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Damage assessment of lead and pulse generator with various exposure times is
important in the development of cardiac devices. Approximately, 92.1 million patients
in the US suffer from cardiovascular diseases with an estimated healthcare cost of over
$300 billion and at least one million with implantable cardiac devices. These devices
are complex and composed on multiple levels and present challenges while assessing
the damage. However, the study on the analysis of cardiac devices may lend insight into
common damage patterns and improve future cardiac devices design. The objective of
this work is to perform a thorough in vivo damage assessment of retrieved 65 cardiac
devices and 136 leads from different manufacturers (Medtronic, St. Jude Medical-Abbott
and Boston Scientific). The examined damage features were surface deformation,
burnishing, pitting, scratching, discoloration, delamination, insulation defects, coil
damage, and abrasion. Methods to collect and compile data were performed, and
statistical models were used to assess the sensitivity of measured parameters with
in vivo performance. The devices from Medtronic and Boston Scientific were affected
by the damage modes but these damages could not have affected the functionality of
the devices and the therapy. The main damage mode observed was scratching, and the
anterior side was more exposed to damage than the posterior side. Medtronic leads
showed significant resistant to different damage modes when compared to Boston
Scientific and St. Jude Medical, and the middle part was more exposed to damage than
the proximal part. Medtronic leads showed failure rates lower than other manufacturers
based on the 65 devices that were examined in this paper.

Introduction

heart muscles to contract and regulate the heart beating. Therefore,

Cardiovascular diseases (CVD) are among the leading causes
of mortality globally, especially in the developed countries [1].
While 17.3 million mortalities occurred from CVDs in 2008, it is
projected to increase to 23 million by 2030 [2]. In the United States
alone, about 92.1 million adults have cardiovascular disease with
an estimated health-care cost of over $316 billion [2]. There are
more than 1 million people around the world with implantable
devices for cardiac conditions and quarter of these devices in
the United States [3]. These numbers are projected to increase
many-folds with time and might reach 2 million in the US alone. A
pacemaker delivers electrical impulses via electrodes causing the

there is a need to understand how these devices deteriorate after
implantation so that corrective actions can be taken and in vivo
performance enhanced.

Overall, most of the described cardiac devices consist of the
pulse generator which is the body of the device and the leads [4].
The pulse generator contains the circuit board and the battery,
it stores data such as a total number of cardiac events, the rate
of these events, whether these were paced or intrinsic, and high
rate episodes. Moreover, cardiac devices offer the ability to store
intracardiac electrograms and function as event monitors with the
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ability to playback the paced or sensed events. These recordings are
extremely valuable in diagnosing the cause of symptoms as related
to heart rhythms. On the other hand, the other major component
that constitutes the cardiac devices is the leads. The leads are
specially engineered wires that are designed to connect the pulse
generator to the heart muscle. An electrical signal is transmitted
through the leads allowing the pulse generator to sense and pace
the heart whenever an abnormal behavior is detected. To prevent
the electrical signal from travelling to other places, the leads are
encased in an insulator which is made either from silicone or
polyurethane [4]. In addition, the length of the pacemaker leads
typically vary from 45 and 85 cm and the number of leads that
are used depends on the type of the cardiac device that will be
implanted and of the heart failure symptoms to be monitored [4].
Generally, the malfunctions are defined as failure to pace or sense,
or both, and may be caused by problems with battery, the leads, the
outer metal case, or the electronic components of the main circuit.

