
Background: Spinal cord stimulation (SCS) is a common treatment for neuropathic pain. There 
are 2 main categories of SCS leads: paddle leads and cylindrical leads. Paddle leads have reduced 
long-term complications and provide better coverage of target dermatomes when compared to 
cylindrical leads. However, insertion of a paddle lead requires invasive surgery that comes with 
significantly higher costs and more short-term complications, such as postoperative pain and 
infection. In contrast, cylindrical leads can be inserted minimally invasively using percutaneous 
techniques but provide less coverage of targeted dermatomes and have a higher tendency to 
migrate from intended neuronal targets.

Objectives: Our objective is to develop a novel improved cylindrical spinal cord stimulation device 
that can convert into an optimal geometry once exposed to the body’s environment after minimally 
invasive surgery. Such a device would be able to reduce long-term complications, lead migration, 
and better cover targeted dermatomes. 

Study Design: Biomaterial selection, medical intervention device design with an in-vitro lab-
scale test, and cadaveric experimental study. 

Methods: A shape memory alloy nitinol-based cylindrical lead was designed, and its nitinol 
core material was processed and geometrically programmed for percutaneous insertion into the 
epidural space and morphing into an optimal geometry once exposed to the body’s environment. 
Deployment of the nitinol component of the design was tested in the lab and human cadaveric 
models of the epidural space. 

Results: Deployment of the nitinol component of the proposed cylindrical lead was successfully 
demonstrated in both a lab model of the epidural space and in the epidural space of a human 
cadaver in a minimally invasive fashion, indicating that a similar component could be used clinically 
in a full SCS electrode manufactured in a custom final geometry. 

Limitations: The focus of this study was to test the deployment of a novel minimally invasive 
lead that provides optimal coverage of intended dermatomes using in-vitro methods. Our study 
does not include in vivo trials. We do not test the electrical components of the design proposed 
since our design does not make changes to the electrical components of current commercially used 
cylindrical leads.

Conclusion: The unique shape memory property of nitinol shows promise in allowing cylindrical 
spinal cord stimulation leads to expand into a more optimal geometry within the epidural space. 
By having a body temperature-dependent geometry change, nitinol-based cylindrical leads could 
reduce lead migration, increase dermatomal coverage, and increase electrode density while 
maintaining the advantages of minimally invasive insertion.
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AAn estimated 1 in every 10 adults over the 
age of 30 suffer from some form of chronic 
neuropathic pain, including chronic back 

pain, failed back surgery syndrome, complex regional 
pain syndrome, and postherpetic neuralgia (1,2). 
Spinal cord stimulation (SCS) is a common treatment of 
neuropathic pain for patients (3) and is shown to reduce 
costs and improve outcomes compared to conventional 
pain treatments (4-6). In addition, SCS is shown to 
reduce the use of opioids for the management of pain 
(7,8). SCS is delivered through an electrode lead that 
is inserted into the epidural space attached to a pulse 
generator surgically implanted subcutaneously. The SCS 
electrode lead modulates pain in the epidural space by 
delivering electrical stimulation over the spinal cord 
dorsal columns to target specific dermatomes (9,10). 

Current Issues With Spinal Cord Stimulation 
Devices 

SCS electrode leads can be divided into 2 main 
categories: paddle leads that have a width of ~10 
mm and are placed through an open laminectomy or 
hemilaminectomy procedure under general anesthesia 
and cylindrical leads that have a width of ~1.3 mm that 
are typically placed percutaneously through a needle 
(3) using local anesthesia. Each lead type has charac-
teristics that pose advantages over the other. Paddle 
leads are shown to have significantly lower long-term 
reoperation rates and significantly better coverage of 
targeted dermatomes when compared to cylindrical 
leads (11-14). Paddle leads provide this better coverage 
due to their ability to insulate and conform to the dor-
sal spinal cord surface, more densely packed electrode 
contacts, and unidirectionality in electrical impulse de-
livery. In addition, the increased number of electrodes 
along the width of the spinal cord in a paddle lead 
allows for a more robust mediolateral resolution (13). 

Cylindrical leads, due to their small diameter, may 
not have the ability to closely target as many neuronal 
components but come with the benefit of having an 
insertion procedure that is minimally invasive and does 
not require a spine surgeon or the need for general 
anesthesia (15). Paddle lead insertion requires a par-
tial laminectomy (16), is an inpatient procedure, and 
requires an incision of ~80 mm. Conversely, cylindrical 
lead insertion is an outpatient procedure conducted 
under local anesthesia through a small needle and only 
requires an incision of ~ 2.5 mm (17). This small incision 
results in significantly lower short-term complications 
(11) and operation costs for cylindrical leads (15). 

