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INTRODUCTION

ThisThi manuscript was prepared for the National AeronauticsAeronautic and Space

Administration to aid the Office of MedtrC Research and OperationsOperation in estab

lishing standardsstandard for current limiting devicesdevice or biomedical sensorssensor such

that the safety and comfort of the wearerswearer will be insured while signal quality

is not unduly compromised.

Specific information was requested in four major areasarea

I. What are the hwnan thieshold levelslevel for sensation pain muscular

contraction ant ventricular fibrillation when exposed to direct

current and 60 Hz and 400 Hz alternating currentscurrent

2. What variationsvariation might be expected in the above thresholdsthreshold ith

different electrode placementsplacement1.
3. What are tlia above thresholdsthreshold when current is passed from the

head and/or handshand throubh an electrode positioned or the chest

4. What is the effect on the thresholdsthreshold of such variablesvariable as elec

trode sIze skin temperature hecrt phase and other physiologic

statesstate

The information containeu in thisthi manuscript representsrepresent an effort to answer

these questionsquestion based on an extensive literature review of appropriate research

reportsreport over many yearsyear duration. In addition section is devoted to exanining

in some detail t.ze passive electrical propertiespropertie of cellscell and tissues. It is felt

ii
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that sh information may prove usefuL in future more advanced designsdesign of

biomedical instrmaentation systems.

Special acknowledgement is in order for the assistance of several persons.

Tha suggestionssuggestion from Dr. H. V. Ellingson of The Ohio State University Depart

ment of Preventive Medicine and from DoctorsDoctor 3. 1.. Tomasbefski and 3. F. Foster

a-

of the Battelle Memorial Institute as to which information should be included

and their suggestionssuggestion as to the format and preparation of the final manuscrIpt.

were invaluable.

Ruth N. Linebaugh of the Battelle Memorial Institute was of great assist-

ance in conducting the literature search. The careful attention to detail by

the typiststypist Ruth Citalfant and Marsha Rayburn was most helpful.

iii

1-



qa1. cccq ---p-t.%--.

--.r..n-._t
....i i.c_-t. -.

TABLE OF CONTENTSCONTENT

I. PRYSIOLOGIC.tL AND PATHOLOGICAL RESPONSESRESPONSE OF TFI RJMJLN

WHEN EXPOSED TO ELECTRICITY

The Threshold for the Perception of Electricity

The Threshold for Pain Produced by Electric Current 12

The Threshold for the Induction of Muscular Contraction

byElectric Shock 28

The Threshold for Ventricular Fibrillatiot 39

Other EffectsEffect of Electricity on HumansHuman 51

.1 II. THE PASSIVE ELECTRICAL PROPERTIESPROPERTIE OF BIOLOGICAL. MATERIAL

ELECTRICAL RESISTANCE AND IMPEDANCE

Electrical Resistance of CellsCell and TissuesTissue 59

Electrical Impedance of CellsCell and TissuesTissue 65

Impedance MeasurementsMeasurement of VariousVariou OrgansOrgan oE the Body 67

III. SUMMARY 103

IV. REFERENCESREFERENCE 107

iv



4t 1L.tt 4a.-..Zs4a.-..Z

SIO1fAlCAL AND PATThJLOCICAL EtERIClfl

The Threshold for the Perception of Electricity

a-

When one considersconsider the application of electricity to the surface of tit. body

be thisthi through true electrode positioned to detect biopotential but which

offersoffer path for extrinsic electrical energy to reach the body or he it an

electro.e of bare wire touching the skin. it is pparent that the initial

perception of current flow will arise from stimulation of cutaneouscutaneou receptorsreceptor

irediately under the electrodeselectrode since thisthi is the region of greatest current

density. ThusThu the first physioloica1 responie to electric current can be men

ured as the threshold of perception or as worded slightly differently by Conrad

et al. ninintal response occursoccur in human tissue when the potential acrossacros the

tissue reachesreache certain threshold va.uet0.

D...lziel and Mansfield have determinthe threshold of perception of the

hand20. ScudesScude were accomplished on 115 malesmale whose bandsband wereicened with

taturated salt solution. The subjectssubject either graspeicr limply touched coppcr

wire through which the current  ai provided and tile investigatorsinvestigator noted that

test ir.g by thesc twn different methodsmethod compared well.Using a-direct current

the nean threshold for perception was 5.2zmAwith median of 5.0 and rangeCfl 4C

to torrelate the
-t c-tt caI

phystoal dtaa terlsticsdtaa terlstic inconclusive restits--were touitd when the subjectssubject were

.- ..-. %--.-c-r_Q-.
Li
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grouped accordin to build or c mplexion. -Hovever zuggestlon was -noted that

an age differential existsexist with older subjectssubject requiring slightly more current

to perceive the stfnilus.

SrSCZ

.4..

Based on the above and related studiesstudie Dalsiel and Mansficld made the fol-

loving observations20. The predominant sen.fatiou produced by gradually increasing

dir.sct current is warmth in the palm of the band or wrist. With alternating current

the senzation at lessles than lOX Hz is tingling at the area adjacent to the contact

point except at very low frequenciesfrequencie when the musclesmuscle tand to follow alternationsalternation

of the current wave. Pram 10K to lOOK Hz the sensationssensation produced are similar to

those at the lower frequenciesfrequencie but lessles intense and perceived over larger area

around the contact point. Prom 100K to 200K Hz the sensation becomesbecome one only

of heating and thisthi probably appLesappLe to frequenciesfrequencie greater than 200K Hz. Further

it was observed that the current req ilred for perception increasesincrease with increasip

frequency and betwecu about LX and LOOK Hz the current is nearly proportional

to the frequency. In later discussing thisthi problem Dalziel made several

additional obersvattons15. Except at point contractscontract thecurrent required to

produce sensation IncreasesIncrease with the a.ea in contact with normal skin howeIer

thisthi area effect is fairly nail. Secondly the crest of the wave form

the effective or average value of the AC wave is responsible for the Ænsatlsn.

Thirdly the threshold for women is approximately two-thirdstwo-third that for me-n.

A.study somewhat sinilar.to thapf -taizieLand tancfteldstancfteld waperfoadby
.. -t....4 y-. -.

Cartetnd Coz1tir7.5ya SkatssktisJnr eartsi4f-thefliAb.anaax_-4j _____
finger e -each brassbras electrodes. stty

.vc %crsbr .-

and 47 feualesfeuale werc tested. ResultsResult obtained from subjecte with callsuaedpr

_1



-vfl1 .fl

-I

-- --- -rt.-
scarred fingersfinger or fr abjetsabjet -wbo bad vnTM or waaty4vn4 nresxaludad

Table 1- givesgive the resultsresult for Airect. current thresholdsthreshold as veil as the skin

resistance these thresholds.

Table Threshold for Perception of Direct Current-59 SubjectsSubject

5665

Mean Threshold ak/csak/cAgesAge 55 Mean Resistance KohasKoha

17-24 1.3 .252 fl.720

25-35 21 .304 116.660

36-5 11 .360 111.360

46-55 346 105.710

 -65 .331 92.500

66-75 .157 110.000

Average 59 yrs. .291 101.000

tFron Carter an4 Coulter7

Table givesgive similar data by the se investigatorsinvestigator for alternating current at

several different frequencies.

Table Threshold for -Perceptiozi of Alternating Curre-nt_wA/ca2

100 liz 500 Hz 1000 Hz 2000 Hz 6000 Hz 15000 Hz 35000 Hz 48000 Hz-

17-24 .204 .290 .373 .342 t380 t300 7.80 12.00

25-35 384 .284 .401 .658 1.389 2.907 6.63 11.35

36-45 .22 .338 .469 .679 1.539 3205 8.33 12.43

46-55 .237 .404 .563 828 1.934 3.200 9.01 13.89

.260 .375 550 .884 1.800 3.590 13. 15.90 -.

66-75 4r tfr--Tr t-uc daPrt Carter and Coulter

t---i -m



t-
.4 -C. %0n cncaa .tZ.nrS. ..-. .c.

--et- S-A js PLj -k

_--Y .C..J-b-age4
..

%.-t1

-r -. t-r atsaact II -.
tatter -and Coulter- conttuued thUr -stAies-stAie and -investigated the effectseffect of

t. o-..

variation In electrode site on perception t zesholdst zeshold -In thesi studiesstudie electrodeselectrode

were placed on the medial and lateral aspectsaspect of the distal upper arm with the

skin having previously been moistened with tormal nliae. Table givesgive the

resultsresult as noted with direct currentscurrent ott 15 subjectssubject aged 2050 yearsyear and Table

givesgive the re from studiesstudie with altentatIng current.

Table .Effeet-of-Electrodc-Size on

Perception of Direct Current

Elect rode- Avg. Threshold
Av..TbFeshold

-kesistance

Diareter Area-In2 Area-Cm2 mA per Ca -M KohasKoha

.31 2.0 .261 1.30 475

1.0 0.79 5.1 .475 0.Q4 .f 28.2

2114 3.9 25.2 .801 0.032 C- 14.0

Fr Carter and Coulter7

Table Effect of Electrode Size an

Perception of Altetrtatirg Current

---- --t-
Electrode

Dieter 200 Hz SOC Hz 1000 Hz 2000 Hz 6000 Hz 10000 Hz 15000 Hz 35000 -Hz 46000 Hz

t518 .26 .43 .67 .98 1.51 2.58 3.65 T. 8.50 11.05

-tiM .44 .69 1.08. 1.42 -1.82 ll- 527 13.2
..

-474

.2 1/4 .87 1.39 2.04 .2.92 -.5.01 ----.7.98 ll.tSll.t m. 26.30 34.30

Froc Carter and Coulter7-
---- ---ft 1at .-

tr bfl. S. cnrs- -.fl3 tbec a1t jjswetsjjswet S. tick
2These invest4atorsinvest4ator concluded that lot- jas J5i1 ac queMiesqueMie

iicreaseTthe thicsSdld ineasesinease provide thatrtheWctro ocai on -s3e
-. -e--. -- tr eCTtc1t j2.r.Sj2.r.

and degree of electrode pressure on the skin nist
-r
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Geddesetal..recently performed study to evaluate

sensation for ilght human subjectssubject using sinusoidal currentscurrent er frequency

range of 10 to 3000 Bz3. Two electrode configurationsconfiguration were used the first

consisted of pair of trans-thoracic electrodeselectrode similar to the arrangement

cotmtonly used 2or impedance pneumography. The second configuration was neck-

abdomen arrangnt. Their resultsresult are shown in Figure 1. With either electrode

con igurat ton low frequency currentscurrent in the 20 to 50 lIz range of lessles than

are perceptible. ThisThi figure is in agreement with the dcta of Dalziel Thompson

and Wood203165. Again as in studiesstudie previously taentioned in thisthi paper tt was

demonstrated that as the frequency is increased more current is required for

perception and that above 100 Hz the current for sensation risesrise sharply with

increasing frequency.

study was performed by Green to determine the threshold for sensation for

electric shock under 12 conditionsM. The independent variablesvariable were as followsfollow

three typestype of lectrical flow constant current constant voltage constant

power three electrode sizessize 0.075 0.15 0.3 diameter. Nine separate

conditionscondition were thusthu etazzined in thisthi canner. The additional three conditionscondition were

added by usin electrode jelly in cination with-the 0.15 diameter electrodes.

