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INTRODUCTION

This manuscript was prepared for the National Aeronautics and Space
Administration to aid the Office of Med?~~> Research and Operations in estab- '

lishing standards for current limiting devices ‘or bxomedlcal sensors, such
m—"“\-—-’q—wr—-. —————— e g—

that the safety and ccmfort of the wearers will be insured while signal quality .

is not unduly compromised.
Specific informaticn was requested in four major areas:

1. What are the human threshold levels for semsatien, pain, muscular
contraction and ventricular fibrillation when exposed to direct

currert and 60 Hz and 400 Hz alternating currents?

2. What variations might be expected in the above thresholds with

different electrode placements?

3. What are the above thresholds when a current is passad from the

head and/or hands throup,h an electrode positioned on the chest?

4, What is the effect on the thresholds of such variables as elec-
trode size, skin temperature, hecrt phase and other physiologic

states?

The inlormation containeu in this manuscript represents an effort to answer
these questions based on an extensive literature rcview of app:cpriate research_
reports over many yeatrs duration. In addition, a section is devoted to examiring

in some detail t..e passive electrical properties of cells and tissues. It is felt
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that such information mey prove useful in future, more advanced desiguns of

biomedical instrumentation systehs.

Sbecial acknowledgement is in order for the a:s;stance of several persons,
The suggestions from Dr. H. V. Ellingson of Ihe Ohio Staée Uniyersity; Depart-
ment of Preventive Medicine, and from Doctors J.'?. Tcmashefski_and J. F. Foster
of the Battelle Memorial Imstitute as to which ig}ﬁrmation should be included

and their suggestions as to the format and preparation of the final manuscg!;}

were invaluable.

Rutir M. Linebaugh, of the Battelle Memorial Institute, was of great assist-
ance in conducting the literature search. The careful attention to detail by

the typists, Ruth Chalfant and Marsha Rayburnm, was most helpful.
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tissue reaches a certain threshold value
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LVSIOUA:ICAL AND PATHULOGICAL R.FSPOXSES OF ‘IRE MAN HHEN r.X?OSED TC EI.ECTRICITY

ST

The Threshold for the Pefccption':o? Electricity

PR SR ” [ .
- - - £ - e

Hhen oue considers the application of clectrici:y to the surface of th.. body -

be this thtough a "true" electrode positioned to detect a’ )iopotential but vhich

offers L path for extrinsic electrical cncrgy to reach ehe body, or be 1: an

” SRR il Al

"elcctro 'e" of a bare wire touching the skin - 1t 13 ap‘n.rcn* :hat the inittal
perception of current flow vill arise from stimlction of_ict_ltmeuus» recep»tots
immediately under the electrodes, since this is thc 'region of greacest ccttenc
density‘n ‘Thus the first physiological response to electric current can be meas-

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

et al., minimal response occurs in human tissuc when the potential across the

10 i

Dulziel and Mansfield have determined the’ threshold of perception of the
‘hand20, Scudies were accomplished on 115 males vhose ‘hands- vete~mis'ened with a

":s‘aturé,ted salt solution. “The subjects ei'ther' 'g'rasi:ed"é:r "iinply't’ouched a coppcr

“wire through vhtch the current was provided and the invcsugators uoted {‘wt

testir.g by thesc twn different methods compared well -sting a direct cutrent

the ne:m threshold for perce,ation was S 211.&, vith a nedi.an of S. 0 cA and a ran%e
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Hovever,

Yelz

an age dirferential exists with older subjects requiring slightly nore current

to pecreive the st_mulus. ) : oo

Based on the above and related studies, Dalziel and !ansflcld nade the fol- _

louing observationszo. The predominant senShtion produced by gradually increasing
dir:ct current is warmth in the palm of the hand or wrist, Hith alternating current,
the sensation at less than 10K Hz is tingling at the area adjucent to the’ contact
point except at very low frequencies, when the nuscles tend to. follov alternations
of the current wave, From 10K to 100K Hz the sensations produced are similer to
those at the lower frequencies but less intense and perceived over a latger area
around the ‘contact point. From 1C0K to 200K Hz, the sensation becomes one only

of heating and this probably applies to frequencie; greater than 200K Hz, Fur'her,
it was observed that the current required for pereeption increases with increasiu;
frequency and between abcut 1K and 100K Hz, the currenmt is nearly proporticnal

to the frequency. 1In later.discussing this Same problem, Dalziel -made ceveral

additional obersvat.oasls. Except at point contracta, the current tequired to ] f”"f

et

produce a sensation Increases uith £he a.ea ln contlct sitb nornal Xin: hochE;.v"f'
s R e v e

this area effect is fairly tnall Secondly. the<crestiof the uuve forn = mot

Lo :.,

the effective or average value of the Ac vave - is responsiblc for the sensattan.r:’

