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Background: A growing body of clinical evidence has demonstrated that intraosseous minimally invasive basivertebral nerve (BVN)
ablation results in significant and durable improvements in vertebrogenic back pain. Thus, it is important to develop, refine and
validate new and additional devices to accomplish this procedure.

Methods: Using reconstructions of 31 patient computed tomography (CT) scans of the lumbosacral spine (L1-S1), the primary
objective was to simulate the intravertebral placement of a novel multitined expandable electrode in bipolar configuration at the
targeted ablation site and determine if the proper trajectories could be achieved in order for the device tips to be in the correct position
for lesion formation at the BVN plexus. Successful device deployment required that the distance between tips was between 10 mm and
20 mm.

Results: The mean distances between device tips ranged from 11.35 mm (L5) to 11.87 mm (L3), and there were no statistically
significance differences across the six vertebral levels (F = 0.72, p = 0.61). The percentage of successful intraosseous device
placements within the tip distance acceptable range (> 10 mm to < 20 mm) was 90% (162 of 180), with no tip-to-tip distances >
20 mm. There was a notable association between decreasing vertebral level and mean degree of angulation between contralateral
devices ranging from 50.90° at L1 to 91.51° at S1, and the difference between across the six vertebral levels was significant (F = 89.5,
p <0.01).

Conclusion: Feasibility evidence is provided from real world CT imaging data that validates using the multitined electrode for proper
intraosseous placement within the vertebral body to effectively ablate the BVN plexus.
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Introduction
Significant advancements have been made in our understanding of the multifactorial nature and causes of chronic low
back pain.' Indeed, different anatomical structures of the vertebral motion segment can act in isolation or in concert as
pain generators.>> Morphological disruptions of the bone marrow component of the vertebral endplate, for example, can
produce bothersome and persistent discomfort refractory to conservative care.*® These magnetic resonance imaging
(MRI) signal intensity characteristics, referred to as Modic changes, have been well recognized as cardinal imaging
features of vertebrogenic pain.”'°

Histomorphometric and immunohistochemical studies have demonstrated that the basivertebral nerve (BVN),
a branch of the sinuvertebral nerve that enters the vertebral body through the foramen in its posterior wall, forms
a plexus and arborizes superiorly and inferiorly to densely innervate the vertebral endplates.'' BVN fibers proliferate and
interdigitate in fibrovascular bone marrow adjacent to sites of endplate damage and may result in chemical and
mechanical sensitization of endplate nociceptors.” These histopathological findings support an “endplate-driven” model

of low back pain, with nociception largely occurring via the BVN.”"'
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A growing body of clinical evidence has demonstrated that intraosseous minimally invasive BVN ablation results in
significant and durable improvements in vertebrogenic back pain.'*2! Additionally, McCormick et al** reported
substantial savings in low back pain-related healthcare utilization following BVN ablation treatment including significant
reductions in conservative care management, opioid usage, lumbar corticosteroid injections, and other radiofrequency
neurotomy procedures through five years of follow-up. Importantly, the need for lumbar spine fusion was reduced by
one-half compared to similar populations. Ablation of the BVN plexus as a treatment for chronic vertebrogenic pain has
been endorsed by spine and pain societies as well 523

We investigated the feasibility of employing a novel bipolar radiofrequency (RF) multitined expandable electrode for
BVN ablation utilizing real-world imaging data to construct procedural simulations. The precision and completeness of
ablation of the intraosseous BVN plexus target zone may be enhanced with this electrode which provides a much larger
coagulation volume than standard RF electrodes.

Materials and Methods

The objective of this study was to simulate the intravertebral placement of the Subsidio™ RF Multitined Expandable
Electrode (Subsidio, Neurovasis, Magnolia TX, USA) device at the targeted ablation site and determine if the proper
trajectories could be achieved in order for the device tips to be in the correct position for lesion formation at the BVN
plexus (Figure 1). Reconstructions of 31 anonymized patient computed tomography (CT) scans of the lumbosacral spine
(L1-S1) were utilized to evaluate the feasibility of accessing the target anatomy and deploying the electrode tines. The
device uses a bipolar configuration for the procedure with access via a transpedicular approach to create an expanded
intraosseous zone of ablation.