Overall, there are more cylindrical leads inserted a 
year than paddle leads (18). Therefore, from a patient 
perspective, a potentially less mechanistically effective 
treatment option is more commonly being chosen due 
to the increased complexity of the insertion, lower 
accessibility, and higher cost for a paddle lead. There-
fore, there exists a need to combine the advantages of 
minimally invasive, lower cost, cylindrical lead insertion 
with better spinal cord coverage and reduced lead mi-
gration of paddle leads.

Several attempts have been made in the past to 
address the need for a device that can simultaneously 
possess the advantages of both a cylindrical and paddle 
stimulator. These attempts include changes in the type 
of waveform used (12,19-22), insertion techniques (23), 
and geometry of the stimulation lead (24). Several of 
these advancements, particularly in the area of wave-
forms, have resulted in substantial improvements for 
cylindrical leads, making cylindrical stimulation almost 
comparable to paddle lead stimulation (12). Thin 
line paddle leads that have a comparable number of 
contact electrodes as cylindrical leads, such as St. Jude 
Medical’s S-series, are able to be inserted percutane-
ously through a special larger needle and have been 
shown to reduce lead migration (25). However, all of 
these solutions have still fallen short of providing a 
stimulator that is able to best exhibit the advantages 
of both paddle and cylindrical leads (12). 

Proposed Solution 
To address the significant drawbacks within cur-

rent SCS lead types, we develop, design, and test a 
solution that utilizes the shape memory effects of 
the biocompatible nickel-titanium alloy (nitinol)  (26-
28). Shape memory materials have been studied and 
discussed for biomedical applications extensively in 
the past (29,30). In our proposed solution, nitinol will 
replace a polymeric stiffener commonly found in the 
central lumen of cylindrical leads (31), as is shown in 
Fig. 1. The method of delivering electrical stimulation 
will remain unchanged. Nitinol’s material properties 
will allow the cylindrical lead to stay in a linear shape 
at room temperature (~22°), allowing for standard 
minimally invasive cylindrical lead insertion. Once in-
troduced to the higher temperature of the body (~37°), 
the nitinol-based cylindrical lead will be able to un-
dergo a temperature-dependent transformation into 
a customizable optimal geometry (32). An introducer 
sheath will be used to prevent premature recovery of 
the shape memory nitinol into this optimal geometry, 
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allowing sufficient time for the lead to be positioned 
appropriately. The insertion technique that we propose 
and test is illustrated in Fig. 2. 

The shape memory ability of nitinol facilitates this 
insertion process and results 
from 2 temperature-depen-
dent crystalline structures. 
At lower temperatures, 
nitinol can be found in a 
martensite phase. Martens-
itic nitinol has an elastic 
modulus of ~40 GPa and 
has a twinned monoclinic 
structure when it is stress-
free. When this martensite 
is deformed, the twinned 
structure easily transforms 
into a de-twinned structure 
without any dislocation 
movement or the develop-

ment of slip bands. At warmer temperatures, nitinol is 
in an austenitic phase with an elastic modulus of ~80 
GPa (33). The geometry that the nitinol takes in its aus-
tenitic phase is known as the nitinol’s “trained shape” 

Fig. 1. Drawings of  cross-sections of  current market cylindrical leads (left) and proposed 
shape memory nitinol cylindrical leads (right).

Fig. 2. Steps in the insertion and deployment of  the shape memory alloy-based lead system. 
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or “programmed shape.” The trained austenite shape 
can be set by heat processing. Austenitic nitinol has a 
body-centered cubic structure and is very stiff. In fact, 
austenitic nitinol is termed super elastic and will spring 
back into its trained shape if it is put under strain. 

When the material is cooled into its martensitic 
phase from its austenitic phase, nitinol can be easily 
“deformed” and hold the position it was distorted into 
while still maintaining its original chemical bonds up 
to 10% strain. When the nitinol is heated back up into 
its austenitic phase, it will revert to its original trained 
shape that the material remembers by its chemical 
bonds. This effect is known as the shape memory ef-
fect. The temperature range over which nitinol trans-
forms from martensite to austenite can be customized 
by material composition (34). For the SCS concept de-
signed and tested here, the nitinol will have a trained 
austenite shape that optimally covers dermatomes in 
the epidural space. It will be in its martensitic phase 
at room temperature, where it can be maintained in a 
straight configuration, and an austenite phase at body 
temperature, as is shown in Fig. 3. 