The resultsresult of thisthi study are shown graphical1y in Figure 2. All teststest were made

using rectangular DC stimulusstimulu of one second duration to he baR of the thuSthu

and the index finger of the left hand. The investigator made the obsesation

that the threshold for dry electrodeselectrode in termsterm of power was approximately 50 iiM

regardlessregardles of the area. at contact33 It was also roted tiat the curent threIild
---i$

ln reTased as th tItctrode.sizc thcreased.tilethe
_. --- ---

Li

e1ect-de site increased 3r addition he observed cthat the tbeeaho1 d1.4 nc$-

increase as tbe skin t1eeraturc was lowered34.
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Six subjectssubject 4th the first and second fingersfinger of -onflzand isasa Lu tine

solution were studied by Conrad -at siP. rectangular wave form was applied and

sinsltar.eoussinsltar.eou mcasurntsmcasurnt of voltage current and skin resistance yen made. -They

noted that steady nate resistance was not reached until 15 to 40 minutesminute after

the fingersfinger were innersed at which point the avenge skin resistance for the

six subjectssubject was 7.1 Kohms. The simultaneoussimultaneou voltage asurntsasurnt daonstrated

considerable capacttance effect in $ie skin. The investigatorsinvestigator swrated their

findingsfinding graphically Figure relating the tine-intensity valuesvalue for cutcent

impulsesimpulse required to produce minimal responseI in human fingers.

Brown et at. examined the varying teroral parametersparameter involved the

threshold of stimulation on hairy areasarea of the body using DC pulsespulse of 14 and

pulsespulse per train5. Using 0.5 inset and 1.0 msec trainstrain it was noted tint both

as the nter of pulsespulse per train increased and at the longer train durition the

threshold for sensation decreased slightly. See Figure 4.. In addirion they

noted that with progressive experimental sessionssession the subjectssubject theshold for

sensation increased. Figure 5.

Cibson measured touch thresholdsthreshold in wo experimentsexperiment is functirn of

the nuither of brief electric pulsespulse front to 20 and the rat4 of pulse

repetition 10-is10-i pulsespulse per seceni on -eight-budytejt ns-eight-budytejt n inc1udng hairy and

-hairless-hairles tissues32. Ml pulie were delivered thrughaconst.ant current

stimulacor and were 0.5 asec duration at half-peak.
.-

.-

Tht
ttJit..lnL_t .. ..

.-
--

SthjXhhreIbQJdsSthjXhhreIbQJd 4eitcund to be

rS mdi

turrent pulsespulse tdif1erent -rates-rate In ad ition tou

the -same unhairy and non-hairy skin areasarea

yz10 t.portaasjtv.n of he actual current lotslot required told

--_- -s

S-
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2thompsor investigated the

subjects61. Each subjectssubject left hand vaVfaetsbd-tia weak aliasalia solution.

The subjcctssubjcct right band madE contact iitth the ippropriate qnd of the-circuit

in four different methodsmethod tapping metallic surface with the tip of

the forefinger -ih pinching metallic surface between the thtStht and fore in
grasping diameter metal rod with the hand isnersing the hand in

salt water. The resultsresult of the study are shown in Table 5.

Table Thrcshold ValuesValue for perception of 40 Hz AC

tvre of Contact 28 Women 42 Men Avo. for Ill

Avg.. flax. fin. liax. Min.

0.27 0.40 0.20 -0.40 0.80 .C.20 0.35

0.59 i.20 0.20 0.87 -2.40 0.25 076
0.84 1.40 0.50 1.19 4.00 0.28 1.05

0.88 1.80 0.80 1.39 3.00 0.44 1.19

Tap
tPinch

Grip
Isriersi on

Prom Thompson6

Thtse findingsfinding are compatible with DaizielsDaiziel observation previously referred to

that with increased contact area the current required coroduce.-sensation inc-eases.

The Thresho4 for Pain Produced by Electrit Current

Pain is subjective matter known to is -by experience and described by

illustration.52 No objective criteria exist for measurig the ntual expeticuce

of pain. Hall has said Pain may be studied as sensation in one experiment
-- -rr ..

-as -cperception and as -involving attitudesattitude 4n adother and saeated to.totioxtal

niot4na third

flnesponserto

same sttnulussttnulu may produce similar tesponse in anotber peflon taistherefOte
-. 2 

..

g... e.a.

-t
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be recognized that for any true evaluation of pain threshold any i dividual

cast be his own control. Further any stuly nasuring pain thresholdsthreshold mist be

considered with the subjective nature of pain in ind.

It is thusthu apparet hat no ideal pain threshold level-can be determinei

yhich is generally applicable. Ratherit ii necessary to postulate range of

stinsli which may be expected to produce pain under given set of circumstances.

n.er of the following mentioaed studies1 while perforntd quite wellin and

of themselvesthemselve give idea as to the problem of variability -in thisthi area.

-Using me diater stainlessstainles teel stimilating electrode and conduction

rdiua of electrode paste WotertmsWotertm performed rather extensive study measuring

pain threshr1ds52. The subjtctssubjtct were instructed to report as soon as they experienced

painful sensation. Figure diwnstratesdiwnstrate the pain thresholdsthreshold for different

frequenciesfrequencie and different impulse durations. It was observed that when frequenciesfrequencie

lessles that 10 Hz were used the sensationssensation were first describeI by all s-tbjectss-tbject as

tapping or pulsating rather than painful. As the stizazlating current was increased

the sensationssensation became wre painful and were described as unpl-asant but not

perceived as pricking sensatior.. -Between epprox-imately 30200 Hz tairly

reliable threshold reasurement nssciciated with pin-prick sensatinn was not felt.

Figure also oenstratesoenstrate that as the duration of the current is tnceased

the threshold for pain sensation fallsfall at all frequetcies.

study was then performed to evaluate further she effectof4vipulse

-. 4t.4 .. -_-

ancippon-pabi threshold. ThisThi stidy varLcÆfli ij34igS4sastant -s
-t-cs-t-c

-ztequency -5C -Hz where lt bas prevz.ously been7deternned th...t Pfakc E- --

pin-on-k sensatior of pan could be easurcd The resultsresult of the investigation

are shown in Ftgurc It was obsersed that with impulse -durations-duration of pset
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or lessles tLc subjectssubject perceived vibratory sensatioi.ssensatioi. but could not exactly

describe constant rain sensation. Figure desntstratesdesntstrate that thzesloldsthzeslold

escablishel with an impulse durat ion of nec gve nearly the samc valuesvalue as

those mesurcd with impulsesimpulse of longer durations.

Using frequency of 50 Hz and an impulse duration of nec both derived

rca preceding phasesphase of the study the effect of the rer of pulsespulse within the

mace impulse period upon the pain threshold as meauurcd. These resultsresult are

shown in Figure 3. At lessles than 10 pubespube per nec no reliable constant pain

thresholdsthreshold coud be measured. However above 20 pulsespulse the threshold value

did not alter significantly.

To estimate the reliability of pain thresholdsthreshold 12 individ-eI were studied

using fi.xed electrode and gradual increase of the stinslating current.

Evet ncasurc-scnt was repeated 40 tis with mir.in.tl interval of 20 seconds. The

resutsresut are ..hnnt in Table 6. The same prc.cdure usIng 20 pulsespulse pr t ulse

gave nearly similar results.

Continuing his study Not mansman measurcd pain thresholdsthreshold in 64 subjectssubject over

tmsltiple body sites. On every dernatanc the threshold was measured at three

differcnt i.lacesi.lace at distancesdistance of en fran one another. These resultsresult arc showt

in Figure 9. It was noted that the pain threshold is nearly unifora over the entirc

body wit nosc indivtdualsindivtdual showing the lowest valuesvalue in the face and neck. Further.

it was observed that the measured pain threshold valuesvalue varied fran one person to

another over range of nearly 507. from the mean value. The pain threshold was

alwaysalway lower than nA and it appeared that the mean .pain threshold was about 0.5

VariationsVariation in the pain threshold between corresponding placesplace on the left an3

ri sidesside of the bocy or the sane individual wer.t never mere than 0.1 rA with

mean threshold of 0.5 mA.
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Pain thresholdsthreshold were measured on ten control individualsindividual with and without

distraction and/or pain sensation elsewhere. When the individual was distracted

c.c.azszttsc.c.azsztt
bj being required to in late blood pressure cuff41acid 4rOR4S-bSZt1O oo mIg

rtt .- -L.cgt
-ponsistenUy istr thrshoidsmdj flround tlt 

-suSject un and nflatetby an asststant to 3btmBg thuI4uducing pain
-. TS 4-i

tjta-t-. t.
remote fron the sire of electrical stitulusstitulu 40-Sot ircrease .as seen in the

-.- c. Psni1 _S
pain threshold. 1-.

..

-r .. tt.

-----

HWt
C-.

..-w- tt--cF41

SubJ.ct
In flatsflat

lisle

Table Variation ta Fain ThresholdsThreshold on the Dorsal

...--

-I

ff

.T Lflge 19

-11P-

Surface of the Middle Finger
-. of 42 Subjectst

Mean pain

threshold

valuc in

-.

Highest and

1est thresh
old measured of

in na pueespuee
A-

ttan..e

in

32 yearsyear 0.43 0.40-0.45 40 0.05

34 veersveer 0.39 0.35-0.40 40 0.05

30 yejra O.iO 0.48-0.54 40 0.06

35 yearsyear 0.45 0.42-0.50 40 0.08

37 yearsyear 0.40 0.380.43 40 0.05

27 yearsyear 0.50 0.48-0.55 40 0.07

Pcaule

20 yearsyear 0.42 0.39-0.45 40 0.06

tCtStCt 0.0 0.50-0.65 40 0.15

22 yearsyear 0.t.5 0.60-0.70 40 0.10

27 yearsyear 0.62 0.40-0.45 40 0.05
27 year. 0.48 0.45-0.52 -40 0.07

yearsyear 0.55 0.50-0.58 40 0.05

tFrcc Nctcrnans52

ten IndividualsIndividual were studied to determine the possibility of alterationsalteration in

pain thresholdsthreshold tiring day significant diurnal variaticn war not found. These

inditlijualsinditlijual were evaluated daily over the course of four monthsmonth and again

it was concludd that in the course of time little variation in pain thresholdsthreshold

occursoccur in the indivViual.
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In cpning his findingsfinding with those 61 other investigatorsinvestigator NotermansNoterman make-smake-

several observations. First he pointspoint out that while many investigatorsinvestigator agree

with his negative findingsfinding as to diurnal variation that othersother have suggested that.

the pain threshold may be higher in the evening than in the morning. Secondly

he notesnote that many studiesstudie have suggested that tba pain threshold for women is

lower than that for men while his study did not demonstrate thisthi finding.

NonethelessNonetheles later study by NotermansNoterman and tophoff was performed to investicate

the sex difference in pain threshold53. Altli tigh malesmale were found to have

greater patn tolerance thresho-Id than femalesfemale i.e. they could tolerate

painful stimulusstimulu longer Figure 11 no difference was found in the threshold

of pain perceptioxi. Figure 12.

