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Preface

Chronic pain is a global public health problem, and the education and improvement
of professionals dedicated to interventional pain treatment is one of the factors that
make a difference in the treatment of patients. With that in mind, 6 years ago, we
created a course to improve the technique of invasive neuromodulation for pain
treatment in Brasilia, the capital of Brazil.

INDOR’s Invasive Neuromodulation Course was born out of the interest in dis-
seminating neuromodulation correctly and appropriately in the treatment of patients
with chronic pain and, from the beginning, had the participation of the three authors
of this book: Tiago Freitas, Bernardo de Monaco, and Stanley Golovac.

Over the years, we realized that there was a gap in the literature that involved
technical aspects of implants in the treatment of these patients, and that's how the
idea for this book was born. It would not have materialized without the persistence
and commitment of all the authors and especially the leadership of Dr. Stanley
Golovac in always supporting and encouraging us.

A book is like a child, we try to produce it in the best possible way and we hope
to always see the need to update it, since neuromodulation is an exciting field and
each day brings new technologies to help us in pain management of our patients.

We would like to thank all colleagues, from different parts of the world, who
shared their experience, their time, and their commitment to our project. This is
priceless for us. Thank you very much!

Finally, we would like to thank our families for their resilience, support, and
patience during the preparation of this work.

Finally, we would like to thank the patients, for their confidence in our work and
for the encouragement to always evolve in the search for an improvement in their
quality of life.

Brasilia, Brazil Tiago da Silva Freitas
Sao Paulo, Brazil Bernardo Assumpcao de Monaco
Coral Gables, FL, USA Stanley Golovac
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Introduction and History
of Neuromodulation for Pain

Eduardo Joaquim Lopes Alho, Joacir Graciolli Cordeiro,
Bernardo Assumpcao de Monaco, and Jonathan Russell Jagid

Introduction

Neuromodulation has several definitions, but it can be accurately described as the
process of “inhibition, stimulation, modification, regulation or therapeutic altera-
tion of activity, electrically or chemically, in the central, peripheral, or autonomic
nervous system” [1]. At first glance, it might seem a very broad definition, but it
solely reflects the use of electrical or chemical stimuli to modify the nervous sys-
tem’s activity with therapeutical purposes. The first observations that electricity
could be applied in the treatment of painful conditions date from ancient Rome [2],
but it was only in the twentieth century that knowledge of neurophysiology associ-
ated with technology allowed a more organized use of electricity or intrathecal drug
delivery to modulate the human nervous system with defined therapeutic purposes,
based on scientific understanding. In this chapter, we divide the evolution of neuro-
modulation into three parts. In the first, we describe the early applications of neuro-
modulation principles in the treatment of pain. The second part of the chapter is
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2 E.J. Lopes Alho et al.

dedicated to the times when physiological and technological achievements led to
the development of the neuromodulation systems that we use nowadays. The third
part is dedicated to the state of the art of neuromodulation for pain.

Part I: From Electrical Fishes to Faradic Currents

The first known depiction of an electric Nile catfish (M. electricus) is displayed on
the famous palette of the predynastic Egyptian ruler Na’rmer, ca 3100 BC [3]. The
catfish appears at the top, as a hieroglyph as the phonetic representation of Na’rmer’s
name through the symbols n’r (catfish) and mr (chisel) (Fig. 1). Although this

Fig. 1 Na’rmer’s palette, ca 3100 BC. (a) Detail of the hieroglyph magnified from the yellow
squares at the palettes. It is possible to see the catfish and the chisel used as phonetic symbols
meaning Na’rmer’s name (b) recto side and (c¢) verso side
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appearance led to some speculation that ancient Egyptians would treat painful con-
ditions using Nile catfish’s electrical properties, the Greeks were the first to provide
written records of neurological effects of the torpedo fish (7. torpedo). Aristotle
stated that the torpedo causes numbness in human beings [4]. The precise use of
these fishes for therapeutic purposes was only inferred until approximately 46 AD,
when Scribonius Largus described in his book Compositiones Medicae [5], a
detailed description of how to use the torpedo fish to treat inferior limb pain and
migraine (among several other treatments for various diseases). Compositiones
Medicae was published in 1655.

Anteros, who was a freeman of Tiberius Claudius (Roman emperor from 37 to
54 AD), was affected by gout and consequently intense pain in his feet. While walk-
ing by Sicily’s coast, Anteros stepped on a torpedo fish and felt a shock, which was
surprisingly followed by pain relief. Anteros reported this effect to Scribonius, who
further investigated this therapy on Anteros himself, with good pain relief. In his
book, he then recommended that “For both kinds of gout (hot and cold), a live black
torpedo should, when pain begins, be placed under the feet. The patient must stand
on a moist shore washed by the sea and should stay like this until his whole foot and
leg, up to the knee, is numb. This takes away the present pain and prevents pain from
coming on, if has not already arisen.” Tiberius Claudius, who suffered from chronic
migraine, was also treated with black torpedos prescribed by Scribonius Largus.
The original descriptions in Latin with English translations [4] can be found in
Fig. 2. It should be noted that the concept described by Scribonius is still valid, as

o - ; Xl Capitis dolotem quemuls veterem & intolerabi-
- m . ONII LAR‘GI ‘u r::;u;:npu‘lin;n.] ‘F" » ] m\h,
' COMPOSITIONES, :
. MEDIC & R
' IOANNES RHODIVS . T

reccnﬁ.tlt, ymi‘. Phum-:umndl‘ﬁmu’gn-‘iupﬂx

Notis illultrauic,
LEXICON SCRIBONIANVM

adiecit.

in pain, until it

n as the numbness
, the remedy s

lt_bl the a

PATAVII, c1d13C LY.

Typis Pauli Frambeni Bibliopol= .

SFPERIORFM PERMISSYV.

Fig. 2 Front page of the 1655 publication of Compositiones Medicae (47 AD). On the upper right
side, original descriptions of torpedo fish use for headache and its translation to English
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Fig. 3 Giovani Aldini’s experiments with electricity and nervous system in decapitated humans
(upper half) and bulls (lower half). (Illustrations from Aldini’s 1804 book [7])

occipital nerve stimulation is a current state-of-the-art treatment for chronic
migraine, and peripheral nerve stimulation, causing numbness, is also an effective
recommendation almost 2000 years after.

The effects of electricity in biological systems were not enthusiastically explored
until electricity itself could be mastered. Luigi Galvani, in 1791, published his dis-
covery of bioelectricity [6], while demonstrating that electricity is the mean to
transfer commands from the nervous system to the muscles (De Viribus Electricitatis
in Motu Musculari Commentarius). His nephew, Giovanni Aldini, performed elec-
trical stimulations on exposed animal brains and also the human cortex of recently
decapitated prisoners (Fig. 3), reporting in 1804 that these stimuli evoked horrible
facial grimaces [7, 8]. These experiments showed that the nervous system was excit-
able by electricity. This concept led to investigations in the next years, regarding
understanding the functions of the nervous system (neurophysiology) and the use of
electric stimulation for therapeutic purposes. Sixty-six years later, in 1870, Fritsch
and Hitzig demonstrated that limb movements could be elicited by stimulating the
motor cortex in a dog [9]. Neurosciences had an important development during the
nineteenth century, and a few competing (and controversial) theories of localization
of brain functions emerged in that period [10]. In 1874, Dr. Roberts Bartholow was
the first to electrically stimulate the parietal cortex of a living human brain. The
cortex of a 30-year-old woman was exposed due to a purulent ulcer of the scalp,
diagnosed as basal cell carcinoma. After several attempts of treatment, Dr. Bartholow
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proposed the experiments of stimulating her brain with galvanic and faradic cur-
rents, which she agreed. A detailed description of the procedure can be found else-
where [11]. Dr. Bartholow published his findings in April 1874 [12].

This procedure was only possible due to the current status of the so-called “electro-
therapy.” The use of electricity in medicine reached its apogee in the second half of the
nineteenth century, and it was so important that to be considered properly equipped, a
hospital should own an electrical apparatus [11]. One of the best electrotherapy rooms
in the United States of America was conceived and developed by Dr. Robert Bartholow.
Multiple applications for electricity in medicine were suggested, either using galvanic
or faradic currents. The main idea was to profit from local changes in the tissues pro-
duced by electric currents, as increase of blood flow and relieve from local congestion
by muscle contraction, forcing the fluids in direction of the lymphatic system [13]. The
effects on the brain and spinal cord were just postulated, and several concerns about
electricity interactions with nervous tissue were raised in the early 1900s [13]. Placebo
effect was already discussed, or whether electricity can influence directly the brain and
cord with a safe current strength. If so, would it be of therapeutic value? The indica-
tions at the time were neurological diseases (treatment of motor paralysis, tabes dorsa-
lis, spasticity and pain, including ciatica and headaches, epilepsy, and psychiatric
diseases), arthritis and myalgia, visceral diseases (tuberculosis and stomach problems),
arterial hypertension, and genitourinary and pelvic diseases. The Electreat was a por-
table electrical stimulator patented in 1919 and resembled the later developed transcu-
taneous electrical nerve stimulation (TENS). Even major amputations were carried out
with local application of currents, instead of general anesthesia. With electrodes placed
at appropriate nerves in the leg, using 40 V, 40 mA, and pulse widths of 10 msec, sev-
eral major lower limb amputations were preceded at St Francis Hospital in 1910 [4].
The technological knowledge to build batteries and electrical stimulators acquired at
this time associated with a deeper understanding of neuroscience was important to the
next steps in neuromodulation history. The first modern therapeutic application of brain
stimulation came in 1938, introduced by Ugo Cerletti, the electroconvulsotherapy [8].

Part II: Neuromodulation as a Long-Term Treatment

The surgical treatment for pain in the late 1800s and the first half of the twentieth
century was centered on ablative techniques. Lesions have been produced in the
past with wire loops, alcohol injections, cryoprobes, or probes that heat tissue with
a radiofrequency current while maintaining constant temperatures [14]. Proposed
ablative procedures included trigeminal rhizotomy (Cushing, 1896), cordotomy
(Spiller and Martin, 1912), median myelotomy (Armour, 1926), mesenchephalot-
omy (Wycsis, 1947), cingulotomy (Foltz and White, 1962), and DREZotomy
(Sindou, 1972).

Neuromodulation techniques can be subdivided into electrical and chemical neu-
romodulation. Electrical neuromodulation comprises deep brain stimulation (DBS),
spinal cord stimulation (SCS), motor cortex stimulation (MCS), and peripheral
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nerve stimulation (PNS). Chemical neuromodulation is represented mainly by intra-
thecal drug infusion through pumps. Each of these techniques had its own history
and development, and therefore, they will be discussed in separate topics.

Deep Brain Stimulation

In 1908, Sir Victor Horsley and R. H. Clarke published a comprehensive paper
about the structure and functions of the cerebellum. They aimed to investigate the
anatomical relations of the cerebellar cortex to its nuclei and peduncles and to the
rest of the brain and spinal cord [15]. The method for these investigations included
electrolytic lesions (application of an electrical current to the nuclei by means of
needles) placed precisely in cerebellar nuclei, with a stereotaxic apparatus described
also in this paper for the first time. They also discussed in detail the methods of
electrical stimulation of the cerebellum (excitation) and how to produce different
kinds of lesions (electrolysis). Several electrical parameters were experimented in
monkeys (constant currents, faradic excitation, sparks form high tension currents,
anodal x cathodal, unipolar needle x bipolar needles), with postmortem macroscopi-
cal and microscopical analysis of the lesions produced. The different types of stimu-
lation of cerebellar structures are also discussed in detail.

This knowledge was only applied to humans in 1947 when Spiegel and Wycis
adapted the Horsley’s stereotaxic apparatus to use in humans [16]. Although stereo-
tactic procedures were at that time, ablative, surgeons would first stimulate the tar-
get to assure that the needle’s tip was not in the internal capsule before producing
the lesion [2]. The first to insert permanent electrodes in the human brain for pur-
poses of stimulation was Pool, in 1948 [17]. An induction-coil system was used to
activate the caudate nucleus in a depressed cachectic woman suffering from
advanced Parkinson’s disease. This data was not published in 1948, but only in his
1954 paper. He carried stimulation almost daily for 8 weeks, as the patient and her
family said it made her “feel better.” The coil and wires remained in place for over
3 years, but one of them finally broke, and the stimulation was discontinued.
Permanent electrodes were implanted by either direct operative approach or stereo-
tactic apparatus. Wires could be connected to a miniature induction coil set perma-
nently in an opening in the skull or connected to fine insulated wires led out through
the scalp for purposes of direct stimulation and recording. Since 1950, Heath also
developed a technique of deep focal stimulation, with good results for pain relief.
As reported by Pool [17], a 61-year-old woman with severe pain in both shoulders
and arms was submitted by deep brain stimulation for pain. The patient had a diag-
nosis of multiple myeloma, with increasing pain, progressive cachexia, requiring
high doses of meperidine to relieve the symptoms. A deep frontal stimulation with
two electrodes placed in the right frontal lobe was carried out by stereotaxy. One
electrode was inserted close to the midline, anterior to the hypothalamus in the hori-
zontal plane of the anterior commissure (septal region). The other lay in a more
lateral, anterior, and dorsal position. Stimulation was carried out for 60 seconds, at
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3 mA, with square waves of 5 ms pulse duration. No response was elicited below
3 mA, but Pool reports that at 3 mA, the patient exclaimed, “Oh, doctor, I feel so
fine! My pains have all gone away.” Simultaneously piloerection, slight pupil dilata-
tion, and deeper and rapid breath occurred. The same phenomena occurred in a
second stimulation of 120 s, 10 minutes later. In the next 4 weeks, meperidine daily
doses dropped from 650 to 50 mg. A mild degree of euphoria was reported. As early
as 1954, Pool already considered that as Heath had shown, deep brain stimulation
could be an even more satisfactory procedure for alleviating cancer pain than abla-
tive procedures.

In 1952, José Delgado described the technique of intracranial electrode place-
ment for recording, stimulation, and verification of possible therapeutic value in
psychotic patients [18]. He placed the electrodes under direct visualization through
a trephine opening, placing two plate electrodes on the orbital surface of one frontal
lobe and one needle electrode in the white matter of the superior frontal quadrant.
He recorded spontaneous and evoked electrical brain activity and use mono or bipo-
lar stimulation. Some of his later research is controversial, as he implanted electrode
arrays equipped with radio wave transmission, showing that he could control sub-
ject’s minds (including animals and humans) with a remote control. There is classi-
cal footage of a Spanish bullfight where Delgado stops the bull (with such electrodes
implanted) from attacking the “toreador” by remote control.

After these initial developments of the technique, other authors started using
deep brain implants to treat other neurological conditions. Bekthereva in 1963
implanted electrodes to treat hyperkinetic disorders [19], and Sem-Jacobsen in 1965
used depth electrodes to record and stimulate patients with Parkinson’s disease [20],
aiming to perform lesion of the basal ganglia. In this paper, he describes already the
insertion effect: “The introduction of the electrodes alone frequently abolishes or
alters the patient’s symptoms from six hours up to a week or more.”
Electrophysiological mapping of the trajectory was performed, eliciting sensory,
visual, speech, and vegetative symptoms. He concludes that with intracerebral stim-
ulation, it is possible to localize the target and avoid undesirable side effects, pre-
dicting the result of the lesion.

Besides the already discussed targets to treat chronic pain (septal region and
caudate nucleus), Hosobuchi proposed in 1973 the stimulation of the nucleus
posterior ventralis medialis (PVM) to treat facial anesthesia dolorosa following
trigeminal rhizotomy [21]. Stimulation of the sensory thalamus was also per-
formed by Mazars [22], but several other targets were later proposed to treat
chronic pain as periaqueductal gray area [23], anterior cingulate cortex [24, 25],
and nucleus accumbens [26]. Limbic stimulation for pain aims to target the
affective component of pain. The possible targets for DBS in chronic pain will
be discussed further in separate chapters. Evolution in engineering also allowed
better electrodes and implantable pulse generators (IPGs), with better results.
The modern DBS era started with Alim-Louis-Benabid’s preliminary report in
1987 on stimulation of the nucleus ventralis intermedius (V.i.m.) thalamic
nucleus to treat tremors related to Parkinson’s disease [27]. In the 30th anniver-
sary of this seminal publication, the long-term (21 years) outcomes of thalamic
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DBS implanted in 159 patients treated at the Grenoble University Hospital for
tremor in PD, essential tremor, and dystonia were published, and we proudly
co-authored this important publication [28].

Spinal Cord Stimulation and Peripheral Nerve Stimulation

Understanding the physiopathology of pain was crucial for the development of neu-
romodulation strategies to treat it. An important theory of pain mechanisms was
presented by Melzack and Wall in 1965. In this paper [29], they debate the current
pain theories (specificity theory and pattern theory) and propose a new theory called
gate control theory of pain.

In this theory, they propose that the substantia gelatinosa in the dorsal horn func-
tions as a gate control system that modulates the afferent patterns before they influ-
ence the first central transmission cells. The afferent patterns (large and small fibers)
in the dorsal column act as a central control trigger which activates selective brain
processes that influence the modulating properties of the gate control system. The
gate can be opened or closed depending on the balance of the afferent large (touch)
and small (pain) caliber fibers. This means that a touch sensation could close the
gate for pain, decreasing the painful sensation. The simulation of a touch sensation
could be elicited by applying small currents in skin electrodes, the transcutaneous
stimulation, today renamed as TENS [2].

One of the predictions of the gate control was that stimulating large-diameter
cutaneous afferent nerve fibers might reduce the pain. So, 2 years after proposing
the theory, Wall and Sweet stimulated eight patients with intense chronic cutaneous
pain [30] in sensory nerves or roots supplying the painful area. The voltage was
raised until the patient reported tingling in the area. They reported good results in
pain reduction, introducing the peripheral nerve stimulation concept.

Norman Shealy confirmed these results in ten patients with peripheral nerve
stimulation. However, in cases of diffuse pain, he did not achieve good results,
because stimulation was very selective. Soon after, in the same year of 1967, he
proposed to stimulate the large afferent fibers not in their peripheral fields, but
just before they entered into the dorsal columns of the spinal cord. He first
experimented with his idea in 35 adult cats, with good results [31].On March 24,
1967, a 70-year-old man with severe diffuse pain in the right lower part of the
abdomen with an inoperable bronchogenic carcinoma (probably metastatic to
pleura and liver) was submitted to the first spinal cord stimulation [32]. Thoracic
laminectomy at D2-D3 levels was performed, and a chromium-nickel-molybde-
num alloy (Vitallium) electrode with 3 by 4 mm was approximated to the dorsal
columns at D3 by suturing to the dura mater. This electrode and the stimulator
used were adaptations of Medtronic’s cardiovascular stimulating systems
(Barostat and Angiostat) developed to treat hypertension and angina by carotid
sinus stimulation. Subcutaneous jacks were placed inferior to the wound for
later external plug-in and stimulation. At 6 p.m. on the same day, stimulation
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started, and the patient felt a “buzzing” sensation in his back, extending around
and throughout his chest, but not into his legs. Both incisional and original pain
were immediately abolished. After 5-15 minutes, pain recurred, but a simple
change in stimulation frequency promptly alleviated it. For 1 hour, the pain was
controlled. The next day, stimulation continued for almost 12 hours, and the pain
was controlled with success. The day after, he became confused, aphasic, and
with right hemiplegia and died on March 30. Autopsy revealed subacute bacte-
rial endocarditis with embolism to the left hemisphere. These results were
encouraging, and soon in 1968, Medtronic made SCS commercially available.
The stimulators at that time consisted of an electrode connected to a circular
antenna implanted in subcutaneous tissue. The stimulation occurred through an
external part, with a battery power supply connected to an external antenna. A
fully implantable device was presented only in 1981.

Spinal cord stimulation was applied then not only for pain, but in 1971,
Gildenberg used to treat spasmodic torticollis [2], and others recognized improve-
ment in spasticity (Cook and Dooley) and peripheral vascular disease. In 1977, a
symposium on the safety and clinical efficacy of implanted neuroaugmentative
devices discussed DBS, chronic cerebellar stimulation, SCS, PNS, and neuroaug-
mentation. SCS was considered to be both safe and effective for pain, but not for
other indications (including conus medullaris stimulation for neurogenic bladder)
[33]. Later, other conditions as angina pectoris, failed back surgery syndrome, and
complex regional pain syndrome were considered indications for SCS and will be
further discussed elsewhere.

Motor Cortex Stimulation

Deafferentation pain secondary to central nervous system (CNS) lesions is challenging,
even with all accumulated technology that we afford in the twenty-first century. In 1991,
Tsubokawa estimated that any forms of therapies, including DBS, would provide satis-
factory control of the pain in only one-third of such cases [34]. In order to develop more
effective treatments to deafferentation pain due to CNS lesions, Tsubokawa and his co-
workers had been exploring the effects of stimulation of various brain regions in the
previous years. Surprisingly, they recognized that motor cortex stimulation could pro-
vide good results in such patients. In his 1991 casuistic treatment, a total of 12 patients
were treated, being 6 thalamic lesions, 3 small lesions at the posterior limb of the inter-
nal capsule, 1 pontine hemorrhage, 1 multiple sclerosis, and 1 postrhizotomy pain. The
4-contact electrode was placed at the epidural space, and the locations were confirmed
by neurophysiological monitoring. The electrode was placed in the region where the
muscle twitch of the painful area could be observed at the lowest threshold. In the same
1991 year, Tsubokawa and his co-workers published another series of seven cases, but
this time only with thalamic pain [35].

The authors hypothesized that thalamic hyperactivity is observed following tran-
section of the spinothalamic tract (in cats) and such hyperactivity can be inhibited
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more efficiently by stimulation of the motor cortex rather than the sensory cortex.
This neuromodulation technique has been reproduced by others since then, and it is
reserved for such difficult cases.

Intrathecal Infusion Pumps

The history of chemical modulation of the CNS is confounded with the history of
anesthesia and regional blocks for pain. The first description of a neuraxial blockade
is attributed to James Leonard Corning in 1885, who injected cocaine between the
spinous processes of the lower lumbar vertebrae (first in a dog, then in a healthy
man). Cocaine was employed as an anesthetic since 1884, when Karl Koller
described its properties.

The first reports of major surgeries under spinal blockade date from 1899, when
August Bier describes six cases of cocaine injection into subdural lumbar space to
perform limb amputations due to infections (tuberculosis and necrosis by osteomy-
elitis). He used the puncture technique described by Quincke in 1891 [36]. On the
16th August 1898, a 34-year-old worker with hopeless tuberculosis was submitted
to his ankle’s resection after “spinal cord cocainization” with a 0.5% cocaine solu-
tion [37]. The surgery started 20 minutes after the puncture, and the patient reported
feeling pressure and awareness of the procedure, but not pain. After 2 hours, he
started feeling pain in the left leg and back and intense headache. The leg pain was
relieved within a short time, but the headache remained important until the next day.
Committed to understanding the effects of “cocainization of the spinal cord,” on the
24th August 1898, Bier submitted himself to injection of a cocaine solution into his
lumbar spine, through the hands of his colleague, Dr. Hildebrandt. He describes in
his 1899 paper [37] the sensory and motor effects minute after minute. They tested
pain in several (and unbelievable for our days) ways, such as applying a burning
cigar on the legs (13 minutes after the injection) and strong pushing and pulling his
testicles (after 25 minutes). Rudolph Matas, among others, was concerned about the
effects of general anesthetics (especially cocaine) and described several regional
and local anesthesia, not only with cocaine but also with other analgesic drugs, as
morphine [38].

The short duration of opioid effects in the epidural space led to the development
of continuous catheter infusion and, later, implantable delivery systems. Dr. Grafton
Love was a neurosurgeon with great experience in treating patients with meningitis.
He used ureteral catheters placed into the lateral ventricles to treat those patients
and in 1935 proposed the same technique to introduce catheters in the lumbar space
[39]. The first application of continuous anesthetics delivered by a catheter implanted
in the lumbar spine was performed in 1940 by Dr. William Leonard, who adminis-
tered procaine to approximately 200 patients. The technique for delivering anes-
thetic drugs in the lumbar spine was improved in the next years by several authors.
Dr. Samuel Manalan, Edward Tuohy, Yaksh, and Rudy are important contributors to
the development of spinal analgesia.
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The first attempt to control cancer pain with intrathecal (IT) infusion of mor-
phine was performed in 1979 by Wang and his colleagues [40]. Onofrio and col-
laborators also described in 1981 the continuous infusion of morphine in the
subarachnoid space to treat a 73-year-old man with pelvic chordoma [41]. In 1983,
Coombs adapted a heparin infusion pump to deliver intraspinal morphine via an
implanted reservoir in ten patients with intractable pain patients (five cancer and
five nonmalignant pain), discouraging further use in nonmalignant pain, but with
satisfactory results in the cancer group.

Implantable pumps have reservoirs of varying capacities (generally 10-50 ml),
which can be refilled by injection through a self-sealing septum. Different systems
can be classified in terms of programmability, ranging from simple pulsatile pumps
(purely mechanical hand-operated systems), to continuous flow pumps (powered by
Freon gas), to fully programmable remote-controlled battery-powered electrome-
chanical pumps [42]. The programmable pumps are particularly beneficial when the
therapeutic window is small or fine-tuning is required.

Part I1I: State-of-the-Art of Neuromodulation for Pain

Neuromodulation for pain is an ever-expanding field. There have been numerous
technical advances leading to a wide variety of surgical techniques to manage
chronic pain. A multitude of surgical targets have been described, including the
central and peripheral nervous system, including the motor cortex, thalamus, peri-
ventricular/periaqueductal gray area, dorsal spinal cord, dorsal root ganglia (DRG),
nerve roots, peripheral nerves, as well as subcutaneous peripheral field stimulation.
Covering all these paradigms is beyond the scope of this chapter; hence, we will
focus on the most recent advances and indications.

State of the Art in Spinal Cord Stimulation for Pain

Spinal cord stimulation (SCS) is the mainstay of neuromodulation for pain as it is
the most frequently targeted site. Therapy is based on the gate theory of pain origi-
nally described by Melzack and Wall in 1965 [29]. This theory suggests that excita-
tion of sensory pathways peripherally mitigates the cortical perception of pain. The
surgical device delivers tonic low-frequency square wave stimulation to the dorsal
column inducing paresthesia in the painful dermatome. Indications for tonic SCS
were classically neuropathic pain secondary to chronic regional pain syndromes
(CRPS), failed back syndrome, diabetic neuropathy, as well as vascular disease
including peripheral arterial disease and refractory heart angina due to its vasorelax-
ant properties [43—46]. A common unwanted result was erratic stimulation produc-
ing either inconsistency in the paresthetic field or, worse, unpleasant dysesthesias.
This side effect was felt to be due to changes in the stimulation field induced by the
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Fig. 4 TIllustration comparing BurstDR stimulation with nonlinear charge accumulation and Burst
stimulation modalities resembling a clustered tonic stimulation

positional movement of the leads during common activities. As the patient moves
and the spinal canal diameter narrows, the electrodes are in closer contact with the
spinal cord causing enlargement of the stimulated field including the sensory root-
lets and vice-versa. To compensate for these changes, stimulation systems coupled
to accelerometers were designed to automatically adjust the stimulation intensity
according to the patient’s position [47].

During the last decade, an explosion of new technologies in SCS occurred. In
2010, the concept of “burst” stimulation started to gain more acceptance. The use of
trains of high-frequency pulses (500 Hz) of increasing charges in the form of
“bursts” is referred to as BurstDR spinal cord stimulation (Abbott, Illinois, USA)
[48]. The underlying concept involves the attempt to resemble a physiological firing
pattern to better modulate pathways involved in pain generation and maintenance
[49]. This approach produces a nonlinear charge accumulation, contrary to the clas-
sic tonic stimulation. It is important to mention that there are different SCS systems
available to deliver burst stimulation. However, BurstDR is provided only by a sin-
gle system. Other systems use burst stimulation with biphasic square waves with a
linear charge accumulation resembling a clustered tonic stimulation (Fig. 4).

Furthermore, one should bear in mind that different types of burst stimulation are
associated with different patterns of neurophysiological response. The BurstDR
paradigm is able to induce a more intense single afterdischarge in the thalamic pro-
jections, while the burst pattern resembling clustered tonic stimulation induces mul-
tiple small afterdischarges in its suprasegmental projections [50]. Source-localized
EEG performed in patients undergoing BurstDR SCS revealed the activation of
ascending projections to the anterior cingulate cortex and the right dorsolateral pre-
frontal cortex pointing to a co-stimulation of the lateral (somatosensory) and medial
pathways in the brain [51]. It seems meaningful to modulate the medial pathways to
effect the emotional component of chronic pain [52].

Burst stimulation has been used clinically for approximately 9 years in more than
670 patients. At least six studies with level I evidence including one randomized
clinical trial have been completed. Multiple studies demonstrated a therapeutic
advantage of burst stimulation compared to standard tonic stimulation [48, 51-61].
The SUNBURST study compared the effect of burst vs. tonic stimulation delivered
from the same SCS system. This unblinded study randomly assigned 100 patients,
deemed eligible for an implant after a successful tonic SCS trial, into two groups.
Each group was initially treated for 12 weeks with either tonic or burst stimulation.
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For tonic stimulation, the pulse width was programmed in the range of 100-500 msec
with frequencies typically between 30 and 100 Hz and at amplitudes producing
comfortable paresthesia according to each individual patient’s perception. For burst
programming, 500 Hz stimulation was delivered in groups of five pulses with a
1 msec pulse width, with the five pulses repeated at a frequency of 40 Hz. After a
period of 12 weeks, the groups underwent a crossover maintaining the interval to
exclude any carryover effect. Results showed that burst stimulation was not only
noninferior (p < 0.001) but superior (p < 0.017) to tonic stimulation. More patients
(70.8%) preferred burst stimulation over tonic stimulation (p < 0.001). This prefer-
ence was maintained after 1 year in 68.2% of the cases [48].

Innovative paradigms using very high-frequency SCS have shown remarkable
clinical efficacy. In 2015, the SENZA trial was performed with pulses delivered up
to 10 kHz, referred to as high-frequency SCS (HF10) [62]. The underlying theory is
that, instead of targeting the dorsal columns with low-frequency SCS, HF10 would
encompass the wide dynamic range neurons in the posterior horns. In order to assess
the efficacy of HF10 SCS, a randomized controlled trial was conducted in 10 cen-
ters including 171 patients with both back and leg pain. From the total, 90 were
implanted with the Senza® System for HF10 (Nevro Corp., USA) and the rest with
the commercially available SCS system for conventional tonic stimulation (Precision
Plus System; Boston Scientific, USA). The patients were assessed for pain response
to the SCS and deemed remitters if they achieved a visual analog scale (VAS) of 2.5
or less. At 12 months’ follow-up, approximately 80% of the HF10 patients were
responders compared with 50% for traditional SCS. Leg pain response showed the
same trend, favoring HF10. Remarkably, around 67% of the HF10 patients were
back and leg pain remitters versus approximately 35% for back pain and 40% for
leg pain with traditional SCS, respectively. The superiority of the HF10 effect was
sustained over the long term. At 2-year follow-up, HF10 responder rates were 76%
for back pain and 73% for leg pain vs. around 49% for both leg and back pain with
traditional SCS. Likewise, remission rates were also significantly better for HF10
(back pain: 65.9% vs 31.0 and leg pain: 65.9% vs 39.4%) [62, 63].

In 2016, Sweet et al. published a study using paresthesia-free high-density (HD)
SCS (Medtronic, MN, USA). This study included 15 patients with response to con-
ventional SCS (60 Hz/350 psec) and a trial with subthreshold HD SCS
(1200 Hz/200 psec/amplitude 90% paresthesia threshold). Subsequently, they were
randomized into two groups and treated with four two-week periods of conven-
tional, subthreshold HD, and sham stimulation in a randomized crossover design.
The study concluded that paresthesia is not necessary for pain relief and subthresh-
old HD SCS could be an alternative to conventional stimulation in selected
patients [64].

One year later, in 2017, Berg et al. reported on the use of multiple stimulation
waveforms and field shapes with the goal of potential avoidance of habituation. The
study enrolled 250 patients with chronic pain. The breakdown of stimulation para-
digms was 72.8% of patients used standard rate, 34.8% anode intensification, 23.2%
higher rate, and 8.4% burst stimulation waveforms. Collectively, 60% used 1 or
more advanced waveforms. A trend showed patients continuing to use up to three



14 E.J. Lopes Alho et al.

programs one-year post-implant. Those findings suggested that patients continually
benefit from the use of multiple waveforms and field shapes, customizing the ther-
apy and possibly overcoming or delaying habituation phenomena [65].

In parallel during 2017, a key study focused on peripheral neuromodulation for
chronic refractory pain was published. Distinctly different from previous neuro-
modulatory strategies in the spinal cord, this new approach aimed at modulating the
hyperexcitation observed in the dorsal root ganglia (DRG) of patients with neuro-
pathic pain. This was accomplished using a midline percutaneous approach to the
spinal canal and deploying leads through the spinal foramina over the involved DRG.

This pivotal trial for DRG stimulation (Abbott, Spinal Modulation; LLC, Menlo
Park, CA) named ACCURATE was a prospective study performed at 22 U.S. sites.
A group of 152 patients with CRPS in the lower extremities was randomized into
DRG stimulation vs. SCS. The primary end point was safety and efficacy at 3 and
12 months. Responders were defined as those with a 50% or greater decrease in
VAS scores. At 3 months, the response rate was greater in the DRG arm (81.2%)
compared to the SCS (55.7%, P < 0.001). After 12 months, the response in the DRG
arm (74.2%) was again greater than that in the SCS (53.0%), which demonstrated
both noninferiority (p < 0.0001) and superiority (p < 0.0004) at long-term follow-
up. Greater improvements in quality of life and psychological disposition were
observed with DRG stimulation. As expected, DRG stimulated patients reported
less postural variation in paresthesia (p < 0.001) and less stimulation effect in non-
involved areas (p = 0.014). Device-related and serious adverse events were similar
in both groups [66].

Recently, in 2019, the concept of closed-loop SCS based on sensing of evoked
potentials underwent a more detailed clinical evaluation. Evoked compound action
potentials (ECAPs) are the sum of multiple action potentials that result from the
activation of multiple nerve fibers by an electrical stimulus. In other words, ECAPs
represent a way to directly measure the degree of axonal activation during
SCS. ECAPs can be coupled to a closed-loop system to adjust SCS intensity.
Currently, a closed-loop system (Evoke SystemTM, Saluda Medical, Sydney,
Australia) is under evaluation with aim of gaining FDA approval. All commercially
available SCS systems deliver continuous energy in a constant pattern irrespective
of the underlying neural response. Closed-loop stimulation, if approved, will be the
first modality to tailor stimulation according to in vivo, real-time, continuous objec-
tive measure of spinal cord activation via recorded ECAPs to maintain a steadier
state of activation of the spinal cord. Initial results from smaller studies produced
encouraging data to warrant a larger better-controlled study. The AVALON study, as
an example, was a prospective, multicenter, single-arm study in which 36 out of 51
patients with back and/or leg pain were implanted after an external trial. At least a
50% reduction in pain was achieved in 85.7% (back) and 82.6% (leg) of subjects at
6 months’ follow-up. At 6 months, 80% reduction of pain was achieved in 64.3%
(back) and 60.9% (leg) of subjects [67].

The EVOKE trial (clinical trials.gov NCT02924129) involved 134 participants
naive from any form of neuromodulation presenting with pain of the trunk and/or
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limbs, which was deemed refractory to conservative therapy. The primary outcome
was reduction of 50% or more in the overall back and leg pain (i.e., responders). The
participants were randomly assigned to two groups, open-loop or closed-loop stim-
ulation using ECAPs. Both groups were implanted with the same system. Two tho-
racic percutaneous leads were implanted, and conventional stimulation parameters
were used for trial and therapy. ECAP-controlled closed-loop stimulation provided
statistically significant greater pain relief than the open-loop spinal cord stimula-
tion. At 12-month follow-up, responders were on the order of 83% in closed-loop vs
61% in open loop. Additionally, the reduction of pain intensity in the leg was signifi-
cantly higher in the closed-loop group (i.e., 72% vs. 62%). Safety profile appeared
to be equivalent in both groups with the most common adverse events being lead
migration in 7%, IPG pocket pain in 4%, and muscle spasm in 2% [68, 69]. It’s
worth noting that the validity of the results from the EVOKE study was controver-
sial due to possible issues with participant blinding and the lack of a control group
with sham stimulation [70].

Currently, the aforementioned studies suggest that SCS is effective for the
improvement and management of the neuropathic pain component of chronic
pain syndromes. Unfortunately, this leaves out a large number of patients with
refractory chronic back pain, in which the predominant component of the pain
is nociceptive. This is the case in patients with nonspecific chronic low back
pain (NSCLBP) syndromes, in which the pain is postural, unrelated to specific
spine anomalies. To date, there is no level I evidence that SCS is highly effective
for NSCLBP, and the European guidelines on NSCLBP state that “spinal cord
stimulation cannot be recommended for nonspecific CLBP” [71, 72].
Furthermore, the Neuromodulation Appropriateness Consensus Committee
(NACC) from the International Neuromodulation Society recommends SCS for
neuropathic pain but found insufficient, low-quality, or contradictory evidence
for SCS use (including high-frequency SCS) in patients with predominant low
back pain [73]. It was hypothesized that motor neurostimulation to induce
repeated contractions of the lumbar multifidus could be helpful to manage
chronic mechanical low back pain (CMLBP). This hypothesis was based on the
underlying theory that dysfunction of the lumbar multifidus would allow verte-
bral segments to move outside their pain-free zone increasing the risk of being
reinjured, resulting in potential further motor control impairment and arthro-
genic muscle inhibition leading to a chronic pain state [74, 75]. This innovative
approach was called restorative neuromodulation. ReActiv8-A (Mainstay
Medical, Dublin, Ireland) was an international multicenter study, in which, 53
patients were implanted with bilateral electrodes close to the medial branch of
the L2 dorsal ramus nerve. The average duration of CMLBP in the study popula-
tion was 14 years, and the average 10-point numerical rating scale was 7. The
study concluded that this restorative approach is a new treatment option for
CMLBP with clinically important, statistically significant, and lasting improve-
ment in pain, disability, and QoL and is currently FDA approved [72].
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State of the Art in Deep Brain Stimulation (DBS) for Pain

DBS is routinely performed for movement disorders, epilepsy, and OCD. Its use for
pain is not FDA approved due to previous trials showing limited efficacy. With the
recent concept that affective and cognitive aspects of pain play a major role in pain
perception, there is a renewed interest in the therapy [76]. A systematic review of
the literature from 2020 included 22 articles [77]. A total of 228 patients were
included in the review. The most common targets used were periaqueductal/peri-
ventricular gray matter region (PAG/PVQG), ventral posterior lateral/posterior medial
thalamus (VPL/VPM), or both. Poststroke pain was the most common indication
followed by phantom limb pain and brachial plexus injury.

Sensory thalamus and PAG/PVG or both were the targets selected for stimulation
for poststroke pain. One of the largest series was comprised of 12 patients implanted
in the PAG/PVG or sensory thalamus. In this series, 70% of the patients responded
with an average pain relief of around 40-50% [78]. Another group reported a differ-
ent surgical approach. The electrode was first placed in the PAG/PVG, and intraop-
erative testing was performed. If the patient didn’t report analgesia or pleasant
warmth, the electrode would be moved to the sensory thalamus [79].

For phantom limb pain, authors targeted either PAG/PVG and sensory thalamus
or the latter only. Among the largest series, 8 of 9 patients responded to stimulation.
In another series, 8 of 11 patients responded with an average VAS pain reduction of
60% [80].

DBS for pain after brachial plexus injury (BPI) is associated with poor outcome.
The largest series for BPI included nine patients with DBS targeting the sensory
thalamus with poor outcome. Moreover, targeting PAG/PVH and/or the sensory
thalamus did not improve pain control for this indication [81].

Noteworthy is the frequent observation that isolated pain control does not neces-
sarily equate to improved quality of life. According to the neuromatrix theory, the
cognitive, affective, and sensory-discriminative spheres would play equally impor-
tant roles in pain perception [82]. For this reason, different targets were investigated
with the idea of improving the affective component of pain including the anterior
cingulate cortex (ACC) and the ventral striatum and the anterior limb of the internal
capsule (VS/ALIC). Results in the literature are heterogeneous and do not meet the
criteria for adequate pain response in many cases. However, for poststroke pain,
despite pain persistence, significant improvements in quality of life, depression, and
anxiety were observed. Improvements were sustained at two-year follow-up, and
half of the patients stated they would undergo the procedure again for the same
result [81, 83]. Those findings reinforce the theory of addressing both the somato-
sensory and the affective component of pain together when planning DBS.

Pain as a result of spinal cord injury (SCI) can be classified as neuropathic or
nociceptive, affecting 34% and 64% of long-term survivors, respectively. Aberrant
neurotransmission coming from the injured spinal cord and abnormal cortical reor-
ganization have been implicated as underlying mechanisms [84]. A systematic
review identified a group of 36 SCI patients, out of which 19 had a successful trial
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and were implanted in the sensory thalamus =+ central gray. Unfortunately, only
three patients experienced long-term success [85]. Stimulation paradigms may have
an impact on outcome in addition to the target, as reports have shown that very low-
frequency stimulation (<0.67 Hz) may be more effective. Furthermore, time may be
a factor such that stimulation parameter changes may take time to manifest (hours
to days) [86]. Successful pain relief was reported within a case of DBS to the rostral
ACC and another one with bilateral PAG DBS also improving associated autonomic
dysfunction [24, 87]. Despite scarce and heterogeneous findings in the literature, it
is suggested that motor cortex stimulation might be more effective than DBS for
SCI, as it provided long-term success in four out of seven patients in a review
paper [85].

This chapter provides an overview of the history of neuromodulation for pain,
culminating in a state-of-the-art review of procedures using both peripherally and
centrally targeted therapy. It describes how the technology has changed over the
course of time ultimately producing better outcomes for peripheral stimulation.
Additionally, it illustrates how different targets may produce different results sug-
gesting the importance and further research needed to better understand the neuro-
circuitry involved in pain and its perception. Ultimately, surgical therapy of pain is
a necessity given the abundance of medication for refractory pain syndromes.
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Spinal Cord Stimulation: Percutaneous
Technique

Fabricio Assis, Charles Amaral, and Jodao Henrique Aratjo

Introduction to the Technique

Chronic pain is one of the most common and challenging medical problems facing
our society. The strategy of modulating neural transmission with an electrical stimu-
lus dates to ancient Rome with Scribonius’ observation that the pain of gout could
be alleviated through accidental contact with a torpedo fish [1]. Acceptance of the
gate theory of pain in the 1960s led to renewed interest in electrical stimulation
spinal cord stimulation (SCS). It is an adjustable, reversible, and nondestructive
treatment for a variety of chronic pain syndromes [1].

In spinal cord stimulation, an electrode is positioned posteriorly in the epidural
space to the dorsal column at the level of the nerve roots that transmit the nocicep-
tive information from the painful area. The epidural lead is connected to a battery
producing an electrical current, which induces paresthesia, a sensation that sup-
presses the pain according to the gate control theory [2]. Patients can reduce or
increase the intensity of the electric current by means of a device that uses radio
frequency transmission.

The development of percutaneous electrodes in 1975 has facilitated a wider
application of spinal cord stimulation. With the most recent advancements including
high-frequency stimulation, burst stimulation, and precise dorsal root ganglion
stimulation, spinal cord stimulation is a rapidly growing modality for pain manage-
ment [3]. Before implantation of a permanent system, patients first undergo a spinal
cord stimulation trial to determine if full implantation is appropriate. The trial
involves the placement of flexible catheter-type leads into the posterior epidural
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space under fluoroscopic guidance, and this period offers the unique opportunity for
the patient to experience what life is like with the implant before deciding to have it
permanently [4].

