
( 

THE ELECTRICAL INJURY 

ENIGMA 

Ronald G. Zelt, M.D.,e.M. 

Department of Surgery 

Division of Surgical Research 

McGili University 

Montreal 

March, 1989 

A thesis submitted to the Faculty of Graduate 

Studies and Research in partial fulfillment 

of the requirements for the degree of 

Master of Science 

© Ronald G. Zelt, M.D.,e.M., 1989 



- ABSTRACT 

A chronic electrical in jury model employing documentary and 

diagnostic techniques was deslgned in the primate to en able 

investigation of wound evolution for up to 10 days post burn. A 

standardized 40 kJ, 3500 V, 4.2 A, 2.5 sec bilateral, symmetric upper 

extremity electrical burn was done. Gross observation studies 

documented tissue in jury extending more proximally on the deep 

surfaces of individual muscles and between muscle layers. Specific 

regions or "choke" points in the forearm exist in which decreased 

cross-sectional areas and highly resistant tissue composition resulted 

in increased heat production and more severe tissue inJury. Muscle 

in jury revealed charactenstic patterns of in jury and showed deep 

tissue damage extending proximally beneath viable muscle. Digital 

subtraction angiography demonstrated segmental narrowlng and 

"pruning" of large vascular trunks with a slgnificant decrease in 

nutrient vessels in affected areas. Ulnar nerve conduction studies 

showed loss of conduction proximal to the cubital fossa with no 

recovery. Although characteristic patterns of iriJury werf' documented 

in skin, muscle, vessels and nerves, no experimental eVI lence was 

found for progressive necrosls. These flndings were compared with 

electrical injuries seen cllnically and showed a hlgh degree of 

similarity. A management protocol for the treatment of electncal 

injuries is discussed based on experimental flndlngs and cllnical 

correlates. 



( 

{ 

SOMMAIRE 

Un modèle de brûlure chronique causée par électrocution fut 

élaboré en utilisant des primates afin de permettre l'étude de 

l'évolution de la plaie pour une période allant jusqu'à dix jours après 

la brûlure. On utilisa une electrocution quantifiée de 40 kJoules, 3500 

Volts, 4.2 Ampères pendant 2.5 secondes. La tension fut appliquée 

bilatéralement aux extrémités des membres supérieurs. L'étude 

expérimentale compùrte cinq points: 1) observation visuelle grossière, 

2) microscopie, 3) angiographi, ,4) études de distribution des 

temperatures et 5) analyse de la conduction des nerfs. Les différents 

modèles de blessures sont décrits pour la peau, le muscle, les 

vaisseaux sanguins et les nerfs: ceux-ci sont analysés de façon 

chronique. Aucune étude expérimentale permet de soutenir la thèse de 

la nécrose progressive Les études expérimentales furent appuyées par 

trois cas cliniques de brûlures causées par électrocution. Les 

similitudes entre les primates et humains sont abordées. Les méthodes 

cliniques décrivant les sOins à apporter aux brûlures par 

électrocution des membres supérieurs sont soulignées. 

ii 



- ACKNOWLEDGEMENTS 

1 would like to extend my sincere gratitude ta my supervisor, Dr. 

RoUin K. Daniel. Throughout this difficult and demanding project, hls 

encouragement, enthusiasm and guidance have been both Invaluable and 

inspirational. 

My studies would not have been possible without the assistance and 

friendship of Mr. Paul Ballard. Thank you for introducing me to the 

nuts and bolts of electrical injuries and for tolerating my often 

demanding schedule and nature. 

1 thank Dr. Paul Heroux and Mr. Yves Brissette for their technical 

assistance during this project. Their seemingly endless supply of new 

and innovative ideas has greatly added to the successful completion of 

this proJect. Mr. Brissette's assistance wlth the statlstlcal analysis 

is also greatly appreciated As weil, 1 thank Quebec Hydra and the 

Canadian Electrical Association for the equipment and technlcal 

assistance needed for thls praJect. 

My sincere thanks for the technical assistance tram Ms. Suzle 

Spurdens for the histological processing, Dr Andrew A Common for the 

angiography, Dr. Bob W. Dykes for his assistance wlth the equlpment 

used for the ulnar nerve recordings and Mr Richard Nantel for his work 

in developing the half tones used ln the figures Ta these people 1 

extend my appreclatlon and thanks for thelr willingness ta adapt ta the 

scheduling of th,s proJect, especially the after hours digital 

subtractian angiograms by Dr. Gommon. 

iii 

1 



( 

:( 

Thanks to Genivieve Holding for her support during my involvement 

in the Microsurgical Laboratories and her kind words of encouragement 

and instruction with regards to mastering the skills of computer usage. 

And a special thank you to Dr. Carolyn L. Kerrigan who Introduced 

me to the Mlcrosurglcal Laboratories and the field of Plastic Surgery. 

This work was supported in part by grants fram the Canadian 

Electrical Association, Hydra Quebec, and the Medical Research Council 

of Canada (Grant No. MA 7898). 

iv 



TABLE OF CONTENTS -
ABSTRACT ........................................................................................................... i 

SOMMAIRE .......................................................................................................... ii 

ACKNOWLEDGEM ENTS ................................................................................... iii 

INTRODUCTION .................................................................................................. 1 

LITERATURE REVIEW ....................................................................................... 3 

THE NATURE OF ELECTAICAL INJURY ........................................................ 10 

INCIDENCE ....................................................................................................... 13 

PATHOPHYSIOLOGY ....................................................................................... 15 

THE CHOICE OF AN ANIMAL MODEL.. ......................................................... 22 

CHRONIC ELECTRICAL INJURY MODEL. ..................................................... 26 

CRANIOTOMY AND PARTIAL DECEREBRATION ............................. 26 

ELECTRICAL INJURY ......................................................................... 27 

EXPERIMENTATION PERIOD .............................................................. 28 

EXPERIMENTAL STUDIES ............................................................................ 29 

METHODS AND MATERIALS .............................................................. 30 

GROUP 1. GROSS OBSERVATION ...................................... 30 
GROUP Il' LlGHT MICROSCOPY ........................................ 31 
GROUP III' ANGIOGRAPHY....... . ........ . ................ 32 
GROUP IV. TEMPERATURE RECORDING ............................ 33 
GROUP V: ELECTROPHYSIOLOGIC NERVE 

CONDUCTION RECORDINGS ....................... 35 

RESULTS ............................................................................. 36 

GROUP 1: GROSS OBSERVATION ...................................... 36 

SKIN ......................................................................... 36 
MUSCLE ..................................................................... 37 



GROUP Il: LlGHT MICROSCOPY .......................................... 39 

SKIN ............................................................................ 39 
MUSCLE ..................................................................... 39 
VESSELS .................................................................... 42 
NERVE ........................................................................ 44 

GROUP III: ANGIOGRAPHY .................................................. 45 

GROUP IV: TEMPERATURE RECORDING ......................... .47 

GROUP V: PERIPHERAL NERVE INJURY ........................... 49 

DiSCUSSiON ..................................................................................... 50 

CUTANEOUS INJURY ........................................................... 50 
MUSCULAR INJURY .............................................................. 51 
VASCULAR INJURY .............................................................. 54 
PERIPHERAL NERVE INJURY ............................................ 56 

PROGRESSIVE NECROSIS .............................................................. 58 

CONCLUSIONS ................................................................................ 61 

( 
CLINICAL CORRELATIONS .......................................................................... 65 

CASE NO. 1 ........................................................................................ 67 
CASE NO. 2 ........................................................................................ 70 
CASE NO. 3 ........................................................................................ 72 

DiSCUSSiON ...................................................................................... 75 

CUTANEOUS INJURY .......................................................... 75 

DEFINING VIABILlTY ................................................ 75 
"ARC LESiONS" ......................................................... 76 
PROGRESSIVE CUTANEOUS INJURY ................... 77 

MUSCULAR INJURY ............................................................. 77 

DEEP INJURY ........................................................... 77 
RADIAL PREDOMINANCE. ...................................... 79 
CHOKE POINTS ....................................................... 80 
PROGRESSIVE MUSCULAR INJURY ..................... 81 

VASCULAR INJURY .............................................................. 82 

PERIPHERAL NERVE INJURY ............................................. 83 



IMPLICATIONS .. ......................................... '" ................................... 85 -
1. INITIAL RESUSCITATION ........... ....................................... 85 
II. INITIAL EVALUATION ....................................................... 86 
III. DIAGNOSTIC EVALUATION ........................................... 87 
IV. DEFINITIVE DEBRIDEMENT AND 

WOUND COVERAGE. .......... ...................................... 87 

REFERENCES ............................................................................................ .. 91 



INTRODUCTION 

Few injunes are more traumatic and incapacitating than severe 

electrical burns. Contact with hlgh voltage is characterized by 

explosive entry and eXit leslons and massive thArmal damage to tissue. 

Clinical case 1 eports and accident commission statistics confirm that 

40% of hlgh voltage burn victims suffer amputation of an extremity, 

prolonged hospltahzation, and permanent disability. In the home, low 

voltage burns to the mouth of young chlldren may result in severe scar 

contractures and traglc oral deformrties. 

Despite continuai introduction of new techniques in burn care, 

the fundamental concepts of managlng electrical burns have not changed 

slgnificantly ln the past fifty years. Periodic evaluation, 

sequentlal debridement, and delayed reconstruction remain the standard 

cllnlcal approach Although the concept of Immediate resection and 

skln graftlng was recommended as early as 1929 by Wells58 the , 

dlfficultles Inherr3nt ln differentiatlng damaged tissue from normal 

tissue, and the slgnlficant nsks of "progressive necrosis" and 

infection have prevented widespreed implementatlon of early 

reconstruction 

Our understanding of electrical injuries is hindered by many 

obstacles: a) a lack of experimentallnvestigations on high voltage 

electncallnJury, b) the Vlrtual absence of a clinically applicable 

anlll1al model, and c) no studles which assess chronic wound evolution. 



- With the aim of solving these challenging problems, a fully 

isolated, high voltage testing facility has been installed in the 

Micro8urgery Laboratories at the Royal Victona Hospital. Using this 

high!y specialized equipment, the goal of this work was ta answer the 

following questions: 

1. Can a clinically applicable animal model be developed to 

study high voltage electrical injuries and will this model 

permit chronic evaluation? 

2. Are there characteristic patterns of tissue injury following 

high voltage electric ln jury? 

3. Does the phenomenon of "progressive necrosis" exist? 

4. Can the experimental findings, if any, be correlated with 

high voltage injuries seen clinically? 

5. Is the current protocol for managing high voltage electrical 

injuries valid, or should It be reappraised? 
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LlTERATURE REVIEW 

The earliest reference to electricity was etched in a crypt of the 

5th dynasty Egyptian architect Ti in the form of the Nile catfish, 

capable of generatlng nasty discharges to unwitting fishermen. In 1929, 

fifty years after the first reported fatality due to electricity, two 

reports were published which characterize traditional attitudes 

towards electncal in jury . In a paper on electrical shock, MacMahon 

forgoes a review of the literature, describing it as "already 

voluminous".34 ln the same ysar, Wells recommends complete resection 

and Immediate graftlng of third degree electrical burns, but in 

application of the technique advised "discretion (as) the better part 

of valour".58 

These commentaries are representative of a literature replete 

with clinlcal case reports and treatment regimes that are, ironically, 

not based on an understanding of the patl1ophysiology of electrical 

ln jury Expenmental studies on the effects of electricity on living 

matenal have been intermttent and largely unfocussed. There are 

several reasons for this apparent paradox. 

To early Investigators, the properties of electricity acting in 

vivo were unknown. Jex-Blake reports that accurate instrumentation 

for the measurement of voltage, current, and resistance was largely 

unavailable unt1l1880.27 Experimental designs consequently produced 

hlghly speculative conclusions of limited value to the clinician. 

ln the twentles, electrlcal burn research was encouraged by the 
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utility companies who were concerned by the mounting dangers of 

electricity to the public. These studies concentrated on the 

mechanism of death and the problems of resuscitation. More 

importantly, however, they shifted emphasis trom qualitative 

discussions of esoteric electrical phenomena to quantitative studies 

of electrical parameters in vivo. Experimental studies from the 1930's 

to the present have focussed increasingly on the local les ion in an 

attempt to elucidate the specific physical and physiological effects 

of electricity on man. Unfortunately, very few investigators have 

examined the physical factors that aecount for heat generation in 

tissue and the critical temperatures that cause irreversible tissue 

damage. 

Jaffee demonstrated that anatomic damage to artenes subjected to 

current passage was produeed by heat and not by specifie electrical 

effects.24 The arteries of dogs were exposed to low tension 

alternatlng eurrents administered through saline- soaked gauze 

electrodes. Structural damage to the arteries was produced only when 

the vessels were clamped and circulation interrupted. It was 

concluded that the endothelial damage observed was caused by heat 

dissipation in the clamped artery. Under similar conditions, dry 

heat, transmitted through an aluminum steel wire, resulted ln 

structural alteratlons markedly simllar to those observed when current 

was the damaging agent. It was concluded that arterial damage was due 

not to specific electrical effects, but to heat 
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By the 1940's, studies of electrical in jury had been reported by 

innumerable investigators. Exhaustive literature reviews were 

prepared successively by Jellinek (1905)26 Jex-Blake (1913)27 Jattee , , 

(1928)25, Pearl (1933)38, and Alexander (1938)2. 

Weeks and Alexander studied the distribution of 60 cycle 

alternating current through blood vessels, muscle and nerve in the cat 

by insertion of a concentric electrode measuring circuit. 57 Current 

distribution along four separate pathways from point of entry to point 

of exit was registered by clamplng the transformer around structures 

in the animal body - the sciatic nerve, certain blood vessels, small 

bones, and various muscles. Their recordings indicated that electric 

current passes along a pathway through an animal body as though it 

were passing through a structureless gel. The anticipated deflection 

of current along selective pathways - suggested by the variable 

resistances of different tissue - was not observed 

Henriques and Moritz, following WW Il, studied the thermal 

tolerances of living tissue and the nature of cellular changes induced 

oy hyperthermla 17 ln a senes of expenments on swine, they defined 

quantitalively the effects of intensity, duration, and the rate 

process Inherent in Irreversible changes te epidermis injured by heat. 

For each degree rlse in surface temperature between 440 C and 51 oC, the 

tlme required to produce Irreversible damage to epidermal cells was 

reduced by approxlmately half 

Studles on electncallnjury that have followed these pioneer 

surveys have been, in the majority, cllnical case reports. These 
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papers have attempted to report conclusively on the incidence of 

electrical in jury, accident reconstruction, wound management, and 

associated complications. The case studies of Dale (1954) 1 0 and Lewis 

(1958)32 are comprehensive reviews of physical pnnclples and 

pathology. More recently, reports by DeVicenti (1969) 12, Baxter 

(1970)4 Skoog (1970)50 Artz (1974)3 and Luce (1978)33 are notable , , , 

for the lucidity they bring to the predominant controversy surrounding 

appropriate wound management. 

The first experimental investigation of electrical burn 

pathophysiology in almost thlrty years was c..onducted by Hunt ln 

197621 . He reported on critical values for heat generation ln tissue 

and on the interdependency of physical variables. Electrodes (3/811 

diameter, 1/8" thick) were affixed to the dist81 end of one fore and 

one hind limb of the rat. The animais were shocked with a constant 

source of 250 volts AC untll arc.;ing occurred. Amperage, muscle and 

bone temperature, and time were recorded ln selected experiments. 

Tissue temperature, registered through thermocouples Implanted 

proximal and distal ta the contact sites, al ways exceeded 600 C; this 

value was associated with slgnlficant deep muscle damage. Currents 

from 1 to 8 amperes were recorded. Hunt made the followlng 

conclusions: 1) tissue temperature IS the critical factor ln 

determining the magnitude of tissue in jury, 2) the volume of tissue 

traversed by the electric current was more closely related to the 

extent of tissue in jury than the internai reslstance of the Indivldual 

tissues. 
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Experimental research on electrical in jury in general has not 

been conducted in response to clinical problems and needs. 

Investigations that have originated trom science and industry have 

often reflected mutually exclusive concerns and objections. In 

contrast to th,s tendency a 1979 overview by San ces integrated the 

flndings of electncal engineering studies related to consumer product 

safety wlth the clinical experience of the medical community.46 

ln an elaborate and sophisticated 1981 !?tudy, Sances demonstrated 

dlfferent current denslty values for tissues of different resistivity 

utllizlng voltages up to 14,000 V.48 Arteries and nerves passed the 

largest current densities followed by muscle, fat, bone marrow, and 

bone cortex. Current densities were approximately inversely 

proportlonal to the resistlvities of the respective tissues. Although 

artery and nerve transport the largest current densities, the greatest 

percentage of current was passed by muscle because of its large 

cross-sectional area. Although variable resistivities give rise to 

dlfferential current flow and heat generation, for practical purposes, 

ln high voltage inJuries, this effect is negligible and not relevant. 