-An example of findingsfinding on sex difference is demonstrated by the study of

Plutchik and Eender. twenty college studentsstudent were tested -with electrodeselectrode of

cm diameter placed on the digsta.a
-t

rs of the

-- -- ----
--

--

tationstation

tise trainstrain with eah

pulse lasting 50 msec The resultr of kh stud are shown in Figure 13 the

different responsesresponse of malesmale as oppnsef to lena lea are clearly ihown Further

i-

NotermansNoterman performed additional studiesstudie -to determine the effect of skin

temperature on pain thresholdsthreshold as measured on the ftistal phalanx of the middle

finger. These resultsresult are shown in Figure 10 and indicate that the influence of

skin temperature on the pain threshold is $uimal. Only with drop of 10C did

the threshold increase by about 30% of the original value and at 16C the iacrease

was about 50%.
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It is shown ibat is the aunt of energy reaching the skin is increased

aore pulsesthe threshold fallsfall sug an integrated responsc of the

skin to the Stin%lus.

ThisThi agreesagree with the findingsfinding of Gibson who reportsreport that the pain threshnld

is decreasing hyperbolic function of the flutter of pulsespulse in stimulusstimulu train

and that in generaL the threshold for hairy tissue i3 hisher than that for

hairless32. Gibson also pointspoint out chat with repeated testing the pain threshold

is raibed considerably in hairy tissue while pain threshold ou hairlesshairles tissue

doesdoe not show thisthi elevation32.

ThtsTht dtffer2nce in pain threshold for hairy and hairlesshairles tissue is demonstrated

by the findingsfinding oi Br et al as shrt in Fizure 16 ad it is also shown that

acrossacros experimental sessionssession the threshold increases5 It should be noted

hevcr that the actual levelslevel cf current_are Liighcr than those previously

entinncd md are in gencral cQnsiderably higher than the levelslevel acn.atIy

More generally accepted levelslevel for threshold pain are those suggested by

Lee basea upotiifromouwetiho4in andflnDilzie1 and Morse28. He

suggeØtssuggeØt anebfrthreeta tent asatinbying-or-painf l. ThisThi lange is in

ageementZtth-the data of Farmer -which -show an average current -of -8.0 mA as

the .painfut 1evel for 42 men. being tested with 40 Hz current and .js. also in agr

ment with Hacln and lascow suggest .0 asa level for moderate pain

2735
with 60 Hz current At the other end of thisthi range Davidson and McDougall

-t a.Z 3- Lt-n -t
fouuanavi f-.3I.Awhen studyingthe. TJsile

----

j1i--

_______
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Threshold

Xoderate Pin
quit

-t

LW

1.

se.g

...

$1 4_

sTPsgtt7
.14- .. .-.

-. -v r.
icSa - . -tt$t

irdy med by b1itz.jt ..jupustcd that the path pcrceptioncvcl

ny be affqcted by vibratlor4 the resu3tsresu3t of thisthi study an shank in Table

xt-ohouia bencted however that onty the nit voltage at the threstoldsthrestold for

sensation for pain and few the quitP potut me recorded and that data tn

actual current flairsflair are not available.

-Table Mean Voltage at Perception loderat lain Quit Point

Vibrating Kon-Vibratina .1..

76.43 39.56 .001

124.89 118.89 .001

177.09 175.M 1. 1.

Froa Blitz -et al.4

An interesting study measuring the pain threshold of the teeth to electrical

atitmali was done by Rumford50. The investigation was performed to measure the

pain perception through normal young teeth. The resultsresult of the study arc chain

in table 8. It was demonstrated that as the duratfon of the stimulusstimulu increased

from 0-3 nsec the threshold decreased. From to 1000 msecno further decrease

in the threshold was noted. Further the subjectssubject exhibited -anadaptation to the

painful stitwiusstitwiu such that Ute current could be increased. The average time

requirid fc thisthi adaptation was 11.6 sec. It was also demonstrated that as the

electrode area was increased from the 9.5 no2 used fo the baseline suJic

the threshold valtt wa also increased. In addition vfh an increased froc.rncv

the threshold also increased. These latter two findinsfindin .te similar to tRe

rcsnoæsesrcsnoæse seen ith eicctjcd1 stimulation of the skin as previously acted in

--
--- --
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Table ainPercep na

per teeth tserTeett

NeanPain flSsaatit
Threshold napsnap S.D.- -ttas1bolds.ws-ttas1bolds.w S.D.

central IncisqesIncisqe 40 6.4 2.33 .20 .5.6 246

lateral IncisorsIncisor 40 6.3 2.50 20 .7.0 3l
CaninesCanine 40 8.9 2.96 20 8.3 .324

1st Presoler 20 7.5 3.37 20 8.8 3.48

2114 Prlar 20 7.9 3.35 20 8.7 3.01

lit Molar 10 14.0 4.95 10.1 3.33

2nd Molar 13.8 3.9 12 11.8 2.68

Pr4ustford50

The Threshold fc.r the Induction of $uscular Contraction by Electric Shock

To thisthi point we have dIscussed amountsamount of electricity which when applied

to man arc not dangerous. As the amount of current if increased htreecer point

is reached tere involuntary nuscLc spasn is produced. if the electrodeselectrode are in

contact with the handshand then It is not possible to free oneself from the electricity

since voluntary rniscte act Ivity no longer possible. The maxiwunt current at

which an electrode can he teLe.cd by v3ltlntOry muscular conttol hs been cald

the let-go current by D.tlziel et aL.

The 1ec-g current uns determined by Daltiel etalon120 individualsindividual or

frequencths.r to 10000 lIz18. Dirad current was alto--investigated

Table deraonTstratcs- the resultsresult obtained using 60 lz.a1ternaIng current .hIle

Table 10 showsshow the resultsresult for ditect current. stznary of the statlttcai data

for all 4requencies4requencie studied is shown in Table 11 with derived current versesverse

freouency curvescurve show-n graphically in Figure 15.
..

..
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P.lIowtng thes. initial studiesstudie Delziel stat. expended their studiesstudie

the effecti of frequency on let-ga currents. A- totat of 134 salessale and 2$

felesfele were .ialuated Based upon die fj4j-. cOuiuscOuiu ionsion were

drawn

1. reasonably safe electric current fur normal healthy adultsadult is the tee-so

ctrrenc which 99 lilt of large group tan release by using nisclca directly

affected that current.

2. The reasoraly safe 60 cycle current for normal healthy adult men is about

mA for adult wome-t abouc mA.

3. The corresponding data for direct current are 62 mA for men and 41 stA for

women.

4. Ler.-go currentscurrent are affe- by frac.uency. See Figure 16.

DaizielsDaiziel figuresfigure are compatible with those of ThompsonsThompson who sotre y2orsy2or

prior to DalzieltsDalzielt work reported lot-go currentscurrent of 5.15 mA for wren andS.35 rrA

for nen at 60 Hz AC61.

Stilt further studiesstudie ere r_ade IV flaizict to evaluate t-te effect of wave

form on let-go- currents12 ito ubsorved that nean. let- curre-ic. valuesvalue obtained
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.4J4. vi th varLr.. tOILStOIL tim is curyc L.

S.

tbe AC caneaz is plotted on one asia versusversu the Coneni. tar.

NO conditionscondition meat be met in order to have the experiasutal
cs.

ass curve Vita the reference axisaxi for sasurmeant of the L... iatin$cocnent

must be the average valesvale orthe direct cconent and
._

value of the alternating conent must be measured itthi dirsctiosdirsctio oS the mrtai4
ia t flh1j..

tote current CurvesCurve derived in thisthi went arc itIunrat4 in Zirs. ti.

F.. _%
Vigure 18 illustratesillustrate the easetoably safe cunexwcunei fbriiie iiavØcurrÆts.

it is noted that hunt tolerate increasesincrease slowly at first and then qiitsqiit rapifly

for frequenciesfrequencie below 15 cyclescycle or above 100 cyales. The relative discomfort

tf curvC on the same figure is arranged so that the disconfort is lOOt for 60 cycles.

It is toted that although subjectssubject let-go current increasesincrease considerably at. the

very tow frequenciesfrequencie his aisciesaiscie follow the current variation.svariation. and the sensationssensation

presumably caused by the peakspeak of the current wave are cre painful than those

rr experienced on the 60 cycle tests. At very high frequenciesfrequencie sessationssessation of neat

rather thar pain predot....ate. ThusThu we again meet the problem of attempting to define

pain. Dalziel suggestssuggest the tune can only he taken to show itt general

way the disco.-fort or the relative danger of given current as function of

JC frequency.

Of conscon iderabic interest is the observatio that alter current by uhich

man has been frozen to conductor Is interru ced the nart ray be temporarily

paralyzed. ThisThi problem was studied by Dalziel16. Thiry-tvo men ages-l.3-3

yearsyear were frczen to ft coper wIre by 60 Hz AC to mA in excessexces of their

let-ga thresholds. It was found that of the 32 men had cIwe delay of 0.4 ser

in releasing the wire after the curretit had been stopped. Daiziel suggested that

it is posstble that the letgo time delay might be longer for higher 63 lIz.

-- ..
-c -c

turrents- and for shore impulssimpuls of 100 ornore trk.
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tventrlcuiarllbrfllatin t dttioa of sl.tely aynct.rumoua contraction

Qclszation of tui. i.yocardiaj fRvra the %.tricte. ThisThi randa activity

%e St suttabissuttabi forisintsnmic. of ÆMiEc inpUt. Although there are any

tftt rÆat etiolcjtesetiolcjte f rveatrLSlai1bri33Att..ult is well kuamihat an
cs -.

Provrtat. electrical ttshtusttshtu amy be auth Łttvepit.

The observation that electric arrest rsi$J is secular contraction ha

been kawn since the ttae 01 Caivant. Misel fludiesfludie perforaed at the end of the

Fat cer.tury by Prevost and Sattetli indiOted Set 200 Sr AC produced ventricular

fibrillation with tenth of the aiitude required at .2000 Ba. Early in the

thirties. Kouwenhoven and his associatesassociate began rather iatensive studiesstudie c.-n the

effectseffect of electricity on thc heart. in studying the current iwing through the

heart v.th an electric shock2 %ouwenhoven at at. observed in dogsdog that if the

current pathway was parallel to the body axisaxi to 1OZ of the total current flowed

throuch the heart39. If however the current transverse to the body axIsaxI onLy

3t of the current through the heart. Th suggestion va isada that itt the

human the most darerousdarerou path for electrical current was from the tsht livid to

the fo-t.

Further tudcstudc were perfccd on dogsdog by Koer.hoven et ol. to dcntuu

the effectseffect dtfferent clectetcal freuencicsfreuencic on the heart40. StudiesStudie were

perfod with both Interrupted direct current and alteating current. Tho

animalsanimal chestschest were opened clcctrodcsclcctrodc placeddirectiy on the heart and t..c n.innn

turrcntsturrcnt for given frequency as well the type of currentscurrent requtred to urndi.ce

ventricular fibrillatlen were reasured. Several observationsobservation were rr.adi. Frs.

vlth tererruptel d.rcct current the heart noot resitti fibrillated with currctt



rr.
itch the frequency of interruption near 60 tIspar nqnd As the ui

4crrit ion was incrisasod frasfra zero the ausculature Of the bent tacostaco wr
iporstve reaponding .o.t readily to shocksshock fra 40 to 100 interrupt IonsIon per

cond At frequenciesfrequencie of interrujtton eaccr ºhsp 100 per second the heart

becase losslos xesponstve and greater torrent vu required to produce ventru.uI

tlbrillation.