<

Thirdly, the threshold for uomen is apptoxinatelx tvo-thirds that for uen




‘rahle 1 gi.ves che te:ul:a £or ditect eurrent :hresholde as Heu u tha akin

resistance at these thresholds oot

.

Table 1: Threshold for Perception of Direct Current-59 Subjects*

Ages #ss Mean Threshold mA/ ca? | " Mean Resistance Kohms
17-24 13 252 ‘ 72.720
25-35 21 S | 116.660
3645 1 L .60 111360
46-55 8 . o 346 ’ 105.710
35-65 4 TW331. - 92.500
66-75 .. 2 . <157 110.060
Average 59 yrs. . . +291 - -101.000

*From Carter and Coul’.er7

Table 2 gives similar da:a by the same imvestigators for uCemting current at

geveral different frequencies.

Table 2: Threshold for Perceptiod of Alternating mrren:-m/mz*

Age IOOHz 500 Bz IOOOﬂz 2000 Hz 60003: 15000 Bz 35000 Hz 48000 Hz

17-24 204 .2% _-_.373"'-' ez t1i380 ‘-‘3 300 7.80  12.00
25-35 .18 .28 .40l .58  1.388 . 2.907  6.63 11.35 .
36-45  .226  .338  .469 679 1533 3.205 8.33  12.43
46-55  .237 404  .563 828 1.9% .3.200  9.01 - 13.89
56-65 126 375 “U550 .88  1.800 .3 1.0 '
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variation in 'electtode si-e on perceptton-tuzesholds
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were placed on the medial and latenl aspects of the diunl‘upp;r am vith the

.
KE

kin having prevmusly been moxstened vi:h normal ine. Table 3 gives :he

- S

results as noted with direct wxrents on 15 subjects aged 20-50 yuts and ‘rab].e 4

-~

gi.ves the re: ul*.s from studxes vith altermr.ing current.

-Table 3: .Effect;ofAEIectrédc-SLzevon R -'.;
Perception of Direct Current¥*

E]..ectrode-. ' . L, AvE. Threshold _,_;A;l:;.'fhsesholdvfekesisunce' -
Diageter Area-In Area-Cm mA per Cm - Kohms

sien 31 2.0 261 130 o ans

1;0" - 0.79 5.1' 475 0.% 7173 28.2

2 1/4" 3.9 25.2 .. .80l _ , 0.632 €55 - 14.0

*From Carter and leter7 |
Table 4: Effect t.aflElecr.lrode Size Jni_
Perception of Alternatirg Curtent¥

s N SR, L e wete T EN s g dtineun T o,

Electrode

Dismeter 200 Hz S0C Hz 1000 Hz 2000 Hz 6000 Hz 10000 Hz 15000 Mz 35000 Fz 45000 Fz
/8" . .26 .43 .67 -.98 . .81 - 258 . 3.65 ..8.50 . 11.05
SL0" ks .69 1008, 1.42 - -:2.82 .o LGl . 5:27 -ilh2 o« ad7.8

21/&" .87 1.39 . 2.06 .2.92 . .5.0L.:-77.98 - 11.65° 7. 26,30 ° £34.30

"‘-;'lfl-‘rou.carter .and Coulter
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sensation for cight hxmn aubjects using simsoidal currents over a frequency'b_
range of 10 to 3 000 Rzn. Two electrode configuracions were used- the first

consis:ed of a pair of trans-thoracic electrodes » similar to the urangemenc A
comnonly used Jor impedance poeumography. 7 The second configuration was a neck-"‘
abdomen a_rttngcnent. mﬁ tes;slts Jare shd:n in Figure 1.: With either elect'r.ode
configuration low frequency currents (in the 20 to 50 an,.x'a'nge)' of 15: thanr} mA
are pccceptible. This figure is in agreement with the dcta of Delziel, .‘l'hompscn
and Voodzo’Bl'ss. Aga;n, as in studies previously mentiqned in this pabet, it wac
demonstrated that as the frequency is increased, more current is rcquircd for
perception, and that above 100 Hz the current for sensation rises sharply with - "

increasing frequency.