Recently, Buchanan et al applied 300 volts AC for 10 seconds 

through wlre mesh electrodes attached to the opposite fore- and 

hindlimbs of rats. 6 ln arteriograms followed over a 90 day period, 

neither retrograde thrombosis nor progressive nec rosis 0ccurred. 

Subsequently, Rob::.on et al utilized the same model to biochemically 

assess wound progresslon.42 They concluded that thromboxane excess 

occurred due to a shunt in aracllidonic acid metabolism which led to 
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- progressive muscle damage. They conc/uded that blockage of thromboxane 

production by pharmacological treatment led to significant tissue 

salvage as evidenced by a doubling of the average limb survivallength. 

ln both chronic experiments the physical parameters of energy dehvered 

(voltage, current, energy), its passage through the affected tissue 

(current density), and its conversion to thermal energy (temperature) 

were not measured. Two investigators using the same sma" animal model 

came to opposite conclusions as to whether progressive necrosis 

occurred. 

Previous contributions to electrical burn management have been 

characterized by an a posteriori approach to electrical in jury 

mechanisms. Multi-disciplinary studies, which first provide a clear 

interpretation of the various physical factors operative ln current 

passage through tissue, are requisite to any definition of 

pathophysiology, and consequently, to any significant advances ln burn 

care. 

From this revlew of the literature the following important points 

are evident: 1) there are very few experimental studies, especia"y 

those employing high voltages ln large animal models Physlcallaws 

governing hlgh voltage passage through a sm a" animai (conductor) 

dictate disslmllar patterns for current distribution than can be 

generated in a pnmate model charactenzed by an upper 11mb of conical 

configuration closely resembhng human anatomy, 2) there are vlrtu811y 

no reports of sophlsticated physlcal measurements ln expenmental 

models whlch were allowed to progress to chronlc wounds, 3) the 
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patterns of in jury to the cutaneous, muscular and neurovascular 

structures have not been adequately addressed, and 4) the question of 

progressive necrosls remains unanswered. To ensure that the 

pathophyslology of electrical in jury is fully elaborated, it is 

imperative that comprehensive wound evolution models be developed in a 

controlled study to separate the facts of electrical burn etiology from 

the fiction of 'progressive nec rosis'. Such an aura of mystery 

surrounds this phenomenon of progressive necrosis, that the term and 

its signlficance are now regularly employed by practically ail, and 

understood by virtually none. 
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THE NATURE OF ELECTRICAL INJURY 

It might be useful at the outset to explaln the meaning of basic 

electrical quantities, voltage, current, and resistance, by anal ogy to 

a closed water circuit. 

Without venturing into quantum mechanics, it IS slmplest to say 

that ail matter seeks to achieve an electrically neutral state, the 

positive charge of the atomic nucleus, balanced by the negative charge 

of the electron. A body overcharged or undercharged with electrons is 

said to be at an excited potential relative to a neutral body. ThIs 

difference in potential is responsible for ail electric phenomena and 

is called the ELECTROMOTIVE FORCE. To prevlde the hydraulic analogy, 

the pressure or voltage which drives electr/cal current through a 

current corresp~mds to the pressure required to overcome inertia or to 

pump water uphill. The pump is required to overcome the resistance 

of the circuIt. 

Electric current represents the rate, or amount of charge per 

second whlch moves past a given point in the circuit It is measured 

in AM PERES (1 ampere = 1 coulomb/second) and corresponds ta the stream 

of water flowing at so many gallons per second. The reslstance met by 

a current in flowing through the cirCUIt IS measured ln OHMS The 

hydraulic equlvalent could be the neglrglble fnct/onal reslstance of 

the pipe through whlch the water flows or a slgmflcant reslstance 

represented by â constriction of the pipe. 
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The relationship between electric current, voltage, and 

resistance is glven by Ohm's Law: 1 = V IR. This is identical in form ta 

the liqUid volume flow rate relatlonshlp. The electnc current in 

amperes can be Increased by either increasing the voltage (pressure) 

or decreasing the reslstance (by using a larger pipe). 

The seventy of electricallesions IS related to several complex 

and van able factors. The principal pathological changes observed in 

electncal InJury are belleved ta be produced by heat generated from 

the passage of current through a conductor. Joule's Law states that 

the amount of heat produced IS dlrectly proportion al to the square of 

current strength, the resistance of the structures transversed, and 

the duratlon of current flow (J = 12RT). Commonly in accident 

reconstruction, only the voltage is known. The amperage values, which 

correlate wlth tissue damage, are usually indeterminate since the 

resistance IS unknown The Initiai resistance offered to current is a 

functlon of the condition and surface area of contacting skin. 

Factors such as moisture cantent, cleanliness, thickness and 

vascularity will affect the dlstnbutlon and density of current flow 

and hence, the seventy of Injury The resistance offered by dry skin 

may be as hlgh as 1,000,000 ohms; that of moiRt skln as low as 300 

ohms 

The speclfic resistance whlch internai body tissues offer ta 

current flow is also variable. Relative tissue resistance in 

ascendlng order Includes. nerve, blood vessels, muscle, skin, tendon, 

fat, and bone. Highly reslstant conductors transfer electrical energy 
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- to thermal energy efficiently. Therefore tissues of poor conduction 

and high resistance - bone, skin, and muscle - will generate more haat 

than will tissues of higher conductivity, nerve and blood vessais. 

Natural conductors such as blood vessels and nerve offer the least 

resistance to current flow and yat may sustain irrevarslble inJury, 

often far from the area of gross local in jury. Bone, as the poorest 

conductor, has the greatest capacity for heat production. These two 

factors - conductive properties and capacity for heat production - may 

be operative to varying degrees according to the voltage. 
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INCIDENCE 

Reliable statistics on the incidence of electrical in jury are 

difficult to obtain and are plagued with prablems of interpretation. 

Commonly, electrical burn cases are inconsistently listed in hospital 

patient records as "burn victims" without distinguishing electrica/ 

fram thermal in jury. When e/ectrical burns are specifically identified 

in the records, low voltage domestic injuries are often grouped with 

high tension industnal accidents. It is important to remember that 

the range of severity of in jury in electrical trauma is considerable. 

Accident statistics whlch fall to differentiate between high and low 

voltage contact tend to perpetuate controversy surraunding the 

etlology, evolution and management of electricallesions. 

Sanees reports the number of deaths fram electrical in jury in the 

United States at approximately 1500 per year. 47 DeVicenti estimates 

that electrical trauma constitutes 3 per cent of admissions to major 

burn centers.12 

Clinieal case reports, electric utility prevention briefs, and 

accident commission statistics confirm that high tension electrieal 

IInemen sus tain inJury more frequently than persons in other 

occupations, comprislng 50% of reported fatalities. A Canada Manpower 

occupatlonal analysis of power linemen indicates that 75% of thls work 

force handle hlgh voltage conductors in repair, maintenance or 

construction work at least once a day. The Workman's Compensation 

Commission of the Province of Quebec (pop. 6 million) reports 472 
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electrical contact accidents from 1977 to 1981 inclusive. Over this 

period, 17,731 work days were lost; compensation payments to disabled 

victims exceeded five million dollars. 

ln the home, low voltage burns to the mouths of young children 

may result in severe scar contractures and tragic oral deformlties. 

The U.S. Consumer Product Safety Commission estimates 4000 extension 

and appliance cord injuries each year whlch are senous enough to 

require hospital emergency room treatment. In addition, Injury to 

children from high tension power sources is depressingly frequent. 

Young boys between the ages of 9 and 16 may contact high tension lines 

while climbing trees or utility poles. The result is often 

amputations and permanent disabihty. 

Accurate epidemiological studles are reouired to identify the 

major at-risk groups and to provlde for comprehensive preventive 

education programs. 
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PATHOPHYSIOLOGY 

ln a 1913 lectures series on the "spectacular science" of 

electricity, Jex-Blake summarized research on the pathophysiology of 

electrical in jury: "the old principle of explaining obscurium per 

obscunus dies very hard".27 With fewexceptions, contemporary 

studies on the fundamental mechanisms of current passage through 

tissue have confirmed Jex-Blake's dictum. 

Since the 1920's the mechanism of in jury in electrical contact 

has been the subJect of controversy. The theory of specific 

electrical effect, first proposed by Jellinek26 suggests . 
physlologlcal alterations at the celiular level due to the effects of 

electnc current acting ln an electrolyte medium, thereby potentially 

creating Irreversible ionlc changes. It is more commonly believed that 

the etlologlcal agent in electrical in jury is, at least, pnmarily, a 

thermal effect. According to Joule's Law heat is generated when 

current flows through a reslstive path, the amount of heat 

proportlonal to the square of the current and the combined resistances 

along the path (12R). The nature of this transformation tram 

electncal energy to thermal energy and its consequent effect on 

tissue damage requlres a discussion of physical and physiological 

parameters. 

From the Instant of electrical contact thraugh to the final 

demarcatlon of the electricallesion, physical and physiological 

processes are in operation which to date are undefined. No adequate 
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mechanisms have been proposed to fully account for how the specifie 

properties of tissue affect current flow; how current intensity 

generates heat in tissue; and how the subsequent rise in temperature 

results in tissue necrosis. 

ln contact with an energized conductor, skin serves as an 

insulator, impeding the flow of current. The barrier represented by 

skin resistance is dependent upon several variables: the physical 

state of the skin - dry, wet, sweaty or traumatized; the contact 

surface of the conductor - area, shape and composItion; magnitude and 

frequency of the voltags 3pplied; and the dir9ction of the passage of 

current. The amount of current generated within the biological 

conductor is therefore dependent on alterations in skin resistance. 

Upon application of 250 V AC through electrodes attached to the fore 

and hind limb of the rat, Hunt noted an inItiai slow rise in amperage 

and correlated this with a progressive decrease in skin resistance. 

ln the second phase, current values rose sharply, representing 

complete skin resistance breakdown and free current flow through 

internai tissues. In the final stage, current values reached a peak 

and abruptly fell to zero as the current arced, carbonizing tissue 

over the electrode-skin interface and breaking contact 

Despite the several variables which may alter pre-trial values for 

resistance in expenmental models, the critical point Hunt makes is 

that the resistance of skin is changlng as current flows.21 Unl/ke 

pure ohmic conductors (metals), where resistance is Independent of 

amperage, the values for skln resistance are shiftlng, transforming it 
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alternately fram insulator to conductor and back again. The capacity 

of the skln as an insulator affects the distribution and density of 

current flow, and hence, the seve rit y of the in jury. 

Upon penetration of the skin, the resistance which internai body 

tissup,s offer to current flow varies. In order of increasing 

magnitude, different resistance is affered by nerve, blood, muscle, 

skin, tendon, and bonE'. There is some debate concerning the 

importance of different internai tissue resistances in the 

distribution of current, the generatlon of heat, and the ultimate 

severity of tissue damage. 

Weeks and Alexander applied 40 ma AC directly to various tissues 

ln the cat through a clamp transformer.57 They found that electric 

current dld not follow the path of least resistance, but passed 

through the body as though it were passing through a structureless 

gel, always taking the shortest path from contact ta contact without 

deflection by anatomical land marks. 

ln a model more closely approximating accident conditions, Sances 

applied voltage externally across the hind limbs of hogs and measured 

current denslty wlth sensitive probes inserted into muscle, fat, and 

bone.48 ln applications up to 415 V Sances observed that current 

densitles were approximately inversely proportional to the 

reslstivltles of internai tissues. Relative tissue resistivity 

however, IS not the most critical factor in tissue temperature rise. 

Sances notes that bone passes httle current due ta its high 

reslstivlty. and blood vessels and nerves carry a relatively small 
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percentage of total current owing to their minimal cross-sectional 

diameter. Sance s' work has served to expand the Cl1rrent distribution 

argument. As relatively good conductors, nerves and blood vessels 

convey more current per unit area, although the greatest percentage of 

current will be carried through the large cross-sectional diameter 

represented by muscle, fat, skin, and tendon. Those who hold that the 

internai milieu of the animal body acts as a single uniform resistance 

during current flow have been disproved at least, theoretlcally from a 

practical standpoint, this paradigm may be inoperative at higher 

voltage levels. 

ln both low and high voltage contact the amount of heat generated 

in tissue is a function of the voltage drop and the current flow per 

unit of cross-sectional diameter. While these two principles -

specifie resistance and current density - govern the ultimate extent 

of tissue damage, their role and relative importance may be determined 

by magnitude of the applied voltage. 

Sances measured current density in various tissues, applying up 

to 415 V to hogs, and observed preferential current pathways along the 

lines of least tissue resistance.48 

Laberge et al on hlstological examlnatlon of swrne tlSSUA 

irnmediately post-shock (500 V) observed endothelial damage distant 

from the burn lesion in areas of normal surrounding tissue 30 

It appears that for low voltage contact, current dissipates alang the 

path of least resistance. In these cases, the intenslty of the 

current, the specific conductivity of the tissues involved and the 
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cross-sectional diameter of the conductor will be critical factors. 

The path of the current accounts for selective damage to nerves and 

the vascular network. The concept of cross-sectional diameter 

accounts for the frequency of severe in jury to the extremeties and the 

rarity of major in jury to the trunk, even in high tension contact. 

Henriques and Moritz demonstrated an inverse relationship between 

duratlon of contact and temperature. 17 Thermal injury to skin was 

produced with constant surface temperatures of 51 0C for approximately 

2 minutes, 550 C for 20 sec, and 60lie for 3 seconds. Hunt recorded 

tissue temperatures proximal and distal to contact sites in the rat. 

He found that tissue temperature adjacent to the contact always 

exceeded 600 C (range 60-950 C) and was associated with deep muscle 

damage in the rat model.21 

Sances inserted O.4mm glass bead thermistors into swine for 

temperature measurements of peroneus tertius muscle, subdermal fat, 

and marrow of the tibia.48 He suggests that vascular and nerve 

alterations probably commence at approximately 450C. He concludes 

with a modification (..;f Joule's Law, stating that the tissue 

temperature rise is proportional to the square of the current flowing 

in each of the tissue compartments multiplied by the resistivity times 

the cross-sectlonal area multiplied by the time of current 

application. Whlle tllis may be a complex formula for heat, as an 

answer for the pathophysiology of electrical in jury, it accounts for 

most chnlcalobservations. 
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A major high-voltage electrical burn is one of the mast 

devastating injuries for both the patient and the plastic surgeon. The 

initial sense of hopelessness is confirmed by early amputations, 

repeated sequential debridements, and an extended rehabllitation. ,A.t 

the center of the surgeon's uncertainty lies the dilemma of progressive 

necrosis - a widely accepted though poorly defined hypothesis. 

Progressive necrasis implies an ongoing inexplicable death of tissue 

within an electrically injured extremity. In many cases, the plastic 

surgeon may amputate a mummified hand, debride the forearm to viable 

tissue, and return 48 hours later to flnd the forearm necrotic and an 

above elbow amputation a necessity. Often, this sequential debridement 

will be prolonged over several weeks and further compounded by chronic 

infection. This cycle of contlnuing compromlsed vlability can only be 

broken by acquiring a greater understanding of the pathophysiology of 

electrical in jury. As noted by Muir37, this obscure phenomenon must be 

elucidated before significant advances are possible in wound 

management: 

It would Indeecl be no exaggeratlon to say that the 
gloomy prospect of progressive necrosis overshadows 
the whole approach to the management of these 
Injunes, and that a better understanding of thls 
phenomenon IS urgently needed What IS the nature 
of thls phenomenon? The answer has certalnly not 
been found ln the laboratory. 