The main steps of the procedure are (1) Tap the introducer with trocar stylet into the pedicle. (2) Once docked in the
pedicle, swap the trocar stylet for the bevel stylet and work from lateral to medial such that the tip of the stylet is
approximately 0.75 cm £ 0.25 cm from the midline while being placed 30% - 50% anterior of the posterior wall of the
vertebral body. (3) Swap the stylet for the device and deploy the tines. (4) Repeat placement for the opposite pedicle at
the same vertebral level. (5) Insert the probes into the devices, connect to the RF generator and then run the proper
ablation treatment protocol (85°C for 4 minutes) on the RF generator.

In this simulation study, the geometries for the 3D models were constructed from the CT scan images. Specifically,
CT scan DICOM images were imported into 3D image segmentation and processing software. Semi-automatic segmen-
tation was performed to define the bone margins of the vertebrae and sacrum (Figure 2). Detailed segmentations were
performed on each vertebra to ensure that the correct morphological regions were selected (Figure 3). Finally, soft tissue
segmentation was also performed to define the outlines of the skin, smoothing filters were applied and the full spine and
skin 3D objects were exported as stereolithography (STL) files (Figure 4).

STL files were then imported into the 3D modeling software along with the CAD file of the electrode probe. The
probe was patterned on the target zones with the aid of a cubic shaped template that included three orthogonal axes
(Figure 5). The orthogonal axes were used to position the target zone relative to the vertebral body dimensions in the
midline of the superior-inferior and the medial-lateral planes, and 60% towards posterior on the anterior-posterior plane
(Figure 6). Targets were individually positioned on each vertebra within the region of interest (L1-S1 levels). Placeholder
probe positioning trajectories were added to guide the positioning of the devices. Trajectories were generated using a set
of points on the center of the cuboid target and the exterior surface/region of the pedicles. At this point, 3D renderings of
the spine were changed to translucent so it was guaranteed that the positioning trajectories traveled through the center of

each pedicle (Figure 7). Once the targets and axes were placed, the probe CAD file was patterned (x 12) and each of them

Figure | Subsidio™ RF Multitined Expandable Electrode.
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Figure 3 Results of detailed image segmentation to enhance morphological identification.

aligned to their corresponding probe trajectory (Figure 8). Probes were individually rotated and translated around their
pre-defined trajectories to position the tip of the cannula at the surface of the cuboid reference (Figure 9).

Device deployment simulations replicated the defined BVN plexus target zone as noted previously as midline in the
anteroposterior view (ie, 50% superior-inferior, 50% medial-lateral) and approximately 40% across the vertebral body
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Figure 5 Imported 3D geometries (left, middle). Cuboid template with three orthogonal axes (right).

width from the posterior wall.**?* The terminus of bilateral electrode deployment was to achieve alignment of the tines
towards one another, projecting towards the midline with the tips of devices between 10 mm and 20 mm apart.?®*’
After placing all the probes in each individual CT scan image set, the following measurements were obtained at each
vertebral level: distance between tines, distance between cannula tips (Figure 10), functional distance (Figure 11),
minimum contact distance between ipsilateral probes (Figure 12), and cannula angle (Figure 13). Specifically, the

functional distance represented the distance from the cannula tip to the outer surface of the skin. The minimum distance
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Figure 6 Target positioning within the vertebral body depicted in axial (a), sagittal (b), and anteroposterior (c) views.

Figure 7 Probe positioning axis.

between probes was measured on each pair of consecutive probes on both sides of the spine (eg, left L1 to left L2). The
cannula angle included the angle between contralateral devices and the angle between each device and the sagittal plane.