With altarnatinz current little difference 1t the reAction ot the hetrt was

een cc shocksshock frc- 25 te 60 Hz. The derived valuesvalue for fibrillation currentscurrent

for both AC and interrupted DC are sh.sn in table 12.

Table 12 ValuesValue for Fibrillating CurrentsCurrent

jcquencyHz Interrupted DC Alternatin2 Current

Mean Max. Effective Max.

25 0.52 1.04 fl.81 1.16

40 0.35 1.70 0.71 1.00

60 0.31 0.62 0.75 1.06

WFron KctrQr.hoven et al.4

of ti-ic most extnsive early studiesstudie on the effectseffect of eicctric shock

en the heart waz that performed by Ferri3 at al.2. nuher of stectesstecte

at..malsat..mal vcre nluded Ln the teststest to cstab1sh the trend or effectseffect cull vuJtll.

in phvciologiral and morphological factorsfactor hcvcr c-.ostof the tx2crimcnzstx2crimcnz crc

upon an1.nalr coparaDle in body eigt t. and heart rate ard etght to r--

Seven difcrent specie of animalsanimal were studied for rnC3surclar.t of chreslLd

cturrertscturrert icr ventricular fibrlll.utor.25. Standard reference cnuditienscnuditien included

the t.ce of 60 lIz AC of three secondssecond duration with the clectrodet pn the right
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-tf.-.-..
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rase4l L_ -... 1-

thusthu being sow4at .nalopiui aa ji.nctcntai
.1

-CtEŁItio3s-CtEŁItio3

ksed upon that detailed investigationsinvestigation nuabetof.ibscrvatiosiisrer

..

usde

-Tx-.

1. Current rather than voltage. is the proper criterion of shock instensity. ..

2. The stisalating sliest of entreat through the bebrt can damage its .rit.mc

1- ...
causing ventricular fibrtflatioa without dn. to cardiac tissuestissue but

resulting in death mistsmist fibritlatlosfibritlatlo is arrested.

3. The current just below the threshold for ventricular fibrillation is the

naximin to which man can safely be subjected. Based on animalsanimal cottpariole

in size to man thisthi maxiaa current is about 0.1 for duration of cn 

second or more if tne current pathway is betveen an arm and leg.

4. The threshold current for fibrillation is affected by number of variablvs.

The speciesspecie and size of the animal is important. The threshold curr.nt

increasesincrease roughly with both bcdy weight arid heart weight. Sec rigure 19

frocrceddesfrocrcedde cc al. Approximately similar threshold currentscurrent are found

for currentscurrent from the ar to ieg acrnsacrn the chest from the cict t. the

am rd from the head to the leg. Somewhat hghcr currentscurrent shouLd he

expected for pathwayspathway from arm to arm. ThtsTht is expiaried by Ycu-nhoven

study previously.mentioned For ccrrcnt pathwayspathway from one leg to thL

the proportion of turret rraching the heart is io .sm.l1 that ibri 1-

1st ion is not likely to ocdur even at currentscurrent as higi as ISA or more.

Thc threshold current terster with frequency. is is iLwm wel Ii

forn from recent .stuy by Gedde et al. Sec Figure 2O. For chock-schock-



--. -- -. jt
of 1. soc or iore in datto the 25 11 threihold current is about

higher than thCSO It -vilue For snoik durationsduration of lessles than ste thisthi

relation probably UoesUoe not hold all throsholdi being rtpected to approach -.

one another For short shocksshock the time ol occurrence relationsrelation to the

heart cycle tsimprtant. ft. heart is zbc most sensitive -for fibrillattÆn..

to shocksshock occurring during tbeparttal rcfr3ctor-y phase of its cycle iptatch

is about 2t of the whole and which occursoccur sisalwith tbc t-wave

the clectrocardiogran. With shocksshock of about 0.1 s.c or tesstes du.rbti9n it is

practically im4.asslbte to pto-duce ventricular fibrillation unlessunles such shocksshock

occur during thisthi sensitive phase of the cardiac cycle. The middle of the

refractory phase is wore sensitive than its beginning or end.

The durat ton of the current is also tcportar1. The threshold current

variesvarie inversely with shck duration but not unifortly being nost sensi

tive to change as the duration approachesapproache the duration of one heart heat.

See FIgure 21. Within thisthi sensitive phase of the heart cycle thØ-thres-

Itnld fibrillating current for shock durat tonston of 0.1 sec or les. is en

tirtestirte the threshold for dtiraticnsdtiraticn of sec or tore. ShacksShack onethird of

note of the heart cycle in thration cause ventricular fibrillation even

thouh they would not extend -Into the sersilive pia of tn cycle if the

hcart ce irued its norr-al bear after thc Vt riot Ion of ThisThi is

probrtbly due to the induction of pretture teorL bc-at hich bringc houta

preoattre SLOSItflC phase to the int of the ltock
4-i

5. 5ticcussjc shocksshock have no curnulat iv effect on the susecr of the

heart to fibrillatIon.
--

6. -Suscepttbdityof-the-heart -tofibrillationy short shocksshock increasesincrease with

qurrents.upto. several timestime the threshold then. decreasesdecrease becoming very



-lath at currentscurrent of the order of 25A through

II -ct

-Df the heart Rowewn other seriousseriou injury aty be flpcctedor such

7. Tibrthl.atjon produced by electric shock will in st casn bscasn b a rn.ed by

subsequent electric shock of high iaassity and short duiationthrouh

8. The resultsresult indicate on the whole that sisuscidal arreatr4.u endsend of

bCe mA at 60 Hz ftc. hand to fcrt wilt be dangeruusdangeruu br ihoctdurat ionsion

three secondssecond or sore for san.

Further studiesstudie evaluating the effectseffect cf electric shock during the vulnerable

period of the heart cycle erc done by WigrsWigr and WegriaTM. brief or

.condcn.ser shocksshock were applied to normal heartsheart of old or young dogsdog -by stigmatic

electrodes. Fibrillation waa roduced a-dy when the shocksshock fell during the vulnerable

period. It was noted by these lnvcstigatorslnvcstigator that alternating current is mote

dangerousdangerou than direct current since efiective variationsvariation of current strent1i fail

during the vutnerthle pertod especially with SO Hr whtlc thc3e variationsvariation

occur onty during ch2 ch.1ng land opening of tht. cirtuic witn direct current.

Ten yeatsyeat after FerrisFerri et al. oriinfl paper was published previously

menticned in thisthi paper further analysisanalysi of their data was performed by

26la
Dalziel In tnistni analysisanalysi Dalziet concerned himself with threshold currentscurrent

likely to produce ventricular fibrillation in 1/2% of large group of normal me

lzc ureætJiEomjiladerived was

atfdilbsit ..

V/2% 165/ where time of current flow in secondssecond and assuming

standard11-70 kg man. defense with more comIete statistical analysisanalysi of

tlis1ormu1atstlis1ormu1at presented by Dalziel in later paper.7

..
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___ala tI.minstI.min pis %jisned that at iibriflit$ cvrrtn $ itt
tjtcsct barrett titlteniating tt ant Is aboat to -Pwever thouzhcr

srctat that thu tosclntuo Is drain free tisitsd aca. $Sflarly ata

.. .. ...-.. ..

-flved free see. of the-aqthorsthe-aqthor nit artier studtn sad ssa1zed Lu thisthi piper

sztt the or capacitor d1scharsd1schar reasonably i.E. value for nn is

aUhtcouls. Dalgiel pointid out ta SUit later pper that the hazard free

short shocksshock is believed to exist hecause of tM.nr contained in the discharge

while the crest of the initial rirrat the qetity in the pulse and the shock

duration an. related quantitiesquantitie of secondary iaportsace4.

Very recently still ore comprehensive analysisanalysi using DalzielsDalziel technique

was performed by DaLzicl ti Lee9. In addition to the data induced in the

original analys.sanalys. data wa included from the studiesstudie of Kouwenhovcn et al.

Iciselev and Leeltl119146. It was pointed out that shocksshock adainistered to hundradshundrad

of aniir.alsaniir.al indicate that the niniutim comercial frequency electri current causing

ventricular fibriljation is proportional to body weight and inveraly proportional

to the square root of the shock duratio-a. ThusThu assuning 50 Kg human the

equation l16/jiTa representsrepresent the 1/27. matiuum noti-fibrillatitig Current Une

while the eqat ion lS5/JY we. representsrepresent the 1/21 minirun fibriIlntthg cuuretc

line.

Using Dalzie and LeesLee analysisanalysi the actual figuresfigure for fibrillating currentscurrent

for 50 Kg human become 67 -mA as the .1127. maximum .nonfibrillatipg current and

107 rnA as the /2 minimum kr49.ut.
he-Æuthorsp int-outhattheSe equations-iidrayn from information about
r.i5_ jt i-s t- L-za

theeffectstheeffect of shocksshock of lessles than sec duration It is suggested that from

sØd hdssØd hd to -20 or 30 secondssecond the threshold may remain fairly steady dropping

-I.- t-.
-__. -- ... .. _._t..

-i-.-i-.

..St
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only .ushtlrvwbsle for longer pirioda hypoxia lay exert an iiIntact and lower.

the threshold tiestie further.

St
..-

I-Sc
CCenf treat ion rot thisthi idea My be furnished 1n part by t1s. investigationsinvestigation of

Sugimoto .t .1. vIto noted that if an accelrsting ventricular tachycardia that

is produced by 60 stisalation La of sufficient duration e.g.. or beatsbeat

the ventricular fibrillation throsholdii reduced progressively after each premature

ventticular response thusthu kthg it possibl. to induce ventricular ft brillatioa

with tery weak current59.

To thisthi point we have discussed only the levelslevel of electric current which

will produce ventricular fibrillation when the current is applied to the body

surface. There are however circumstancescircumstance where electric current may reach the

heart directly as for exanple through dye-filled catheter passed through

vein into the right atrium. ThusThu it is important to consider those currentscurrent which

might be expected to produce ventricular fibrillation when the current it applied

directly to the heart.

lclnSerg tat al.. performed nuch study on dogs62. CathetersCatheter were passed into

variou heart charrServ and measurementsmeasurement taken. It was found that with catheter

in each ventrIcle currantscurrant as low as 35pA end voltage as l. as 0.06 could

induce ventricular fibrillation. In those situattonssituatton wherc stngle intracardiac

cathnacrwascathnacrwa in place and current flowed .becween the cathoter ar.da retul plate

or ctectrodeon the tehrat art avcragØfiorillating current of 170 JiiA wis measured

--r -c
-Łith 1 izaid-v 11caje of 0.2  rd an ierige -resistancbctveen cledtrodes.

of t20 ohms.