A study was performed by Greenm to der.eminc the ﬂ:hrcshold for sensatiou fcr
electric shock under 12 conditions34. The i{ndependent variables were as follows:
three “types" of electrical flow - constant current, constant voltage, constant
povwer; t.hrec elccctode sizes - 0.0?5", 0.15", 0.3" diameter. Nine separate
conditions wvere thus examined in this manner. ’Ihe a:lditional three conditions were
added by using electrode jelly in combination with- ‘the 0.15" dime:er electrodcs.
The results of this .tudy are shown graphically 1n Figure 2. All tests were made
uging a rectangular DC stimulus of one second duration to .t.he ba!é. of the thtﬁb

N\

and the index finger of the left hand. The iuvestisator ‘made the obsetvation '

that the threshold for dry electrodes in terms of pouer. ‘was appraximtely 50 nﬂ .
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,lolution vere studicd by Contad et al 11

simltareous masurmcnts of volcagc, curreat and :ki.n resistance were ude._ 'rhey

noted that a steady stace resistance vns not reach(.d un’u 15 to 40 ninu:es afr.er

the Eingers were immersed, at which point the average skin tesist.mce for the

WRR A

six subjects was 7. 1 Kohm The simultmeous voltage measurements: denonstrated

< Y

4.

e N ARt TR AL W S e S e e tm i Sl oS v e W

considerable capacitance 'ffcct {n the skin. The investigators -"smmated their

‘fincmgs graphically (Figure 3), relating the time- 1n:easity values for cuxcent

[IT Y

inpulses required to produce minimal responses in huuan fingers..

eman o

Brown, et al., examined the varying temporal parameters involved _the

thxesholc of stimulation om hairy areas of the boéy uging DC pul:.es of 1, & and

P ey

3 8 pulsex per trains.- Using 0.5 msec and 1.0 msec trains, it was noted thit both

as the mumber of pulses per train increased, and ar the longer train duritionm, the

threshoid for semsation decreased slightly. (See Figure 4.). In addirion, they
noted that with progressive experimental sessions, the sub jects' threshold for

sensation Li\creascd. (Figure 5.7 : S

- _V N ‘Gibson neasuted t.ouch thresholds in l:vo experinen:s ‘as 2 fmsctirn of (1)
~the rumberxr of brief electric pulses, from 1 to 20 and (2) the tat= of pulse

v 'repecition, 10-25 pulses per seccr-.t on eight ‘body" regmns, inc! uding hau:y and

-"-%h;i;jless tissuesnY Anodal pulses aere delivered chmgh-a~conaunt curren:

T';.ggimi;cor and were 0.5 .gsec duration at half-peak.  ,

T R s (.c-;o-' Cere. .

I A
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;ubjecu . E“h Subject s leE: hand uas imeh%d 1ula ueak ul!un__ulur.ioa.:_ R

in four differen: methods:

the foref inger '

_. .-\’

€.

‘rhe subjccc s right hand made contac: nich the apptoptiate cnd of r.he ci:cmt
(1) ‘tapping a neuluc surface ‘with- the tip of

) pinching a metalllc surface betwecnv t.he thunb md fotefin,cr.

S
(3) g-asping a 1" diameter metal rod wlth the hand (lo) imersmg thc hand in T -

salt vater. .The results of the study are shown in 'Iable S

te s

‘fable 5. Thrcshold Values “(mA) for- perception of-.éo Hz A.C* .

Tvpe of Contact 28 Women © 42 ‘Men . Aveg, for f11
3 Avg. Max. Min. ~ “Avg. “=Max. _.Min, L
Tap 0.27 0.40 0.20 -0.40 ~0.80 .C.20 .0.35
3 iPinch -0.59 1.20 0.20 0.87 . -2.40 0.25 0.76
3 Grip 0.84 1.40 0.50° 1,19 ::3.00 -70.28 - 1.05
- Immersion Q.88 1.80 D..SOI 3.00 0.44 1.19

*From ‘l‘.‘hovu:pscm61

1.39

e ~ These findipes are compatible with Dalziel's observation previously referred to:

"*The Threshold for Paxn Produccd by Elect"r' Current .

n-‘ﬂt sponse—;to a given stimlus‘

s .‘.-41,‘ <t

B L T R

.0f pain. Hall has said Pain nay be studxed as a sensacian in ox\e expe:inent., )

that with increased contact area, the current -required to produce sensation inc-eases.