All measurement values are presented as means (+ SD) and tabulated by vertebral level. For distance between cannula
tips, values are also presented as frequency distributions based on successful targeting > 10 mm to < 20 mm distance.
One-way analysis of variance was performed to compare the mean values of the normally distributed spinal dimensions
(distances and angles) between the six vertebral levels assuming homogeneity of variance. The frequencies of successful
reconstruction (indicated by distances between 10 mm to 20 mm) were analyzed using the Chi Square test. The effect
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Figure 8 Targets and positioning axes for the complete lumbosacral spine.

Figure 9 Example of probe placement.

sizes eta® and Cramér’s V (95% confidence intervals, CI) were estimated to reflect the clinical relevance of the mean
differences between the vertebral dimensions and the frequencies of successful reconstruction. The interpretation of the
effect sizes, each of which could potentially range from 0 to 1 was as follows: 0.04 represented the “recommended
minimum” in the context of clinical research; 0.05 to 0.24 represented a small effect with limited clinical relevance; 0.25
to 0.63 represented a “moderate” clinically relevant effect; and > 0.64 represented a “large” clinically relevant effect.

Results

Figure 14 illustrates an example of an anatomical simulation of the lumbosacral region of interest derived from CT scan
data with placement of fully-deployed probes at all vertebral levels and trajectories reflecting proper intraosseous
positioning. Table 1 compares the distances between the tines with respect to the vertebral level. The mean distances
ranged from 8.50 £ 1.2 mm (L5) to 9.24 + 0.79 mm (L3). No statistically significance differences were found between
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Figure 10 Distance between tines (A). Distance between cannula tips (B).

Figure |1 Functional distance between skin surface and cannula tip (C).

the mean distances across the six vertebral levels (F = 1.67, p = 0.14). The effect size (eta® = 0.05, 95% CI = 0.01, 0.13)
reflected the limited clinical relevance of the differences between the mean distances.

Table 2 compares the distances between the tips of the devices at each vertebral level. The mean distances ranged
from 11.35 £ 1.53 mm (L5) to 11.87 £ 0.94 mm (L3). There were no statistically significance differences between the
mean distances across the six vertebral levels (F = 0.72, p = 0.61). The effect size (eta® = 0.02, 95% CI = 0.00, 0.08)
reflected that the differences between the mean dimensions had little or no clinical relevance.

The histogram in Figure 15 (n=180 normally distributed measurements) shows that the distances between the cannula tips
ranged from a minimum of 5.5 mm to a maximum of 16.1 mm. The percentage of successful CT reconstructions (ie, with
distances of 10 mm to 20 mm between the tips) was 90% (162 of 180), with 10% (18 of 180) of reconstructions demonstrating
a tip-to-tip distance of less than 10 mm which is clinically sufficient. None of the reconstructions had the tips too far apart (ie, >
20 mm). The percentage of the measurements within 1.0 mm of the 10 mm target was 6.9% (13 of 180) between 9.0 mm and
10.0 mm, and 15.0% (27 of 180) between 10.0 mm and 11.0 mm.

The observed frequencies of successful reconstruction across the six vertebral levels reported in Table 3 ranged from
80.0% (24 of 30) at S1 to 96.8% (30 of 31) at L1. The observed proportions of successful reconstructions at each vertebral
level were not statistically significant from the expected equal proportions at each vertebral level (x> = 1.33, p = 0.93). The
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Figure 12 Minimum contact distance between probes on same anatomical side.

Figure 13 Cannula angles including the angle between each device and the sagittal plane (@) and the angle between devices ().
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Figure 14 Computed tomography-derived anatomical simulation of the lumbosacral region of interest with placement and trajectories of fully-deployed probes at all
vertebral levels.
effect size (Cramér’s V = 0.04, 95% CI = 0.01, 0.11) reflected that the differences between the observed and expected
proportions of successful reconstructions at each vertebral level had little clinical relevance.