Methods 
To test the use of shape memory nitinol as a com-

ponent in a cylindrical spinal cord stimulation lead, 0.4 
mm diameter nitinol was identified and ordered from 

Kellogg Research Laboratory (Salem, NH). The nitinol 
was heat-treated into an optimal austenite trained 
shape that could allow for more contact electrodes to 
fit into the epidural space, and the insertion method 
was tested with an in-vitro laboratory setup and hu-
man cadaveric model.

When nitinol is heated well above its transition 
temperature range, it goes into an annealing phase 
where the internal strain diminishes, and the atoms 
will reorient themselves into a body-centered cubic 
structure, creating a new austenite trained shape 
(35). Therefore, to set the nitinol into a new optimal 
geometry, the originally procured wire was heated to 
a temperature of 500°C while it was constrained in its 
desired shape within a mold designed using steel plates 
and steel screws, as shown in Fig. 4 (36). Two steel fas-
teners were placed 64 mm apart, and size 8 screws were 
used for the mold. The screw size, which determines 
the turn radius of the nitinol, was selected to allow for 
the maximum turn 0.4 mm nitinol could make while 
still retaining its shape memory ability. Once the screws 
were tightened over the nitinol, the mold was placed 
in a furnace held at 500°C, which was verified with an 
external thermocouple. After 60 minutes, the mold 
was removed from the furnace and quickly quenched 
in a large container of 20°C water. The mold was sub-
sequently dried, and the nitinol was removed from 

the mold in its new trained 
shape. 

After setting a new 
austenite trained shape, the 
nitinol component of the 
cylindrical lead was tested 
in an epidural space model 
and cadaveric specimen. For 
both tests, the nitinol was 
straightened at room tem-
perature and placed into a 
Fluorinated Ethylene Propyl-
ene (FEP) introducer sheath. 
The sheathed nitinol was 
then introduced through 
a 14-gauge Tuohy needle. 
This is the same needle 
configuration used clinically 
for SCS surgery. Our in-vitro 
epidural space model was 
13 mm in width and made 
of polycarbonate tubing 
with polyurethane foam on 

Fig. 3. Stress-strain behavior of  nitinol core of  proposed SCS lead in different microscopic 
states with respect to temperature. 1) Below the austenite start temperature (TAustenite-Start) 
nitinol exists in a martensite phase. 2) In this martensite state, nitinol is deformed from its 
trained permanent shape into a linear shape. 3) After the stress is removed, the nitinol will 
remain in a temporary linear shape. 4) once it is heated above austenite finish temperature. 
(TAustenite-Start) it will revert to its permanent shape. 
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the inside representing the tissue (37). The cadaveric 
sample was an excised spine of 6 vertebral levels from 
T-9 to L-2. A fluoroscopic video was taken while inser-
tion of the nitinol component of our lead took place in 
the cadaver. 

Results 
The nitinol component of the minimally invasive 

cylindrical lead design was able to be successfully de-
ployed repeatedly, 5 times in both the epidural space 
model and the cadaveric specimen. As can be seen in 
Fig. 5, the nitinol component of the lead was success-
fully inserted at a 45-degree angle into the 13 mm 
wide space of the in-vitro epidural space model. The 
nitinol was successfully navigated with minimal resis-
tance to a desired location 45 mm from the insertion of 
the needle with the help of an FEP introducer sheath 
over a period of 1 minute. Once the positioning was 
confirmed, the sheath was removed, and the nitinol im-
mediately began to revert into its optimal set geometry 
over the course of a couple of seconds. 

Similarly, during the cadaveric test, the nitinol com-
ponent of the lead was successfully inserted through a 
needle placed at a 15-degree angle into the collapsed 
epidural space of the cadaver shown in Fig. 6. The x-ray 
fluoroscopic images of successful insertion are shown in 
Fig. 7. The cadaver was heated to body temperature in 
a water bath prior to inser-
tion of the nitinol, and the 
temperature was checked 
periodically while insertion 
was taking place. To remove 
the nitinol between trials 
in both the cadaveric and 
epidural space model test, 
the nitinol was pulled back 
into its sheath and then re-
moved via the same route of 
insertion.   

Discussion

The objective of this 
study was to design and 
test a lead that can exhibit 
combined advantages of 
both cylindrical and paddle 
leads, thereby allowing for 
more optimally placed elec-
trode contacts, reduced lead 
migration, increased acces-

Fig. 4. Example of  a mold made on a 4”x 4” steel plate 
with steel screws to hold the nitinol in its desired shape 
while being heated to set a new austenite geometry.