-

Pain is a subjective matter, “known to us by éxpefience ‘and des'c‘r,ibedr by

O
5.1.11.:;t1:at:1<>'n.“S2 No objective criteria ‘exist for measurizg. :he actual experience

s
"I'l”—r .

t mst"th«.refoze




L et

be -"fo'ca'tnlz-c”d that for any true evaluation of a .pa!.n' thfeiitdld." any Bdiylduil "

iust be his own cuntrol. Further, any study :-euurtng plin thre:holds must be

‘considered with the sub jcctlve nature of “pain" in pind

‘It s thus ipparex . ‘xhat no. fdeal pain threshold" level can be detemlned
et

which is generally applicable. Rather. it {s necessary to po::uhte a range of

qtinuii which may be expected to produce pain under & given séi o-fr éfri:ﬁ:stnnce:.

A mmber of the following mentiocaed studies. wht-le performed quite well in and

‘of themselves, give some {dea as tc the problem of v'atiabuvity' in this area.

-Using a 2 ms dizmeter stainless -teel stimulating electrode and a conduction
r:diui of evlectrode paste, Noternins performed a rather extensive study measuring

pain chreshnldssz.

The subjects were instructed to report as soon as they cxperienced
a pafuful seﬁution. ‘Figure 6 diezonstrates the pain thréshol& for different
frequancies and different impulsc duratioms. It vas observed that when frequencics
less that 10 Hz wcre used, the sensations ,vere first describel by all sbjects as
tapping or pulsating *athe; than painful. As the stimulating curtent wvas increased

the sensations became more painful end were described as unplman:. but not

perceived as a !pricking” semsatior.- Betveen cpptoximtely 30-200 Hz a ..axrly

B e

reliable threshold peasurement nssociated vttb a "pin-arick" sensatinn was not fclt.

Figure 6 also aemonstrates that as the duration of the current is increased, -

the threshold f.qt pain sensation falls at ail frequercies.

ate_ Aghown-;in I-.'_;,‘gure 7. I: Vas obsctved that ui.:h unpulse duranons“ of 0-1' RELC
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or less, tl.c subjccts perceived “vibratory" scnsations but could not exactly
describe a conmstant “pain™ sensation. Figure 7 demonstrates that thresliclds
establishel with an impulse duration of 5 msec give wmecarly the sase values as

those measurcd with impulses of longer duratioms.

-

-~ -

Using a frequency of 50 Hz and an Ln:pu‘lsc duration of 5 msec, both derived
fron preceding phases of the study, the effecct of the nusber of pulscs within the
5 mscc impulse periocd upon the pain thresbold u‘;a measerced. These results are
shown in Figure 3.‘ At le;s than 10 pulscs per 5 mecc, no reliable constant pain
thresholds could be measured. However, above 20 pulscs, the threshold value

did not alter significantliv.

To cstimate the rel{ability of pain thresholds, 12 individicls wcre studicd,
using a fixecd cleitrode and a gradual increasc of che stimulating cuvrent.,
Evel. measurcscnt was repoated 40 times with a mirinil {nterval of 20 seconds. The
results are Jhown in Table 6. The same pro:edure using 20 pulses par {mpulse

gave ncarly similar results.

Continuing his study, Notsrrans measurcd pain thresholds in 64 subjects vver
mulziple body sitcs: On cvery dermatome, the threshold was oeasured at three
differcnt tlaces at distances of 2 cm from cne ancther. These results are shown
in Figure 9. It was noted that the pain threshold is nc;rly unifora over the eatire
body, with post individuals shouwing the lowest values in the face and neck. Further,
| it was observed that the measured pain threshold values varied from one person zo
another over a range of ncarly + SO% from the mean value. Tae pain tareshold was
always loser than 1 =4, and it appeéred that the mean pain threshald was about 0.5
pA. Variations in the pain tht(;shold between corrcsponding places on the left and
rizhz sides of the bodly of the same individual wcr.‘; never more than 0.1 rA with 3

ncan threshold c£ 0.55 mA.
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Varutloa tn l'aln Thrc:holds on the Dorsal Surface of the Hiddle Finger

