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ABSTRACT

Pure carbon has been used as an electrode in the clinica
application of long-term neuromuscular stimulation as well as

connector for permanent neuroelectrodes. The history of this

1

material and some examples of the material in use are presented.

INTRODUCTION

The infection fr:e passage of a device through skin offers an

opportunity for expanded use of various modern medical engineering

assist devices. For instance, if one could develop a permanent

percutaneous device several opportunities in the area of impl

anted

electrical devices become apparent. Rechargeable batteries which

would be smaller and more reliable than current power sources

could

he used. Using an electrical connector system, routine recharging

could be available through sugh a connect-disconnect system.

Permanent connectors could be constructed which would mo
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bioelectric signals necessary to control various assist devices. The
simplest example would be bioelectric signals from a synergistic
muscle which would control externally powefed prostheses or braces.
Currently, one of the limits of successful bioelectric devices is
inability for receiver systems to receive a “pure signal" by way of
surface electrodes. Cardiac electrical activity could be permenently
mraitored. Metabolic functions such as blood glucose levels could be
precisely monitored and in turn trigger appropriate pharmacologic
response.

The ability to achieve precise and controlled stimulation of
nervous tissue offers an unusual opportunity for improved functicn.
When permanent connections with the nervous system are-available,
partially paralyzed muscles or those paretic secondary to upper
motor neuron disease could be functionally stimulated by external
porier and control sources. Using temporarfy connector systems precise
stimu]atioﬁ of musculature following recorstructive surgery would
a'low controlled joint and muscle activity without the need of cerebral
partitipation with its associated psychological and motivational
J;riabilities. Using permanent percutaneous devices, pain which can
be anatomically localized would be overwhelmed by electrical stimulation
of the nervous system at a rate and frequency which is noxious.

The suggestions mentioned above as well as many other which come
to'mind in such areas as non-electrical power assists, fluid conduits,
substitute sphincters--all these await a permanent infection free skin

intrusion. It is the purpose of this paper to describe our experience
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with a system which gives oromise for the achievement of permancnt

skin intrusion.
BACKGROUND

The search for a permanent, infection-free percutaneous passage
at this facility began with an attemnt to achieve the skeletal fixation
of a 1imb prosthesis. The first human implantation of such a device
was performed here in 1968 with the skin interface portion of the
device utilizing a Dacron velour backed by Silastic. This method wes
suggestad by Hall,l who used it on several animals; however, eventually
all failed at the bone bond. In our experience, persistant moisiure
was always present at the skin-Dacron velour interface, presumably dug
to the repéated superficial tearing at that interface. This drainage
progressed to infection of the entire fixation device and therefore,
as with the animal experiments of Hall, the devices had to bea removed.

In 1968, we were made avare of a new material--vitreous carbon--
which, because of its extreme purity, was considered to be biologically
1nert. About the time of the failure of our skeletal fixation device,
the potential of this material was graphically demorstrated to us. A
tiny carbon peg protruded without drainage through the skin of the arm
of an engineer (v.B.) who was convinced of its biomedical applications.
Thus, begiﬁning in 1968, various vitreous 'carbon devices have been
implanted into the skin of over fiftiy volunteer patients and stafrv at
Ranchd Los Amigos Hospital. Inc;easingiy favorable ¢’ inical experience

has encouraged us to pursue the use of this material in various designs



for permanent percutancous passage.2

The first application of pure carbon for the percutancous pussadqe
of electrical signals was reported by Kadefors and Reswick, They uwicd
a two by four millimeter dumbbell shaped piece of vitreous carbton
supplied by Benson to facilitate the long-term monitoring of mycelectric
signals from forearm musculatures. One flange of the device lay in
the subdermal layer with the remainder of the device protruding
externally for about two millimeters. These authors were pleased with
the low impedance which they recorded, and in the five months of the
experiment noted no significant interface problem,

At Rancho a devicefusing pure carbon over a silastic cylincer
and a silastic faced with Dacron velour flange in the subcutanecous
tissue was used for the skeletal suspension of a Timb prosthesis in
two pat‘ients.4 This particular application demoristrated a satisfactorj
seal at the skin inwurface over a prolonged period of time. Due %o
chronic infection at the bone (not at the skin interface) both of
these devices had to be removed after about six months implantation.
Drainage from the osteomyelitis appeared around the metal pin in the
genter of the device rather than around the carbon wihich implied
failure of the bond betwee: the pin and the silastic rather than
fajlure of the ini.rface between skin and carbon.