Fig. 5. Successful deployment of  proposed design into a model epidural space. 1) Insertion 
of  sheathed nitinol; 2) removal of  sheath from nitinol; 3) recovery of  nitinol into trained 
shape. 
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sibility, and reduced postoperative complications. The 
potential advantages of using a shape memory alloy 
such as nitinol for SCS are numerous: for one, nitinol 
allows for a higher density of contacts to be placed 
in the epidural space compared to current cylindrical 
leads on the market. As of now, the cylindrical leads 
available on the market have up to 16 contacts (38). 
A shape memory-based lead could drastically increase 
the contacts that fit within the same amount of length. 
Secondly, nitinol allows for a highly customizable de-
sign (39) of SCS contact placement. Due to the ability 
to create a new austenite trained shape via heat and 

quench treatment as was done in our study, many ge-
ometries and sizes can be manufactured with the use 
of a versatile mold. This can be useful as the size of the 
epidural space varies dramatically between individuals, 
and neuronal targets can vary based on the indication 
(40). Recent studies have also shown the benefits of 
different orientations of cathode and anode con-
figuration in SCS. For example, a study by Canna et al 
discusses the potential benefits of orientation-selective 
stimulation, where contacts are placed off the plane of 
traditional placement of contacts (41). A shape memory 
nitinol-based electrode such as the one demonstrated 
here could allow for the reorientation of these contacts 
while maintaining minimally invasive insertion meth-
ods. As the mechanism of action of SCS is better under-
stood, and the specific anatomical structures are better 
associated with more effective stimulation, our design 
could have significant potential in allowing the most 
optimal placement of electrode contacts. In addition, 
a shape memory-based lead could be advantageous in 
having the ability to selectively place electrode contacts 
in a minimally invasive fashion not only for spinal cord 
stimulation but for dorsal root ganglion stimulation, 
peripheral nerve stimulation, brain stimulation, and 
neural recording.

Nitinol has already been used extensively in clinical 
use for vascular stenting procedures and orthodontics 
and has good biocompatibility and favorable toxicity 
and wear debris profiles (42-46). The extensive use of 
nitinol in vascular applications also is promising to 
overcome the regulatory pathways that would need to 
be crossed to approve a nitinol-based SCS lead. Nitinol 
would also not dampen or affect the electrical conduc-
tion properties of SCS by introducing any impedance 
due to the polymeric insulation around nitinol in the Fig. 6. Cadaveric sample of  spine excised from T-9 to L.

Fig. 7. X-ray fluoroscopy images of  the same procedure from Fig.6 and a quarter for reference with the nitinol highlighted over 
in Red. 1) insertion of  sheathed nitinol, 2) removal of  sheath from nitinol, 3) recovery of  nitinol into trained shape.
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proposed SCS design and the larger resistivity of the 
material (47,48) compared to the conductors used to 
deliver stimulation in SCS. In addition, Nitinol is MRI 
compatible (49), which is critical as many patients who 
receive SCS tend to have imaging done later in their 
lives.

The nitinol cylindrical SCS lead insertion method 
proposed and tested here could also be expanded to 
other insertion techniques that could possibly be more 
favorable. For example, cold saline could be deployed 
along with the nitinol-based lead to prevent premature 
recovery of the lead into its optimal geometry with or 
without the use of a sheath. A stylet placed within a 
hollowed-out tube of nitinol within the central lu-
men of the cylindrical lead could be used to navigate 
the lead as well, as has been done in the past in non-
nitinol based SCS leads (50). The stylet could prevent 
premature recovery of the nitinol mechanically and be 
removed from inside the central lumen once the lead 
has been appropriately positioned. 

One concern of a shape memory polymer such 
as nitinol in the epidural space would be potential 
spinal cord compression as the nitinol morphs into 
its intended configuration. This can be minimized by 
changing the diameter and composition of nitinol in 
the lead such that if it met critically high resistance, its 
expansion would immediately stop. This would ensure 
that the novel SCS would be deployed in the epidural 
space over the dorsal columns of the spinal cord as 
opposed to acting as a space-occupying device with 
compression. Since the elastic moduli and strength of 
the meninges vary across the various level of the spine 
(51), to further ensure that there is no risk, a safe size 
and strength of the nitinol component would need to 
be selected based on adequate preoperative imaging, 
planning, and the utilization of mathematical models 
of the shape recovery transformation behavior (52,53) 
and tissue response (54). 