Indications [5]

e Angina pectoris

e Ischemic pain due to peripheral vascular disease
e Complex regional pain syndromes
e Phantom pain

¢ Diabetic neuropathy

e Postherpetic neuralgia

e Deafferentation pain

e Cerebral palsy

e Multiple sclerosis

e Radicular neuropathic pain
 Failed back surgery syndrome

e Whiplash injury

e Post-thoracotomy syndrome (PTS)
e Arachnoiditis

e Deafferentation pain

Contraindications [5]

e Any contraindication for regional anesthesia

* Psychopathologies

¢ Drug dependence, with behavioral abnormalities

e Pregnancy

e Lack of ability to cooperate (e.g., due to active psychosis or cognitive impairment)
e Severe central canal stenosis

Strategies for Prevention of Spinal Cord Stimulator Infection
Preoperative [6, 7]

e MSSA/MRSA screening and decolonization (IA)

* Nasal decontamination using 2% mupirocin twice a day for 5 days
e Optimize glucose control (IB)

* Hemoglobin Alc <8.0% within 30 days trial/ implant
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* Smoking cessation (IB)

e Preoperative chlorhexidine baths (IA)

e Global assessment of other known risk factors (IB)
* Revision surgery

e Chronic immunosuppression

e Steroid therapy

e Obesity

Intraoperative (6, 7]

*  Weight-based antibiotic selection (IA)

e Cefazolin (within 60 minutes before incision)

* 1 g for a patient weighing <80 kg, 2 g for a patient weighing 81-160 kg of van-
comycin (within 2 hours before incision), 20 mg/kg single dose of clindamycin
(within 60 minutes before incision): 600-900 mg (for a patient with severe
B-lactam allergy)

* Chlorhexidine-alcohol-based skin preparation (IA)

 Incise drape (Ioban) (IB)

* Antibacterial-impregnated enveloped in select patients (II)

* Layered closure

e Operating room personnel, number, and movement in and out of the operating
room during the surgery should be minimized (III)

Postoperative [6, 7]

e Occlusive dressing for 24—48 hours (IB)
* Surgical site monitoring (IB)

Before the Procedure

* Informed consent

* ASRA guidelines need to be followed for SCS procedures in anticoagulated
patients [8]

* Obtain an intravenous access

* Administer oxygen by nasal cannula and monitor the vital signs noninvasively

e Check any allergies or dermatological diseases

* Prepare equipment and medications

o Sterile techniques are followed throughout
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Technical Details of Procedure (Trial)

The patient is brought to the fluoroscopy suite and placed on the fluoroscopic table
in prone position (face down). One or two pillows are placed under the abdomen,
which opens access to the epidural space between the lumbar vertebrae (Fig. 1).

The fluoroscope is placed in the anteroposterior (AP) position, then tilted if nec-
essary, in a cephalad to caudad motion to “square up” the endplates of the verte-
bral bodies.

Identify the medial aspect of the ipsilateral pedicle at the level below the desired
interlaminar entry level. This will be the skin entry point and may be marked with a
sterile marker. Skin entry commonly is marked along a line joining the L2, L3, or
L4 pedicles. Entry into the epidural space should occur between one to two verte-
bral body levels cephalad to the skin entry point. Needle entry into the epidural
space between the laminae of T12 and L1 is optimal (Figs. 2, 3, and 4).

The needle is then ideally placed at an angle of 30-45° and advanced until it
contacts the lamina just lateral to the spinous process of the vertebral body caudal
to the planed interlaminar space entry. Once the lamina is contacted, the needle is

Fig. 1 Patient position
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Fig. 4 Needle angle
during procedure

slightly retracted and advanced superiorly and medially toward the center of desired
epidural space.

Then position the C-arm laterally and advance the needle with the loss of resis-
tance technique. Lateral view confirms needle positioning on the posterior epidural
space (Figs. 5, 6, 7, and 8).

Aspiration is performed, which should be negative for blood and cerebrospinal
fluid. When all these checkpoints are confirmed, a spinal cord stimulator lead is fed
through the Tuohy needle into the epidural space under live fluoroscopy. If the nee-
dle is properly positioned, the lead will travel cephalad without resistance as it is
advanced. Lead steering is performed in PA view (Fig. 9).

Once the lead is driven to the desired target, handheld computer screening can be
used to ensure that the patient has the desired response. When the clinician is satis-
fied with the placement, a fluoroscopic image should be taken on lateral and antero-
posterior views and saved for future comparisons if there are any concerns about
lead migration.
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Choose your target according to the test to ensure appropriate lead placement.
Barolat map can help for the initial test location [9]

After the position of the electrode is confirmed, slightly withdraw the epidural
needle to the fascia. Make a 5 cm incision, dissect down to the supraspinous liga-
ment, withdraw the needle, and check the position of the electrode under fluoros-
copy. Lead anchoring is then performed, either to the supraspinous ligament or
fascia in permanent implants or to skin in trials.
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Fig. 6 Lead position on
the posterior epidural
space. (Adapted from
Boston Scientific)

Fig. 7 Central
progression. (Provided
from Fabricio Assis)

F. Assis et al.
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Fig. 8 PA view. (Adapted
from Boston Scientific)

Fig. 9 Lead steering
performed in PA view.
(Provided by Dr. Fabricio
Assis)
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Then carefully close the incisions. A 2.0 absorbable sutures sufficient. Then

oppose the skin edges with sterile strips (Table 1).

Trial Period

A successful trial is measured by an average pain intensity reduction of 50% and
paresthesia overlap with 80% of the somatotopic pain distribution (Figs. 10 and 11).

Table 1 Barolat paresthesia mapping Level Typical paresthesia coverage
C2-C3 Occipital
C3-C4 Shoulder
C4-C5 Radial
C5-C6 Median
C6-C7 Ulnar
T1-T4 Angina
T4-T6 Abdomen/viscera
T6-T8 Low back
T8-T11 | Low extremities
T11-L1 | Foot

C cervical, T thoracic, L lumbar

Fig. 10 Trial period.
(Provided by Dr. Angel
Juarez)
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Fig. 11 Control. (Provided
by Dr. Angel Juarez)

Permanent Implant

A permanent implant generally follows an SCS trial. It is presented below:

1. The skin at the predetermined incision site is anesthetized.

2. A midline incision of approximately 2 cm is then made. The skin is then dis-
sected down to the level of the supraspinal ligament using both sharp and blunt
dissections. Through the incision, the same steps that were performed for the
trial are used to place the leads into the posterior epidural space. Hemostasis is
achieved with electrocautery carefully, as the probe should not come in contact
with the needle;

3. Anchors are used to stabilize the leads to the fascia or the supraspinous ligament.
Nonabsorbable sutures should be placed into deep fascial planes or around the
supraspinous ligament that will hold the anchor in place through its suture
sleeves. Good anchoring technique plays a major role in the prevention of lead
migration — the most common etiology for future treatment failure and surgical
revision. Anchoring can be a challenge in some patients who tend to be more
technically difficult. Patients in this category may include those with uncon-
trolled diabetes, morbid obesity, a history of multiple spine surgeries, or poor
tissue health secondary to cachexia. Attention to detail will be critical in this
patient group (Figs. 12, 13, and 14).
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Fig. 12 The anchor is slid
down the lead to the
desired location

Fig. 13 The anchor is
sutured to the patient

Fig. 14 The hex wrench is
turned to lock the anchor
to the lead

F. Assis et al.
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Implantable Pulse Generator Placement

4. Before the implantation, one should decide on the side and the location of the
pulse generator. The pocket is an equally important part of the procedure that
deserves special attention. New devices are becoming smaller, and the choice of
pocketing sites may continue to evolve, providing less impact on body contours
and greater comfort. Typical locations are usually the superior gluteal region or
the low back, with the side determined by patient preference.

5. A subcutaneous pocket is created in the buttock area for an implantable pulse
generator (IPG). The ideal pocket size should be 120-130% of the generator
volume. The extra room will allow tissue slack, to avoid wound dehiscence and
to decrease pain. If the pocket is larger than the recommended size, the patient
may be prone to generator flipping, which can lead to a need for surgical revision
(Figs. 15 and 16).

Fig. 15 Pocket
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Fig. 16 Pulse generator

A tunneling device is used to advance the lead in the subcutaneous tissue to the
pocket, and then the lead is connected to the IPG (Figs. 17 and 18).

6. Wound closure should be another critical point in the implant process. It is
important to use a two-layer to three-layer closure technique, to ensure proper
skin alignment, and to avoid the tension of the tissue, which can lead to necrosis.

Complications

» Epidural fibrosis

* Epidural hematoma

» Epidural abscess

* Post-dural puncture headache
* Unacceptable programming
* Lead migration

e Current leak

* Generator failure

*  Wound infection

* Seroma

e Hematoma

* Pain at a generator
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Fig. 17 Tunneling

Fig. 18 Wound closure
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Dorsal Root Ganglion Stimulation

Dorsal root ganglion (DRG) stimulation, in which the electrodes are placed adjacent
to relatively immobile spinal structures and activate highly specific sensory neu-
rons, allows more precise targeting of stimulation and likely a higher degree of pain
control [10-13]. Even in some conditions, such as complex regional pain syndrome,
DGR stimulation has shown superiority and can be used even in patients who have
not had relief with spinal cord stimulation [14]. An understanding of the relation-
ship between dermatomal distributions and that sensory afferents arrive at the spinal
cord is key to successful DRG lead implantation. As for conventional SCS, the
needle is placed epidurally under fluoroscopy, and we recommend a contralateral
one-level or two-level approach for the targeted DRG. The ability to have another
approach for DRG-S lead insertion may expand the realm in which we can apply
DRG-S technology. In cases of thoracic access, the transforaminal or retrograde
technique may be more appropriate; below are pictures. The target is in a consistent
location anatomically; thus, lead position can accurately reflect the ability to stimu-
late the ganglion (Figs. 19, 20, 21, and 22).

Fig. 19 DRG lead
insertion. (Provided by
Charles Amaral and
Fabricio Assis)
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Fig. 20 DRG lead
progression. (Provided by
Charles Amaral and
Fabricio Assis)

Fig. 21 DRG lateral view.
(Provided by Charles
Amaral and Fabricio Assis)
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Fig. 22 Final position.
(Provided by Charles
Amaral and Fabricio Assis)

F. Assis et al.
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Spinal Cord Stimulation: Surgical (Paddle)
Technique

Daniel Benzecry Almeida

Introduction

Patients with chronic pain syndromes impose a great challenge for health profes-
sionals all around the world. Despite many advances in the understanding, diagno-
sis, and treatment of those individuals, the rate of unsuccess is high, even with the
increased use of health care services, with many consultations and procedures.
Therefore, at least 40% of sufferers will be unsatisfied with the treatment results [1].

Spinal cord stimulation is a technique described since 1967 which has gained
acceptance, indicated mainly to the treatment of refractory neuropathic pain syn-
dromes. It uses an electrical pulse generator that delivers energy to one or more
electrodes implanted epidurally.

Electrodes have different configurations, depending on the implanting technique,
spinal area to be covered, and complexity of the pain symptoms. Classically, they
can be divided into percutaneous leads (cylindrical) or paddle leads (surgical).

Paddle leads have the advantage of a lower incidence of migration and higher
spinal area of stimulation, causing a more predictable pattern of tonic stimulation.
On the other hand, it needs a more experienced surgical team, and the rate of com-
plications such as spinal compression and neurological deficits is higher.

History

The idea of stimulation of the spinal cord was derived soon after the classical paper
by Melzack and Wall in 1965 describing the gate theory [2]. At that time, they theo-
rized that while the application of a simple painful stimulation generated an action
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potential towards the spine and brain, the simultaneous application of both tactile
(non-nociceptive) and painful stimuli at the nearby region would inhibit the trans-
mission of pain. In their point of view, interneurons located at the posterior horn of
the spinal cord would “close the gate” to the propagation of pain (transmitted
through smaller fibers) when a concurrent non-painful stimulus (transmitted through
gross fibers) was applied.

Two years later, based on these assumptions, Norman Shealy, a neurosurgeon
from Western Reserve Medical School (late Case Western Reserve) contacted two
engineers (Thomas Mortimer and Norm Hagfors) to develop a special electrode to
be implanted in the subdural space, connected initially into a cardiovascular stimu-
lator [3]. Soon, he published good results in the pain alleviation from the first
implant in a cancer patient [4].

In the beginning, the implantable electrode was connected to a circular wound
antenna at the subcutaneous tissue. An external battery was placed over the antenna
to generate an appropriate stimulus [5].

Several developments have occurred since that publication, which contributed to
better results and comfort to the patient and medical team, including improvements
in (a) the electrode, (b) the pulse generator, and (c) the configuration of the electrical
stimulation.

The first change in the electrodes has been the change from an intradural stimula-
tor to an epidural electrode. Moreover, in the beginning, electrodes had only two
points of contacts, while further development allowed the possibility of a progres-
sive increase in the number of contacts to 4, 8, 16, and even more, while the diam-
eter of the percutaneous electrodes decreased.

Surgical electrodes using paddle leads were improved, either with an increased
number of contact points as well as with a thinner and more adjustable silicon
implanted plate. The arrangement in rows with an appropriate interspace has been
studied in order to provide a wider area of stimulation to the spinal cord (Fig. 1).

The pulse generator has also progressed, mainly with new batteries. Historically,
the external generator has been changed to an internal generator that was used judi-
ciously, including the smallest possible amount of energy and cyclic and
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Fig. 1 Paddle lead models
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intermittent delivery of pulses. The advent of rechargeable batteries allowed a gen-
eration of smaller batteries that could work for up to 10-15 years with a more con-
stant delivery of energy.

The configuration of the electrical stimulation has evolved with studies showing
the role of appropriate frequency and pulse width in most pain patients, despite that
an individual scenario must always be pursued. The combination of different simul-
taneous stimulation allowed a more complex adjustment in patients.

Recently, newer stimulation parameters such as burst stimulation, high fre-
quency, high density, and differential target multiplexed have shown encouraging
results [6].

Rationale

Since its beginning, SCS has gained medical acceptance, and now, thousands of
patients worldwide have had benefits due to this technique. The mechanism of
action is obtained after an electric charge is delivered to the posterior spinal cord
structures, generating a local electric field. At first, nervous structures such as neu-
ronal bodies, synapses, and axons at the region of the stimulation may be modulated
[7], but further studies have shown that glial cells also play a significant role in the
pain suppression mechanism [8, 9].

Further studies have shown different concurrent mechanisms involved in analge-
sia. They include decreased transmission of painful stimuli through the spinotha-
lamic and medial lemniscus tracts, activation of descending inhibitory control,
increased release of neurotransmitters (such as serotonin, GABA, noradrenaline,
dopamine, and acetylcholine), release of endogenous opioids, decreased glial acti-
vation, and modulation of cytokines and neurotrophic factors [10].

Indications and Results

Spinal cord stimulation is a well-known treatment modality indicated to patients
with chronic pain that are refractory to conservative therapy, which includes espe-
cially a combination of medications, intensive rehabilitation program, and psycho-
logical interventions.

But not all chronic pain patients are amenable to this kind of technology.
Traditionally, better results have been found in neuropathic pain patients [11]
despite that some specific cases of nociceptive pain have also been related to good
results.

Actually, the two most common indications that are supported by high-level
studies are failed-back surgery syndrome and complex regional pain syndrome
(types I and II).
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Failed-back surgery syndrome (FBSS) is a term used to refer to a subset of
patients who have new or persistent pain after spinal surgery for back or leg pain
[12]. FBSS has a high incidence with the increasing number of patients operated,
including older and more complex cases [13], even though this does not mean that
a medical problem occurred during the surgery.

FBSS has a high incidence and spine surgery failure rates vary from 10% to 40%
(mostly assumed as 20%) [14]. It is related to a multiplicity of factors such as poor
indication, wrong level surgery, insufficient decompression, infection (discitis and
superficial tissue infection), instability, pseudarthrosis, malpositioning of arthrode-
sis materials (screws and cages), fibrosis, facet pain, muscle trigger points, or new
spinal canal and nerve compressions.

Notably, in some patients where an adjacent cause can be treated, such as infec-
tions and muscle pain, the treatment should be focused on the origin of the problem,
but one should keep in mind that in most patients there is no anatomical cause of
pain and the origin of the symptoms are related to the dysfunctional status, includ-
ing central sensitization.

North et al., in 2005, conducted a prospective randomized controlled trial in
patients selected for reoperation where they were randomized for either reoperation
or spinal cord stimulation. Forty-five patients were available for follow-up. They
found that SCS was related to a better outcome (9 out of 19 patients — 53%) when
compared with reoperation (good results in 3 out of 26—11.5%). The group submit-
ted to SCS was less likely to cross over to the other group and needed a significant
lower dose of opioids [15].

The same main author showed that a successful outcome (improvement higher
than 50% and patient satisfaction) was present in 47% of patients in a 5-year follow-
up [16].

A similar study was published by Kumar et al. [17] when they randomized 100
patients with neuropathic failed back syndrome with predominant leg pain to receive
either spinal cord stimulation plus conventional medical management or conven-
tional medical management (CMM) alone. At 6-month follow-up, 48% of patients
with SCS achieved good results (50% or more pain relief), while in the CMM group,
only 9% of them had good results. Furthermore, the SCS group had a significant
improvement in both leg and back pain, as well as in the quality of life, functional
capacity, and treatment satisfaction.

Additionally, further randomized controlled trials (RCT) showed a superior ben-
efit with SCS versus sham with different waveforms [18-21] in such a way that
there is a 1B+ level of evidence for pain relief, functional status, quality of life,
utilization of analgesics, and patient satisfaction [22].

The second indication with a higher level of evidence for SCS is complex
regional pain syndrome (CRPS). This yet poorly understood clinical entity is char-
acterized by a continuous limb pain, usually starting after an injury, but with dura-
tion and intensity disproportionate to the inciting event. Other clinical signs and
symptoms in CRPS have been organized according to the Budapest criteria which
include (a) sensory changes (hyperesthesia, hyperalgesia, allodynia), (b) vasomotor
changes (temperature asymmetry, changes in skin color), (c) sudomotor/edema
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signs and symptoms (edema, sweating changes, and asymmetry), and (d) motor and
trophic changes (decreased range of motion, trophic changes, weakness, tremor,
and dystonia) [23].

Kemler et al. analyzed a total of 54 patients, which were assigned to undergo
SCS plus physical therapy (total of 36 patients) versus physical therapy alone (a
total of 18 patients). Only two-thirds of those that underwent a trial with SCS
obtained a significant relief and had a permanent implant. The results showed that
the SCS group had a significant improvement in pain intensity, with a decrease in
2.4 cm in the Verbal Analog Scale (VAS) score versus an increase of 0.2 cm in the
control group. There was a significant improvement in quality of life only when
comparing those with permanent implant over the control group [24].

An additional prospective randomized controlled trial named ACCURATE com-
pared the results of SCS versus dorsal root ganglion (DRG) stimulation for complex
regional pain syndrome in the lower limbs [25]. The analysis at 3 months showed
that 81.2% of patients that were randomized to receive DRG stimulation had an
improvement of at least 50%, while 55.7% of patients randomized to receive SCS
had the same result. At the 12-month follow-up, the results had only mild changes.
The DRG stimulation group had also a better quality of life and psychological dis-
position at follow-up.

Other indications for SCS are peripheral diabetic neuropathy [26, 27], critical
limb ischemia [28, 29], and refractory angina pectoris [30]. Other less studied indi-
cations that need further studies to recognize possible good candidates are phantom
limb pain, post-thoracotomy syndrome, chronic abdominal pain, and neck pain
[31-33]. The evidence of efficacy of SCS in cancer-related pain is limited, due to
the small number of trials, all of which were small and non-randomized [34].

All patients undergoing SCS should have an adequate psychological evaluation
by experienced specialists. Important factors should be recognized such as the exis-
tence of major psychiatric disorders; an evaluation on how the patient may deal with
a new device and the impact of a possible failure in pain alleviation. If a major
psychiatric disorder or drug addiction is found, the patient should be discouraged to
undergo the implant [35-37].

The major tool for psychological evaluation in the literature has been the
Minnesota Multiphasic Personality Inventory. Depression has been related to poorer
outcomes in most articles, while hypochondriasis and hysteria had conflicting
results [38, 39].

Likewise, patients with major cognitive abnormalities should be carefully ana-
lyzed, and as a rule, the implant is performed only if a good result is predicted. In
mild cognitive affected patients, a nonrechargeable SCS generator should be
preferred.

At last, obesity has been related to a poorer outcome, and a negative relationship
between body mass index and SCS effectivity has been found [40]. Therefore,
patients should be oriented to undergo strategies for weight loss before and
after SCS.
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Percutaneous Leads Versus Paddle Leads

Before any consideration about advantages and disadvantages of each technique, it
is relevant to explain that the final decision of which kind of lead should be implanted
depends on the interventionist pain physician and should be settled based on the
surgeon personal experience and skill, the location of the pain, and the anatomical
conditions of the patient. It is noteworthy that both techniques have good results
when correctly indicated.

Percutaneous or cylindrical leads have the advantages of the possibility of being
implanted by most pain interventionists, usually under local anesthesia, with lower
risks of procedure related to adverse events, with less risk of hardware or lead mal-
function or breakage. The risk of initial adverse event is lower.

As opposed to it, paddle leads have the advantage of a more predictable electrical
current directed to the spinal cord (with no stimulation of the ligamentum flavum),
with a constant distance between the contacts, usually increasing the coverage of
the pain zone. Beyond that, they are involved with less migration and a lower rate of
reoperations and related with less adverse events in the long-term [41].

Since percutaneous leads are performed under local anesthesia, some surgical
and anesthetic risks are minimized. Paddle leads, on the other hand, are usually
performed under general or spinal anesthesia. Additionally, paddle lead implanta-
tion is related to a higher incidence of postoperative pain in the first weeks [42].

North et al., in 2005, published the results of a prospective randomized con-
trolled trial comparing the results of percutaneous leads versus paddle leads (through
laminectomy). After a mean follow-up of 1.9 years, 83% of patients with paddle
leads had a good result (improvement of at least 50%) versus 41% for those with
percutaneous leads [15]. Additionally, more patients in the paddle lead group had a
decrease in analgesic intake.

An additional study reviewed 27 patients, comparing patients with laminectomy
or percutaneous leads after a median follow-up of 34 months. Paddle leads showed
a significant improvement in the Verbal Analog Scale of Pain (decrease of 4.6 points
in the laminectomy group versus 3.1 in the percutaneous group). Moreover, the
paddle lead group had a greater long-term pain relief [43].

A study cohort of 13,774 patients evaluated by the MarketScan database com-
pared laminectomy versus percutaneous lead implantation. They found that the
paddle lead group had a higher incidence of short-term postoperative complications
(3.4% vs 2.2%). However, the rate of reoperation at long-term was higher in the
percutaneous lead group. No significant difference was found in long-term health
cost of both procedures [42].

In our service, the choice of which electrode should be implanted is extensively
discussed with the patient, but as a rule, percutaneous leads are preferred when the
pain is limited to smaller territories (for example one or two limbs), while paddle
leads are chosen when a more complex configuration of the pain zone needs to be
treated (for example, when the lumbar, buttocks, and limbs regions are affected or
cervical, dorsal, and upper limbs symptoms occur).
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Technical Aspects

Most pain physicians advocate that the implant of SCS should be done in two steps,
despite that a cost impact analysis in the United Kingdom has shown that an implan-
tation strategy without a screening trial could be cost saving [44].

In the first part, an epidural installation is done as a trial, and the patient and the
physician evaluate the rate of improvement. In our service, this trial period varies
from 4 to 14 days. The second procedure corresponds to the implant of the pulse
generator itself and is done only if the patient had an improvement of at least 50%.

Due to the complexity of the spine and spinal cord, a neurosurgeon or an ortho-
pedic surgeon is needed in most cases. In a large retrospective analysis using the
Truven MarketScan database, percutaneous implants have been done predominantly
by anesthesiologists, while neurosurgeons and orthopedic surgeons performed a
significantly greater number of paddle implants [45]. This study also showed that
among patients undergoing a trial of SCS, neurosurgeons had a higher rate of con-
version rate to the permanent implant, followed respectively by orthopedic sur-
geons, anesthesiologists, and physical medicine and rehabilitation.

Some authors propose that in the first step, a percutaneous implant should be
performed, while the laminectomy lead is done only after a positive response.
However, authors as Pahapill and Lee et al. showed that a paddle lead insertion can
be done in the first trial procedure and then connected to the pulse generator in a
second surgery if the patient had a significant improvement [46, 47].

Currently, we perform the implant of a paddle lead since the first procedure, in a
way that the patient may have a real preview of how the stimulation will work.
Thereafter, our further description will show a paddle lead implant in a trial period.
For details of a percutaneous lead implant as a trial, please proceed to the proper
chapter.

Before the operation, the patient should have a magnetic resonance imaging of
the implant site, with special attention to the epidural space and to the spinal canal.
The surgeon must analyze any previous constriction or stenosis that could produce
further spinal cord compression in the postoperative period after the placement of
the paddle electrode. If this risk is predicted, a percutaneous lead implant should be
elected.

Trial Procedure

First of all, the involved surgical team should carry out a checklist, confirming
important topics for a safe and correct surgery. Many items should be verified, such
as the correct identification of the patient, inquiry of past surgical problems and
allergies, revision of preoperative tests, and the confirmation that all surgical sup-
plies and the medical staff are available and in place. The consent form should
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always be signed, expressing that the patient is aware of any possible benefit and
risk of the operation.

In most services worldwide, general anesthesia is used, with the patient in ven-
tral decubitus using surgical cushion in the hip plus one or two cushions in the tho-
rax, avoiding compression of the anterior chest. The thoracic pressure should be
kept as low as possible, in order to decrease the incidence of venous enlargement in
the epidural space and consequently decreasing the incidence of epidural hemato-
mas. The patient should be positioned in a radiotransparent surgical table in order to
remain possible to have radiographic images in anteroposterior and lateral views.

A special attention should be kept to the patient’s face, avoiding compressions to
the eyes, anterior neck, or the endotracheal tube.

Some authors have advocated the safety and feasibility of regional anesthesia
with epidural blocks [48].

A right-handed surgeon usually should be located on the left side of the patient
so that it becomes easier to open the vertebral bone and ligaments and to introduce
the electrode towards the superior region of the epidural space. On the opposite side
remains the medical assistant as well as the image intensifier (C-arm) and monitor.

The medical team should follow strict sterile and aseptic care, including
degermation, application of antiseptic solutions (such as chlorhexidine), and the
placement of sterile drapes. We strongly recommend the use of a double glove to
decrease the patient’s rate of infection as demonstrated by some authors [49].

The use of electrocautery is not recommended while the electrode or the pulse
generator has been placed and should be used only in the surgical access before any
material has been positioned. On the other hand, bipolar coagulators are safer, since
the delivery of energy is mostly located around the two forceps and they can be used
with little risk when the electrode or the generator is not around the coagulation
zone [50].

The first step is to locate the surgical level of the laminectomy. In most cases, a
T10-T11 or T11-T12 laminectomy is used. Factors such as previous surgeries or
compressions should be anticipated. A small incision of 4 cm is usually enough to
expose all the anatomical structures. The aponeurosis should be opened in the mid-
line (when a midline laminectomy is predicted) or slightly lateral to the midline
(when a hemilaminectomy is indicated). The paravertebral muscles are dissected,
exposing the vertebral lamina and the spinous process.

The next step is the opening of the superior part of the lamina and a small part of
the spinous process, exposing the ligamentum flavum. In some cases, a high-speed
drill can be used. The ligamentum flavum is then opened, exposing the dura mater.
The surgeon should be aware of where the midline is located for a correct position-
ing of the electrode.

Most companies have a plastic model similar to the electrode that should be
placed before the electrode itself to verify if the opening is enough and further
allowing for the epidural dissection (phantom electrode). Thereafter, the electrode
is gently placed with careful attention to any significant bleeding at the epidural
space, and a correct positioning is verified under radiographic imaging (Figs. 2 and 3).
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Fig. 2 Paddle lead insertion technique at the thoracolumbar region. (a) Small laminectomy or
hemilaminectomy is performed, and the ligamentum flavum is opened; (b and ¢) Phantom lead is
inserted in the epidural space, and (d) the paddle lead is inserted under radiographic and electro-
physiologic supervision

Fig. 3 Paddle lead insertion technique in cervicothoracic region. (a) Small laminectomy or hemi-
laminectomy is performed, and the ligamentum flavum is opened; (b) phantom lead is inserted
followed by the insertion of the paddle lead

An efficient fixation of the electrodes is done with anchoring pieces provided by
the electrode companies. They should be done to steady anatomical structures, such
as aponeurosis.

An extension wire is connected to the electrodes and is tunneled through the
subcutaneous tissue to the exit site that should be at least 20 cm away from the sur-
gical incision. Special care is taken to keep all the electrodes in a sterile fashion
inside the patient so that only the extension is taken to a counter opening.
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Impedance tests are done to verify for any disconnection or breakage and an
extra radiographic image is done. At last, a careful wound closure is done, and the
extension wire is anchored.

Rigoard et al. described an optic transligamentar minimally invasive surgery
apparatus intended to induce a smaller muscle retraction and to promote a better
visualization of the anatomical structures [51, 52].

Implant of Pulse Generator

After a trial period of 4—14 days, the patient is evaluated for the pain improvement
result. Most authors establish a minimum of at least 50% pain relief to consider a
permanent implant. In our opinion, when the patient has a suboptimal palliation of
pain or when there is doubt if the system is beneficial, the surgical incision is
reopened, and the paddle electrode is withdrawn.

Before taking out the paddle lead (in case of an insufficient improvement) or
before connecting the lead to the pulse generator, the external portion of the exten-
sion wire is cut in order to remove all material that may be colonized and potentially
infected.

If the patient has a significant pain relief, the patient is advised to implant a
definitive pulse generator. Common implantation of this pulse generator is in the
subcutaneous tissue in the abdomen, in the lateral portion of the lumbar region, or
in the gluteal tissue. The final site should be discussed previously with the patient
considering their expectations and preferences, including previous surgical scars. If
the patient has no preference, we mostly recommend the gluteal region. Before
entering the surgical room, a nurse is sent to check with the patient the correct
placement, including the creation of a scar that may be easily hidden under the
clothes.

The most common paddle leads available at the market nowadays are long
enough to connect directly with the pulse generator, so a subcutaneous tunneling is
done between the incision of the lead and the pulse generator site. The wires are
connected to the generator and screwed.

When there is a thick subcutaneous tissue in the generator site, we recommend
that the excess fat tissue should be removed, so that the patient can have an easier
connection with the external platform for either the battery charging as well as for
further increments or decrements in the amplitude and adjustments.

The pulse generator should be sutured in the aponeurotic tissue, avoiding further
displacement, and finally, the layers are closed carefully.

The patient should have a radiographic evaluation one day after the surgery for
long-term follow-up (Figs. 4, 5, and 6).
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Fig. 4 Paddle lead spinal cord stimulation for the treatment of lumbar and lower limbs’ pain. The
lead is usually inserted mostly from the T8 to T12 epidural space

Ting

Fig. 5 Paddle lead for spinal cord stimulation for upper thoracic pain
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Fig. 6 Tomographic view
of a paddle lead inserted in
a patient with the previous
laminectomy in the
cervical region (traumatic
spinal pain)

Spinal Cord Stimulation in Upper Thoracic
and Cervical Regions

In most services, the most common site of SCS implants is located in the lower
thoracic spinal cord, aiming for the treatment of pain in the lumbar and gluteal
region as well as in the lower limbs.

However, other spinal cord regions are suitable for this implantation as well.
They include the upper thoracic spine (less common indication) for the treatment of
pain in the upper thoracic region and cervical or cervicomedullary junction.

Deer et al. published a review board-approved, prospective, multicenter analysis
of patients that were submitted to cervical implants of SCS in 16 centers, either in
the United States or in an additional 3 international centers [53]. A total of 38
patients were then analyzed, where 28 (73.7%) were implanted with percutaneous
leads, while 10 (26.3%) received paddle leads. They were evaluated after 3, 6, and
12 months. The mean percentage of pain relief described by the patients was 54.2%
at 3-month, 60.2% at 6-month, and 66.8% at 12-month follow-up. Similarly, the
analysis of the Patient Disability Index showed a significant improvement (decreas-
ing from 49.6 at baseline to 34.5, 33.4, and 28.4, respectively at 3, 6, and 12 months
later). The quality of life was reported as improved or greatly improved in 80.7% of
patients at 3-month evaluation, with minor changes (80.9 and 62.6%) at 6- and
12-month evaluations. A total of 92.4% of the patients considered themselves as
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very satisfied or satisfied at 3 months (with rates of 85.7 at 6 months and 87.6% at
12 months). They concluded that the results of cervical SCS in pain control, dis-
ability, and quality of life were comparable with those with thoracic implantation.

In this study, involving many centers, the tip of the electrode was placed in C2 in
half of the patients while an additional 39.4% had the tip at the C3 or C4 space [53].
Similar studies show that in most cases, the tip of the electrode is placed at C2
space [54].

Other articles reviewed the results of cervical SCS, including case series, retro-
spective studies, and prospective non-randomized studies. The most common indi-
cations were complex regional pain syndrome, brachial plexus lesion, failed neck
surgery syndrome, cervical radicular pain, ischemic pain, and peripheral nerve
lesion [36, 54-59].

One prospective study analyzed the results of cervical SCS in patients with sys-
temic scleroderma and Raynaud’s syndrome [60], with electrodes being placed
between C4 and C7. The authors found a significant improvement, with Raynaud’s
episodes decreasing in 93% of patients, as well as a reduction in edema in 86% of
patients and improvement in the ulceration in 100% of cases.

While in most cases, the paddle lead is directed upward, with the insertion com-
ing from the lower cervical or upper thoracic lesion, some authors propose the inser-
tion in the C1-C2 space where the space around the spinal cord is bigger, where they
were supposed to promote a smaller rate of complications [57].

A retrospective review of cases from a single neurosurgeon [61] analyzed the
results of 100 patients that had paddle leads at the cervical or cervicomedullary
regions after a successful trial. Twenty-five of them had a cervicomedullary implant
to painful conditions such as trigeminal deafferentation pain, trigeminal neuropathic
pain, postherpetic neuralgia, and occipital neuralgia. The main goal was to stimulate
the nucleus caudalis. The surgical technique included a small C1 hemilaminectomy
in the side of the pain plus a small occipital craniectomy (when the pain achieved
the upper facial region). According to this study, the vast majority of patients with
trigeminal neuropathic pain (including postherpetic) had a significant benefit. In
contrast, occipital neuralgia had a lower rate of success.

Complications

Despite the safety and effectiveness of SCS, both the patient and the pain physician
should be aware of the possibility of complications. An extra caution and vigilance
should always be taken. These complications vary from mild to the most feared
spinal cord injury.

A systematic review of the literature showed that life-threatening complications
were rare, while other adverse events had an incidence of 34% of cases who had a
stimulator [62]. They were due to superficial infection (4.5%), infection in deeper
structures (0.1%), pain in the region of the neurostimulator (5.8%), other biological
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complications (2.5%), and equipment failure (10.2%). A stimulator revision need-
ing additional surgery occurred in 23.1% of patients, and stimulator removal was
needed in 11% of cases.

The most common complication in percutaneous SCS is lead migration, but the
rate is much lower when using paddle leads [31]. If there is a slight migration, small
changes in the generator programming are usually enough. But if this is not possible,
an extra surgery may be needed. For this reason, a careful anchoring should be an
essential part of the surgical procedure. At the end of the anchoring procedure, a
gentle pull in the electrode is done to certify that the electrode is immobile. The
surgeon should be careful to anchor the electrode in a steady structure, often the
aponeurosis.

Hardware malfunction or breakage is not uncommon when dealing with patients
with SCS. Newer technology is warranted to avoid this complication that, in most
cases, patients are treated with the exchange of the affected material. It includes
electrode or extension wire fracture, disconnections, and pulse generator failures.

Pain in the pulse generator site is seen in some patients and may be due to causes
such as fluid or blood accumulation, positioning into sensible areas of the body, or
poor fixation of the generator. Sometimes, the patient spins constantly the generator
under the skin, sometimes causing the electrode or the extension wire to break.

Infection is a feared complication as well. A multisite retrospective review
showed a rate of 2.45% of infection after SCS [63]. Revision surgeries had a higher
incidence of infections but without statistical significance. Implants performed at
academic centers had a higher incidence of infections when compared with nonaca-
demic hospitals.

The rate of infection did not show significant differences when performed by
physicians of different specialties or when comparing percutaneous versus paddle
leads. Diabetes, tobacco use, or obesity did not show to be a significant risk factor
for infection. The use of postoperative antibiotics as well as the application of an
occlusive dressing decreased the incidence of infections.

Levy et al. published a review of the incidence and frequency of neurologic com-
plications after paddle lead implantation. The number was based on the literature
and FDA analysis in addition to the three paddle lead manufacturer’s reports and
data. They found an incidence of less than 0.6% overall spinal cord injury, including
motor dysfunction caused by epidural hematomas (0.19%), motor dysfunction
without epidural hematoma (0.13%), sensory dysfunction (0.1%), and autonomic
dysfunction (0.013%). The vast majority of cases had a complete or partial recov-
ery [64].

Petraglia et al. reviewed 8326 patients that underwent percutaneous or paddle
lead SCS (5458 vs 2868 patients, respectively). Unlike the previous study mainly
based on manufacturer’s data, their information was based on the Thomson Reuters’
MartketScan database, which contains records from employers, health plans, and
government and public organizations of over 158 million patients in the United
States. They also studied the incidence of spinal cord injury and spinal hematoma
not only in paddle leads but also with percutaneous leads. The overall incidence of
spinal cord injury was 2.13% (percutaneous: 2.35% versus paddle: 1.71%). The
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main weakness in their review is that they could not evaluate the severity or the
duration of the neurologic deficits [65].

The Future of Spinal Cord Stimulation

SCS is a growing technology. New and future advances may help to increase the
rate of success, as well as finding solutions to improve the comfort of both the
patient and the physician.

Newer paddle leads have been developed, producing thinner plates, with more
available contacts, at distances that have been shown to produce better coverage and
with materials that are more flexible and durable. At the same time, rechargeable
pulse generators with increasing delivery of energy and with multiple capacities
have been created. New waveforms and configurations such as burst, high fre-
quency, high density, and differential target multiplexed (DTM) are some examples
of how neurophysiological studies and engineering may help patients throughout
the world.

At the same time, there is a great solicitude that the whole apparatus (leads,
cables, and generators) should be compatible with magnetic resonance imaging
(MRI). It is clear that there is an increasing need for the use of this diagnostic
modality in modern medicine. Analysis of SCS patients has shown that approxi-
mately 82—-84% of these patients are expected to need at least one MRI in the next
5 years [66].

The list of recommendations for the future development of neurostimulation
(Neuromodulation Appropriateness Consensus Committee by International
Neuromodulation Society) has focused on some priorities for the development of
new devices. They include concerns such as (a) improved safety, (b) miniaturiza-
tion, (c) cost utility, (d) better cosmetic results, (e) impact on intended targets, while
sparing unintended targets, (f) increasing longevity of devices, and (g) increasing
safety for the neural tissue. Furthermore, the study of new neural targets, modifica-
tion of current delivery and waveforms, newer and safer materials, as well as the
role of technologies such as wireless, image-guided implantation, and closed-loop
technology should bring better results and security [12].

Conclusions

Spinal cord stimulation is a safe and effective technique for the treatment of chronic
refractory pain. The use of paddle leads has been related to a better outcome when
compared to percutaneous leads. However, the rate of complications in the short
term is higher in the paddle group, despite that, in the long term, they have a lower
rate of complications and surgeries, such as in lead migration.

The surgeon should be aware of some technical issues for a better outcome.
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The Penta Implant as I Do it

Joshua Feler and Claudio A. Feler

Status of SCS

While SCS and neuromodulation have seen far-reaching changes since their con-
ceptual inception and initial clinical efforts, it is our belief that certain clinical syn-
dromes are more likely to respond to SCS than others; in spite of the evolution of
devices, both electrodes and current generators, as well as numerous newer pro-
gramming modes, some pathologies remain resistant to therapy.

The evolution of SCS technologies has been animated by both the need to pro-
vide for patient care and to accumulate profits. In pursuit of establishing and pre-
serving market share, some companies have limited their devices to identifiably
unique and limited stimulation and implantation parameters; these may evolve
through time with shifts in implanter preference but perhaps at a slower rate than is
warranted by available data establishing best practices. Our thought is that patients
and their pathologies vary, and having the ability to treat all comers within a treat-
able group is sensible and provides the best care for most patients. A single lead that
supports a diverse rather than limited set of anatomical and stimulation profiles is
most consistent with this perspective.
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Why Penta

The Penta lead was designed to obtain paresthetic overlap across multiple, distinct,
and varied areas of anatomy from a single lead implant. It was designed to allow
both a multitude of cathodal and anodal positions with tight spacing and small con-
tacts (Fig. 1) such that paresthesia might be moved around the patient’s anatomy by
using multiple program sets employing a combination of cathodal activation and
anodal blocking. The lead has a domed shape to better fit the relatively peaked roof
of the dorsal spinal canal. Figure 2 shows the electrode number scheme. Notably,
there are 20 contacts, with the lateral columns arranged in paired sets such that the
final count is 16 separate contacts. The surfaces are microtextured to increase the

Description Penta, 3 mm
Electrodes are shown facing down
(anteriorly)
1
2
Lead length and model 60 cm 3228
Lead diameter 1.4 mm
Electrodes
Number 16
Configuration 5 columns of 4
Length 4 mm
width 1mm
Longitudinal spacing 3 mm
Lateral spacing 1 mm
Array length 25 mm
Array width 9 mm
Paddles
Length (L, includes taper) 46 mm
width (W) 11 mm
Thickness (T) 2 mm
Lead resistance (for all lengths) < 10o0hms
Differentiation band signifies Electrodes 1-8

Fig. 1 Engineering specifications for Penta electrode



The Penta Implant as I Do it 65

Table 1 Prognosis for pain relief dependent on pain location and features

Responsive to Unresponsive to

Constant/steady | Mechanical sympathetic block sympathetic block
Leg Excellent Poor response Good response Uncertain response,
pain response expected | expected expected reasonable to trial
Back | Good response Poor response Not relevant Not relevant
pain expected expected
Arm Excellent Poor response Good response Uncertain response,
pain response expected | expected expected reasonable to trial
Neck | Poor response Poor response Not relevant Not relevant
pain expected expected

Fig. 2 Channel
designations for Penta

electrode
127 "> 15
4 8 12
5 9 13
| | I I ’-L‘---
5 16
6 10 14
| |

contact surface area, limiting current density. Although the generator could have
been used to limit power output and thereby current density, if the lead were attached
by an implanter to another manufacturer’s generator, then unsafe current densities
would be possible. This was thought to be unsafe; hence, the microtexturing option
was adopted to provide safety in unexpected use cases by clinicians.

The lead has flexible function once implanted. Because of the array and lead
dimensions, it provides redundancy such that multiple programs may yield similar
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effective paresthesia overlap. If a patient prefers a non-paresthesia-producing pro-
gram, Penta provides this capability while leaving open the possibility of imple-
menting a conventional program when needed. Initial results were presented at
NANS in 2009. (Ref. [1])

Indicated Patients

While I recognize that patient selection is not simple, I do my best to select patients
for SCS procedures that have significant neuropathic pain. Patients with either
CRPS-1 or CRPS-2 are optimally considered, particularly those that describe more
than 50% constant, steady pain or have more than 50% pain reducible by repeated
sympathetic injections. The greater percentage of appendicular pain vs axial pain,
the greater the opportunity for a good outcome. On occasion, patients with CRPS-1
are selected that do not have this proportion of appendicular symptoms, but in my
experience, outcomes are inferior in this group. Leg and arm pain is more treatable
than back or neck pain. I have found that neck pain is very difficult to treat even with
good stimulation overlap. Success in the low back target is dependent on the
patient’s complaint being constant rather than mechanical.

We understand that many implanters select patients more liberally than we do;
nonetheless, our practice is to exclude from trial implantation those patients who
report pains that are described in mechanical terms when these complaints exceed
50% of the total pain complaint. With this strategy, I recognize that I likely exclude
some patients who would experience some clinical benefit, in pursuit of obtaining
better than expected outcomes in those that I do an implant. We do not trial patients
to “see if they respond,” believing that the trial of stimulation is not a reliable means
of assessing a patient’s response to permanent implantation.

Our strategy is to select patients carefully based on their clinical characteristics
and then to do a percutaneous trial assessing their experience with stimulation:
whether or not they like stimulation, how much positional stimulation is obtained,
whether or not they prefer non-paresthetic producing programs or conventional par-
esthesia producing programs, whether or not they note any functional improvement,
and what their experience with pain relief is. It is important to manage expectations
by educating patients as to which elements of their pain may be treatable and to
which I do not expect to respond. Anecdotally, I would note that patients who expe-
rience no pain relief with a well-placed, properly functioning stimulator will not
have any benefit with a permanent implant. Patients who report intermediate pain
relief will likely respond similarly to permanent stimulation. Finally, patients who
report “complete” pain relief have the most difficulty predicting long-term out-
comes based on the trial of stimulation because these patients may be experiencing
a short-term placebo effect that will ultimately fade.

Prior to any intervention with any lead, MRI or myelography should be obtained
to assess the intraspinal anatomy in the area through which the lead will pass. This
step is fundamental to avoid injury to neural elements during the procedure.
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Identification of unexpected areas of degenerative stenosis or disc prolapse is
essential.

