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presented to our anatomical gift program. Investigation was multi-fold and contained
visual inspection, using an optical microscope, and mechanical and electrical testing
of leads and its insulator. It was concluded that the device could have been damaged
during implantation, in vivo, during removal, and/or during transportation to author’s
laboratories. The damage observed on the lead insulation is similar to that which can
occur due to anchoring of the lead and hardening due to oxidation. Insulation stiffness
was determined to be 1/10 of new insulator. The results reported here on the insulation
may or may not have affected the electrical operation of the neurostimulator.

Abbreviations: DBS: Deep Brain Stimulation, SCS: Spinal Cord Stimulation, ET: Essential

Tremor, OCD: Obsessive-Compulsive Disorder

Introduction

A neurostimulator is a medical device used to perform Deep
Brain Stimulation (DBS) or Spinal Cord Stimulation (SCS) in
order to provide therapeutic relief to patients suffering from
certain movement and psychiatric disorders [1,2]. Examples of
disorders that can be treated with the use of a neurostimulator
include Parkinson’s disease, dystonia, Essential Tremor (ET), and
Obsessive-Compulsive Disorder (OCD). DBS can also be used to
treat migraines, multiple sclerosis pain, and amputation pain,
while SCS is also used to treat back pain (Failed Back Surgery
Syndrome) and other neuropathic pain [3,4,5,6]. In order for
the device to stay functional, the entire device must stay intact
and be able to deliver the appropriately programmed electronic
pulses to the correct portion of the brain or spinal cord in which
the leads were implanted. The device under investigation in this
report is the Medtronic Soletra 7426 neurostimulator [7,8,9,10].
Inserted similarly to a pacemaker, this model of neurostimulator is
comprised of a titanium casing (Figures 1 & 2). On top of the casing
is a connector block that connects the lead to the casing [11]. The
connector block is made of polyurethane. The neurostimulator has

a single channel lead that consists of lead wire coils and insulation.
The lead wires are platinum- iridium and the insulation is made of
polyurethane. Most disorders treated using DBS and SCS (excluding
ET) require bilateral stimulation, suggesting there was more than
likely a second neurostimulator in the patient [4]. Several different
malfunctions are possible for a neurostimulator and have been
documented with the Medtronic Soletra 7426, including but not
limited to device- related infection, system migration, battery
exhaustion, electrode/lead migration, electrode/lead fracture, and
skin erosion [7,3,8,5,6,9,10] (Table 1).

Table 1: Occurrence of Failure of Soletra and Kinetra Neurostim-

ulators as reported by Medtronic.

Number of Implant % Confirmed %
Confirmed* | Duration of 00 Confirmed
X N Failures .
Failures Confirmed from Subset Failures
from Subset Failures . from Total
3 Population .

Population (months) Population
Kinetra 22 22 to 49 1.38 0.1
Soletra 31 18 to 39 1.29 0.06
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Figure 1: Overview picture of the Medtronic Soletra 7426
neurostimulator; A) Case. B) Connector block. C) Lead.

(a) (®)

Figure 2: (a) The lead beginning to separate from the
connector block, exposing the lead wires to the outside
environment. (b) External damage to the -casing,
discoloration and scratch.

Infections can occur due to the introduction of a foreign
material [12]. Failure could also be attributed to electric pulses not
being delivered properly to the implanted area. This could occur
due to damage to the lead or device caused by the environment of
the human body [12]. In this investigation an attempt was made
to document the damage on the device posthumously and does
not necessarily constitute a failure of the neurostimulator. This
analysis will provide insight into the different modes of failure for
neurostimulators and could help improve future products. It is
worth noting that Medtronic Soletra 7426 has been discontinued
and is no longer being manufactured.

Materials and Methods

The specification of Medtronic Soletra 7426 is presented
below. The physical, electrical and/or therapeutic properties, lead,
and materials of the device are summarized in Tables 2-6. The
Medtronic Soletra 7426 could be used for DBS with either the DBS
Lead Model 3387 or 3389. This failure analysis will focus mainly
on the lead, assuming that pulse generator and program do not
fail. A lead has four major components, terminal pin, insulation,

conductor coil and tip-electrode [13]. The specifications for both
leads were provided by Medtronic. The specific device studied for
this analysis is no longer connected to the electrodes, however, data
included here for completeness.