Methodology

The as received devices were cleaned and sanitized for visual
inspection. Devices serial numbers were categorized and tabulated
from the specifications. The inspection of the pulse generator
covered the anterior and the posterior surfaces, Figure 1. The
pulse generators were checked for scratches, surface deformation,
pitting, discoloration, abrasion, and burnishing. Additionally, the
leads were divided into three areas of inspection, the proximal
part where the lead is connected to the connector block of the
pulse generator, the middle part is known as the conductor, and the
distal part where the electrode is located and connects the lead to
the cardiac muscle, as shown in Figure 2. Then these leads were
checked for surface deformation, burnishing, pitting, scratching,
delamination, insulation defect, coil damage, and abrasions. The
damage modes identified as surface deformation was described by
any minor or major warping that can be found on the surface of the
device. Pitting described as a small hemispherical material loss that
found on the surface of the device by corrosion. Scratches described
as two-dimensional array lines as a result of rubbing. Abrasion
described by shredding in the device materials. Discoloration was a
change in the appearance (color) of the surface [5]. Insulation defect
was described by a surface cracking on the surface of the lead or by
complete insulation fracture. Coil damage described a cut in the coil
protecting out of insulation or even damaged within the insulation
[6]. A damage scoring method was developed to represent damage
in terms of individual damage fractions, added linearly to produce a
total damage score for the pulse generators and leads. The severity
of different damage modes identified. Each damage mode was rated
from 1 to 10 with regards to severity, where 0 meant no damage
and 10 meant failure. For minor or superficial damages like shallow
scratches, depending on the length, depth and the number of the
scratches the rate was given from 1 to 5. On the other hand, the
deep scratches that can be felt with the fingers were given a score
of more than 5 based on the length, depth and the number of

scratches. In cases where the device was totally damaged and can
affect the normal functionality of the device a total failure to pace

or sense, the assigned values were more than 7 and up to 10 [7].

=

Posterior

Figure 2: Lead as received from MDT, showing proximal,
middle and distal parts.

The damage score equation for the pulse generator was
developed to determine the damage percentage for each mode. The

equation is as follow:

2 n
Pulse Generator Total Damage Score = lelse"” ityScore
por e

Where x=1 through 2 and represents the anterior and posterior
surfaces of the device, and y represents the damage mode where
y=1 through 6.
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The results showed the average total damage score for the
pulse generator is 0.502 * 0.28. Then, the damage score equation
for the lead was developed to determine the damage percentage for
each mode. The equation is as follow:

3 n

23: i SeverityScore,

Lead Total Damage Score = pri
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Where x= 1 through 3 and represents the three parts of the lead
(proximal, middle and distal) of the devices, and j represents the
damage mode where y=1 through 9[8].
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The results showed the average total damage score for the leads
is 0.501 % 0.29. These two equations characterize the accumulative
damage made by each mode, and accounting for each part of the
pulse generator and the lead. For the pulse generator, the number
of the parts was two while the number of the damage modes
varied according to different modes. For the lead, the number
of the parts was three and the number of the damage features
changed according to the equation above. All the devices were
optically examined under the optical microscope. Most of the
pulse generators had scratches; however, with the naked eye it was
not possible to quantify how deep they were. With the use of the
microscope, the coils were examined for cut, stretches and other
damage modes [9].

Devices were interrogated at Miami Valley Cardiology Clinic
and checked the internal components, parameters, remaining
charge in the battery, lead impedance, pacing, sensing threshold,
time of implant, estimated time of retrieval and other information.
The lead trend shows the impedances during the in-vivo life of
the lead ranged 200-2000Q for the pacing lead and 20-200Q for
the defibrillator lead [10]. These impedances were measured to
ensure the lead integrity to deliver therapy to the patient. Each
damage mode could cause specific failures to the leads and cause
abnormal functionality. The failure of the lead is indicated by the
one or more of the following failures: failure to capture, failure to
sense, impedance out of range, conductor failure, extra-cardiac
stimulation, cardiac perforation, lead dislodgement, and insulation
defect [11, 12]. Failure to capture (loss of capture) is intermittent or
complete failure of the lead to stimulate the heart during a specific
time programmed previously (mostly outside the refractory

period). Failure to sense (loss of sensing) can be described as
intermittent or complete failure of the lead to sense the intrinsic
cardiac signal during the specific time programmed previously.