_ Table 6:
. e Ei0f12 Subjects* R s
Mean pain Highest _'and\
‘threshkold ~ _ " ‘-lowest ‘thresh- L= Rumber - “Ranye
Sub jact valuc in old measurcd . tef . in
fage in years) T mA T ~ in mA ' " pulees mA
‘Hale R . e .
J2 yaars 0.41 0.40-0.45 . 40 0.05
3 vears 0.3% 0.35-0.40 - 40 0.05
3 years 0.50 0.48-0.54 : .40 0.06
IS years 3.4&% 0.42-0.50 - 40 0.08
37 years 0.40 '0.38-0.43 ) - 0.065
27 years C.50 © 0.48-0.55 . 40 0.07
Pcanh
20 ycars 0.42 0.39-0.45 40 0.06
21 years 0.60 0.50-0.65 40 - 0.15
2 rears 0.¢S 0.60-0.70 -&0 -0.10
27 ycars 0.42 0.40-0.45 - &0 0.05
27 years 0.48 0.45-0.52 D40 = 0,07
22 ycars 6.55 0.50-0.58 40 0.08

*Froe Ncte mmsz

Ter individuals were studied to detemxne the possxbxlity of alteratxons in

pain thresholds during a d.ty. slgnifican“ dxuml vanatipn was not found. These

s ame mdivid‘xah vere cvalucted dally ‘aver the course of four nonths md again

£t vas conclud:d that in the course cf time, lictle variation in pain thresholds

occurs {n the same indlvi;!ual.

Y

Pain thrcsholu were weasurcd on ten ccntrol 1ndwxduals w:.th and wzthout

. Hhen the individual was . dxs.cractcd

dis:rac'io-x and/cr pa(n scnsa:ion elsevhere.
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- age 20
themns perfbmed ﬁdd_it:ional studies co _degemiu;z the e.ifecc.ﬁzf. skin
temperature on pain thresholds, as neasur_;d on ihe distal phaﬁlianxA of the middle
finger. These results are shown in Figure 10 and indlcate that the influenfe of
skin temperature oa the patn threshold is m;niml Only with a drop of 10°C did =
the threshold increase by about 30% of _the ori.giﬁal vﬁlue and at 16% the iacrease

was about 50%

In comparing his findings with these 6f other investigators, Notermans makes
several observaticns. First, he écints out that 'whilé many i.uves:i_.gatox's agree
with his negative findings as to diureal variacioh, that others have suggested that
the pair threshold may be higher in the evening than in the norning. Secondiy,
he notes that many studies have suggested that the pain threshold for women is

’

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

Nonecheless,!a later study by Notermans and Tophoff was performed to investigate

the sex difference in paiﬁ :hreshold”. Although males were found tohave 2

greater pain tolerance threshold than fe-nale*- (i. e.. they could" :olerat:e a
painful stimulus longer, Figure 11),,.uo 3ex difference va; found in the threshold

of pain perception. (Figure 12.)

PR

‘An exa.mp‘e of findings on sex dszerence is dcmonstrated by -the study of

Plutchxk and Bendersl‘. Twent:v college students were tes:ed uith electrodes of

-t M h s

: Zl.'he resu’ltr of .Ehe s::ud) are sl\own

L eamtma iy ......... PO Ny

differ nt tes*onses of males as - oppased to- fcmales are clearly. shown. - ‘Pu:':»he:.v'-r.'-
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is increased {i. e.,?'”

‘more pulses) thc threshold falls,<su5,esting an integrated responsc of thc

skin to che ‘stimulus.

This agrees with the finlings of Gibson who reports that the paxn thresnnld

is a dccreasing hyperbolic tunc:xon of the number of pulses in 2 etimulus crain,

»~

and that, in gencrnl the th.eshold for hairy tissuc i3 highcr thaa thar for

hair1e3532 Gibscn also polnts cut zhat with repeated tes:lng the paln chrcsbold

is valsed considerably im hairy tissue, uhile pain :hreshold oun hafrless tissuc

32,

does not shew this elevation

This differance in paln threshold for hairy and hairless tissue is demonstrated
by the findings of Browu, et al.; as shown in Pigure 1a and it is also showm that
across cxpcrimcntal scssions, the threshold ircteaaess It shou}d be noted,
however, thnt the actual lavels of current.are higher than those previously
ment inned, and are, In géﬁcral. considerably higher than the levels usually