Table 2: Physical Specifications of the Medtronic Soletra 7426%.

Physical Specifications

Height 55mm (2.2 in)
Length 60 mm (2.4 in)
Case Thickness 10 mm (0.4 in)
Connector Thickness 10 mm (0.4 in)
Weight 42 g (1.5 0z2)
Volume 22 cc

Table 3: Therapy Specifications for the Medtronic Soletra 7426%.

Therapy Specifications

Rate 3t0 185 Hz
Pulse Width 450 psec
Amplitude 0to10.5V
Longevity Battery life is depelr:;iae;;c upon settings and
Electrode Configuration 4 electrodes plus case

Table 4: Physical Specifications for the DBS Lead Model 3387
and 3389¢.

Lead Specifications-3387

Lead Length 40 cm
Lead Body Diameter 1.27 mm
Number of Coiled Wires 4
Number of Electrodes 4
Electrode Length 1.5 mm
Electrode Shape Cylindrical
Electrode Spacing 1.5 mm (3387), 0.5 mm (3389)

Table 5: Material components of the Medtronic Soletra 7426, in-

cluding determination of tissue contact during implantation®.

Component Material Contacts Human Tissue?
Neurostimulator

Case Titanium, parylene Yes
Connector block Polyurethane Yes
Lead Insulation Polyurethane Yes
Grommets, seals Silicone rubber Yes
Setscrews Titanium Yes
Adhesive Silicone adhesive Yes

Copyright@ Tarun Goswami | Biomed ] Sci & Tech Res | B]STR. MS.ID.003923.
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Table 6: Battery Status Indicators for the Medtronic Soletra 7426,
battery voltage level measurements are accurate to £5%".

Battery Voltage Level Battery Status Indicators

>3.3 volts OK

3.1to 3.3 volts Low

<3.1 volts EOL (End-of-Life)

Thelead ofthe neurostimulatoris considered tobe a quadripolar,
multifilar, co-radial lead4. The current neurostimulator under
investigation has visible signs of damage. These damage features
include a scratched casing, separation between the connector block
and the lead, missing and damaged portions of the insulation of the
lead (Figure 3) and some discoloration on the lead insulation. The
bulk of the damage on this device is to the lead insulation, which is
not uncommon. Insulation defects are the most frequent cause of
lead failure [14]. Figure 2 shows the condition in which the device
was received.

@ ®

Figure 3: (a) Missing insulation exposing the lead wires,
though it is unknown if it happened in vivo
or in vitrio. (b) A dent on the insulator.

Lead Continuity Test

Continuity test was conducted on the lead wires of the
neurostimulator. A Fluke Multi-meter was used to measure the
resistance in the lead wires by clamping the positive lead to the lead
wires past the point of damage and by placing the negative lead on
each internal port of the all four lead coils. The damage to the leads
caused by external exposure was not significant as the resistance
meter was able to provide the readings. If the lead coils were
discontinuous, the function of the device could have been severely
altered. However, the device was retrieved posthumously and may
have received additional damages during retrieval.

Axial Stiffness of the Lead Insulation

Tensile tests were performed (Figure 4), on an undamaged
portion of the lead insulation to determine the axial stiffness of
the insulation. The test was performed using a Test Resources 100,
single column electromechanical universal test machinel. This
machine can be programmed to perform several different tests. For
this analysis, the machine was programmed to place the section of
the lead insulation under tension. A fully insulated section of the
lead was placed perpendicularly between the clamps of the device.
The machine was programmed to move at a rate of 1 millimeter per

minute and to stop the axial force after a certain displacement was
reached. Figure 4 shows the set-up used for the stiffness testing.

Figure 4: Set up of the tension stiffness test performed on
the lead insulation.

Results

Optical Microscope Observations

The optical microscope used for this analysis is the WILD
Photomakroskop M400. The insulation was cracked at several
places exposing the lead wires. Growth of biological materials was
also seen between the insulator and the lead-wires, Figure 5. If
the exposed lead wires maintain their protective coating, then the
leads are to be considered corrosion free and undamaged observed
during this investigation. It is also likely the excessive forces applied
to retrieve the device may have damaged the lead, widen its pitch,
and likely to pull from connector block assembly. These features are
not reported here. These features in Figure 5 are consistent with
pulling during retrieval. Also, the lead coils were not broken.