20 

I.F.K MUir 
The Treatment of ElectncallnJurres 
Liverpool, England, 1957 



ln the Microsurgery Laboratories at the Royal Victoria Hospital, a 

multidisciplinary research team has attempted to determine the nature 

of progressive nec rosIs in order to validate its existence or discard 

this poorly understood myth. The methods of energy delivery and data 

collection have adopted a new approach to energy administration, 

instrumentation, and computer-controlled data acquisition and analysis 

(Fig. 1-3). 
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Fig. 1 Fully isolatecl experirnental high voltage test area. Computer 
élctivéltect breakers control energy source generated by custom 
macle ciry-type and distribution step-up transformers. 
Measlil ing instrumentation linked to multichannel fiberoptic 
r play system 
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Fig. 2 Data acquisition ane! control mea Z-80 basee! single bomd 
computer with 64 J<bytes of RAM anel clouble-clellsity floppy disk 
dnves with combinee! storage capacity of 2 'l Mbytes. 16 
channel/\jD converter with 8 or 12 bit resolution. 25G 
Kbyte buffer melllory carel or Rf\M chsk 
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The power source consists of a pair of transformers located 
in a fully Isolated test area, with discrete voltage settings 
of 0.5, 1,2,6, 12, and 24 kV, together with control 
hardware. A computer-activated contactor (600 VAC bipolar, 
270 amp capacity) controls power ta the test abject. Breaker 
switches in the control area energize a custom made dry type 
transformer (600 VAC primary and 4500 VAC secondaries rated 
at 60 A each) Each secondary feeds through a pair of 14 ohm 
resistors ln parallel Connections fram the reslstors are 
made to a patch panel whlch allows parallel or series 
connectlon of the wlndlng to obtain the deslred voltage 
configuration. ~he output voltage and current of the dry 
transformer are measured respectively by a megohm voltage 
dlvlder and by a 1 mV / A current shunt. Signais fram those 
devlces are dlrected to tlle data system The output voltage 
ancl current are l11ultlplled by a distribution step-up 
transformer by a factor of 12 or 24 according to position of 
a sWltch on the unit Wltll tllese ratios, voltages of 6, 12, 
and 24 kV can be generated uSlng tlle dry-type transformer as 
tlle supply for tlle pnmary 



- THE CHOICE OF AN ANIMAL MODEl 

The choice of an experimental animal model was critical for high 

voltage electrical burns as minor variations in model design may result 

in major variations in thp. pati:ern of in jury As weil, a model was 

needed which would allow easy and unobstructed access to evaluatlons 

for a considerable period post inJury. Sin ce a truly chnically 

applicable uchronic" model did not exist in the literature, our Initiai 

efforts were directed towards devoloping such a model. 

Tradltionally, ln generating a wound for study, Investigators have 

delivered a designated voltage through electrodes afflxed to the 

anatomical areas under study This approach IS dictated by Ohm's Law 

which states the relatlonship of voltage to current as V = lA (where 

V = voltage, 1 = current, A = resistance). At constant temperature, ail 

metals and semiconductors pass a steady current when a constant voltage 

or electric field is applied to them. Such matenals are said to obey 

Ohm's Law. While physicallaws pertaming to current passage do not 

al ways seem ope rat ive in blological environments, stnctly speaklng, 

tissue has specific physical properties that obey these laws It IS 

the number of variables acting in conJunction whlch render measurements 

in situ difficult to obtain and Interpret. In tissue, the reslstance 

of each separate component IS different and variable - changlng with 

temperature as current flows. Thus, the actual current dellvered to 

the model is unknown and the wound IS not reproduclble These 

conditions have been responslble for undermln.ng the quantitative 
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results of past investigations. 

Hunt's 1976 study of pathophysiology was conducted in the rat 

model at low voltage.21 He cited electrode contact as an important 

variable for the severity of damage produced. Yet from the wide range 

of temperatures recorded (60-950 C), we may conclude that the tiny 

(3/811
) electrodes taped to the bony rat Iimb provided variable contact. 

Of note, Hunt himself concluded that the recorded tissue temperatures 

'may represent only a fraction of those occurring in human electric 

injuries' Hunt's gross, mlcroscopic and angiographic observations of 

the rat hind 11mb revealed no evidence of 'progressive or de novo' 

mu~cle necrosis. He conceded that his findings 'may be attributed to 

the use of low voltage ln a small animai'. 

ln contrast, the pig's thick, rigidly adherent, and 

well-vascularized skln has physlologic and anatomic similarities to man 

and has been the preferred experimental model for localized burn 

leslons However, measurements of physical parameters, especially 

temperature, must be considered in the context of the slgnificant 

volume expansion of the pig upper thigh. If the animallimb is 

perceived as a volume conductor, the amount of heat produced per unit 

volume of tlsC!ue - the current density - will be a function of the 

cross-sect!onal dlameter of the limb The conf.equent reduction of 

current denslty ln the thlgh region and acroS'3 the trunk will affect 

ail rneasured physlcal parameters to an extent proportion al to the 

'flanng' of the upper hlndltmb. Thus, similanty of anatomy and a 

reproduclble energy source are critlcal factors in deriving an 
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- experimental burn model which will be clinically relevant. 

ln c0ntrast to delivery systems utilizing a voltage standard, the 

computer-controlled administration system used in our studies is based 

on energy. The computer is programmed to sam pie and compute values for 

voltage (V), current (1) and tlme (t). At the preselected value for 

energy (E = Vit) expressed in kilojoules, the computer deactivates the 

breaker stopping current flow. The three critical variables may be 

programmed separately or in combination. Thus, physlcal parameters 

directly governing wound severity are precisely controlled, and a 

standard, electrical in jury model can be consistently reproduced. 

Sixteen Input ch~nnels to the computer permit the use of a wide variety 

of surgically implanted computer-compatible instrumentation 

(thermistors, current sensors, potentlal probes). ThiS allows precise 

temporal and dynamlc information on physical parameters (voltage, 

temperature, current) as current flows. At high voltage, Implantation 

of instrumentation into electrically-active biological systems poses 

problems of isolation end insulation. To isolate surgically implanted 

instruments (measuring kilovolts) fram the computer circuitry 

(operating in millivolts). a 16 channel flber optic relay system was 

designed. With an effective resistance in the million ohm range, 

accuré:l.cy, safety and reliability were ensured. 

The pnmary charactenstlc of hlgh voltage electrical inJury IS 

massive soft tissue damage to the extremities InJury to the hands and 

arms occurs in 75% of cllnlcal cases. The pnmate upper extremity, due 

to its anatomical similanty to man, represents the ultimate 
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experimental model. The grasping hand, glabrous palmar skin, thin bony 

wrist, and proximal forearm musculature ail contribute ta a comparable 

clinical model. The size of the limb and its relative composite tissue 

volumes allow valuable translation of experimental data to the clinical 

situation. 
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CHRONIC ELECTRICAL INJURY MODEL 

A chronic bilateral upper extremity electrical burn model was 

developed in the African Green monkey (Cerocopitheus aethiops). It 

consists of three stages: 1) a partial decerebration procedure to 

eliminate ail pain perception, 2) 24 hours later, a standardized hand 

to hand electrical in jury of 40 kilojoules and 3) follow-up 

observation for eight to ten days post electrical in jury . 

CRANIOTOMY AND PARTIAL DECEREBRA TION 

The animais were sedated with an int(amuscular injection of a 

ketamine!xylazine (70 mg ketamine/6 mg xylazine) solution 

preoperatively. Qperatlve anesthesia was maintained with intravflnous 

pentobarbital. The animal received an intramuscular injection of 

50,000 U penicillin Gand 125 mg dihydrostreptomycin base (veterinary 

preparation) and 50 mg Netilmlcin preoperatively and every twelve 

hours for the first 48 hours. Preparation for the procedure included 

the following: insertion of venous and arterial catheters via 

cutdowns, continuous electrocardiographic and rectal temperature 

recording, endotracheal intubation with assisted ventilation, 

insertion of a nasogastric feeding tube, and urinary bladder catheter. 

The head of the animal was positioned in a stereotaxie frame. Under 

sterile conditions, bilateral eranlotomies were created. USlng 

standard neurosurgical technique, the cerebrum was removed with 

suction. Ali cortical regions responslble for the processing and 
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interpretation of pain were removed. These areas include the entire 

parietal lobe, the insular and retroinsular cortex, upper temporal 

lobes and most of the frontal and occipital lobes. The midbrain was 

left intact Following hemostasis wlth bipolar cautery, the cranium 

and skln were closed. Postoperative management involved hourly fluid 

management, assisted ventilation and continuous pentobarbital drip (30 

mgjhr) for seizure prophylaxis. 

ELECTRICAL INJURY 

Twenty four hours post decerebration, the animal received a 

bilateral upper extremity electrical in jury . Copper rod electrodes 

coated vvith electroconductive jelly were secured in both palms ard 

fastened to high tension cables with alligator clips. A 40 kilojouk:, 

standardized electrical in jury was then deli'.'ered with an average 

voltage of 3550 volts, current of 4.2 am peres and duration of 2.5 

seconds. Arcing was not observed dunng the delivery of electrical 

energy. Electricallnjunes of 20 to 96 kilojoules were produced 

dunng the acute pathophysiology phase of ~his project and the 

resultlng patterns of InJury evaluated. A 40 kilojoule in jury was 

chosen as the standard for the chronic portion of the study because it 

provided a hlgh ener\:ly InJury with an interface between viable and 

nonviabie tissue ln both the forearm and arm (Fig. 4). 

Four hours following the electncal burn, bilateral fasciotomies were 

performed. An IncIsion extending through the faSCia was made trom the 

carpal tunnel along the volar forearm and medial arm to the axilla, 
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decompressing the volar muscles in the forearm as weil as the anterior 

and posterior compartments of the upper arm. Twenty four hours post 

electrical in jury, the animal was extubated and daily intragastric 

infusions of Ensure were begun, providing 350to 400 kcal/day. Fort Y 

eight hours post injury the pentobarbital drip was stopped. The 

animais remained stable until the eighth to tenth day with no 

pharmacologie intervention required (Fig. 5). However, when 

experimental protocol required an invasive procedure (cutaneous or 

muscle biopsy), an intravenous injection of pentobarbitol insured the 

elimination of spinal reflexes. 

EXPERIMENTATION PERIOD 

Experimentation of the electrical wound began at or before the 

time of in jury and continued up to 10 days. Depending on the type of 

investigation in progress, the wounds were evaluation at specified 

times using varied techniques and redressed in a sterile fashion. On 

the final day of evaluation, extensive and detailed bilateral upper 

extremity dissections were completed and the extent of in jury to 

individual muscles and muscle groups recorded on templates. 
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Fig. 5 Animal positioning and monitoring equipment used for the 
chronic electrical in jury model. 
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EXPERIMENTAL STUDIES 
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METHODS AND MATERIALS 

Our experimental evaluation can be divided Into 6 separats 

sections: 1) pilot studies, 2) gross observation, 3) light microscopy, 

4) digital subtraction angiography, 5) temperature recordings and 6) 

electrophysiologic nerve conduction studies. A total of 38 animais were 

utilized, each we!ghlng 5.2 to 6.0 kg. Seven animais were used ln the 

pilot studies and provided the following information. 1) deve~opment 

of a reliable decerebration procedure, 2) establishment and 

management of numerous monitonng techniques, 3) detailed dissections 

of normal upper extremities ta clearly deflne pertinent anatomical 

relationships, 4) design of life-size skin and indivldual muscle 

templates for assessing inJury patterns, and 5) evolutlon of a 

management protocol to insure survival of the animal to the tenth day 

post in jury . 

GROUP 1. GROSS OBSERVATION 

General characteristics of skin, muscle and neurovascular injury 

were evaluated in 6 animais bilaterally over an eight day period. 

Prior to fasciotomy, the patterns of skin in jury were recorded on 

individuahzed upper extremlty templates. Selected muscles were 

examined for gross appearance, coler, bleeding when stabbed with a #11 

scalpel blade, and response to plnchlng wlth forceps and stimulation 

with a nerve stimulator (2 mv) These parameters 'l'Jere selected as they 

are used by cllniclans intraoperatlvely to assess vlablilty and to 

30 



, , 

estimate the extent of debridement required. Specific muscles for 

evaluatlon were chosen by slze and anatomic location. They included 

the flexor carpi ulnaris (FeU), flexor digitorum superficialis (FDS~, 

tlexor carpi radiahs (FCR), biceps, (BIC), and medial head of triceps 

(TRIC) The pattern of Injury ta these muscles was recorded on 

indlvlduahzed templates. Following Injection of fluoroscein dye 

(500 mg), patterns of skln and muscle perfusion were recorded under 

Wood's lamp Ilium/nation and marked wlth sutures. Antiseptic tulle 

gras dress/ng (chlorhexidine acetate) was applied and covered with 

sterile Kling dresslng. On the e/ghth day, detailed upper extremity 

dissections were completed bilateral/y. The extent of in jury to each 

of the 15 flexor and extensor muscles of both the forearm and arm was 

evaluated both longltudinally and on seriai cross sectiomng and 

recorded on IndiYldual tE:mplates (Fig 6 through 9). The patency of 

the major vessels was noted as weil as the gross appearance of the 

medlan, ulnar and radial nerves. 

GROUP Il: lIGHT MICROSCOPY 

ln 3 animais, tissues were harvested bllateraly preburn and 

postburn at 4 hours and every 2 days until the elghth post burn day. 

Biopsy sites were based on a "Iine of demarcationll (hereinafter LOD) 

between grossly v/able and nonviable tissue, as established 

Immed/ately post burn. In each an/mal, 12 skln biopsies were 

harvested bilateral/y. A total of 20 muscle samples were taken 

bllaterally tram the tlve selected muscles, 2 cm above and below the 
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individualized line of demarcation between viable and nonviable 

muscle. Tissues were processed ln the standard histological fashion 

and stained with hemotoxyhn and eosin. Histological sarnples were 

harvested at the tlme of final evaluatlon trom over 20 animais with 

over 1,100 light microscope slides assessed. 

GROUP III: ANGIOGRAPHY 

Digital subtraction angiography was used to identify 

charactenstic vascular les ions of the acute electrical in jury and to 

docurnentthelr evolution through the 10th day post in jury. Selective 

bilateral upper extremity digital subtraction angiograms were 

completed for pilot and expenmental studles ln 10 animais. Ali 

studies were completed uSlng Omnipaque contrast media and standard 

angiographlc techniques. Selective cathetenzation of the aXlliary or 

brachial arteries was achieved at each time interval through an 

indwelling 5 French Cordis catheter placed in the femoral artery prior 

to electrical in jury. In these primates, the brachial artery 

bifurcates into the ulnar and radial arteries 3 to 5 cm proximal to 

the medlal epicondyle of the humerus. Wlth this exception, the 

arterial branching within the forearm and arm was sirnilar to the 

human extremity. 

Followlng pilot studles, one group of 4 animais had basehne 

upper extrenllty anglograms cornpleted three days prior to electrical 

in jury and agaln at 6 hours, then at 2, 6, and 10 days post InJury 

Gross observations (muscle colour, stimulation, and bleedlng) of the 
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burn at 2 day intervals confirmed the findings of the group 1 animais 

and allowed seriai eomparisons of gross pathology with angiographie 

findings. On the tenth postburn day, detailed upper extremity 

dissections were completed bllaterally. Gross patterns of vaseular 

in jury were determined and eorrelated to muscle and skin pathology. 

ln ail studies, the brachial, radial and ulnar arteries were then 

harvested for light microscopie study. 

GROUP IV. TEMPERATURE RECORDING 

Paramount to our studles was to determine whether the primary 

injury caused by the flow of electrical current through biologie 

tissues was thermal in etiology. Data from previous investigations on 

the primate model was examlned and served as a guideline for the 

cntieal placement of the temperature probes within the arm and 

forearm. 

ln SIX animais, unilateral temperature recordings were performed 

using specially designed thermistor probes. A thermistor contains a 

semicondutor ln whleh a slight temperature change causes a pronouneed 

change ln electncal reslstance. The YS1 530 thermistor selected for 

these studies is encapsulated ln a thin flexible teflon tubing. The 

probe measured 1 04 mm in diameter and can be inserted into tissue 

through a No. 14 Jelco catheter. The exposed thermistor tlp has a 

response tlme of 0 1 second with an aceuraey of ± 10 C in the critical 

temperature range of 370e to 800 e. Temperature probes were tunnelled 

Into superflclal areas of muscles through the bore of a No. 14 gauge 
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needle. Seven temperature probes were placed in the upper extremity 

for each experiment (Fig. 10). Representative muscles were chosen for 

each study, as the number of probes was limited. In the flexor carpi 

ulnaris (FeU), four probes were placed at 2 cm intervals trom Its 

insertion on the medial epicondyl of the humerus. One probe was placed 

in the brachioradialis (BR) and another in the FeU, both equidistant 

fram the wnst. These probes were placed to assess temperature rise 

differences between the ulnar and radial aspects of the forearm. 