Impedance out of range can be described as the impedance
below 2009 or above 2000Q for the pacing lead and below 20Q
or above 200Q for the defibrillator lead. Conductor failure can be
seen either by the naked eye or electrically measured if mechanical
break of the conductor occurred. Extra-cardiac stimulation occurs
when the lead senses signal from other chambers and considers it
as R-wave and may lead to inappropriate shock delivery. Cardiac
perforation occurs when the lead tip penetrates through the
myocardium and it can be observed visually and clinically. Lead
dislodgement may be described as a spacing taken place between
the lead tip and the cardiac muscle that could lead to inappropriate
lead performance. Insulation defect can be described as an
evidence of interruption or break in insulation [13]. In order to
check for extra-cardiac stimulation, cardiac perforation, and lead
dislodgement, the distal part must be presented for examination.
However, the other types of failures were observed in the proximal
and the middle part of the lead [14].

Results

Pulse Generator

The pulse generators of all the manufacturers are made of
commercially pure titanium. However, titanium accrues damage by
scratching and discoloration as most devices sustained scratching,
Figure 3a. 68% of the anterior surface of MDT devices, 66% S]M
and 53% of BSC were scratched. The posterior surface of SJM
showed no scratching on the surface, while 44% of MDT and
33% of BSC devices exhibited scratching. Surface deformation, as
shown in Figure 3b was also found on both surfaces. The anterior
surface sustained higher deformation than the posterior surface.
Discoloration was only found on BSC and MDT anterior and
posterior surfaces, as shown in Figure 3c. While burnishing was
only found on the posterior surface of BSC devices, there were only
three SJM devices and cannot be included in statistical analyses.
All the damage modes are summarized in Figure 4 illustrating the
number of devices examined for each of the manufacturers, degree
of surface deformation, scratching, burnishing, and discoloration

on the anterior and posterior surfaces [15].

'y
ity 4
e )

Figure 3: Pulse Generator Damage Modes, (a) Scratch, (b) Surface Deformation, (c) Discoloration.
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Figure 4: Pulse Generator Inspection, showing the percentage damage for each manufacturer.
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Figure 5: PG Damage Score Distribution.

The damage modes of the pulse generator were compared to
each other by using Fisher’s LSD studenttest usingJMP software. The
scratching mode showed a significant difference when compared
to the other damage modes. This test also showed no significant
difference between surface deformation, pitting, discoloration,
burnishing, and abrasion. The anterior and the posterior surfaces
had compared to each other by using Fisher’s LSD student test.
The results showed a statistically significant difference between
the anterior and the posterior surface (p=0.0011). Finally, the
manufacturers were compared to each other by using Fisher’s LSD

student test, the results showed a significant difference for MDT
when compared to BSC and SJM (p=0.0399). The damage modes
of the pulse generator compared to each other by using Fisher’s
LSD student test [16]. It showed a significant difference between
scratching on the anterior and the posterior part. Also, the results
showed a significant difference between scratching and other
damage modes. The pulse generator damage scoring distribution
showed that the damage was between 10% and 70%. Higher
number of devices with 10% damage, however, as percentage
damage increased to 70%, number of devices decreased. Figure 5

illustrates cumulative distribution and total damage score [17].

The battery life was checked using the corresponding
program of each cardiac device, and the reports were obtained.
Their longevity and the voltage were measured and plotted. A
comparison was made between the battery depletion rate from
the product reports. Using Ohm meter and the multi-meter, we
observed that most batteries were depleted due to in vivo usage
of our as received devices [18]. The impedance was checked, and
the results showed most of the leads were malfunctioning and had
failures. Most of the devices had breaks on the insulation, cuts and
scratches that leads to the leakage of the current produced by the
pulse generator. However, this could have occurred during device
extraction also. At the same time, most of the coax wires had been
cut under the insulation or had been stretched which is also a
conductor failure and leads to current overgrowth that may drain
the battery. These two lead failure features may lead to software
failure under pristine conditions. Impedance is innate to the
material and electricity at a certain frequency. Some ways to change
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the impedance are to change the material, to lengthen the circuit, to
adjust the potentiometer, or to change the frequency of electricity
through inductor or capacitor [19].

