to the presence of the

bone surfaces above and below the discs potentially result in a waveguide like geometry.

One limitation of this study is that it is purely numerical and the soft tissue was segmented in to three
homogeneous media: bone, fat, and other soft tissue. In real tissue the situation will be more complex,
for example, the internal structure of the IVD was not included in the model as there was not
sufficient contrast in the CT images. The limited data on the acoustic properties of the IVD tissue
indicate that the outer rim has a higher sound speed (1557-1597 m/s vs 1553 m/s) and attenuation
(1.24 Np/cm/MHz vs 0.21 Np/cm/MHz) than the inner core (Molinari 2012; Tervonen 1988), perhaps
due to the different water and collagen content in these two regions. One could employ other imaging
modalities, e.g., MRI (Pfirrmann et al. 2001), to distinguish the internal structure of the disc however
we anticipate that the differences in the acoustic properties are small enough that results reported here
should not change dramatically. A second limitation is that only three patient models were used and in
the future more models should be considered to ensure that the approach is feasible in a larger
population. A third limitation is that the numerical model assumed linear acoustic propagation. For
the acoustic parameters envisioned here we anticipate nonlinear distortion to occur in the propagation
path. The shock formation distance for a 1 MPa, 0.5 MHz sinusoidal waveform in tissue is about 250

mm and so over the 170 mm focal length of the array harmonics should be generated even if a shock
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wave does not form. The nonlinear distortion of the waveform typically means that the negative
pressure has a slightly lower gain than the linear simulations and the peak negative pressure may
move slightly pre-focally (Canney et al. 2010). Despite these limitations we anticipate that the
predicted pressure amplitudes and focusing presented here are sufficient that, even with some loss in
performance, the concept will still be feasible. The pressure amplitudes predicted for the small and
medium patient were at least 3 times larger than the threshold pressure required for the cavitation
agents we would employ and so a small loss in focusing gain will still allow for the generation of

cavitation.

CONCLUSION

The feasibility of extracorporeal ultrasound delivery to lumbar IVDs has been investigated through
numerical simulations of linear acoustic propagation in three patients of different sizes. Ray-tracing
was used to determine the acoustic windows to the IVD, which, in addition to anatomical restrictions
(bowel gas and the spinal cord), suggested the placement of two rectangular arrays at the posterior-
lateral sides of the patient. Time-reversal was employed to determining the phasing of the array
elements by placing a spherical source in the target location and carrying out a full wave three-
dimensional back-propagation to determine the waveforms that would arrive at the elements of the
two arrays. Time-reversal was shown to correct for the aberration of the sound beam resulting from
bony structures and multiple tissue layers, resulting in a focus in the centre of the disc, for L2L3,
L3L4 and LALS in most patients. However, the top-most lumbar disc L1L2 may not be a good
candidate for treatment as other hot-spots existed in the disc. The results suggest that patient-specific
pre-treatment planning is needed to determine if a disc is a suitable candidate. Although in principle
the simulations could be used to determine the time-reversal signals for the array computationally,
because the procedure associated with repair of the disc demands needle access to the disc we
envision inserting either an ultrasound source or hydrophone in the centre of the disc in order that
physical time-reversal can be carried out which should be more robust than employing a numerical

simulation.  For cases where a focus was achieved the simulations predict for realistic source
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pressures that focal pressures should exceed 3 MPa which although not high enough to fractionate
tissue directly would be sufficient to initiate cavitation in the presence of cavitation nuclei which

would also assist in keeping the cavitation activity localised in the target region.
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FIGURE CAPTIONS:

Figure 1. A schematic of the vertebral joint. Here it is partly cut away to show the annulus fibrosus
(AF) surrounding the nucleus pulposus (NP) of the intervertebral disc, the cartilagenous endplate
(CEP) and bony endplate (BEP) interspersed between the disc and vertebral body (VB), and the spinal
canal (SC) lying behind the vertebral bodies and the disc. The spinal canal, running between the discs
and the spinal processes (SP) and apophyseal joints, encloses the spinal cord which gives rise to the
nerve roots (NR), running adjacent to the posterior portion of the disc. (adapted from Urban and

Roberts 1986)

Figure 2: (a) The diagram of the steps of modelling procedure: CT images are segmented into tissue
types, lumbar discs are identified and target locations set manually, data sets are imported into
acoustic software and ray tracing is carried out, the array placement is determined for full wave
ultrasound simulations. Representative two dimensional slices through each of the three segmented

data sets are shown for model I (b), IT (c) and III (d).

Figure 3. Top: An example of the ray-tracing results showing rays cast from the target location that do
not intersect with bone. The contour shows the boundary at which no line-of-sight rays exist. Bottom:
The pressure distribution on a spherical surface with a radius of 170 mm, as calculated by PZflex, and

overlayed is the contour of the acoustic window as calculated from the ray-tracing method.

Figure 4. The simulation results of ultrasound delivery in the L4L5 disc of model II with (a) uniform
transmitting signals and (b) time-reversed signals. The white contours show the bone, the black

contours the estimated edge of the IVD, and the white stars the desired target location.

Figure 5. Simulated pressure gain distribution in the cross-section plane of all four lumbar discs. The

thick black contours indicate the estimated shape of discs. (a) model I, (b) model II, (c) model III.

Figure 6. (a) focal pressure gain (normalised by source pressure) and (b) offset of focus (distance
between the target and the location of the peak pressure) for all four discs and three patients. An

offset is not reported for L4L5 in model III as a focal spot was not generated in this case.
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473  Figure 7. The -3 dB (red contours) and -6 dB area (blue contours) of the pressure field in all the discs.
474  The thick black contours indicate the estimated shape of discs and the thin black contours indicate the

475  estimated area of the nucleus. (a) model I, (b) model II, (¢c) model III.
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Figure 1. A schematic of the vertebral joint. Here it is partly cut away to show the annulus fibrosus
(AF) surrounding the nucleus pulposus (NP) of the intervertebral disc, the cartilagenous endplate
(CEP) and bony endplate (BEP) interspersed between the disc and vertebral body (VB), and the
spinal canal (SC) lying behind the vertebral bodies and the disc. The spinal canal, running between
the discs and the spinal processes (SP) and apophyseal joints, encloses the spinal cord which gives
rise to the nerve roots (NR), running adjacent to the posterior portion of the disc. (adapted from

Urban and Roberts 1986).
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Figure 2: (a) The diagram of the steps of modelling procedure: CT images are segmented into tissue
types, lumbar discs are identified and target locations set manually, data sets are imported into
acoustic software and ray tracing is carried out, the array placement is determined for full wave
ultrasound simulations. Representative two dimensional slices through each of the three segmented
data sets are shown for model | (b), Il (c) and 111 (d).
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Figure 3. Top: An example of the ray-tracing results showing rays cast from the target location that
do not intersect with bone. The contour shows the boundary at which no line-of-sight rays exist.
Bottom: The pressure distribution on a spherical surface with a radius of 170 mm, as calculated by

PZflex, and overlayed is the contour of the acoustic window as calculated from the ray-tracing
method.
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Figure 5. Simulated pressure gain distribution in the cross-section plane of all four lumbar discs. The

(c) model IIl.

’

thick black contours indicate the estimated shape of discs. (a) model |, (b) model Il
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Figure 7. The -3 dB (red contours) and -6 dB area (blue contours) of the pressure field in all the discs.
The thick black contours indicate the estimated shape of discs and the thin black contours indicate
the estimated area of the nucleus. (a) model I, (b) model Il, (c) model llI.