Finally, two probes were place in the biceps muscle. One probe 

positioned 2 cm below the expected line of demarcation between viable 

and nonviable tissue and one 2 cm above. Probe leads were plugged into 

amplificaton, isolation and transmission systems connected to the 

computer. Temperature recordings were begun prior to electricallnjury 

and restarted immediately after the in jury. Temperatures were recorded 

at 1 second intervals and continued for 15 minutes. The animais 

underwent gross evaluations of in jury dally until the tenth post ln jury 

day. At that time, detailed, bilateral upper extremity dissections 

were pertormed to correlate ultimate tissue survival with the recorded 

temperatures on the day of Initial in jury. 
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Fig. 10 The rigl1t extremlty of the primate with thermistors implanted 
prior to electrical in jury. 



1 - GROUP V: ELECTAOPHYSIOLOGIC NERVE CONDUCTION RECOADINGS 

ln four animais, unilateral sequential ulnar nerve recoi dings 

were completed in the standard fashion beginning 1 hour post injury 

and then at 4, 12 and 24 hours and on days 4 and 10. With the 

stimulating electrode positioned high in the axilla, compound action 

potentials were recorded at approximately 1 cm intervals beginning at 

the mid-arm level and progressing distally until conduction loss was 

documented (Fig. 11). Levais of conduction !oss and conduction 

velocities were determined at each time interval. On the tenth day 

post in jury , the ulnar nerve was harvested for light microscopie 

study. Standard techniques were used for tissue processing and 

staining wl~h hemotoxylin and eosin. In two noninjured animais, 

bilateral ulnar nerve recordings were done at times 0, then at 3, and 

9 hours in order to serve as control recordings. 
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Fig.11 The left extremity of the primate showing setup for 
recordings of ulnar nerve compound action potentials. 



- RESULTS 

GROUP 1: GROSS OBSERVATION 

Twelve extremities were studied in depth beginning preburn and 

continuing daily until the 8th day post in jury . 

SKIN Skin involvement in ail extremities showed a consistent pattern 

immediately following electrical in jury (Fig. 12 and 13). The distal 

extremity was mummified up to the midforearm levaI. Nonperfused skin 

extended proximally along the extensor surface, radial aspect of the 

tlexor forearm, and circumferentially through the cubital tossa. An 

island of perfused skin was seen directly over the forearm flexor 

bellies. The extensor surface of the forearm was severely affected, 

with a viable territory spared in the uppermost ulnar aspect. Axillary 

IIskip"lesions were occasionally seen. The above pattern of cutaneous 

in jury was observed for eight days post in jury with no signlflcant 

local or proximal advancement of the wound margins. 

36 



( Fig. 12 
Normal extremity prier ta 
electncal in jury . 

Cutaneous in jury on flexor 
SUI face, 4 heurs post 
in jury. 

Cutaneous in jury on 
extensor surface, 4 hours 
post IIlJury. 
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EXPERIMENTAL ELECTRICAL INJURY: 

CUTANEOUS INJURY 

( right arm, volar aspect) 

Distal Mummification Circumferential Cubital 

Viable Cutaneous Island 
overlying Forearm Flexor Bellies 

Shaded areas represent 
grossly nonviable skin 

Fossa Necrosis 

LOD on distal arm 

LOD - Line of Demarcation between 
grossly viable and nonviable skin 

Fig. 13 Schematic illustration of cutaneous pattern of inJury on 
right volar surface of upper extrel11lty. 
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MUSCLE A reproducible pattern of muscular damage was found in ail 

animals (Fig. 14 through 16). When first observed following the 

fasciotomy, an obvlous IIne of demarcation (LOD) was apparent between 

nonviable pale muscle and viable pink muscle. Grossly necrotic muscle 

appeared pale brown to tan in colour, did not respond either to pinch 

or to nerve stimulation, and dld not bleed. In contrast, "viable" 

muscle appeared healthy both in colour and texture, and bled weil 

after being stabbed. This pattern corresponded closely to the pattern 

of cutaneous in jury. RadlaJly, significant portions of the FeR and 

the entlre brachloradialls were nonviable in ail instances. Within 

the superflclal flexors, the distal two thirds were necrotlc, the 

central belly grossly viable, but the proximal ongin nonviable. 

Equally, th8 distal 2 to 3 cm biceps and triceps were nonviable 

whereas the remalnder of the arm musculature appeared normal. 

Response to pinch and electrical stimulation was dlfferent in the 

forearm and arm While no response was found ln the forearm, the 

"viable" muscle in the arm responded to bath pinch and electrical 

stimulation up to 1 cm proximal to the LOO. 

Evolution of the wound revealed no advancement of muscle 

necrosls ln both the forearm and arm. In the sixt Y selected muscles 

evaluated ln thls study, there was no eVldence of progressive 

nec rOSIS Necrotlc portions of the extremlty underwent liquefaction 

dunng the post burn penod Dissections of the musculature on the 

8ighth day revealed distinct patterns of InJury when evaluated on 

longitudinal and cross sectlonal templates ln general, Individual 
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Fig 14 
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Clitaneolis (above) anclmuscular (below) IIlJury 4 hours post 
electrical in jury 
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r\lll~Cllldl 1I1JlIIY 8 clays post t:::It:clncdllllJury Above, skln 
rel1lovecl 101 clemons!1 allon of viable and nonvlable muscles 
Bt:luw, FeU, FeR, ami PL lemovecl reveahng necrotlc areas of 
deep musculature 
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Fig. 16 

." 

EXPERIMENTAL ELECTRICAL INJURY: 

MUSCULAR INJURY 

(right arm, volar aspect) 

Shaded area represents 
grossly nonvlable muscle 

Bicepsm. 

Proximal Necrosis 
of Forearm Flexors 

LOD' Line of Demarcation betweengrosaly 
viable and nonvlable muscle 

Schematic illustration of muscular in jury on volar surface of 
the upper extremity 



( 

( 

muscles displayed more extensive in jury on their deep surfaces th an 

was eVldent on thelr superflcial surfaces. In addition, muscles 

found in a more central location near the bone sustained significantly 

more proximal damage (Fig. 17). Collective/y, necrosis of the muscle 

extended beneath weil perfused cutaneous territories ln both the 

forearm and arm Within the larger muscles of the arm, a variant form 

of tissue damage was found. a striking centrally located core of 

grossly abnormal muscle extended within the biceps and long head of 

triceps (Fig 18) This Injured muscle was surrounded 

clrcumferentlally by apparently normal muscle, extended significantly 

more proximal to the li ne of demarcation on its superficial surface. 
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DISTAL 

Fig. 17 

EXPERIMENTAL ELECTRICAL INJURY 

DEEP MUSCLE DAMAGE 

PROXIMAL 

Shaded area represents grossly nonviable tissue 

Illustration of deep muscle in jury. Note how periosseous 
muscle ln jury may extend proximally beneath viable skin. 
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Fig. 18 
ln jury to biceps muscle 8 
clays post in jury. Suture 
clenotes line of 
dernarcation on biceps 
between grossly viable and 
non-viable tissue. 

Diagrarn of biceps in jury 
illustrating hidclen damage 
centrally and in tlle 
periosseous region. 

NOIIl1ê11 ëlnëltomy of the 
lIledial mm 1 egion 

EXPERIMENTAL ELECTRICAL BURNS: 

INJURV TO BICEPS MUSCLE 

Central Core o. Damage 

Periosseous Muscle Necrosis 

_ Shaded aru ,epresents grossI, nonvlabl. muscle 



- GROUP Il: LlGHT MICROSCOPY 

A total of 480 tissue samples were harvested from 6 extremities, 

providing 1120 histological slide~ for revlew. 

SKIN Minimal changes were found in the epidermis and dermis in are as 

appearing grossly normal. The Junction between normal and necrotic 

skin was distinct. As seen microscopically, cutaneous layers of the 

grQssly abnormal skin were undergoing degeneration. Viable skln 

immediately adjacent to these areas showed mi Id edema, minimal ta 

absent cellular infiltration, and Intact skln appendages. 

MUSCLE Histologically, the grossly nonviable muscle underwent an 

intrinsic degeneration with hypercontracted and fragmented 

myofibrillar elements visible at 4 hours post burn. By 48 hours, 

myonuclei were kc:rytotic and undergoing karyolysis. The basal laminae 

were intact and highlighted by shrunken muscle fibers. At 4 days post 

in jury, dissolution of myofibrillar material was demonstrated by the 

structureless, homogeneous granular appearance within cells (Fig. 19). 

Only nuclear remnants remained and were completely absent at 6 days 

post in jury. Vessels in thls area were thrombosed at 4 hours post 

injury and also underwent marked degeneratlve changes during the 

post burn period. No cellular Infiltration was noted due to the lack 

of blood flow to these areas. Extensive necrosls of the nonvlable 

regions prevented further tissue sampllng past 6 days post burn. The 

changes descnbed correspond to flndings ln the proximal and distal 

forearm flexors, as weil as in the distal portions of biceps and 

triceps. 
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Fig. 19 

( Fig 20 
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Muscle trom grossly necrotie areas 4 days post in jury. Note 
sl1runken cells, absence of nuelei, struetureless cytoplasm 
witll intact basallaminae. 

Muscle sample tal\en 4 r:/ays post in jury from areas appearing 
ÇJrossly Ilor mal. Note close proxl/llity of normal and affected 
cells. 



L ln contrast, the grossly viable areas underwent two phases of 

in jury and repair: an initial intrinsic degeneration, followed by a 

later phase of cell-mediated destruction and repair. Affected regions 

of muscle were not uniform and were most severe in an:~as adjacent to 

bone or grossly nonviable muscle. Sections of muscle examined at 

increasing distances from these critical are as revealed progressively 

less tissue damage. At 4 hours post burn, muscle fascicles and cells 

showed an uneven pattern of in jury. Affected cells, in proximlty to 

normal cells, were generally found towards the periphery of the muscle 

fascicle. They were enlarged and pale, with s'Nollen "93icles present 

within the cytoplasm. Moderate inter- and intrafasclcular edema was 

also present at this time. Affected cells had undergone rnarked 

degenerative changes at 4 days post burn (Fig. 20 and 21). Cellular 

infiitration was pronounced, increasing in seve rit y daily until the 

final samples on the eighth day were examined. Macrophages wem found 

within or surrounding necrotic cells. The amount of macrophage 

infiltration was agam not uniform, often with minimal to severe 

cellular replacement noted in adjacent fasclcles (Fig. 22) un the 

final day of evaluatlon, normal cells appeared intermlxed with those 

undergoing cell- mediated destruction. At this time, regHner ative 

changes were also evident with the appearance of myob:él.~,ts !n areas 

adjacent to cells being phagocytosed (Fig. 23), Cros~ SElctioflS of the 

biceps and triceps were examined for eVldence ()f a central core of 

damage. A dramatlc increase in the number of damaged muscle flbers and 
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the amount of cellular infiltrate was noted in these areas. Proximal 

areas of biceps and triceps appeared relatively normal (Fig. 24). 
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Fig. 21 

..... Fig. 22 

Muscle sample trom viable area of FeU taken 2 clays post burn 
Note extensive fascicular damage adjacent to relatively 
undamaged areas. 

Extensive cellular InflltrCltloll III vlClble Illuscle Sélillple trlkr!1l 
at 8 elays post burn from dlstallJlceps alJovp. LOU r,lote Ille 
survlvlng cells III t/lis severely eJamaged area 
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Fig. 23 
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Magnifled view of viable muscle sample taken 8 days post 
1I1jury. Note markecl cellular infiltration centrally 
surrounded by normal cells. Arrow indicates probable 
myoblasts and tllus early evidence of cellular regeneration. 
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Muscle Séllllpip téll~ell Ir 0111 pl oXII11<~1 biceps at 8 days post 
1I1JLllY Note Illlnllllai damage of ce:15 in tl115 area. 



- VESSELS The evaluatlon of the larger vessels from the Group" animais 

was limited to the samples examined from the eighth day followlng 

electricallnJury. Mlcroscoplc analysls of the brachial. radiai and 

ulnar vessels was completed bllaterally ln animais sacnflced preburn 

and at 6 hours, 6 and 10 days following electricallnjury trom the 

ANGIOGRAPHY GROUP III animais Sm aller vessels however, seen at the 

times of muscle biopSies, were examlned serially post burn. 

The radiai, ulnar and antenor interosseous artenes were ail 

thrombosed dlstally to approxlmately the level of demarcation between 

grossly viable and nonviable muscle Grossly thrombosed vessels showed 

an absence of endothellal cells and mtld to moderate cellular swelhng 

and degeneration wlthln the tunlca media (Fig. 25). Smooth muscle 

nuclel showed mlld pyknosls. By the slxth day fol!owlng ln jury , the 

vessel wall had undergone nec rosIs wlth dissolution of nuclel and loss 

of normal architecture ln the vessel wall layers Remnants of the 

internai and external elastlc membranes were eVldent up to the tenth 

day ln an otherwlse necrotlc vessel 

The transition zone between thrombosed and patent vesselln the 

ulnar and radiai artenes revealed marked cellular swelling, 

vacuolizatlon and edema ln the tunlca media An absence of 

endothellalltnlng assoclated wlth polymorphonuclear cell carpetlng 

was eVldent at the transition from affected to normal vessel (Fig 

26). These flndlngs were conslstently present post ln jury wlth a 

marked artentls ln the distal patent vessels on the tenth day 

Flndings wlthln the patent artenes ln the forearm were not unlform A 
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mild to moderate artentls was inconsistently found, being more 

prevalent ln reglons closest to thrombosed vesses. These areas were 

charactenzed by thlckenlng and vacuolization of the tunica media, mild 

cellular Infiltration, thlckenlng of the Internai elastlc lamina and 

loss of Intimai hnlng. They were found segmentally however, with 

normal and abnormal areas seen ln the forearm and cubital fossa region. 

ln the arm above the reglon of distal biceps and triceps necrosis, the 

vessels appeared normal 

The patent ulnar artery showed a peculiar zone of in jury in the 

cubital fossa. For a variable length of 2 to 4 cm, there was a mild to 

moderate artentls charactenzed by loss of endothelium, mild 

Infiltration of PMN's and vacullzatlon ln the media. This in jury site 

corresponded ta the segmentally narrowed areas as seen on angiography. 

The smaller vessels are completely thrombosed in areas of grossly 

necrotlc muscle. In areas of the forearm wlth grossly viable muscle, 

patent artenoles and capillanes are present but in reduced numbers 

and Intermlxed wlth darnaged muscle fascicles. These small vessels show 

a sllght Increase ln denslty wlthln areas of marked cellular 

Infiltration 
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FIg. 25 

Fig. 26 

Longitudinal /l1lcrograpll trom ulnar al lery taken trom 
tllrombotic reglon in tl1e distal forearm Note marlŒd 
degenerallon of tunlca media (lumen al top) 

Longltucllnal Il1lcrograpl1 of Sdll18 ulllélr artt=ry 1I111l18cJlatûly 
proximal to tllrom!)osis ln dl5tal forE:allll r 101(; Il IIlel c.E:Hular 
inflltr dllon of tUlllca media and l(j~s cA 1/11111 lai hnlllQ 
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NERVE As wlth the vasculature, histologlcal assessment was limited to a 

single evaluatlon at 8 days post in jury . Nerves distal to the line of 

demarcatlon between viable and nonvlable muscle were grossly friable 

and necrotlc, and were not assessed microscoplcally. In the forearm, 

marked damage was sustalned ta the radial, median and ulnar nerves. 

Schwann cell degeneratlon was widespread wlth pyknotic nuclear remnants 

Interspersed wlth degeneratlng cellular fragments (Fig 27). Axons were 

also severely darnaged showlng demyelination and degeneration at this 

level The penneurial and eplneunal fasclcular sheaths however 

rernalned Intact Mlld cellular inflltrate was eVldent at this level. 

More proxlmally at the level of the cubital fossa, damage appeared less 

severe wlth the maJonty of axons and mye lin sheaths Intact. As seriai 

sections were exarnlned more proxlmally in the arm, the nerves appeared 

normal ln structure (Fig 28). The nerves appeared normal beginning at 

the mld arrn level 
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Fig. 27 
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Fig 28 
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Cross section of median nerve in distal foreélrm hmvesled 10 
days post ln jury showing extensive degeneréltion and 
architectural disorganization. 

CIOSS sec Ilf)11 of SrI"l" 11l1--l( Il,111 IlPt V/-l Ir f li 11 tlll~ 1111dfor Rnlill Ip /1'1 

reveahng 1ll1l1ÎIl1al ChSluptlOll of lleLHéll structures 



GROUP III: ANGIOGRAPHY 

A total of 20 extremlties were available for this study. Twelve 

extremitles were used for pilot studles ln arder to determine a 

rellable protocol for obtainlng these dlfflcult films conslstently. 