SimtlarstudiesSimtlarstudie were performed by Whalen cc al. on itunansitunan at rite tine of

open heavt1iurgry an cardio-pulmonary bypassbypas under noderatr hypothermia 30D-4C



1t
flqo49

iere 4ttItb electria
.jsj.ij

tentstent with electrodeselectrode 23 cm diameter. ln eaih case the

placed on the apex of the left ventricle and the oucflai tract

oI right ventrilte Sixty Hz AC was used for the studiosstudio The resultsresult
.-C.-

antshawiutthle3. --

table 13 VatLation in Threshold for Venriaalar
tibriflatlon as Ratted to Electrpde tint

y1en Current

Electiode Diameter ft Te Pratce Fibrillation _Mcan Volcate Mean Resistance

2.3a 3366sas3366sa O.SSV 232A

0.25 cm 583 psp 0.01 1732 11

Frcxa Whalen et al.39

The authorsauthor stated that the probable recon for the lover threshold with the

small electrodeselectrode could be e.p1ained by the greater current density while abe

greater inpedance was due to the smaller cros-scction.al area. The former point

receivesreceive stpport in study by Furman et al.29. Aithougn kuruun arid his

azsocitesazsocite study -was-wa not to measure thresholdsthreshold for ventrUuir fibrillation but

rather 10 measure the threshold currentscurrent for stin.ulatton the eart by an

inplantcd artiftcial pacaaker he found 31to that as the eectrode diaoete

incrraJ the current necessary for stLrulatLor increased. ThisThi tinstin felt to he

trcplatned by thc. lesser current densLy ustn Larger eleetredes. The suary ut

tcsuitstcsuit oEthe studyare sho in Table 14. ThusThu HoppsHopp has poited out that the
studiesstudie indicate that. 6Q. Hz shocksshock are 500 5000 timesmore dangerousdangerou vhen

delivered re y-tq eheart therthaothe bqdy surface36.
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4ljcoddcs4ljcoddc anAitsTasocintc veiti$ttier ef frett-
electric current on the heart. -1hb.it Indtr.cØ1 t%sntsui4snt 1.3 pa tnrcu%

the thorac. stiwlation of intrathoracic s.cnsss.cns say be expected The at welt.

xSplo  f thisthi is with phrcnic nerve stfaatatioa. whiŁh produce tetar
-.

contraction of the diaphciga ad thusthu preventsprevent respjratior. Uovenr stiaslitton if

the vqusvqu nervesnerve wss not reported until thisthi tudy. Usinz anal band neckes5doscn

cc.
tlectrodsstlectrods and then tranathoracic plate electrodeselectrode tvrrenta several freecncI.sfreecncI.

was increased until vagal slowing of the hart vs obstrved The resulLsresulL are

sbown in Figure 22. Proof that slowing oldie heactvai caused by sttnulatirr of

the vagusvagu nervesnerve was verified by the atLiLnration of atrapinc tich abolished

the electrical effect.

I.

Other EffectsEffect of F.lectrtcity on HiunansHiunan

ThisThi section is no and cannot be all inclusive snc referencesreference abound ihich

discussdiscus tha effect of electricity on virtually every htr.an ocn or function. An

attempt has thusthu been nade to incluje only fcw of the uost important or

interesting studiesstudie particularly the effect of clectricity yr. the ccrtrcl

ncnousncnou system. TM latter emphasisemphasi is ttnportanr since the r.l.tcenent of e1ectrode.

upon tie head for purrJCspurrJC of btoocdlcal nonitoring onensonen the possiL1it of a-

electric current NssinsNssin throttr the brain.

study was performed by Kouwenhoven and Lhngworthv to investigate thisthi

problem ElectrodesElectrode were placed on the skdl1 and the -base of the tail ci the

test animalrats. Sixty Hz AC voltsvolt tor .varlr.g

tie periodswere used Several concludiQpsconcludiQp were drawn Jnjurieswere rot roted

to be directly proportional to the amount of currenE afher the initial voltage..
the duration of contact and the siee of the animal wereimportant. It vas noted

that t.renan electric currcnt passespasse through the brain tempora- ological

-.-.--.-
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-rblok is pflssnd it tb. tnptratory putter

anL1pontaItsiu$4rflthLflgisanL1pontaItsiu$4rflthLflgi-S$ W-.13c v ai. aOecuc c. jtc ee4rt
342.

fez nat. Ubo seriousseriou injury accursed to the boartMequ4te srtit$cLsl

.-CCa.-%--. ...

lespiratlon gave -tia for recovery of the .eÆi11ary.cetter.ndaralfrcrtg.

-rssusod spontaneously. Severe shucksshuck produced central nervousnervou aystcachangn
--

..
4.

.-

incoupatiblisincoupatibli vtth life and idtatc death in all casescase was due to iosptratory

failure. Delayed death was duo to he.orrhage vithin ihe brain.

-q
later itudy vas designed by thesaae investigatorsinvestigator to explore thÆ problen

of brain datage when the current did not passpas through the brain63. If the attn

current path did not include the brain spinal cord or neresnere requited Lot zesriration

cost experimental artinalsartinal breathed at once and bCtC active viSin lee simnes. It.

was observed that the chanceschance for rccuvcry a. the animalsanimal .iore best whet the brain

did not lie directly in the current pathway.

The persistance of respiraitory arrest when current has passed ttrough thn

brain baa also been discussed by Lee45. Re relatesrelate the ac ant of W. Watson

uho recorded an experirent by Benjamin Franklin performed in USI In thisthi

pullet struck dead in like manner viz. by the electric shock being directed

through its head being reeovercd by repeatedly blowing into its lungslung when set

dn on the floor ran headlong against the wall. Lee notesnote however tnat tecent

experirtental work indicatesindicate that permanent respiratory arrest is unlikely in

r.ccidental shocksshock which passpas from o-te upper itt to another Iib unleso the currentscurrent

at-c suficiently great to caune grussgrus burnin and further that it electro

cenvu is iv- therapy current it cave ra hunJt ed tv\ is passed trancversely thraugr.

the bratn and only very rarely causescause respiratory arrest. ThusThu it Is implied that

lon xtudinal pathia1 ot.thc Current thronah the brairstt is requLred

to produce respiratory arrest.

--
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AlianCtr painted out certain secondary affectsaffect of blsctrf.c shock on

-a Zr -. ira .. it

the contralnervouscontralnervou system2 Thea. are effectseffect which occur secondarily to

ds3ncti% and include cerebral edema Derivascular hemorrhage etc It should

be kept in mind however that these do not appear to be caused primarily by the

electric current.
--

Aita baa agreed with thisthi interpretation in pointing out that the likely

causescause of petanent neurologic sequelae seen following accidental electroshock

are in-general doe to hypoxia end beat damage and notesnote that mOst electrical

ncurologtc injuriesinjurie are erassed -taediately

However Farrell and Starr have recently compiled classificattou cf the

variousvariou neuroloical syndromessyndrome secondary to electrical injuriesinjurie en have proposed

mechanism of delayed tmage24. The classificationsclassification are as followsfollow

1. Cerebral SyndromesSyndrome delayed vascular occlusion due to intimal damage from

the initial shock or primary basal ganglia damage.

2. Spinal SyndromesSyndrome intimal damage with delayed vascular occlusion or primat-

damage.

3. Radicular and Peripheral Nerve SyndromesSyndrome most tT1ca117 secondary to burnsburn
but can be die to vascular occlusion

or prinzry dmaage.

The authorsauthor point out chat acute damage to varicis. CS structuresstructure may be

rxr.cec because of the tissue heating effac. Hoer it is notad that such

tn5urv representsrepresent an acute problem and doesdoe no necesssrily.explain-delaed

injury. They thusthu postulate the followiimg mechanisn. Eiectric-current may act

like ionizing radiation in that it altersalter biologically active proteinsprotein but doesdoe

kill the cell. These proteinsprotein thor. undergo conformational changeschange socrndary

to chargescharge in weak citecitcal oonds. ThisThi inetpretation is compatible with the

fact that blood vest.svest. are most prominently affected by loniting radiation and

I-
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injury since fltb tw the central uaiwc-

-. ....

wrff  aetts aett that aostirtquontty divide

Iactrqaetic stisili these cellscell die or becume manifestly -ebuozit after

region ihroabostsihroabost etcasetca

j.- Ia

1s ro4uction of breii3esionsbreii3esion with electric currentscurrent appitn tbflugh. .. .--

II Sa1azted electrode. was studied by tasLend et a1.. Ms lag the Sc iitho

experimental animal pulsed and cuottuuouscuottuuou cnidirecttnal iIrrnt usa plted to

the brair. It was observed that if the total qusuritityif electricity thu

c ulocbsc ulocb was constant wide viriationsviriation in tine of current 11ev putt.sputt. for..

erage and voltage do not influence the voluno of issue alteration and such

changeschange which do occur are found to be independent of heating. Ii. studiesstudie with

bidirectional flow alternating current the size o.f the lesionslesion was dependent

upon first the ner of .icrocouls.icrocoul per pulse in excessexces of threshold value

for damage determined as 20 to 25 nicrocoulombsnicrocoulomb and secondly th nuuter of

such pulsespulse in the applied train. The lesionslesion were found to be indepenienc of tme

pulse duration frequency anprage or voltage.

Lath et al. performed study to investigate the probico of electical

thrombosisthrombosi of blood vessels44. In vtro coaguiation of hole blead ard In vito

hrctoshrcto is of blood v2sselsv2ssel by reansrean of an Plectricol ctt-rcnt were fcur.d tn bc

vcltae dependont phenLnena. The ctlti. pototi2 ificrence betov vh ftc

did not occur appeared to be 2.0 V. -With in vitrn studtesstudte vhole blood was

tot to deposit Øsa oagu1tc on posit clcctrdde even when the .anountoY-

chÆrg dliccdtdflow t40st40 grcater than that whIch cwscd coa at higher

vcltagas.In-vivo electrical horzbosishorzbosi was foundto havesi1lar voltage depend2

in studies.with femoral vein-pairsvein-pair of dogs. -Those exposed tQ2.5 thrombosed
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were the san in each insta-ce the authorsauthor auueat tbsp etransc

3pp4eÆalsttsarge not th. mit acing factor La ti-c aocasljcocntof thi.%rtStii. -.

bite don not preclude at involvement of Jo tin 0i1 -siths.

cksrnisettu_guscksrnisettu_gu formation Rather it is believed bLeie accalai

.ptateIetacr i4. an tajiry site any be affectad

cm -.--
tong has nt.sed miMer of interesting pointspoint iaNikjrauw lad npcrlSStai

studiesstudie on the production oi cattractg by electrical bingy be aot2d that etch

cataractscataract typically developed on if on.r of the contactscontact waa near the eye. hart her

it wa observed that the tire of tuct of the catarct as variable from lediately

to greater than one yen after the stck but zcnerally occurring within two to

six months. LongsLong studiesstudie vre perforaed with ACat 60 liz and 50 and DC with

the seac total pcwer. A.nsch reatec lual effect was noted for direct current with

vascular corneti opacitiesopacitie conn. easurcmentseasurcment of intraocular tiaap.erature revealed

no increase during the eleccrfcal thocks. CataractsCataract produced by the electric

current were believed to be due to ctangcsctangc in the capsular permeabfiity of the lens.