(a) coil damage

(c) coil damage

(b) damage to lead coil

Figure 5: Damage to the lead coil at the site of cracked
insulation and other areas.

Axial Stiffness

The tensile test was performed for displacements of 0.25 mm
to 0.75 mm with increments of 0.05 mm. Each displacement was
performed twice and the load required recorded. Table 8 shows

Copyright@ Tarun Goswami | Biomed ] Sci & Tech Res | B]STR. MS.ID.003923.
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the loads for each displacement for both trials. The axial stiffness
was then calculated and presented in the table. The load versus
displacement was then plotted for both trials one and two for
the max displacement. Applied load versus displacement for the
lead insulation plotted in Figure 6a & 6b for two trails, the plot is
linear and then eventually starts to plateau around 0.45 mm. This
observation is also shown in Table 7, where the axial stiffness values
stay relatively similar until a displacement of 0.50 mm is reached.
The axial stiffness results from 0.25 to 0.45 mm were then used to
find the axial stiffness of the lead insulation. Two plots are combined
in a composite in Figure 6 and load to yield or plastically deform the
insulator determined to be nearly 4N force which is insignificant
Figure 7. From the linear regression equations, one can conclude
that the axial stiffness of the lead insulation is approximately 8.9
N/mm. The equations can be used to estimate how much force is
needed to displace the insulation a certain length in millimeters as
long as the displacement falls in the linear range shown above.

Load vs. Displacement for Trial 1 (Marx Displacement of .45 mm)
— T

Loadvs DisplacementlorTriai2 (Max Displacementofd 45mm)
!

g

y=897-005
5-

y=89T. 0022
35

—Trial1
—— LinearFit

025 03 035 04 045 05
Displacemest (mm)

oo 02

1
01 015 02 D25 03 035 04 4S50S

Disglacemeat (mm)

Figure 6: Axial stiffness of lead insulator, linear fit applied
to the data within the linear region.

Table 7: Axial Stiffness Results from Tension Trials.

Load (N) Axial Stiffness (N/mm)
Displacement
Trial 1 Trial 2 Trial 1 Trial 2
(mm)
0.25 2.141 2.091 8.563 8.365
0.3 2.575 2.731 8.585 9.103
0.35 3.116 3.171 8.903 9.059
0.4 3.122 3.284 7.806 8.21
0.45 3.9 3.883 8.666 8.63
0.5 3.663 3.916 7.327 7.833
0.55 4.224 4.186 7.679 7.61
0.6 4.476 4.572 7.459 7.62
0.65 4.8 4.788 7.385 7.366
0.7 4.754 4.76 6.791 6.799
0.75 4761 4.807 6.347 6.409

Table 8: Resistance readings for each lead coil from the connec-
tor block past the bent portions of the lead coils.

Resistance
1 2 3 4 5 AVG.
Reading
Lead 1 7.8 7.7 7.8 8.2 8 79 Q
Lead 2 8.2 7.9 7.9 8 8.1 8.02 Q
Lead 3 8.5 8.3 8.5 8.6 8.6 850
Lead 4 7.9 8.2 8 8.1 8 8.04 QO
Load vs. Displ t (Max Displ t of 0.75 mm)

Load (N)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 08
Displacement (mm)

Figure 7: Composite plot of load vs. displacement of the
lead insulation showing plateau.

Lead Continuity Testing

The results obtained from the testing are summarized in Table
8. As can be seen in Table 8, all four leads were found to have a
resistance from the back of the connector block all the way past
the portion of exposure and damage on the lead. This proves that
the continuity was intact for all four lead coils between the points
measured.

Discussion

The neurostimulator used in this study has an unknown
history. Since the device was retrieved posthumously, the cause of
death, the time that the device was in vivo, when it was implanted,
and patient demography not available for this investigation.
Additionally, the method used to remove the device was also not
available. Therefore, this study not only looks into potential failure
cause of the device, but also the potential of damages to the device
during removal process [15-17].