Elght extremltles were used for the chronlc study and provided 

pathologlcal films pre-in jury, at 6 hours, then at 2,6, and 10 days 

post InJury Normal anglograms were avallable from ail 20 extremities 

and revealed a vascular supply ta the arm and forearm which correlated 

weil to that seen in the human upper extremlty 

The flrst pathologlcal anglograms taken at 6 hours post in jury 

demonstrated marked changes and were similar in ail animais. The 

Interface between patent and nonpatent vessel was distinct and related 

closely wlth the Ilne of demarcatlon between Viable and nonviable 

muscle. TIle ulnar and radiai vessels were abruptly thrombosed ln areas 

correspondHlg to grossly nonvlable tissue and demonstrated a 

preoccluslve dilatation Hl most Instances (Fig 29). The ulnar artery 

was patent ln the reglon of the forearm flexor beilles and appeared to 

be thelr dominant blood supply However, the radiai artery was patent 

for only 2 ta 3 cm beyond ItS ongln and was thrombosed ln or Just 

distal to the cubital fossa Large vascular trunks showed segmental 

narrowlng or "beadlng" Nutnent artenes were dramatlcally reduced 

ln number ln the forearm and were present only ln the area of the 

grossly Viable flexor beilles III the arm, the demarcatlon between 

patent and nonpatent nutnent vessels was distinct Proximal to this, 
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the brachial artery, large muscular branches and nutrient arteries 

appeared normal. 

Seriai films taken on days 2, 6 and 10 post electrical in jury 

revealed a slgnlficant increase in the denslty of perfused small 

vessels in the forearm flexor region (Fig. 30). This increased 

vascularity or "blushing" was also apparent along tlle nutrient vessels 

in the distal upper arm. The cutaneous vessels of the torearm 

increased in density slgniflcantly by the elghth day The segmental 

narrowlng ln the cubital fossa region resolved almost completely wlth 

only slight residual narrowlng present by day 10 (Fig. 31) Detalled 

dissections demonstrated a high degree of correlation between the 

gross margins of muscle ln jury and perfused regions as seen on 

angiogram. 
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Senal cligltal subtractlon anglogral1ls taken 4 hours (above) 
and 2 days (below) post burn. Note minimal change in pattern 
of vascular InJury. 
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Fig. 30 
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Angiogram taken 10 days after electrical inJury. Note marked 
increase in small vessel patency adjacent to necrotic areas 
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Enlargemellt of rigt,t cublté,1 fossa 4 hours (above) and 10 
clays (below) after IIlJLII v Note the slgnlflcant luminal 
narrowlng of the proximal ulnar artery Immedlately post 
ln jury. Serrai films reveal a dramatic resolution of 
artenal spasm as evidenced by normal patency on the tenth 
day. 



-1 - GROUP IV: TEMPERATURE RECORDING 

The tempe rature recordings for the 6 extremities used in this 

experiment are !)hown in Table 1 and Figure 32. Four signiflcant 

findings were found in this experiment. Firstly, the temperature 

elavations in an individual muscle (Le. FCU) do not necessarily 

decrease from distel to proximal. Previous temperature studies revealea 

temperatures at the wnst in excess of 1000C and were not repeated due 

ta frequent destruction of the thermistors from the high temperatures. 

ln this study, temperatures in FCU w(:~e low in the central aspect and 

higher at its insertion onto the humerus. Therefore, the tempe rature 

pattern in the forearm muscle(s) appears to be iligh distally and 

proximally, with lower, more biologic temperatures in the cantal, 

viable portion of the muscle. Secondly, temperatures taken at equal 

distances from the wrist on opposite sides of the forearm revealed 

entirely different findings. In the brachioradialis, the hlgh-Iow-high 

pattern of in jury does not exist. At the midpoint of the forearm, 

significantly higher temperatures were found on the radial aspect of 

the forearm as compared to the ulnar side. In ail cases, the BR was 

campletely nonviable as assessed on the day of injury and at the time 

of final evaluation. Thirdly, the cubital fossa, which repeatedly 

sustained significant in jury , was fOl.lnd to have elevated tempe ratures 

measured tram probes in the forearm flexor Insertion (FeU) and distal 

biceps. As no arcing was observea ln our studies, the reasons for these 

temperature elevations appear to contradlct the present-day 

understanding of "skip" lesions. And finally, the biceps muscle was 
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found to have significantly higher temperatures in its distal, 

nonviable portion than in the viable portion, only 2 cm proximal to the 

line of demarcation. Ali temperature values decreased to baseline at 15 

minutes post in jury. 
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Table L Temperature elevatlono ln the prlm~tf) uppor extremlty 

--;-------- ------------- -- -------------J-- - ----------
FCR FCUa FCUb FCUe 1 FCUd 1 BIC. 1 81Cb 1 

Probe sIte #: 1 2 3 4 5! 6 7 

Experimentai Animai 

GMT1 54 51 46 44 49 53 47 

GMT2 59 '" 42 39 61 64 47 

GMT3 51 43 41 41 52 61 43 

GMT4 61 46 40 39 b4 bB 4ti 

GMT5 52 46 43 -i0 50 51 44 

GMT6 65 '" 47 43 57 66 54 

._---.... - _. -- . . .. _--- -- ------

Mean T oc 57 46 43 41 54 59 47 
------ .- -- - -------------- ---- --- - --- - -- --

... *Bassd on hand·to-hand contact subjecl to 40 KJ (V = 3525, 1 = 4_5, T == 25) 
-.f# 
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EXPERIMENTAL ELECTRICAL INJURY 
TEMPERATURE ELEVATIONS 

Brachioradialis 

Fig. 32 Average temperature values generated in the upper extremity 
(n = 6) 



GROUP V: PERIPHERAL NERVE INJURY 

A total cf 4 extremities were used ln the expenmental group and 4 

in the control group. The InJury ta the ulnar nerve was consistent ln 

ail extremlties The nerve trunk appeared grossly normal throughout 

its length, but by the fourth day a distinct dlfferentlatlon occurred 

at the level of the cubital fossa Distally, the nerve showed gross 

evidence of necrosis, bec,Jmlng fnable and structureless Proxlmally, 

the nerve became edematous fram the tlme of InJury to approxllnately 

four days post If'1Jury Perineural edema and tlbrous thlckenlng was 

eVldent by the tenth post I!1Jury day. Sequentlal ulnar nerve 

recordlngs were completed on the expenmental group of three 

extremltles at tlmes 1, 4, ~ 2 and 24 hlJurs and then on days 4 and 10 

post inJury. The flndings ln ail anllr.als were consistent and revealed 

a complete loss of conduction Just proximal ta cubital fossa The 

level of conduction loss corresponded to the line of demarcatlon 

between nonvlable and viable muscle ln the surroundlng area This 

level of conduction loss did not change ln the post ln jury period and 

was found ta be at the same levels at tlmes 1 hour, 24 hours and 10 

days post ln jury. Average conduction velocltles along the proximal 

nerve trunk were found ta be affected unlformly ln both the 

expenmental and control groups (Table 2 and 3) Average conduction 

veloclties at tlmes 1 hour, 24 hours and 10 days were 63 3 +-.2. 6 mis, 

64.4 ±-9 2 mis and 66 0 .±J 1 2 mis respectlvely These values were not 

signiflcantly dlfferent from each other nor from the average control 

of 645 ±-7.5 mis 
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Table 2' Data from ulnar nerve recordings of experimental group (n = 
4). 

1 IOUI f 10111 12 10UI 2f 10111 ( DU ID ClI 

WWll Wll WI. OJ.W. E.W. wn W&. Wl:'. Wl w.n Wl Wll. Wl 

IIIK1t f3 

Il Il 0.159 0.211 D.m o.m 0.198 0.317 o.m 0.416 0.159 

52 0.222 0.28& 0.170 0.251 0.238 0.397 0.2;1 0.556 

'0 0.270 D.m 0.251 0.302 0.271 0.391 0.391 o.m 0.157 

u o.m o.m o .1l1 0.365 O. )57 0.476 o.m 0.75f D.m 

Il D.m D.m o.m 0.501 0.416 c.m O. Hl 1. DlO D.791 

IIIIlL ft 

15 JI 0.151 O.SSL o.m c. ~ 56 un c.m D.m 1'\ 1"), ~. 2~! un D.m . , .. 
55 o.m o.m 0.416 0.67S o.m D.m o.m 0.551 0.317 O. SI6 0.317 

'1 om O.HI o.m o.m o.m o.m 0.116 D.m un D.m 0,357 

13 0.191 o.m 0.7S1 D.m D.714 o.m D.m D.m D.55\ D.751 0.515 

14 D.m 1.110 un !.lse 0.173 L030 0.151 '.Hl 0.751 D.9~J O. ?lI 

UIBlL n 

3111 O.ll! o.m 0.218 0.516 o.m 0,516 D.m o.m 0.271 D.m D.m 
n o J: 1 Q.m 0.311 o.m D.m om 0,311 U1S DJl1 D.m D.m 
51 D.m c.m U1S G.154 ~.m 3.111 D.m 0.191 0.01 U75 D.m 
&5 D.m un o 7! 1 0.951 o.m U1l C.711 OJ13 0.556 o.m o.m 
H t.m :.: 'l 0.512 l.m D.m 1.110 un l.m o.t 7~ c.m 0.133 

UIIW. TG 

JI D.m 0.516 0.215 o.m 0.317 Q.m 0.218 D.m D.m 0.176 0.215 
H O. Jl7 D.m 0.416 0.7U o.m o.m o.m 0.556 0.311 0.556 o.m 
55 D.m Q.m o.m o.m 0.7H LOlO o.m 0.714 0.137 0.111 0.515 

b1 O. lIb o .!7J 0.711 o.m C .!7l ! .1SQ Q.m 0.194 U\6 UII 0.615 

13 0.111 1 270 Q.m l.m Lm l.m 0.794 l.0l0 O. JS! o.m un 

Note Distance = distance in mm from stimulatlng electrode in 
axJlla ta recordlng electrode along ulnar nerve. 

Onset = tl/ne ln Illsec on onset of compound action potentlal. 

Peak == tlllle Hl fllsec to peak of compound action potentlal. 

0.311 

D.m 
o. '54 
1.070 

~.m 

C. SI! 
c.m 
Ull 
o.m 

D.m 
D.m 
D.m 
0.113 
l.m 

0.516 
o.m 
o "1 
~.1! ) 
l.m 
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Table 3: Data from ulnar nerve recordings of control group (n = 4). 

IlSILII! 3 DOIli , BOUI 

W1!lli. Qlli1 tw. Mill. ml Wll ew.. 
COITiOL 
lA 

CO Il o.m 0.556 0.218 0.516 0.215 o.m 
50 0.317 o.m 0.391 o.m O. Jl7 0.6J5 
'0 0.06 Dm 0.516 0.751 0.116 0.751 
'5 0.711 o.m o.m 0.1ll D.m 0.813 
75 0.794 1.070 0.191 o.m 0.711 0.991 
&5 1.030 1. 230 LOlO 1.1'0 o.m 1.010 
94 1.110 1.350 1.190 1.350 1.010 1.230 
102 Lm 1. S1 0 1.230 1.170 1.230 Lm 

comOL 
lB 

tS 0.278 D.m 0.218 U16 D.m O. ~ 16 
53 0.391 o.m 0.391 0.635 0.391 o.m .' '1 C. Sl6 o.m 0.516 O. Il) ua D.m 
H 0.7 St 0.951 0.151 0.991 O.7ll Ull 
15 0.991 Lm l.m l.m O.9lJ l.m 
'8 1.270 1.m Lm l.m 1.070 l.m 
lOS Lm Lm l.m 1.630 

COITROL 2l 

)) 0.218 o.m 0.178 0.07 o.m 0391 
t2 0.357 o.m 0.351 0.59\ Dm 0.556 
SI 0.176 0.7H 0.07 0.791 0.07 o.m 
62 0.615 0.952 0.6 J5 o.m 0.615 0.791 
73 o.m 1.150 0.791 1.150 0.675 o.m 

comOL 2B 

32 0.278 0.176 0.213 0.06 0.218 o m 
tO 0.357 0.556 0.151 D.m 0.351 o.m 
50 0.416 0.711 0.116 0.791 o.m o m 
63 0.7U o.m USI LOlO c.m UI3 
75 D.m Lm Lm 1.2 JO O. !1J 1 11~ 



DISCUSSION 

CUTANEOUS INJURY 

Patterns of cutaneous inJury following electrical in jury are 

poorly documented ln the Iiterature and are often described simply as 

extensive, clrcumferentlal or full thickness. Clinlcal investigators 

have formulated theones regardlng the patterns of damage seen in the 

skln TYPlcallow voltage electrlcal burns showed an abrupt transition 

fram normal to burned skln, wlth microvesicles ln the epldermis and 

layer separation at the deeper epldermls QUinby et al assessed 

microscopie changes as a cltnlcallndex for pnmary excision in high 

tension eleetncal burns 41 

Tradltlonally, extensive damage seen at the wrist, cubital fossa 

and aXllia has been attnbuted to external hlgh-voltage current 

arclng 8,33 Burke et al speeulated that thln, mOlst skln accounted for 

external arclng leadlng to cutaneous damage as the current eXlts the 

deep structures 7 Sklp les Ions at sites other than a skln crease are 

belteved ta represent thermal ln Jury secondary ta external arcing. 

How8ver • It IS eVldent trom our studies that preferentlal damage ta 

the cubital fossa results trom two factors: 1) ar Increase in current 

denslty through the sillali cross-sectlonal dlameter ot thls region émd 

2) the hlgh reslstanee to flow through the predomlnantly tendinous and 

bony configuration of the cubital fossa It 15 our opinion that the 

leslons found at the wnst and cubital fossa are formed by the same 

mechanlsm and are a thermallnJury produced from the underlying 
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structures and not tne result of arclng. However, lesions found ln 

the axillae are an enigma. In contrast to reproducible patterns of 

injury in the remainder of the forearm, axillary les Ions are 

Infrequent and not unlform. They are charactenstlcally small 

superflclal burns conflned to the skln wlthln the anatomlc confines of 

the aXlliary fossa. Thelr exact location and number cannot be 

predicted. Careful examlnation of the underlylng muscular and 

tendinous structures of the aXllia fall to reveal any damage elther 

grossly or mlcroscopically The reslstance ta current flow through 

the skin may be dlmlnlshed due ta the presence of mOI sture on the 

overlying skin ln thls reglon As a result, small amounts of current 

may pass through smaillocalized areas of opposed skln 

MUSCULAR INJURY 

Patterns of muscular InJury are poorly documented ln both the 

clinical and expenmental ilterature. Luce33 and Mann35 have reported 

more extensive damage to deeper and penosseous muscles wlthln the 

upper extremlty This pattern of InJury IS iii deflned ln the 

expenmental studies completed on rats, rab bits and sWlne However, 

in the 100 expenmental burned extremltles whlch we studied, the 

overall pattern of musclilar InJury was consistent as bath superflclal 

and deep muscles showed more proximal damage on thelr deeper surface 

The resultlng pattern of InJury revealed extensive muscle damage, 

often 6 to 8 cm proximal beneath viable appeanng muscle, resultlng Irl 

a "cone" of injured muscle 
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( Microscopie changes ln skeletal muscle following eleetrieal 

in jury have been descnbed clinlcally by Quinby et al. 41 Areas of 

total muscle necrosls revealed fragmented and dlsrupted myocytes and 

hypereoslnophllic flbers. In areas adjacent to nonviable regions 

viable muscle showed normal myoeytes, while fi bers adjacent to 

necrotlc cells had pyknotlc nuelei. These observations were confirmed 

in our primate model ln areas appeanng nonvlable Immediately after 

the electncal InJury, unlform coagulative-type necrosis was eVldent 

ln association wlth thrombosis of ail vessels. ThiS damage progressed 

ta complete dissolution of Intracellular structures in the absence of 

any cellular Infiltration ThiS pattern of InJury is 

Indlstinguishable from ttlat seen tollowlng a thermallnsult to 

skeletal muscle Temperature elevatlons ln the forearm were 

investlgated ln the prrmatfJ model Average reeorded temperatures as 

shawn ln Figure 32 correlate weil wlth the observed pattern of ln jury. 