With the need . tnis facility to electrically activate nerves
and muscles in various types of chronic patients, a system of devices

was designad to facilitate long-term neuromuscular stinulation,



MATERIAL

Pure carbon in the vitreous or glassy form is a relatively ncw
type of material. It was first developed and characi~-ized in England
in 1963 and initially patented by Plessy Company, Ltd. of Creat
Britain, Its original development was an outgrowth of space travel
needs. To be able to withstand the envirunmental rigors of rocket
engines and re-entry shields, a nondestructable, very tough material
was necessary.5 The remarkable purity of this material, however, was
soon recognized and its potential biological significance suggested.6
In 1967, the Technology Utilization Office of the National Aeronautics
and Space Administration, through contract with the Rocketdyne Division
of North American Aviation Company, began to promulgate the potential
biologic applications of vitreous carbon to the medical field.7

Vitreous {glassy) carbon might be more properly referred to as
. polymeric carboa as it is, in fact, a pseudomorph after the polymer
from which it is derived. 1t has been described as "a network structure
consisting of tangled ribbon molecules which are cross-linked by nignly
strained carbon-carbon c&valent bonds with a wide spectrum of bond
energies."8 This material is derived through pyrolysis (thermal
degradation) of any of several aromatic thermosetting polymers. It is
a hard, impermeable solid with a specific gravity of less than 1.5.
It has good electrical and thermal conductivity (comparable to series 3C3
stainless steel) and is chemically inert to all known reagents at amdient

temperatures. Its hardness, approximately 8 Mohs, and impermeadility
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enable it to accept a high surface pelish. It appears to have zcro
polarization potential in the bioenvironment and shows no galvanic
activity with saline solutions. ]

The average purity of conmercial material ranges from 50 to 200
parts per million of ash timpurity content) and this can be substantialily
inproved by closely controlling the manufacture of the precursor poly:er.
Physical properties are satisfactory for bioapplication with a tensile
strength near 20 KSI, compressive strength of 100 KSI and a Young's
Modulus 3 to 4 x 10%,

A1l of the carbon devices implanted i1 this study are characterized
as vitreous carbon and were manufactured by Benson.

An alternative form of pure carbon which apparently has similar
biologic activity and surface characteristics is pyrolytic carbon.

. Although this material was not used in the applications reported here, .
there is no reason to suspect that it wodld not be equally as successful.
This material is created by the gas deposition of elemental carbon upon
a graphite substrate. Pyrolytic carbon is somewhat tougher than
vitreous carbon and the fracture stress of high density pyrolytic
éhrbons are about two times larger than tﬁose of the glassy carbons.9
Technical Timitations on the thickness of pyrolytic carbon coatings
that can be obtained tend to constrain exploitation of this advantage.
Carbon has been used with considerable success in Dental Implants.

Over 100 have been performed with no reported infections.lo



S POOR,

w
Q
&
e
<
Z
Q
o
O
Cwd
I
—
(T
O
N
-
=
==
)
- 2
()
O
o
a
WwJ
[2'4

CLIHICAL_APPIICATION

The most prolonged use of pure carbon for iafection-free percutinccus
passage is in ihe skin overlying the right de]toid of a heal%hy, active
male {V.M.) ‘This vias juplanted in March, 1971 and at the time of this
writing, has not been inflamed, drained, or extruded. As in the case of,
all othaer pure carbon percutaneous applications, no specific precautions
are taken once the skin has haaled. No dressings protect the protruding
device and no special medicationg are applied to the skin. The subject
participates in all normal activities such as surfing, tennis, skiing,
and s.imming. There is no discomfort related 1o this device in fny
way (Fig 1). There is no functional application of this imp]antland it
is used strictly to monitor long-term tissue reaction.
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Fig 1--Carbon.collar button in upper arm of voTunteer at 26 months,



Saveral approaches using carbon for neuroclectric stimulation
have beon developed. A1l of them use a basic carbon device bused on
a Jdesign of Benson (Fig 2, 3, 4 and 5), -
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Fig 2--11lustration of system for regional stimulation such as for
pain contrnl, )
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Fig' 3-=I1lustration of system for localized wotor point stimulation.