Another concern in using a self-expanding nitinol-
based SCS lead is the removal of the device once it has 
been deployed. Simply removing the lead by force back 
into the sheath, as was done in the experiments here 
could suffice or in some instances, it may not suffice 
when dealing with real tissue and may result in an un-
intended epidural or subdural hematoma or compres-
sion. Removal by invasive surgical procedures would 
also be suboptimal and counter the reason for using 
a nitinol-based lead in the first place. One solution to 
help with removal could be the use of cold saline. Cold 
saline has been used widely for the removal of nitinol 

stents (55,56) and could similarly be used when remov-
ing a nitinol-based SCS lead. 

When using shape memory-based leads, the ana-
tomical target of where to place the contacts would 
need to be predetermined to achieve optimum pain 
management efficacy. Several studies have shown that 
anatomical placement of contacts is as effective as 
paresthesia mapping, particularly for novel paradigms 
of stimulation, such as burst stimulation (57-59). Burst 
stimulation in the past decade has been shown to be 
more effective than traditional tonic SCS at 30 to 70 
Hz (60) and is delivered at sub-sensory amplitudes pro-
ducing analgesia without paresthesia. As a result, the 
use of a nitinol-based SCS would be well suited for this 
modern paradigm since intended anatomical regions 
could be identified prior to insertion (57-59). However, 
despite the ability to effectively place contacts solely 
off anatomical considerations, setting the lead shape 
prior to insertion could still pose a potential challenge 
if reorientation of the lead is needed.

As the population ages and more people suf-
fer from neuropathic pain, it is likely that SCS place-
ment will increase significantly. Moreover, it has been 
demonstrated that SCS usage diminishes opioid use 
and dependence (61), an important component of 
any future neuropathic pain treatment strategy. As 
our understanding behind the mechanism of SCS also 
continues to advance alongside new waveforms, the 
use of a nitinol-based lead that can best position the 
electrode in a cheaper, non-invasive fashion could sig-
nificantly expand the number of candidate patients for 
SCS placement in the future.

Further research will need to be conducted to 
prove the clinical efficacy of a nitinol-based cylindri-
cal SCS lead in the future. Specifically, the potential 
damage to surrounding live tissue during insertion 
and removal of the device will need to be tested 
alongside the design’s ability to give optimal stimu-
lation with the electrical components added. These 
tests will need to be conducted in animal models if 
shape memory alloys are ever to be used clinically 
for SCS.  

Conclusion 
We show proof of concept using a nitinol shape 

memory alloy as a component in cylindrical leads that 
can be actuated by body temperature to take an op-
timum expanded shape after minimally invasive SCS 
insertion. We demonstrate the promise of the device 
design to allow for minimally invasive insertion while 
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simultaneously providing better proximity of electrode 
contacts to their desired neural targets, reduced lead 
migration, and increased access to SCS procedures. 
As SCS is shown to stabilize or decrease opioid usage 
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the opioid epidemic in the United States and improve 
the management of pain overall. Further research will 
need to be conducted to ensure the safety of such a 
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cal setting.  

Acknowledgments
The authors would like to thank Rachel Schilkowsky 

and Peter Wronski at the RIH Orthopaedic Foundation 
for their support in the cadaver tests. We will also like 
to thank Abigail Kohler for assisting with some of the 
graphics and John Shilko, Ben Lyons, and Dr. Christo-
pher Bull at the Brown Design Workshop for helping 
with the material processing. We are grateful to Brown 
School of Engineering for providing research funds to 
PI Dr. Vikas Srivastava for this research.

1. 	 Yawn BP, Wollan PC, Weingarten TN, 
Watson JC, Hooten WM, Melton LJ. The 
prevalence of neuropathic pain: Clinical 
evaluation compared with screening 
tools in a community population. Pain 
Med 2009; 10:586-593. 

2. 	 Bennett MI, Smith BH, Torrance 
N, Potter J. The S-LANSS score for 
identifying pain of predominatly 
neuropathic origin: Validation for use in 
clinical and postal research. J Pain 2005; 
6:149-158. 

3. 	 Dones I, Levi V. Spinal cord stimulation 
for neuropathic pain: Current trends 
and future applications. Brain Sci 2018; 
8:138. 

4. 	 Verrills P, Sinclair C, Barnard A. A review 
of spinal cord stimulation systems for 
chronic pain. J Pain Res 2016; 9:481-492. 