Lead

The leads showed visible cuts and stretches. The coax wires
were stretched along with cuts. Optical microscope was able to
resolve cuts and stretches under the insulation. The inner coil
was also frayed in some parts and had numerous breaks. The coax
wire on most of the devices was detached out of the insulation
and appeared brittle, and in some occasions, broken easily. The
distal parts of the leads were not retrieved during extraction and
submitted to us for investigation. For the pacing leads, the damage
modes observed on both proximal and middle parts were abrasion

Figure 6a, discoloration Figure 6d, scratching, coil damages Figure
6b and insulation defect Figure 6c¢. The proximal part showed fewer
damage than the middle part. Abrasion and discoloration on MDT
and BSC leads were significant compared to SJM, where no abrasion
and discoloration found in the proximal part. On the other hand, for
the middle part, discoloration, coil damage, and insulation defect
were highly present on S]M leads compared to MDT and BSC. The
ICD leads showed more abrasion, scratching and insulation defect
in the proximal part than the middle part. BSC had the most abraded
and scratched leads when compared to MDT and SJM [20]. SJM, BSC
and MDT leads had almost equal insulation defect. For the middle
part of the lead, discoloration was only found on MDT leads, and
insulation defect was found on both MDT and BSC.

Figure 6: Samples of Lead Damage Modes, (a) Abrasion, (b) Coil Damage, (c) Insulation Defect, (d) Discoloration.

SJM had only one lead in our inventory and this lead had no
damage on both the proximal and the middle parts. MDT leads
showed no damage, 71.43%, on the proximal part and 85.71% on
the middle part, and BSC leads showed no damage 83.33% on the
middle part. Even though the availability of the CRT devices in the
lab is from both MDT and BSC, but all the leads used were only from
MDT of three different types. On the proximal part, discoloration,

scratching and insulation defect shared the same percentage with
6.67%. While this percentage increased significantly in the middle
part, in addition to coil damage. The percentage of the undamaged
parts in the proximal part was higher than the percentage in the
middle part of the lead [21]. The damage modes are summarized
in Figure 7.

100.00%
40.00%
$0.0U%

70.00%

10.00% I
0.00% |

Proxima

Lead Inspection

Il |.||.l .||| |

Damage Modes

® Pace MOTIN=73) = PaceBSC(n=22) = Pace SIMN=5) = ICOMDT(n=14) = ICDBSC(N=6) mICD SIM(n=1) WCRTMOT(n=1%)

Middle

Figure 7: Lead Inspection, showing the damage modes versus different leads for different manufacturers.
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The damage modes of the lead were compared to each other by
using Fisher’s LSD student test using JMP software. The insulation
defect showed a significant difference when compared to the other
damage modes, and it showed a significant difference between
discoloration, abrasion and coil damage. Then the proximal
and the middle parts were compared to each other by using
Fisher’s LSD student test where the results showed a statistically
significant difference between the proximal and the middle parts
(p-value<0.0004) [22]. Also, the results showed no significant
difference between discoloration in the middle part, coil damage in
the middle part, insulation defect in the proximal part and abrasion
in the proximal part. Finally, damage modes compared for the leads
and it shows a significant difference between SJM insulation defect
and other damage modes for both MDT and BSC. It also showed
no significant difference between BSC insulation defect, MDT
insulation defect, SJM discoloration, BSC abrasion, and SJM coil
damage [23]. The lead damage scoring distribution illustrates that

the damage was between 0.1 and 1.

The average damage on leads ranged between 0.1-0.3 damage
score. With the increment of the damage score the number of
damaged leads decreased, where 17.6% (24 out of 136) of leads
with total damage. Figure 8 shows cumulative distribution of the
leads and total damage score. According to the characterization
of operational parameters, SJM showed higher failure types than
MDT and BSC with 50% of its devices. The three manufacturers
shared the same conductor fracture rate. Figure 9 shows the types
of failure and the distribution of each type for each manufacturer,
neglecting lead types. The number of leads that were investigated
is 136. The majority were manufactured by MDT (102 leads),

while the rest were form BSC (28 leads), and SJM (6 leads) [24].
The results show that BSC leads had 10% higher failure rate than
MDT leads with respect to failure to sense, capture and impedance
out of range applicable only to our unique retrieved devices which
may have been damaged while extraction and transportation.
The two most widely used pacing leads were taken and examined
thoroughly to identify the types of failure modes [25-28]. These
leads were MDT 5076 CapSureFix Novus and BSC 4470 FINELINE II.
The results showed the percentage of leads failed to sense, capture
and impedance out of range were higher in BSC 4470 (25.00%)
than MDT 5076 (15.69%). The conductor fracture in MDT 5076
was 6.67% compared to 8.7% in BSC 4470. Insulators for MDT was
Silicone (MED-4719) [36], while BSC 55D polyurethane [29].