Preoperative Evaluation

All patients undergo clinical and psychometric evaluation. In my practice, an
MMPI-2 has been the standard, along with a formal evaluation with a psychologist.
Utilizing the MMPI-2, I exclude patients from consideration if their conversion V
(hysteria, hypochondriasis, and depression scores) is exaggeratedly deep. It has
been my experience that psychologists are more effective at identifying psychiatric
disorders and drug-seeking behaviors that may impact outcomes. I have had the
surprising experience of implanting a patient with a dissociative identity disorder.
Fortunately, all five of the patient’s personalities both liked and got benefit from
their stimulation. I feel strongly that a patient should have formal psychological
evaluation and clearance prior to the trial of SCS whenever possible to avoid the
discovery of contraindications after a “successful” trial. When a patient who has not
had formal psychological evaluation is referred for a permanent implant after a suc-
cessful trial, they are sent for formal evaluation. Many fail to pass the scrutiny of a
psychologist. My practice is to not implant these patients. In summary, the entire
evaluation team should confer on each patient. Patients who are deemed appropriate
for permanent implantation then undergo a trial of stimulation.

Medically, those patients with a history of bleeding diathesis, severe cardiac dis-
ease (unless the implant is for off-label use for angina), history of infections with
procedures, uncontrolled diabetes, etc. are given consideration, but these patients
must be handled with extraordinary care to avoid complications. These typically
will require subspecialty consultation to assess their true risk in undergoing a
procedure.

Patients are well educated prior to trial or permanent so that they have a full
appreciation of what to expect. This education is best provided by both the clinician
and the stimulation company’s representative.

Operative Method

Implantation of laminectomy electrodes should only be done by physicians properly
trained for these procedures and the management of the procedural complications
that may occur. This would include neurosurgeons and orthopedic spine surgeons.
Anesthetic methods vary, including local anesthesia with sedation, epidural
anesthesia, subarachnoid anesthesia, and general anesthesia. My preference is for
general anesthesia with a short-acting paralytic agent during induction. This
approach allows for both motor stimulation and EMG monitoring. Some implanters
prefer other methods and tout them as safer and more precise; however, in my hands,
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that has not been the case. Using a general anesthetic, the patient is still, and the
procedure is comfortable. If the implanting surgeon has also performed the trial,
there is greater awareness and control over lead positioning. Intraoperative stimula-
tion confirms laterality. EMG monitoring also contributes to good positioning.

Once the anesthesia has been established, the patient is placed in a prone position
for a thoracic implant. The radiolucent Wilson frame is used to offload the abdo-
men. This positioning reduces intraspinal venous pressure and improves lordosis to
facilitate the approach through the dorsal spinal roof, easing lead advancement.

The surgical approach is determined based on the need for a centrally placed lead
or a primarily unilaterally placed lead. While it is possible to place a central lead
from a unilateral approach via hemilaminotomy, it is far easier to place a central
lead through a midline dissection. The downside to a midline dissection is the
removal of the dorsal tension band which may later produce localized mechanical
pain (Figs. 3 and 4).

Imaging is used to localize the target and the translaminar entry point, which, for
back and leg targets, is T10-11, ultimately placing the lead such that the top of the
Penta is near the disk space of T9 and no lower than the mid-pedicle of T9.

Preoperative antibiotics are infused at a time appropriate for the antibiotic
selected. This selection depends on local hospital and community bacteriograms
and potential known patient hypersensitivities. Antibiotics are continued postopera-
tively for 24 hours in a permanent implant. This may require an overnight stay.

The incision is planned such that one-third of the incision is cephalad to the
planned bony removal and two-thirds of the incision is caudal to that point. This
allows the lead to be placed from a caudal direction, lowering the approach angle of
the lead to the dura, diminishing the potential impact of the lead onto the spinal
cord. Once the skin incision has been made, dissection is carried to the dorsal fascia

Fig. 3 Penta electrode
implanted through a
midline dissection at
T9-10
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Fig. 4 Penta electrode
implanted through a
unilateral approach.
Respects the midline

with pen cautery, maintaining hemostasis. Retractors are placed to hold the skin and
subcutaneous tissue, and if a unilateral approach has been selected, fascia is divided
unilaterally, the paraspinous musculature is dissected away for spinous process and
laminae, and a unilateral retractor is placed. If a midline dissection is planned, then
the supraspinous and interspinous ligaments are divided, following which a portion
of both the T10 and T11 spinous processes are resected, with more bone being
removed from the T11 process to facilitate a low angle of approach to the spine with
the Penta lead.

While magnification is not required for this operation, we use the operating
microscope for magnification as well as excellent lighting to visualize the bony ele-
ments and, more importantly, the dura when it presents. A high-speed drill is used
to remove lamina down to the ligamentum flavum. Once the ligamentum flavum is
exposed, a 1 or 2 mm Kerrison Punch with a cervical footplate is used to remove any
ligament and remaining bone to create an access corridor through which to deliver
the lead. The corridor should be 2-3 millimeters wider and taller than the lead so
that there is no friction between the lead and bone/ligament. This allows good tactile
feedback from the epidural space. Any sensation of obstructions will be felt and not
pushed through. If there is resistance while passing the lead, then an appropriate
epidural dissector may be used to dissect further, following which the lead may be
placed. As a matter of habit, I do not like to introduce lead blanks prior to placing
the lead. Usually, the lead can be placed safely on the first pass, eliminating a step
that could create complications to the spinal cord. It is imperative, however, that the
lead be placed gently. X-rays should be checked, and intraoperative stimulation is
then used to confirm lead placement.

If at all possible, avoid doing complete laminectomies over the lead’s final posi-
tion. Removing the roof of the spinal canal increases the distance from the lead’s
body to the spinal cord, markedly reducing the efficiency of stimulation. This nega-
tively impacts the ability to cover the needed topography of pain with stimulation
and reduces generator efficiencies.
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Once the lead’s position is felt to be acceptable, the lead is secured to the residual
T 11 spinous process with 2—0 Vicryl.

The carrier tubes are then tunneled to a separate generator incision and attached
to the generator. Irrigation is copious, following which hemostasis is assessed, par-
ticularly from within the spinal canal. If there is any intraspinal bleeding noted,
Flowseal™ may be used, followed by additional irrigation, repeating until clear.
Consideration for a drain is also reasonable, if brought out through a separate stab
wound. After confirming hemostasis, the dorsal lumbar fascia is closed with absorb-
able suture, and strain relief coils are placed over the fascia as well as deep into the
generator. Again the wounds are irrigated and then closed in layers with absorbable
sutures and staples for the skin. Other skin closures may be used; however, staples
are the least likely to produce wound complications, and they require removal,
which mandates an office visit at approximately a week for a wound check.

Initial programming is accomplished immediately postop or no later than the
morning after surgery. Patients are followed closely for wound checks and optimi-
zation of their programs.

Caveats

1. Place the lead in a position that will provide proper paresthetic overlap
even if you initially intend to treat it with a paresthesialess program.

2. Locate the skin incision such that two-thirds of it is caudal to the intended
site of bony entry into the spinal canal; this allows for a low angle of
approach to the epidural space.

3. Remove sufficient bone and ligament to allow frictionless passage of the
lead into the epidural space, allowing good tactile feedback from the epi-
dural space.

4. Avoid doing complete laminectomies at the location of the lead.

Obtain excellent hemostasis. Consider using a drain.

6. Leave generous strain relief coils at both incisions.

&

In patients having a Penta placed for high cervical indications, the positioning is
prone with the head restrained in a pin and tong headrest. Chest rolls are placed.
This approach has been well described previously (Ref. [2]). The Penta’s design
provides for coverage of both upper extremities and sometimes the lower extremi-
ties from this position. Importantly, the approach is retrograde from above the ring
of C1 projecting under the rings of C1 and C2 (Fig. 5). This location is much safer
than the mid-cervical canal due to the large epidural space at this location. The lead
is anchored to the residual atlanto-occipital membrane with 4-0 suture via the lead
body suture hole. An additional lead anchor is not used because this might cause
tension between the lead body and the anchor point at the carrier tubes, later leading
to a distraction failure secondary to the patient’s neck potion.

Summary Comments
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Fig. 5 High cervical
implant of a Penta
electrode

Proper patient and device selection is essential to obtaining a good result for the
patient. Similarly, these devices are highly nuanced and must be implanted in the
correct location with skill.

Penta is a lead designed to evoke stimulation either narrowly or broadly via a
platform that, because of its relatively small size, is easily implanted. This chapter
provides adequate direction for one skilled in the art of spinal surgery to properly
place this device.
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Deep Brain Stimulation for Pain:
Indications and Technique

Clement Hamani

Introduction

Deep brain stimulation is a therapy that involves the delivery of electrical current to
the brain parenchyma through implanted electrodes. These are usually placed in
specific brain targets with the aid of stereotactic techniques and connected to a pulse
generator via extension cables. Parameters that may vary with the use of DBS are
the stimulation frequency, pulse width, current amplitude, the use of monopolar or
bipolar stimulation, as well as the electrode contacts selected as cathodes or anodes.

The use of electrical stimulation for the treatment of pain has almost 70 years and
was one of the first applications of this technique in functional neurosurgery [1-3].
Nevertheless, it was only in the 1970s and 1980s that the use of brain stimulation for
pain became more widespread with surgeons in multiple centers worldwide deliver-
ing this therapy to the thalamus and internal capsule, as well as the periaqueductal
(PAG)/periventricular gray matter (PVG) [4-26]. More recently, stimulation of the
anterior cingulum (ACC) has been advocated [27-30]. Despite its relatively wide-
spread use, there has recently been a progressive decline in the number of chronic
pain patients treated and centers offering DBS for chronic pain. This is due to sev-
eral factors, including the development of medications and alternative treatments
for nociceptive pain, the poor results of two double-blinded multicenter trials spon-
sored by a DBS system manufacturer [31-33], and the lack of approval for the use
of DBS to treat chronic neuropathic pain in many countries.
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In this chapter, we review selection criteria, technical aspects, clinical results,
and complications of DBS for the treatment of pain.

Indications and Surgical Aspects

The first step to understand which procedure and brain target to select is the defini-
tion of the type of chronic pain (neuropathic or nociceptive), the region of the body
compromised, and the clinical condition associated with the development of pain.
Despite the lack of comparative studies, it seems that stimulation of the sensory
thalamus (e.g. nucleus ventralis caudalis; Vc) has been more commonly indicated
for neuropathic pain, whereas historically PAG/PVG stimulation has been offered to
nociceptive pain [34-38]. The latter, however, has also been used to treat neuro-
pathic pain, particularly when allodynia is present. Further, many centers implant
electrodes in both Vc and PAG/PVG. Anterior cingulum DBS has been more com-
monly offered in investigational studies to patients with chronic pain intractable to
medication who may have failed DBS in the PAG/PVG and/or sensory thalamus,
presenting with whole-body or hemibody pain [27]. Other targets investigated in the
past and not routinely used to date include the internal capsule [11, 39], septal
region [40, 41], and medial thalamus [42—45].

As described above, a slight difference exists between common etiological diag-
noses in patients with neuropathic pain treated with DBS. While thalamic stimula-
tion has been more frequently used to treat poststroke pain, spinal cord injury,
multiple sclerosis, and phantom limb pain, PAG/PVG has also been used for the
treatment of nociceptive pain, including failed back syndrome (FBS) [26].

Surgical candidates are patients who have severe and refractory pain and tried
and failed all reasonable medical treatments and physiotherapy. As trying multi-
ple medical therapies is a long process, it usually takes years prior to referral for
surgery. An important aspect is that patients need to be screened for psychologi-
cal or psychosocial overlay and secondary gain. Patients with conditions that
contraindicate brain surgery (e.g. coagulopathy) are often not suitable DBS
candidates.

From a technical perspective, most centers target the sensory thalamus based on
magnetic resonance imaging and indirect coordinates based on the anterior-posterior
(AC-PC) commissural plane and midcommissural point (MCP) [26]. The somato-
sensory thalamic target is the ventralis caudalis nucleus contralateral to the side of
the worse pain. Commonly used coordinates are 2-3 mm anterior to PC at the level
of the AC-PC plane. Due to the somatotopical representation of the body in the
thalamus, the mediolateral coordinate in relation to the midline varies from
12—13 mm lateral for facial pain, to 14—15 mm lateral for upper extremity pain, to
16-17 mm lateral for lower extremity pain. In contrast to the somatosensory thala-
mus, PAG/PVG may be largely targeted based on direct neuroimaging visualization,
as this structure lies near the boundaries of the III ventricle and cerebral aqueduct.
Standard coordinates for placement of the electrodes in the region of the PVG are
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2-5 mm anterior to PC, 2 mm lateral to the medial wall of the third ventricle, at the
level of the AC-PC plane [32, 33, 39, 46].

In addition to neuroimaging, several centers corroborate the precise target for
electrode placement using electrophysiology, including microelectrode recordings
and micro/macro stimulation. In the sensory thalamus (Vc¢) [20, 47-50], stimulation
with lower current amplitudes leads to perceived paresthesias in projected fields.
These are also used to define the placement of actual DBS electrodes. Once in place,
stimulation is delivered through electrode contacts to assess whether paresthesias
are perceived in the correspondent body region where pain is perceived. During
PVG stimulation, patients sometimes report a warm sensation that may be even
pleasurable [32, 39, 51]. Ventrally placed electrodes in the region of the PAG may
sometimes lead to stimulation-induced sensations of anxiety and fear [32, 39, 51].

Protocols for the postoperative management of chronic pain patients receiving
DBS vary according to center. While some externalize the lead for further testing,
others implant and connect the pulse generator with the leads in the same surgical
procedure. The first allows what is called “test stimulation trial”. This consists of the
stimulation delivery through externalized wires while patients are still in the hospi-
tal. During the test trial, different stimulation settings are delivered to the patient in
a tentative to characterize the ones associated with the greatest amount of analgesia
and the coverage of the area of pain. In most centers, a trial is considered to be suc-
cessful if a >50% reduction in pain is achieved with stimulation. Under these cir-
cumstances, electrodes are connected to the pulse generator and the DBS system
initially programmed according to settings considered to be optimal. If the test trial
is negative, the electrode and the extension cable are removed. On average, it is
estimated that 60% of trialed patients have a positive response and end up being
implanted with an IPG [26].

Postoperative Aspects and Results

During programming sessions, an important aspect is to deliver stimulation to pain-
ful regions at settings that induce paresthesias considered to be pleasant [19, 32, 39,
51]. Commonly used parameters for thalamic stimulation are frequencies around
100 Hz, 60-210 microseconds of pulse width, and 2-5 V [19, 24, 26, 32, 33, 39,
51]. In the PVG, one searches for stimulation-induced warmth sensations.
Commonly used settings are 10-25 Hz, 60-210 microseconds, and 1-5 V [13, 33,
46, 51, 52].

The long-term outcome of DBS for the treatment of chronic neuropathic pain is
quite variable, with most studies showing a response in 20-70% of the patients [7,
10, 14, 17-19, 21, 23, 24, 32-39, 46, 51, 53-57]. Part of the variability seems to be
due to the fact that there are multiple conditions treated with DBS at different tar-
gets, the parallel use of analgesic medications, the inclusion of all patients vs. only
those who present a positive stimulation trial, and the length of follow-up. In gen-
eral, neuropathic pain patients seem to fare worse than those with nociceptive pain
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and studies that only include patients who did well in the test stimulation trial tend
to show a better response [26]. Another aspect believed to influence the outcome is
the diagnosis associated with chronic neuropathic pain. Those forecasting a better
analgesic response include complex regional pain syndrome (CRPS), phantom
limb, and peripheral neuropathies, compared to postherpetic neuralgia, brachial
plexus avulsion, or thalamic pain [33, 35-38, 58—61]. In some studies, a long-term
outcome following DBS was shown to be worse than at short term [26]. Reasons to
explain the loss of benefit recorded over time are unclear but may involve plasticity
of neuronal circuits and tolerance, predominantly described after PAG/PVG stimu-
lation [39, 62]. Independent on the reason, the variability in study results, the some-
times reported loss of benefit over time, combined with the poor outcome reported
in two open-labeled multicenter studies sponsored by one of the manufacturers of
the stimulators (Medtronic) [63], substantially reduced the interest in the field.

In a recent series of studies, the ACC was investigated as a potential DBS target
in patients with chronic pain [27-30]. Following a test stimulation trial, most
patients ended up implanted with pulse generators. At 6 months and 1 year postop-
eratively, numerical rating pain scores improved by 60% and 43%, respectively
[27]. In addition to pain relief, ACC DBS was associated with improvements in
affective components of pain [27, 28]. A major complication of anterior cingulum
DBS seems to be the development of afterdischarges and seizures [27, 64]. Though
these can be somewhat controlled following changes in cycling patterns and the
ramping of stimulation delivery, these side effects are fairly concerning [27, 64].

Another target recently proposed to modulate affective components of pain was
the ventral striatum/anterior limb of the internal capsule (VS/ALIC) [65]. In a recent
report, patients with poststroke pain were implanted with VS/ALIC electrodes and
randomized to blindly receive active or sham DBS [65]. Though no significant dif-
ferences were found between active or sham stimulation on the Pain Disability
Index (primary outcome variable), significant differences were found on outcome
measures related to the affective sphere of pain [65].

Finally, it is worth mentioning that DBS is also being investigated for cluster
headaches. Substantial reductions in the frequency and duration of cluster episodes
have been reported in open-label studies [66—71], with no significant differences
being recorded in trials conducting blinded assessments of active versus sham stim-
ulation [72].

Hardware- and surgical-related adverse effects of DBS for pain are somewhat
similar to those recorded in other conditions [35-38, 73]. The most common ones
are intracranial hemorrhages (1-2% risk), lead migration, breakage of the wires and
leads that need to be repositioned (approximately 5%), and infections (3—-5%) [74].

Conclusions

Despite the promising results of open-label studies, more recent series and two
double-blinded multicenter trials sponsored by one of the manufacturers of the
device have shown worst outcomes compared to the older literature [31-33]. That
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said, patients who respond to DBS often present striking results. As DBS is often
considered to be one of the last resort alternatives for the clinical management of
refractory chronic pain patients, further research is definitely required. With recent
progress on imaging modalities, new electrode designs, electrophysiological test-
ing, and the better appreciation of clinical phenotypes, the development of biomark-
ers capable of predicting treatment response is of great urgency. This, combined
with technological advancements, may revitalize the field.
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Introduction to Dorsal Root Ganglion
Stimulation an Overview of the Field

Keith-Austin Scarfo, Pavli S. Demian, Natalie Strand, Corey Hunter,
and Timothy R. Deer

Introduction

The application of neuromodulation started in the late 1960s with the advent of
dorsal column stimulation for surgical treatment of chronic pain as first described
by Shealy in 1967. While traditional SCS has provided efficacious and cost-effective
treatment for patients with chronic pain, there have been challenges with regard to
focal pain or CRPS, particularly in the feet [1-4]. Evidence shows that SCS fairs no
better than physical therapy over time with CRPS [5], largely due to the inability to
consistently capture the focal areas like the foot or the creation of unwanted pares-
thesias in unaffected areas. It was not until recently that the dorsal root ganglion,
itself, was discovered to be directly implicated in the creation and perpetuation of
neuropathic pain [6].

Numerous attempts have been made with limited success to utilize techniques
and hardware from dorsal column stimulation to directly target the DRG. These
attempts have ultimately resulted in failure due to anatomical and hardware
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considerations ranging from lead placement in the neuroforamen to the delivery of
significant overstimulation of the DRG. Neuromodulation, with its multiple uses,
continued to have a significant shortcoming to include the relative lack of reliability
in delivering stimulation and subsequent pain relief in focal neuropathic pain, nerve
injury, and neuropathy [1-6].

As far back as the mid-twentieth century, the dorsal root ganglion was thought to
be predominantly a support structure with an accessory role in sensory transmission
and thus was targeted for chronic pain [7]. However, it was not until the early 1990s
when direct stimulation of the DRG for the treatment of chronic pain was first stud-
ied in an animal model. Almost 20 years would transpire before animal research
was translated into a human feasibility study for DRG stimulation by Deer et al. in
2009 (Fig. 1). Ultimately, the decision was made to target the dorsal root ganglion
over the dorsal column for the purpose of regulating the passage of action potentials
via the T-junction of the neuronal cell bodies contained within the ganglion as well
as providing focal stimulation to specific regions of the body. In 2011, a larger inter-
national study further demonstrated the safety and efficacy of DRG stimula-
tion [8, 9].

In 2012, a prospective, single-arm, pilot study demonstrated the potential for use
of dorsal root ganglion stimulation to treat chronic pain targeting difficult-to-reach

Fig. 1 (a) Delivery sheath
with big curve and lead
inserted. (b) Delivery
needle. (¢) Delivery sheath
small curve. (d) Guidewire
and lead stylet. (e) Lead
anchors
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anatomic regions such as the foot. As the potential for DRG stimulation was real-
ized, indications grew to include pelvic pain, complex regional pain syndrome,
post-thoracotomy pain, phantom limb pain, post-hernia pain, postsurgical pain, and
painful peripheral diabetic neuropathy. These added indications have broadened the
awareness of multiple specialties that previously were not involved in the manage-
ment of chronic pain and provided an option for patients who previously had none.
After careful review of safety and efficacy data, Food and Drug Administration
granted premarket approval to Axium Neurostimulator Systems in 2016 [10-18].

Real-World Evidence

The use of DRG for the treatment of neuropathic pain syndromes has been shown
to be efficacious and is supported by peer-reviewed evidence. Given the variety of
neuropathic pain syndromes, the decision to treat with DRG stimulation should be
evaluated based on the currently available evidence for each specific neuropathic
process [19].

Complex regional pain syndrome has been one of the most highly studied and
well-established indications for DRG stimulation given the ACCURATE study
which demonstrated superiority to SCS stimulation for subjects with diagnosed
CRPS over 12 months [12]. A prospective case series by Van Buyten et al. in which
8 out of 11 subjects with unilateral or bilateral lower extremity CRPS were implanted
with DRG stimulation devices. At one-month follow-up, average self-reported pain
was reduced by 62% as compared to baseline. Some subjects had improvement in
edema and trophic changes associated with CRPS [20].

DRG stimulation has been shown to be helpful in the treatment of painful dia-
betic peripheral neuropathy (PDPN) as demonstrated in two retrospective case stud-
ies. Schu et al. implanted seven patients following a successful trial with cervical
and lumbar leads to target patients PDPN and followed patients through 25 months
demonstrating sustained 50% improvement in subjects’ pain [16]. A second series
trialed ten male patients with diabetes and a diagnosis of DPDN in the lower limbs.
Seven of the ten patients proceeded to implantation with at least 50% improvement
in pain after the trial. At 6-month follow-up, there was an average of 58.4% VAS
improvement. Nondiabetic peripheral neuropathies (idiopathic, HIV-related,
chemotherapy-induced) are also associated with severe pain, and the effect of DRG
stimulation has been less frequently studied. A retrospective analysis of DRG stim-
ulation did evaluate eight patients with mixed neuropathic diagnoses. After 6 weeks,
4 out of the 5 patients with poly-sensory neuropathy, 1 patient with chronic radicu-
lopathy, and 2/2 PDPN patients had greater than 50% response in VAS improve-
ment. The mean overall improvement in pain at 6 weeks was a 79.5% reduction in
VAS as compared to baseline [21, 22].

Chronic postsurgical pain (CPSP; excluding CRPS I&II) after surgical interven-
tion including joint replacement, abdominal surgery, thoracotomy, and mastectomy
is common [13, 23, 24]. Espinet conducted a retrospective single-center case series
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in which 16 patients were implanted with DRG systems following a successful trial
(>50% pain relief). Most of the diagnoses were either abdominal pain or knee pain
with lead placement from T1 through S4 DRGs (Fig. 2). At 6 months post implant,
there was shown an average of 77.2% VAS improvement compared to baseline [25].
A similar noncontrolled study of CPSP by Liam et al. implanted DRG stimulation
systems in 29 of 36 patients with CPSP [26]. At 3 and 6 months, overall and seg-
mental pain relief were 64.0% (N = 16) and 76.4% (N = 24) respectively [15, 24].
Breel et al. reported on 30 subjects with chronic postsurgical neuropathic pain with
pain located in the trunk/groin/abdomen among other body locations. Of the 30
patients, 26 proceeded to implantation. At 6 months of treatment, patients had an
average of 45% pain reduction, and 83% of patients reported pain relief in their
normal pain areas. Fifty percent of the patients were at subthreshold stimulation
[27]. A retrospective review was performed by Schu et al. on neuropathic groin pain
(Fig. 3). Twenty-five of 29 patients were implanted with the DRG system after a
successful trial at target DRGs between T12 and L4. At approximately 28 weeks,
the average VAS pain reduction was 71.4%, and 19 of 23 patients experienced a
>50% reduction in their pain. Of note, a sub-analysis of the post-herniorrhaphy
cohort also showed significant improvement [15]. A case series demonstrated L1/S2
lead placement as a potentially effective long-term treatment modality for chronic
pelvic pain [11].

Fig. 2 Lead placement in
the anterior-posterior view.
The right L3 DRG is
targeted for the treatment
of knee pain
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Fig. 3 Lead placement in
the anterior-posterior view.
The right T12, L1, and L2
DRGs are targeted for the
treatment of hip and groin
pain. Note the different
approaches for epidural
needle placement to
accommodate varying lead
delivery techniques

DRG has also shown significant promise in the treatment of post-herpetic neural-
gia [PHN] given the focal nature of this neuropathic pain syndrome [28, 29]. There
continues to be discussion regarding lead placement, at the level of injury verses
above and below, due to the DRG being damaged in PHN [19].

Phantom limb pain [PLP] is another condition with focal neuropathic pain per-
ceived in an amputated limb. Eldabe et al. performed an eight-patient retrospective
study with average baseline pain of 85.5 mm. At follow-up (mean 14.4 months),
pain was rated 43.5 mm with improvement in subjective ratings of quality of life
and functional improvement. Some patients reduced or eliminated pain medications
[14]. Hunter et al. published similar findings on the utility of DRG for the treatment
of post amputee pain in a four-patient study using radiofrequency ablation to “map”
which dorsal root ganglion should be targeted during the trial and subsequent
implant.

Clinical Efficacy

The feasibility of targeting the dorsal root ganglion was established in a prospective,
multicenter, single-arm, pilot study which enrolled 10 subjects with chronic intrac-
table neuropathic pain of the trunk and/or limbs. Patients were implanted with an
average of 2.9 leads attached to an external generator. At baseline, the overall mean
VAS score was 73 + 10 mm. The average pain reduction between baseline and final
visit 4 weeks later was 70 + 32%. The average decrease in back pain was 84 + 22%.
The average decrease in leg and foot pain was 80 + 26% and 70 + 30%, respectively.
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There were no changes in stimulation output due to changes in body position and
leads were removed and subjects exited the study after the last follow-up [3].

The long-term viability of neurostimulation of the DRG was furthered in a study
by Liem et al. Thirty-two subjects were implanted with DRG stimulation and fol-
lowed for 6 months with 2 weeklong “washout” periods (posttrial and 4 weeks post
implant). At all assessments, more than half of the subjects reported pain relief of
50% or better. At 6 months post implant, average overall pain ratings were 58%
lower than baseline [p < 0.001], and the proportions of subjects experiencing 50%
or more reduction in pain specific to back, leg, and foot regions were 57%, 70%, and
89%, respectively. When stimulation was discontinued for a short time, pain
returned to baseline levels [4].

The ACCURATE trial is a prospective, randomized, controlled, multicenter
study to evaluate the safety and efficacy of the DRG stimulation compare to tradi-
tional spinal cord stimulation in subjects with chronic complex regional pain. After
a successful trial period (50% pain relief), a total of 115 subjects were implanted
with the device [DRG-61, 54-SCS]. Subjects were followed up for 12 months with
3-, 6-, 9-month intervals post implant. Superiority was also established with DRG
as compared to traditional SCS with DRG subjects experiencing significantly less
postural variation in perceived paresthesia as compared to SCS. Other endpoints
included SF-36, POMS, BPI, subject satisfaction, stimulation specificity, and per-
centage change in VAS which demonstrated non-inferiority with DRG and superior-
ity with SF-36 and BPI [12].

Further studies demonstrated additional indications for DRG stimulation. A ret-
rospective review showed that lead placement between T12 and L4 demonstrated an
improvement in groin pain, including post-herniorrhaphy pain over 6 months [15].
A case series demonstrated L1/S2 lead placement as a potentially effective long-
term treatment modality for chronic pelvic pain [7]. DRG was also found to be
effective in low back pain due to FBSS that did not respond to SCS through
12 months [30].

Safety of Dorsal Root Ganglion Stimulation

There have been multiple publications addressing the safety of dorsal root ganglion
stimulation. Most notable are the ACCURATE study and the retrospective review
published by Sivanesan which utilize data from the MAUDE database. In a follow-
up to the ACCURATE study, a post-market safety analysis of DRG was also carried
out by Deer et al. utilizing a large consecutive cohort of patients obtained from the
manufacture.

ACCURATE was a prospective, multicenter trial which enrolled 152 patients
and randomized 76 of them to DRG therapy and the remaining 76 patients to dorsal
column stimulation [SCS]. Adverse events were collected and categorized as an
unfavorable and/or unintended sign, symptom, or disease temporarily associated
with the use of the implanted device. The authors stratified adverse events as serious
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if they were immediately life-threatening and resulting in persistent, permanent dis-
ability as well as necessitating invasive intervention to prevent permanent impair-
ment or death, resulting in the need for a 24-hour hospital stay or longer. The safety
analysis reported 8 severe adverse events of 76 patients in the DRG arm or 10.5%
as compared to SCS with 11 of 76 patients or 14.5%. There was no statistical differ-
ence comparing severe adverse events between these DRG and SCS (P = 0.62).
Throughout the study period, there were no unanticipated SAE or stimulation-
induced neurological deficits and no deaths of study subjects. There were 52
procedure-related events reported by 35 patients in the DRG arm or 46.1% as com-
pared to 29 procedure-related events reported by 20 patients in the SCS arm or
26.3%. The adverse event data showed a statistical difference between the DRG and
SCS arms of the study (P = 0.018). The authors hypothesize that the additional
procedure time (average 107.2 vs 75.7 minutes) and the number of leads (3 or 4 vs
1 or 2) required for the placement of DRG as compared to SCS most likely contrib-
uted to this difference. For both DRG and SCS, the most common procedure-related
adverse event reported was pain at the procedure site. Device-related adverse events
showed no statistical difference (P = 0.22) when DRG is compared head-to-head
with SCS [12, 31].

In 2019, a post-market safety analysis of DRG stimulation was published in a
follow-up to the ACCURATE study. This post-market surveillance utilized records
for both DRG stimulation and SCS obtained from the manufacturer, Abbott
Neuromodulation (Chicago, IL, USA), dating between April of 2016 and March of
2018 compiled the safety and compliance associated with DRG therapy as com-
pared to spinal cord stimulation (SCS). Device manufactures are required to main-
tain compliant event data providing Deer et al. with accurate and complete reporting
for a cohort study. The manufacturer’s data revealed a large consecutive cohort of
patient adverse event data for >500 DRG and >2000 spinal cord stimulator implants
for analysis. The adverse event rate for DRG and SCS were 3.2% and 3.1%, respec-
tively. The most common adverse event reported for both DRG and SCS was infec-
tion at a comparable rate of 1.08% and 1.12%, respectively, followed by
device-related pain at a rate of 0.30% for SCS and 0.54% for DRG.

In 2019, Sivanesan et al. published a retrospective safety analysis that utilized
data from the FDA-supported MAUDE (Manufacturer and User Facility Device
Experience) database. The study examined publicly reported safety events for DRG
stimulation including both trials and implants. The authors’ queried data entries
termed “dorsal root ganglion stimulator for pain relief” between May 2016 and
December 2017 and categorized complications based on the event description. A
total of 979 unique events were identified, and analysis was used to stratify events
based on the severity of the adverse outcome. Combining the data of both trials and
permanent implants, 47% of the reported events were categorized as device-related
complications. Device-related complications may include migration, erosion, lead
damage or failure, hardware malfunction, and difficult insertion or removal.
Procedural complications accounted for 24% with the remainder of episodes
included patient complaints, 12.4%; serious adverse events, 2.4%; and the remain-
ing 4.6% categorized as other. The most common device-related complications
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included migration or lead damage which was reported at 272 and 99, respectively.
Unfortunately, the total number of procedures performed during the 20-month
period is unknown, and therefore the incidence of complications cannot be calcu-
lated based on this data set. Of note, the prevalence of adverse events associated
with DRG was similar to those reported with SCS.

DRG stimulation has an excellent safety profile with an adverse event rate equal
to or better than SCS. This has been demonstrated not only in a tightly controlled
setting, the ACCURATE study, but also through the analysis of real-world data over
the first 2 years post FDA approval and the analysis from the FDA’s MAUDE data-
base. While no study is without its individual limitations, their combined data
reveals a safety profile on par with SCS [32-34].

MRI Safety

At the time of this chapter being written, DRG is considered MR conditional. The
Proclaim™ DRG IPG component should be implanted in the upper buttock, low
back, flank, or abdomen, and the lead tip must be placed in the epidural space
between T10 and S2. Approved areas for scanning include the head, lower extremi-
ties (excluding the hip), and the upper extremities (excluding the shoulder). Scan
requirements include the use of a 1.5 Tesla cylindrical bore magnet with horizontal
field orientation. Patients should be positioned supine with arms at their sides. Total
active scan time cannot exceed 30 minutes per session. If additional scans are neces-
sary, they may be performed after 30 minutes of waiting [35].

Regulatory Requirement

Currently, the Food and Drug Administration requires implanting physicians in the
United States should be experienced in the diagnosis and treatment of chronic pain
syndromes and have undergone surgical and device implantation training for DRG
neurostimulation systems. Abbott neuromodulation has developed a comprehensive
training program for physicians who desire to utilize this therapy [36].

Conclusion

Dorsal root ganglion stimulation has been extensively studied for the treatment of
complex regional pain syndrome and focal painful conditions. The device provides
significant pain relief with an excellent safety profile and an adverse event rate equal
to or better when compared to SCS.
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Percutaneous/Paddle Techniques: Values
and Pearls

Check for
updates

José Luiz de Campos

Introduction

Researches show that spinal cord neurostimulation has better quality when implant-
ing at least 2 (two) columns of leads in the epidural space [1-5]. This necessarily
implies the use of 2 (two) percutaneous cylindrical leads (Fig. 1) or a paddle lead
with more than one column. It is believed that a minimum of 2 (two) columns of
leads result in a greater number of combinations and a greater number of possibili-
ties for adjustments, promoting better results in analgesia as well as device pro-
gramming [2-5]. In such manner, it is possible to act in larger areas of the posterior
horn of the spinal cord [6-8].

The most commonly found paddle leads have between 2 (two) to 5 (five) col-
umns. Currently, paddle leads with only 1 (one) column of 4 or 8 electrodes
(S-Series) (Fig. 1) [4, 7-9] are also available on the market and are mostly used for
percutaneous passage. Statistically, however, the implantation of percutaneous leads
worldwide occurs in greater numbers than that of paddle leads, mainly due to its low
invasiveness [9].

Multicolumn paddle leads normally require more invasive surgical procedures
such as laminectomy or laminotomy. In the case of surgical implants, there will be
total or partial removal of the bone structure superior to the epidural space. This
structure works as a protective layer for the spinal cord and also plays a role in stabil-
ity. In addition to this, the risk of epidural hematomas and neurological injuries is
greatly increased [10]. In most cases, these procedures require the patient to undergo
general anesthesia which makes it more invasive, time-consuming, and costly.
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Fig. 1 Figures (a, b) Percutaneous Cylindrical Leads or Paddle Leads (S- Series Type). Figure (a):
Paddle Lead (S-8). Figure (b): Padle Lead (S-8) and Octrode Cylindrical Lead

Also, in order to use at least 2 (two) percutaneous cylindrical leads, 2 (two) punc-
tures must be performed in the epidural space. Each puncture requires the use of 1
(one) 14-Ga Tuohy needle through which the leads are introduced. The puncture
and passage of the leads, especially in these cases, are followed by 2 (two) incisions
made around each needle to promote the anchoring of each lead in the paravertebral
region. This happens because it is unlikely that 2 (two) punctures will be performed
next to each other, thus making only 1 (one) incision in the skin and soft tissues [11].

Delivery devices with larger gauges have been developed for some time now,
allowing simultaneous introduction of at least 2 (two) percutaneous leads into the
epidural space. Therefore, only 1 (one) puncture is performed, and consequently,
only 1 (one) incision is needed to anchor them [9].

The 7-gauge metal needle [1] was a device used in the past, but it was often nec-
essary to use a hammer to overcome the resistance of the interlaminar cleft as well
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Fig.2 Paddle Lead (S-8) and Octrode Cylindrical Lead. (Figures a, b, ¢) Figure (a): Hammer, The
7-gauge and 5 gauge metal needle. Figure (b): Entry into Epidural Space. Lateral View. Figure (c):
Placing 2 electrodes simultaneously. (1): this device was used in the past to enable the passage of
more than one lead

as that of the ligamentum flavum (Fig. 2). This metallic needle allowed the passage
of 2 (two) or 3 (three) percutaneous leads as well as the passage of 1 (one) or 2 (two)
paddle leads with a column of 8 electrodes each (S-Series) through a single punc-
ture. However, during the use of this device at the time of the epidural puncture,
there was a greater likelihood of an inadvertent puncture of the dura mater, and fear
regarding the incidence of major damage to the nervous system in the spinal canal
was instilled. Therefore, due to these risks, this system was abandoned.

Since 2009 in Europe and 2011 in the United States of America, a new lead
delivery system called Epiducer (Abbott) has been used [1, 8, 12]. It is a minimally
invasive lead delivery device that enables the implantation of a wide array of pos-
sible lead configurations: multiple cylindrical leads, S-Series leads, or even com-
bined [11, 13] leads. This device uses the Seldinger technique, at which a metallic
guidewire is inserted and the needles of different and progressively larger gauges
are exchanged. Such needles serve to gradually dilate the epidural space just as the
technique performed for vascular puncture accesses, promoting greater safety to the
procedure.
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Materials

The Epiducer system has the following components (Fig. 3):

A. 14-gauge non-cutting Tuohy needle: made of 304 stainless steel which is a spe-
cial steel alloy. The 14-Ga Tuohy needle is traditionally used for punctures of

Fig. 3 (Figures a, b, ¢) The Epiducer system components. Figure (a): The Epiducer and Tuohy
needles. Figure (b): The flexible DuraGuard tip of the inner dilator. Figure (c¢): The guidewire of
Epiducer system
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the epidural space and comes in two different lengths to allow its use in patients
of different sizes.

B. Malleable guidewire: made of 304 stainless steel (special steel alloy) with an
internal metallic stylet that has a curved tip and penetrates the epidural space.
This guidewire allows the exchange between the 14-Ga Tuohy needle and the
Epiducer needle using the Seldinger technique.

C. Epiducer needle: it has 2 (two) radiopaque components — a rigid external system
with a sheath made of high-density polyethylene with barium sulfate and an
internal dilator made of low-density polyethylene with barium sulfate with a
malleable and conical tip. The rigid outer sheath will be the final guide for the
passage of the leads. The malleable component with the conical tip works as an
epidural space dilator.

It is important to ensure that the Luer Lock of the internal malleable system
is fully locked clockwise before using the whole set. Otherwise, when applying
force to progress the system, the progression of the external rigid system may
occur, inadvertently causing neural or dura mater injury. The Epiducer system
comes in 2 (two) different lengths, 13 cm (5 inches) and 19 cm (7.5 inches), to
suit the patient’s biotype variations

D. Cylindrical percutaneous leads: accepted in MRI exams, they can be quadripo-
lar or octapolar. They have a rigid metallic wire with a straight tip and a steer-
able metallic wire with a curved tip.

E. Percutaneous plate leads (S-Series): not accepted in MRI exams, they can also
be quadripolar or octapolar. The dimensions of octapolar type S leads are as fol-
lows: blade length of 67 mm (allows coverage of 2 vertebral segments), width
of 4 mm, thickness of 1.8 mm, length of contact 4 mm, and contact width of
2.5 mm. It is possible to observe in Fig. 4, the differences between a percutane-
ous lead and an S-Series lead, the 14-Ga Tuohy needle, and the Epiducer at its
distal ends. They have straight and curved metallic guidewires.

Technique and Methods

The same is true for other spinal neural stimulation techniques where the procedure
is performed with the patient in the prone position [1, 8, 13-15].

Standard anesthetic monitoring is used for local interventions. Anesthetic seda-
tion associated with local anesthesia or deep sedation, such as general anesthesia,
can be used with the patient preferably not curarized [14—15].

Fluoroscopy, using a C-arc, is configured to determine the desired input level as
well as to monitor the progression of the various stages during implantation [1, 8,
11, 13].

After ensuring aseptic procedures and setting up the surgical field, local anesthe-
sia is applied (Xylocaine 2% with adrenaline 1:200,000).

The introduction of the Epiducer system should preferably be in the L1/L2 inter-
laminar space or below it [1, 8, 11, 13—14]. This recommendation aims to reduce the
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Fig. 4 The different
diameters of the cylindrical
percutaneous lead and
S-Series lead both coming
out of the needle tips
(Tuohy and Epiducer,
respectively)

risk of spinal cord injury. Based on clinical and anatomical evidence, the implant
can occur above L1. However, if this decision is made, the procedure should only be
performed after a thorough analysis of the risks and benefits to the patient.
Initially, a small puncture can be made under the dermal layers with a scalpel
blade number 11, facilitating the introduction of the non-cutting 14-Ga Tuohy nee-
dle. The chosen entry point should be approximately 2 (two) vertebral levels below
the desired epidural entry point. The approach is performed with a small parame-
dian angle, preferably of less than 30° as well as a midline approach between the
14-Ga Tuohy needle and the skin at a maximum of 30° [1, 8] (Fig. 5). The 14-Ga
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Fig. 5 (Figures a, b, ¢)
The Tuohy needle
approach with skin and
midline (less than 30°)
Figure (a): AP View
Approach., Figure (b):
Puncture Angle., and
Figure (c¢): Inserting
GuideWire
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Tuohy needle is introduced under fluoroscopic guidance (AP view) through the
deeper layers of the soft tissue and toward the interlaminar opening. The loss of
resistance technique (LOR) can be used to confirm the correct puncture of the epi-
dural space under fluoroscopic lateral view (L view).

Once the correct puncture of the epidural space is confirmed, the metallic, mal-
leable, and steerable guidewire is inserted. It should be placed in the posterior epi-
dural space which corresponds to the epidural sensitive area (Fig. 6) (L view).
During the insertion of the leads, the same path must be followed since this is the
target site for adequate neurostimulation.

In patients in which the guidewire finds resistance to pass through the epidural
space, Epiducer should not be used, and alternative strategies should be employed.
Some options include the placement of a conventional percutaneous lead or a radi-
cal change of technique such as the laminectomy approach.

At this moment, the scalpel incision should be increased in order to allow the
passage of the Epiducer system.

The replacement or exchange of the needles begins by using the Seldinger tech-
nique. The 14-Ga Tuohy needle is removed, and the guidewire remains in the epi-
dural space. It is important to remember the imperative need to fully twist the Luer
Lock (Fig. 3) clockwise, allowing the Epiducer internal system to be properly
locked to the external system before its introduction. The shape of the inner sheath
of the Epiducer is tapered and has the purpose of gradually dilating the soft tissues
and the epidural space (L view). Secondly, the radiopaque and flexible tip of this
internal component, called DuraGuard, serves to protect the dura mater during
insertion. Its conical shape closely follows the guidewire from its entry into the

Fig. 6 Steerable guidewire
is inserted. It should be
placed in the posterior
epidural space
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epidural space to a more advanced site where, even after its removal, it will allow
the outer sheath of the Epiducer to remain anchored within the epidural space. This
conical tip provides visual confirmation through fluoroscopy as well as the proper
position of the system (Fig. 7). The blue hub of the Epiducer has lateral flaps that
indicate that the system is advancing in alignment with the patient’s nervous system
while it is being introduced (Fig. 8).

The internal dilator is detached from the outer sheath by turning the Luer Lock
counterclockwise and then removed along with the guidewire, leaving only the
outer sheath anchored to the epidural space (Fig. 9).

It is important to draw attention to the fact that the entire procedure, using the
Seldinger technique to replace the 14-Ga Tuohy needle with the Epiducer, must be
performed without applying too much force on the system. This action can lead to

Fig. 7 (a, b) Epiducer’s
conical tip confirmation
via fluoroscopy in epidural
space. (a) Epiducer
introduction. Lateral view —
lumbar puncture.