. DEVIGCE FOR APROACH 3
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Fig 4--I1lustration of system for individual muscle stimulation.
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Fig 5--11justration of system for neuroelectrodes {or other wire
elactrodes.) '
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All four types have been implanted in voluntcer paticnts and are
functional. In the init a1 devices, the connector system was unrelialle
and therefore, the electrical connection was through wires permancntiy

attached by conductive cpuxy cement,

APPROACH 1--CASE HISTORY

A 55-year old female with severe arachnoiditis following multiple

surgical procedures on her thoracic and Tumbar spine was admitted to

the Problem Back Treatment Center with anticipation of the implantaticn
of a dorsal column stimulator. After thorough workup and investigation
of her anatomic as well as psychological status, it was apparent that
she had true anatomic sources of pain. Empirically, it was found that
various sites on her skin acted as trigger points and wnen elecuricaliy
stimulated with a cutaneous stimulating device,.consistent and persistent
relie® of her pain could be attained. Because maintaining moist suriace
electrodes was extremely inconverient, especially in the uppar thoracic
spine area, two carbon buttor: were implanted under local anesthesia
over the trigger point sites. These were then connected by wire to the
transistor radio sized cutaneous stimulating device. This patient is
tolerating the stimulation very well and 1o longer needs the narcotics
on which she was admitied. There are currently no problems with the
skin interface which remains dry, non-inflammatory and non-tender. AU
one point, one of her carbon electrodes was repeatedly traumatized and

a small amount of drainage developed. This was treated by minimizing

trauma to the area and carefully cleansing the device several times a



il

day. The inflammation and drainage subsided completely, and the devices

renain in use six months post implantation (Fig 6).
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Fig 6--Carbon devices implanted in the skin over pain points for
electrical stimulation to block pain.
Five other applications using the same devices have been dJone for
muscle stimulation and for the control of pain. Currently, all skin

interfaces remain without gross infection.
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APPROACH 2

This type of device has been implanted in one volunteer. It
overlies the peroneal nerve just anterior to the neck of the fibula.
Its pyrpose is to test the efficiency of stimulating the dorsifiexion

musculature of the right foot for correction of drop foot secondary

-
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to upper motor neuron disease through a carbon device. Although

the skin 1nterfacc has not been a problem, the mode of energy
transmnission is not well underscood and at this time stimulation
through the device is no less painful tiun with surface stimulators.

The only advantage at present is convenience of electrode placement.
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At the present time, we feel that improved design of the electrode can
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REPRODUCIBILITY OF THE ORIGINAL PAGE IS PO

correct this phase of the problem (Fig 7).
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- Fig 7==Carbon electrode over the motor point of the Peroneal muscles.

APPROACH 3--CASE HISTORY

A 27-year old patient with severe flexion contractures of her left
lower extremity secondary to spasticity from a head injury was pﬁesented
because the contractures prevented adequate nursing care to the

patient's decubitus ulcers. The deformities were relieved surgically
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and 1n order to prevent reforming of contractures, myoelectrodes whre
foplanted into the quadriceps muscle group for chronic stimvlav ca. The
fmplantation was performed through a small incision through which the
myoclectrode was inserted into the muscle. The carbon device was slid
subcutancously to a small hole crected by a cork Lorer in the skin.

stimulators are connected to tlie corbon device at regular intervals (Fig ).

- Fig 8--Myoelectrodes with permanent'wirerconnactions and modified
Bayonette forceps for insertion.
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A 50-ycar old wmale developed flexion contractures of his hips and

knaes secondary to spasticity from an old TD meningitis. The patieat
had wajor decubitus ulcers over both trochanters and his

11}

sacrum and

because of the contractures of his knees it was, fmpossi

| =

le to prone the

patient adequately. He underwent surgical release of the fiexion

contractures, however, this failed to correct nis deformity comp’ately

of its long=-standing nature and the contractures

s -
T non-=nusc:c

tissue crossing the knee joint. "An electrode was placed around the femoral
nerve and the wire from this electrode brought out through the skin

through a carbon collar (Fig 9).
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Regular stimulation was initiated to exercise the patient's quadriceps
musculature and virtually 7ull extension was achieved. After four wecks,
the patient was begun on a proning program and his decubitus ulcers have
juproved considerably. The patient is now up in a wheelchair and his
care 1s such that he may be returned home réther than to a nursing

home (Fig 10).
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gg connected through carbon device.
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(VW)

This paper demonstrates some of the potential applications of pure

carbon connector devices for permanent percutaneous passage of electrical

1 signals. Many other applications come to mind and by no means is this

.
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neant to be a comprehensive discussion of the use of such deviges in
madicine, However, several points are worth emphasizing,