1 |
. P e ¢
0.
9
0.
8
n
0. 0. 0. D. D. 1.
Lead Total Damaee Score

Figure 8: Lead Damage Score Distribution.
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Figure 9: Types of Failure Mechanisms in Leads, showing the percentage of each failure type for each manufacture.
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The two most widely used ICD leads were taken and inspected
carefully to categorize the failure types, the leads are MDT 6947
Sprint Quattro Secure and BSC 0157 ENDOTAK RELIANCE. The
percentage failure of MDT 6947 for our devices was lower than
the percentage failure of BSC 0157 with 33.33% for MDT 6947 and
42.86% for BSC 0157, while no lead exposed to conductor fracture.
MDT used polyurethane as the outer insulator and silicone rubber as
inner insulator [30], while BSC silicone rubber as the lead insulator
[30]. Therefore, three MDT CRT leads were examined to identify the

types of failure. The three inspected leads were 4196 Attain Ability,
4194 Attain OTW and 4193 Attain OTW. The results showed that
the 4196 Attain Ability lead had a lower failure rate than the other
leads as well as no conductor fracture. All 4194 Attain OTW leads
were all failed due to the damage modes discussed previously. While
50% of the 4196 and 4193 leads exhibited no damages. Figure 10
summarizes the failure types and the percentage that occurred to
the pacing, ICD and CRT leads [31].

Lead Failure by Type

Type of Fa

lure Mechanism

Figure 10: Types of Failure Mechanisms in leads, showing the comparison between the pacing and the ICD leads of MDT and

BSC, and three MDT CRT leads.

40 out of 65 devices were still functioning and have a range of
longevity from 3 months to 11.5 years. These devices are listed in
Appendix I and continue to be analyzed for another effort. Two of
the active devices were connected to an oscilloscope to examine the
functionality of these devices. The output waveform from the leads
was measured [32]. Figure 11 represents the obtained waveforms
that verify the functionality of the device. The course time of the
pulse generator survival for both MDT (n=24) and BSC (n=11) is
shown by Kaplan-Meier curves in Figure 12 obtained for 65 as

received devices. The cumulative survival is 71% at one year and

10% at six years for both MDT devices and BSC devices respectively,
the cumulative survival probability for MDT is 10% at six years and
no survival for BSC devices. Pacemaker showed 88% survival rate
after one year of implantation for both MDT and BSC. After four
years, however, the survival rate reduced to 40% for MDT and 38%
for BSC from the as received devices. No survival for BSC after six
years of implantation, while 16% survival for MDT pacemakers.
The survival probability of the leads for both MDT (n=34) and BSC
(n=9) is shown in Figure 13.

Figure 11: Pulse width and the Voltage, obtained by connecting the devices to an oscilloscope.
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Figure 12: Kaplan-Meier analysis of survival of (A) Medtronic Devices (n=24) and Boston Scientific Devices (n=11), (B)
Medtronic Pacemakers (n=13) and Boston Scientific Pacemakers (n=8).
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Figure 13: Kaplan-Meier analysis of survival of (A) Medtronic Pacing Leads (n=34) and Boston Scientific Pacing Leads (n=9).