More generally accepted levels for threshold pain are those suggested by

Lee baséﬁéﬁ;%&*&iii*fféﬁéK&&ﬁéﬁhoﬁ%ﬁ:hﬁaﬁﬁfinéf:;D;iiigiﬁ"aﬂdHMoréézs. He

-suggests- a range'of‘three to ten mA as ‘annoying ‘or- palnful “This range is in

'agreemeﬁtzwzth ‘the data of Farmer:which -show an:average :current :of .8.0 mA as

the painful,level.for 42 men.being. tested‘wlth,éo Hz current and .is also in agr:

ment wlth Hackman and Glascow,_who suggest 9 0 mA as a level for moderate pain
35

. - ~ - .
XL e A LT ony & X Ly oumes Ter o esil

33/ ﬁA'wh n. study1ng the responses.

.wlth 60 Hz currenfz7 » At the othgr end of thls range, Dav1dson and McDougall

~
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lmatton. for paln and for the' "qui: potnt" vcu ucordcd and ’.’hlt dau on -

actul current floiu are not wauablc.

- ,'" - : S

. ; :
- . < ~

- “Table 7: !lean Volta;e at Percepuon. )iodeutg Yain, - Quit Poinc*

Vibnting lon-ﬂbratig o _L
Threshold 76.63 - - . 69.56 ' .001
Moderate Puin 124.89 ' _118.89 - .001
~Quit -177.0% 175.64 n. $.

%From Blitz, -et al.%

An interesting study measuring t.he pain threshold of the teeth to electrical
stimuli was done by Humfordso. The investigation was performed to measure the
‘pain perception through normal young teetﬁ. The results of the study arc chown
in Table 8. It was demonstrated that as the duration of the stimulus 1ﬁcreased
from 0-3 msec the threshold decreased. From 3 to 1000 msec no fu?the: decrease
in the tﬁreshold was qutgd. }'ux:thgr, the subjects exhibited :an‘"adaptation" to the

painful stimulus such that the current could be increased. The average time

requircd fo- this adaptation was 11.6 s2c. It was also demonstrated

(ad

het as the
electrode area was increzsed (from the §.5 mmz used for the bascline s:icdies)

the threshold value was also increased. In addition, with an increased {recuency,

thg threshalu also iucreascs. Thesc 1atccr two flndln $ ure olm‘lar Lo tne

. R

rOsnonses seén with e"LCt"l.Cdl stimulation uf the' bkm as 'prt:‘.'iously.notcd in

1 Y

n~this. maper g




M ?ain

0 - -‘_'f_\;:gsno!.d uemps. s-,'b.;»

Central Inchqn %0 6.4 | 2.53

Lateral hcisors 40 . - 6 3 ). 5 !
Canines - Ao' s 2% '
15t Premolar 2 1.5 .37 :
2% premolar 20 7.9 - 3.35 | | '
1°¢ Molar 10 14.0 495 6 101 - 333

2" Molar 9 13.8 3.99 12 1.8 2.68 [

*From ﬁmfordso o '

The Threshold fcr the Induction of Muscu 1ar Contraction by Electric Shock i

To this'point we have discussed amounts of electricity thch, when appited ‘ i
to man, arc not dangerous. As the smount of currcmnt is- increaszd, however, 2 poinc
{s reached where involuntary wusclc spasm is producec}.v 1f the "electrodes" are in
contact with the hands, then it {8 not possiblc to free oneself from che;elec;ricity,

since voluntary muscle actlvity tg no lenger possible.

The maximum current at
which an clecctrode can be releascd by voluntary muscular conttol ‘hzs been called

the “lec-go" current by Dalziel, et IURES

Thc‘let—go current was determxncd by 03121cl et al.,on 120 individuals for

frequ‘é'n;_:’ln 5 to 10 000 “218 Dircch' curtc-\r. .wns nlsw nvcstigau‘d ' i

s

Table u9”dcmoﬁ§ttuLc¢ thc rcsults obtaincd using 60 hz altcrna;lng current, ahile

data

Oy

Table 10 shous :he tcsulcs for divect current. A smunafy £ hc statisticai

for all ‘requenc{cs gtudied is Shown in Table Ll wlth dcrivcd currcn* ‘versus ;

Ircoucucy curvcs shovn graphically in Fxgurc 15-,f:i
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Extreme Experimenta! Values
!nserted for Comparison

Let ~Go Current (mA)

0 ! 1 i I __J
0. . . {CO B ‘IOCO”- = 10000
Frequency (Hz) '

18

*Redrawn from Dalziel et al




al_.. W thu.r stultu

-~

dn effects of frequeucy on let-go currentau.'f A toul of 13& ule: and 28 .'-"-.