The author pointspoint out that the findtngsfindtng are exactly litce tho5e with X-irradiation

except that Xray producesproduce change cu the posterior horizontal suture while

electric energy proditcesproditce changeschange on .hI an artor suture. ThisThi fir.dir. oay lend

suppot- to the sugc-tionssugc-tion of Farrell and Starr previously noted

Ir. thc discussion of the efiectsefiect of cicLcricity on the brain have already

nerjcncd the prbh1enofpirnary respiratory rresc.Furhrcunv-ze is apprcrriac

oætEe fccs76f elctricicy on rcspir.-1r ion. --

If currthtt is applied through the hor.x and is of aufiicicn srentI
tetantc contractton of the che5r ntzsculaure rv occur Lhrrcby Stoprthr respiratory

exchargc. has suggested chat thisthi CaGersCaGer when about-20 to 30 r\ past
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through cite chet45 ThusThu npiycial itl. cyaKsLst occur

-. i$yig baa arrested while circulation c.nejnun. it is tainted out bcnevc-r

ac ttaay not be possible at autopsy to determine that thisthi has happened

wint petcchial ertorritabesertorritabe occur cin silk pbstuc.tive asphytia are not Lets.

se woaId not be expected since the anaxic taplllarLc. Arc not vnojectcd to

thtTSttODg subattosphetLc intrapIcurslpssurestEskptd.utth art apted

inspiration durlig obstruct.ve asphi.a. Many yearsyear prier to thu study an asvitc

observation was m. by Conrad and Hagad who oted tb-n in teneral shocks. fatal

in chart tLme were dc to cardiac erctserct while those requiring longer time

were secondary to resptratory failure.

in contrast to thisthi purely muscular arrest ot repsr.ton. electricity tiy

produce trve rccpiratcry block as previously m-ntmon.4. AngelisAngeli et al. have

studied the effectseffect of direct current on respiratic-n3. ct2ctrtc snackssnack er

applied aior the forelimb to forgliræ 7athway in rabbits. The effectseffect fl

resprat ion were found depend on the nrrent value. t4itti t.rrentst.rrent tn c-A

no respiratory effectseffect were noted. Frer 50 rL ISO mA there wLs arrest

respi ration during the aarly part of the sock. With corn frr 1h0 te

350 tkk espi rat was acresacre ted ttruutirur the shock with spontar.eoisspontar.eoi reion

icrnediately afti rvards. wtcl current fran 350 irA and it

.8 rezp Ira wa ai- cc te zh rot rt.-uz no sIiLck jft ni

resumption cf rcpi.afnn.

similar study w-.sw-. performed by Lee Ct al. UtL rts

alternating currciL Fit Hz AC or sufficient strerjth wa throuch

the forelibsforelib of rabbitsrabbit such that there was delay between -ttion cf

shock and restn.-tion spontaneousspontaneou respiroric-.. Tb- Jaticn tn
the duration of sboSsbo and the current magnitude werL xaoOneC -Jentlv

in termsterm of two physical conceptsconcept the product of shock duration a- current
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itude charge equivalen and quantity proportional to the energy input.

The influence of the shock duration apparently exceeded that of the current.

Further delay was strongly associated with both charge equivalent and energy

input. When temporary circulatory arrest due to ventricular fibrillation occurred

an additional mechanism appeared to operate. Although protracted the delay showed

similar association with the shock duration and current nagnitude. It was also

observed that the interval between ipontaneousipontaneou defibrillation and the resumption

of respiration showed strongassociation with shock duration. The restarting

of respiration appeared to depend upon circulation. It was suggested then when the

circulation restartsrestart after period of ventricular fibrillation bloodborne

inhibitory substancessubstance which accuªulated during the period of circulatory arrest

may affect the respiratory center.
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THE PASSI1T ELECTRICAL PXOFERTIESPXOFERTIE OF BIOLOGICAL MAflRIAL ELECTRICAL RESISTANCE
AND D4PEDANCE

The nar.nalian body nay be described electrically as ctplcz suspension of

electrolyteselectrolyte and preteinspretein in fluid with tuny discont2.nuitiesdiscont2.nuitie created by variousvariou

typestype of rncrbraneg generating potentialspotential and potential differencesdifference a_-mong

different cellscell tissuestissue or organsorgan as norz.al function of maintaining what

night appropriately be called the srk of life. tsustsu hen one considersconsider

the action of extrlnsic clec.tric energy on the body the final analysisanalysi nist include

thtegratior. cC the bodysbody intrinsic currents.

NeverthelessNevertheles in the presence of snail currentscurrent variousvariou body structuresstructure

be analyzed in tern of cher passive electrical phencasna acting in assence

as c1nationsc1nation of resistorsresistor and capacitors.

Ejectr Resistance of CellsCell and tiscuestiscue

Electrical resistance nay be defined as opposition by conductor to the

passage of an eloctrical tØurrent. Converscly cont tance say be defined as the

capacftj for conducting br Ui. ability -to casey twetrial wettctsace can be

npr.inied as t1hc4tpro l of rentatance Costctance tilestileistance

.c-Cc I _ft 4fl

TftJvaLce steady dsrect current is passed throu tissue the tissue efferseffer
-- a-r--
...r%L$tflte its ees4se. etharsethar the ant electrical fÆnottissue

44 .r4%.t

are zppxesented by the verinsverin sloctrol plapsa urine
t4t

it condtaiiet.

nvatlable for migrAtion

r....-.-.t..A -. .. 1.
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  1esace of t l4iion tootstoot tiling Dlecular weight of

tbflctrolyte
ael  parettag the ctictr deI4j -a distance ifici. the epociftØ tance

tds the conductance of- solution without regard to the toncentmn of the

electrolyte. ThusThu stronger electrolyteselectrolyte sty be expected to have relatively

higher -specific conductance than weak electrolyte.

The point say be illustrated by the following. if potential difference CE

existsexist between two electrodeselectrode in an electrolytic solution all chargescharge in the

solution will experience force qE causIng them to move along the field

linesline of force. The charged particlesparticle in solution can be considered as being

acceleratcd to terminal velocity virtually inraediately following which they

will drift at terminal velocityfloportional to the force. Specifically the

terzinaI velocity is equal to the product of the force and the mobility

thlÆtter defined as the velocity of the particle whnt unit force is acting upon

it. Terminal Velocity fu. Th total current flcwtng through the electrolyte

is then equal to the number of chargescharge tirstir their veocity or Nfu.

Ordinarily the nurrbev of chargescharge posittve and negative will be equl to twice

the nuther of dissociated ator_s.al4dthc anion  nd catton will havedifferent

rt bilitiesrt bilitie and -. jf -the iiumbei.lof dissciatea moleculesmolecule iæa solut ion of_S -t.t-z4 .. --. --

concentratton is indicated by then the current fl can be represented by

Equation qECu uc
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.b1e.--1diflciiicedtffercnce fl Is related to the Loll
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the Ainaace between sloctrodussloctrodu or inn ppsciicatly the lath of the

forcS.If th. electrodeselectrode .ensl seti%iber$o tha is thai

plate else the linesline of fursfur lreaTJhe.vstase. 3ust d$aIength. foci

tUe the conductance of 1bn tell t..

24uetioe2a4t1.$$e
-s

the cooductiutty rho of the eoluti.seoluti. Ss-eell veuld be the conductariqe per

unit area norni to the direction of it.st flow br unit distance of plate

separation or -.

Equation .q$C UaMc
It is obviousobviou of course that the body is cm..o.t of sore than electrolyte

solutiois. ThusThu it is necessary to consider the probla of tissue electrical

resistance If he tissuestissue are considered as suspensionssuspension of cellscell in extracellular

fluid then the theory of elecical resistivity of suspensionssuspension enablesenable one to

predict the resistivity of tissuestissue with some accuracy. The behavior of group

of cellscell suspended in conducting iediuxn followsfollow that of suspensionssuspension of conducting

spheressphere in conducting media as described by Maxwell8. The Maxwell equation for th

type ofsystctn may be expressed as

Equation

when.r is the resistivity of the soiutionr is the resistivity of the suspendir.h5
r.ediuzi r. is tne reststivity of El-ic suspended natcrial a-tdyisa-tdyi the relattte

volune occupied by the spheres.
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ThisThi theory has been extended tu describe

cIlipsoids. The extension is

it EquationSEquation at
L.-4f --r 04-

The term in thisthi equation is shape factor amounting to 1.5-for spheressphere

greater than 1.5 for structuresstructure of other jh.apes.

ThusThu LI living cellscell are non-conducting Equation is applicable while

if they are non-conducting Equation should be applied.

Page 62

thc condu tince of suspensionssuspension at

stated as
- t.$

and

Finally if conducting particlesparticle other than spheressphere suspended in mediut

are considered Equation must be modified to introduce shape factor similar

tc that used in Equation 5. ThusThu the statement for the resistive behavior of

suspensionssuspension of eliisoidseliisoid which are conducting becomesbecome

r1

Equation 4a or
r1

l-r1 fr2
l-4r2

The complexity incrcasesincrcase oLcwhat further when one recognizesrecognize that not only arc

living cellscell not all spheric..l but that cellscell are not homogeneoushomogeneou objects. Rather

they consist of relatively nn-ccnlucting membrane surroar.din volt cctrolyte

solution vhirh is of 1ev resistivity. If the resistivity cytoplasm is r4 tie

resistance per unit area of the merbrane is
r3

and the cell radisradi is tn the

in tPe preceding et-ior may be repl.sced as followsfollow
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-c Yk
t3FC 1st -.c

thusthu di. general .iprsiionfor$iistiiity of cellular suspensionssuspension betasbeta
-1

ClI r1s4ft r2 Is
tqmattos7 vs

-I r2r3/2 it

An example of the use of these forasla. is given by Cole and Curtis. 1f

spbetcil cell has cyØoplasmic resistivity of 100 ola cm. membrane resinance

Of 1000 ohmsohm per cm2 and radiusradiu of 10 sa or l0 cm the equivalent homogeneoushomogeneou

cell has resistivity of 1.0001 ohm cm. See Equation La. Under thisthi condition1

the current flow through the cell is determined almost entirely by membrane surface

resistivity. If suspension containscontain 501 by voluse of these cellscell in an electrolyte

of resistivity of 100 ohm cm then the suspension has resistivity of 269.93 ohm cm.

If the cellular menhranesmenhrane are perfectly non-conducting. the suspension resistivity

then becomesbecome 250 ohm cm. See Equation 7.

Another method for measurement and interpretation Of cellular characteristicscharacteristic

is by study the flow of current through cell meobranesmeobrane when potential difference

existsexist between two pointspoint on the exterior of the cell membrane. CellsCell most easily

studied in thic rtar.ner arc of long cylindrical configuratinn such as nerve

or muscle cells. The technique of analysisanalysi is based on the convert ivflfl rabe

theory.

If theL the inteftor of ccl ccnuczvt an if
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cell tiS i-a-n. resIstance of the layer of electrolytq it
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vitera is the volta oath. inner surface of the nMrsae isa....

r.sistancc of the cytoptOt per unit length Variation of jijoving

through both a. outside aS inside circuitscircuit are prc.duciS- current flowing

throujh the leabrane. ThusThu

..
-At 6t

-2 Equation9.Sa.at
Lx Lx

where 1m is current per unit length through the membrane.