After 60 months, the survival is 60% for MDT and 68% for
BSC. The survival is 6% after 176 months of implantation for both
the manufacturers, and no survival for BSC after 180 months of
implantation, while MDT is 6% survival after 180 months after
implantation. 33% of BSC devices used MDT leads for different
purposes [33]. Sensitivity can be defined by the capability of the
device to sense the intrinsic heartbeat. It represents the minimum
cardiac signal that can be sensed by the pacemaker to initiate or
terminate the therapy. The sensitivity is measured in millivolts,

the higher sensitivity the lower voltage programmed. When

programming the sensitivity to a low value, this means allowing the
device to sense additional signals than expected and could cause
what is known as over-sensing. When programming the sensitivity
to a higher value, this means preventing the device from detecting
the intrinsic cardiac signal and could cause what is known as
under-sensing [34]. Figure 14 illustrates the sensitivity distribution
for all the investigated devices. The mean sensitivity is 1.188 mV
and ranges from 0.25-4 mV. Additionally, the mean sensitivity
value of the ventricular leads was 1.465 mV and ranged from 0.3-
2.8 mV. Furthermore, the mean sensitivity value of the atrial leads
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was 1.188 mV and ranged from 0.25-4 mV. Figure 15 shows the
difference between the sensitivity setting of the ventricular and
atrial leads, and it shows the ventricular sensitivity setting was

higher compared to the atrial sensitivity setting [35].

0 1 2 3 4

Programmed Sensitivity mv

Figure 14: Sensitivity Distribution for all the leads.

Discussion

In literature the pulse generator of the cardiac device has rarely
been investigated for damage. Most of the investigations were done
on the leads. Discoloration was found on the titanium oxide cases
resulting in the white discoloration could have led to further bio-
degradation. The discoloration on the cases do not affect the func-
tionality of the devices. The percentage damage mode present on
the pulse generator is shown in Table 1. The damage percentage
on the anterior part is 61.93% and on the posterior partis 38.07%.
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Figure 15: Sensitivity Distribution for both ventricular and
atrial leads.

The leads showed visible cuts and stretches. The coax wires were
stretched along with cuts [36]. Optical microscopy shows several
areas the insulation had been degraded scratched or even cut and
may affect the functionality of the devices. The lead damage modes
and the percentage of each mode is summarized in Table 2. Pre-
vious efforts from literature showed that electrical tests, optical
microscopy and SEM [37] were performed on the lead. The work
was presented to investigate for coil damage in 49 leads from one

manufacturer.

Table 1: Pulse Generator Damage Mode Percentage, average damage and standard deviation.

Copyright@ Tarun Goswami | Biomed ] Sci & Tech Res | B]STR. MS.ID.003924.

Damage Mode Damage percentage Average
Surface Deformation 13.02% 0.47 1.03
13.02% 0.47 1.03
Pitting 0.00% 0 0
Anterior Scratching 46.41% 1.63 1.63
Burnishing 0.00% 0 0
Abrasion 0.00% 0 0
Pulse Generator Discoloration 2.50% 0.1 0.46
Surface Deformation 2.17% 0.08 0.38
Pitting 0.00% 0 0
Scratching 33.56% 1.16 1.63
Posterior
Burnishing 0.67% 0.02 0.21
Abrasion 0.00% 0 0
Discoloration 1.67% 0.06 0.32
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Table 2: Lead Damage Mode Percentage, average damage and standard deviation.

Damage Mode Damage percentage Average SD
Surface Deformation 0.00% 0 0
Pitting 0.00% 0 0
Insulation Defect 12.82% 4.13 3.31
Proximal Scratching 2.29% 1.39 0.69
Burnishing 0.17% 0.67 0
Abrasion 10.10% 2.44 1.44
Coil Damage 0.34% 0.61 0.41
Delamination 0.00% 0 0
Lead Discoloration 9.34% 233 1.68
Surface Deformation 0.93% 2.68 0.12
Pitting 0.00% 0 0
Insulation Defect 28.52% 5.12 3.67
Scratching 0.93% 1.09 0.57
Middle Burnishing 0.00% 0 0
Abrasion 5.09% 2.37 1.42
Coil Damage 12.05% 2.62 1.59
Delamination 0.00% 0 0
Discoloration 17.40% 2.49 1.54