Table 4 compares the functional distances from the tips of the left and right devices separately to the outer surface of the skin
by vertebral level. The mean functional distances for the left devices ranged from 94.42 + 13.92 mm (L1) to 127.40 + 36.92 mm

Table | Distance Between the Tines by Vertebral Level

Level | Number of Patients | Missing | Mean Distance (mm) | Standard Deviation

LI 31 0 9.21 0.65
L2 31 0 8.92 1.24
L3 30 | 9.24 0.79
L4 29 2 8.66 |.44
L5 29 2 8.50 1.21
N 30 | 9.06 1.85

Table 2 Distance Between the Device Tips by Vertebral Level

Level | Number of Patients | Missing | Mean Distance (mm) | Standard Deviation

LI 31 0 11.74 0.81
L2 31 0 11.51 1.01
L3 30 | 11.87 0.94
L4 29 2 11.49 1.33
L5 29 2 11.35 1.53
SI 30 | 11.36 2.13
Medical Devices: Evidence and Research 2024:17 heeps: 331
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Figure 15 Frequency distribution of distances (in mm) between cannula tips.

(L5). The mean functional distances between the six vertebral levels for the left-side devices were statistically significant
(F =3.80, p = 0.004) with a small to moderate effect size (eta® = 0.18, 95% CI = 0.09, 0.29) reflecting the clinical relevance of the
mean differences. The mean distances for the right devices ranged from 94.33 = 13.81 mm (L1) to 127.03 +£29.36 mm (L5). The
mean functional distances between the six vertebral levels for the right-side devices were statistically significant (F = 3.87,
p = 0.01). The small to moderate effect size (eta® = 0.21, 95% CI = 0.11, 0.32) reflected the clinical relevance of the mean

Table 3 Frequencies of Successful Reconstructions (10 to 20 Mm Distance Between
Cannula Tips)

Level | Statistic Successful Reconstruction Total
Missing Values | No (< 10 mm) | Yes (10 to 20 mm)
LI Frequency 0 | 30 31
% within Level 3.20% 96.80% 100.0%
L2 Frequency 0 2 29 31
% within Level 6.50% 93.50% 100.0%
L3 Frequency | | 29 30
% within Level 3.33% 96.7% 100.0%
L4 Frequency 2 3 26 29
% within Level 10.3% 89.7% 100.0%
L5 Frequency 2 5 24 29
% within Level 17.2% 82.8% 100.0%
SI Frequency | 6 24 30
% within Level 20.0% 80.0% 100.0%
332 https: Medical Devices: Evidence and Research 2024:17
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Table 4 Functional Distances for Each Anatomical Side by Vertebral Level

Level Left Right
Number of Mean Distance Standard Number of Mean Distance Standard
Patients (mm) Deviation Patients (mm) Deviation
LI 26 94.42 13.92 20 94.33 13.81
L2 26 97.72 22.53 21 101.91 15.00
L3 20 105.88 20.59 18 104.20 19.18
L4 12 112.62 21.50 13 110.69 18.73
L5 5 127.40 36.92 4 127.03 29.36
Sl 3 122.50 15.93 3 122.10 8.62

differences. The number of missing values increased substantially with decreasing vertebral level indicating that the skin surface
was outside the zone of reconstruction so the functional distance could not be computed.

Table 5 compares the minimum contact distances on the left side of the spine by vertebral level. This table includes
the negative values caused by overlap or interference with the adjacent ipsilateral probe as well as the positive values
obtained by excluding all the negative values. The frequencies of overlap/interference were substantial. Negative values
were observed in a total of 48.9% (88 of 180) of cases. The mean distances on the left side of the spine excluding
negative values ranged from 11.38 + 8.93 mm (L1 and S1) to 16.72 = 13.12 mm (L2). No statistically significant
differences were found between the mean distances across the six vertebral levels (F = 1.52, p = 0.19). The effect size
(eta® = 0.04. 95% CI = 0.00, 0.13) reflected little clinical relevance.