ln transltlonal areas, necrotlc muscle fi bers were intermixed wlth 

normal cells The relative denslty of necrotlc tlbers was greatest 

immedlately adjacent to nonvlable zones and progresslvely decreased 

wlth Increaslng distance from the nonvlable areas The greatest 

number of damaged muscle cells were found ln the penphery of the 

Indlvldual fascleles Explanatlons for th,s pattern of inJury are 

uneertaln but the effects of electric currents on membrane structure, 

permeabliity and depolanzatlon would be valuable ta clarify these 

flndlngs 
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- Several investigators postulated that progressive nec rosis of 

tissues occurs but few attnbute it to skeletal muscle. In 1957, Muir 

suggested that bacteriallnfectlon mlght cause progressive necrosls 37 

Wilkinson found patchy areas of myonecrosls and attnbuted it ta 

decreased vasculanty from small vessel thrombosls.59 LewIs conflrmed 

the presence of progressive necrosls in the soft tissues but dld not 

venture a possible etlology. 32 Robson belleved the penosseous muscle 

nec rosis seen followlng hlgh voltage Injuries IS secondary ta the 

delayed release of arachadonic acid metabolites from the periosseous 

musculature 42 The remaimng authors speculated that progressive 

necrosis is due ta a delayed or ongolng vascular thrombosls Our 

experiments did not demonstrate any progressive nec roSIS of the 

skeletal musculature Grossly, the demarcatton between viable and 

nonviable muscle remalned unchanged. Muscle whlch Irlltlally appeared 

viable and bled when stabbed, remalned viable up to the 10th post 

injury day. Light mlcroscopy revealed a vaned amount of cellular 

infiltration surrounding healthy muscle cells ln areas adjacent to 

nonviable reg ions. Frequent sequentlal analysls revealed a consistent 

anatomlcally determlned electncallnjury whose true extent could be 

determined 1I11mediately post ln jury Extensive muscle damage was 

located deep ln the forearm and arm; areas whlch the surgeon would not 

explore at the tlme of routine fasclotomy. 
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VASCULAR INJURY 

Cllnlcal/y, Jaffe et al described the 1055 of vessel endothelium 

and marked damage ta the media of the vessel wall following electrical 

injury.24 The meehanlsm of ln jury to the vascular system is unknown, 

but Skoog and others suggest that vaseular damage is eaused primarily 

by heat and not related speclflcally to eleetricity.50 He stated that 

InJured vessels prompt thrombus formation, resulting in isehemic 

neerosls of surroundlng tissues. Permanent narrowing of vessels due to 

scarring was noted up to 3 months fol/owing Injury Ponten has shown 

eVldence of artentls and aneurysmal formation in a detailed case 

report of upper extremlty eleetncallnjury.40 Baxter reported that 

progressive vascular necroSls may oecur up to 8 to 10 days following 

the InJtlallnJury, leadlng ln sorne cases to delaycd haemorrhage.4 

ln the expenmental rat model, Hunt found Immediate vascular 

occlusion ln the hlndllmb vessels correspondlng to cutémeous and 

museular InJury 21 No eVldence of progressive vascular occlusion was 

Identlfled USlng the same model, Buchanan et al reported simllar 

flndlngs of unmedlate vascular thrombosls up to the level of limb 

destruction and no progression for 90 days post burn elinlcally.6 

Hunt and other Investlgators have descnbed several angiographie 

patterns complete vascular occlUSion assoeiated with massive tissue 

necrosls, artenal 'prunlng', 'sklp' areas, 'beading', decreased 

nutnent"vessels, and partial vascular occluslon.20,21 

ln our studles, seriai digital subtractlon anglograms revealed 

charactenstlc leslons ln the upper extremlty electncal burn model' 

54 



- 1) thrombosis of the major vessels in the forearm at levels 

corresponding to obvious muscle damage, 2) a marked decrease in the 

density of small nutrient vessels ln the forearm, 3) a segmental 

narrowing of vascular trunks ln the cubltalltossa, and 4) loss of 

nutrient vessels at the level of nec rosis in the distal biceps and 

triceps. Careful evaluatlon of senal angiograms over a ten day period 

revealed little change in this pattern of inJury. Areas of segmental 

narrowing resolved in many areas although not in ail. These persistent 

areas of vascular narrowing may be critlcal are as of concern for the 

clinician. With microscoplc eVldence of arteritis in these areas even 

at day 10 post ln jury, they may serve as the nldus for late 

thromboses. However, thls was not observed ln our model, leadlng us to 

speculate tl"lat late vascular occlUSion is assoclated wlth a secondary 

initiating event, such as decussation from debridement or infection. 

Of great significance was the relation between the level of vascular 

occlusion, and the surrounding muscle damage The ulnar artery was 

consistently patent to the level of deep muscle InJury ln the distal 

forearm. However, extensive muscle damage was found more proximally 

within the forearm, ln the cubital fossa and up ta the mld-arm level 

This difference ln the level of inJury between skeletal muscle and 

vessels was represented by distances of approxlmatlsly 10 to 12 cm 

Thus, it IS important to differentlate between occluslor, of the major 

vessels, and pruning of the nutnent artery, the latter bBlng a more 

accurate mdlcator of muscle damage These flndlngs contradlct those 

of prevlous Investlgatcrs who state that the most proximal damage IS 
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found in the vascular and peripheral nervous system. 

PERIPHERAL NERVE INJURY 

Pioneering experimentatlon of electrical damage to peripheral 

nerves was conducted by Ugland on sciatic nerve preparations in 

cats 56 Low voltage studles indicated that changes in nerve function 

were revers/ble to a great extent and changes observed were most 

likely caused by direct neuronal damage induced by the current itself. 

ln cllnlcal publications, Ugland stated that persistent loss of nerve 

functlon was a characteristlc of hlgh voltage InJunes, with damage 

belng pnmanly frem the thermal effects of current passage. 

Subsequent flbrosis and scar formation resulted in only a partial 

return of protectlve sensation. As noted by Skoog, partial recovery 

was often noted, but permanent damage was most common.50 

Etiologlcal/y, some investigators felt nerve damage is caused by a 

pure electrical effect related to the passage of electncity through 

a hlghly iorllc medlum.14 

From our experimental investigations. several findings are 

notable Flrst, there was a complete loss of conduction distal ta the 

cubital fossa whlch did not show any evidence of recovery by the tentll 

post burn day. Its location was adjacellt to muscle regions where 

ternperatur~s of over 60 oC were recorded. One may postulate that the 

nerve had sustalned a thermal inJury at th,s level and that recovery 

of conduction ab",ty was Impossible. Second, the dernélrcation between 

the non-conductlve and conductlve are as was distinct without evidence 
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- of a transition zone. Third, the level of conduction loss within the 

proximal nerve did not progress over the ten days post in jury . No 

previous mention of progressive nec rosis in the peripheral nervous 

system has been made in the literature and our data suggest that none 

occurs. 

The level of injury within the nerve and its relation ta the 

surrounding structures is important. Nerve conduction Studl8S show 

that the ulnar nerve is functlonal ta the level of the demarcation 

between viable and nonviable muscle in the distal arm. Deep muscle 

damage to the triceps and biceps appears to extend more proximally. 

although only over a short distance. The ulnar artery IS patent to 

the midforearm level, i.e. 7 to 9 cm distal to the level of nerve 

conduction loss. These findings are agaln in direct contradiction ta 

the literatme which suggests that neurovascular structures are always 

affected at comparable levels. 
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PROGRESSIVE NECROSIS 

The concept of "progressive necrosis" dominates the surgeon's 

treatment of high voltage electrical injuries. The desire to debride 

radically and cover the wound early is tempered by the realitles of 

liquefaction and infection which would follow Inadequate debndement. 

ln hundreds of cases, numerous surgeons have concluded that 

progressive necrosis does indeed occur. Therofore, how do we explain 

our experimental findings which show unequivor.aHy that progressive 

necrosis does not occur? 

ln a typical high-voltage electrical burn, the patient usually 

reaches a major hospital wlthin several hours where resuscitation is 

followed by extensive fasciotomies. On Day 2, a reassessment is done 

in the operating room which often involves amputation of distal 

mummified parts and radical debridement proximally until viable tissue 

is identlfied It is upon return to the operating room at Day 4 that 

the spectre of progressive n~crosls is invanably seen - tissues which 

were obviously viable on Day 2 are now necratic on Day 4. What is the 

explanation? At least five factors are responsible: (1) fasciotomy 

incisions are often limited and do not pass fram carpal tunnel to 

axilla as they should, (2) identification of muscle damage is often a 

gross determination rather than assessment of indlvldual muscles, out 

of tear of inJuring the nutrient vessels and/or motor nerve branches, 

(3) debridement is done from a "top-down" pxposure, (4) damage to the 

deep muscles is often considered equal to that of the superficial 
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muscles, and (5) the methods of assessment are crude subjective 

techniques. At this point, the clinician is surprised that necrosis 

exists more proximally and extends the debridement. In the forearm, 

patent nutrient arteries may be easlly transected which can produce 

ischemic necrosis. Thus, on Day 6, it is evident that an above-elbow 

amputation IS now necessary at the juncture of lower thlrd - middle 

third of the humerus The wound is left open, the surgeon is 

confident that early closure will be possible. However, on Day 8, it 

is eVldent that progressive nec rosis of the muscles has occurred 

again. Further, debndement is th en carned out and infection may 

occur due to contamination, ischemia, and deficient wound coverage. 

With thls typlcal scenano, one is left to conclu de that high voltage 

electncallnjunes are more often characterized by Qrogressive 

awareness and progressive production than by progressive nec rosis. 

Unquestlonably, tissue damage is present immediately at the time of 

ln jury and is of far greater extent than ger.erally accepted or easily 

defined. From the hand to midforearm, the level of mummification is 

obvlous, but the discrepancy between skin and muscle damage is not. 

ln cross-section, there IS far more extensive damage on the deep 

surface of the indlvidLal muscle despite its viable visible 

superficial surface Longltudinally, one often progresses fram 

nonvlable to viable to nonviable portions within the same muscle: Le. 

flexor carpi ulnans. Wlthln the arm, the dilemma 18 even greater. 

After ail, how can a surgeon tell that a bicep or tncep muscle has a 

central core of necrasls when the overlylng skin IS viable and the 
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muscle on its superficial surface appears externally to be normal to 

every subjective criteria available? Histologically, the vessels 

supplying even the forearm flexors are patent and obviously the muscle 

will bleed on debridement. It is only as debridement progresses up 

the arm that the surgeon becomes aware of the original in jury. 

Transection of nutrient arteries, release of toxic mediators or 

secondary infection may lead to additional in jury. Ultimately, we have 

concluded that progressive ilecrosis is not an Inherent component of 

electrical in jury nor sr.ould it dominate surgical management. 
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1. 

CONCLUSIONS 

THE PRIMATE UPPER EXTREMITY ElECTRICAl INJURY MODEl 

HAS BEEN SUCCESSFULL y CREATED 

Although demanding, this model demonstrates many Clf !he 

needed charactenstics of the ideal model for electrical in jury 

studles, i.e. It IS standardized, reliable, reproducible, allows 

easy and accurate data recording and, above ail, has anatomical 

relationshlps identical to those in human extremities allowing 

direct clinical correlation. 

2 PROGRESSIVE NECROSIS OOES NOT OCCUR FOllOWING 

ELECTRICAL INJURY 

Also, It should not play a dominant rolE' in patient 

management. Our Investigation of the effects of electrical in jury 

on a model demonstratlng a high degree of clinical similarity 

uSlng gross observation, light mlcroscopy, temperature, 

anglography and nerve conduction studies have failed to support 

the concept of progressive tissue in jury. 

3 TISSUE INJURY EXTENDS MORE PROXIMAllY ON THE DEEP 

SURFACE OF BOTH INDIVIDUAL MUSCLES AND BETWEEN LAYERS. 

This IS a slgnlflcant finding because this pattern of in jury 

IS consistent and can be predicted with accuracy in the upper 

extremlty. The deep inJury found beneath viable appearing muscle 
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- and skin probably accounts for the "delayed necrosis" mast often 

cited by treating physicians. The etiology of this phenomenol'l may 

be related to the nature of current passage through the anatomie 

structures of the forearm or posslbly due to the slower heat 

dissipation of the poorly conductlve bone located centrally. 

4. PATIERNS OF ELECTRICAL INJURY IN COMPOSITE TISSUES ARE 

ANATOMICALLY DETERMINED. 

For a given energy and site of contact, Identlcal patterns 

of in jury will likely result if the anatomy is the same As the 

amount of energy dehvered is increased, progressively more 

proximal damage will oceur. This pnnciple has allowed us to 

propose and demonstrate a re!lable, reproduclble elactncal injury 

model in the primate. During the acute phase of the project, 

injuries were produced ln separate animais whlle the total anergy 

delivered was varied. Although progressively more extensive 

injuries were produced at higher energles, the Injuries were 

identlcal for each energy level tested. A standard 40 kilojoule 

injury was chosen for the chronlc phase of the proJect. This 

reproducible in jury allowed easy and unobstructed evaluatlon of 

skin, muscle and neurovascular structures and showed a high degree 

of chnical correlation. 
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THERE EXIST IN THE FOREARM SPECIAUZED REGIONS OR 

"CHOKP POINTS 

ln these areas, decreased cross-sectional areas and highly 

resistant tissue composition result ln increased heat production 

and more severe tissue ln jury. The wrist, cubital fossa and 

posslbly the aXllia are examples of such regions. This 

slgniflcant findlng dlrectly contradicts the current literature. 

Conslstently found ln almost ail published descnptions of 

electncallnjuries IS the so called, "skip lesion" whlch authors 

attribute lO external arcing of electrical energy. Examination of 

electromagnetlc theory however casts doubt on this weil accepted 

theory. Two important criteria for external arcing are absent. 

Flrst, for energy to "jump" from the wrist to the elbow, the flow 

of current must encounter and bypass a segment of considerably 

hlgher Impedance The forearm region, with its predominant 

muscular composition, has an Impedance which IS less than the 

wnst and elbow These areas are composed of hlghly r'eslstant 

bone and tendon Second, extremely Iligh energies are required for 

electncal energy to travel extern;::::y (in the order of 2 million 

voltsjm) and these energles are certainly not found with the more 

common Injuries encountered wlth distribution IInes. Arcing of 

current does not occur at sites other than the pOInts of entry 

and eXit 
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- 6. THE PREDOMINANT MECHANISM OF TISSUE INJURY APPEARS 

TO BE THERMAL. 

Although we are unable ta confirm a thermal etiology for the 

entire electrically injured tissue, It appears fram ollr 

temperature recordings that slgnlflcant temperature elevatlons 

consistently occur in reglons destlned to necrose Unknown at 

this time are the direct effects of current passage, toxic 

mediators or infection on ultimate tissue survival 

7. DIAGNOSTIC AlOS ARE INVALUABLE FOR TISSUE ASSESSMENT 

Diagnostic aids, such as angiography and nerve conduction 

studies, are essentlalln the assessment of tissue InJury 

Objective tests, Includlng tissue Impedance have demonstrated the 

ability ta accurately predlct tissue vlabillty ln laboratory 

studiGS and are currently being investigated by other researchers 

in our laboratorres. 
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Despite the continuai Introduction of new techniques ln burn 

care, the fundamental concepts of electrical burn management have 

scarcely changed in fifty years. Then, as now, penodlc evaluation of 

damaged tissue and sequentlal debndement was the chnlcal course 

routinely observed. As early as 1929, Wells recogmzed the unique 

pathological aspects of electrical inJury and accordlngly advocated, 

what was, for the flrst tlme, a radical m3thod of treatment -

immediate resectlon and skln- graftlng.58 Wells however. was also the 

first to emphasize the limitations of th,s approach Where the Ilne 

of derilarcatlon was not sufflclently cleaf, he advised dlscretlon 

Without experimental validation, the concept of early deflnltlve 

coverage was subordinated to the conventlonal medical rellance on 

chnlcal expenence. 

Clinlclans have contlnued over the years to report on the 

advances in techniques that have, ln their expenence, led to adequate 

electrical burn management The fundamental concepts, however, remaln 

unchanged - and baslcally conservatlve 

The central cl/nlcal problem ln electrical InJury 15 the 

devastatlng extent of composite tissue damage The technlcal advances 

in distant transfer of compound tissues for reconstructlve purposes 

has made early deflnltlve coverage of electncal burns an excltlng 

possibility Unfortunately th,s cllnlcal option could not be 

confldently pursued untll expenmental studles deflned the etlology of 

electrrcallnJuryand estabhshed rellable diagnostic methods for 

predictlng the extent of tissue damage. Wlthout an understandlng of 
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( the pathophyslology of electricallnjury based on definitive 

expérimentaI research, the clinlcal promise of reconstructive surgery 

for advances ln burn management, untll now, could not be realized. 