5. 	 Kumar K, Taylor RS, Jacques L, et 
al. Spinal cord stimulation versus 
conventional medical management 
for neuropathic pain: A multicentre 
randomised controlled trial in patients 
with failed back surgery syndrome. Pain 
2007; 132:179-188. 

6. 	 Kumar K, Malik S, Demeria D. 
Treatment of chronic pain with spinal 
cord stimulation versus alternative 
therapies: Cost-effectiveness analysis. 
Neurosurgery 2002; 51:106-116.

7. 	 Adil SM, Charalambous LT, Spears CA, 
et al. Impact of spinal cord stimulation 
on opioid dose reduction: A nationwide 
analysis. Neurosurgery 2020; 88:193-201. 

8. 	 Gee L, Smith HC, Ghulam-Jelani Z, 
et al. Spinal cord stimulation for the 
treatment of chronic pain reduces 
opioid use and results in superior 
clinical outcomes when used without 
opioids. Neurosurgery 2019; 84:217-226. 

9. 	 Shealy CN, Mortimer JT, Reswick 
JB. Electrical inhibition of pain by 
stimulation of the dorsal columns: 

Preliminary clinical report. Anesth Analg 
1967; 46:489-491. 

10. 	 Shils JL, Arle JE. Intraoperative 
neurophysiologic methods for spinal 
cord stimulator placement under 
general anesthesia. Neuromodulation 
2012; 15:560-572. 

11. 	 Babu R, Hazzard MA, Huang KT, et al. 
Outcomes of percutaneous and paddle 
lead implantation for spinal cord 
stimulation: A comparative analysis of 
complications, reoperation rates, and 
health-care costs. Neuromodulation 
2013; 16:418-427. 

12. 	 Lempka SF, Patil PG. Innovations in 
spinal cord stimulation for pain. Curr 
Opin Biomed Eng 2018; 8:51-60. 

13. 	 Villavicencio AT, Leveque JC, Rubin L, 
Bulsara K, Gorecki JP. Laminectomy 
versus percutaneous electrode 
placement for spinal cord stimulation. 
Neurosurgery 2000; 46:399-406. 

14. 	 Kinfe TM, Quack F, Wille C, Schu S, 
Vesper J. Paddle versus cylindrical 
leads for percutaneous implantation in 
spinal cord stimulation for failed back 
surgery syndrome: A single-center trial. 
J Neurol Surg A Cent Eur Neurosurg 2014; 
75:467-473. 

15. 	 Matias CM, Amit A, Lempka SF, et al. 
Long-term outcomes after replacement 
of percutaneous leads with paddle leads 
in a retrospective cohort of patients 
with spinal cord stimulation systems. 
Neurosurgery 2014; 75:430-436. 

16. 	 Valle-Giler EP, Sulaiman WA. Midline 
minimally invasive placement of spinal 
cord stimulators: A technical note. 
Ochsner J 2014; 14:51-56. 

17. 	 Gupta M, Abd-Elsayed A, Hughes M, 
Rotte A. A retrospective review of lead 
migration rate in patients permanently 
implanted with percutaneous leads and 
a 10 kHz SCS device. Pain Res Manag 

2021; 2021:6639801. 
18. 	 Garcia K, Wray JK, Kumar S. Spinal cord 

stimulation. In: StatPearls. Treasure 
Island (FL): StatPearls Publishing; 2022. 

19. 	 Metzger CS, Hammond MB, Pyles 
ST,  et al. Pain relief outcomes using 
an SCS device capable of delivering 
combination therapy with advanced 
waveforms and field shapes. Expert Rev 
Med Devices 2020; 17:951-957. 

20. 	 Pope JE, Falowski S, Deer TR. Advanced 
waveforms and frequency with spinal 
cord stimulation: burst and high-
frequency energy delivery. Expert Rev 
Med Devices 2015; 12:431-437. 

21. 	 Morales A, Yong RJ, Kaye AD, Urman 
RD. Spinal cord stimulation: comparing 
traditional low-frequency tonic 
waveforms to novel high frequency 
and burst stimulation for the treatment 
of chronic low back pain. Curr Pain 
Headache Rep 2019; 23:25. 

22. 	 Chakravarthy K, Kent AR, Raza A, Xing F, 
Kinfe TM. Burst spinal cord stimulation: 
review of preclinical studies and 
comments on clinical outcomes. 
Neuromodulation 2018; 21:431-439. 