Table 6 compares the minimum contact distances on the right side of the spine across the six levels. This table
includes the negative values caused by overlap/interference with the adjacent ipsilateral probe as well as the positive
values obtained by excluding the reported number of negative values. The frequencies of overlap/interferences were
substantial. Negative values were also observed in a total of 48.9% (88 of 180) of cases. The mean distances on the right
side of the spine excluding negative values ranged from 9.42 + 9.55 mm (L4) to 17.06 + 9.34 mm (L1). No statistically
significant differences were found between the mean distances across the six vertebral levels (F = 1.21, p = 0.31). The
effect size (eta” = 0.06. 95% CI = 0.00, 0.16) reflected little clinical relevance.

Table 7 compares the angles of the cannula across the six vertebral levels. The mean device angle ranged widely from
50.90° + 8.89° (L1) to 91.51° £+ 12.96° (S1). A statistically significant difference between the device angles was found
across the six vertebral levels (F = 89.5, p < 0.01) and the effect size was large (eta® = 0.72. 95% CI = 0.64, 0.79).

Table 5 Minimum/Contact Distance Between Devices: Left Side of Spine

Level Including Negative Values Due to Overlap/ Number of Excluding Negative Values Due to Overlap/
Interference with an Adjacent Probe Negative values Interference with an Adjacent Probe

Number of Mean Distance Standard Number of Mean Distance Standard

Patients (mm) Deviation Patients (mm) Deviation
LI 31 3.93 12.09 12 19 11.38 893
L2 31 5.75 17.08 13 18 16.72 13.12
L3 29 —-0.70 13.19 17 12 12.10 8.76
L4 29 —-1.06 13.76 17 12 11.79 9.18
L5 29 —1.44 16.78 17 12 13.57 9.80
Sl 31 3.93 12.09 12 19 11.38 893
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Table 6 Minimum/Contact Distance Between Devices: Right Side of Spine

Level Including Negative Values Due to Overlap/ Number of Excluding Negative Values Due to Overlap/
Interference with an Adjacent Probe Negative values Interference with an Adjacent Probe
Number of Mean Distance Standard Number of Mean Distance Standard
Patients (mm) Deviation Patients (mm) Deviation
LI 31 4.02 12.78 19 18 11.71 8.54
L2 31 8.64 15.75 18 24 14.05 13.29
L3 29 0.27 19.23 12 14 17.06 9.34
L4 29 —2.60 13.40 12 I 9.42 9.55
L5 29 3.79 14.15 12 17 10.05 10.74
Sl 31 4.02 12.78 13 18 - -

Table 7 Cannula Angles

Level Number of Device Angle (°) Left-side Device Right-side Device

Patients Midline Angle (°) Midline Angle (°)

Mean Standard Mean Standard Mean Standard

Deviation Deviation Deviation
LI 31 50.90 8.89 26.31 4.76 24.87 5.80
L2 31 53.49 7.16 27.61 4.57 25.88 4.65
L3 30 60.36 8.44 30.60 5.93 29.76 5.19
L4 28 70.44 10.80 35.78 6.05 34.66 7.88
L5 28 85.18 9.56 45.02 10.89 40.16 8.05
Sl 30 91.51 12.96 47.38 8.15 44.13 751

Table 7 also provides the mean left-side device midline angles, ranging from 26.31° + 4.76° (L1) to 47.38° £+ 8.15°
(S1). A statistically significant difference between the left-side device midline angles was found across the six vertebral
levels (F =49.03, p < 0.01) and the effect size was moderate to large (eta® = 0.59, 95% CI = 0.49, 0.67). The mean right-
side device midline angles also ranged widely from 24.87° + 5.80° (L1) to 44.13° £+ 7.51° (S1), and a statistically
significant difference was found between the right-side device midline angles across the six vertebral levels (F =42.0, p <
0.01). The effect size was moderate (eta” = 0.55, 95% CI = 0.45, 0.64). As shown in Table 7, the device angles increased
systematically with decreasing vertebral level.