The maJonty of electncallnJunes Involve the upper extremity, often 

leadlng to marked tunctlonalloss or amputation. Concurrent with 

o'1golng expenmentatlon, electrically InJured patients were assessed 

and treatment cllnlcally. Thus, the opportunity eXlsted to correlate 

cllnical flndlngs wlth observations and to modify our management 

protoco!. Our senes was compnsed ot tlve hlgh voltage electrical 

Injunes Involvlng 8 extremitles. Three patients had representatlve 

patterns of lnjury and are dlscussed ln detai!. This paper will attempt 

to answer three cntlcal questions. Is there a predlctable pattern of 

ln jury ln hlgh voltage electncal Injuries of the upper extremity? Does 

progressive nec rosis occur? How should these patients be managed during 

the acute penod? 

CASE NO. 1 

PP, a 42 year old male, contacted a 12,500 volt, 800 A 

transformer whlle painting ln a restncted shed and fell 10 to 15 feet 

trom scaffoldlng On admission to our emergency room, the patient was 

found to Ilave a circumferentlal InJury of the left hand extending 

proxlmally to the mld forearm level (Fig.33). There was a "skip area" 

of skln, overlylng the forearm flexor bellies, and a clrcumferential 

InJury at the cubital fossa The patient had normal sensation above 

the cubital fossa and a palpable brachial pulse. There were small 

67 



-

Fig. 33 (élbove) High voltélçle 1->11-'1,111' .lllllJury WIIIl I1lIJll1lnlflcatloll Il) 

Ile Inldforearln level. Noté 1lE:c1r clrcumferentlal II1Jury at 
cubital tossa "choke pOint" (below) HIÇJh voltage InJury ta 
primate upper extremlty reveahng anatomlcally simllar 
pattern of InJury 



[ 

superficlaillskip" leslons in the left axilla. The other entry jexit 

point was a large area on the nght lateral portion of the 

thoracoabdomlnal wall (Fig 34) Preoperative digital subtraction 

.3nglogram revealed complete occlusion of the ulnar artery in the 

proximal 1/3 of the forearm, while the radial artery thrombosed just 

distal to the cubital fossa There was no blood flow beyond the 

mldforearm level Tetanus prophylaxis and preopel ative antibiotics were 

glven 

The patient was taken ta the operating room and the hand, forearm 

and upper arm were decompressed. The fasciotomy incisions extended up 

to the aXllia (Fig. 35) The hand appeared nonviable and the forearm 

flexor muscles were necrotlc ':>uperflcially to the mldforearm levaI. 

The brachloradlalls appeared nonvlaole ln ItS entlrety. The forearm 

extensors appeared severely damaged as visuahzed through the 

fasclotomy IncIsions along the dorsal forearm. There was evidence of 

InJury to the proximal aspects of the forearm flexors and the distal 

portions of the biceps and tnceps The wounds were dressed in a 

stenle fashion and the patient returned to the Intensive care unit. 

Forty-elght hours followlng in jury, the patient underwent further 

debndement of the left forearm. Obvlously necrotic skeletal muscle was 

removed The superflclal forearm flexors (FOS, FeU, PL, FeR) sustained 

extensive damage up to the mldforearm level as weil as proximally in 

the cubital fossa (Fig 36). Interestlngly, the forearm flexors were 

damaged morc proxlmally on thelr deep surfaces. The brachioradialis was 

nonvlable The deep foreanll flexors (FOP, FPL) were viable only in a 
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Fig. 34 (above) EXit ieslon on the Jateral thoracoabdomen (below) 
This area has been excised full thlckness and skln grafted. 
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Fig. 35 Complete upper extremity fasciotomy similar to that performed 
ln the primate was done to decompress ail muscle groups. 
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Fig. 36 Examination of superficial and deep muscle layers in the 
forearm reveals a similar pattern of injury to that seen in 
the primate The muscle bellies were viable centrally with 
both proximal and distal portions necrotic. 
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small central region. The distal viable margins of FDP corresponded to 

the margin of viability on the deep aspect of the superficial flexors. 

The extent of damage was measurea from the radial styloid and recorded 

on templates of the individual muscle. The ulnar artery was occluded at 

the level of the forearm flexor bellies. The radial artery was 

occluded just distal to the cubital fossa, Le. more proximal th an the 

ulnar artery ln Ule arm, the distal 4 cm of biceps appeared nonviable 

with the deeper aspect of the muscle damaged 4 to 5 cm more proximally 

(Fig. 37). Surprislngly, the brachialis muscle was found to be 

nonvlable on its superficlal aspect corresponding t(l the level of 

in jury on the deep surface of the biceps muscle. The level of in jury 

on the deep SUI face of brachialis was again 4 to 5 cm more proximal 

th an was appreciated superficially, making the proximallevel of in jury 

at the mid-arm level It should be emphasized that this muscle was 

damaged 30 cm proxllllal ta the level of skin in jury and 15 cm proximal 

to the level of arterial thrombosis. The brachial artery appeared 

normal. The majority of the eschar trom the right side of tlle 

thoracoabdomen was debrided. Ali wounds were dressed and the patient 

returned ta the Intensive care unit. 

On the 4th day followlng in jury, the patient underwent definitive 

debndel'lent and wound coverage. Prior to induction of general 

anesthesia, the level of cutaneous sensation was unchanged from 

prevlous evaluatlons The level of cuta:1eous and muscular in jury was 

also found to be unchanged at the mid-arm javel. There was no evidence 

of progreSSive necrosls. Due to the extensive amount of skeletal 
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Fig. 37 Examination of the arm musculature revealed the deeper 
muscles to be injured more proximally. In the ab ove photo, 
the biceps muscle is being retracted to reveal deep muscle 
damage to the brachialis muscle. 
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muscle damage at this level, a mid-arm amputation and primary closure 

was performed. The remaining eschar from the right si de was debrided 

and skin grafted The patient remained in intensive care for 6 days and 

was dlscharged from hospital 5 weeks after the initial in jury. 

CASE NO. 2 

A.G., a 53 year old male electrical field worker, contacted a 

14,400 volt line with major entry fexit injuries to the upper 

extremltles bllaterally. On Initiai examination, the right hand was 

found to be mummffled extending proximally to the distal third of the 

forearm On the left extremfty, there was a 10 X 15 cm portion of 

exposed muscle and tendon over the volar forearm (Fig. 38). There were 

full thlckness "Skfp" lesions at both cubital fossas and superficial 

les Ions ln the aXlllae bllaterally. Tetanus prophylaxis and 

preoperatlve antlbfotlcs were given. Angiograms revealed both the ulnar 

and radiai artenes were occluded on the nght. The Interosseous 

vessels was patent 3 to 4 cm distal ta the cubital fossa. On the left 

slde, the ulnar and Interosseous were occluded but filled partially in 

a retrograde fashlon from a patent radiai artery. The patient was 

taken to the operating roOn! where bilateral decompressing fasciotomies 

of th'3 hand, carpal tunnel, forearm and arm were performed (Fig. 39). 

Three days followlng ln jury, the patient returned for debridement 

and wound closure. On the nght side, the superficlal forearm flexors 

(FeU, FOS) demonstrated a cntlcal pattern of in jury. Centrally, the 

muscle belly appeared viable, I.e. the muscle was of normal coler and 
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Complete upper extremity fasclotomy complete on day of 
admission. 



( conslstency and bled actively when stabbed. However, both muscles 

revealed complete necrasis proximally and distally. The deep 

musculature, beneath the island of viable flexor bellies, were necrotic 

(FDP). Radlally, the braehloradialis was completely necrotic as were 

the forearm extensors Signiflcant skeletal muscle damage to the distal 

biceps, brachlahs and triceps warranted an amputation 6 cm distal to 

the surgleal neck of the humerus. The wound was left open to assess any 

possible ongolng r.ecrosis On the left side, the tlexor compartment 

sustalned extensive damage along with the distal biceps and brachialis. 

The FOS, FeR, and PT muscles appeared necrotic and were debrided. 

Flexor carpi ulnans and FDP were necrotic tram the midforearm 

distally. On the extensor surface, the brachioradlalis and ECRL were 

necrotlc and debnded The ECRB appeared edematous but viable. The 

radial artery appeared grossly normal throughout its length as did the 

three major nerve trunks The ulnar artery was thrombosed proximally. 

ln the arm, the distal thlrd of biceps and brachlalls were debrided. 

After debndement, a 12 X 35 cm defect wns present on the volar aspect 

of the forearm and was covered with a free rectus abdominus 

myocutaneous flap anastomosed end-ta-slde wlth the brachial artery 

proxlmally ln the distal arm (Fig 40). 

On the 5th day followlng in jury, t:,e right stump was debrided 

mlnllllally and the wound closed primanly On the 11th day, the stump 

was opened and necratlc portions of the triceps and deltold not 

prevlously explored were removed. After the in jury, a small wound 

opened ln the left axilla at the sight of the "sklp" leslons. On the 
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Fig. 40 

Fig. 41 

Following debridement of necrotic tissue, a free rectus 
abdominus flap 'Iv as harvested and used for reconstruction 
of the remaining dl fect. 
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22nd day, this area was debrided together with necrosed margins along 

the edge of the free flap. The axiila was skin grafted. 

The patient requlred dally dresslng changes and miner debridements for 

tl1e dralnlng wound ln the left forearm and aXlila. The patient was 

dlscharged fram hospltal 4 1/2 months after the initial in jury EMG's 

performed 2 and 5 months following electrical in jury revealed complete 

1055 of functlon of the ulnar, median and radial nerves in the forearm 

and hand There was no voluntary movement of the biceps muscle although 

good functlon remained ln the triceps and deltoid (Fig. 41). 

CASE NO. 3 

C.L, 69 year old male, was pruning trees when he sustained a high 

voltage InJury after his branch cutter touched a 14,400 volt 

distribution wlre. He tell backwards to the ground appraximately 20 

feet below and sustalned a bnef loss of consclousness. He was taken to 

a peripheral hospltal and Immediately transferred to a critical care 

facliity On Initiai examlnatlon, entry /exlt wounds were present in 

the hand and forearm bllaterally and extensive coagulative necrosis of 

the left lower extremlty, Just distal to the knee. Second and thlrd 

degree thermal burns were present over the anterior neck and lower half 

of hls face Preoperatlve resuscltatlon Included nasotracheal 

Intubation and assisted ventilation, Swan-Ganz cathenzation, chest 

tube, tetanus prophylaxis and antlblotic coverage 

The patient was taken Immediately to the operating room where 

complete upper extremlty fasclotomles were pertormed bilateraily. At 

72 



- this time, extensivp. damage to the musculature of the hand and distal 

half of the forearms were found. Due to the extensive nature of the 

lower extremity in jury, a be!ow knee ampu\atlon was perforrned. The 

patient was then returned to the surglcal intensive care unit for 

monitonng. Due to persistent hemodynamlc Instablhty, deflnitlve 

debridement and wound coverage was delayed unt" the slxth day 

followlng the Initiai ln jury. At thls tlme, attention was dlrected to 

the left upper extremity, the forearm muscles were debnded to the 

level of the proximal thlrd of the forearm The maJonty of the 

forearm tendons were preserved. Necrotlc tissue over the palm was also 

removed The medié:ln nerve was observed and appeared normal grossly 

Stimulation proxlmally falled to ellclt any functlon ln the hand 

musculature The ulnar nerve also appeared grossly normal Following 

debndement, a latlssimus dorsl myocutaneous free flap was harvested 

and anastomosed to the radial artery prox,mally. The flap was Inset 

over the flexor surface of the forarm and ail wounds dressed sterilely. 

Due to the critical condition of the patient, debridement and coverage 

of the right upper extremlty was delayed 

The patient Initlally dld weil post operatlvely but by the tenth 

day followlng ln jury , he showed eVldence of sepsis Blood cultures 

were positive for Enterobacter specles and yeast Concurrent wlth 

worsening sepsis was a rapldly progressive renal fallure necessltatlng 

hemodlalysis Desplte aggresslve antlmlcroblal therapy and contlnued 

hemodialysls, the patlent's condition detenorated rapldly and he 
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succumbed ta overwhelming sepsis and renal failure 15 days after the 

initial in jury . 
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- DISCUSSION 

The inherent difficulties in treatmg electrically injured 

patients results fram a basic uncertainty of the pathophyslology of the 

wound, and the s;')estre of progressive necrosls. Systematic tissue 

evaluation, the timing of debndement and methods of wound closure and 

coverage have evolved almost emplrically. 

CUTANEOUS INJURY 

Cutaneous injury must be evaluated regarding accuracy of 

diagnosls, arc leslons and progressive necrasls. 

DEFINING VIABILITY The demarcation between viable and nonviable skin IS 

poorly documented ln the expenmemal and clinical IIterature. Robinson 

found that wlthin 12 hours, the demarcation of inJured and uninJured 

skln was sharp.43 ln a review of 182 cases of electncallnJunes, 

Butler descnbed cutaneous injuries ranglng ln size trom plnpoint to 

large surface areas.8 He descnbes the "burns" as belng 

charactenstlcally dry. cold and insensltlve whlch tend to maintaln 

their appearance without suppuration for days or weeks Other 

investigators have also shown the skln ln jury to remaln unchanged53 or 

simply compare the cutaneous injury to a thermal burn 7,16 suqgestlng 

weil defined marglns. Our flndlngs, both experrmentally and cllnlcally, 

a/50 revealed detlnable marglns at the tlme of fasclotomy post InJury. 
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"ARC LESIONS" Arc leslons are frequently considered to be the cutaneous 

leslons overlying the flexion creases. These !esions, also known as 

"skip" lesions for the!r appearance proximal to viable regions, are 

unlversally thought to be the result of external a~clng of electrical 

energy. 7,33,40,41,50,52,60 Our experimental flnding~ however, 

contradlct th,s weil accepted theory. In olier 100 experimental 

inJurres extensive Injury at the wrist and cubital fossa occured 

whlch was simllar ln appearance and composition to those seen 

cllnlcally At no tlme was arcing observed in our experimental studies. 

Electromagnetlc theory also suggests that skip injuries secondary to 

electncal arclng wou Id be an unlikely occurrence. In arder for 

electric energy to travel outside a conductor, at least two important 

critena must be observed. First, external arcing occurs when the 

Impedance to current flow between the points of arcing is several 

thousand fold greater than the media in whlch it i3 flowing. In 

effect, the current "lumps" over an obstruction rather than 

preferentlally flo\l\llng across 'he shortest distance. Second, the 

energy needed for electnc CJrrent to travel externally is in the order 

of 2 million volts/meter. In other words, for the current to arc fram 

the wrrst to the CIJbltal fossa, a distance of 30 cm, an electric 

potentlal of at least 600,000 volts is needed. From our clinlcal 

studles, and those of other investigatars, bath of these critical 

factors are absent The mldforearm level, with its predominant muscular 

composition, has an Impedance to current flow which is much less than 

the wnst and cubital fossa, both of which show a predominance of 
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- highly resistant bone and tendon. Also, the most common electrical 

injuries involve contact with distribution lines which have potentials 

of only 12,000 t0 25,000 volts. It would therefore be Impossible for 

external arcing to occur over such relatively great distances 

PROGRESSIVE CUTANEOUS INJURY A progressive necrosis of skln would be of 

major concern to the reconstructive surgeon. At least one Investigator 

has reported that skin which at tirst appears unaffected may become 

necrotic.10 . Quinby has shown irregular damage and depth of inJury to 

skin histologically.41 He foum;' apparently viable skln areas Inlxed 

with areas of clearly total thermal destruction. Left untreated, he 

felt these lesions would demarcate slowly and deepen with infection. In 

our experience and in those of other investigators, the lesions found 

in the skin following electrical in jury remain unchangec.'. 

MUSCULAR INJURY 

DEEP INJURY Universal in ail clinical reports is the obvlous lack of 

correlation between the damage ta skeletal muscle and the ovet Iying 

cutaneous in jury Investigators have demonstrated the frequent 

occurrence of sm ail skin leslons ln association with more extensive 

muscle invc!vement. 7,8,10,22,33,40,43,44 Both experimentally and 

clinically, thls has been a consistent observation in our studles and 

cannot be over emphasized. Lesions involving the hand or distal 

forearm may extend proxlmally into the arm beneath viable skln 

resulting in signiflcant patient morbidlty and mortalrty if not 

detected. Comparable leslons were observed ln our expenmental and 
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clinical studies revealing viable skin over th,:. forearm flexor bellies 

in association with necrotic biceps and brachialis muscles ta the 

midarm level. This represented a distance of up ta 30 cm in our 

clinlcal cases. These findings are confirmed in a case report by Ponten 

who found necrosis of muscle occurring under intact skin at a distance 

of up to 25 cm from the entrance point of the current. 40 

Also of cllnical importance was the extensive injury ta the deep aspect 

of muscles or muscle groups. As seen through the fasciotomy incisions, 

the superficlal muscles of the forearm demonstrated an interface 

between viable and nonviable tissue in both our experimental and 

clinlcal cases. The deeper aspects of individual muscles however, were 

often damaged more proximally than their superficial surfaces. This 

undoubtedly repref,onts what is referred to as the deep, "hidden" 

component of muscle inJury,?,8,22,33,44 More sp~cifically, Hunt 

describes a central "core" of necrotic muscle in association with 

relative sparing of superifical muscles.23 This pattern of muscle 

inJury dominated our expenmental and clinical cases. Although also 

seen in the forearm musculature, this type of in jury was more clearly 

seen in the larger muscles of the arm (biceps, brachialis and triceps) 

where the undersurface of these muscles was damaged 4 ta 6 cm more 

proxlmally. 