(b) Epiducer introduction.
Lateral view — thoracic
puncture
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Fig. 8 (a and b) Epiducer
must advance in alignment
with midline, and the blue
hub must advance in plane
parallel to the patient’s
spine. (a) Epiducer must
advance in alignment with
midline. (b) The blue hub
must advance in plane
parallel to the patient’s
spine

folds and/or deformities in it, as it is a plastic alloy component. As previously men-
tioned, if the Epiducer system cannot be inserted properly due to any anatomical
condition of the patient’s interlaminar or epidural space, the Epiducer system must
be replaced by a new one to avoid damage. Also, still due to difficulties that might
arise, it is advisable to replace the technique with either a cylindrical lead implant
through the 14-Ga Tuohy needle itself or even a laminectomy.
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Fig. 9 The internal dilator
is detached from the outer
sheath by turning the Luer
Lock counterclockwise and
then removed along with
the guidewire

At this moment, when the outer sheath is correctly positioned in the epidural
space, the leads are introduced [1, 8, 11, 13—16]. This device allows several leads to
be introduced in the same angle, facilitating the alignments as well as the unique
access into the epidural space for the placement of multiple leads, reducing the time
of the procedure and also enabling the introduction of an S-Series lead without the
need for laminectomy.

All leads, whether cylindrical or type S paddle, can be introduced through the
Epiducer with the use of a curved-tip guidewire. The leads must be kept in the most
central and posterior regions of the epidural space, preventing their progression to
the lateral and anterior regions (AP and L view) (Fig. 10). The stimuli applied to the
lateral regions can be uncomfortable for patients because they cause root stimuli.
The anterior region is motor and is, therefore, not pertinent to the analgesia ther-
apy [10].

The S-Series leads must always be inserted with the electrodes facing downward,
toward the medullary cone (conus medullaris) (Fig. 11). The S-Series leads also
have a radiopaque marker that enables to verify that the leads are facing toward the
dorsal cord. (Fig. 12) [8, 12, 13]. After confirming the correct location of the leads,
through intraoperative stimulation, homeostasis is revised in the incision area, and
the surgical focus is explored while the Epiducer gray external sheath protects the
leads (Fig. 13). Next, in the aponeurosis of the paravertebral musculature, a prefer-
ably nonelastic multifilament wire is passed in order to anchor the leads. The sheath
is withdrawn, using once again the technique in which the lead is kept in place while
the system is retracted, placing the lead in the ideal location. The lead is anchored
to the fascia after the removal of the steerable mandrel. The advantage of the
Epiducer is that it allows several lead options to be implanted through an entry
point: 1 (one) S-Series lead, with 1 (one) or 2 (two) percutaneous leads or up to 3
(three) percutaneous leads. The advantage is that the epidural space only needs to be
approached once, reducing the risk of puncture of the dura mater with the sharper
14-Ga Tuohy needle (Fig.13).
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Fig. 10 (a) Lead navigation. (b) Paddle lead advance showing the electric poles facing the medul-
lary canal. (¢) Cylindrical electrode passage after passing the paddle lead. (d) Leads final position.
Paddle and cylindrical leads. (e) Leads final position. 2 Paddle leads final position
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Fig. 10 (continued)

When programming the placement of 2 (two) S-Series leads (Fig. 14), an adapta-
tion to the technique must be made. The width of the type S lead does not allow
another type S lead to pass along inside the outer sheath of the Epiducer. There is a
peculiar way of doing it to minimize the risks or the need to introduce another con-
tralateral 14-Ga Tuohy needle. With the Epiducer still in place, the guidewire is
reinserted into the epidural space. Then, the outer sheath is removed, and the guide-
wire and the first S-Series lead are implanted in place. The entire Epiducer system
is assembled again by locking the Luer Lock of the internal dilator to the outer
sheath and advancing specifically over the guidewire [8, 13, 17—18]. From this point
on, the procedure is similar to that described previously, with the implantation of a
new S-Series lead parallel to the first. Usually, the second approach is facilitated due
to the previous dilation of the tissues.
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Fig. 11 The S-Series leads
must always be inserted
with the electrodes facing
downward, toward the
medullary cone (conus
medullaris)

Fig. 12 The radiopaque
marker of S-series leads to
confirm that the leads are
facing toward the

spinal cord

J. L. de Campos
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Fig. 13 Schematic drawing showing some possible lead configurations during implantation using
the Epiducer system

Fig. 14 Two S-Series
leads implanted

Closing of the skin is accomplished by first closing the subcutaneous layers.
The procedure tips and pearls are shown in Table 1.

Final Considerations

Epiducer has proven to be safe during the implantation technique and has main-
tained the same success and complication rates found in other implantation tech-
niques for spinal cord neurostimulation [1, 8, 14, 18-20]. The literature shows
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Table 1 Tips and Pearls

1. Patient selection — Patients who presented lumbar and thoracic spine within the anatomical
limits of normality (MRI and CT studies of the spinal canal)

2. Entry angle (AP view) — Uses the lumbar paramedian approach with an angle of less than 30°
degrees with the skin and with the central axial line of the spine

3. Fluoroscopic lateral view — To enter the epidural space, pass the guidewire and introduce the
Epiducer using the guidewire

. Lock the Luer lock before introducing the Epiducer

. Change the Epiducer if there is any damage to the system during the attempted introduction

. Inject saline into the epidural space to enable the entry of the lead(s)

. Only insert the S-series lead with the electrodes facing down

[eRIEN RN RV RN

. When using two or more S-series leads, the guidewire must be reintroduced and the Epiducer
removed. Then, the Epiducer is reintroduced through the lateral view (fluoroscopy)
specifically over the guidewire, and one S-series lead is introduced at a time. It is also
possible to use two Epiducer systems

9. Attention to anchoring is vital for the successful prognosis of the technique

doctors’ satisfaction and the same rates of effectiveness, and good results are
confirmed.

In the same way, complications and/or adverse effects have shown a statistically
similar occurrence when compared to other percutaneous techniques. All reported
adverse events correspond to risks already known and inherent to the SCS proce-
dure and/or surgery in general and were not specifically related to the percutaneous
implantation of spinal leads using the Epiducer lead application system. The most
common adverse events are migration and infection [1, 8, 16, 21]. There are no
reports of serious neurological damage related to the use of this system.

The review of some articles suggests that the implantation of leads using the
Epiducer lead delivery system is as safe as the standard lead placement technique
[1, 8, 22-28]. The adverse events identified in the literature review were captured
during the course of the studies with much longer follow-ups than implant studies
with the Epiducer. Longer evaluations of the performance of the S-Series and cylin-
drical leads with this system are necessary in order to establish real long-term
performance.

Currently, no serious adverse events have been reported. These included dural
punctures, spinal fluid leaks, permanent paralysis, epidural hematomas, or others
that required hospitalization.

There are reports of implants lasting 9 minutes per lead [1, 8, 22-28] using the
technique described with an insertion angle that varies between 30° degrees to 40°
degrees with a paramedian approach of 73.6% of patients undergoing this procedure.

Therefore, literature reviews demonstrate the feasibility and safety of using the
Epiducer lead delivery system for percutaneous implantation of S-Series and cylin-
drical leads [1, 6, 8]. When compared to surgical techniques, there are benefits to
this technique such as lower invasiveness, less pain complaints regarding the proce-
dure in the postoperative period, and reports of faster return of patients to their usual
activities.
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Peripheral Nerve Field Stimulation (PNfS)

Dawood Sayed, Daniel Lee Neuman, and Stanley Golovac

Introduction

Neuromodulation generally involves the selective application of a programmable pulse
waveform through a series of electrodes within a lead to stimulate afferent nerve fibers
and, subsequently, reduce the perception of pain. This treatment is most indicated in
cases of severe localized pain, intractable to analgesics and other conventional thera-
pies. The use of electrical stimulation for the treatment of pain dates back to the late
1800s when Julius Althaus applied alternating current electrotherapy to peripheral
nerves for pain relief [1]. However, it was not until the publications by Melzack and
Wall as well as Shealy and colleagues did neuromodulation in the form of spinal cord
stimulation (SCS) become a noted alternative to traditional pain management [2, 3].
Historically, SCS has primarily been used for widespread leg, buttock, and to
some extent back pain, particularly following failed back surgery. In some cases,
SCS becomes ineffective over time with some contributing factors postulated to
stem from original lead placement, lead migration, and changes in pain patterns [4,
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5]. Traditionally, SCS has not adequately covered and helped to diminish axial back
pain [6]. In addition, it has failed to address pain in key regions such as the face and
trunk, leading to experimentation with the placement of subcutaneous leads within
these “peripheral” areas [7].

The following chapter will focus on and discuss peripheral nerve field stimula-
tion (PNfS), in particular its proposed mechanism, advantages, the process of can-
didate selection, as well as trialing and implantation.

Proposed Mechanism

Similar to SCS and peripheral nerve stimulation (PNS), the mechanism of PNfS is
believed to be based on the gate control theory, which suggests that pain perception
by the brain is generated by spinal cord signals transmitted by AP fibers (non-
nociceptive stimuli) and C fibers (responsible for carrying painful, or nociceptive,
stimuli). It was further postulated that the activation of the AP fibers “closes” the
gate through dorsal horn interneurons, inhibiting subsequent nociceptive transmis-
sion of C fibers. By activating nociceptive fibers, the gate then “opens” via excita-
tion of projection neurons that results in impedance of inhibitory interneurons [2,
8-10]. The gate control theory of pain provides the foundation for understanding
how activation of large myelinated nerve fibers inhibits the transmission of pain
impulses from the peripheral nervous system to high centers [9-13].

Mathematical modeling allowed for the determination of optimal implantation
depth (10 to 15 mm below the skin surface), which resulted in the greatest degree of
activation of AP fibers and minimal A¢ fibers, reaffirming that PNfS acts through
the AP fiber [14—17]. PNfS may also modulate descending pathways of the upper
central nervous system by stimulating the subcutaneous electrode, leading to local-
ized analgesia. This is separate from the effects on segmental spinal cord regulation.
Furthermore, it has been demonstrated that local electrical stimulation can reduce
inflammation of the cutaneous nerve fibers, depolarizing the cell membrane and
reducing circulating catecholamine sensitivity [17, 18].

The potential mechanisms for PNfS also include influencing local receptor and
tissue excitability in the painful area, affecting local blood circulation [9], the conduc-
tion of the spinal and thalamic pathways, the function of sympathetic efferents, and
by regulation of neurotransmitter levels [19]. Although no true consensus has been
made regarding the mechanisms of PNfS, most believe that endogenous enkephalins
are impacted, leading to changes in the nociceptive threshold in the target area [14].
Further human studies are needed to corroborate potential mechanisms.

Modality Advantages

In PNfS, leads are subcutaneously placed to stimulate the region of affected nerves,
cutaneous afferents, or the dermatomal distribution of the nerves, which converge
back to the spinal cord. Original insight into treating craniofacial pain with
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neurostimulation was first observed by Wall and Sweet in the 1960s. They implanted
an electrode into their own infraorbital foramina, resulting in a decrease in pain
perception during the period of stimulation [20].

As time evolved, many new applications and sites have been discovered and used
to treat ongoing chronic neuropathic pain, including craniofacial [12, 21-24]
(Fig. 1), thoracic and intercostal [25, 26] (Fig. 2), low back [18, 27-33], abdominal
[34, 35], inguinal and genital [36-38], pelvic [39], and more distal peripheral nerves
[40, 41]. PNfS may be utilized alongside traditional SCS for back and leg pain [30,
31]; however, the benefit of stimulating an area locally allows for the stimulation
field to remain concentrated and precisely over the intended painful area. This also
supports easy operation with less trauma.

In addition:

* PNIfS is easily reversible and has low morbidity and few side effects.

* Implantation of the system is minimally invasive; leads can be inserted percuta-
neously, which avoids the more invasive nature of surgical dissection required
with PNS.

e Percutaneous insertion of electrodes allows for an appropriate assessment of the
patient’s response while trialing in the precise location of pain.

* Analgesia associated with PNfS may contribute to the reduction or elimination
of opioids.

* Developments in programmable systems and patient-controlled devices allow
patients to alter stimulation to mirror pain severity.

e Electrodes continually improve in design and longevity [42, 43].

Fig. 1 Craniofacial
octrode lead placement.
(With permission from
Stanley Golovac, MD)
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Fig. 2 Chest wall/ o SRR
intercostal nerve octrode '
lead placement. (With
permission from Dawood
Sayed, MD)

Candidate Selection

Failure of traditional or conservative management of neuropathic or mixed nocicep-
tive/neuropathic pain is typically a prerequisite to PNfS candidacy, but the physi-
cian must also consider the innervation of the specific area of complaint and know
that electrical current may influence the affected area. An inaccessible innervation
or too large of a field may necessitate the implantation more proximally. The deci-
sion to implant a permanent peripheral lead is similar to that of spinal cord stimula-
tion, and must answer the following questions:

* Does the patient experience significant pain reduction by visual analog score?

 Is the stimulation tolerable, i.e., pleasant and comfortable?

 Is function improved during the temporary period of stimulation [28, 42, 44, 45]?
(Table 1)

Neuropsychological Testing

The presence of a psychopathological disorder is a crucial consideration when eval-
uating the appropriateness of any therapy but is especially important in candidates
for implant. This evaluation is necessary because neuromodulatory therapy does not
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Table 1 Inclusion and exclusion criteria for PNfS testing [33, 42, 45]

Inclusion criteria Exclusion criteria
Neuropathic and nociceptive pain Inability to obtain consent
Lack of response or contraindication to Infection in the target area for implantation
guideline-based conventional or conservative Or severe immunocompromise
therapies Allergy to injectate
PN{S alone or concomitant with epidural leads Coagulopathy
for the treatment of axial back pain related to Lack of patient compliance or presence of
FBSS untreated psychopathological condition
Diagnostic testing of the spine unrevealing for Cognitive impairment with stimulator
alternative indication for operation management

Lack of improvement in the trial phase

remove the cause of the painful experience but it instead modulates the afferent
nociceptive input. Therefore, the presence of disorders of somatization, affect, con-
version, personality, or substance should be ruled out [33, 42, 45-47].

PNfS Trial

The temporary trial placement is essential in determining whether the patient expe-
riences pain relief over the target and first must be preceded by identifying the areas
and associated intensities of pain. Many physicians utilize marking to outline the
nerve or nerves responsible for sensation to the painful area. A marking pen also
acts as a visual aid between patient and physician to reinforce the understanding that
the correct area is being targeted [33, 42, 45]. Skipping this seemingly elementary
step may be a likely contributor to modality failure [42].

The decision-making process then occurs once the area is clearly demarcated.
Considerations include dense or overlapping paresthesia and its potential benefits,
deployment ease, stability of the permanent system, patient safety, and the ability to
create a montage of paresthesia using a single implantable pulse generator (IPG).
Traditionally, painful areas that are smaller and more superficial may benefit from a
single PNfS lead. Conversely, larger areas may be more suitable for one or more
leads with the idea that cross-talking (i.e., current transmittance from one lead to a
more distant lead) may increase the area of paresthesia [48]. PNfS lead placement
may seem facile, but unsuspected difficulties may exist. Naturally, pain outside the
confines of paresthesia will never diminish [42]. By using the length of the array as
an advantage, lines of current transect the area of pain. It is also important to note
that multiple electrodes do not always confer greater effectiveness. PNfS targets the
terminal sensory nerve fibers that exist within the deep dermis; therefore, depth
becomes an impactful consideration [15, 16]. A needle coursing through the dermis
is painful, and so will be the lead and electrode array that follows. Similarly, a lead
placed too deep may inadvertently recruit muscle fiber, which also leads to discom-
fort. Hence, the lead is optimally positioned at the junction between dermis and fat
[33, 42, 45].
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After sterile preparation, local anesthetic is delivered subcutaneously in a wheal
fashion to prime skin for incision and subsequent needle entry. With constant palpa-
tion, the needle remains parallel to the dermis and should be easily advanced with
minimal resistance; horizontal depression of the needle produces minimal inflection
when traversing the correct layer. The lead body is marginally detectable once
deployed. Some newer devices may even allow for real-time testing by using a
nerve stimulator prior to lead placement [42].

Sedation is the preferred choice of anesthetic for this reason in order to avoid
using excessive amounts of local anesthetic, which may lead to a falsely negative
outcome while testing [42, 45]. Testing at the time of the trial procedure does not
guarantee that the area will demonstrate pain improvement but will help to assure
that the “zone” of pain is the intended area to target. Even in the appropriate layer,
paresthesia may be uncomfortable for the patient, and increasing the amplitude may
ultimately alter the quality to be more of a satisfying experience. Slightly withdraw-
ing the lead may lead to appropriate fiber stimulation if high amplitude, inadequate
paresthetic distribution, or pain become an issue. The procedure then concludes
after lead ligation to skin, radiographic documentation, and wound dressing [45].
The outpatient trial commences once discharged and may be of variable timeframe
[49]. To allow the tissue to appropriately heal from the minimal trauma of needle
insertion, a waiting period of at least 72 hours is common and also helps to avoid
painful stimulation after the leads are placed [42].

PNfS Permanent Implant

If satisfactory pain relief is achieved with the trial, the patient is offered a permanent
implant, and placement occurs again within the operating room setting. Anchoring
methods vary, but the aim is to secure the lead while mitigating the risk of erosion,
migration, or lead fracture [12]. Closing the tissue in multiple planes may prevent
anchor erosion [42]. All in all, the method used has no significant importance, as
long as migration of the lead is not encountered, which is the most common compli-
cation [50]. Once secured, a pocket is made for the device in general proximity to
the lead array. Similar to SCS, the likelihood of complication increases as the dis-
tance between the pocket and lead array increases. Fortunately, the smaller size of
IPGs in the present day improves options with regard to pocket location. All wounds
are irrigated prior to closure. Device programming usually stabilizes over 6 weeks
as fibrosis develops around leads, further functionalizing the position [42].

Risk Mitigation

It is paramount to understand risk mitigation when pursuing PNfS as a modality.
Risks are limited, but the overall health of patients comes into play and may extend
to various organ systems. Therefore, the interventionalist must evaluate



Peripheral Nerve Field Stimulation (PNfS) 115

comorbidities prior to device trial and implantation, and medical conditions should
be optimized. Nerve injury is very rare, especially with novel percutaneous tech-
niques of lead placement. However, leads should be predominantly positioned in the
proximity of the nerve and not in direct contact [13]. Patients are kept only lightly
sedated during the procedure in order to maintain the ability to alert the implanter if
paresthesia is experienced [45]. If so, the needle or lead should be redirected.
Palpation of the skin while placing the needle promotes safe passage, and it also
helps to direct the bevel downward so as to engage the lead. With regard to pocket
location, the device should be located such that the patient’s daily activities are not
negatively affected. Typically, the pocket should receive the least amount of tissue
pressure. Independent of location, it has to satisfy certain requirements: the pocket
has to be deep enough to avoid hardware erosion, it should not be too deep such that
reprogramming or recharging becomes a difficult task, and it should be located in a
relatively immobile area since repetitive mechanical stress may have deleterious
effects on device functionality [12]. If pain at the device persists, topical anesthet-
ics, padding, or surgical revision may be considered [42].

Conclusion

PNfS is an effective technique for the management of chronic neuropathic pain and
other pain syndromes. The success of therapy hinges on appropriate candidate
selection and favorable positioning of leads for the most effective stimulation.
Although PNfS carries less risk of complications compared to other neuromodula-
tory procedures, lead migration, erosion, infection, or mechanical issues with the
device may occur. Unrealistic expectations with any therapy may result in subopti-
mal outcomes; as such, an ongoing dialogue between patient and physician may
leverage expectations in the preparation process. Improvements in technology are
expected within the field of interventional pain medicine, and the resurgence of
PNIS as a treatment modality encourages further innovation.
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Introduction: Peripheral Nerve Stimulation History

The first therapeutic use of electricity to modulate the nervous system was described
in the year 57 DC by the roman physician Scribonius Largus in his book
Compositiones Medicae [1]. After inadvertently stepping on a torpedo (electric) fish
on a beach, Anteros noticed a significant improvement in pain in his lower limbs
due to gout. Scribonius realized that there could be therapeutic use, and he treated
chronic pain like headache. In his descriptions, Scribonius lays the foundations for
electrical neuromodulation of the central nervous system:

“Even chronic and intractable headaches are cured and remedied forever by plac-
ing a live torpedo below the pain site, until it passes. Once the numbness has been
felt, the medicine must be removed. Furthermore, several torpedoes of the same
type must be prepared, as the cure (which is torpor) is effective sometimes only after
two or three sessions.”

During the elaboration of their gate theory, in the 1960s, Wall and Sweet tried
approaches with peripheral electrical stimulation in the suppression of neuropathic
pain, inserting an electrode in their own infraorbital foramen. They managed to
decrease the perception of pain throughout the period of stimulation on this periph-
eral nerve [2, 3]. Also in this period, some articles showing the use of electrical
stimulation in peripheral nerves were performed [2, 4], even before Shealy’s
description of spinal cord stimulation in 1967.
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Even after describing the spinal cord stimulation referred to above, several
reports have been described in the literature using PNS. Most of these articles pub-
lished in the 1970s and 1990s showed peripheral nerve implants involved in local-
ized neuropathic pain syndrome or regional complex pain syndrome, with an
approach using open surgical techniques [5—21]. The results of these studies showed
few promising results, and this contributed to the decline in the use of PNS com-
pared to the use of spinal cord stimulation as a form of neuromodulation in the
treatment of pain.

The decline in the use of peripheral neurostimulation was also reflected in the
industry’s little interest in the development of specific materials related to this surgi-
cal technique, as well as the lack of enthusiasm to carry out registrations in regula-
tory bodies, such as the FDA.

The resurrection of peripheral nerve stimulation for the treatment of pain hap-
pened to Weiner and Reed in 1999, when they described the use of percutaneous
electrode implants in occipital nerves for the treatment of occipital neuralgia [22].
Later, Slavin and Burchiel described the use of percutaneous techniques involving
branches of the trigeminal nerve for facial pain [15-21], and from then on, a series
of new articles were progressively published [23—48], increasing the efficacy evi-
dence from this neuromodulation treatment modality.

General Indications

For reasons of cost and invasiveness, it is worth remembering that the use of neuro-
stimulation in the peripheral nervous system is generally not the first option in the
treatment of most pain syndromes, being reserved in cases where the initial conser-
vative treatments do not achieve effectiveness in controlling pain and the patient’s
quality of life.

There are two major groups of chronic pain diseases where the use of peripheral
nerve stimulation is more indicated and more effective. The first is the pain syn-
dromes of neuropathic origin, restricted to the innervation of a specific peripheral
nerve (painful mononeuropathies). Pain in these pain syndromes can have different
causes, ranging from metabolic (diabetic), infectious (herpes zoster, leprosy), vas-
cular (peripheral ischemic neuropathies), and traumatic (postoperative and second-
ary to local trauma) diseases.

The second major group of diseases that can benefit from peripheral nerve stimu-
lation is headache. Within this large group of diseases, we can mention the ones that
have the most evidence of response: occipital neuralgia, cluster headache, and
migraine. However, a series of other headache modalities have progressively bene-
fited from treatment with peripheral nerve stimulation: neuropathic facial pain
(postsurgical or not), hemicrania, transformed migraine, C2-mediated headaches,
and pain in occipital region pain after spine surgery.
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Devices in Peripheral Nerve Stimulation

Devices used in the stimulation of peripheral nerves to treat pain have a large lag in
evolution and novelties, especially when compared with the evolution of spinal
stimulation systems. Much of this lag is historically due to the initial results of
peripheral nerve stimulation when compared to spinal cord stimulation with studies
showing worse results and a higher incidence of complications [49].

In this way, many of the studies and clinical practice in peripheral nerve stimula-
tion are carried out with adaptations of spinal stimulation systems, which may
explain the relatively high migration rates when compared to SCS.

Historically, the first description of the use of peripheral nerve stimulation hap-
pened in 1963 by Shelden [50], who performed the implantation of three patients
with trigeminal neuralgia. The device was fully implantable and powered by an
external radio frequency generator. The use of systems with external RF generator
and nerve cuff electrodes became more common in the 1970s [51, 52, 53, 54], and
this first generation of systems was quite limited as it referred to the external genera-
tor’s power supply, as well as the number of contacts available to cover the painful
area with tonic stimulation.

The next generations of devices for peripheral nerves were developed by Avery
Laboratories and had the advantage of having electrodes with multiple contacts, as
well as the existence of a flexible connection between the electrodes and the genera-
tor, which allowed better positioning of the RF receiver. On the other hand, this
system only stimulated one cathode and one anode, and tests were necessary to
define the best contacts for peripheral nerve stimulation. The number of migrations
was also high. Numerous works were published with this system in the 1970s and
1980s [54, 55, 56, 57, 58], and although the results were promising, the RF device
needed an external coil, which mitigated the correct adhesion of the device in the
patient and problems such as the inability to not stimulate full-time. The fact was
added to the development of fully implantable generators.

Afterward, in the 1990s, systems evolved with descriptions of the use of plate
electrodes connected to fully implantable generators [59]. These systems had the
same complications as hardware problems, migration, and skin sores on the systems.

The use of percutaneous electrodes in PNS became popular after the classic arti-
cle by Weiner and Reed from 1999 [22], which used percutaneous electrodes in the
treatment of occipital neuralgia, and from this study, several other targets were used
in the treatment of different pathologies. These systems included nonspecific
devices and true adaptations of the SCS electrodes, which led to the continuity of
the complications arising from this adaptation: migration, system breakdown, pain
at the procedure site, skin scar, and early generator depletion, among others.
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New Specific Systems
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In the last few years, specific devices for peripheral nerve stimulation have been
developed on the market. These included percutaneous devices and fully implant-
able devices targeted for specific nerves.

Below there is a table with some examples of the new systems dedicated to
peripheral nerve stimulation in the treatment of pain with their main characteristics
of approval with respect to regulatory institutions.

Approved
Device institution Basic description Literature Results
StimRouter FDA This device, an implantable Prospective, multicenter,
(bioness, Under approval | PNS device coupled with an randomized, double-blind,
Valencia, in ANVISA external transmitter, obtained partial crossover study [60]
California) (Brazilian Food and Drug Administration | found an average pain
Fig. 1 FDA) (FDA) approval for PNS in the | relief at 3 months: 27.2%

trunk and limbs. The
differentiating feature was a
small implantable tined lead,
with a pickup contact that
would be used with an external
peripheral nerve generator

versus 2.3% of placebo.
The percentage of patients
achieving 30% or greater
reduction in pain was 38%
versus 10% in placebo. The
attrition rate at 12 months
was 51%, with only 7
explants within the first

12 months

A retrospective case series
[61] in axillary peripheral
nerve stimulation for
chronic shoulder pain (8
patients) found: Based on
the >50% pain reduction
for treatment success, 88%
(7/8) were “responders.”
overall average pain
reduction was 67% and
70% among responders;
62.5% (5/8) of patients
reported that they used
opioids prior to axillary
PNS therapy for pain relief
[61]
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Device

Approved
institution

Basic description

Literature Results

SPRINT
(smartpatch
device.
Cleveland, OH,
USA)

FDA

Percutaneous microlead
electrodes linked to an external
power source, minimally
invasive, that can hold 60 days
of stimulation. Indicated to
shoulder pain, back pain, knee
pain, and peripheral
neuropathic pain

A multi-site case series
with two-year follow-up
for hemiplegic shoulder
pain [62]: 28 patients
trialed with 5 permanent
implant: 50% or greater
pain reduction at 6 and

12 months, and four
experienced at least a 50%
reduction at 24 months

A prospective case series to
low chronic back pain [63]
with 12 months follow-up
found: Twelve months after
the end of PNS treatment, a
majority of subjects who
completed the long-term
follow-up visits
experienced sustained,
clinically significant
reductions in pain and/or
disability (67%, n = 6;
average, 63% reduction in
pain intensity and 32-point
reduction in

Disability among
responders)

Freedom 4
(Stimwave,
USA)

FDA approved

Percutaneous electrode without
a permanent implanted
generator. The system uses a
wireless technology, external
battery

A pilot 2-phase study with
11 patients, DRG
stimulation for FBSS [64]
found overall pain
reduction was 59.9%, with
only one device placed at
one location, covering only
a portion of the painful
areas in the majority of the
subjects
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Approved
Device institution Basic description Literature Results
Reactive8 for CE approved The device consists of an A prospective, multicenter,

LBP (mainstay
medical
limited, Dublin,
Ireland) Fig. 2

implanted pulse generator
(IPG) and two leads. The
proximal end of each lead
connects directly to the IPG,
and the distal end is positioned
with four stimulating electrodes
in close proximity to the medial
branch of the L2 dorsal ramus
nerve as it crosses the L3
transverse processes. The distal
end of each lead has tines
designed to help fix the lead in
the intertransversarii muscles
between the transverse
processes (Fig. 1), and the lead
positioning keeps the distal
ends well away from the neural
foramen and the dorsal root
ganglion. The IPG can be
programmed to deliver
stimulation between any pair of
electrodes on each lead (ref.
Artigo original)

clinical trial [65], with
1-year follow-up, for low
back pain treatment found
as follows: For 53 subjects
with an average duration of
CLBP of 14 years and
average NRS of 7 and for
whom no other therapies
Had provided satisfactory
pain relief, the responder
rate was 58%. The
percentage of subjects at
90 days, six months, and
one

Year with MCID
improvement in single-day
NRS was 63%, 61%, and
57%, respectively. The
percentage of subjects with
MCID

Improvement in ODI was
52%, 57%, and 60%, while
those with _MCID
improvement in EQ-5D
was 88%, 82%, and 81%.
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Approved

Device institution Basic description Literature Results
Lightpulse for | CE approved | The device consists of a A clinical case series [66]
PNS in cylindrical quadripolar lead for the treatment of CRPS
extremities (Lightline, Neurimpulse, found: Of the 15 patients, 3
(Neurimpulse, Rubano, PD, Italy) was placed | failed the trial phase, and
Rubano, PD, on the nervous structure(s). The | 12 were implanted with a
Italy) lead has a 1.2 mm diameter. permanent pulse generator.

There are two models, one with
a 4 mm intercontact length (for
nerve placement) and one with
a 6 mm intercontact length (for
brachial plexus implantation).
The spiral configuration of the
conductive filaments provides
both stiffness and elasticity to
the lead.

After some centimeters, the
lead came in contact with the
epineurium and was fixed with
a silicon ring adapter at the
perineurium fascia.

After successful trial:
Implantation of the pulse
generator (Lightpulse 100,
Neurimpulse). The dimensions
are volume 13 cc, thickness

7 mm, and weight 26 g. this
IPG was developed with the
goal of being implanted
adjacent to the insertion point
of the peripheral stimulation
lead

After an average of

9.3 months of follow-up,
the average NRS score was
3.46 (p < 0.001), and the
The average Likert scale
score at 7 points was 5.91.
Nine patients were working
prior to their injuries, seven
of whom returned to work
after receiving an implant.
The average oxycodone
consumption decreased to
30 mg/day, and the
pregabalin dosage
decreased to 75 mg/day.

A multicenter observational
study [67] using this device
for neuropathic pain after
peripheral nerve injury
found: A total of 58
patients were referred to
permanent IPG
implantation. Stimulation
failure due to lead damage
or dislocation was noticed
in two cases (3.4%) in six
months. At the follow-up
end, the relative NRS
reduction averaged
258,630% (p < 1026)

And was greater than 50%
in 69% of the cases.
Quality-of-life physical
and mental indices were
increased by 18%

(p <0.005) and 29%

(p < 0.0005), respectively
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Approved

Device institution Basic description Literature Results

HF PNS for In development | This device uses a nerve cuff A pilot study [68] with 7

postamputation attached to a nerve stump. He | patients with post-

pain (neuros incorporates high-frequency amputation pain: The

medical, stimulation (10 Khz) average pain reduction was

Willoughby 75% at the three-month

Hills, Ohio, primary end

USA) Point. These subjects were
responders per predefined
criterion of achieving
>50% pain reduction in
>50% of treatment
sessions for the three-
month end point. Pain
medication use and
interference of pain on
functions were significantly
reduced. The treatment
efficacy was sustained
through the follow-up
period of up to 12 months.

SPG CE approved | This device has a lead with Randomized, sham-

neurostimulatior multiple contacts attached controlled study found that

(Sphenopalatne directly to a miniature 68% of patients had a

ganglion) neurostimulator and fixation clinically significant

(autonomic plate designed specifically to improvement

technologis- stimulate the SPG for cluster

ATI, Redwood headaches

City, Calif.,

USA)

Patient Programmer
@
:
—~
i @ —
G _ s ——
3 —

Fig. 1 StimRouter system (image printed with permission)
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Fig. 2 Reactive8 system
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Brachial Plexus Stimulation Using
Ultrasound: New Technique Description

Thiago Frederico Nouer and Tiago da Silva Freitas

Introduction

This chapter aims to describe a recent surgical technique prescribed for ultrasound-
guided implantation of peripheral brachial plexus electrodes (Ref. [1]). This tech-
nique was first described in the Journal of Pain Medicine by Thiago Frederic Nouer
and Tiago Freitas, the authors of this chapter.

The main indication for the use of invasive neuromodulation in the brachial
plexus is the treatment of chronic neuropathic pain syndromes. Nouer and Freitas
described this new technique in the treatment of patients with complex regional pain
syndrome in the upper limb (Ref. [1]). Historically, the use of this tool for the treat-
ment of upper limb neuropathic syndromes has already been described in other
uncontrolled series [2, 3, 4, 5, 6]. These first series described open surgical implan-
tation techniques, involving different neuropathic pain syndromes, from CRPS to
more recent neuropathies induced by leprosy [7], presenting results that varied from
60% to 83% improvement of more than 50% on neuropathic pain scales [2, 7].

The use of ultrasound in the various interventional pain techniques has added
more safety, better target location, and less radiation exposure, also being used in
the minimally invasive neuromodulation techniques for the treatment of pain. In the
neuropathic painful upper limb syndromes, the brachial plexus has some important
advantages: due to the proximity of the electrode to the nerve tissues, there is less
battery consumption. There is also the possibility of better coverage of regions
affected by pain. The electrode location seems to be more stable and evolve with a
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lower migration rate in the plexus region than in the other peripheral nerves, as well
as the possibility of rescuing the effectiveness of therapy in case of failure in the
stimulation of the other peripheral nerves from the upper limb.

Descriptions of brachial plexus implants using ultrasound already exist in the
literature. Goroszeniuk [8] and Bouche [2] have already described the implantation
of electrodes in brachial plexus guided by ultrasound, using the interscalene tech-
nique, showing satisfactory results.

The difference between the techniques described above and the one we will now
describe is the access route to the brachial plexus. In our technique, access occurs
via the suclavicular space. We believe that this pathway is less prone to electrode
migration, one of the main complications of peripheral nerve stimulation.

Surgical Technique

Basic Anatomy

Anatomical knowledge of the brachial plexus region and the different vascular and
muscle-tendon structures is essential in performing this surgical technique. The bra-
chial plexus usually originates from the ventral ramus of the spinal nerves of C5,
C6, C7, C8, and T1 and may present variations in the contributions of C4 and T2.
The anterior scalene muscle has its origin in the anterior tubercle of the transverse
processes from C3 to C6, and the middle scalene muscle has its origin in the poste-
rior tubercle of the transverse processes, from C2 to C7. Both are inserted into the
first rib. Between these muscles are the intervertebral foramen from which the spi-
nal nerves exits. The ventral rami follow their respective transverse processes and
are oriented towards the cleft formed between the scalene muscles (interscalene
cleft). Differences in the anterior orientation and sizes of the cervical transverse
processes may lead to the exit of the ventral branches inside or anterior to the ante-
rior scalene muscle. These anatomical variations most commonly occur in C5 and
C6 and may or may not be related to neurological clinical symptoms, featuring
neurogenic thoracic outlet syndrome. It is important to be familiar with these ana-
tomical variations, which are easily identified through ultrasonography, because
they influence the formation of the upper trunk, which may occur only after the
interscalene cleft exit [9—-12].

Another important anatomical variation in this region occurs with the autonomic
innervation related to the upper limb, which must also be recognized by the
implanter. In general, the autonomic innervation of the upper limb comes from the
stellate ganglion, which can undergo anatomical variation and be bypassed by the
existence of the KUNTZ nerve. This nerve is an inconstant neural structure, which
originates from the second thoracic nerve or the first intercostal nerve or even from
the stellate ganglion itself, having the function of contributing to the sympathetic
innervation of the upper limb [14-16].
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Analyzing the sympathetic and somatic anatomical aspects described above, we
conclude during the elaboration of this brachial plexus neuromodulation technique
that the place where these two innervations meet together is on the first rib, where
the brachial plexus (somatic innervation) joins the sympathetic innervation of the
upper limb, prior to its entry into the costoclavicular space towards the axilla. Thus,
in this supraclavicular region, the trunks/divisions of the brachial plexus are located,
with only the long thoracic and dorsal scapular nerves absent, which leave the bra-
chial plexus passing through the scalene muscles [17, 18].

The deep cervical fascia, a dense structure of connective tissue that covers the
deep cervical muscles and also the scalene muscles, is an important anatomical
structure in this technique. This fascia is a continuous structure, extending from the
exit of the nerves from the scalene muscles in the supraclavicular region, continuing
with the subclavian artery and reaching the axillary region, where the brachial
plexus is already organized into its terminal nerves, forming a structure called the
sheath of the brachial plexus or axillary tunnel [13, 18]. It is through this sheath that
our electrode will be inserted and conducted through the brachial plexus from the
infraclavicular region to the supraclavicular region through the costoclavicular
space, which allows us to directly stimulate the trunks/divisions of the brachial
plexus and consequently the possibility of covering of the upper limb by neuro-
modulation therapy.

Surgical Technique

1. Patient positioned in supine position with the arm abducted at a 45- to 60-degree
angle under slight sedation, aiming to preserve intraoperative stimulation.

2. Asepsis, antisepsis, and placement of sterile fields. The use of high-frequency
linear transducer.

3. Before starting the procedure, an important step is to bend the electrode needle
without a mandrel inside. This detail is important to mold the shape of the needle
at an angle that allows access to the supraclavicular region under the clavicle
with less risk of lung injury, overcoming the volume of the pectoral muscles and
the breast. This curvature may vary according to the patient’s weight and chest
volume, which influence the depth of the brachial plexus in this region. Confirm
that the electrode continues to pass through the needle before starting the
procedure.

4. We also use a 5% nonpolar dextrose solution, connected to the needle via an
extension tube, and remove all air from the system. The use of this nonpolar
solution is for hydrodissection of the electrode path as well as to prevent the
excessive dispersion of electric current during the intraoperative stimulation
phase, a fact that can happen with polar solutions such as 0.9% saline, confusing
the precise location of the electrode during the surgery. On the other hand, the
volume of this nonpolar 5% dextrose solution should be kept to a minimum; ide-
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ally, it should not exceed 15 ml, as the excess can make it difficult to locate the
intraoperative brachial plexus.

5. We start the examination with a scanning of the proximal clavicle region until
the visualization of the brachial plexus under the acoustic shadow of the clavicle
(costoclavicular space), evaluating possible vascular structures in the path of our
needle (thoracoacromial artery and cephalic vein). Subsequently, we start visual-
izing the fascicles of the brachial plexus and axillary artery in the infraclavicular
region, observing their deep position in relation to the major and minor pectoral
muscles and the clavipectoral fascia. We perform local anesthesia in the possible
path of our target using a 22 G needle with an out-of-plane puncture, using a 2%
lidocaine and adrenaline 1: 200,000 solution, always with the precaution of
anesthetizing the deep portion of the pectoralis minor muscle avoiding disper-
sion from the anesthetic to the brachial plexus.

6. We start the out-of-plane puncture with the electrode’s guide needle, navigating
it distally together with the transducer to enter the brachial plexus sheath between
the fascicles and the axillary artery. As the puncture is performed off-plane, we
use the 5% glucose solution as hydrolocation, until the needle penetrates the
sheath of the brachial plexus. We progressively administer small volumes of the
solution to open the space in the sheath and advance the tip of the needle until it
is hidden under the acoustic shadow of the clavicle.

7. Next, we move the transducer to the supraclavicular region and make small
injections of the solution to locate the tip of the needle and always keep it in the
upper direction, pointing to the brachial plexus. We remove the syringe and
extensor and insert the electrode (percutaneous electrode of 8 or 16 poles) until
about 3 to 5 cm of it passes through the tip of the needle. We check the position
of the electrode in relation to the brachial plexus with the transducer in the supra-
clavicular region. We remove the needle and check the position of the electrode
on the plexus again in out-of-plane and in-plane positions.

8. With the patient awake, we perform intraoperative tonic stimulation with cover-
age of the entire anatomical region of the upper limb, using different combina-
tions between the electrode contacts. We generally use PW ranging between 160
and 180 psec and amplitude ranging between 0.6 and 1.7 mA.

9. After confirmation of intraoperative stimulation, in case of a trial, we fix the
electrode through the same original entry point, always in order to prevent the
possibility of migration of the electrode. In the case of permanent implants, we
make a small incision of 2 cm at the site of the entry point of the electrode into
the skin and fix it to the fascia of the pectoralis major muscle. Subsequently, we
tunnel the electrode to the subcutaneous subclavicular contralateral space, where
the generator is implanted and the electrode is connected to it.
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Fig. 1 (a) C5 root emerging anterior to the anterior scalene muscle and following its path between
the anterior scalene muscle and the sternocleidomastoid muscle until it reaches the remainder of
the plexus in the supraclavicular area. (b) C5 root emerging from its foramen, inside anterior sca-
lene muscle, transfixing it, and following its path between the anterior scalene muscle and the
sternocleidomastoid muscle until finding the remainder of the plexus in the supraclavicular area.
(¢) C-5 and C-6 roots emerging from their foramens inside anterior scalene muscle and transfixing
it to find the remainder of the plexus in the supraclavicular area
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Fig. 2 TRPZ, trapezius muscle; AS, anterior scalene; MS, middle scalene; SCM, sternocleidomas-
toid. Purple dashed — superficial cervical fascia (platysma fascia), Green — investing layer of deep
cervical fascia (sternocleidomastoid-trapezius fascia), Blue — middle layer of deep cervical fascia
(strap muscles fascia), Orange — prevertebral layer of deep cervical fascia (vertebral muscles fas-
cia), Red — carotid sheath, White — visceral (pretracheal) layer of deep cervical fascia
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Fig. 3 (a) Sterile preparation and evaluation of patient anatomy, to estimate needle bent. (b) Test
of free sliding electrode inside the bent needle. (¢) Needle connection to extension tube and a
syringe full of dextrose 5% (purge all air out of the system)

Fig. 4 Ultrasound of infraclavicular area and out of plane needle placement inside brachial plexus
sheath between plexus and artery. BP brachial plexus; AA axillary artery; AV axillary vein; Pma
pectoralis major; Pmi pectoralis minor; white arrow — needle
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Fig. 5 Ultrasound of infraclavicular area and hydrodissection, titrated with DSW opening space
and confirming positioning of needle tip between brachial plexus and axillary artery. BP — brachial
plexus; AA — axillary artery; AV axillary vein; Pma pectoralis major; Pmi pectoralis minor; PL
pleura; white arrow — needle; dashed line — DSW spread

Fig. 6 Ultrasound of infraclavicular/costoclavicular progressing needle tip until it was concealed
under the clavicle shadow. BP — brachial plexus; AA — axillary artery; AV axillary vein; Pma pec-
toralis major; Pmi pectoralis minor; CL clavicle; arrow — needle
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Fig. 7 Ultrasound of supraclavicular area and hydrodissection, titrated with DSW opening space
and confirming the position of needle tip inside brachial plexus sheath. BP brachial plexus; SA
subclavian artery; PL pleura; arrow — needle; dashed line — DSW spread

Fig. 8 Ultrasound of supraclavicular area and electrode artifact placed inside brachial plexus
sheath. BP brachial plexus; SA subclavian artery; PL pleura; bold arrow — electrode
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Fig. 9 Fluoroscopy
control of electrode
positioning
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Occipital Nerve Stimulation Using
an Ultrasound Surgical Technique

Tiago da Silva Freitas

History and General Indications

The purpose of this chapter is to describe the surgical technique for implanting an
occipital nerve electrode using ultrasound. However, we will start with some basic
considerations about history, indications, and results.

Historically, the first record with good documentation of implantation of elec-
trodes in occipital nerves (ONS) was made by Weiner and Reed in 1999 [1]. In this
study, an occipital electrode implant was performed by radioscopy in 13 patients
with occipital neuralgia, and they demonstrated a good-to-excellent response (>50%
pain relief) over an 18-month to 6-year follow-up.

The pathophysiology for the use of the occipital nerve in the treatment of cranio-
facial pain is based on the first studies developed by Goadsby [2] in 1997. In this
study, he performed stimulation of the greater occipital nerve (GON) in cats resulted
in increased metabolic activity of the trigeminal nucleus caudalis and cervical dor-
sal horn. Goadsby himself published in 2004 a study involving the use of occipital
nerve stimulation to treat migraine [3].

The mechanism of action of ONS has not been fully elucidated, the main hypoth-
esis being that of interaction in the nervous modulation of the trigeminal cervical
complex by neurostimulation of this painful pathway. Anatomically, afferents from
meninges terminate in the caudal trigeminal nucleus and in the medullary dorsal
horn. This nucleus extends down to C2 and afferents from the back of the head
travel along GON to C2.