It was determined that two areas of the lead wires were exposed
due to damage on the insulation. If the lead wires were exposed
while the device was in vivo, it may have affected the local tissue
structure, which was not available for study. Neurostimulators
fail due to the oxidation of lead wires after insulation damage?2.
Therefore, observations made from this paper are valuable. The

Copyright@ Tarun Goswami | Biomed ] Sci & Tech Res | B]STR. MS.ID.003923.
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lead wires were not exposed at the separation of the connector
block and the lead, however, the exposed lead wires showed no sign
of breakage. Destructive tests and program interrogation tests were
not possible on this device [18,19].

Typical axial stiffness values of new polyurethane for cardiac
leads are greater than 120 N/mm9. The results of our tensile
tests concluded that the axial stiffness of our polyurethane lead
insulation was about 8.9 N/mm. If the polyurethane material of
the neurostimulator lead insulation is assumed to be similar to
that of a polyurethane cardiac lead, then the axial stiffness of this
device has reduced considerably, an order of magnitude. This could
be due to the aging of the insulation and exposure to the chemical
and biological reactions of the body. Because of the decreased
axial stiffness, may have been due to oxidation, the lead insulation
could crack, of its own, with very little forces that could arise due
to sudden movement, sleep posture or attending to the activities
of daily living. However, because of this reduced axial stiffness, it
is also possible that the insulation could have become damaged,
cracked or run-off during removal [20].

Insulation break up as shown in Figure 3b, was noted in a
predicate study3 neurostimulator, where the patient complained
of returned migraines and a burning sensation in her left
posterior neck triangle. The burning sensation in the patient was
attributed to the exposure of the conducting surface of the lead
wires. After investigation and surgery, it was discovered that the
lead insulation was eroded at the anchor site3. Features reported
in Clarke, are very similar to what we observed in Figure 3b. The
force of the sutures used to anchor the lead along with the flexion
and extension movements of the body at this site caused the lead
insulation to break down. This analogy may be applied to the
present investigation.

Firm anchoring is required to prevent lead migration, which is
the movement of the lead from the original placement. Migration is
a common complication in patients with neurostimul ators [21,22].
Rosenow21 collected data from the Cleveland Clinic of all patients
with neurostimulator hardware failures. Of the 289 patients, 11.4%
experienced problems with lead migration [22]. Because of the
prevalence of this issue, it is possible that the sutures used to se-
cure the device in this investigation were tied with enough force to
prevent migration, causing the erosion to the lead insulation. The
device could have then ceased treatment or began burning tissue
around the anchor site. The occurrence of this complication could
be proven if a rash was found on the patient’s skin around the neck
area [22,23]. The damage could have also occurred during removal
of the device postmortem due to the decreased axial stiffness of the
insulation.

Because the lead wires are exposed in two different spots along
the lead and it is unknown whether or not this exposure occurred
in vivo or in vitro, it is possible that the lead wires became damaged.

If the lead wires were damaged enough, then the continuity

could have been compromised and the therapy could have been
interrupted. In the test of continuity, if the multi-meter measures a
resistance from one point to another, the lead wire is proven to be
intact. As can be seen in the results in Table 8, all four lead coils are
proven to be continuous from the back of the connector block to
past the damaged portion of the lead wires. Therefore, there is no
evidence to support that any of the lead wires were compromised
despite the exposure and bending seen in the original observations.
If destructive testing were possible for this device, it is possible that
the impedance of the lead could have been measured to compare
with literature values for functional neurostimulators.

Conclusion

It is unknown whether the damage to the neurostimulator
occurred when the device was implanted, during in vivo use, removal
posthumously, or transportation to the author’s laboratories. The
damage to the insulation may have occurred during removal of the
device postmortem. Damage to the insulation is consistent with
oxidation damage, in vivo, it is similar in appearance to damage
caused by anchoring of the lead. The axial stiffness of the lead
insulator had reduced more than 10 folds, indicating that the lead
could crack due to resisting forces that arise from activities of daily
living. There is no evidence that the electrical functionality of the
neurostimulator was compromised. This investigation assumes
that the device was functional in terms of its program and pulse
generator which includes the power source, output circuit, sensing

circuit, and timing circuit.
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