Deep muscle groups in the forearm (FDP, PT, SUP) and in the arm 

(brachialls) also revealed more proximal damage. Interestingly, the 

level of InJury on the superflclal aspect of the deep muscle 

corresponded to the level of injury on the deep aspect of the overlying 
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- muscle (Fig. 42). The result is a "cone" of tissue in jury with its apex 

extending proximally for considerable distances beneath viable skin and 

muscle. The high degree of correlation between the patterns of muscular 

in jury seen in our primate model and clinlcal cases suggests that the 

flow of electrical energy wlthin the upper extremity IS anatomlcally 

determined and not simply a random event. 

RADIAL PREDOMINANCE Since most electrical injunes of the upper 

extremity result from grasping a charged object, the points of contact 

are frequently the hand or palm. The pattern of tissue ln jury which 

extends proximally from this point is most often more severe along the 

radial aspect of the forearm. This is evident in our cases by the 

consistent and often complete destruction of the extensor muscles, 

brachioradialis, and the radiai aspects of FCR, FOS, FOP. Also, the 

vascular in jury is often more predominant radially with the ulnar 

artery patent more distally than the radial artery. Other investigators 

have observed this phenomenon in cases where the point of contact was 

the hand or palm.40 As demonstrated angiographically, more extensive 

injury was observed in the radiai artery. Explanations for thls 

phenomenon are not addressed in the clinlcalliterature and may be 

related ta the distribution of muscle mass or tissue composition in 

these areas. Radially situated muscles (BR, ECRL and ECRB) al 50 provlde 

the only pure muscular bridge across the predomlnantly tendlnous and 

bony cubital fossa. ThiS may act as a "slnk" ta channel a large portion 

of current flow along this route and consequently susta:ns the greatest 

effects of this current, i.e. heat production. 
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Fig. 42 Diagram illustrating deep muscle damage which extends 
proxirnally within the forearm beneath viable muscle. 
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- CHOKE POINTS From our experimental studies, it was apparent tl1at there 

existed in the upper extremity areas showing more extensive inJury th an 

the surroundlng tissue. We identified these areas as the wrist, cubital 

fossa and possibly the axilla. Common to ail areas IS a decreased cross 

sectional area composed predominantly of hlghly reslstant bone and 

tendon. Clinically, these areas showed a propensity for Increased 

tissue in jury . Chnical investlgators have referred to these areas as 

"skip" lesions resulting fram external arcing of electric 

energy.12,13,28,33,41,50,53 Our expenmental and climcal cases 

demonstrate three signiflcant flndings with regard to these critical 

areas. First, muscular inJury extends both distally and proximally from 

these areas. ThiS is seen in our cases where the superflcial forearm 

flexor bellies appeared viable whereas thelr onglns and regions 

immediately proximal to the wrist displayed marked tissue ln jury . As 

weil, the distal portions of the biceps, brachialis and triceps showed 

consistent damage. This pattern resulted ln an Island of viable 

skeletal muscle in the forearm, completely surrounded by necrotlc 

tissue. Second, these areas do not correspond to the level of vascular 

in jury. In bcth the experimental and chnlcal cases, muscle damage was 

noted in the cubital fossa with patent vascular trunks (radiai and 

ulnar artenes) extending distally for varying distances Slgnlflcant 

segmental narrawing of dominant vascular trunks was occaslonally noted 

in these areas. Thlrd, the most proximal "choke" point appears ta 

correspond to the level of penpheral nerve inJury ln the cases where 

marked cubital fossa ln jury was noted, the level of sensation was 
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consistently absent from the level of the cubital fossa distally. A 

lack of conduction along the ulnar nerve distal to the cubital fossa in 

expenmental studles where a leslon was present in this area has been 

demonstrated. 

PROGRESSIVE MUSCULAR INJURY The uncertainty of progressive necrosis has 

plagued the treatment of electrically Injured patients and has provided 

the foundatlon for two contradictory management protocols. Sorne 

Investlgators feel there IS an ongoing tissuE' necrosis of muscular or 

vascular ongln leading to prolonged sloughing of tissues following the 

Initlallnsult 10,15,29,33,44,52 Strategies for treatment concentrated 

on multiple debndements and deferral of definitive treatment as long 

as possible to enable the progressive necrosls of tissues to stabilize. 

Others belleve that the Injuries sustained by the passage of electrical 

energy occurred as the result of the Initiai contact. Proponents of 

thls theory advocate early eXCISion and wound coverage. 

ln Ule chronlc model, detalled dissections of upper extremities 10 days 

followlng electncal InJury revealed a consistent and reproducible 

composite tissue InJury We failed to observe any slgn of an ongoing, 

progressive necrosls of skeletal muscle. Our most slgnificant flnding 

however, was deep muscular in jury extending for considerable distances 

proxlmally beneath both viable skin and muscle. These findings were 

mlrrored ln our cllnlcal cases. In ail 8 extremities examined in 

detall, no progressive necrosls of muscle was observed. More 

irnportantly, deep muscular inJury was detected ln both the forearm and 

arm ln cases where the predominant cutaneous ln jury was at distal 
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- forearm javel. The authors strongly beheve that the inability to 

appreeiate and deteet this deep muscular in jury results in delayed 

tissue sloughing and the appearance of IIprogresslve necrosis". 

VASCULAR INJURY 

The pattern of injury to the vasc.ular system is a critical 

determinant of ultlmate tissue survlval and 11mb reconstruction. 

Investigatlng vascular lesions ln the rat 11mb model, Hunt found abrupt 

thrombosis of large vascular trunks and pruning of nutnent vessels.20 

Clinically, he determined the major vascular injunes were conflned ta 

the smaller nutrient muscular arterial and artenolar branches 23 

Quinby believed the slow demarcatlon of nonviable tissues IS vascular 

in origin, resultlng from progressive small vessel thrombosls.41 

Simllarly, many investlgators state that the progressive nature of 

electrical injuries is the result of an ongolng vascular 

thrombosis. 7 ,8,24,40,50,52 

The vascular lesions seen in our cllnical cases correlated weil 

with the findings of our experimental studies Major vascular trunks 

thrombosed abruptly wlth little pre-obstructive aneurysmal formation 

This level of occlusion dld not change post in jury However, there was 

marked pruning of small vessels ln areas sustalnlng slgnlflcant 

muscular ln jury. There was often slgnlflcant segmental narrowlng ln 

the large vessels ln our expenmental studles, these areas showed 

mild to moderate vascuhtls mlcroscoplcally Expenmenta/lyand 

clinically, we found no eVldence for progressive vascular occlusion 
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PERIPHERAL NERVE INJURY 

Penpheral nerve injuries are found in 13 to 22% of cases of 

electncallnjunes. 4,12,51 Although some recovery is often noted, 

permanent damage is common. Skoog beiieved the heat produced by high 

voltage Injuries, associated with edema and scarring led to an 

unfavorable prognosls of neural recovery.50 ln cases of severe nerve 

in jury assoclated wlth totalloss of function, the heat produced by 

current passage was thought to be the predominant cause of in jury. 56 

Some Investigators however, feel nerve injury is caused by a pure 

electrical effect related to the passage of electricity through a 

highly lonlc medium. 12 

Our expenmental investigations of peripheral nerve in jury using 

gross observations and seriai electrophysiologic nerve recordings 

revealed a sharp demarcatlon of conduction IOS3 along the ulnar nerve 

which dld not recover nor show signs of progression by the tenth day 

following ln jury There was no correlation between the level of 

vascular and penpheral nerve InJury, Le. the level of vascular 

patency was conslstently more distal t~lat the level of nerve 

conduction Conduction loss was consistt:mtly found just proximal to 

the extenslvely damaged cubital tossa correspondlng roughly to the line 

of dernarcatlon between viable and nonvlable muscle in the surrounding 

area Our clinlcal cases showed similar eVldence of peripheral nerve 

Injury Grossly, ln jury to the nerves was dlfficult to assess 

accurately at the tlme of Initiai presentation Although not performed 

ln ail cases, Intraoperatlve conduction studles conflrmed the lack of 
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- conduction in affected nerves at the time of initial fasciotomy. 

Because of this ditficulty in determining the level of conduction loss 

in relation to the surrounding tissue, the use of conduction analysls 

intraoperatively appears mandatory. Wh en observed Immediately 

post in jury adjacent to areas of obvlous muscle necrostS, nerves may 

appear normal in size and consistency and yet be nonfunctiomng. 
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IMPLICATIONS 

By demonstratlng a slgniflcant correlation between experimental 

and clinical patterns of tissue in jury , we can formulate methods of 

wound evaluatlon We feel that the evaluatlon of an electrically 

InJured patient can be completed ln four stages' 1) initiai 

reSuscltatlon, 2) pnmary operative evaluation, 3) diagnostic 

evaluatlon and 4) deflnitlve operatlve debndement and wound coverage. 

1. INITIAL RESUSCITATION 

Achlevlng cardlopulmonary stability dominates the primary 

management of hlgh voltage electncal injuries. Simllar to thermal 

burns, the :nJured extremlty IS Inltlally of secondary Importance. 

Followlng the establishment and maintenance of an adequate airway, 

cardlovascular evaluatlon should include continuous EKG monitoring and 

cardiac enzyme analysls Venous access mU<Jt be established early to 

provlde the approprlate fluld resuscltatlon As demonstrated by 

cllnlcal expenence, the use of fluid regimes established for thermally 

InJured patients correlates poorly wlth the extent of ln jury and fluid 

requlrements of the electncally InJured patient. Unne outputs of 60 

ta 100 ml/hr must be malntalned for the initiai 24 hours following 

electncallnjury to protect the kldneys fram hemochromogens and 

pOSSible acute tubular necrosis Fluld and electrolyte requlrements 

should be tallored to senal blood chemlstnes. Initiai management also 

Includes tetanus Immunlzatlon and management of coexlstlng mjuries. 
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The resuscitation of the patient is completed as soon as possible in 

preparation for the initial evaluation in the operating room. 

Il. INITIAL EVALUATION 

The patient is taken to the operating room Immediately following 

resuscitation and stabillzatlon. In order to decompress affected muscle 

and neurovascular structures, regardless of whether a clrcumferentlal 

skin in jury or distal pulses are present, fasclotomles of appropnate 

muscle compartments must be completed. Since muscle damage and edema 

may occur for great distances praxlmally beneath Viable skln, the 

proximal extent of the fasclotomy Incision is of cnticallmportance. 

Certainly Injuries of the hand must be decompressed Into the forearm 

If the wrist ln involved, the complete forearm fasciotomy 15 essentlal. 

Once the ln jury Involves the distal third of the forearm, the 

possibility of involvement of the distal biceps, tnceps and brachialis 

muscles must be antlcipated. ThiS necessltates decompression of the 

upper arm compartments. 

The evaluatlon of the affected extremlty is begun dlstally ln a 

systematlc fashlon. Critlcal muscles anr.l muscle layers are assessed ln 

both the forearm and arm Attention IS dlrected towards the known choke 

points (wnst, cubital fossa and aXllla). Penpheral nerves should be 

decompressed if nerve entrapment fram edema IS suspected especlally at 

the carpal tunnel for decompresslon of the medlan nerve as advoCélted by 

Salisbury.45 Once completed, wounds are dressed stenle and the 

patient monltored ln an acute care faclhty. 
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III. DIAGNOSTIC EVALUATION 

During the subsequent 3 or 4 days following operative 

decompression, objective testing and general treatment options are 

eonsidered. 

Anglography is done with digital subtraction angiography preferred 

for its ability to better define small vessels. The assessment of 

vascular Injury includes the demonstration of large and nutrient 

vessel patency, and Identification of areas of segmental narrowing. 

These atfected vessel segments are isolated areas of vaseulitis based 

on our light mlcroscopy trom experimental studies. The 1055 of 

endothelium ln these areas may predispose ta vascular thrombosis or 

bacteriallnvaslon. However. there is no evidence for a progressive 

vascular inJury ln our experimental and clinical cases. In addition, 

early angiographie evaluatlon may also serve as a blueprint for 

possIble microvascular reconstruction. 

An accurate assessment for both motor and sensory function is 

recorded based on clinlcal examinations. Treatment options are 

evaluated based on the flndings at the time of initial evaluation and 

anglography. 

IV. DEFINITIVE DEBRIDEMENT AND WOUND COVERAGE 

Demonstratlng the absence of progressive necrosis ln our 

expenmental research has enabled early deflnltlve wound management 

wlth confidence. Dependlng upon the severity of mitlallnjury, the 

definltlve debridement need not be delayed longer than the third ta 
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- fifth day. Debridement of the injured extremity should begln distally 

with proper identification and evaluation of skin, and individual 

muscles, nerves and vessels. 

The skeletal musculature of tt1e upper extremity should be 

evaluated through the fasciotomy incIsions in a systematlc order. hand 

musculature, superflclal and deep forearm flexors, superficlal and deep 

forearm extensors, and the arm musculature. Ouring the evaluation of 

both muscles and muscle groups, five cntical questions must be 

answered: 1) Is there deep in jury ln the muscle or muscle group being 

examined? 2) Ooes the proximal portion of the muscle or muscle group 

show evidence of InJury? 3) Has the entlre radial aspect of the 

forearm been evaluated (Le. BR)? 4) Have ail muscles ln the 

periosseous areas been evaluated? and 5) Have ail choke pOints been 

evaluated carefully for muscular injul y both distal and proximal to the 

joint being examned? Grossly necrotic muscle will appear pale in 

color, not bloed when stabbed wlth a scalpel and do es not contract on 

electncal stimulation. Although Viable muscle may not contract when 

stimulated, the muscle IS normal ln color and bleeds bnght red blood 

when stabbed. Objective testlng for an instantaneous assessment of 

muscle viablhty IS lacklng at present. However , the key to 

debridement of these Injuries IS the proper Identification of are as at 

highest nsk for electncal ln jury . The authors teel that the patterns 

of in jury are anatomlcally determlned and therefore, these cntlcal 

areas of skin, muscle, nerve and vesse 1 ln jury can be predlcted ln 

our experimental model, we were able ta assess muscle vlabliity uSlng 
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these subjective techniques with great accuracy after pilot studies 

revealed specifie, reproducible and consistent patterns of composite 

tissue inJury showing a high degree of clinical correlation. Our pilot 

studies using magnetic resonance Imaging preoperatively and electrical 

Impedance intraoperatlvely suggest they are both an accu rate objective 

means of evaluatlng muscular in jury. 

Angiographlc evidence of vascular ln jury will outline areas of 

severe muscular in jury. Dlstally thrombosed vessels should be debrided 

and the more proximal segmentally affected areas assessed. 

Subjective assessment of peripheral nerves otten revealed minimal 

abnormahtles in the early post ln jury period and conduction studies 

are indicated to appreciate the level of conduction loss in the major 

nerve trunks. Immediate recovery does not occur as demonstrated in our 

experimental studies although longterm recovery cannot be excluded. 

Debndement of per Ipheral nerves Will be determined by the extent of 

distal ln jury to surrounding tissues and their reconstructive 

potentlal. 

Wound coverage should be completed at the time of definitive 

debndement to mlnlmize bacterial colonlzation and coyer vital 

structures Skin gratting is sufficient for coverage of nonvital 

structures. Exposure of neurovascular tissues and tendon will most 

often requlre skin or muscle flap coverage. The design of local flaps 

IS most often hlndered by injury to the surrou'lding tissues. Free 

tissue transfers ln the form of a muscle or myocutaneous flaps are 

ldeally sUlted for reliable coverage of large defects. Particular 
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- attention must be direeted towards the site of mierovaseular 

anastomoses in relation to angiographie evidenee of segmental 

narrowing. Where possible, the anastomosis should be placed ab ove the 

most proximal area of narrowing. 
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