T. d. S. Freitas ()
Functional Neurosurgery/Pain Ttreatment, Brasilia Pain Institute (INDOR),
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From these first reports, several publications involving this target in the treatment
of several painful pathologies of the face and skull were published. The indications
have broadened, also involving cluster headaches and migraines that are difficult to
control, as well as continuous hemicrania, posttraumatic, and cluster headache.
Other possible indications for ONS transformed migraine, C2-mediated headaches,
and occipital region pain after surgery [4-9].

As with all peripheral nerve stimulation targets, we have a lag in relation to suit-
able materials in the stimulation of this target. There are several lines of specific
materials under development by the industry; however, we still make use of tradi-
tional percutaneous SCS electrodes for implantation in our patients, which is one of
the reasons for the most common complication: migration.

The first occipital nerve implants were performed using a standard radioscopy
technique; procedures involving the occipital nerves were based on identifying bony
or arterial landmarks with direct palpation or fluoroscopy. Although universally
accepted as an imaging technique, fluoroscopy does not provide real-time imaging
of the occipital nerves or vessels. Furthermore, the therapeutic efficacy of ONS is
directly related to the ability of the stimulating electrode to produce peripheral nerve
dermatomal paresthesia, emphasizing the need for precision placement. In addition
to the previously described, there is great variability in nerve topography. Becser
et al. [10] described that the greater occipital nerve (GON) was seen between 5 and
28 mm from the midline at the level of the intermastoid line, while the lesser occipi-
tal nerve (LON) was observed between 32 and 90 mm from the midline. Due to this
variability, the use of ultrasound has proven to be an effective alternative for the
correct implantation of the electrode in relation to the nerve, preventing the device
from becoming too superficial (leading to non-pleasure stimulation and the greater
risk of bedsores) and also not very deep (leading to loss of target stimulation effec-
tiveness and the need to use a large amount of energy, requiring high amperages and
pulse widths in an attempt to capture the painful area by stimulation).

The first description in the literature with the use of USG in the occipital nerve
implant was made by Sharibas et al. [11], in 2009. In this study, he demonstrated the
safety and effectiveness of the technique in six patients with occipital neuralgia.
From this report, several publications in the literature emerged showing the impor-
tance of using intraoperative USG, with its advantages, especially in relation to the
nonuse of intra radioscopy—operative, with exposure of the interventionist and the
patient. There is still no evidence in the literature that can conclude that this tech-
nique is superior to the traditional technique of radioscopy. In fact, a review of sur-
vival analysis by Pain Physician in 2017 showed the non-superiority of the
ultrasound method over the radioscopic one, in a review made in the literature
involving 21 patients and 52 electrodes implanted in the occipital nerve [12].

Surgical Technique

The step-by-step intraoperative simulation will be explained in the images below.
Thus, as in all neuromodulation techniques, the correct diagnosis of the patient is
the basic premise for correctly focusing the procedure. In the case of cranial facial
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pain, the diagnosis is not always simple, and confirmatory tests, as diagnostic
blocks, may have to be done.

In our service, all patients who are candidates for electrode implantation undergo
preoperative neuropsychological assessment, aiming to identify undertreated or
mistreated psychiatric diseases and even personality disorders incompatible with
the implant, as well as a history of drug or alcohol abuse.

All patients are also instructed prior to surgery on the risks of the procedure,
including infection, migration, bedsores, vascular injuries, hardware-related prob-
lems (fracture, electrode breakage, problems with the generator), and pain at the
generator implant site. The chances of operation and effectiveness of the procedure
are also discussed.

Stimulation Trial

Although there is no strong evidence in the literature related to the real need for
testing for implantation of electrodes in the occipital nerve, the trial is still used in
most centers that perform this technique. In general, the parameter of minimum
improvement of 50% in pain scales during a test period from 5 to 7 days is used to
predict the definitive implant. However, the trial can provide us with some impor-
tant additional information: it allows the patient to judge whether the paresthesias
are comfortable or not for chronic and continuous use. It also allows the patient to
have a realistic expectation of the therapy and possible responses to it.

Surgical Technique

First Step: Stimulation Trial Procedure

The patient’s position depends on whether the stimulation will be done unilaterally
or bilaterally. In the case of unilateral stimulation, the patient is placed in lateral
decubitus, and in the case of bilateral stimulation, the patient is placed in a prone
position, with good accommodation of the facial region (pillow). In both proce-
dures, light sedation is performed associated with local anesthesia; be careful not to
perform anesthesia of the target nerve.

Asepsis, antisepsis, placement of sterile drapes, and antibiotic prophylaxis are
performed.

The puncture of the occipital nerve can be performed by two different basic
routes. The first involves medial access, in the midline at the level of the posterior
arch of C1, with the electrode directed laterally from this point. The second, called
the lateral route, usually begins 1 cm inferior and medial to the mastoid with the
electrode facing the medial region from this point, always trying to pass the elec-
trode of the midline. According to the surgeon’s experience, these two access routes
can also be combined.
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We then used a Tuohy needle, slightly angled, in order to adapt to the curvature
of the occipital region, always remembering to test the electrode passage before
starting the procedure. The passage of the needle is guided by ultrasound, based on
the depth of the occipital artery, identified by its pulse in the ultrasound image, and
aided, in more difficult cases, by the use of software that identifies the arterial pulse.

After the passage of the electrode, intraoperative stimulation is performed to
cover the painful area with low amplitude and PW amplitudes, using tonic
stimulation.

The electrodes are secured with an anchor attached to the skin. We always use
double fixation, with space for the electrode to move with the cervical movement,
so as not to interfere with the possibility of displacing it.

In case of a positive test, our advice is to remove the test system with a new
definitive implant procedure. There is a description in the literature of implantation
of permanent neurostimulation systems using the same test electrodes, with an
important economic and position advantage of the ideal implant for occipital stimu-
lation. This approach clearly presents an increased risk of infection.

Permanent Implant

Regardless of the access path chosen for the electrode (lateral or medial), an inci-
sion should always be made at the needle entry site for the correct fixation of the
electrode, which will be looped and anchored. The use of ultrasound allows the
surgeon to estimate in real time and precise the ideal depth for the implantation of
the electrode, that is, in the subcutaneous fat, minimizing the complications of very
deep electrodes (direct stimulation of musculature and fascia, causing pain) or very
superficial (risk of erosion on the skin).

In the definitive implant, the ideal scenario is also to perform the test with the
patient awake enough to provide information about the ideal coverage of the painful
area by stimulation. There are reports in the literature of implants with the patient
and general anesthesia, which in the radioscopic technique could cause an increased
incidence of poorly positioned electrodes. The use of ultrasound could also mini-
mize this risk, although there are no consistent studies that prove the difference
between these techniques.

Once the electrode is installed in the correct location, it is anchored using a non-
absorbable suture and a silicone anchor fixing the electrode to the fascia plane. A
loop is also made at the fixation site in order to mitigate its migration. Some reports
in the literature also use silicone glue in an attempt to reduce migration.

Subsequently, the electrode is tunneled to the IPG pocket. An extension is not
usually used, but in cases of locations very distant from the electrode, its use may
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be necessary. Tunneling of the electrode and/or extensions can be done under local
or general anesthesia. After connecting the electrode to the generator, the generator
is fixed according to the same molds for SCS.

There are numerous possible sites described for the placement of the definitive
generator: buttock, the low abdomen, and infrascapular, infraclavicular, and midax-
illary line. The location must be previously defined with the patient, taking into
account electrode migration and cosmetic aspects of the patient.

Complications and how to Avoid Them

There are different possibilities for complications in the ONS. The most common
include electrode migration, infection, localized pain after the surgical procedure,
skin erosion at the electrode site, muscle spasms, loss of stimulation effect, and
hardware problems (breakage, malfunction, etc.).

As a way to try to mitigate migration, notably the most common complication of
this procedure, we recommend performing a good electrode fixation, with looping
and anchoring using nonabsorbable stitches; the use of silicone glue may reduce
failure of the anchor/electrode interface. Minimizing the movement of the cervical
region is also a valid strategy: we recommend that patients do not drive for 6 weeks
and avoid flexion and rotation of the neck during this period [13]. There are descrip-
tions in the literature using a cervical collar 10 days after surgery. Another important
factor that can influence the possibility of migration is the distance from the IPG
site: a distance of less than 1 meter is recommended.

A very interesting in vitro model has been described by Trentmann et al. [14]
with respect to the ideal position of the IPG website. They concluded that the retro-
mastoid to infraclavicular pathway was associated with the least electrode pathway
length change and that this may result in fewer electrode migrations. The low
abdominal IPG site was also an acceptable alternative, while the buttock site was
associated with the greatest electrode pathway length change.

Regarding the complication of skin erosion (very superficial electrode) or unde-
sirable muscle contractions (deep electrodes), we believe that the use of ultrasound
technique by an experienced surgeon is one of the factors that can minimize the
depth error during the passage of the electrode in the occipital region.

Surgical Technique (Figs. 1, 2, 3, and 4)
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Fig. 1 (a) Patient positioned for testing with the occipital electrode in the right lateral decubitus
position, exposing the left occipital region. (b) Initial insonation with the location of the occipital
artery and nerves, highlighted in c. (d) Insonation and passage of the Tuohy needle in the plane of
the occipital artery/nerve
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Fig. 2 (e) Passage of the electrode through the needle after intraoperative physiological confirma-
tion with good coverage of the pain area. (f) Example of electrode fixation for trial. Using pedone
anchor, nonabsorbable wires over the electrode and loop for better movement and prevention of
migration

Fig. 3 (a) Patient positioned in the prone position for occipital nerve electrode under general
anesthesia and guided by ultrasound. (a) Skin anesthesia. (b) Tuohy needle passage from lateral to
medial. (c) Electrode fixation using silicone anchor in the fascial plane. (d—f) Electrode tunneling
from occipital to IPG pocket in the buttock. (g—h) IPG extension connection and skin closing
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Fig. 11.3 (continued)
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Fig. 4 (a) Patient positioned in the right lateral position exposing the left side for definitive
implantation. (b) Place of definitive electrode fixation in the midline, with an electrode fixed in the
fascial plane. (¢) IPG pocket located in the left subclavicular region
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Peripheral Nerve Stimulation in Upper
Limb Using Ultrasound Technique

Tiago da Silva Freitas

General Instructions to Understand the USG Legends

The general instructions were based on the classification system used by Hannes
Gruber, Alexander Loizides, and Bernhard Moriggl in their book Sonographic
Peripheral Nerve Topography, A Landmark-based Algorithm [1].

On the left side on the upper half page, there is the following (standardized) table.

ELM External landmark(s)

IPOP Initial positioning of probe

ILM Internal landmark(s)

POV Point of optimal visibility

VAR Relevant variations

AP Alternative plan (if worth mentioning!)

C Comments — if helpful/of interest regarding surgical
technique

PAT Pathology

Confirmation of the target Neurophysiology regarding the peripheral nerve target

Notes Any additional important information

Following the table we will have the figures with the step-by-step technique. We
also used exactly the same description in the ultrasound images done by Hans
Gruber in the book above cited (made with permission).
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USG Technique for Peripheral Nerve Stimulation in Upper
Limb [2-14]

Axillary Nerve (Figs. 1,2, 3,4, 5, and 6)

ELM 1. Palpable groove between the deltoid muscle and the long head of triceps
muscle

IPOP Nearly sagittal, at the reference line between acromion angle and the axilla

ILM 1. Posterior circumflex humeral artery
2. Teres minor muscle

POV Distal to the inferior border of the teres minor muscle, on the humeral shaft,
next to the posterior circumflex humeral artery

VAR None

AP None

C Arm in a slight abduction and inner rotation (tension of the teres minor

muscle). On further abduction a part of the humeral shaft (shadowing!)
disappears from the US image; however the visualization of the nerve is
further improved (nerve is stretched!)

Subluxation of electrode will be highly prevalent in these patients. The
post-humeral C-flex artery is easily identified transitioning through QS
(quadrangular space) and around humerus when viewing via US. Be sure to
follow artery into QS to locate root of axillary nerve before it bifurcates

PAT Neuropathic shoulder pain

Confirmation of | Motor response of glenohumeral approximation, slight external rotation from

the target teres minor, with possible abduction. Paresthesia to the lateral shoulder, C5—
C6 dermatome (deltoid)

Notes None

SUPRASCAPULAR

SUPERION BRANCH
#  OF AXILLARY

INFERION BRANCH
OF AXILLARY

| CUTANEOUS
BRANCHES

Target .

Quadrangular
Space

Fig.1 Anatomical representation of the axillary nerve as a target, showing the anatomical position
of the quadrangular space and the posterior circumflex artery at the neck of the humerus. (Image
from StimRouter system, reprinted with permission)
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Fig. 2 Patient prone with
affected UE slightly
adducted. Palpate the
groove between the
musculus deltoideus
(deltoid muscle) and the
caput longum musculi
tricipitis brachii (long head

of triceps muscle) w’

=
-

Fig. 3 Nearly sagittal
probe positioning between
the axilla and the angulus
acromiale (acromion
angle)
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2nd |ncision &

1st Incision

Figs. 4 and 5 Needle entry point over inferior border of posterior deltoid. Trajectory superome-
dial toward target in the quadrangular space. Remainder of lead tunneled across middle of deltoid
muscle. In the case of Bioness system, you will have to do a second incision/excision superior and
anterior to first incision/entry point (figure printed with permission)

Fig. 6 Ultrasonographic
imaging of the quadrilateral
space. (a) The probe was
placed parallel to the long
axis of the humeral shaft,
around 2 cm below the
posterolateral border of the
acromion on the dorsal aspect
of the arm. (b)
Ultrasonographic imaging
shows tortuous posterior
circumflex humeral artery
(arrow) around the axillary
nerve (double arrow) on the
right shoulder. Also note mild
thinning in the left deltoid
muscle. Tm 1/4 teres minor
muscle; TM 1/4 teres major
muscle
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Suprascapular Nerve (Figs. 7, 8,9, 10, and 11)

ELM 1. Supraspinatus fossa
2. Upper trapezius muscle
3. Spine of scapula

IPOP Patient prone. Entry point near medial border of scapula, superior to spine
of scapula. Needle inserted inferolateral toward target in the supraspinatus
fossa

ILM 1. Upper trapezius muscle

2. Supraspinatus muscle
3. Superior transverse scapular ligament

VAR None

AP None

C None

PAT Neuropathic shoulder pain

Confirmation of Paresthesia in C5-C6 dermatome (shoulder)
the target

Notes Any additional important information

Target =

SUPERION BRANCH
i+ OF AXILLARY

INFERIOR BRANCH
OF AXILLARY

CUTANEOUS
BRANCHES

Supracapular
Notch

Fig. 7 Anatomical representation of the suprascapular nerve and the relevant target/anatomy:
suprascapular nerve in the supraspinatus fossa, infraspinatus fossa, supraspinatus muscle, supra-
scapular artery, upper trapezius muscle (Image courtesy of StimRouter, reprinted with permission)
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Fig. 8 Patient prone with
affected UE slightly
adducted, nearly
transversal probe
positioning over the
supraspinatus fossa

Fig. 9 Patient prone with
affected UE slightly
adducted, nearly
transversal probe
positioning over the
supraspinatus fossa
showing the anatomical
landmarks and SSN

SSM supraspinatus
muscleSSA
suprascapular arterySSN
suprascapular nerveTZM
trapezius muscleSTS
superior transverse
scapular ligament

T. d. S. Freitas
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2" Incision

1¢t Incision

Figs. 10 and 11 Needle entry point near medial border of scapula, superior to spine of scapula.
Direct inferolateral toward target in the supraspinatus fossa, after a good view from suprascapular
artery and suprascapular nerve. Once you reach the target, confirm with intraoperative stimulation
and paresthesias in C5-C6 dermatome (shoulder). (Fig. 11: Image from StimRouter system,
reprinted with permission)

Ulnar Nerve (Figs. 12, 13, 14, 15, 16, 17, 18, 19, 20, and 21)

ELM Proximal approach
1. Medial epicondyle of humerus
Distal approach
1. Carpus ulnar flexor muscle
IPOP Proximal

Transverse, two to three fingerbreadths proximal to the medial epicondyle
of the humerus
Distal
Transverse, at the ulnar side of the middle forearm
ILM Proximal
1. Lateral head of the brachial triceps muscle
2. Brachial fascia
Distal
1. Ulnar artery
POV Proximal
Two to three fingerbreadths proximal to medial epicondyle of the humerus
Distal
At the middle lower arm, ulnar to the ulnar artery
VAR No accompanying vessels at the distal POV (ulnar artery with unusual origin
and course!)
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AP None

C As you reach the nerve in transverse approach, turn the US to sagittal view
and expose the nerve to the best imaging, using it to get the correct plane to
the needle

PAT Neuropathic pain in the distal ulnar nerve distribution

Confirmation of | Paresthesia to C8 dermatome; medial/ulnar side of forearm, and fifth digit and
the target medial half of fourth digit

Notes Many patients will have undergone nerve transpositions, taking the ulnar
nerve out of the ulnar groove and placing it on the other side of the medial
epicondyle. Patients can become uncomfortable in these positions for long
periods of time

Target =

Olecranon =

Fig. 12 Anatomical representation of the ulnar nerve as a target, showing the anatomical position
in anterior and posterior view

Olecranon — bony prominence of the elbow

Medial epicondyle — lateral to olecranon, bony prominence on the interior aspect of the elbow
Ulnar groove is the space between the two. (Image from StimRouter system, reprinted with
permission)
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Fig. 13 Palpation of the crista supracondylaris medialis (medial supracondylar crest (MSC)) for
rough distance estimation of IPOS

Fig. 14 Positioning of the probe in a transverse orientation two to three fingerbreadths proximal
to the medial epicondyle of humerus
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Fig. 15 Depiction of the crista supracondylaris medialis humeri (humeral medial supracondylar
crest) (H) and the caput laterale musculi tricipitis brachii (lateral head of the triceps brachial mus-
cle) MTB-CL. The ulnar nerve (arrow) lies subfascial (POV!) and adjacent to the head of the tri-
ceps brachii muscle

Fig. 16 As you reach the nerve in transverse approach, turn the US to sagittal view and expose
the nerve to the best imaging, using it to get the correct plane to the needle.

Insert the needle from proximal to distal closer to ulnar nerve. We usually use an apolar solution
(dextrose 5%) to hydrodissect the periphery of the nerve and create space to introduce the
electrodes



Peripheral Nerve Stimulation in Upper Limb Using Ultrasound Technique 161

Fig. 17 Needle (N) positioned over ulnar nerve (UN) and starting hydrodissection using
dextrose 5%

Fig. 18 More hydrodissection opening the space for the electrode
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Fig. 19 Ultrasound imaging showing electrode over ulnar nerve

Fig. 20 A transversal image from the electrode over the ulnar nerve. E electrode, UN ulnar nerve,
H hydrodissection
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Fig. 21 Radiographic
confirmation from the
electrode over the ulnar
nerve

Median Nerve (Nervus Medianus): Figs. 22, 23, 24, 25, and 26

ELM Proximal approach
1. Pulsation of the A. brachialis (brachial artery)
2. Palpable epicondylus medialis humeri
3. Palpable medial border of the M. biceps brachii
Distal approach
1. Middle of the forearm
IPOP Proximal
Oblique, center of the probe between epicondylus medialis humeri and M.
biceps brachii
Distal
Transverse, in the middle of the forearm
ILM Proximal
1. A. brachialis
2. M. pronator teres
Distal
1. M. Fflexor digitorum superficialis
2. M. flexor digitorum profundus
POV Proximal
1. Ulnar to the A. brachialis
2. Slightly distal as soon as the nerve “disappears” between the two heads
of the M. pronator teres (orientation corresponding to the course of the
nerve is a must!)
Distal
1. Between M. flexor digitorum superficialis and M. flexor digitorum at the
mid-forearm
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VAR Radial to the A. brachialis
Dorsal to the A. brachialis

A. radialis superficialis

Clear distance of the nerve from the artery (more often ulnar sided)

AP None

C None

PAT Neuropathic distal pain in the median nerve distribution

Confirmation of Paresthesia in the median nerve distribution; the palmar surface of the first,

the target second, and third digits and lateral half of the fourth digit, C7-C8
dermatomes

Notes In case of using the Bioness system, loop or shelf of lead may be needed to

fit the 15 cm lead distal to the elbow

Radial
.5~ Deep br. of radial

Superfic. br. of radial

= Volar interosseous  Flexor Digitorum
Protundus

* Target =

.

Fig. 22 Anatomical representation of the median nerve as a target, showing the anatomical posi-
tion related to distal target for peripheral nerve implants. (Image from StimRouter. Printed with

permission)
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Fig. 23 Figures showing
the proximal approach to
localize the median nerve:
palpation of the
epicondylus medialis
humeri, the medial border
of the musculus biceps
brachii, and the arteria
brachialis, following the
probe position in an
oblique orientation
between musculus biceps
brachii and epicondylus
medialis humeri

Radial Nerve (Nervus Radialis): Figs. 27, 28, 29, 30, 31,
32, and 33

ELM 1. Palpable groove between the M. biceps brachii and M. brachioradialis
IPOP Three to four fingerbreadths proximal to the cubital crease
ILM 1. M. brachialis
2. M. brachioradialis
POV Shortly before entering the fossa cubitalis
VAR None
AP None
C None
PAT Neuropathic distal pain in the distribution of the radial nerve
Confirmation of Paresthesia in the radial distribution of the hand (back of the hand); C6—C8
the target dermatomes
Notes Lead mapping is encouraged pre-op to eliminate the possibility of the lead
crossing the elbow joint and for comfort/clearance during donning/doffing
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Figs. 24 and 25 Ultrasonographic imaging showing approaching the median nerve with the arte-
ria brachialis (ABr) as internal landmark and the median nerve (arrow) is mostly found ulnar to the
arteria brachialis (regular position)

Second ultrasonographic imaging showing the distal approach, US image in the mid-forearm,
demonstrates that the median nerve (arrow) lies between the FDS (flexor digitorum superficialis)
and the FDP (flexor digitorum profundus)
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Fig. 26 Picture showing the positioning of the probe (longitudinal view to the median nerve) and
needle to get the best access to the distal target

The confirmation of the target is done with paresthesia in the median nerve distribution; the palmar
surface of the first, second, and third digits and lateral half of the fourth digit, C7-C8 dermatomes
For Bioness system: patient supine with UE extended and forearm supinated. The first incision is
proximal to carpal tunnel/target. Insert lead distally toward the target. Tunnel remainder of lead
proximally up the forearm in the same line as implanted lead.

‘. Medial anterior thoraeic
Target =

Median

Triceps =

Med, axtibrach, cixtancous &

!
Deep br. of radial
-~ Superfic. br. of radial

Volar interoseous

Fig. 27 Anatomical representation of the radial nerve as a target, showing the anatomical land-
marks: musculospiral groove, radial sulcus/groove, located posteriorly at the center of the lateral
border of the humerus bone, and olecranon process, located posterior. (Image printed with permis-
sion from StimRouter/Bioness)
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Figs. 28 and 29 Figures showing patient side-lying with affected limb on top, posterior approach:
palpate the groove between the musculus biceps brachii and the musculus brachioradialis.
Approach transverse probe positioning radial sided at the distal upper arm, approximately four
fingerbreadths proximal to the midline of the fossa cubitalis

isions

sion «

Fig. 30 Ultrasonographic imaging showing the internal landmarks: the musculus brachioradialis
(MBrB) and the musculus brachialis (MBr). The radial nerve (arrow) has its POV between the
musculus brachioradialis and musculus brachialis
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Fig. 31 Pictures showing
the positioning of the
probe and needle to get the
best access to target 9.
(Image from StimRouter.
Printed with permission)

Fig. 32 Figures showing
needle in the long view
over radial nerve (RN), N
(needle)
Ultrasonographic imaging
from the electrode over
radial nerve (arrows).
Paresthesia in the radial
distribution of the hand
(back of the hand); C6-C8
dermatomes

For Bioness system: First
incision proximal to the
elbow and superior of the
target. Stim probe
inserted inferior toward
the target between the
long heads of the triceps
and biceps. Remainder of
lead is tunneled superior.
Second incision/excision
will be superior to the
first incision
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Fig. 33 Radiographic imaging showing a conventional percutaneous electrode over radial nerve
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Peripheral Nerve Stimulation Technique
Using Ultrasound in Lower Limbs

Tiago da Silva Freitas

General Instructions to Understand the USG Legends

The general instructions were based on the classification system used by Hannes
Gruber, Alexander Loizides, and Bernhard Moriggl in their book Sonographic
Peripheral Nerve Topography, A Landmark-based Algorithm [1].

On the left side on the upper half page, there is the following (standardized) table.

ELM External landmark(s)

IPOP Initial positioning of probe

ILM Internal landmark(s)

POV Point of optimal visibility

VAR Relevant variations

AP Alternative plan (if worth mentioning!)

C Comments — if helpful/of interest regarding surgical
technique

PAT Pathology

Confirmation of the target Neurophysiology regarding the peripheral nerve target

Notes Any additional important information

Following the table, we will have the figures with the step-by-step technique. We
also used exactly the same description in the ultrasound images done by Hans
Gruber in the book above (cited with permission).
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USG Technique for Peripheral Nerve Stimulation in
Lower Limbs [2—-18]

Saphenous Nerve (Figs. 1,2, 3, and 4)

ELM 1. Spina iliaca anterior superior (ASIS)
2. Basis patellae
IPOP Transverse probe position in the distal third of the thigh medial to the

anterior iliac spine and superior-basis patellae

ILM 1. A. femoralis (femoral artery)

2. M. sartorius (sartorius muscle)

3. M. vastus medialis (vastus medialis muscle)

4. M. adductor magnus (adductor longus muscle)

5. Membrana vastoadductoria

Saphenous nerve as it exits the adductor canal. Vastus medialis muscle,
sartorius muscle, semimembranosus muscle, adductor longus muscle,
femoral vessels

POV In the proximal segment of the canalis adductorius (adductor canal),
anterolateral to the artery

VAR N. saphenous (saphenous nerve) medial to the A. femoralis

AP None

C None

PAT Chronic neuropathic knee pain

Confirmation of Paresthesia to knee via patellar branch; L3 dermatome
the target

Notes None

Lateral
femoral lliacus Adductor Canal/ *

entaneous T¥°% | Femoral Femoral Vessels
.. | Peous major

Art.

| Anterior division
cutaneous™ W&

of obturator
Med. br. of anl.
cutaneous

Target »

Saplienous

1
1
Fig. 1 Anatomical representation of saphenous nerve and the anatomical landmarks: semimem-

branosus muscle — most medial hamstring muscle, vastus medialis, sartorius, femoral artery, femo-
ral vein, adductor longus (Image from StimRouter, printed with permission)
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)

Fig. 2 Definition of the length of the thigh: from the anterior iliac spine anterior to the basis patel-
lae. Transverse probe position at the beginning of the inner aspect of the distal third of the thigh

Fig. 3 US image shows the saphenous nerve (arrow) in the femoral triangle, lateral to the superfi-
cial femoral artery (AFS) and vein. The femoral triangle is bordered by the sartorius (SAR) superi-
orly, the vastus medialis (VM) anterior and lateral, and the adductor longus (ADDM) posterior
and medial

The nervus saphenous (arrow) runs within the canalis adductorius and is clearly visible ventrolat-
eral to the artery
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Fig. 4 Image showing the position of the needle entry point and probe direction in a patient

Tibial Nerve (Figs. 5, 6,7, and 8)

ELM 1. Deep flexors: M. flexor digitorum longus (flexor digitorum muscle) and M.
tibialis posterior (tibialis posterior muscle)
2. Palpable M. soleus (distal end)
IPOP Transverse, about six fingerbreadths proximal to the malleolus medialis
ILM 1. M. soleus at its transition into the Achilles tendon
2. A. tibialis posterior (posterior tibial artery) and Vv. comitantes
POV Beginning with the IPOP until some centimeters further distal
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VAR None
AP None
C “Even” surface (=better coupling> > less artifacts) than more distal
PAT Neuropathic foot pain
Confirmation of | Paresthesia in the S1, S2, L4, and L5 dermatomes; Medial calcaneal (heel),
the target medial plantar (sole), and lateral plantar branches (pinky toe). Motor
response of toe curling
Notes Posterior tibial nerve; approx. 3—5 cm superior of medial malleolus, 2 cm
posterior to tibia; tibialis posterior muscle, flexor digitorum muscle, tibial
artery, tibial nerve, flexor hallucis longus muscle (TDANH)
Mixed nerve; may need to loop or shelf lead layout to fit the 15 cm lead distal
to the calf. Use spinal needle (EPIMED) to go through crural fascia that is in
the lower leg
Soleus Target =
muscle ——
Flexor |
Digitorum
Longus | Medial
E"sole jI Malleous
exor
Hallucis
osie I
P ! Medial Mall
Achites |f sl tbie)
/ Posterior Tibial
'-\ tendon
S Anterior Tibial

Flexor Digtorum
Longus tendon

tendon

Flexor Hallucis
Longus tendon

Fig. S Anatomical representation of tibial nerve and the anatomical landmarks: using the anach-
ronous Tom, Dick, and Nervous Harry. Anterior to posterior are the ligaments of the tibialis poste-
rior, flexor digitorum longus (posterior tibial artery and posterior tibial nerve), and flexor hallucis
longus (Image from StimRouter, printed with permission)
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Fig. 6 Palpation of the dorsal surface of the calf between the musculus tibialis posterior and the
musculus flexor digitorum longus anterior, musculus soleus, and the Achilles tendon posterior,
respectively. Center of the transversely oriented probe in the area of the aforementioned indentation

Fig. 7 The bellies of the deep flexors (FLEX) at the transition of the M. soleus into the Achilles
tendon as well as the accompanying arteria tibialis posterior and venae tibialis posteriors (A/V) are
guides to the nerve (arrows)
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Fig. 8 Image showing the
position of the needle entry
point in a patient (in plane
with the ultrasound probe)

Common Peroneal Nerve (Nervus Peroneus Communis):
Figs. 9, 10, and 11

ELM 1. Common fibular/common peroneal nerve at the fibular neck

2. Anterior tibialis muscle

3. Evertor muscle group

4. Popliteal fossa

IPOP Oblique (=perpendicular to the course of the bicep tendon!), with the center
of the probe at the tibial border of the M. biceps

femoris, three fingerbreadths proximal to the caput fibulae

ILM 1. M. biceps femoris
2. M. gastrocnemius, caput laterale

POV Direct at or one fingerbreadth distal to the IPOP at the dorsal surface of the
M. gastrocnemius and caput laterale

VAR None

AP None
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C None
PAT Neuropathic pain in the lower extremity

Confirmation of | Paresthesia conducting down to the top (dorsum) of the foot, L5 dermatome
the target

Notes There are two different approaches: primary, distal to the knee = common
peroneal, and secondary, proximal to the knee = common fibular. Secondary
approach presented for patients that may not be able to tolerate implant distal
to the knee

Fibular 2
Neck
Target =

Fig. 9 Anatomical representation of the common peroneal nerve and the anatomical landmarks:
popliteal fossa — back of the knee

Evertor muscle group — perone bros, posterior to anterior, superior to inferior; peroneus (fibularis)
longus, peroneus (fibularis) brevis, peroneus (fibularis) tertius (image from StimRouter, printed
with permission)

Fig. 10 Echography with
indication of the
anatomical landmarks of
the common peroneal
nerve (Image from
StimRouter, printed with
permission)

PL peroneus longus

F fibular head

US image shows the CPN
(arrow) deep to the
peroneus longus muscle
(PL) and the fibular head
(F) in the fibular tunnel
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Fig. 11 Schematic image showing one of the approaches to the common peroneal nerve: Entry
point inferolateral of the knee. Needle inserted superiorly toward target/outside of the knee

Superficial Peroneal Nerve (Nervus Peroneus Superficialis):
Figs. 12, 13, 14, and 15

ELM 1. Palpable anterior border of the fibula (in its distal segment)
2. Palpable M. extensor digitorum longus

3. Palpable M. fibularis longus (and brevis)

IPOP Slightly oblique*, center of probe between ELM (2) and (3)
ILM 1. Fibula**

2. M. extensor digitorum longus

3. M. fibularis longus
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POV Subfascial between M. extensor digitorum longus and M. fibularis longus
within a fat-filled flat tunnel ***

VAR Two nerves, which perforate the fascia cruris at different levels

AP None

C * Remember the course of the nerve

*#* The nerve lies on a perpendicular through its anterior border

*##% Common concept: all large nerves use such tunnels; thus, these nerves
show good contrast

PAT Neuropathic pain in the lower extremity

Confirmation of the | Paresthesia conducting down to the top (dorsum) of the foot, L5

target dermatome

Notes Superficial peroneal nerve mid-shin lateral to the extensor digitorum.
Fibularis longus, deep fibular nerve, anterior tibial artery

Important to stay anterior to avoid gastrocnemius

(e L.

~aiemran mred

Target *

Extensor Digitorum «

Fig. 12 Anatomical representation of the superficial peroneal nerve and the anatomical land-
marks: superficial peroneal nerve mid-shin lateral to the extensor digitorum. Fibularis longus, deep
fibular nerve, anterior tibial artery. (Image from StimRouter, printed with permission)
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Fig. 13 Palpation of the anterior border of the fibula in a groove between the musculus extensor
digitorum longus and musculi fibulares. According to the known course of the nervus fibularis
superficialis (probe position perpendicular)

Fig. 14 US image shows the SPN (arrows) running in the fascial plane between the extensor
digitorum longus (EDL) and the musculus fibularis longus (FIBL)

EDL extensor digitorum longus

FIBL musculus fibularis longus
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Fig. 15 After correct
localization of nervus
fibularis superficialis, turn
the probe to the long view
and set your needle entry
point: superior to the
target. Needle inserted
inferolateral toward the

target

T. d. S. Freitas

Lateral Femoral Cutaneous Nerve (Nervus Cutaneus Femoris
Lateralis): Figs. 16, 17, 18, and 19

ELM

1. Spina iliaca anterior superior (ASIS)
2. Palpable groove between M. sartorius (Sartorius muscle) and M. tensor
fasciae latae

IPOP

Transverse about three to four fingerbreadths distal to the anterosuperior iliac
spine, center of the probe at the palpable groove *

ILM

1. M. sartorius

2. M. tensor fasciae latae

3. Fascia latae

4. Fat-filled flat tunnel (FFFT)***

POV

‘Within the FFFT between the M. sartorius and M. tensor fasciae latae, about
four fingerbreadths distal to the anterosuperior iliac spine

VAR

The transition of the N. cutaneous femoris lateralis concerning its course
proximal to the ligamentum inguinale and on the iliac crest, respectively, is
very variable! It is additionally often split
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AP None

C * Patient should “lift the leg” *

** No compression

##% There is a general rule: all big sensory nerves run through such tunnels;
here they are easy to find being contrasted by surrounding fat

PAT Neuropathic thigh pain

Confirmation of | Paresthesia to superior, lateral compartment of the thigh (gun holsters), L4—
the target L5 dermatomes

Notes Make sure patch placement is not so lateral that it becomes a clearance issue
and/or so medial that it gets covered when patient is seated. Best results
capture LFC proximal to bifurcation of the nerve

Lateral
femoral
entaneous

5 ) Jliacus
) ‘ :
| Femoral
.| Peous major
Inguinal Ligament #———————————|

Art.

nterior division
cutaneous

of obturator

cutaneous

Saplienous

Fig. 16 Anatomical representation of the lateral femoral cutaneous nerve and the anatomical land-
marks: lateral femoral cutaneous nerve inferior to the ASIS. Inguinal ligament, sartorius muscle,
quadriceps muscle group. (Image from StimRouter, printed with permission)

Fig. 17 Simultaneous palpation of the anterosuperior iliac spine and the groove caudal to that (in
some subjects even visible) between the musculus tensor fasciae latae and the musculus sartorius

Transverse probe position distal to the anterosuperior iliac spine (dotted oval), center of the probe
over the identified grove
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Fig. 18 The musculus tensor fasciae latae (TFL), the musculus sartorius (SAR), and the fascia
latae border the “fat-filled flat tunnel” (FFFT); rather hypoechogenic because mainly filled with
fat. The nerve (arrows) at the POV within the FFFT (arrowheads)

Fig. 19 After correct
localization of cutaneous
lateral femoral nerve, turn
the probe to the long view
and set your needle entry
point: target will be
directly inferior of the
ASIS/inguinal ligament
junction. Needle entry
point inferior of target.
Needle inserted
superolateral toward the
target
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Femoral Nerve (Nervus Femoralis): Figs. 20, 21, 22, and 23

ELM 1. Pulsation of the A. femoralis (femoral artery)
2. Ligamentum inguinale (Inguinal ligament) or line between the spina iliaca
anterior superior (ASIS) and the tuberculum pubicum
IPOP Center of the probe a little lateral to the A. femoralis, directly below or on
the ligamentum inguinale*
ILM 1. A. femoralis
2. M. iliopsoas
3. Fascia lata
4. Head of the femur (in slim people)
POV Lateral to the A. femoralis, directly blow the ligamentum inguinale**
VAR The distance between the nerve and artery is variable (however always
lateral to it)
AP None
C * Important as further distal the nerve is already split into its branches
** In a typical groove of the M. iliopsoas
PAT Neuropathic pain in the lower extremity related to the femoral nerve
Confirmation of | Paresthesia in femoral nerve distribution of the lower extremity; L2-1.4
the target dermatomes
Notes Make sure patch placement is not so lateral that it becomes a clearance issue

and/or so medial that it gets covered when patient is seated. Best results
capture LFC proximal to bifurcation of the nerve

Lateral
femoral X
entaneous 4%

Art.
cutaneous

Sartorius =
' Peous major
.

5 1{ Anterior division
7y =}‘ of obturator

Med. br. of anl.
cutaneous

Target *

lliacus
\ | Femoral

Saplienous

Fig. 20 Anatomical representation of the femoral nerve and the anatomical landmarks: femoral
nerve inferior to the inguinal ligament. Common femoral artery and vein. Pectineus and sartorius
muscles. (Image from StimRouter, printed with permission)
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k

Fig. 21 The pulsation of the arteria femoralis is palpable directly distal to the middle of the ingui-
nal ligament

The probe position is more or less transverse, its center a little lateral to the pulse of the arteria
femoralis

Fig. 22 In the level of the ligamentum inguinale (ING) and the arteria femoralis (AF) and the
musculus iliopsoas (PM). The echogenic cross section of the nerve’s main deep portion (large
arrows) directly lateral to the arteria femoralis and in a groove of the musculus iliopsoas



Peripheral Nerve Stimulation Technique Using Ultrasound in Lower Limbs 189

Fig. 23 After correct localization of femoral nerve: turn the probe to the long view and set your
needle entry point. The first entry point inferior of the target. Needle and lead inserted in a cepha-
lad/superior direction toward the target

Sural Nerve (Nervus Suralis): Figs. 24, 25, 26, and 27

ELM 1. Malleolus lateralis (lateral malleolus)

2. Palpable Mm. fibulares (fibularis brevis and fibularis longus muscles)
3. Palpable M. soleus (soleus muscle)

4. Shallow groove between 2 and 3

IPOP Transverse probe position four fingerbreadths proximal to the malleolus
lateralis™*

ILM 1. V. saphena magna (lesser saphenous vein)
2. M. soleus

3. Mm. fibulares
POV Exactly at IPOP **
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VAR Position relative to the V. saphena parva mirror — inverted
AP None
C * No compression
** Subcutaneous and usually ventral/fibular of the V. saphena parva
PAT Neuropathic distal pain in the distribution of the sural nerve
Confirmation of the | Paresthesia in sural distribution of the foot (heel and side; lateral calcaneal
target and lateral dorsal branches); S1-S2 dermatomes
Notes None

\

O -—'!— Gartrocnemius

Target =

Perona longus and brevis“ ? +—— Medial malleolus
~— ] Lateral Malleolus =

—— Tendo calcaneus

Lateral malleolus

Fig. 24 Anatomical representation of the lateral femoral cutaneous nerve and the anatomical land-
marks: sural nerve superior and posterior to the lateral malleolus. Fibula, the peroneus bros; fibu-
laris brevis and fibularis longus muscles, Achilles tendon and soleus muscles. (Image from
StimRouter, printed with permission)



Peripheral Nerve Stimulation Technique Using Ultrasound in Lower Limbs 191

Fig. 25 Starting with the malleolus lateralis (in proximal direction), a shallow groove is palpable
between the musculi fibulares and the musculus soleus
Strictly transverse position of the probe with its center on the abovementioned groove

Fig. 26 The vena saphena parva (VSP) is the vascular landmark. Musculus soleus (SOL), muscu-
lus fibularis longus (FIBL). The nerve arrows) lying typically next to the epifascial vein
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Fig. 27 After correct
localization of the sural
nerve, turn the probe to the
long view and set your
needle entry point: entry
point proximal to target.
Needle inserted inferior
toward target. Remainder
of lead is tunneled on
lateral lower leg, away
from calf/Achilles

T. d. S. Freitas
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Sciatic Nerve (Nervus Ischiadicus): Figs. 28, 29, 30, and 31

ELM 1. Nervus ischiadicus (sciatic nerve) proximal to the popliteal fossa
2. M. biceps femoralis (biceps femoral muscle)

3. M. Semitendinosis
4. M. semimembranosus
5. Arteria femoralis (femoral artery)

IPOP Transverse probe position with its center in the middle of the thigh, one to
maximum two fingerbreadths distal to the sulcus glutealis* [more exactly:
divide the line tuber ischiadicum — tip of the trochanter major (‘“Tu-Tr-line”) —
into thirds, the perpendicular through the border between medial/middle third
indicates the probe placement]

ILM 1. M. biceps femoris (caput longum)

2. M. adductor magnus

POV Between the M. biceps femoris (caput longum, lying dorsal) and M. adductor
magnus (lying ventral)

VAR Two nerves (N. tibialis and N. fibularis communis) in case of high division

AP None

C None

PAT Neuropathic pain radiating from the lower back/buttocks through the leg

Confirmation | Paresthesia in sciatic distribution of the leg (lateral/posterior thigh (hamstring),

of the target anterior below the knee); S1, L4, and L5 dermatomes

Notes None

gluteal —a

Pudendal ¥
Nerves to e

obturator infornus
Post. fern. &5
cutaneous “y_.
Perineal —

branch
| Target *
Descending |
cutaneous
Biceps Femoralis  «
Tibial -

Common
{— peroneal

Fig. 28 Anatomical representation of the sciatic nerve and the anatomical landmarks: sciatic
nerve proximal to the popliteal fossa. Biceps femoralis, semitendinosus, ssmimembranosus, femo-
ral artery. (Image from StimRouter, printed with permission)
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Fig. 29 Transverse probe
position with its center in
the middle of the thigh,
just a little distal to the
sulcus glutealis

T. d. S. Freitas
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Fig. 30 Image illustrates
the sciatic nerve proximal
to the popliteal fossa, deep
to the ST and BF,
superficial

to the AM. (Image from
StimRouter, printed with
permission)

ST semitendinosus

BF biceps femoralis

AM adductor magnus

Fig. 31 After correct localization of the sciatic nerve, set your needle entry point: patient in prone
position. Entry point lateral to target. Needle inserted medially toward the target. Remainder of
lead is tunneled on lateral leg, away from hamstring/back of the leg
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Peripheral Nerve Stimulation (PNS) Using
Ultrasound: Trunk and Pelvic Regions

Check for
updates

Tiago da Silva Freitas

General Instructions to Understand the USG Legends

The general instructions were based on the classification system used by Hannes
Gruber, Alexander loizides, and Bernhard Moriggl in their book Sonographic
Peripheral Nerve Topography, A Landmark-based Algorithm [1].

On the left side on the upper half page, there is the following (standardized) table.

ELM External landmark(s)

IPOP Initial positioning of probe

ILM Internal landmark(s)

POV Point of optimal visibility

VAR Relevant variations

AP Alternative plan (if worth mentioning!)

C Comments — if helpful/of interest regarding surgical
technique

PAT Pathology

Confirmation of the target Neurophysiology regarding the peripheral nerve target

Notes Any additional important information

Following the table we will have the figures with the step-by step technique. We
also used exactly the same description in the ultrasound images done by Hans
Gruber in the book above cited (made with permission).