ThisThi relationship can be used to calculate the resistancesresistance of the internal

cytoplasm the external layer of electrolyte and the membrane. However one

must take into account the characteristic length of the fiber which ts

defintni as

E .iadon tO
fri

\/ r14r2

-where tm4Oj thee bncrasistivitY I4 the resistivity the solition in

whjch.theJibet-L5-ftr5ed.t..Id r2.iis-therºisrivity cf-thc.cytoplar The

equatiMn fcrthe realstanªe Rothe ccll.then btcomc

-I jjf. -.
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SqntLIt%1 Is

var Zcoth $12
I.

--.
-7 ac..-

-.

iAWte lithe distancebetween the electrodnaud is constant.whicbvarln-.
.--h. -. -.

ilŁflhi.fsflh of a. 1.ede c. hemp .4ay
..

rÆsistivlt of cell coo entscoo ent The cytoplaalcr.slstlvity of cclii variesvarie frcu

olm cm with nSttLan cellscell having intsttvtt3v of ib$OO clan.
-- c----

The-setrsne resistivity variesvarie finsfin to io5 ohms/cs2 with most tellstell falling

1. the tow4 .ini/n2 range.
.-

Electrical Impedance of Cfllc and TissuesTissue

To thisthi point we Lay. dealt only with the concept of cellscell and tissuestissue as

electrical resistancesresistance when steady continuouscontinuou current ts applied to them.

Purther if all the electrical ener applied to biolagic system is converted

into beet the system containscontain only resistances. However electrical systemssystem tay

general store potential energy in capacitiescapacitie and kinetic energy in inductances.

thin poorly conducting cell membrane stay he expected to have cap2citance

i.e. to act electrically as capacitor. it should be noted however that

no recognized biologic mechanism existsexist in which cellscell or tissuestissue at as Induct

anes. ThisThi property of biologIcal capacitance becomesbecome important when one ccnsccn
the effectseffect of ether than bteady current ur tisucstisuc since in uch situation

we ate no lnngct dealing witi. only an e1cctrc1l resistance but via- ar tnpcdnre

as well. -in thisthi case idpedance may be dfned as the opposition to the flow ci

an alternaithgcurrer.tvhichisalternaithgcurrer.tvhichi the vector 5n of elinc resistance picspic additicr.21

-restctancc dueto the ca7acltance effect of rell rrercbranesrrercbrane with ac rcSctar.ce

afforcd by tte lattc-r being called capacJ.Lve reactanc. The equntrn for

impedance m.iy be exprcsed as followsfollow



Pp1166-

-- .-

WSere is the i4edancc the cbmtc resistance Coth. angular frejuonqi at tin
.. _ ac-. -j -s

applied electrical stinslusstinslu end the capacitance ThusThu the tu cdancc La equivakut

with the application of. steady statsstat currant but includesinclude the ____-. -- ----

addition of th riactance term 1MC. teadersteader not filiar vith the derivat LoT of
-. ..

thisthi fornila art referred to Stacy at 1. or an aceileat sAp1anatton.
.c -. .-.

-.
-.-

C. tissue characteristicset low fraqiency are almost iadepeshont of ararc
..

reactance and Internal -tesistivity since at low freqiencta sellssell function if

practically as ion-conductors. At high freque-nciei the arane reacteuc2 ind

resistance become nearly negligible tissue behavior at iatsrmediate frequenciesfrequencie

is primarily function of the aewhrane capacitance. Althoug$i the exact reason

for the capacitive behavior of cell meranesmerane at intermediate frequenciesfrequencie is not

known Cole has suggested that the Debye concept of dipolesdipole may offer an explanation8.

ThisThi concept statesstate that any material having dipole mnt of its moleculesmolecule can

exhibit dielectric behavior which m.ght vary with frequency because of the time

requited fot rtation of the dipaesdipae in an electrostatic field. At low freqsenclen

there is tine f-n rotation of the dipolesdipole and an equilibrium stat between thc

orienting effect uf the applied voltage and the disorienting effect of thermal

agitation cart be 8chieved. At intermediate frequenciesfrequencie thisthi state can be only

partially achievid and at high frequenciesfrequencie there is not tLt for any rotatcfl

or orientation of the dipotes.

Stacy et al note-that measurenentsmeasurenent of the capacitance of tncnbrancstncnbranc cf

different cellscell have-shown that in most cellscell the value is quLte constant .-ith

2- 5s
the characteristic value bctng about 1.0 oticrotarad pr cc CL ncnbrane Euraee
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td.tflitorsflaSt
lthdugh vs have set yet begun the dljcussivu of the ystetqgical Cr

.Wscholi$ic.sL iffectsiffect of itectricity whel it is pptied part of the æ.
1b041. it i.s cbviocscbvioc that ben such elcccri4ty tsr tbs bidy it.ny passpas through

It yny diftersut typestype of tissuestissue and orjts. tms th srept dslivrsd to thet

bo4.frou ion source is express.d by Ot Ia 7fl nprenntsnprennt the overall

I. edsnce of the body Th. nine of the WoMan is $dnticaI Qitb the of

ths individual iodsacesiodsace of each tissue or orgen the Earsut tflverses. thusthu

skin subcutaneoussubcutaneou tins. ec1

If one is to have an usderstanding of the rsspaise of the $aea to-tb. passage

of electric current it is thusthu necessary to have son k1adgsk1adg of japedance

seasureentsseasureent for many different biological aaterialsaaterial since aedance to any

particular current passing through the body will varj not only with the nature

of thecurrent but with the pathway takin by the current as it trntrses. the

body. An excellent review of the sttdie k1ng such measurentsmeasurent has been made by

CeddesCedde ar1d Baker and discussion of their review follows30.

In the mamalian speciesspecie approximately 107. of the body weight is water

witE 507. being intracollular fluid and about 207. being extracellular. te latter

includesinclude such fluidsfluid as blood urine the bile ccrebrospthal fluid etc..

Inasn.ch as all the body fitidsfitid are electrolyte solutionssolution they typically have

rather low resistivtiesresistivtie and in the absence of cellular elenentselenent can be

expected to act electrically as -resistors-resistor or coiwersely cnducors. 5abie 15

jgivesjgive resistivity figucsfiguc measured -in vanousvanou studIesstudIe hr bthlogical fluidsfluid which

are relatively cell-free. It should be noted that ingercral the conducttvlty

of those fluidsfluid increaset as the temperature risesrise thusthu exhibiting negattve

temperature coefficient of iesistvicv. -.
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_____Table lSpraotslSpraot rssisttVity figuresfigure lot biood Siu11 ZSdaontrit.sZSdaontrit. the
.-

negatzvq tpiperature coefficient noted for bunan blood From thcprbvlousthcprbvlou
-.

discussion thisthi pppn it sight be expected chat resistivity of blo4 would

vary wit tts  jlssar content -flat such variance doesdoe exist .1. wii by
-r4

figure 24 which L1lvitrtcsL1lvitrtc the fict thflai thE cellular contsnt Is $d. tnreasestnrease S.

is ha the bentocrit iscreesesiscreese its conductivity decrease also

illustratesillustrate that differac. in cnducttvity existsexist for flaying saJItaLiodary

blood vith the Zater ribiting higher resistace -This-Thi differace4ecos.sdifferace4ecos.

wre karkad as the  ellular content of the blood is increased.

The resistivity vP.luesvP.lue for cardiac wscleswscle are listed in Table it. -it is

obviousobviou that considerable differencesdifference exist aong the variousvariou aeasurernts.

The 4ata derived by tush may explain thisthi variability30. In his study resistivity

was aeasurcd parallel ani transverse to the diteccion of the antic fibers.

Transverse fleasureaentsfleasureaent nrc found to be about 2.2 timestime as great as measurementsmeasurement

taken parallel with the fibers. The recordcd measurementsmeasurement for human cardiac

tissue are -notcd to te Lowe- than that reccrded for cardiac muscle of other

mannallan species. Since the hunan studiesstudie were perfotmed on post-mortem specimensspecimen

the 1er resistivitiesresistivitie -found fit with the vie-a that after death teii membranesmembrane

lose their abilicy to maintain their insulating propertiespropertie and ionic gradients.

Multiple neasurernentsneasurernent for resistivity of skeletaL flUSCLLSflUSCLL are cauulated in

TabLe. 13. As is the case with .neasurenents.neasurenent of cardiac nustle the resistivity

vchcsvchc are found to var with he diecttonot currertfloc. whether the

c.--cnt is directed parafl.pt IS or tratc0verqeto ttc. scje fibersfiber ThisThi the

ratIo of transverse to 1ongitudina resisttviticsresisttvitic cc based en the data in.

T5LilST5Lil is approcinatelv to 1.
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resistifltjare sit

tht- iibouTh be vised with riaMuer-
tinun th.aeal

p7
arj be-$ t iIa IIDC. b n. at -diflernt location is

...-
varied floe. to ei.plasei.pla can bi$iven. .Th. skull s1s eLm ass

A-

poorly conducting bony tablestable separated by apon region costaIng blood which

is previously toted sood conductor.- Ltkatn the asgiisasgii are poorly

conducting tdbestdbe fiflAd with hitly  onducttzg vascnlarisc.-d wtS..

Ira the general tabulation of data on resistivitiesresistivitie e.ttt rnonab.e

estimatesestimate can be nade Eor the resistivititsresistivitit of specific ban organs. Then

figuresfigure are shown in T3ble 27. In those cØsescØse where han data are not available

animal data are presented and the appropriate cautiouscautiou involving the extrapolation

of anmnal data to man should be considered.

When cotscot idering the action of electricity applied to the body it is also

of importance to attempt to determine the resistivity of certen body segmentssegment

since thisthi is in fact the manner in which the current nay passpas -through the

body. However caution must be used in thisthi approach. Implied in the determination

of rcstrttvlty is the existence of known current-density distribution between

the electrodeselectrode which are being used tc. measure the potential. In non-uniform

conductorsconductor such as body segTeent current density distribution will likely not

be uniform. ThusThu siiÆhtalterationssiiÆhtalteration in electrode poctriens-nay resultin larcc

chargescharge in neasured nsijttVlty NonethelessNonetheles attrtsattrt to-ectincte these

tlgccstlgcc do ha.e so-ne iijurtancaeno such aJutsaJut arc sti..- .ir Tatlc
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r%itiaetin tbs total ra n.4o .lectiicafrcn

thnu tibi teStstance of the truSt tstsonsidered to be nail

A-

Only miubtsi tflorsacion ts available lb. resistivity of the tatC

eford eioiAeeAon.aintrodas. ati jjjr.iisuvityoi

mat in 13 tp Ł4aÆn and hA found iasaafllue f 43 usuar

aasuraastsaasuraast for dØntine assured the dentinal tablestable revealed

valu of .330 ___

--

In the discun ion of their review paper .Ceddes.Cedde and laker make several

cantscant which are of such tortance that they should be carefully considered30.

irst wst bioiogisl structuresstructure are couased of cellscell and hence exhf.bit 4ifferent

iropertiesiropertie in different directionsdirection because of cellular orientation. Secondly

ariationsariation in biological nateriel related to altered physiology of the anral

tue to eriviroSental chanjeschanje or ilsease nay be expectei to exist. The size

the sriplc of tissue or organ being exanined oay be itporcant and in sencrai

bra frc stall salessale of tissue thould br evoied since the nature of cellular

will becotz an inportant factor in the resistivity neasurent.

urthrr vhen  hyiologica1lv active structuresstructure are being ccasured rtfczr.t

ecsc._e cnrescnre c.t be occened AzrLg ccpclarizat.cn and -t..-tc

Cc-c cuousi cnscnt to thiCot9t has beer any rro the ecctr1e1

resistance of the sk ..Tbcnizu\ique as an Crgzn in its role or

r1T
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aford stes1Is.Æftt2 Łl.ctrode. has assented  ie Sltiae Theist

nsl is 13 spedbeii. Md bee found seassea value of As n1.

e.aeu.safttse.aeu.saftt rot 4n ssaeursd sling the linesline Sf tbS dent teal tablestable freveaied

value of 330 cbs a.