The most important factor in detcnuin{ng the success of a purininchnt
percutancous passage dcvjce is the absence of drainage around the device.
As long as this interface remeing dry, a bacteriostatic seal will be
maintained. There are two approaches to the design of percuturccous
passage davices. One entails the ingrowth of epithelial and subcutinecus
tissues into the device whereas the other expects the seal to be
maintainad by close apposition of dry epithelium to the device. Becouse
devices and materials brought through the skin have an elasticity
different than that of skin, any motion of the skin will produce shear
forces at the interface. These forces will be of sufficient magnituce
to disrupt any fingers of tissue which have grown into the device. Thus,
an ingrowth device in the functional state will always be surroundec By-
misro hemorrhage and necrotic cellular débris. This is an envircnment
which is nost conuﬁcive to infection and ultimately extrusion.

The smooth nonporous surface of the carbon implanc allows the
surface epithelium to grow up to the device and then turn down along
éhe nack. The cells continue to desqumate in the most outer porticns
of the down growth and therefore, improve the dry seal that is acaieves.
Once epithelial downgrowth has been achieved, a gradual transition into
a modified epithelial cell type occurs which encapsulates the remaincer
of the device. These are not desquamating cells and seem to rezain
viable in direct physical apposition to the material, prosumadiy

because of the inert characteristic of the carbon material. Resistince
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to torque forcas is achieved by porforating the flange !Fig 11 but
this is not necessary to avoid extrusion of the device.
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Fig 11--Carbon device with perforated flange for ancnoring.

In none of the implanted devices to date, has there been any probiem
with attewnpis at extrusion or rejection of the carbon device by the

tissues (Fig 12, 13, 14 and 15).
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Fig 12--Gross specimen of carbon device with skin apposed to carbon.
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Fig 13--Low power {J!Ouﬁml(“f"ﬂgr‘&'}n of above spccimen shcding Scav
ssue and regcnoratwn epithelium g'roumr' up to and down along carton
vice (device removed bevore sectioning.)
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Fig l4--Intermediate power showing epitheiium “turning the corner.”.
Note absence of inflammatory reaction. :
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Fig 15--High powes showing normal skin ceil architecture in
apposition to carbon device, :

eneral ¢linical application of percutancous elecirical cornector
systoms depends upon a standardized systen which can be utilized for
multiple internal electrical energizing of monotoring phenomena. The
Rancho connector,system is depicted in the following drawing. As is
evident from the drawing, a Tirm electrical connection is made by the
spring Toaded connector, to the matal rings inside the carbon sheili

These are insulated so as to produce independent circuits. The device
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fias the capability of connections to any form of electrical power
source on the outside as well as any fora of electrode on the inside

by standardizing the conacction which may be applicable. Possible
applications are electrodes to nerves and nuscles for stimclation or
recording; problem pacemaker leads; bone stimulatjon eglectrodes; or
battery recharging connections. The system as is depicted is currently

under consideration by several engineers for fabrication (Fig 16).

iTO

Fig 16--The Kancho Cenpector System. Carbon shell contains insulated
matal rings which grip prongs of the spring loaded conneciar. Internal
and external connections allow system €0 be used on many electrical
transinission systems. s
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SUMMARY

The clinical expericence in the use of ,pure carbon Tor percutufrLys
passane at Rancho Los Awigos Hespital may be summarized Ly bresking it
into three phases of activity. In the first phase from 15308 ¢
carly 1972, over forty carbon devices were implanted into the siin oF
volunteer paticnts and staff to test the potential use of this materidd
for a dry, infection-free skin intrusion. The experieace during
these four years was satisfactory and therefore, in the second pnise
over tne past year, approximately twenty functional devices were
implanted in patients and volunteers. The success of the cevices over
the past year, which might be described as the pnase of Timited clinical
trial, has inen us sufficient confidence to enter §nte a third phece
during wiich time extensive clinical use of electrical connecios systers
incorporated into carbon shells will be undertaken., In acdition to
several projects involving neuromuscuiar stirulation, carbon wiil also
be used for direct skeletal attachment o limb prostheses and 1ong-ieva
electrical stimulation of bone healing. We hope cther investigators
will find carbon devices to satisfy their need for long-teram infactiion-

free percutaneous passage.

This work supporied in part by NASA #AS8-28117 and NASS-2E220.
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