Discussion
This investigation builds on previous evidence of the feasibility of using the multitined electrode in bipolar configuration
to allow for proper intraosseous placement within the vertebral body to effectively ablate the BVN plexus. Using
a related, commercially-available predecessor RF device (Nimbus®, Stratus Medical), early clinical results in a limited
numbers of patients with vertebrogenic pain have documented substantial and durable symptomatic improvement.?®%°
In the current study, real world CT imaging data were utilized to reflect a wide range of body shapes and anatomic
variety. Extrapolation from previous pre-clinical studies has identified that the ideal distance between electrode tips is
between 10 and 20 mm to produce an adequately extensive zone of ablation to achieve clinical efficacy.”**” We found

that in 90% of our CT reconstructions the device tips could be placed within this distance threshold and, importantly, no
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tips were too far apart (ie, > 20 mm). Having the electrode tips < 10 mm also represents clinically sufficient placement as
long as they do not touch.

There was a strong association between decreasing vertebral level and the ability to accurately measure the functional
or working distance between the skin surface and the device tips (Table 4). At the S1 vertebral level, the functional
distance was captured in only 10% of patients due to the skin surface being outside the CT zone of reconstruction. Thus,
while inspection of the mean functional distance values (range: 94.3 mm to 127.4 mm) would suggest that both the 13 cm
and 18 cm devices would accommodate most patients’ anatomies, additional investigation will be necessary to validate
the appropriate device length for patients with a higher body mass index.

The complete CT reconstructions employed in this study illustrated full deployment of all devices simultaneously at
every lumbosacral vertebral level (Figure 14). Under this circumstance, there was substantial overlap between the
trajectories of adjacent ipsilateral devices due, in large part, to the progressive lumbar lordotic angle of the spine and
patient-to-patient anatomical variation. We noted that approximately 50% of adjacent devices presented with trajectory
overlap. This situation is reflected in the current clinical practice of not undertaking simultaneous BVN ablation at
contiguous vertebral levels.

There was also a notable association between decreasing vertebral level and the degree of angulation between
contralateral devices with the average device angle at S1 (91.5°) almost twice that at L1 (50.5°). Thus, to achieve proper
intraosseous device placement in clinical practice, the cannula approach to the sacral vertebra needs to be far more lateral
than at the caudal lumbar vertebral levels.'?

These results correspond to the intended correct technique for this procedure when entering the pedicle and vertebral
body. Specifically, one must work lateral to medial on the pedicle to achieve the proper docking position. In the oblique
“Scotty Dog” view, the pedicle should be entered at the 3 o’clock or 9 o’clock position (depending on side) on the lateral
aspect of the pedicle. Once docked, the bevel stylet will help drive the tip of the introducer medial in order to position the
tips at the proper distance from the midline. We also noted a steep caudal angle at the S1 level which requires that
remaining lateral is required to achieve proper placement. Anteroposterior, lateral, and trajectory fluoroscopic views will
be used to confirm placement at all steps in the procedure.

Conclusions

With the identification of the vertebral endplates as a definitive source of chronic low back pain and the recognition that
BVN ablation ameliorates these symptoms, it is important to develop, refine and validate new and additional devices to
accomplish this procedure. The multitined electrode investigated in this study generates a more expansive ablation zone
equating to a larger lesion volume than a conventional RF electrode. This would have the advantage of assuring complete
thermal coagulation of the BVN plexus irrespective of factors that may compromise precise device placement such as
patient anatomy and vertebral level. Additional pre-clinical and clinical research is encouraged to further validate this
technology for treatment of vertebrogenic pain.
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