T. d. S. Freitas ()

Brasilia Pain Institute(INDOR), Neurosurgery Department Hospital de Base de
Brasilia(HBDF), Functional Neurosurgery Department Hospital Sirio Libanés,
Brasilia, Distrito Federal, Brazil
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USG Technique for Peripheral Nerve Stimulation

in Trunk/Pelvis
Ilioinguinal and Iliohypogastric Nerves: Figs. 1,2,3,4,5,
6, and 7
ELM 1. Spina iliaca anterior superior (ASIS)
2. Crista iliaca (iliac crest)

IPOP About three to four fingerbreadths cranio-posterior to the spina iliaca
anterior superior; the probe is coupled almost perpendicularly to the crista
iliaca

ILM 1. Crista iliaca (iliac crest)

2. M. obliquus externus abdominis (external oblique muscle)
3. M. obliquus internus abdominis (internal oblique muscle)
4. M. transversus abdominis (transverse abdominal muscle)

POV Between M. transversus abdominis and M. obliquus internus abdominis

VAR Common trunk of both nerves

AP None

C The shadow of the crista iliaca must be depicted in the ultrasound image;
directly next to the crista iliaca is N. ilioinguinalis, and about 1 cm medial to
that is N. iliohypogastricus

PAT Neuropathic pelvic/genital pain

Confirmation of | Paresthesia in pelvic/genital distribution (ilioinguinal); L1 dermatome.

the target Paresthesia to iliohypogastric distribution (lower abdominal area); L1
dermatome

Notes Being one of a group of nerves in the peripheral lumbar plexus, it is

important to confirm with the patient that the paresthesia is distributed in the
proper area

- Rectus obdorninis

\

Serratus
anterior

- Linea alba
Aponeurosis of
obliquus externus
- Muscular fibers of
obliquus externus
Anterior superior
iliac spine

Inguinal ligament

Secondary Target *-

Inguinal Ligament

Primary Target &

Fig.1 Anatomical representation of ilioinguinal nerve and the anatomical landmarks: ASIS (ante-
rior superior iliac spine) (bony prominence on the hip) and external obliques — muscle (StimRouter
image, printed with permission)



Peripheral Nerve Stimulation (PNS) Using Ultrasound: Trunk and Pelvic Regions 201

Fig. 2 Simultaneous
palpation of the spina
iliaca anterior superior and
the crista iliaca; the middle
finger indicates the
optimal IPOP

Fig. 3 The lateral end of
the probe is directly over
the crista iliaca; the medial
end is pushed into the
abdominal wall
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Fig. 4 Ultrasonographic imaging from the anatomical landmarks and the targets: OE external
obliques muscle, Ol internal obliques muscle, TV transverse abdominal muscle

Fig. 5 Ultrasonographic imaging from the anatomical landmarks and the targets: ilioinguinal and
iliohypogastric nerves (arrows)
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Fig. 6 Schematic figure showing
needle entry point inferomedial
to ASIS

Fig. 7 Needle and electrode
inserted inferomedially
toward target exiting inguinal
canal. (Image printed with

permission from StimRouter) ond |ncision

1st Incision
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Cluneal Nerve: Figs. 8,9, 10, 11, and 12

ELM 1. Lateral border of the M. latissimus dorsi
2. Crista iliaca (iliac crest, IC)
IPOP Medial to the lateral border of the M. latissimus dorsi, about two

fingerbreadths cranial to the crista iliaca
Superior cluneal nerve at the lumbar vertebrae (L3) level, superomedial to
the Ilium. Multifidus, longissimus thoracis, iliocostalis, latissimus dorsi

ILM 1. Fascia thoracolumbalis (superficial lamina)
2. M. iliocostalis lumborum
POV Within the M. iliocostalis lumborum
VAR None
AP None
C From IPOP move probe repeatedly up and down to find POV
PAT Neuropathic lower lumbar back pain related to the cluneal nerve

Confirmation of Paresthesia in the cluneal nerve distribution (upper buttocks/hip); L1, L2,
the target and L3 dermatomes

Notes Lead mapping pre-op is highly recommended in order to arrive at a
donning/doffing site that the patient can reach

Target =

Lumbar
triangle -

L3 =

Fig. 8 Anatomical representation of the superior cluneal nerve and the anatomical landmarks:
latissimus dorsi overlies the other muscle groups; iliocostalis, longissimus thoracis, and multifidus
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Fig. 9 After palpation of the trigonum lumbale (middle finger of the left hand) for definition of the
lateral border of the musculus latissimus dorsi and simultaneous indication of the crista iliaca
(thumb of the right hand). The probe is placed slightly oblique (perpendicular to the assumed
course of the nerves!) about two fingerbreadths cranial to the crista iliaca and centered on the
musculus iliocostalis lumborum. Index finger at the crista iliaca

Fig. 10 Schematic figure
showing patient in a prone
position. Needle entry
point is made superior to
target at L3. Electrode
inserted inferiorly toward
the target
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Cranial «@=—Jp Caudal

Fig. 11 The long axis view of the superior cluneal nerve
Yellow arrows indicate superior cluneal nerve

Medial =P | ateral

Fig. 12 The short-axis view of the superior cluneal nerve
GME gluteus medius; ES erector spinae
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Genitofemoral Nerve: Genital Rami (Figs. 13, 14, and 15)

ELM 1. Palpation of the A. femoralis (femoral artery)
2. Ligamentum inguinale (inguinal ligament) or baseline between spina iliaca
anterior and tuberculum pubicum

IPOP Directly cranial and parallel to the ligamentum inguinale

ILM 1. A. iliaca externa (external iliac artery)
2. A. circumflexa ilium profunda (deep circumflex iliac artery)

POV Ventral do the A. circumflexa ilium profunda

VAR Course dorsal to the A. circumflexa ilium profunda

AP None

C The artery must be depicted longitudinally
R. femoralis (femoral rami) already divided into at least two branches in most
cases

PAT Neuropathic lower inguinal/abdominal pain

Confirmation of | Paresthesia to genital distribution; L1 dermatome

the target

Notes Pre-op patch placement will be necessary to ensure comfort and to address
any pubic hair, garment issues, or extra adipose tissue or hernias in area.
Pre-op stimulation to determine tolerance is recommended in this sensitive
region

itals.

 Serratus
- Rectus obdorninis

- Linea alba
Aponeurosis of
obliquus externus
- Muscular fibers of
obliquus externus
Anterior superior

"\ Inguinal ligament

‘\

anterior

iliac spine Inguinal Ligament

Target

Fig. 13 Anatomical representation of the genital rami and important anatomic structures: genito-
femoral nerve as it exits the inguinal canal. ASIS, pubic bone, inguinal ligament, external obliques
muscle, transverse abdominal muscle. (Figure printed with permission from StimRouter)
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2nd |ncision

1st Incision

Fig. 14 Schematic figure showing genitofemoral approach: patient supine. Entry point inferome-
dial to ASIS. Needle inserted inferomedially toward the target/genitals. Before starting do palpa-
tion of the arteria femoralis (rough orientation to find the internal landmarks arteria iliaca externa
and arteria circumflexa ilium profunda more easily) and positioning of the probe cranial to the liga-
mentum inguinale (or the abovementioned baseline) for assessing the internal landmarks

Fig. 15 Localizing the (right [R]) genital branch of the genitofemoral nerve. Gn: genital nerve; Ta,
testicular artery; Tv, testicular vein; Dd, vas deferens duct; Sp, symphysis pubis; red circle, sper-
matic cord (external spermatic fascia)
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Pudendal Nerve (Nervus Pudendus): Figs. 16, 17, 18, 19, and 20

ELM

1. Palpable tuber ischiadicum (ischial tuberosity)

IPOP

Transverse, about one fingerbreadth cranial to the upper border to the tuber
ischiadicum

Pudendal nerve at junction of sacrospinous and sacrotuberous ligaments.
Sciatic nerve, sacrum, piriformis muscle, gluteus maximus muscle

ILM

1. M. obturatorius internus (internal obturator muscle)
2. OS ischii (bone ischium)
3. A. pudenda interna (internal pudendal artery)

POV

Next and medial to the M. obturatorius internus

VAR

Branching proximal to the Alcock channel> > two nerve cross sections
Lacking of the A. pudenda interna (at [IPOP)
Nerve is perforated by the A. pudenda interna (or a branch)

AP

None

Use a curved array probe

“Waterfall sign”

Cave: do not mix up with the resembling but more laterally found ligamentum
sacrotuberale

PAT

Neuropathic pelvic/genital pan

Confirmation of
the target

Paresthesia in the buttocks, external genitals, perineum and/or anus; S2, S3,
and S4 dermatomes

Notes

Difficult procedure but successful in the past when done with proper planning.
Consider patch placement outside of the beltline when mapping lead pathway
PTNS and tibial implants in the upper leg have been successfully used to
resolve pudendal and chronic pelvic pain. Approaches to the tibial nerve in
the upper and lower leg eliminate many of the difficulties arising from directly
targeting the pudendal nerve

Superior

gluteal
Pudendal
Nerves to 2
obturator infornus i
Post. fern. _

Descending |
cutaneous

Target

Sacrotuberous *

Fig. 16 Anatomical representation of the genital rami and important anatomic structures: puden-
dal nerve at junction of sacrospinous and sacrotuberous ligaments. Sciatic nerve, sacrum, pirifor-
mis muscle, gluteus maximus muscle



210

Fig. 17 Palpation of the
whole tuber ischiadicum
(use two fingers!)

Fig. 18 Palpation of the
whole tuber ischiadicum
(use two fingers!)

Strict transverse probe
position, center of the
probe a little medial to
aforementioned landmark

T. d. S. Freitas
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Fig. 19 The internal
landmarks are the arched
course of the musculus
obturatorius (MOI,
“waterfall sign”) around
the OS ischii (OSI, incisura
ischiadica minor).
Neighboring arteria
pudenda interna (AP),
lateral (LAT), and medial
(MED) Optimal delineated
nerve (arrows) as its entry
into the “Alcock channel”
(next and medial to the
musculus obturatorius
internus)

Fig. 20 Schematic figure
showing pudendal
approach
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Abdominal and Pancreatic Pain: Sites
and Techniques in Neuromodulation

Check for
updates

Leonardo Kapural, Simran Dua, and Priodarshi Roychoudhury

Introduction

Abdominal pain is a common symptom reported in up to 25% of the adult popula-
tion at any one time [1, 2]. Abdominal pain lasting 3 months or longer is defined as
chronic abdominal pain (CAP) [3]. CAP affects about 1-2% of the adult population,
with women being affected more frequently [3, 4]. CAP can originate from either
the abdominal wall or the viscera. In about 35% to 51% of patients, the cause for
abdominal pain remains a mystery [5, 6]. Chronic pancreatitis (CP) has an annual
incidence of 5 to 8 and prevalence of 42 to 73 cases per 100,000 adults in the United
States [7, 8]. Abdominal pain is reported in more than 80% of CP patients [9].

The pain is classically reported as a dull epigastric pain radiating to the back
which worsens after meals; the pattern, character, and severity of pain can vary [10].
This does not always correlate with the extent of pathological changes of CP
[9, 11-13].

Etiology

CAP can be associated with inflammatory disorders like chronic pancreatitis and
inflammatory bowel disease or functional disorders like functional abdominal
pain syndrome, functional dyspepsia, gastroparesis, and irritable bowel syndrome
[14]. Surgical procedures like herniorrhaphy, adhesiolysis, cholecystectomy, and
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open contaminated procedures (postsurgical adhesions) are strongly associated
with CAP. Abdominal pain is reported in up to 48% of chronic postsurgical pain
cases [14]. Apart from visceral pain and abdominal wall pain, central pain gener-
ated in the spinal cord and/or brain might lead to CAP. Chronic abdominal wall
pain (CAWP) is defined as pain of more than 1 month of focal tenderness (less
than 2.5 cm in diameter). Approximately 10-30% CAP patients may have
CAWP. The most common cause of abdominal wall pain is entrapment of the
branches of the cutaneous abdominal nerves due to surgery or anatomical
variations.

Pathophysiology

CAP occurs due to derangement of adaptive and protective functions performed by
normal physical, emotional, and perceptual integration. Maladaptive neuroplastic
changes and peripheral and central sensitization may result in hyperalgesia and allo-
dynia. Nociceptive pain occurs due to localized inflammation in abdominal chronic
pain syndromes, where the degree of inflammation correlates with the severity of
the pain [15]. However, certain CAP syndromes occur without any gross tissue
injury or structural disease. Gastrointestinal inflammation leads to acute and chronic
pain in inflammatory bowel disease, celiac disease, and acute infectious gastroen-
teritis, leading to increased expression of transient receptor potential vanilloid
type-1 (TRPV-1). Visceral hypersensitivity via central and peripheral mechanisms
and lack of structural changes is a characteristic of dysmotility disorders like irri-
table bowel syndrome (IBS; 14).

Pathophysiology of Pain in Chronic Pancreatitis (CP)

Inflammatory molecules released from damaged cells following pancreatic
inflammation activate mast cells and platelets, leading to nociceptive pain signal
transmission to the pain centers of the brain via dorsal root ganglia and dorsal
horn of the spinal cord. Ductal obstruction with stones or stricture leads to ductal
hypertension and inflammation causing continuous pain. Though many patients
with continuous pain are seen to have inflammatory head mass, pseudocyst, or
pancreatic cancer, many develop continuous neuropathic pain without any struc-
tural complications or evidence of inflammation. Pancreatic nociceptive afferent
injury often leads to neuronal hyperresponsiveness due to peripheral and central
sensitization, which can result in a continuous pain in the absence of a nociceptive
input. CP patients with chronic pain have evidence of histological changes in the
pancreas including increase in the density and volume of the intrapancreatic
nerves and alterations in cerebral cortical thickness, suggesting that pancreatic
and central neural changes occur over a long period of time [16]. Central
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sensitization is associated with poor outcomes with invasive endoscopic and sur-
gical treatment [17].

Clinical Features

Clinical presentation varies with etiology. Patients with CP often complain of bor-
ing, deep, sharp, and penetrating epigastric pain, radiating to the back, increasing
after fatty food ingestion, and often associated with nausea and vomiting. Steatorrhea
may occur in advanced cases when pancreatic lipase secretion is reduced. Other
signs and symptoms include diabetes mellitus, jaundice, abdominal distension, dys-
pnea, pleural effusion, ascites, significant weight loss, and abdominal mass.

Inspection of the abdomen might give a hint regarding the chronic pain source.
For example, surgical scars with allodynia or hyperalgesia raise suspicion of nerve
damage or neuroma. CAWP can be diagnosed with careful physical examination,
revealing a well-localized point tenderness with palpation contrary to visceral pain,
which is quite diffused.

Clinical presentation varies with etiology. Patients with CP often complain of
boring, deep, sharp and penetrating epigastric pain, radiating to the back, increasing
after fatty food ingestion, and often associated with nausea and vomiting. Steatorrhea
may occur in advanced cases when pancreatic lipase secretion is reduced. Other
signs and symptoms include diabetes mellitus, jaundice, abdominal distension, dys-
pnea, pleural effusion, ascites, significant weight loss, or an abdominal mass.

Inspection of the abdomen might give a hint regarding the chronic pain source.
For example, surgical scars with allodynia or hyperalgesia raise suspicion of nerve
damage or neuroma. CAWP can be diagnosed with careful physical examination,
revealing a well-localized point tenderness with palpation contrary to visceral pain,
which is diffused in nature.

Diagnosis

Carnett’s test is a useful physical examination to diagnose abdominal wall pain. In
supine position, knees and hips are flexed to decrease abdominal wall tension, and
the patient is asked to lift the head and shoulders off the bed to tighten his/her
abdominal muscles. Carnett’s test is deemed positive with increased pain on palpa-
tion as the patient contracts the abdominal muscles. Positive response to trigger
point injections or nerve blocks might also confirm the diagnosis. Patients with
visceral disease involving the peritoneum may lead to a false-positive Carnett’s
test [6].

Psychometric tests such as depression inventories are useful tools in addition to
history and physical examinations to establish an appropriate diagnosis.
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Fig. 1 Proposed pain management algorithms for an interventional diagnostics and therapy of
predominantly visceral and predominantly abdominal wall pain. Please note that such step-by-step
approaches were not validated in prospective studies and are mostly based on a smaller and few
larger case series [40-45]

Nerve blocks may be of diagnostic or therapeutic value for abdominal pain.
Sympathetic nerve blocks target the splanchnic nerves, celiac plexus, or superior
hypogastric nerve plexus and help in diagnosing visceral pain. Somatic nerve blocks
include intercostal nerve blocks, transversus abdominis plane (TAP) blocks, rectus
abdominis sheath blocks, and ilioinguinal, iliohypogastric, and genitofemoral
blocks (6; Fig. 1).

Differential retrograde epidural block (DREB) may help to differentiate between
visceral and non-visceral pain. The diagnostic value of DREB relies on the sensitiv-
ity of various nerve fibers to local anesthetics. Sympathetic fibers and visceral affer-
ents have a higher C to Ad fiber ratio (10:1) and are more sensitive to local anesthetic
blockade compared to somatic nociceptive fibers. DREB involves epidural catheter
placement under fluoroscopy with injection of saline twice (placebo), followed by
incremental doses of a local anesthetic with frequent neurological examinations.
However, DREB cannot determine the contribution from the vagal nerves, and the
sensitivity and specificity of DREB are low [6].



Abdominal and Pancreatic Pain: Sites and Techniques in Neuromodulation 217

TAP block is both diagnostic and therapeutic for somatic pain. Ultrasound guid-
ance for TAP block allows deposition of local anesthetics in between the internal
oblique and transversus abdominis muscles around the anterior branches of the tho-
racolumbar ventral rami providing analgesia to the entire anterolateral abdominal
wall between the costal margin and the inguinal ligament. Although the value of
TAP block in determining abdominal wall pain is still debatable, the block as a
single injection or continuous infusion through a catheter can be used to treat vari-
ous abdominal wall pain syndromes (6; Fig. 1).

Treatment

Pharmacotherapy with H2 antagonists, proton pump inhibitors, gabapentinoids, and
tricyclic antidepressants is usually the first line of management. Nerve blocks with
local anesthetics with or without corticosteroids, chemical neurolysis, and surgeries
are other treatment options for CAP unoptimized with pharmacotherapy and life-
style modifications. Opioids present a potential threat of producing tolerance, addic-
tion, and reduction of gastrointestinal motility and exacerbating symptoms of
CAP. Cognitive behavioral therapy and mindfulness have been effective in patients
as coping strategies.

Interventions aim at inhibiting/modulating pain transmission. Classically the
greater and lesser splanchnic nerves and celiac plexus were targeted for visceral
pain control. The philosophy of these blocks is to target the sympathetic innerva-
tion of the abdominal organs consisting of pre-ganglionic fibers of T5 to T12.
Together with communicating rami, these fibers course in the direction of the sym-
pathetic chain and then make synaptic contacts with post-ganglionic neurons at the
celiac, aortorenal, and superior mesenteric ganglion. The splanchnic nerves are
located in a relatively narrow space between the vertebra and pleura (Fig. 2a) and
hence can be targeted more accurately and subjected to neurolysis and radiofre-
quency ablation (RFA) unlike the celiac plexus widely spread around the abdomi-
nal aorta which can only be subjected to only neurolysis. Celiac plexus blocks are
classically performed ta rough a transaortic, retrocrural, or transdiscal approach
without any established advantage of one over another. While celiac plexus block
involves percutaneous placement of the needle through the paraspinal area of the
L1 vertebral body, splanchnic plexus blocks are performed bilaterally at T11 to
deliver local anesthetic to the paravertebral compartment medial to the pleural cav-
ity, targeting the greater and lesser splanchnic nerves (posterior third of T11 verte-
bral body; Fig. 2b).

A. Anatomy-based schematics of the RF needle approach to splanchnic nerve
block and denervation. While such denervation is most frequently conducted by
placing an active tip of RF needle between posterior and middle third of T11
vertebral body width (shown as Nol), at T12 level (not shown) active tip usually
is placed between middle and anterior third.
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Fig.2 (a) Anatomical basis for neural denervation. (b) Bilateral splanchnic block at T11 level. (c).
Right-sided radiofrequency ablation of splanchnic nerves
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B. For splanchnic block needle is positioned under 60 degree caudal angle to the
vaste of T11 vertebral body. It is advanced to posterior to middle third of the
vertebral body line. Contrast was delivered and then 15-20 cc of 0.375%
bupivacaine.

C. During radiofrequency ablation, a sensory stimulation is used during RF needle
advancement in order to achieve concordant abdominal pain. Frequently, RF
needle is advanced to the line of posterior third/middle third width of vertebral
body while another needle to middle/anterior third vertebral body line. After the
contrast confirmed no vascular spread, RF ablation is conducted at 80 degrees.

RFA (Fig. 2c) is associated with longer-lasting pain relief. However, recurrence
does occur following the nerve regeneration requiring a repeat procedure. These
interventions are not devoid of complications. Pneumothorax, post-interventional
neuritis, hypotension, or diarrhea may occur.

Role of Neuromodulation in Visceral Pain

The role of neuromodulation and electrical stimulation of the dorsal horn is estab-
lished in various chronic pain syndromes [18], including radicular low back pain,
post-laminectomy syndrome [19], complex regional pain syndrome [20-22], and
peripheral vascular disease [23, 24]. Spinal cord stimulation (SCS) acts by delivery
of low current from an implantable generator to epidural leads, creating a small
electrical field into and around the spinal cord at that level. A number of hypotheses
have been proposed to explain the mechanism of pain relief with SCS [18, 25].
Supraspinal activation might account for the analgesic effects [26]. SCS is also
hypothesized to act by modulation of afferent signals in the dorsal horn by “closing
the spinal gate” by activation of large myelinated fibers which in turn inhibit the
small nociceptive fibers [27] or by the inhibitory neuromodulator release like GABA
[28, 29]. SCS also has the potential to block nerve conduction by antidromic activa-
tion [30, 31].

Neurosurgical data [32-37] suggests that lesioning of the postsynaptic dorsal
column pathway via midline myelotomy inhibits the generation and maintenance of
chronic visceral pain by removing the ascending limb acting as the facilitatory pain
loop. SCS may or may not affect/interrupt this ascending pathway. SCS also acts by
downregulation of intersegmental or supraspinal sympathetic outflow [29, 38, 39].

Clinical Evidence of SCS in CAP

Evidence from our two larger published case series and national survey reported
efficacy of conventional SCS (Fig. 3) for CAP due to chronic pancreatitis and other
causes of chronic abdominal pain with an average pain decrease from VAS pain
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Fig. 3 Placement of two
eight-contact leads into the
posterior epidural space
using conventional

SCS. Leads were typically
placed up to T4 level, and
most frequently utilized
contacts were around T4
and TS levels. Paresthesia
mapping is required within
concordant abdominal area
of patient’s pain

score of about 8 to about 4 cm [40—42]. We also surveyed 76 case reports of conven-
tional SCS used to treat CAP with varied etiologies which found significant
improvement in pain scores in patients following a permanent implant [40]. Survey
included a large group of patients who received SCS for the pain from chronic pan-
creatitis and detailed technical aspects of conventional SCS. Epidural leads in the
majority of the patients were placed with tips of eight contact leads at T4, 5, or 6 and
midline [40].

The first larger case series with long-term follow-up (1 year) for SCS to treat
pain from chronic pancreatitis included 30 consecutive patients who received up to
14 days of SCS trial. Monitored were pain scores, functional capacity change via
Pain Disability Index (PDI), and change in patients’ opioid usage. Leads were
mainly positioned to the top of T5 and T6, and 80% [25] of the patients reported at
least 50% of pain relief (pre-trial VAS 8 = 1.6 to 3.67 £ 2 cm (p < 0.001). Last fol-
low-up reported was 1 year and pain scores were maintained at VAS 4.0 + 2.1
(» <0.001). Opioid usage decreased by two thirds from about 150 mg MSO4 equiv-
alents to about 50 with most of the patients moving from severe functional disability
measured by PDI to mild to moderate disability [41].

Other case reports and smaller case series supported above described pain out-
comes of the patients with chronic pancreatitis [44—46].



Abdominal and Pancreatic Pain: Sites and Techniques in Neuromodulation 221

Fig.4 (aandb). Lead location for 10 kHz SCS for chronic abdominal pain. Typically, entry point
to the epidural space is T9-T10 ligamentum flavum, and leads are uniformly advanced to T4 and
TS5 levels. Similar approach has been used when novel DTM (TM) SCS is trialed for the same
indication. A. Anterior-posterior fluoroscopic view of thoracic spine after the placement of two
eight-contact leads. Notice that the tip of one lead is positioned at the top of T4 vertebral body
while the other at the top of T5 midline. (b). Lateral fluoroscopic view of the same two leads con-
firming lead placement in the posterior thoracic epidural space

High-frequency SCS therapy (Fig. 4) delivers electrical stimulation at 10 kHz,
and lower amplitude (1-5 mA) than conventional SCS is able to reduce pain without
any significant paresthesia [47, 48]. 10 kHz SCS was recently approved by the Food
and Drug Administration (FDA) following a study reporting equivalent safety and
superior relief in back and leg pain compared to conventional SCS [45] with sus-
tained efficacy over 2 years [49]. High-frequency SCS does not require paresthesia
mapping during lead implantation which reduces patient discomfort. It has been
hypothesized from preclinical studies that afferent pain signal reduction occurs due
to inhibition of superficial dorsal horn circuits. Activation of inhibitory interneurons
when using a low-intensity 10 kHz SCS might be one of the additional reasons for
better outcomes [50]. We recently published a prospective, single-arm study using
10 kHz SCS in 24 patients with CAP of varying etiologies. Epidural leads implanted
from the vertebral levels T4 through T8 showed favorable response with high-
frequency SCS therapy. 95.8% of the patients had a successful spinal cord stimula-
tor trial and proceeded to a permanent implant. Following 12 months of treatment
with 10 kHz SCS, 78.3% of subjects were responders (with pain relief of 50%) and
63.6% were remitters (with sustained <3.0 visual analog scale scores). 10 kHz SCS
also greatly improved the quality of life of patients with CAP. Most patients also
experienced concurrent reduction or resolution of nausea and vomiting [51].
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Complications from SCS placement for chronic abdominal pain and chronic
pancreatitis are rare and no different from complications seen with SCS placement
for other indications. These include post-dural puncture headache, direct spinal cord
or nerve injury, epidural hematoma, epidural abscess, meningitis, epidural fibrosis,
lead migration or fracture, IPG failure, IPG seroma, and other infections of SCS
implanted hardware [52].

Conclusion

CAP is a complex clinical problem requiring a thorough understanding of the physi-
cal and psychosocial features associated with it. Based on preliminary evidence,
neuromodulation has proved to be effective for visceral hyperalgesia and chronic
abdominal pain, including neuropathic abdominal wall pain and entrapment syn-
dromes [40—46, 51]. Considering widespread availability of new spinal cord stimu-
lation therapeutic options with an established safety profile, along with the poor
long-term outcomes using opioids, SCS should be implemented for treatment of
chronic abdominal pain. While there is a decent preliminary evidence of the effec-
tivity of SCS for refractory chronic visceral and neuropathic abdominal wall pain,
knowledge which waveform/devices would provide the best outcome need to be
explored further with well-designed clinical trials.
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IPG Site Creation, Considerations,
and Risk Mitigation
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Introduction and Background

Spinal cord electrical stimulation was first used by neurosurgeon Norman Shealy in
1968. The initial design evolved from external power sources and implanted leads on the
spinal cord to internal power sources and dorsal column-stimulating electrodes. The first
commercially available systems used external radiofrequency receivers that powered the
implanted devices. From here, the field transitioned to using fully implantable systems
in 1981 and then fully implantable rechargeable systems in 2004. Subsequently, minia-
turized implantable pulse generators (IPGs) and longer-distance maneuverable leads
were developed. Currently, the community is focused on advanced miniaturization with
enhanced lead target specificity, primary cell (non-rechargeable) IPGs, longer-lasting
rechargeable IPGs, a renewed interest in externally powered devices, and even the
development of optogenetic modulation therapies [1]. The scope of this chapter will
include IPG pocket characteristics, surgical technique, infectious risk reduction, and
management strategies related to common complications.

Surgical Technique and Pocket Characteristics

Pulse generator pockets are generally limited to placement at several common loca-
tions. The current preferred location of IPG for many physicians has evolved toward
the posterolateral flank above the iliac crest and below the last rib (refer to Figs. 1,
2, and 3). This placement is preferred by many because of its stable location close
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Fig. 1 Well-healed
vertical (lead insertion)
wound and flank horizontal
(IPG site) wound. IPG in
close proximity to lead
insertion site to reduce risk
of lead migration

Fig. 2 Well-healed
superior vertical (lead
insertion) wound and flank
vertical (IPG site) wound.
IPG in close proximity to
lead insertion site to reduce
risk of lead migration

T. L. McJunkin et al.

to the lead insertion site. Classically, IPGs have been placed in posterolateral but-
tock pockets below the beltline (refer to Fig. 4). Less commonly, IPGs can be placed
in abdominal subcutaneous compartments or in infraclavicular positions, but these
implant locations are more typical of intrathecal pumps and VNS/cardiac defibrilla-
tors, respectively [2]. As a rule, pocket size should be large enough to accommodate
the IPG unit without significant leftover dead space. In practice, clinicians often aim
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Fig.3 X-ray of IPG in
flank site, above the iliac
crest and below the last rib

Fig. 4 Patient with two
“below-the-belt” buttock
SCS IPGs. Right IPG is
tilted causing pain in the
superior aspect of IPG
pocket
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Fig. 5 Preoperative
planning, marking of
surgical sites and
discussion with the patient
regarding IPG pocket
selection site

to make the pocket 120-130% of the IPG volume and place it at approximately one
inch or less in depth below Scarpa’s fascia.

The surgical approach generally consists of making two incisions: one for the
leads and one for the battery/IPG pocket. Clean-cut incision should be performed
with a scalpel in order to create a Class 1 wound with minimal to no desiccation of
wound edge (refer to Figs. 5, 6, and 7). Incision length should be as minimal as pos-
sible while still allowing for placement of battery and leads. Dead space should be
minimized to reduce risk for seroma or hematoma formation. Epinephrine com-
bined with local anesthetic may be used with caution and consideration for the bal-
ance between localized peripheral vasoconstriction and reduced blood loss.
Vasoconstriction may hinder the healing process and increase risk for infection [3].
Furthermore, electrocautery devices should be used sparingly due to evidence of
inferior wound healing, lower threshold for bacterial contamination, increased rates
of wound dehiscence, and possibility for thermal tissue damage with excessive use
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Fig. 6 Surgical approach
with two incisions: central
vertical incision seen with
leads which will be
tunneled to lateral
horizontal incision at

IPG site

Fig. 7 Tunneling device
crating pathway for leads
to be tunneled to lateral
IPG site

231




232 T. L. McJunkin et al.

Fig. 8 Tunneling of leads
is complete. IPG seen in
lateral pocket and coiled
redundant leads are seen at
central incision. Copious
irrigation performed at
both incisional sites

[3, 4]. In effect, these devices may be appropriate to optimize hemostasis and reduce
operative time, but care must be taken to avoid overzealous use near the surface.
Irrigation should be performed with saline via syringe bulb to clean the wound prior
to closure [5, 6] (refer to Fig. 7). Superficial skin closure is generally at the discre-
tion of the implanting physician insomuch as neither staples nor suture are clearly
superior so long as proper tension is placed on the dead space closure. When using
sutures to close deeper layers, simple interrupted sutures are optimal, while running
locked sutures should generally be avoided; smaller stitches and knots with minimal
tension are preferred [3, 7] (refer to Figs. 8, 9, 10, and 11).

Reducing Infectious Risk

Surgical site infection (SSI) rates of implanted spinal cord stimulators (SCS) have
ranged between one and ten percent with two large studies reporting rates of 3.4%
to 4.6% [8, 9]. More recent data from retrospective multicenter studies suggest
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Fig. 9 Closure of both
incisional sites with deep
and superficial layers with
2.0 Vicryl

Fig. 10 Closure of both
wounds is complete
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Fig. 11 Zipline™
noninvasive skin closure
device used and removed
after 14 days

lower SSI incidence of 2.45% [10]. The Neurostimulation Appropriateness
Consensus Committee (NACC) has created recommendations for infection preven-
tion and management as follows.

Preoperative

Preop workup is the first step in reducing SSI risk. Physicians must take a compre-
hensive history and perform pertinent physical exam maneuvers to assess potential
implantation candidates for underlying comorbid medical conditions that predis-
pose to SSI. Notably, uncontrolled diabetes, obesity, hyperglycemia, recent smok-
ing, chronic preoperative corticosteroid use, HIV seropositivity, active
chemotherapy, malnourishment, and high-dose opioid therapy are associated with
increased occurrence of SSI and are relative contraindications to surgery depending
on severity [11]. In this regard, the NACC recommends HbA1C optimization,
4 weeks of preoperative smoking cessation, limitation of corticosteroids, nutritional
status optimization, infectious disease consultation with HIV viral load, and
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oncology consultation to assess implantation risk versus benefit [12]. Physical
exam findings of concern include inspection of surgical site area skin and monitor-
ing of vital signs to evaluate for ongoing local or systemic infectious process or
disruption of skin integrity. Communication with prescribing physician of antico-
agulation medication should occur to ensure appropriate preoperative anticoagula-
tion [13]. There is no specific set of preoperative labs to order for IPG implantation
surgery; however it may be prudent to consider ordering ESR, CRP, CBC, and any
labs deemed pertinent for monitoring of medical comorbidities [14, 15]. Preoperative
screening for MRSA and MSSA is recommended in all IPG candidates because
S. aureus is responsible for 50-60% of SSIs in orthopedic and neurological proce-
dures and 30% of SSIs overall; carrier individuals are two to nine times higher risk
of developing SSIs, and decolonization protocols are effective in SSI risk reduction
(3.4% SSI rate in decolonization group compared to 7.7% in placebo group) [16—
19]. Decolonization treatment primarily consists of a 5-day preoperative course of
intranasal mupirocin and daily chlorhexidine baths [16]. Furthermore, since hair
removal by clipping or shaving 24 hours or more before surgery increases SSI risk,
the NACC recommends hair removal to be done immediately preop using electrical
clippers if necessary [20].

Appropriate antibiotic prophylaxis has resulted in approximately 50% SSI reduc-
tion in clinical studies [21]. S. epidermidis and S. aureus are the two most com-
monly implicated pathogens in neuromodulation implant SSIs. In most cases, a
single dose of a cephalosporin such as cefazolin is appropriate with clindamycin or
vancomycin as options for patients with a beta-lactam allergy. Local and commu-
nity patterns of antibiotic resistance/susceptibility may warrant alternative antibi-
otic choice. Otherwise, vancomycin should be used in MRSA carriers and patients
at high risk for colonization by MRSA [22]. Furthermore, weight-based dosing
reduces SSI rates. SSI risk reduction was achieved when morbidly obese patients
were given 2 g dosing of cefazolin to achieve minimum inhibitory concentration
rather than the standard single 1 g dose [23, 24]. In addition, dose timing is impor-
tant in SSI risk reduction. Cefazolin and clindamycin should be dosed 30-60 min-
utes prior to incision, while vancomycin should be dosed within 120 minutes prior
to incision [25, 26].

Ideal surgical scrub technique should include 2-5 minutes of hand washing,
removal of upper extremity jewelry, nails to be kept short [27-29]. Chlorhexidine
use is supported over povidone-iodine due to superior effect in reducing hand bacte-
rial colony-forming unit counts [30, 31].

Intraoperative

For intraoperative infectious risk reduction, the NACC recommends using combina-
tion chlorhexidine-isopropyl alcohol products for preparation of the skin prior to
first incision [32]. Furthermore, sterile barrier precautions and double gloving are
preferred for implanting neuromodulation devices. Traffic through the operating
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room should be kept to a minimum, and draping should be performed with sterile
C-arm drapes. If adhesive drapes are used, they should be iodophor-impregnated
due to potential for improved bacterial penetration of wet traditional cloth
drapes [33].

As a standard for surgical training, neuromodulation-credentialed physicians
should be trained on at least ten supervised IPG cases as the primary implanter prior
to independent practice, especially if these physicians come from non-ACGME pro-
grams [12]. The supervisor for these initial cases should have prior credentialing
from a Joint Commission-approved facility.

Several different trial and implant pathways exist. The two most common are
initial trial followed by separate complete implant versus staged trial with comple-
tion implant integrated. If all of the aforementioned risk reduction methods are
properly employed, current evidence suggests that the staged variant does not sig-
nificantly increase infection rate [34]. Importantly, increased rates of SSI are
observed with increased duration of trial [35].

Surgical techniques to limit infection are indicated as described in the Surgical
Technique and Pocket Characteristics section. In addition to surgical technique,
intraoperative SSI reduction efforts also include various antimicrobial strategies.
Most notably, chlorhexidine-impregnated dressings are recommended in patients
with high-risk comorbidities to reduce exit-site colonization and related infection
[36]. Furthermore, intrasite vancomycin powder shows promise but is awaiting fur-
ther study for neuromodulation patients with promising existing results for spine
surgery patients [37, 38]. Bioabsorbable antimicrobial mesh envelopes are approved
for ICD implants and have likely benefit in SCS implant patients such that high-risk
SCS implant patients may benefit from use, despite a lack of SCS-specific data at
current time [39].

Postoperative

Several large multicenter retrospective reviews have been done with focus on post-
implantation infection incidence and associated risk factors. Their findings demon-
strate reduced SSI rates with use of occlusive dressings, continuation of antibiotics
beyond 24 postoperative hours, and limiting SCS trials to 5 days or less in length if
possible [10, 40]. Notably, cephalexin and clindamycin were the most used postopera-
tive antibiotics, and no statistical difference in SSI rates were found between paddle
leads versus cylindrical leads. SSIs may occur more than 1 year after implantation, but
the median time to onset in the studied population was 27 days [40]. Lastly, education
of the patient and family to recognize signs of site infection helps with earlier detection
in the small percentage that do develop SSI. In such patients it is good practice to con-
sult with an infectious disease specialist if the device is to be removed to determine
appropriate antimicrobial treatment and to discuss timing of reimplantation. Neuraxial
imaging (CT or MRI often with and without contrast) is warranted in scenarios involv-
ing suspicion for epidural involvement or deep infection [41].
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Management of Common Complications

Overall implant complication rates range from 30% to 40% and include both
hardware-related and biologic complications. The leading biologic complications
are superficial surgical site infections, while the leading mechanical or hardware-
related complications are lead migration and implant site pain. In Senza’s 24-month
multicenter randomized control trial comparing 10 kHz high-frequency (HF10) and
traditional low-frequency SCS, implant site pain was most common (observed in
12.9% of HF10 versus 13.4% of traditional SCS patients, P = 0.91) [42]. Of the
various hardware issues, lead migration and lead fracture are the most common
[43], with lead migration being observed in 13% of implantation cases [44].
Mechanical implant site pain can result from the IPG tilting, rotating within the
pocket or simply extruding which usually occurs on thinner patients.

Lead fracture or connection loss from the IPG can be diagnosed grossly by radi-
ography and directly by impedance testing. It is managed by surgical replacement,
programming around the break, or cessation of use. This complication may be
reduced by incorporating strain relief loops, adequate anchoring techniques, avoid-
ing placement in areas with large ranges of motion, implanting the pulse generator
close to the lead termination site, and limiting patient movement during the postop-
erative interval [45-47]. When lead migration is visualized on X-ray, lead replace-
ment or paddle lead placement may be considered.

Battery or IPG failure has been observed to occur but may be limited by proper
testing of the lead connection. Unexpected battery failure prior to the specified bat-
tery lifetime occurs more frequently with non-rechargeable IPG systems [48]. These
complications may necessitate device replacement, and it is advisable to contact the
manufacturer to rule out known device defects. Lastly, MRI incompatibility may
serve as another cause for battery removal or for initial IPG refusal depending on
the predicted imaging needs warranted by the patient health profile. This is because
MRI exposure can cause magnetic field-induced rotation, translation, and accelera-
tion of the IPG device and the accumulated RF exposure can lead to device heating
and subsequent burn injury to the patient. Here lies a focus of clinical reasoning
insomuch as 82—-84% of SCS-implanted patients in a studied population were evalu-
ated to have a likely need for one or more MR imaging appointments within 5 years
of SCS implantation [49]. Having said this, most current-generation IPGs are MRI
compatible.

The most common biologic complication is infection and may be evidenced by
wound dehiscence (refer to Fig. 12), purulent IPG site drainage (refer to Fig. 13), or
systemic signs of infection in disseminated cases. Most surgical site infections orig-
inate from endogenous bacteria that are introduced due to surgical trauma [50-52].
Clinical suspicion should make the physician consider computed tomography scan-
ning with contrast, serum cultures, wound culture, CBC, CRP, ESR, and infectious
disease specialist care if clinical picture is more concerning. Management typically
includes reopening the IPG pocket with subsequent device removal and culture of
surrounding tissue with fluid or purulent drainage sent to pathology [53].
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Fig. 12 Wound dehiscence
and early signs of infection

Fig. 13 Granulation
tissue, purulent drainage,
and swelling at IPG site

Contrastingly, infection limited to the superficial skin area around the IPG site may
be managed with oral antibiotics and early follow-up so long as it does not involve
the neuraxial entry point. Antibiotic treatment should be directed based on pathol-
ogy profile of cultured microbes [54].

Allergic reactions may occur based on case reports and include symptoms of mal-
aise, itching, and pain. The diagnosis may be sought out via skin patch testing and serum
panels to rule out infectious etiology. Severe allergic reactions may warrant explant.
Physicians may prevent or reduce likelihood of allergic reaction by suggesting skin
patch testing in individuals with high-risk history of atopy [43]. Care should be taken to
rule out other common allergen sources such as latex or adhesive.
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Fig. 14 Fluid and swelling
at IPG site with tracking
along leads to lead
insertion incision site

IPG seromas are also quite common and usually manifest as swelling, pain, and
redness at battery implant site (refer to Fig. 14). They can occur spontaneously or as
aresult of swelling from IPG site trauma. CT with contrast may identify the seroma
and serum panel may be ordered for infectious rule out. Seromas may be managed
conservatively with sterile drainage and abdominal binder placement. Drained fluid
may be sent to pathology if infectious cause is suspected. Risk is reduced by limit-
ing blunt dissection, avoiding overuse of electrocautery, using minimal pocket size
with layered closure, and appropriate hemostasis. Abdominal binders may be used
prophylactically for the initial 2 postoperative months [55]. Usually IPG seromas
can be conservatively treated and do not require explant, but some may require revi-
sion or removal of implant.

Erosion of lead or IPG site are rare complications but can occur (see Fig. 15).
They can occur due to inflammation and infectious and likely allergic causes. They
are more commonly seen in superficial locations like supraorbital PNS stimulation
but can occur anywhere. Generally, they require removal of the leads and/or IPG.

Epidural hematomas typically present as new-onset neurologic findings includ-
ing worsening of pain, or shifting of pain to a new area, numbness, weakness, and
bowel and/or bladder changes. Epidural hematomas are notably most prevalent in
the male population and in those in their fifth or sixth decade [56]. Diagnosis is
reached by clinical picture and with emergent CT or MRI with or without contrast
and subsequent surgical consultation [57]. Epidural hematomas should be evacu-
ated, and often at the same time device should be removed within 8 hours of neuro-
logical symptom onset. Careful attention should be paid to patients on chronic
anticoagulation [58].
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Fig. 15 Skin erosion of
coiled leads at IPG site in a
patient 5 years after
implant

Epidural fibrosis has been reported in case reports and may be evidenced by
change in stimulation pattern due to scarring around leads [34]. Reprogramming
may result in regain of efficacy.

Dural puncture is another less common complication. Patients classically experi-
ence a positional postoperative headache in the context of surgeon observing spinal
fluid in the surgical field or spinal fluid leakage from incision site after closure [59].
IV fluids, supine positioning, and caffeine are the conservative treatment options.
Some physicians will abort the procedure upon noticing a tear, while others will
move vertically to a different spinal level. Blood patches are a treatment for dural
puncture, but their recommendation is controversial due to the patch providing a
source for infection. This complication should be considered especially in patients
with spinal stenosis, with calcification of ligamentum flavum, or with history of
previous surgery at the site [53].

Compressive neurologic pathology and nerve or cord injury are listed in case
reports. They present with new-onset neurologic deficits and warrant evaluation
with emergent CT with contrast. Neurosurgery should be consulted. Cord and nerve
damage is more common when the implanter makes multiple needle placement
attempts, multiple attempts passing electrodes, or multiple attempts passing
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paddles. Many physicians are using real-time neuromonitoring for additional safety
while performing implant procedures. Compressive pathology may require mechan-
ical decompression procedures such as lead removal and/or laminectomy [60]. This
risk can be limited by taking adequate time to review preoperative imaging and to
take particular care with spinal stenosis patients.

IPG Site Reimplantation or Revision

After complications result in explant, reimplantation should be considered.
However, there are no clearly established protocols for timeline, site change, and
preoperative preparation. Existing protocols are largely anecdotal, and as such, phy-
sician practice varies considerably. If reimplantation is chosen, preoperative plan-
ning should be considered to lower the rates of early complication and need for
replacement. For instance, if an IPG was removed secondary to infection, many
would recommend consultation with an infectious disease physician for additional
guidance to prevent another site infection.