Additionally, optical microscopy, SEM and FTIR used to
determine the chemical degradation on the inner and outer
insulation. This is a key feature of learning the residual properties
of the leads and its insulation. They did their investigation about the
biodegradation of the PU insulation of 7 leads. In addition, Hauser
etal. investigated the lead failure in one lead type [38]. Additionally,
Mehta et al. performed clinical evaluation of 132 randomized
patients for four years to identify the complication of leads [39].
This study showed the same results as current work that the ICD
leads are more vulnerable than pacing leads in insulation break
down. Furthermore, Kron et al. [43] used data from 539 patients,
and this study was conducted for 4 years. It showed that 2.8% of
the leads fractured [40]. Fortescue et al. [29] collected data from
one pediatric center during 1980-2002. A total of 1007 leads were
implanted in 497 patients. Lead failure occurred in 155 leads 15%,
and the patients who experienced multiple failures were 28%. They
found the insulation defect percentage was 32.2% of the failed
leads. In general, the investigation in this paper was significant
due to the variation of the devices involved. It involved 65 cardiac
devices and 136 leads from different manufacturers [41]. Visual
inspection, optical microscope inspection and electrical tests were
performed to determine the damage modes for these devices.

Sensitivity metric equation was created from the data that
were generated during this investigation from the devices. The goal
was to mathematically model the sensitivity for any given time.
A principal component analysis was performed for the acquired
data to isolate those parameters that are the most important to
create the sensitivity metric expression (S). It was noticed that as

the voltage increased the pulse width decreased and vice-versa.
Therefore, sensitivity function parameters (F) were defined in
terms of voltage, (F1) and pulse width (F2) as reciprocal, (1/F2).
It is important to note that if the voltage doubled, then the energy
usage can be higher. Lastly, the time was a crucial component and
by far the most important [42].
F, +F,
S=F %

2

Flisthevoltageinmillivolts, F2 isthe pulse widthinmilliseconds,
F3 is the in ohms, and lastly is F4 the current in milli-amperes. The
interrogation of the devices leads to numerous discoveries, and the
relation between sensitivity setting, pulse width and impedance can
be revealed through the obtained reports. Sensitivity plot generated
using MATLAB R2017a, that contained impedance, pulse width,
and sensitivity setting as shown in Figure 16. This plot shows that
with low impedance and high pulse width, the sensitivity is low.
However, the impedance increases the sensitivity and pulse width,
this scenario depletes the battery earlier than estimated. In general,
the devices investigated in this report were from Medtronic and
Boston Scientific exhibit surface damage modes, but these damages
could not have affected the functionality of the device and the
therapy. The main damage mode observed was scratching, and the
anterior side was more exposed to damage than the posterior side.
Medtronic leads showed significant resistant to different damage
modes when compared to Boston Scientific and St. Jude Medical, for
our sample size, and the middle part was more exposed to damage
than the proximal part [43].
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Figure 16: Sensitivity Plot.

Conclusion

The devices used in this investigation were received from The
Wright State Anatomical Gift Program. These devices were extracted
posthumously and ranged from 3 months to the end of service. It can
be inferred that the pulse generator cases had mainly scratches that
were shallow, narrow and could not have affected the functionality
of the devices. The discoloration on the cases was caused by the
growth of organic material from the body or due to the exposition
to fluids (alcohol, bleach, dimethyl formaldehyde etc.) used in the
sterilization process of the devices after their retrieval. However,
the discoloration could not have affected the functionality of the
devices. In addition, the investigation showed that the anterior
side was more exposed to damage than the posterior side. The
leads, which consist of the inner coil, outer coil and the insulation
around the coils, had visible insulation defect, stretches, and coil
damages that caused different types of failures and could have
affected the functionality of the devices. However, these damages
may have happened during the extraction/pulling of the devices or
during the replacement of the leads not during the in vivo usage. In
general, Medtronic leads showed significant resistance to different
damage modes when compared to Boston Scientific and St. Jude
medical, and the middle part was more exposed to damage than
the proximal part. Medtronic leads showed higher survival rate
than other manufacturers. Medtronic packing and ICD leads also
exhibited the same behavior for 65 devices studied during this

investigation.
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