In the diecuvsdiecuv ten Of their review paper Ceddee sad Laker sake several

ceente which are qf such iwcrt.ence that they should be carefully considered30.

iret soet biologiel structuresstructure are coe osed of cellscell and hence exhtbit different

iropertiesiropertie in different dircØtione because of cellular orientation. Secondly

sristionssristion in biological asterial relatd to sltere physiology of the nmal

itie to environmental chanseschanse or disease nay be expectet to exist. The size

the sample of tisuŁ or organ being exanined mAy he tuiportant and in gencral

hri rrn mnali sau lcssau lc of tifinc thou Ii ic avoided since the nature of cellular
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union as 4th the tesstes of $aplantsd ltctrodssltctrods
4..LAe-

tdatcassucbasnaosntbnsrstsflbsn

potnuafly mfer direct pstksay 4. cbs tr.n iilSc
___

nsisnsi PtSh3tittt
whetswhet the nornily dry horny layer .1 anstua actsact poor cssttor

thusthu soy factor affetttng the epidersisepidersi fly gjfl$ to titer skin resistance.

an najlsnajl of thiSthi is the variation Sn 9n ra tts.ste4.iss4tfferent partspart

of one. body. tssistsstssists is nomally taint In Sost areasarea S. body where the

skin is thin e.g.. he ext 11.. tha poplit..l foes.. etc. and ny be only

1K to it otas. it is highest in thick calloused skin erasera and ny be 70K to

toot  as or wee38

Skin resistance is lciered by moisture sweat gland activity or by the

arlication of conducting aste between the skin and an electrode. Kouwenhoven
-- ti -. -.

hat pointed out that if the ski.t is wet its resistance nay drop to llOOth of -s

its usual value38. Thoasa and Xorr innined the quintitative relationship between

the ntSer of active rweat glandsgland and electrical resistance of the skin60. They

noted that condnctance variesvarie aprcxirnatel7 linearly with increasing or decreasing

n.ersn.er of active sweat glands. The cetclssct vzs reachet that cch active

gland contributed conduction pa-ay eLeticcUy aua.cgousaua.cgou to addin1 z. x.r

resistarre in par Ilelto cther sweat gand-rtgistznccs. -.3rthcr roli vLr1ttOfl

in slope and ittcrØepfta rLring and faLiIr.g cuncscunc noted during surnt
involving incÆsing-andcecreasi.2 swelt 1 h actitjtv tere fLIt tctc

related to hYd ti9nof .nonsudorjfjc conducto paths.ays.
--

tZ.
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stivity viii St1

is brs ...n to the application Of an liectred

114 see Figure fland the area of e IiIssontact with to .fftt

 lflaets lflaet Of skisski ieiistivity.

2.

La aicejle of the effect of electrode pl$spl$ 1s.snants1s.snant of kls nsistivLty

is givesgive So the study reported by mcspsod1. flody vu perforied on 70

-.

-. 2$ vt sod 42 men. The subje 4t the wrist

in a.ieak saline solution. Four typestype of slÆtsdecontactscontact were Sde with the

righthaud. First tapping aetstic snv2gSvtth the tip of the forefinger second

pinching an.allic conductor with the thdforefinger third $ripping

long metal rod inch in dinter fourth Isrsing the band in salt water to

the wrist. Table 29 givesgive the resultsresult of the itudy. it should be Doted that the

resistance is reported as average body resistance. Since under the conditionscondition

of the experlswtnt the internal body resistance would not be expected to change

the variatiotsvariatiot reported reflect the changeschange in resistance at the entrance pot nt

of the current through tht skin.

Table 29 EffectsEffect of Surface of Skln-Electrod.e

Cmtact at -etvurcncr.ts-etvurcncr.t of Skin i.esistancet

Tvpc of Ccnctct Avr. Fcd acslstznce oo ivc. Vo1tte Prc Uc1til
1et ./k1 Ken All

_xA 375 115- 125

fPi.ch 14A 1.33 14.0 7.0 10.f

.74 7.4 6.0 7.t

1crsed 17 15 15 30

61 tic

r.ThptT10P50fl T.i
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Lit the resist

Lbut with different .frtinias.frtinia of

wi.i 4cc.

bat racial differencesdifference -Ia ain nsistana

asadtost ErosEro Wo sep rste laboratorieslaboratorie taifl

different naaurnt itchuiquesitchuique different electrodeselectrode and 4ifferent aged sub

In both studiesstudie skin tea iitdnce Was found to be greater for MegrocsMegroc thisthi or

CaucasiansCaucasian The resultsresult of these studiesstudie are sham in flUe 30.

Table 30 taetsl VariationsVariation in Skin Resistancet

All ResistancesResistance in tolastola

St. LouisLoui Study tan Diego Study

Caucasian Metro Caucasian

Mean ft Mean heat ft lIcan ft

Male 65 170.15 22 210.09 Male 16 171. 16 373.

tale 55 168.94 fl2 309.93 Fesal.e 171. 373.

tFr Johnson .sd Corah37

I.

The authorsauthor concluded that skin color itself was not the inportant variable.

since the tre1anin is located in the basal layers. They suggested that the differencesdifference

were etthcr becausc. of thickor stratun corneum in legroeslegroe or possibly because

of dffcrcesdffcrce active eccrir.cseat glandsgland bettcn the two races. Another study

hevcr sc pointed out that racial difference in stn reistnce exist which re

nfl ccrrelated i.ih the amount of swcating.

erfod nxnvshaion of be e1ecieal corauctancc
57./

hrief-vpoxja -coæ2jcte tn rabbitsrabbit usir
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ten an sltzLc current entersenter aS passespasse through the elect

$bnactertsuca of the entrance site al bf tissuestissue In flhesy

It %.t_t -jc.j
current east be EonsEon tdsred ThusThu Sfferiat responsesresponse i._ be expectedY-

-o direct ccrent alternating ctot as 1I es t.e ILL at. raquenc tea

-.
cf alternatiflg current. Further variationsvariation of iadtvLdual responsesresponse be these

-- physiological or psychological east be acted. Within thea ImitationsImitation then

general statementsstatement can be nade regardi4 tsrtain ban responsesresponse to electrical

stiatli.

The first physiological response to electric current cen usually be

regarded aa the perception of current. For perception through the hand

Dalsiel and Mansfield suggested that with direct current about mA is

perceptible while current of lessles than mA is perceptible. with 60 Hz

alternating current20. Lower figuresfigure were reported by Carter and Coulter

suggesting that for direct current 0.2 L3 mA is jrerceptible and that nearly

simil- levelslevel of alternatinp current at 100 HE are perceptible7. Using transtran

chest electrode and neck-abdomen electrode arrangementsarrangement GeddesGedde el al. found

responresresponre to alternating current in fair agreeent with thcse levelslevel terrted

by DalzIel31.

Sonewbet lower figeresfigere for diret current percept ion were suggested

Green See Figure 2. Conrad et l. have pointed out thetfc.dcptndencv
-.. i- \- it1l -..- -- --

csponse to direct current

ThercJr gcnernl cgreencnt that for alternating current. ts the frc ucrcy

incrcse rie tLresI.old perception increases. There is however flttle
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geatsgeat that b7posiafsssb7posiafss
lot Sgnificntly

on thresholdsthreshold turthartathrII$ ant pear to

by chinschin In akin  turEns turEn rather
4raatt9.u aratur.

ass occur

The problea of defining pain baa pr.i.Slyjsen discussed. thusthu it is
A.

be ected that studiesstudie to mtuata pa1tai only suggest ae flnge of

esponses.

Using pain prick sensation as the subective response to be called

painful NoterisansNoterisan reported levelslevel for alternating current quite close to

those le7elsle7el previously discussed as sensation thresholds52. He ilso observed

that as an impulse duration increased the painthresbold fell. Se.asureaent

of pain thresholdsthreshold by Ptutchik and 3nder iuggeitØd slightly higher current

levelslevel than those reported by WotersiansWotersian tapprozlnately 1.0 mA as opposed to

0.5 rA but still vithin the rangesrange prevusly mentioned sensation

regcnerallv eccepted levelslevel for the pain thresheld arc thoc suEgested

by Lee-based upon dcta fro Kouwenhoven c-nd Milnor Dalzicl ar1d Rorsc. Fc

uggesjeaflge of to 10 tA -s amtoyitr Cr pnfl TrLsrzn

agreetEtth the dLt of lamer27 one end-itdviththØaaef Dcvidsrn

and tbougati ct the other.
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ft the

iid extent ively by Deli tel C.__

rent above bbich man cannot

Wapb1y safe cirent tee. tbst
tz.

jroup of subjectssubject can release 2v using asteati r.ctly Si
C.

sCStt p.11.1 ..StId $2 for ass eM tc tr

uonsbly safe auratsaurat Correspotding valuesvalue for 40 AC are

sad mA or n. The valuesvalue for elternat tag cuisntjrt fre aeacy

dependent tending to increase as the frequency IncreasesIncrease Ira 60 Ba Bouenr

-the rate of incrust with increasing frequency is slow between sod 500 Ii.

The nature of the study demandsdemand that most investigaticesinvestigatice of the prokaction

of ventricular fibrillation by electric cazsnt be performed on animals. FerrisFerri

et al. performed extensive stutesstute on different animal speciesspecie szd observed

that the threshold current to produce ventricular fibrillation was related to

the body and heart weight26. Based cn animalsanimal comparable in size to man it

was suggested that with 60 liz AC for duration of or more seaadsseaad with

curtent ptth between an arm and le current cf ICC mA would produce

ventricular fibrillation. The threshold for ventricular fibrillation also

altersalter with frequency. Sc Figure 20. Further the duration of the shock

is nportact Since for short sbochr e.g. lessles tha 5cc the shoc nst

coc-r during the sensitive phase of the heart cycle.

An eztetsitt analysisanalysi of tha pn5lenwcspn5lenwc terfcrned 1y.Dalzcl dcrive

fcrzela tc predict the prodct-rr vcLrcuLcr ffhrtUat ion In cf

large group 6f..tcrl men i.e. .\ lo5/T cJ where is the tire of
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--- 3t4 ti-.\
about to 1. fl eunice oftb.rttj.scf

-2 -c.-._--.tod thisthi paper. sunstaIlne._t
venricular ibriflition by the applicetiin oLan 4Ætrt

directly totEstotE beertor reaching the heart through eÆtbitei
ci -%

in such talestale outy vary aati SomtsSomt of strent produce ltbflflatio . ThusThu
-- --K-

60 Ms shocksshock sri -300 to 3000 tiastia dgerousdgerou

to the heart1 rather than to the body surijce

it has been suggested that

when delivered directly

-t- -_ts-_t -jC -a-_I
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