IPG positional problems can occur for many reasons including weight loss,
trauma to the site, change in body habitus, additional surgery, and internal pocket
problems like a seroma. IPG positional problems often result in tilting, rotation, or
even flipping of the IPG in the pocket. If revision of IPG site is considered which is
usually due to patient discomfort, careful discussion of site change and preoperative
planning is also recommended to prevent further surgery if possible.
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History and General Indications

From a historic point of view, the first report on the use of an analgesic substance in
the subarachnoid space dates back to 1898, when August Bier, a famous German
surgeon, described the analgesic effects of a solution containing cocaine, which he
injected in himself and in his assistant [1]. The discovery of opioid receptors in the
nervous system was reported by Pert and Snyder in 1973 [2]. Ten years later,
Coombs and colleagues published the first study on the use of an implanted system
of continuous intrathecal administration in ten patients, demonstrating satisfactory
pain control [3]. The aim of the present chapter is to describe the main aspects
related to patient selection, surgical technique, the refill technique for the implanted
device, and the main complications in intrathecal drug delivery system (IDDS).
Implantable intrathecal opioid administration systems constitute well-established
treatment for oncological pain and select cases of noncancer chronic pain [4]. With
this method of analgesia, the medication is administered directly into the intrathecal
space, reaching the dorsal horn of the spinal cord, which houses a high
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concentration of receptors responsible for processing pain. This particularity mini-
mizes systemic exposure to metabolites of the administered drug and enables pain
relief with lower doses in comparison to oral or venous administration, thereby
exerting fewer side effects [4].

Patient selection is the most important initial factor for therapeutic success. Thus,
a comprehensive multidisciplinary assessment should be a prerequisite for decision-
making, including all cases of neuropsychological and/or psychiatric evaluation.
Patients with pain that is refractory to clinical treatment or those with satisfactory
analgesia but intolerable side effects related to the proposed therapeutic regimen
can be considered candidates for intrathecal therapy [4]. In patients with a weak
response to systemic opioids, however, it is unlikely that satisfactory analgesia will
result from the subarachnoid route [5]. In such cases, ziconotide may be an option.
The IDDS is recommended for oncological patients whose life expectancy is longer
than 3 months [4]. For those with a shorter life expectancy, the option is to use an
epidural or subarachnoid catheter for analgesia.

According to the most recent Polyanalgesic Consensus Conference (PACC)
held in 2017, the treatment of oncological and noncancer pain using an IDDS
with morphine or ziconotide has level 1A evidence and recommendation. In
cases of non-oncological pain, the preference is to initially use neurostimulation
techniques (evidence level 3C) [4]. At present, IDDS is utilized for severe
refractory pain and spasticity that has any other possibility to be treated with
more conservative managements. There are other many clinical conditions
under investigational trials with intrathecal therapy drugs such as epilepsy, psy-
chiatric disorders, movement disorders, Alzheimer’s disease, multiple sclerosis,
and malignant hypertension.

Among exclusion criteria for therapy, we have [1] patients with a life expectancy
less than 3 months, [2] skin infection near the implant site, [3] systemic infection,
[4] coagulopathy (platelet count <7000/uL), [S] sparse drainage of cerebrospinal
fluid (CSF) after the lumbar puncture, [6] a large spinal injury that impedes the free
distribution of CSF, and [7] intolerance to the effect of the pre-implant test [6].

Trialing Techniques

After adequate patient selection, the next step is the pre-implant trial through epi-
dural or intrathecal administration of the drugs to be tested (Table 1). It is important
to perform this test in the hospital setting due to the possible emergence of the typi-
cal side effects of opioid use (nausea, vomiting, urinary retention, pruritus, sedation,
and respiratory depression).

The test is considered positive when there is at least a 50% reduction in the
numeric pain rating score. An improvement in functional performance and a reduc-
tion in the side effects of systemic medications are other indicators of success. The
therapeutic effect of the bolus of morphine in the subarachnoid space begins about
30 minutes after administration and lasts 6 to 24 h [6, 7]. When ziconotide is
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Table 1 Dose ranges for IT bolus Medications Dose
trialing recommended [5] Morphine 0.1-0.5 mg

Hydromorphone | 0.025-0.1 mg

Ziconotide 1-5 mcg
Fentanyl 15-75 mcg
Bupivacaine 0.5-2.5 mg
Clonidine 5-20 mcg
Sufentanil 5-20 meg

chosen, the test should only be performed intrathecally; epidural administration of
this drug is not permitted [8]. There is also the possibility of performing the test
with an external pump connected to a catheter for the administration of the medica-
tion [5].

The pre-implant test has two purposes: [1] to define whether pain control is
effective through the intrathecal route and [2] to guide the initial dose of the medica-
tion after the implant. There is no consensus on the administration method; it may
be a single, multiple, or continuous [9]. The single administration option is consid-
ered a safe strategy (evidence level 2B) [10]. For patients with pain associated with
cancer, it is necessary to assess the treatment options quickly and efficiently. In such
cases, the PACC states that the test can be waived [5].

Surgical Technique

Preoperative Practices

The step-by-step process of the intraoperative procedure will be explained in the
images below. The following practices are important to adopt prior to the surgical
procedure: optimization of glycemic control, cessation of smoking (2 months
before, if possible), screening for Staphylococcus colonization, and suspension of
anticoagulant and antiplatelet agents (warfarin 5-7 days before and INR < 1.5; ther-
apeutic heparin 24 h before; antiplatelet 7 days before; nonsteroidal anti-
inflammatory 7 days before [no need to suspend selective COX-2 inhibitors];
consumption of ginseng, ginkgo biloba, and garlic 7 days before; new anticoagu-
lants 3—-5 days before). Anticoagulant and antiplatelet agents can be used again 24 h
after the end of the procedure. A chlorhexidine wash 24 h prior to the surgery is also
recommended [10].

A prophylactic antimicrobial should be administered 30 minutes prior to the skin
incision. The options typically include cefuroxime IV or, if the patient is allergic to
beta-lactam, clindamycin IV. These orientations may have variations in specific
cases or depending on the infection control service of each hospital. Two sterile
gloves shall be worn habitually during the procedure.
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Marking

The definition of the flank in which the device will be implanted is performed with
the patient awake and in dorsal decubitus to avoid errors due to the deviation of the
abdominal wall when in lateral decubitus. Assess the patient decubitus preference to
reduce the possibility of routinely lying atop the device; ensure intact skin with no
scars from previous procedures; and, in cases of colostomy or gastrostomy, implant
the device on the contralateral side as far away as possible. Consider an appropriate
site so that the device does not rub against the iliac crest below or the costal arches
above. The location of the pump on the abdominal wall should be planned in
advance and based on the possible need for future surgical interventions related to
the baseline disease. If the patient has no preference for either of the sides and there
is no special circumstance that justifies a specific location, opt for the left side due
the lower frequency of diseases requiring surgery in this region; for example, appen-
dicitis and cholecystitis are conditions that affect the right side of the abdomen. All
such planning should occur previously during office visits, reserving the day of the
procedure only for the marking of the skin.

Positioning

Under general anesthesia, the patient should be carefully positioned in lateral decu-
bitus, comfortably supporting the upper and lower limbs. Tethers should be used to
secure the thoracic region, pelvic region, and lower limbs to avoid accidents in case
there is a need to move the surgical table (Fig. 1a). Place cushions under the flank
and axilla for protection (Fig. 1b). Prior to antisepsis of the skin, the C-arm of the
X-ray machine should be positioned freely to be moved to enable the anteroposte-
rior view and profile, facilitating the lumbar puncture, the visualization of the pas-
sage of the catheter, and the appropriate localization of the tip in the desired target.
Although some guidelines suggest performing the procedure only under sedation
and local anesthesia so that the patient can report any possible neurological effects
due to the progression of the catheter, we routinely perform it under general anes-
thesia, considering the surgical procedure and steps following the lumbar puncture.

Skin Preparation and Draping

The patient is submitted to epilation, followed by rigorous antisepsis of the lumbar
region, flank, and abdomen (Fig. 2a and b). Sterile adhesive and surgical fields are
draped with adequate exposure for the procedure. The C-arm also needs to be
draped with sterile fields (Fig. 2c).



Intrathecal Drug Delivery System: Surgical Technique 249

‘-o
-
b

P,

Fig. 1 (a) Positioning. Tethers to secure the thoracic region, pelvic region, and lower limbs. (b)
Cushions under the flank and axilla for protection

Preparation of Pump

At the onset of the operation, the pump should be taken out of the sterile package
and be prepared in accordance with the manufacturer’s instructions simultaneously
to the progression of the surgery in order to be ready for use at the proper time. Fill
it carefully after verifying the chosen medication and concentration (Fig. 3).



250 A. J. Barbosa de Oliveira et al.

Fig. 2 (a) Skin preparation. (b) Skin preparation. (¢) Fluoroscopy positioning, sterile fields,
and draping
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Fig. 3 Preparing the pump

Fig. 4 Anesthesia of the paramedian puncture site and needle path

Intrathecal Access and Catheter Placement

The first step of the operation is the administration of the anesthesia of the punc-
ture site and needle path (Figs. 4 and 5a). Next, guided by the X-ray machine, a
paramedian lumbar puncture is performed at an angle of approximately 30-45
degrees, ideally on the same side on which the tunneling will be performed to
the subarachnoid space (Fig. 5b). The entry point on the skin should be 1-2
levels below the entry site in the dura mater (L2-L4) and should ensure abun-
dant drainage of the CSF through the catheter after the puncture (Fig. 5c). With
regard to the final positioning of the tip of the spinal catheter, although we are
aware that morphine, which is water soluble, diffuses to higher levels of the
spinal cord, we prefer to position the catheter closer in accordance with the pain
site (Figs. 6 and 7). Whenever possible, leave the tip of the catheter posterior to
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Fig. 5 (a) Puncture planning (authorized by Medtronic). (b) Paramedian lumbar puncture.
Fluoroscopic view of the needle being advanced toward the interlaminar space. (¢) Abundant CSF
drainage
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Fig. 7 CSF drainage

the spinal cord. The progression of the spinal catheter should be performed care-
fully and accompanied by the X-ray machine (Fig. 8), so that, in the occurrence
of resistance, the mandrel can be removed to enable proceeding with the desired
positioning. The habitual location is between T2 and T8 for cases of thoracic
pain, between T4 and T12 for pain in the upper floor of the abdomen, between
T10 and L3 for cases of pain in the lower floor of the abdomen, between C4 and
C7 for pain in the upper limbs, and between T12 and L3 for pain in the lower
limbs. In cases of craniofacial pain, we place the catheter at the C2 or intraven-
tricular level [7]. Better results are expected when there is adequate correlation
of dermatomes and the level corresponding to the pain (evidence level 2B) [4].
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Fig. 8 Catheter tip
X-ray view

Lumbar Incision, Dissection, and Catheter Anchoring

The next step is to make an incision approximately 3—5 cm along the needle through
the subcutaneous and adipose tissue until the exposure of its entry in the muscle
fascia (Fig. 9). Before removing the needle, position the nonabsorbable threads that
will affix the anchor of the catheter to maintain the catheter protected. The needle
should then be carefully removed, maintaining the position of the catheter stable by
securing it with the fingers as soon it appears after the exiting of the needle from the
fascia (Fig. 10). Finalize the removal of the rest of the needle and mandrel of the
catheter if it had not previously been removed. At this point, check the positioning of
the X-ray machine and the presence of CSF. Using a device furnished by the
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Fig. 9 Incision along the
needle

Fig. 10 Needle removal

manufacturer, affix the catheter after verifying its final position and perform suturing
so that the anchor is preferable lying to the side to be tunneled (Figs. 11a, b and 12).

Pump Pocket Creation and Anchoring Suture Placement

Make a rectilinear incision in the abdomen parallel to and approximately 5 cm from
the costal arch, dissecting to the fascia of the rectus abdominis/external oblique
muscle and creating a pouch where the pump will be housed (Fig. 13). Avoid elec-
trocauterization due to the risk of skin injuries and infection. The pouch should be
wide enough so that the pump does not place pressure on the subcutaneous tissue,
which could lead to its exposure to the external environment. The size of the pouch
should not surpass the dimensions of the device excessively, as this could lead to the
accumulation of seroma and the displacement of the device (Fig. 14). The anchoring
sutures are then minimally placed at two points to avoid movements (Fig. 15).
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Fig. 11 (a) Positioning of anchor, (b) Positioning of anchor

Tunneling

Tunneling of the catheter is performed from the lumbar region to the pouch where
the pump will be implanted on the anterior face of the abdomen between the iliac
crest and costal margin (Fig. 16a, b, and c¢). We recommend the administration of
local anesthetic with a vasoconstrictor for better postoperative analgesia and less
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Fig. 12 Catheter
anchoring

Fig. 13 The rectilinear
abdominal incision. Far
away from costal arches
above and the iliac crest
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Fig. 14 Dissection down
to the rectus fascia.
Placement of anchoring
sutures

Fig. 15 2 points anchoring
suture

likelihood of hematomas along the catheter path. Connect the catheter to the pump
(Fig. 17). A small part of the catheter should be maintained adjacent to the lumbar
fixation point to avoid traction and possible migration. For obese patients, it may be
necessary to perform the tunneling in two steps, making a small incision in the skin
in order to externalize the tunneling tool and make a new passageway. Whenever
possible, give preference to maintaining the catheter in its original size without
sectioning it.

Pump Insertion and Skin Closure

The pump is inserted and positioned in the pouch, followed by the closing of the
incision, beginning with the deepest layer, followed by the subcutaneous layer and
skin. The catheter excess should be folded together and positioned posterior to the
pump to avoid accidents during the refill punctures. The device should be placed
such that the access port to the catheter is positioned caudally to avoid pressure on
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Fig. 16 (a) Tunneling from the lumbar incision to the pump pocket. (b) Tunneling from the lum-
bar incision to the pump pocket. (¢) Tunneling from the lumbar incision to the pump pocket
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Fig. 17 Attaching the
intrathecal segment to the
pump segment and the
catheter to the pump

T
._"\

Fig. 18 Pump being
inserted into the pocket

the wound (Figs. 18, 19, 20, 21a and b). We suggest occlusive dressing for 24-48 h
and antibiotic prophylaxis for only 24 h, with no use of topical antibiotics (evidence
level 1A-B) [10].

Pump Refills

The pump should be refilled a maximum of every 6 months, even when it is not
completely empty, due to possible changes in the stability of the medication over a
long period [11]. The refill frequency commonly ranges from several weeks to
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Fig. 19 Anchoring suture
placement

Fig. 20 Skin closure.
Beginning with the deepest
layer

6 months depending on the infusion speed, which is fixed in continuous flow pumps
and predetermined or individualized in programmable electronic pumps.

We strongly recommend the use of the kit provided by the manufacturer with the
material to be used during the refill procedure (Fig. 22a). Adequate antisepsis is first
performed of the skin over the pump, followed by the draping of a sterile field. Next,
a puncture is performed of the septum made of self-sealing silicone, which is located
in the central portion of the device (Fig. 22b and c). In some cases, the identification
of the pump septum is hindered due to scar tissue or excess adipose tissue, which
may require the use of ultrasound or C-arm imaging for the proper localization.
After the insertion of the needle through the septum, the residual medication solu-
tion is removed prior to refilling, with care taken to avoid the entrance of air during
the process. The new medication is then injected into the reservoir and the refilling
is concluded (Fig. 22d). With a programmable electronic pump, the reading should
then be made, followed by reprogramming with the new medication volume and
new concentration, if necessary [11]. With a gas pump, care must be taken to previ-
ously calculate the concentration of the medication to be administered.
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Fig. 21 (a) Final aspect of lumbar skin closure. (b) Final aspect of abdominal skin closure

Types of Infusion Pumps

Mechanically Driven

This is operated by the patient himself or a family member. It comprises a drug
reservoir that is connected to a one-direction valve system, which in turn is con-
nected to a catheter that takes the medication flow into the subarachnoid space.
Access to the reservoir is done through a space designed for refilling. Digital
pressing of the buttons on the device activate bolus release of the drug (Fig. 23).
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Fig. 22 (a) Refill kit (authorized by Medtronic). (b) Puncture pump central septum. (¢) Skin pre-
pare (authorized by Medtronic). (d) Pump refill (authorized by Medtronic)

The disadvantages of this device include only bolus dosing, need for self-
administration, and risk of intoxication, although it contains safety mechanisms
that prevent subsequent doses. In addition, the assessment during days follow-
ing implantation can be challenging, due the postoperative edema and serosal
collection.

Gas Propulsion

These systems enable continuous infusion into the intrathecal space by gas propulsion
mechanism. They have two compartments: a reservoir, which can be accessed through a
silicone septum for regular refilling and other containing an inert gas (Freon, butane, or
R114) performing constant pressure on the first providing outflow to intrathecal space.
Most of these devices are fitted with a lateral septum that provides access to the spinal
catheter and allows for withdrawing cerebrospinal fluid (CSF) for examination, injec-
tion of contrast dye, or even for medication injection. There is a constant flow preset by
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Fig. 23 Mechanical pump

Fig. 24 Gas-flow pump IP
2000 V (authorized by
Tricumed Medizintechnik
GmbH)

the manufacturer and varies between 0.3 and 4.0 ml/day and its volume capacity about
20-60 ml (Fig. 24). It’s necessary changing concentrations to shift medication dosage.
The shelf-life depends mainly of the puncture frequency, up to 1000 recharges with cor-
rect refill kit. It can be advantageous cause is usually cheaper than other devices and
cases with difficulty in regular medical access.
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Programmable Infusion Pump

The most used nowadays comprises a drug reservoir, which is accessible through a
silicon septum for regular replacement of the drug: a different compartment con-
taining gas that forces the content into a rotor driven on a battery engine that col-
lapses at each tube revolution of the roulette pump and a microprocessor that allows
flexible programming, for example, bolus, continuous, or variable (Figs. 25 and 26).
There are also auto-checking software and alarms to verify volume, battery, and
other functions. The major volume capacities are between 10 and 40 ml. Still, the
patient can control the therapy by itself with an external device (Fig. 27), if allowed
by the attending physician. On the other hand, it is necessary to have regular battery
changes.

Fig. 25 Roulette r w
programmable pump - .

(authorized by Medtronic)

Fig. 26 Programmable
pump (authorized by
Medtronic)
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Fig. 27 Patient control
(authorized by Medtronic)

Complications

There are various complications that may occur during the use of the IDDS related
to the indication, effects of the medication in use, the surgical procedure, the
implanted device, the refill, and the telemetric programming of the device. The main
complications are listed in Table 2 [8]. The most frequent is post-puncture headache
(15.5%), followed by infection (3.5—4.5%) and seroma (2.5%) [9].

Although rare, the formation of catheter-tip granuloma is a feared and potentially
serious complication. The reported prevalence is up to 8%, with symptoms in 0.5 to
3% of cases. This condition results from the growth of macrophages, neutrophils,
and monocytes that adhere to the dura mater and, at times, the spinal cord [12]. The
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Table 2 Complications during the
use of the IDDS [9]

Medication

Pruritus

Nausea and vomiting
Urinary retention
Constipation

Fluid retention
Respiratory depression
Sedation
Intraoperative
Bleeding

Neurological deficits related to tissue damage
Cerebrospinal fluid leaks
Infections

Skin ulcers

Catheter

Breaking

Kinking
Disconnections
Catheter-tip granuloma
Migration

Pump

Overfilling

Battery failure

Pump torsion

Wrong refill
Programming errors

formation of catheter-tip granuloma seems to be linked to the greater concentration
of the infused drug in a small area, with little CSF flow and for a long period. There
are reports of this occurrence with all drugs, except ziconotide. Any new focal neu-
rological condition should be actively investigated with imaging exams, such as
magnetic resonance with gadolinium or myelotomography. The most common pre-
sentations are the loss of effective pain relief, the frequent need for adjusting the
dose, residual volume greater than the predicted volume during the refilling of the
pump, altered proprioception and sensitivity, and, in more advanced cases, motor,
bladder, and intestinal impairment [13]. The use of flexible systems with a bolus
during therapy seems to diminish the incidence (evidence level 3C) [10].

Surgical site infection corresponds to 3.5-4.5% [14]. Inherent of any surgery, it
has similar patterns as neurostimulation. The PACC/CDC consensus has specific
recommendations at each stage to mitigate such situations (Fig. 28a, b, c, and d).

In addition, other complication is hematoma, difficult to assess, with variable
incidence around 0.3-0.7% [4, 14], the same as other interventional pain procedures
in neuroaxis and must follow standard precautions. In general, it is classified as an
intermediate risk. Although rare, the most cited is epidural, subdural, and pocket
hematoma, which must be highly suspicious and treated early due to the risk of seri-
ous sequelae (Fig. 29a and b).

The following are some more images about illustrative case complications
(Fig. 30a—e).
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Fig. 28 (a) Pump infection. (b) Pump and catheter infection. (¢): Intrathecal catheter exposed. (d)
Herpes zoster infection on IDDS trajectory (oncology patient)

Fig. 29 (a) Hematoma. (b) Trajectory hematoma
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Fig. 30 (a) Skin ulcer. (b) Skin ulcer 2. (¢) Pseudomeningocele (hygroma). (d) Mispositioned
multi-perforated catheter. (e) Contrast dye study with system leakage

Medications

Although there are studies with several drugs, below a brief summary with the main
ones used for knowledge of the main aspects will be highlighted. According to the
last PACC consensus, only morphine and ziconotide have 1A level of evidence for
intrathecal use [4].
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Morphine

Morphine is the most widely used, with proven efficacy both in cancer patients and
those with benign diseases. With IDDS, there is a downward trend of opioids by
other routes. Different studies show more than 70% improvement in pain levels in
more than a half of patients [15]. The most serious side effect is respiratory depres-
sion [16], especially at the beginning of therapy or when concomitant use of central
nervous system depressants, such as benzodiazepines, besides the other classical
ones that may occur with opioid users. In the long term, it can also result in suppres-
sion of the pituitary and gonadal axis [4].

Ziconotide

Considered the first line of treatment for both neuropathic and nociceptive pain by
Food and Drug Administration (FDA), it can be useful in patients with trial failure
with opioids, although it needs special care due to the proximity of the therapeutic
dose and the toxic one [4]. It acts by blocking presynaptic N-type calcium channels
in the dorsal horn of the spinal cord. This targeting is distinctly different from mu
agonism and allows ziconotide to be helpful in the opioid-tolerant patient [17].
There isn’t evidence of any spinal toxicity, however contraindicated in case of sus-
pected psychosis, when must be stopped immediately [18].
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Introduction

Systemic opioid administration for cancer pain is frequently associated with partial
symptomatic control and limiting side effects. Hence other routes were proposed to
mitigate these features, which included epidural, subdural, and intraventricular
spaces. Initial preclinical studies with intraventricular morphine date from the
1960s. They were followed by the clinical use of Ommaya reservoirs in which
intraventricular morphine was intermittently infused without causing respiratory
depression [1].

The first published intraventricular opioid infusion was reported in 1978 by
Hosobuchi et al. In the article, beta-endorphin was used, and it promoted analgesia
in a group of patients, which was reversible with naloxone [2]. Subsequently, the
clinical use of intraventricular infusion of morphine has been corroborated as a safe
and effective for cancer pain by a number of studies [1-14].

In the literature one can find different techniques to perform intraventricular drug
infusion. The right lateral ventricle is the most commonly site chosen for catheter
placement. Intermittent opioid infusion by means of Ommaya reservoir is associ-
ated with long-lasting analgesia for days or weeks in some cases [1]. The initial
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Fig. 1 (a and b): AP and lateral view of an Ommaya reservoir connected to a distal catheter. (c):
Drug infusion pump implanted at right chest wall used for on-demand intermittent infusion.

favorable results in cancer pain led to the development of self-controlled implanted
devices for drug infusion (Fig.1) [12]. The aim of this chapter is to focus on surgical
aspects including details of the implant technique.

Patient Selection

The most common indication for intraventricular drug therapy is refractory onco-
logic pain encompassing the head, face, and neck [7]. In addition, intraventricular
infusion of baclofen was reported to be effective for cases of secondary dystonia
[15-19], spasticity [19], and pain [20, 21]. Another potential indication would be
patients bearing spinal metastasis in which the intrathecal route is not an option as
in severe arachnoiditis, radionecrosis, dehiscence, need for instrumentation, or mul-
tilevel tumor-related spinal canal stenosis. In addition, some modalities of neuro-
pathic facial pain could respond to intracerebroventricular opioid infusion [14].
For children with spastic dystonia secondary to cerebral palsy, the intraventricular
route showed same efficacy and less complications compared to the intrathecal one [17].

Catheter Placement

There are different ways to place the ventricular catheter. It can be done as a free-
hand puncture based on anatomic landmarks resembling ventriculoperitoneal (VP)
shunt proximal catheter placement. In cases of reduced ventricular dimensions, it is
recommended to use some form of navigation. The catheter tip does not need to be
placed necessarily on the lateral ventricle. In fact, some authors target the third
ventricle as it has shown to be more effective compared to the lateral one, especially
for the infusion of less hydrophilic drugs [22].
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Fig.2 (a)Neuronavigation planning for catheter insertion into the third ventricle. (b) Postoperative
computed tomography with catheter located at planned site

The most commonly used methods to guide catheter placement are stereotaxy,
neuronavigation (Fig. 2), and endoscopy. The frame-based stereotactic method is
highly precise, but the frame can be an obstacle for catheter tunneling. Endoscopy
is simple and effective and allows direct visualization of the catheter tip positioning
through the Monroe foramen into the third ventricle. Endoscopy carries the advan-
tage of providing live information compensating for eventual brain shift due to CSF
loss. The initial ventricle puncture can be, however, difficult in case of small ven-
tricles. In such cases its useful to have the endoscope coupled to standard neuro-
navigation or robotic guidance (e.g., robotic surgical assistant, ROSA™). Optical or
electromagnetic neuronavigation (e.g., AXiIEM™) alone seems to be a reasonable
alternative to the other methods. In this method, the trajectory is planned in advance
using a preoperative thin-slice CT. Ultrasound guidance for catheter placement has
been also reported with results comparable to the stereotactic method [23].

The implantable proximal catheter from the Medtronic system (i.e., Ascenda™)
is very soft; hence an outer cannula is necessary for the ventricle puncture. A regular
microelectrode recording (MER) cannula can be used for this purpose as it has a
reduced diameter and can also be coupled to the aforementioned guidance modali-
ties. Another option is to use the insertion cannula from AD Tech (Oak Creek, VA,
USA) for the ventricular catheter placement. This tool has a side opening which is
preferable by some surgeons as it facilitates the cannula removal while holding the
ventricular catheter on the other hand. In case of the other cannulas not being avail-
able, an alternative option would be to use the insertion needle from the Ascenda™
kit (16-T gauge). It could be intraoperatively trimmed and sanded using sterile sur-
gical sandpaper making it blunt enough for the puncture (Figs. 3 and 4).

Despite the chosen insertion method, we believe it is preferable to use a proximal
catheter with the same diameter as the distal one, with a known volume. The reason
for that is the experience gathered on previous cases in which a regular VP shunt
catheter was used proximally. A regular ventricular catheter can be freehand
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Fig. 3 Insertion needle from the Ascenda™ kit can be intraoperatively trimmed and sanded with
sterile surgical sandpaper making it blunt for the ventricle puncture. Note in the last picture on the
right that the catheter passes through the needle without resistance

Fig. 4 (a) Coupling a navigation tool (BrainLab neuronavigation) to the Ascenda™ catheter 16G
insertion blunt needle. (b) Navigated ventricle puncture. (¢ and d) Navigated needle removal under
simultaneous CSF outflow visualization

inserted; however merging catheters with different diameters complicates the total
catheter volume calculation. It makes the determination of the initial bolus as well
as the bridge boluses less precise, which reduces therapy safety (Fig. 5).

After the proximal catheter is inserted, it can be fixed to the burr hole edge using
titan miniplates, methyl methacrylate, or acrylic glue (e.g., Histoacryl® — B. Braun).
This step is followed by its connection to the previously tunneled distal catheter. In
some cases, the proximal catheter would be long enough to be connected directly to
the pump. Nevertheless, we prefer to use a connector to reduce the tension in the
system minimizing the risk of catheter migration. In addition, tension could lead to
a catheter disconnection from the pump and CSF leak in the distal pocket.
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Fig. 5 Left, frontal burr hole depicting the proximal ventricular catheter (A), the connector (green
arrow), and the distal catheter (B). Right, another patient demonstrating the use of different cath-
eter sizes being the distal one (B) inserted directly into the proximal one (A) without using a
connector

Catheter Tunneling and Pump Implant

The infusion pump is typically implanted on the left abdominal flank as the right
side could be used as approach for appendectomies and cholecystectomies. After
the incision is performed, the abdominal pocket is created distally wide enough to
prevent tension in the suture line. The pump can be placed above or underneath the
fascia. It is suggested to use the subfascial plane for implants in children and dys-
tonic and cachectic patients due to the reduced subcutaneous layer. After preparing
the subcutaneous pocket, the tunneling cannula is inserted from caudal to cranial,
and the catheter passed through it (Fig. 6). If necessary, a retroauricular incision can
be made to ease the tunneling process. As in a VP shunt catheter tunneling, it is
important to be aware of the sudden change in resistance when crossing the nuchal
ligament to avoid adjacent structural damage. Moreover, a too superficial catheter
tunneling could make the catheter more vulnerable to exposure due to skin lacera-
tions. We recommend bending the tunneling tool into a wide “C” as it could facili-
tate its steering during the maneuver.

Once the system is entirely implanted and secured, we suggest checking its
patency by puncturing the catheter port on the pump and aspirating CSE. This step
will not only confirm CSF flow but also fills the catheters with CSF preventing air-
lock. Finally, the soft tissue is sutured using 2—0 Vicryl on the cranial galea and 3-0
Vicryl on the abdominal subcutaneous tissue along with Prolene or Monocryl skin
closure.
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Fig. 6 (a) Ventricular catheter being secured to the burr hole with acrylic glue (Histoacryl® —
B. Braun). Catheter being tunneled from caudal (c¢) to cranial (b). (d) Distal catheter being con-
nected with the ventricle catheter using a connector

Table 1 Common intrathecal drugs and their use in intracerebroventricular route

Drug Initial daily dose Maximal reported daily dose
Morphine 0,2 mg 24,83 mg [7]

Baclofen 25meg* 2012mcg [16]

Ziconotide 0,48mcg 2,0meg [12]

Clonidine NA NA

Ropivacaine 1,2 mg 8,16 mg [12]

Bupivacaine NA NA

Hydromorphone 0,01 mg 3,27 mg [14]

*For children we suggest start with intrathecal baclofen 1mcg/Kg — until 25Kg. After this, we use
25mcg as starting dose for all the patients
NA not available in humans

Infusion Management

We suggest initiating the intraventricular therapy with lower starting doses rather
than the usual intrathecal ones, because the clinical response can be stronger when
the drug is infused directly in the ventricle. Table 1 summarizes reports for initial
and maximal doses rates. In our experience, adjustments can be done safely every 3
to 5 days, in increments of no more than 15%. We perform the initial bolus in
4 hours, as we know precisely the catheter volume. After this, we start a continuous
flow rate. It is recommended maintaining the patient in an intensive care unit for 1
to 2 days after infusion start to observe for side effects as well as possible adverse
reactions [7].
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Complications

To minimize the occurrence of complications, it’s highly recommend following
the Polyanalgesic Consensus Conference (PACC): Recommendations for
Intrathecal Drug Delivery: Guidance for Improving Safety and Mitigating Risks
[24]. Complications can be divided into device-related and pharmacologic.
Catheter migration, obstruction, disconnection, and breakage are among the
hardware complications. Catheter obstruction by choroid plexus is about 6%
[6]. Infection used to be more frequent with the first generation of systems in
which repetitive punctures of Ommaya or Rickham reservoir were associated
with a high incidence in around 24%. With the current electronic pump systems,
it was dramatically reduced. New technologies applied to catheters reduced its
related complications as well.

Pharmacologic complications with opioids include mental clouding in 9% of the
cases, somnolence in 4%, visual hallucinations in 3%, diaphoresis in 2%, respira-
tory depression in 1%, gait disturbance in 1%, pruritus in 1%, urinary retention in
1%, and persistent headache 1% [13]. Constipation seems to be rare in intracerebro-
ventricular morphine [5, 6]. Agitation was reported as ziconotide side effect at a
level of 0.96 pg/d [12]. Other rare reported complications were hypothermia, hyper-
glycemia, higher levels of prolactin and growth hormone, decrease of glutathione
levels, and seizures [5].

References

1. Obbens EA, Hill CS, Leavens ME, Ruthenbeck SS, Otis F. Intraventricular morphine admin-
istration for control of chronic cancer pain. Pain. 1987;28(1):61-8.

2. Hosobuchi Y, Li CH. The analgesic activity of human beta-endorphin in man (1,2,3). Commun
Psychopharmacol. 1978;2(1):33-7.

3. Goudas LC, Langlade A, Serrie A, Matson W, Milbury P, Thurel C, et al. Acute decreases in
cerebrospinal fluid glutathione levels after intracerebroventricular morphine for cancer pain.
Anesth Analg. 1999;89(5):1209-15.

4. Lazorthes YR, Sallerin BA, Verdi¢ JC. Intracerebroventricular administration of morphine for
control of irreducible cancer pain. Neurosurgery. 1995;37(3):422-8. discussion 428-429

5. Raffa RB, Pergolizzi JV. Intracerebroventricular opioids for intractable pain. Br J Clin
Pharmacol. 2012;74(1):34-41.

6. Cramond T, Stuart G. Intraventricular morphine for intractable pain of advanced cancer. J Pain
Symptom Manag. 1993;8(7):465-73.

7. Dennis GC, DeWitty RL. Long-term intraventricular infusion of morphine for intractable pain
in cancer of the head and neck. Neurosurgery. 1990;26(3):404—7; discussion 407-408

8. Leavens ME, Hill CS, Cech DA, Weyland JB, Weston JS. Intrathecal and intraventricular mor-
phine for pain in cancer patients: initial study. J Neurosurg. 1982;56(2):241-5.

9. Lee TL, Kumar A, Baratham G. Intraventricular morphine for intractable craniofacial pain.
Singap Med J. 1990;31(3):273-6.

10. Lobato RD, Madrid JL, Fatela LV, Rivas JJ, Reig E, Lamas E. Intraventricular morphine for
control of pain in terminal cancer patients. J Neurosurg. 1983;59(4):627-33.



280 B. Assumpcao de Monaco and J. Graciolli Cordeiro

11. Nurchi G. Use of intraventricular and intrathecal morphine in intractable pain associated with
cancer. Neurosurgery. 1984;15(6):801-3.

12. Staquet H, Dupoiron D, Nader E, Menei P. Intracerebroventricular pain treatment with analge-
sic mixtures including Ziconotide for intractable pain. Pain Physician. 2016;19(6):E905-15.

13. Karavelis A, Foroglou G, Selviaridis P, Fountzilas G. Intraventricular administration of mor-
phine for control of intractable cancer pain in 90 patients. Neurosurgery. 1996;39(1):57-61.
discussion 61-62

14. Lee DJ, Gurkoff GG, Goodarzi A, Muizelaar JP, Boggan JE, Shahlaie K. Intracerebroventricular
opiate infusion for refractory head and facial pain. World J Clin Cases. 2014;2(8):351-6.

15. Albright AL. Intraventricular baclofen infusion for dystonia. Report of Two Cases. ] Neurosurg.
2006;105(1 Suppl):71-4.

16. Albright AL, Ferson SS. Intraventricular baclofen for dystonia: techniques and outcomes.
Clinical article. J Neurosurg Pediatr. 2009;3(1):11-4.

17. Rocque BG, Leland AA. Intraventricular vs intrathecal baclofen for secondary dystonia: a
comparison of complications. Neurosurgery. 2012;70(2 Suppl Operative):321-5. discus-
sion 325-326

18. Ruggiero C, Meccariello G, Spennato P, Mirone G, Graziano S, Gilone M, et al. Early intra-
ventricular baclofen therapy (IVB) for children with dystonic and dysautonomic storm. Childs
Nerv Syst ChNS. 2019;35(1):15-8.

19. Turner M, Nguyen HS, Cohen-Gadol AA. Intraventricular baclofen as an alternative to intra-
thecal baclofen for intractable spasticity or dystonia: outcomes and technical considerations. J
Neurosurg Pediatr. 2012;10(4):315-9.

20. Liebman JM, Pastor G. Antinociceptive effects of baclofen and muscimol upon intraventricu-
lar administration. Eur J Pharmacol. 1980;61(3):225-30.

21. Monaco BA, Alho EJL, Okuda FAF. Dystonic-spastic vulvodynia-related treatment with intra-
ventricular baclofen in a cerebral palsy patient. Neuromodulation. 2020;23(3):14536.

22. Albright AL. Technique for insertion of intraventricular baclofen catheters. J Neurosurg
Pediatr. 2011;8(4):394-5.

23. Wilson TJ, Stetler WR, Al-Holou WN, Sullivan SE. Comparison of the accuracy of ventricular
catheter placement using freehand placement, ultrasonic guidance, and stereotactic neuronavi-
gation. J Neurosurg. 2013;119(1):66-70.

24. Deer TR, Pope JE, Hayek SM, Lamer TJ, Veizi IE, Erdek M, et al. The Polyanalgesic
Consensus Conference (PACC): recommendations for intrathecal drug delivery: guidance for
improving safety and mitigating risks. Neuromodulation. 2017;20(2):155-76.



®

Check for
updates

Peripheral Nerve Stimulation:
Fluoroscopic Implant Techniques

Ryan B. Kochanski and Konstantin V. Slavin

Abbreviations

CT computed tomography

IPG implanted pulse generator

ONS  occipital nerve stimulation
PNFS  peripheral nerve field stimulation
PNS  peripheral nerve stimulation

Introduction

Following the original work by Wall and Sweet in 1967 demonstrating the efficacy
of peripheral nerve stimulation (PNS), the early PNS devices consisted of a paddle
electrode placed along the nerve which necessitated open surgical dissection/expo-
sure and thus restricted the procedure to orthopedic, plastic, and neurological sur-
geons specializing in peripheral nerve surgery [1, 2]. In 1999, the first description of
a percutaneous implantation technique for occipital nerve stimulation (ONS) com-
pletely revolutionized the field, opening the door for implantation to nonsurgical
specialists while also expanding indications and reducing the invasive nature of the
procedure [2, 3]. As opposed to open dissection and neurolysis, emphasis shifted
toward reliance on anatomical landmarks and imaging such as fluoroscopy and/or
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ultrasound for percutaneous implantation. The application of percutaneous tech-
niques has evolved to include stimulation of various somatic nerves, including tri-
geminal branches and peripheral nerves of the trunk and extremities [4]. This
technique has gained in popularity due to its low invasiveness and technical ease,
obviating the need for open surgical dissection and nerve exposure [5].

When percutaneous technique is used, the trial electrodes are often discarded
upon trial completion, therefore requiring insertion of new electrodes during the
second stage of the PNS procedure, the so-called permanent implantation. In this
scenario, reliance is placed on standard anatomical landmarks based on limited vari-
ability in the nerve course and an ability to capture the nerve with multiple contacts
of the stimulating electrode. In addition, both fluoroscopy and ultrasound are useful
intraoperatively to check the direction of electrode path and the position of the tar-
geted nerve, respectively [5]. While fluoroscopy is useful in visualizing lead loca-
tion in relation to bony anatomical landmarks, it does not visualize nerves and blood
vessels. Thus, other means of image guidance, such as ultrasound, serve as a useful
adjunct to ensure optimal electrode positioning and help to avoid nearby vessels [6].
This chapter will focus specifically on the use of intraoperative fluoroscopy to guide
and confirm the placement of percutaneous PNS electrodes.

Fluoroscopically Guided Procedures and Workflow

The general workflow to fluoroscopic lead placement for both PNS and peripheral
nerve/field stimulation (PNFS) has been previously described [7] and is
detailed below.

The patient is positioned to allow for optimal access to the region of interest.
Careful consideration should be made to allow for optimal fluoroscopic access and
image acquisition of the target site. Performing the procedure under conscious seda-
tion provides adequate patient comfort and anxiolysis during electrode placement
while also allowing for intraoperative confirmation of acceptable paresthesia cover-
age described by the patient. Perioperative antibiotics are administered, and standard
surgical preparation and draping are performed with the entire planned path of the
electrode visible within the sterile surgical field. The general workflow for a percuta-
neous PNS lead placement trial is then performed via the following sequential steps:

1. After infiltration of the entry point with local anesthetic, a small stab incision
is made.

2. A straight or slightly curved Tuohy needle is slowly advanced into the subcuta-
neous space overlying the nerve. The trajectory of the needle may be in parallel
to the target nerve or at an angle. PNFS electrodes are arranged variably to pro-
vide optimal coverage of the entire painful area.

3. The inner stylet of the Tuohy needle is withdrawn, and the electrode lead is
threaded through the needle and its position is confirmed with fluoroscopy.

4. The Tuohy needle is then removed leaving the electrode lead in place.
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5. The electrode lead is connected to a temporary testing cable. The patient’s seda-
tion is lightened so that any perceived paresthesias are reported. The optimal
stimulation coverage can be ascertained by changing the combination of anode
and cathode contacts and varying amplitude, frequency, and pulse width. If these
alterations do not result in optimal coverage of the target area, then the electrode
can be repositioned.

6. After optimal electrode position is confirmed, it is secured at the entry site with
a single stitch. The site is further dressed with a sterile occlusive dressing. The
externalized trial electrode is then connected to the trial stimulator system.
Fluoroscopic images or plain radiographs should be obtained to document final
electrode position.

7. These steps are repeated for each additional electrode planned. For most PNS
cases, 1 or 2 electrodes are used. For PNFS, multiple electrodes may be needed
to provide adequate coverage.

The specific types of PNS stimulation for which fluoroscopic implantation tech-
niques are utilized are described below.

Occipital Nerve Stimulation

The electrodes are generally implanted perpendicular to the course of the greater
occipital nerves on one or both sides of the patient’s head at the level of craniover-
tebral junction [5]. The direction of insertion and the anchoring points vary among
those who perform the procedure. The senior author prefers to anchor the occipital
PNS electrodes in the retromastoid region while tunneling them toward the
implanted pulse generator (IPG) located in the infraclavicular region [8]. A thor-
ough description of the procedure by the senior author has been previously described
in detail [9]. For permanent device and bilateral lead implantation, the patient is
placed supine with the head turned maximally away from the infraclavicular side
chosen for IPG insertion. The head is positioned on a small cushion, allowing access
to the dependent occipital region and mastoid process. The occipital area, neck, and
upper chest on the ipsilateral side are prepped and draped in the usual sterile fash-
ion. The C-arm fluoroscopy machine is oriented perpendicularly around the patient’s
head, such that sufficient space allows for the implanter to stand within the C-arm
during implantation (Fig. 1). For lead implantation, a 2.5 cm straight, vertically
oriented retromastoid incision is made to the fascia, and the tissues medial and lat-
eral are undermined in order to create an anchoring pocket and to allow for creation
of a strain relief loop. Next, a stab incision is made in the midline at the level of C1
for percutaneous placement of the contralateral electrode. The inserting needle is
advanced toward the contralateral mastoid process under fluoroscopic guidance. For
the ipsilateral side, the inserting needle is advanced through the ipsilateral retromas-
toid incision toward to the midline within the epifascial plane under fluoroscopic
guidance. The stylets are removed and the electrodes are inserted through each
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Fig. 1 Patient and C-arm
fluoroscopy positioning for
ONS electrode
implantation

Fig. 2 Intraoperative
fluoroscopic image
confirming adequate
placement of bilateral ONS
electrodes

needle, again under fluoroscopic guidance with the ipsilateral electrode traveling
from retromastoid incision toward midline and the contralateral electrode traveling
from midline to contralateral mastoid process. The leads are tunneled subcutane-
ously using the same insertion needles with the stylets removed and are anchored
within the retromastoid incision with strain relief loops next to each anchor. These
leads are then subcutaneously tunneled to an infraclavicular pocket made for the
IPG. Final fluoroscopic images are taken to ensure that the placement of the leads
remains adequate after tunneling (Fig. 2).

Trigeminal Branch Stimulation

Percutaneous techniques for trigeminal branch stimulation (supraorbital, supra-
trochlear, infraorbital, auriculotemporal, and, most recently, the mental and inferior
alveolar branches of the mandibular nerve) are technically similar to occipital
PNS. Electrodes are placed based on anatomical landmarks crossing the course of
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Fig. 3 Intraoperative
fluoroscopic image
confirming adequate
placement of trigeminal
branch electrodes

the targeted nerve(s) [S]. A stab incision is made over the zygoma at the temporal
pre-auricular hairline, and a contoured 12- to 14-gauge Tuohy needle is advanced
within the epifascial plane toward the painful region. Once the needle tip is in place,
a four or eight contact electrode is advanced through it all the way to the target
under fluoroscopic guidance [10]. Typical landmarks used for fluoroscopic guid-
ance include the supraorbital groove/foramen, the infraorbital foramen, the floor of
the orbit, etc. [10, 11]. It is crucial that the electrodes are advanced within the epi-
fascial plane which provides sufficient depth to avoid electrode erosion postopera-
tively. The anchoring point for these electrodes is usually placed in the retroauricular
region, and, from there, the electrode or extension cable is tunneled toward the
infraclavicular IPG [5]. Final lead location is confirmed with intraoperative fluoros-

copy (Fig. 3).