23. 	 Shaparin N, Gritsenko K, Agrawal P,et 
al. A retrospective case series of a novel 
spinal cord stimulator trial technique 
with less displacement and migration 
of the trial leads. Pain Res Manag 2019; 
2019:1236430.

24. 	 Logé D, De Coster O, Washburn S. 
Technological innovation in spinal cord 
stimulation: Use of a newly developed 
delivery device for introduction of spinal 
cord stimulation leads. Neuromodulation 
2012; 15:392-401. 

25. 	 Kinfe TM, Schu S, Quack FJ, Wille C, 
Vesper J. Percutaneous implanted 
paddle lead for spinal cord stimulation: 
Technical considerations and long-
term follow-up. Neuromodulation 2012; 



Nitinol Based Minimally Invasive Spinal Cord Stimulation Device Concept

www.painphysicianjournal.com 	 383

15:402-407. 
26. 	 Pelton AR, Russell SM, DiCello J. 

The physical metallurgy of nitinol 
for medical applications. JOM 2003; 
55:33-37. 

27. 	 Ryhänen J. Biocompatibility of Nitinol. 
Minimally Invasive Therapy & Allied 
Technologies 2000; 9:99-105. 

28. 	 Castleman LS, Motzkin SM, Alicandri 
FP, Bonawit VL. Biocompatibility of 
nitinol alloy as an implant material. J 
Biomed Mater Res 1976; 10:695-731. 

29. 	 Morgan NB. Medical shape memory 
alloy applications—the market and 
its products. Material Science and 
Engineering 2004; 378:16-23. 

30. 	 Srivastava V, Chester SA, Anand L. 
Thermally actuated shape-memory 
polymers: Experiments, theory, and 
numerical simulations. J Mechanics and 
Physics of Solids 2010; 58:1100-1124. 

31. 	 Barker JM. Lead with lead stiffener 
for implantable electrical stimulation 
systems and methods of making and 
using [Internet]. CA2712458A1, 2009. 

32. 	 Pelton AR, Duerig TW, Stöckel D. A guide 
to shape memory and superelasticity in 
Nitinol medical devices. Minim Invasive 
Ther Allied Technol 2004; 13:218-221. 

33. 	 Kapoor D. Nitinol for medical 
applications: A brief introduction to 
the properties and processing of nickel 
titanium shape memory alloys and 
their use in stents. Johnson Matthey 
Technology Review 2017; 61:66-76. 

34. 	 Uchil J, Mohanchandra KP, Mahesh 
KK, Ganesh Kumara K. Thermal and 
electrical characterization of R-phase 
dependence on heat-treat temperature 
in Nitinol. Physica B Condensed Matter 
1998; 253:83-89. 

35. 	 Goldstein D, Kabacoff L, Tydings 
J. Stress effects on nitinol phase 
transformations. JOM 1987; 39:19-26. 

36. 	 Yoon SH, Yeo DJ. Phase transformations 
of nitinol shape memory alloy by 
varying with annealing heat treatment 
conditions. Smart Materials III: 
International Society for Optics and 
Photonics 2004; 5648:208-215. 

37. 	 Frostell A, Hakim R, Thelin EP, 
Mattsson P, Svensson M. A review of 
the segmental diameter of the healthy 
human spinal cord. Front Neurol 2016; 
7:238. 

38.	 Sayed D, Chakravarthy K, Amirdelfan 
K, et al. A comprehensive practice 
guideline for magnetic resonance 
imaging compatibility in implanted 
neuromodulation devices. 
Neuromodulation  2020; 23:893-911.

39. 	 Duerig T, Pelton A, Stöckel D. An 
overview of nitinol medical applications. 
Material Science and Engineering 1999; 
273-275:149-160. 

40. 	 Bradley K. The technology: the 
anatomy of a spinal cord and nerve 
root stimulator: The lead and the 
power source. Pain Med 2006; 7(suppl 
1):S27-S34. 

41. 	 Canna A, Lehto LJ, Wu L, et al. Brain 
fMRI during orientation selective 
epidural spinal cord stimulation. Sci Rep 
2021; 11:5504. 

42. 	 Stoeckel D, Pelton A, Duerig T. Self-
expanding nitinol stents: Material and 
design considerations. Eur Radiol 2004; 
14:292-301. 

43. 	 Pelton AR, Schroeder V, Mitchell MR, 
Gong XY, Barney M, Robertson SW. 
Fatigue and durability of Nitinol stents. 
J Mech Behav Biomed Mater 2008; 
1:153-164. 