Trigeminal Ganglion Stimulation

Percutaneous lead implantation into the Gasserian ganglion for treatment of intrac-
table neuropathic facial pain has been previously described by the Belgian group of
Van Buyten and colleagues using three-dimensional (3D) fluoroscopic techniques
[12, 13]. Their technique utilizes an intraoperative three-dimensional computed
tomography (3D CT) scan using the O-arm®-coupled electromagnetic neuronavi-
gational system (Axiem, Medtronic) in order to guide electrode placement into the
foramen ovale. In the operating room, the patient is first positioned supine on a
radiolucent Table. A 3D CT scan using O-arm® is then performed. The obtained
images are used to calculate the trajectory to the Gasserian ganglion through the
foramen ovale. A small stab incision is made lateral to the labial commissure, and a
15-gauge needle, guided by 3D real-time electromagnetic tip tracking, is inserted
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into the foramen ovale. Under continuous fluoroscopy, the electrode is inserted until
its tip reaches the clivus. Once the electrode contacts reach the target, the patient is
awakened, and test stimulation is performed until the patient endorses paresthesia
within the area of neuropathic facial pain. The needle is then withdrawn under con-
tinuous fluoroscopy so as to assure that the electrode remains in place, and a suture
is placed on the electrode at the entry site. No anchor is used. The patient is then
re-sedated and the electrode is tunneled subcutaneously between the maxilla and
mandibular region [12].

Peripheral Nerve Field Stimulation

PNES involves the targeting of small distal branches of peripheral nerves within the
subcutaneous space by placing one or more electrodes into the region of maximal
pain [7, 14]. Field stimulation produces paresthesias within diffuse painful areas
that may not necessarily correlate with a single dermatome or is otherwise poorly
defined dermatomally. Thus, body regions rather than nerves are used to describe
the location of PNFS (i.e., low back, trunk, joint). The technique was outlined by the
Australian implanters Verrills and Russo [15].

Octopolar leads are placed subcutaneously within the area of maximal pain using
a 14-gauge vascular access catheter under live C-arm fluoroscopy. The ideal depth
for the placement of the electrode that provides optimal stimulation of the affected
nerves is not well defined between specific patients. More superficial implantation
into the dermal layers can result in painful stimulation, while deeper subfascial
placement can result in muscle recruitment and uncomfortable sensations [15]. A
previously described “pin-drop” technique uses a device with multiple freely mov-
ing pins that sits directly on the skin above the desired implantation site. Using fluo-
roscopic imaging at 30° cephalad and caudad, the depth of each lead can be
estimated by measuring the distance between the contacts and the reference pins.
Using this technique in 17 patients, its Australian inventors found that the distribu-
tion of electrode depth providing adequate stimulation ranged between 4 and
19 mm, with an average depth of 10.5 mm [15]. Once the leads are determined to be
at adequate depth and location, on-table stimulation is performed to determine that
paresthesia is felt in the area of pain and that it is comfortable. The leads are then
sutured to the skin and dressings applied.

Conclusion

Since the introduction of the percutaneous fluoroscopically guided technique in the
late 1990s, the use of percutaneous PNS or PNFES electrodes has steadily increased.
Fluoroscopy is a useful intraoperative adjunct to both guide and confirm
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percutaneously placed electrodes in relation to bony anatomic landmarks. When
used alone or in conjunction with other intraoperative image-guidance modalities
such as ultrasound, fluoroscopy improves both the safety and efficiency of these
procedures.
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The Value of Intraoperative
Neuromonitoring for Neuromodulation

Steven Falowski

Introduction

Spinal cord stimulation (SCS) has been employed for the treatment of intractable
pain most commonly for failed back surgery syndrome (FBSS) and complex
regional pain syndromes (CRPS) [1, 2]. It is generally accepted that for successful
SCS treatment there is the superposition of SCS-induced paresthesias overlapping
the regions of perceived pain. This has become true for both paresthesia-based and
paresthesia-free stimulation as physiologic placement is paramount. This is espe-
cially true when utilizing traditional tonic stimulation which has become an option
on each SCS system.

The most straightforward way to confirm pain paresthesia during lead implanta-
tion is via verbal feedback from the conscious patient. In this way, the implanter can
achieve optimal lead placement by adjusting the lead location within the epidural
space based on the patient’s report of perceived paresthesia. However, there is stress/
discomfort with awake procedures, there is risk of over-sedation in a prone non-
intubated patient, and sometimes it is not possible to perform interventions in an
awake patient. Although there is a common acceptance within the field for awake
placement, there is no published data specifically investigating awake placement. It
generally became accepted because an awake patient gives you a marker of safety
and confirmation of lead positioning in the placement of spinal cord stimulators.
The difficulty also arises in that noncooperative patients for awake procedures are
often sedated which removes the ability to have these two factors.

For these reasons, there is the option of placing the patient under general anes-
thesia; this may be especially true for surgical lead placement because a laminot-
omy is required but also for percutaneous placement as well. In this scenario it is
imperative to have a method of cord protection for which neuromonitoring has been
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widely accepted in spinal surgery [1-4]. Asleep lead placements, however, do not
allow for verbal feedback from the patient during the procedure and could therefore
contribute to suboptimal lead placement. It has been shown that anatomic midline
does not correlate with physiologic midline at least 40% of the time [5, 6]. It has
also been shown that placing a paddle lead without mapping will lead to revisions
20% of the time [7]. This number can be expected higher with percutaneous leads
given the smaller range of coverage. Given these findings, protocols have been
established to use neuromonitoring in asleep patient to also confirm lead placement
and perform physiological mapping [8]. First papers were written over 10 years ago
and have been improved upon [9, 10]. At present, there are numerous retrospective
and prospective studies demonstrating its efficacy and sometimes superiority to
awake placements [1, 2, 7-12]. In addition, protocols have been established and
published. Perhaps the most landmark study was a prospective multicenter study
directly comparing awake to asleep placement with neuromonitoring (“NAPS”) that
demonstrated the use of neuromonitoring improved time efficiency by 25%, had
superior paraesthesia coverage, and had a fifth of the adverse events [12].

The Neurostimulation Appropriateness Consensus Committee (NACC) guide-
lines state: “Confirmation of correct lead placement has been advocated with either
awake intraoperative confirmation of paresthesia coverage or use of neuromonitor-
ing in asleep placement, such as EMG responses or SSEP collision testing” [13].
The observation of compound motor action potentials (CMAPs) or somatosensory-
evoked potentials (SSEPs) within the painful dermatome(s) in response to intraop-
erative SCS can be used as a proxy for verbal confirmation of paresthesia coverage
[8-12]. CMAPs use myotomal coverage as a marker for dermatomal coverage. The
NACC guidelines, combined with published evidence, have led to an increase in its
use that not only includes surgeons but also interventional pain physicians.

Description of Neuromonitoring Protocol

Muscle coverage for EMG responses is the primary concern in utilizing neuromoni-
toring for placement of SCS electrodes when done under general anesthesia [8]. In
addition, it allows for monitoring of the spinal cord in case of injury during place-
ment of an electrode. Monitoring for safety of the cord will include somatosensory
evoked potentials (SSEP) as a baseline but may also include transcranial motor
evoked potentials (TceMEP).

Sterile, 1.3 cm, 27-gauge subdermal needle electrodes are placed in pairs for
bilateral coverage. Symmetrical placement of the monitoring leads is imperative
given that the basis for the neurophysiologic mapping resides in response amplitude
comparisons. EMG responses are determined with the addition of physician inter-
pretation of the placement of the electrode, as well as fluoroscopy for confirmation.
This interpretation will then be utilized to determine the physiological midline, lat-
erality and orientation of the electrode, and myotomal coverage as a marker for
anticipated dermatomal paresthesia.
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For thoracic cord placement, the surgeon will usually perform a laminectomy at
the lower thoracic levels, or percutaneous leads will be placed by a usual lumbar
epidural access technique. Coverage for local thoracic nerve roots is desirable.
Monitoring electrodes are placed in the periumbilical rectus abdominis muscles for
mid-lower thoracic electrode placement to achieve sensitivity in the T8/12 spinal
nerve root distributions. We also display the iliopsoas, adductor-quadriceps, tibialis
anterior, and medial gastrocnemius channels in EMG mode.

Determine electrode area that is being used to stimulate, such as “middle
middle” or “top right” which is dependent on the type of lead placed. This can
vary from percutaneous or single column leads to multicolumn paddle elec-
trodes. A bipole configuration with a single cathode and anode is most com-
monly used. During testing, you will see stimulus artifact at low levels of
stimulation and then stimulus artifact accompanied by time-locked compound
muscle action potential responses at higher levels. Typical stimulation parame-
ters are frequencies of 10 Hz (range from 4 to 20), 200 psec pulse width (varies
from 100 to 500), and level increasing from O to approximately 10—12 mA. When
viewed in the 200 msec/div sweep sSEMG window, both the stimulation artifact
and compound muscle action potential will appear as spikes; in the 10 msec/div
sweep tEMG window, the stimulation artifact spike and compound muscle
action potential will appear distinctly different in morphology. Comparing
amplitude, shape of the compound muscle action potential, and symmetry will
allow for interpretation of lead positioning (Figs. 1 and 2).

Monitoring for cervical SCS placement (Fig. 3) can be done in a similar fashion.
The main difference is the selection of muscles used for EMG. Although the stimu-
lation parameters are the same as thoracic stimulator placement, the thresholds for
responses are usually lower in the cervical spine. Therefore lower pulse widths and
amplitudes should be attempted initially. Evaluation and interpretation of data is
otherwise similar to thoracic stimulator placement.

LI

Fig. 1 This is an example of bilateral coverage from a thoracic midline placement with slightly
stronger signals on the left
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Fig. 2 This is an example of left predominant coverage in a thoracic SCS placement
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Fig. 3 This is an example of left predominant coverage in a cervical SCS placement

Physician Interpretation of Data

Neuromonitoring can be used to determine differences in anatomic midline and
physiologic midline, as well as determine myotomal coverage as a marker for der-
matomal coverage [8]. The physician will make adjustments in positioning of the
lead based on the feedback from neuromonitoring to optimize symmetry and/or
coverage. Stimulation artifact will first be elicited at lower levels of stimulation and
will then be followed by time-locked compound muscle action potential responses
as the levels increase. Stimulation artifact can be a good marker for determining
coverage but should only be loosely interpreted until there are time-locked true
motor responses.

Determination of physiologic midline is imperative in obtaining accurate pares-
thesia coverage with coverage obtained with neuromonitoring being shown to be
superior to awake testing [12]. Stimulation artifact will initially be seen in thoracic
nerve roots. Regardless of placement it is expected that bilateral stimulation will be
seen in nerve roots secondary to current spread and the ease of exciting the nerve
roots. It is therefore suggested to only loosely use this data for symmetry. This
same holds true for activation of the abdominal muscles and iliopsoas muscles.
Although true muscle responses can be expected, absolute symmetry and
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interpretation may be difficult. First symmetry interpretation is from the adductor
quadriceps and distal when determining midline. Lastly an additional marker of
symmetry and physiologic midline is to determine the timing of firing on both
sides. It may be visualized that the amplitude on both sides is symmetric, but a
slight preference off midline can be determined by monitoring which side and mus-
cle groups fired first. This equates to an exact determination of placement and pre-
cise stimulation (Figs. 1, 2, and 3).

Advances in technology have led to paddle electrodes with complex arrays. It is
because of this complexity that proper placement is of importance for use of an
entire electrode array. However, the increased length and width of these paddle
arrays has led to the added complexity of ensuring the array is lying flat and flush in
the canal. Neuromonitoring can be utilized to ensure that the lead is not canted or
tilted. This is done by determining the amplitudes at which responses are first gener-
ated. This should be consistent across the lead. If there is large discrepancies across
or within columns, it may be a sign that the lead is tilted or canted since the distance
from the contact to the spinal cord is varying.

Determination of myotomal coverage as a marker for dermatonal coverage can
be used to ensure proper paresthesia coverage as well. Anatomy and somatotopy
may differ slightly among patients and therefore the lead may be moved either cra-
nial/caudal or medial/lateral in an attempt to activate specific fibers and generate
coverage on the neuromonitoring.

Specific IONM for Dorsal Root Ganglion (DRG) Stimulation

Similar needs exist in placing DRG stimulators as with SCS, such as safety, and
confirmation of lead placement. More important though in reference to placing
DRG stimulators is the added discomfort in placing these leads as you brush or
cross the DRG in the foramen. This discomfort is very difficult for awake patients
to tolerate and can also lead to nerve injury. Ultimately, this leads to sedating
patients which is not in line with our current published guidelines [13, 14]. There is
therefore more of a need for the use of IONM in DRG stimulation even com-
pared to SCS.

Performing the procedure using neuromonitoring differs from the traditional
awake-patient technique in that the patient remains anesthetized throughout the pro-
cedure, and the accuracy of the placement and expected sensory and motor thresh-
olds for stimulation are determined objectively using a combination of SSEP and
Free-run EMG testing [15]. The electrode is placed utilizing fluoroscopic imaging,
and then the device is connected to the neuromonitoring system with an adapter that
allows the electrode contacts to be supplied with electrical stimulation from the
constant-current stimulator that also runs the traditional SSEP modes.

Monitoring for the surgery consists of SSEPs and Free-run EMG for muscles
representing the appropriate nerve level(s) for the stimulator placements. SSEPs
and EMG are monitored as for any typical spine surgery. Specific nerve root level
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EMG activation can be used as the marker of safety with placement. In reference to
confirmation of lead placement, both SSPEP and EMG will be utilized with deter-
mination of their respective thresholds. A sensory threshold that is equal to or even
greater than the motor threshold indicates a potential ventral placement of the elec-
trode and should prompt repositioning.

At this point, there has been the abovementioned single case series that looked at
the adaption of IONM for both safety and lead placement in DRG stimulator place-
ment [15], as well as several small prospective studies confirming the accuracy in its
use for both lead placement and guiding postoperative programming [16—18].

Overview of Existing IONM Opportunities

At present IONM companies are available to cover spinal procedures and SCS. There
are large national companies, as well as numerous smaller regional companies.
These companies can bring in their own equipment which includes needles, techni-
cal setup, and the neuromonitoring machine, as well as the technician.

Financial relationships with these services include paying a set fee for the services
either per case, per hour, or per day. This covers the cost of technician to deliver the
services. The neuromonitoring company will then bill/code for their services to the
insurance company. That cost will also include physician oversight remotely of the neu-
romonitoring data. The upside for this model is it allows the hospital or physician to be
separate from the services, not need their own equipment, and not take the risk of lack
of reimbursement. It should also be known that Medicare, Medicaid, and government
plans consider IONM as part of the bundled procedure.

The downside to this model is potential lost revenue, relying on a technician and
companies’ resources, and the need to bring in the equipment for each case. Another
model is running all the services in house and billing/coding for it. This would
require hiring your own technician, owning the equipment, and setting up an inter-
preting physician of the data outside the OR. This is also a model that is run by
hospitals and surgery centers, which ultimately saves costs overtime. Private prac-
tice physicians will also sometimes employ this model.
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Sacral Neuromodulation for Urinary
and Fecal Incontinence: Surgical
Technique

Sérgio Adrian Fernandes Dantas, Francisco Irochima Pinheiro,
and César Aratjo Britto

Abbreviations

FDA  Food and Drug Administration
FI Fecal incontinence

IPG  Internal pulse generator

SNS  Sacral nerve stimulation

Ul Urinary incontinence

Introduction

Urinary incontinence (UI) and fecal incontinence (FI) are prevalent conditions with
a profound influence on well-being and quality of life causing low self-esteem,
restriction of social and sexual activities and depression, as well as being of immense
economic importance for the health service [1, 2].

Based on the results of the EPIC study, the global prevalence of UI was estimated
to be 8.7% worldwide, with over 421 million people affected [3]. The prevalence of
Flis 1.4-1.9% [4, 5].

Clinically, urge incontinence is an involuntary loss of urine upon a sudden urge.
Urgency-frequency is an uncontrollable urge to void, resulting in frequent, small vol-
ume voids, and is often associated with interstitial cystitis and chronic pelvic pain.
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Urinary retention is the inability to void despite having the urge to void,; it can be caused
by a hypocontractile detrusor or urethral overactivity. Fecal incontinence is a loss of
voluntary control of the passage of stool. About three-quarters of these patients will be
successfully treated with conservative measures which include biofeedback, pelvic floor
exercises, intermittent catheterization, and pharmacotherapy (anticholinergic drugs,
smooth muscle relaxants, and tricyclic antidepressants). If conservative therapies are all
unsuccessful, surgical alternatives for Ul include enterocystoplasty, bladder denerva-
tion, detrusor myectomy, and permanent indwelling catheterization and for FI include
sphincter repair, dynamic graciloplasty, artificial bowel sphincter, and the most extreme,
colostomy. These procedures, however, may have variable efficacy besides being asso-
ciated with adverse effects and complications [6, 7].

Sacral nerve stimulation (SNS) is a reversible procedure, in that the device can
be removed without permanent injury, being considered as a less invasive alterna-
tive for patients to whom prior conservative therapeutics failed and who are not
ready for irreversible surgery [8].

The technique of SNS was published by Tanagho [9]. In 1997, the Food and
Drug Administration (FDA) approved this technique for treatment of refractory
urge incontinence. In 1999, it was approved for use in urge/frequency syndrome and
idiopathic obstructive urinary retention management. In 2002, it was approved for
treatment of refractory overactive bladder. Matzel introduced SNS to treat FI in
1995 [10]. It was approved by FDA in 2006 to treat severe constipation and FI.

Emerging “off-label” indications include interstitial cystitis, chronic pelvic pain
syndrome, neurogenic lower urinary tract symptoms, and pediatric voiding dys-
function [11].

Mechanisms of Action

The exact neurophysiological basis that explains the action of the electrical stimula-
tion of sacral nerves is still unknown. Some authors suggest that the effect is due to
the stimulation of both afferent and efferent neural circuits in the pelvic viscera and
connections with spinal interneurons [12].

Surgical Technique

The surgical procedure for electrical stimulation of sacral nerves is performed in
two phases.

Phase 1: Test Stimulation

The objective of this first phase is to evaluate the effectiveness of the stimulation to
select which patients will undergo the definitive implant.
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ANTEROPORTERIOR VIEW

External generator

LATERAL VIEW
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Fig. 1 The patient is positioned in a prone position. A test needle is inserted into the sacral fora-
men (usually S3), preferably under local anesthesia and fluoroscopy guidance. Then, the needle is
connected to an external generator and the percutaneous nerve evaluation test is done

The patient is positioned in a prone position, under local anesthesia; a needle
is inserted into the sacral foramen (usually S3) with fluoroscopy guidance. Once
the needle is in place, it is connected to an external generator, and the electro-
physiological evaluation is started (Fig. 1). The typical motor and sensory
responses to lead placement in the S3 foramen are anal contractions, great toe
dorsiflexion, and perineal paresthesia in the rectum, scrotum, or vagina [13].
Then, the definitive quadripolar electrode is implanted in the chosen foramen
and, through a subcutaneously tunneled extension cable, connected to an exter-
nal pulse generator (Figs. 2, 3, 4, and 5).

This test period is 3—7 days for a patient with urinary dysfunction and 2-3 weeks
if the patient has FI. Improvement of at least 50% of symptoms (voiding diary, pad
test record, continence scores) indicates a good response and is followed by phase 2
which consists of the implantation of the permanent pulse generator. In case of
unsatisfactory response, the electrode is explanted.
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Fig. 2 (a) The stylet of the needle is removed. (b) A directional guide wire is placed through the
foramen needle. Holding the directional guide in place, the foramen needle is removed. (¢) The
introducer (dilator and introducer sheath) is placed over the directional guide and positioned into
the foramen. Then, the directional guide and dilator are removed leaving the introducer sheath in
place. (d) The quadripolar electrode is placed through the introducer sheath until all the electrode
poles enter the foramen. After confirmation of correct electrode placement by fluoroscopy, the lead
stylet and introducer sheath are carefully removed

Fig. 3 Quadripolar
electrode implanted in the
sacral foramen

Quadripolar electrode

Courtesy of the Author Francisco Irochima Pinheiro
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Fig. 4 The electrode is
tunneled subcutaneously
for a small incision in the
upper part of the buttock,
connected to the
percutaneous extension
that is tunneled to the
contralateral side,
externalizing through a
small stab incision

Fig. 5 The percutaneous
extension is connected to
the external test stimulator

External test
stimulator

e Percutaneous extension
“"im

&'\

‘—Quadripolar electrode
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Phase 2: Implantation of Internal Pulse Generator (IPG)

At this stage, the external extension cable used in the test phase is removed, and the
IPG is implanted in a subcutaneous pocket created on the upper part of the buttock
on the same side of the sacral electrode which will be connected to the IPG

(Figs. 6 and 7).
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Fig. 6 After the successful
test period, the
percutaneous extension is
pulled out slightly and cut.
The incision at the
connection level is
enlarged; the electrode is
disconnected from the rest
of the percutaneous
extension that is explanted.
A subcutaneous pocket is
created

Courtesy of the Author Francisco Irochima Pinheiro

Fig.7 The IPG is
connected to the electrode
and implanted in the
subcutaneous pocket

IPG implanted

Courtesy of the Author Francisco Irochima Pinheiro

Hllustration of Surgical Steps

Complications

e Pain perceived at the site of the IPG
e Undesirable change in stimulation

e Implant infection

e Lead fracture and displacement

e IPG failure
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Motor Cortex Stimulation: Neural Circuits
and Practical Approach on Electrode
Implantation Technique

Check for
updates

Erich Talamoni Fonoff, Kleber Carlos de Azevedo Junior,
and Eduardo Joaquim Lopes Alho

The electric stimulation of the human motor cortex to treat pharmacoresistant
neuropathic pain has been reported in the early 1990s by Tsubokawa et al. [1,
2], and since then, the encouraging results [3—6] have led to an increasing use of
motor cortex stimulation (MCS) as treatment option to drug-resistant neuro-
pathic pain in the past three decades. Although the efficacy of MCS has been
questioned because of variable results, hundreds of patients around the world
have benefited by this technique in the treatment of refractory pain. It is impor-
tant to highlight that most of patients referred to MCS are treatment-resistant to
most techniques available in therapeutic resource presently. Patients suffering
from various pain syndromes, such as trigeminal neuralgia, trigeminal neuropa-
thy [7, 8], phantom limb pain [9], post-stroke pain [2], and complex regional
pain syndrome [5, 10], among other deafferentation syndromes, have experi-
enced alleviation of pain over the past decades. The technique consists in
implanting an epidural electrode over the contralateral motor cortex connected
to a battery-powered implantable pulse generator to drive transdural electrical
pulses onto the neural circuits located in the primary motor cortex. As observed
in most therapies in functional neurosurgery, the technical variations are always
present and frequently are matter of debate. In this article the authors highlight
their practical experience in the technique of MCS electrode implantation, using
widely available surgical tools to solve methodological hitches while applying
this ingenious treatment in refractory pain syndromes. They also give an over-
view and illustrations on pathways that possibly mediate the effects of MCS in
alleviating pain.
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Overview on Neural Circuits

Although the precise mechanisms and circuits involved in pain relief by MCS
remain unclear, some studies in humans [11] and in animal models [12—-15] indicate
the role of ventrolateral and medial thalamic nuclei, anterior cingulate and orbito-
frontal cortices, periaqueductal gray matter (upper brainstem structures), and insula
as major structures involved in chronic neuropathic pain modulation and also in the
emotional aspects of pain [12, 16-18].

In this section, the objective is to give an overview of the anatomic structures
classically involved in pain circuits and its possible relationships with motor cortex,
based on the models found in the current literature.

Therefore, histological sections processed as described and analyzed to develop
tridimensional reconstructions of the anatomical structures involved in pain in order
to give the reader a true 3D impression of size, topography, and interrelation of
nuclei and cortical regions engaged in neurophysiological processing of painful
stimuli [19-21].

The neural circuits that are responsible for conduction, modulation, and interpre-
tation of painful stimuli can be divided into afferent or ascending systems, efferent
or descending systems, and pathways that connect different supraspinal centers.

Afferent Systems (See Fig. 1)

Fig. 1 Afferent or Ascending Systems for Pain, Itch and Temperature. The three ascending systems
are shown here. The red system represents the spinothalamic tract (STT) since its origin in spinal
cord gray matter (laminae I and IV to VIII), passing through its thalamic connections (MD, intrala-
minar nuclei, VMpo, and VPL), and finally the cortical projections (anterior cingulate cortex and
anterior insula). The nuclei and cortex known to play a role in painful stimuli perception are shown
in orange. The system shown in black lines is the anterolateral fascicle and its projections to prin-
cipal and accessory olives, PAG, tectal structures, medial geniculate body, hypothalamus, and
amygdala directly and indirectly by synapses with the A1 noradrenergic cell group and parabra-
chial nucleus. The synapses of the anterolateral fasciculus with the multisynaptic medial pain
system in the reticular formation, parabrachial nucleus, and A1 and their projections to the tha-
lamic intralaminar nuclei are also represented by black lines. The blue arrow represents the projec-
tion from VPL to S1. The structures represented in blue are known to have a discriminative
perception of the painful stimuli, and the structures represented in green have a modulatory role in
them. Full circles represent neuronal perikarya, the inverse arrowheads represent synapses, and the
arrowheads represent final connections (further details inside the text). In orange: medial and lat-
eral parabrachial nuclei (Pb); ventrocaudal medial dorsal nucleus (MD); ventromedial posterior
nucleus (VMpo); intralaminar thalamic nuclei (I) insula; amygdala (Amy); and anterior cingulate
cortex (ACC). In green: nucleus raphe magnus (RM); A1 noradrenergic cell group (A1); coeruleus
and subcoeruleus complex (A6); periaqueductal gray matter (PAG); primary motor cortex (M1). In
blue: anterior mediodorsal nucleus (MD); ventral posterior complex, with ventral posterolateral
nucleus (VPL); and ventral posteromedial nucleus (VPM). In gray: olivary complex (O) and brain-
stem reticular formation (FR)
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So far three ascending systems have been recognized, comprising:

1. The spinothalamic tract (STT) in the anterolateral fascicle.

2. Other ascending fibers from neurons located in superficial and deeper laminae of
the dorsal horn of the spinal cord that also course in the anterolateral fascicle
(ALF). They are difficult to disentangle from the ascending STT.

3. A multisynaptic medial pain system [22].

The spinothalamic tract is the best characterized of them. The name indicates its
topography in the spinal cord. Most of the STT axons begin in lamina I, and three
morphological and functional groups of neurons can be there distinguished: fusi-
form, pyramidal, and multipolar cells. These cells can be activated by pinch or nox-
ious heat. The pyramidal cells are thermoceptive and are activated by innocuous
cooling; multipolar neurons are a mixture of polymodal (heat, pinch, and cold sensi-
tive) and nociceptive-specific neurons [23-25]. An additional population of lamina
I spinothalamic cells, sensitive to histamine and involved in the perception of itch,
was also identified [23]. The polymodal neurons of lamina I do not project to the
thalamus but are involved in spinal motor or sympathetic reflex pathways [26]. The
specific nociceptive fusiform and thermoceptive pyramidal cells of lamina I contrib-
ute to the spinothalamic tract. After crossing, the fibers course in the ventral white
funiculus of the spinal cord. Caudal segmental fibers are shifted laterally by suc-
ceeding increments of more rostral fibers in a kind of topical lamination. During its
ascending course through the brainstem, the spinothalamic tract is less well demar-
cated than the medial lemniscus. In general it can be found lateral to the latter and
hence more superficial with respect to the surface of the spinal cord. They end in the
thalamic VMPo (ventromedial posterior nucleus) and the ventrocaudal medial dor-
sal nucleus (MD). Other components of the STT derive from layer I'V to layer VIII
neurons and end in the thalamic VPL (ventral posterolateral nucleus) and in intrala-
minar thalamic nuclei (I).

The anterolateral fascicle (fascicle of Gowers) comprises ascending fibers aris-
ing from different laminae of the spinal gray matter and heading to the hypothala-
mus, the central nucleus of the amygdala, and to the intralaminar thalamic nuclei.
They collateralize or end in brain stem centers including the medullary and pontine
reticular formation, the olives, Al noradrenergic cell group, parabrachial nuclei,
coerulean/subcoerulean complex, mesencephalic periaqueductal gray, dorsally
located tectal structures, and the diencephalic medial geniculate body. Direct hypo-
thalamic endings parallel to efferents from Al likewise end in the hypothalamus.
Spinothalamic fibers from lamina I spinal cord neurons mainly terminate in a
somatotopical fashion in the thalamic VMPo and in the ventrocaudal medial dorsal
nucleus. Fiber endings subserving pain, itch, and temperature remain segregated
within the VMPo. Fibers originating from deeper dorsal horn laminae end diffusely
in the centrolateral intralaminar nucleus, in the adjoining lateral paralaminar region
of the mediodorsal nucleus, and more sparsely in other intralaminar and midline
nuclei of the thalamus [27].

The medial multisynaptic pain system is an ascending pathway parallel to
STT. The neurons from spinal gray matter laminae VII and VIII via ALF send
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collaterals to the brainstem reticular formation and periaqueductal gray (PAG). In
the reticular formation, the signal is transmitted in a multisynaptic way. Both supra-
spinal centers are connected to thalamic intralaminar nuclei. This kind of transmis-
sion could represent the morphological basis of the behavioral, emotional-affective,
autonomic, and endocrine aspects of pain sensation.

The thalamocortical projections and hence the cortical role in pain perception are
still a matter of debate. VMpo projections are directed to the posterior insular cor-
tex. Neurons in the ventrocaudal medial dorsal nucleus together with neurons from
the intralaminar nucleus target the cortex of the anterior cingulate gyrus (ACC).

Other spinothalamic fibers end in VPM (ventral posteromedial nucleus) and
VPL. Efferents from these nuclei project to S1 (primary somatosensory cortex or
Brodmann areas 1, 3, and 2).

Cingulate and insular cortical regions are considered to play a role in emotional
and affective assessment of pain, whereas S1 should play a role in its sensory-
discriminative aspects [11].

Efferent Systems (See Fig. 2)

The primary motor cortex (Brodmann area 4 or M1) is the target of transcranial
magnetic stimulation and direct electrical stimulation by epidural electrodes to treat
neuropathic pain [28]. Descending axons from the primary motor cortex are long
known to inhibit the activity of layer I dorsal horn neurons [29]. This is at odds with
MCS-induced pain relief, which occurs after prolonged time intervals.

Several supraspinal structures are involved in the control of neuronal transmis-
sion of painful stimuli. Most of the superordinate cortical and subcortical structures
converge directly or collaterally onto the mesencephalic periaqueductal grey (PAG).
The periaqueductal grey is connected to aminergic brainstem nuclei including the
serotoninergic raphe magnus, Al noradrenergic cell group, and the noradrenergic
coeruleus/subcoeruleus complex. These aminergic nuclei emit descending axons to
the posterior horn of the spinal cord and are likely to modulate pain transmission in
long-term periods. Stimulation of the mesencephalic periaqueductal gray matter
activates encephalin-releasing neurons [30] that project to the nucleus raphe mag-
nus and adjacent raphe nuclei in the brainstem [31]. The nucleus raphe magnus
(RM) is located directly rostral to the raphe obscurus and receives afferent axons
from the spinal cord and cerebellum connected to the motor system. The RM
receives descending afferents not only from the periaqueductal gray matter but also
from the paraventricular hypothalamic nucleus, central nucleus of the amygdala,
lateral hypothalamic area, parvocellular reticular nucleus, and the prelimbic,
infralimbic, medial, and lateral precentral cortices in rats [32].

In response to raphe nuclei stimuli, serotonin is released to the dorsal horn of the
spinal cord where it forms excitatory connections with the inhibitory interneurons
located in lamina II (substantia gelatinosa). When activated, these interneurons release
either encephalin or dynorphin, which bind to p-opioid on the axons of incoming C and
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A-0 fibers carrying pain signals from nociceptors activated in the periphery [33]. The
activation of the p-opioid receptor inhibits the release of substance P from these incom-
ing first-order neurons and, in turn, inhibits the activation of the second-order neuron
that is responsible for transmitting the pain signal via the spinothalamic tract to the thala-
mus and brainstem structures. The nociceptive signal is blocked before it is able to reach
the cortical areas that interpret the signal as pain (such as the anterior cingulate and
posterior insula). This is sometimes referred to as the gate control of pain, as first
described by Melzack and Wall [34] and is supported by the fact that electrical stimula-
tion of the PAG results in profound analgesia [35]. Four known kinds of opioid receptors
have been identified: p (mu), k¥ (kappa), ¢ (sigma), and O (delta). Synthetic opioid and
opioid-derivative drugs activate these receptors (possibly by acting on the PAG directly,
where these receptors are densely expressed) to produce analgesia [36]. The neurons
from noradrenergic Al group and the noradrenergic coeruleus/subcoeruleus complex
emit also descending axons to the posterior horn of the spinal cord and modulate pain
transmission at this level.

Pathways Connecting Different Supraspinal Centers (See Fig. 2)

Thalamic connection patterns with motor, premotor, and supplementary motor areas
of primate cortex indicate that VLa (ventral lateral nucleus, anterior subdivision)
and VLp (ventral lateral nucleus, posterior subdivision) are the principal motor

»
>

Fig.2 Efferent or Descending Systems. The red system is still the STT ascending system described
in Fig. 1, in order to show its relationship with the descending systems and with the pathways con-
necting different supraspinal centers. The descending systems are shown in green, heading from
M1 directly to the posterior horn of the spinal cord or terminating in the thalamic nuclei. The
descending pathways from PAG to raphe magnus and from A1 noradrenergic cell group, subcoe-
rulean region, and raphe magnus to the posterior horn are also shown in green. The arrows in gray
represent the pathways connecting the anterior insula and amygdala to PAG, parabrachial nucleus
and PAG to the hypothalamus, and anterior cingulate cortex to PAG. In the spinal cord section
detail, these are represented: the peripherally incoming axons from C (thinner axon in black) and
A-d (thicker axons in black) fibers, the inhibitory interneuron in lamina II (small neuron in red),
and the modulatory descending system from M1, PAG via raphe magnus and noradrenergic A1 and
subcoeruleus (in green). Full circles represent neuronal perikarya, the inverse arrowheads repre-
sent synapses, and the arrowheads represent final connections (further details inside the text). In
orange: medial and lateral parabrachial nuclei (Pb); ventrocaudal medial dorsal nucleus (MD);
ventromedial posterior nucleus (VMpo); intralaminar thalamic nuclei (I); insula; amygdala (Amy);
and anterior cingulate cortex (ACC). In green: nucleus raphe magnus (RM); A1 noradrenergic cell
group (A1); coeruleus and subcoeruleus complex (A6); periaqueductal grey matter (PAG); primary
motor cortex (M1). In blue: anterior mediodorsal nucleus (MD); ventral posterior complex, with
ventral posterolateral nucleus (VPL); and ventral posteromedial nucleus (VPM). In gray: olivary
complex (O) and brainstem reticular formation (FR)
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nuclei, with VLp contributing dense inputs to M1 but also to PMV (ventral premo-
tor cortex), PMD (dorsal premotor cortex), and SMA (supplementary motor area).
VLa projects moderately to M1 and SMA while projecting densely to
PMD. Furthermore, neurons from the primary motor cortex are reciprocally linked
to the thalamic VPLo (ventroposterior lateral nucleus, pars oralis) and small contin-
gent fibers to the caudal part of MD (medial dorsal nucleus) and the adjacent intrala-
minar nuclei [27]. These thalamic nuclei are also connected to the orbitofrontal
cortex, to the insula, and to the cortex of the anterior cingulate gyrus. In addition, by
feed-forward cortical connections, the motor cortex has access via premotor, sup-
plementary motor, and cingulate motor fields to orbitofrontal and anterior cingulate
regions.

These neuronal loops and intersections between M1, PM (premotor cortex), and
SMA with the thalamic relays involved in pain circuits are probably engaged in pain
relief by motor cortex stimulation. The connection between motor areas with the
orbitofrontal and anterior cingulate cortices seems to play a defining role too, since
they are linked to the mesencephalic periaqueductal gray. Other loops that may be
important are the connections from anterior insula and amygdala to PAG, parabra-
chial nucleus and PAG to the hypothalamus, parabrachial nucleus to amygdala, and
anterior cingulate cortex to PAG.

Techniques for Implantation of MCS Electrodes

Although the best approach to determine the site for implanting MCS electrodes is
still a matter of debate, if the intention is to stimulate the primary motor cortex by
applying transdural electrical pulses, whatever method applied has got to the make
sure this occurs efficiently in all patients. The effective delivery of electrical pulses
in a particular site or region of the nervous system is a common key starting point
neuromodulation and should always be the core objective when choosing electrode
type and method of implant. Currently, most of the authors perform the implanta-
tion procedure under general anesthesia, using different methods for the localization
of motor cortex. Reports include either localization of precentral gyrus based merely
on anatomic landmarks or added to intraoperative sensory evoked potentials (SEP)
for functional localization. Intraoperative SEP is oriented for the localization of
central sulcus, by inverted SEP wave, what indirectly leads to the precentral gyrus
located immediately anteriorly. The combination of those techniques provides the
functional localization of the mid-precentral gyrus, which normally corresponds to
the primary motor cortex itself. However the use of SEP is limited to patients who
present sensory pathways which are at least partially preserved ensuring that SEPs
can be elicited by applying electrical current in median nerve and capturing evoked
potentials over the central sulcus. On the other hand, there are deafferentation pain
syndromes (e.g., brachial plexus avulsion or amputation) in which the peripheral
sensory pathways are severely or totally injured, precluding the intraoperative use
of SEP as a target refining method.
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In our experience, a different and much simpler technique has been used with
much success. It provides detailed functional and spatial information for target
refining during implantation of electrodes capable to stimulate the motor cortex
stimulation efficiently. It is totally capable of eliciting evoked motor potentials at
higher current intensity and even to evoke complex segmental limb movement
depending on the stimulation frequency. Although therapeutic stimulation applied
in the motor cortex is always under the motor threshold, the best electrode location
is the one closest to the site that makes MEPs (motor evoked potentials) occur at
lowest threshold. While most of the procedures are performed under sedation, the
core technique for mapping the motor cortex should be performed with patients
awake and responsive. This method does not require that patients to be awake dur-
ing the whole procedure but only a few minutes during the cortical mapping proce-
dure. Having the anatomical location of the mid-precentral gyrus, more specifically
the “hand knob” as a starting point situated by either image-guided navigation sys-
tem to point the center of a nummular craniotomy leaving the dura completely
intact. Although MEPs can be routinely elicited in patients under light sedation, the
same procedure performed in an awake patient allows lower MEP thresholds and
provides the possibility of mapping the motor cortex in amputees or in severely
injured brachial plexus patients, as described further on this chapter.

As above cited this technique relies on stereotactic localization of the hand knob
in the posterior aspects of the precentral gyrus pinpointed in MRI to guided naviga-
tion followed by intraoperative target refining by transdural stimulation of the cere-
bral cortex in awake patients. Standard frameless navigation system fed by
volumetric MR images in dedicated software guides the localization of the precen-
tral gyrus in each individual patient. During targeting in navigation system, the sur-
geon should aim at the center of the omega-shaped knob on the posterior border of
the pre-central gyrus within the central sulcus, which lines up perpendicularly with
the posterior ending of the superior frontal sulcus used as anatomical landmark used
to guide the center of the craniotomy. This is usually the initial point in the surface
of dura for the following procedure mapping the cerebral cortex. As suggested by
Yousry et al. [37], the image generated by this knob in the horizontal MR images is
highly specific to indicate the primary motor area of hand in normal subjects.
However, this point is usually 1.5-2 cm deep into the central sulcus and 3.5 cm from
midline, consequently not visible at the cortical surface. So this targeting method
provides a point deep seated in the central sulcus, not the final target itself, which is
immediately above at a point on the surface of cerebral cortex. However, the tech-
nique of MCS does not require dural opening, so during the procedure only ana-
tomical landmarks guided by imaging guided navigation are the only way to ensure
the target starting point in epidural space, and the final site and orientation for elec-
trode implantation is then specified by the intraoperative cortical mapping.

So the coordinates of the hand knob are then perpendicularly projected onto the
surface of the scalp to guide the skin incision, further projected onto the surface of
the skull to point the center of the craniotomy, and finally the same projection was
made onto the dural surface in order to provide the initial point for cortical mapping
by transdural electrical stimulation. A small craniotomy (3 cm) encompassing the
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region of the anatomical target can be performed under local anesthesia and light
sedation. After the craniotomy is performed, sedation can be completely withdrawn
so the patient is found completely awake and responsive. Transdural bipolar stimu-
lation of the cortex can be conducted at current amplitudes up to 4—6 mA, 1 ms, and
30-60 Hz using a bipolar stimulator. Our largest experience is using bipolar probes
with tips 7-10 mm apart, although a monopolar probe can also be used with a dis-
tant reference plate. Usually protocols that include MEP peripheral myograms
evoked by focalized cortical simulation do not require patients to be awake, as
described elsewhere [38] and mentioned above. However, patients who suffer from
severe deafferentation or amputees do not benefit from this technique because MEPs
record from muscles cannot be performed either due to severe sensorimotor or, in
case of proximal amputation, absence of the limb itself. So the technique described
earlier in this text was designed for patients with severe injuries in the affected limb.
In our experience stimulation of the motor cortex does evoke movements as early
descriptions of Wilder Penfield and many other authors; however in severely injured
patients, movements cannot be recorded. In the last few years, our team operated
close to 50 patients for implanting MDS electrode. Some of them had severe bra-
chial plexus injury and some were amputees. So in those patients we had a different
protocol. The most effective method to map the cortex was to have the patients
describe in details the sensation after each stimulation pulse. Patients describe very
well sensations of pressure or paresthesias with consequent interpretations of stimu-
lation the sensory cortex, while descriptions of sensation of movements in the inex-
istent or flail limb with no actual muscle activity are clearly described by patients.
The consequent interpretation in this case is that stimulations have been applied
over the primary motor cortex. So during the stimulation session, the patient was
required to describe any sensation different from the resting state, after each short
period of stimulation (1-2 s). Stimulation can be then repeated in targets that gener-
ate any sensation of interest over a longer period (2-5 s). The repeated stimulation
allowed patients to improve the description of the sensation in a more detailed man-
ner, including the part of the limb involved and the type of movement. To help the
description of movements and the joints involved, as well as the speed and repeti-
tion of the entire movement, the patient used the contralateral limb to mimic the
sensation of movement on the affected side. In patients with severe brachial plexus
injuries or amputees, electrical stimulation at 4.0-6.0 mA, 30-60 Hz, and 1 ms of
pulse width evokes a vivid sensation of movement in the nonexistent hand, forearm,
and arm. The sensation of wrist flexion is usually elicited in all patients, while two-
thirds of patients can make clear distinction of thumb and index movements and
differentiate from the wrist flexion and from the other fingers’ movements. Phantom
movements of the remaining fingers (third to fifth) are usually describes in one-third
of patients. The cortical area responsive to thumb tends to occupy a lateral position
related to the areas of the other fingers, following the maps of normal homunculus.
The evoked sensation is restricted to the period of stimulation, and it stopped as
soon as that was discontinued. However some of the patients refer intense emotions
because the sensation of movements can be quite vivid and the feeling of the sensa-
tion of inexistent of severely injured limb is compared as if it became healthy and
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active again. All patients are warned that sensations like those may be evoked and
that it does not mean that the limb can be recovered unfortunately.

Once mapping was finished, an epidural paddle electrode can be implanted fol-
lowing the map generated over the area of the greatest evoked motor sensation.
The center contacts of the paddle electrode are then placed over the area, which
elicited sensation of movement, related to the area affected by the pain syndrome.
The contacts in the two extremities of the electrode covered adjacent areas of the
motor cortex also elicited by stimulation, the forearm, arm, face, and so on.
Eventually, two stripes of electrodes are implanted in order to expand the spatial
combinations and topographically refine the therapeutic stimulation. Currently,
new types of electrodes with multiple are available, so the possible combinations
are numerous.

Based in our experience, this technique was useful for target refining during of
implantation of electrode for motor cortex stimulation. However, comparative stud-
ies are required to investigate whether target refining by intraoperative mapping
significantly improves the results of therapeutic MCS for refractory pain.
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