44. 	 Nikanorov A, Smouse HB, Osman 
K, Bialas M, Shrivastava S, Schwartz 
LB. Fracture of self-expanding nitinol 
stents stressed in vitro under simulated 
intravascular conditions. J Vasc Surg 
2008; 48:435-440. 

45. 	 Shayan M, Chun Y. An overview of thin 
film nitinol endovascular devices. Acta 
Biomater 2015; 21:20-34. 

46. 	 Otten LA, Bornemann R, Jansen TR,  et 
al. Comparison of balloon kyphoplasty 
with the New Kiva VCF System for the 
treatment of vertebral compression 
fractures. Pain Physician 2013; 
16:E505-E512.

46. 	 Abuzied H, Abbas A, Awad M, Senbel H. 
Usage of shape memory alloy actuators 
for large force active disassembly 
applications. Heliyon 2020; 6:e04611. 

47. 	 Uchil J, Mohanchandra K, Mahesh K, 
Ganesha K. Dilatometric and electrical 
resistivity measurements in various 
phases of Nitinol. J Material Science 
2001; 36:5823-5827. 

48. 	 Melzer A, Dieter S. Function and 
performance of Nitinol vascular 
implants. The Open Medical Devices 
Journal 2010; 2:32-41. 

49. 	 Flowers MB, Barker JM. 
Neurostimulation lead with 
stiffened proximal array [Internet]. 
US20090222073A1, 2009. 

50. 	 Sudres P, Evin M, Wagnac E, Bailly 
N, Diotalevi L, Melot A, et al. Tensile 
mechanical properties of the cervical, 
thoracic and lumbar porcine spinal 
meninges. J Mech Behav Biomed Mater 
2021; 115:104280. 

51. 	 Petrini L, Migliavacca F, Massarotti 
P, Schievano S, Dubini G, Auricchio 
F. Computational Studies of Shape 
Memory Alloy Behavior in Biomedical 
Applications. J Biomech Eng 2005; 
127:716-725. 

52. 	 Kothari M, Niu S, Srivastava V. A 
thermo-mechanically coupled finite 
strain model for phase-transitioning 
austenitic steels in ambient to cryogenic 
temperature range. J Mechanics and 
Physics of Solids 2019; 133:103729. 

53. 	 Marks LS, Ettekal B, Cohen MS, 
Macairan ML, Vidal J. Use of a shape-
memory alloy (nitinol) in a removable 
prostate stent. Tech Urol 1999; 5:226-230.

54. 	 Bai Y, Kaiser NJ, Coulombe KLK, 
Srivastava V. A continuum model and 
simulations for large deformation of 
anisotropic fiber-matrix composites for 
cardiac tissue engineering. J Mech Behav 
Biomed Mater 2021; 121:104627.

55. 	 Merkel D, Brinkmann E, Wiens D, 
Derwahl KM. In situ cooling with ice 
water for the easier removal of self-
expanding nitinol stents. Endosc Int 
Open 2015; 3:E51-E55. 

56. 	 Al-Kaisy A, Baranidharan G, Sharon 
H,  et al. Comparison of paresthesia 
mapping with anatomic placement 
in burst spinal cord stimulation: 
long-term results of the prospective, 
multicenter, randomized, double-blind, 
crossover CRISP study. Neuromodulation 
2021; 10.1111/ner.13467.

57. 	 Al-Kaisy A, Van Buyten JP, Smet I, 
Palmisani S, Pang D, Smith T. Sustained 
effectiveness of 10 kHz high-frequency 
spinal cord stimulation for patients 
with chronic, low back pain: 24-month 
results of a prospective multicenter 
study. Pain Med 2014; 15:347-354.

58. 	 Kapural L, Yu C, Doust MW, et al. Novel 
10-kHz high-frequency therapy (HF10 
Therapy) is superior to traditional low-
frequency spinal cord stimulation for 
the treatment of chronic back and leg 
pain: The SENZA-RCT randomized 
controlled trial. Anesthesiology 2015; 
123:851-860.

59. Kirketeig T, Schultheis C, Zuidema X, 
Hunter CW, Deer T. Burst spinal cord 
stimulation: A clinical review. Pain Med 
2019; 20(Suppl 1):S31-S40.

60. 	 Sharan AD, Riley J, Falowski S, et al. 
Association of opioid usage with spinal 
cord stimulation outcomes. Pain Med 
2018; 19:699-707.

61. 	 Manchikanti L, Helm S, Fellows B, et al. 
Opioid epidemic in the United States. 
Pain Physician 2012; 15:ES9-ES38.