E

females were svaluated, Bascd upoun \he tindinp the follwiac con-lvulm were:

1. A reasonably safe electric current for normal healthy adults is the let- g0

current which 99 1/2% of a large group can release by using muscles directly

affected by that current.

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

9 mA; for adelt womea abouc 6 mA,

3. The corresponding dara for direce current are 62 mA for men and 41 mA for

women.,

4. Ler-go currents are affe-ted by frequency. - (See Figure 16.)

Dalziel's figures are compatible with those of Thompson's who, sore yaars

prior to Dalziel's work, reported let-go currents of 5.15 mA. for 4omen an . 35 mA-

for men at 60 HziAcﬁf.

Still further scudies vere made by Dalzict to evaluare tne effec* of wave -
12 ‘

Hé observed that nea’

fom on: Let-go.. currents
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Let - Go Current (mA RMS)
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Curves
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Current

3
!

20—
{0
Safa Curran?
B EERI R i bkl
5 10 50 100 500 1000 5000

Frequency (Hz)

1

R - "’
*Redrawn from Dalziel et al”




-ust bc thc mragc vatue or l:hc dimt m:;: aud ucouq :thc

b .~~-.‘,¢-_: .~

_toe:a’l 'currcnt.‘ Cmu dertvcd in tkh -mr ato“ilhut.nwt in th;t‘"

Pigure 18 uluseucu the rcnoubly u!a cun-en:' curves for’ n‘.u Wm'mn.‘

It is noted that hwun tol.erance (ncreuu al.cwly at first md then @i.u npl:lly L
for: frequencies belou 15 cyclcs or above 100 cy-les. Therrelativc disconfort

curvé on the same figure is arranged so that the discomfort {s 100% for 60 cycles,

it is roted that although a subject's Jet-go cﬁrrent increases considerably a: the

very low frequencies, his muscles follow the current variations and the sensacions,

i, T

:f pregumably caused by the peaks of the current wave, are mcre painful than those

s
i

expericnced on the 60 cycle tests. At very high frequencies, semusations of heacr
rather thaﬁ pain predon._.ate. Thus, we again meet the problem of attempting to define
"pain"., A~ Dalziel suggests, the curve can only be taken to show in a general

way the disco.fort or the relative danger of a given current as 4 function of

frequency.

0f considerable interest is the observa®iox that after a current by vnich a
man has been "frozen' to a.conductor is interrurced, the man may be temporarily
"paralyzed". This problem was studied by‘Dalziellé. Thirty-two men, ages-13-"3 .
years, were 'frczen" te a #8 copper wire by 60 Hz AC, 2‘té S mA in exces; of the;r
let-za chresholds. It was found that 3 of the 32 men had a time delay of 0.4 <;“

{n releasing the wirc after the curreut nad been stopped qu iel suggestgd that

hlgher 60 Hz

ic is possxble thac thc ”lec-go cime delay ,might be Ionger fo
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' = ey
oclublc tor I.hlt‘hlm et ur‘ue utm Althoqh :hctc lrc m;
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‘u te veu knaﬁ thet an
. f. irﬁ7
"tlvg:p-t. =

m oburvntlon that chctﬂe wmt rase u .ouh: contucuon has

beon lu\'ovn since the time of cllvant. o\uh.l culus pctfomd at the cnvd of the
Ivet eer.tury by Prevost and Battelld ladlcqtd &nt 200 l: AC produccd ventricular
fibrillation with s tenth of tha amplitude ngqlrcd'at ~zo_oo Hz33, zu—ly in the
thirties, Kouwenhoven and his associates began rather iateasive studies ¢o the

effects of clectricity on the heart. In studying the current flowing tiirough the

heart v th sn elsctric shock. Xouwenhoven, et al. observcdnin dogs that {f the

current patiway was parallcl to the body axis, b to 10% of the total current flowed

throuch the heartjg. 1f, however, thc current was transversc to the body axis, only

37 of the current {lowed through the heart. Tha suggestion was made that in the

human, the mosr dargerous path for electrical current was from the tight hand to

the foot.

Further studics were perfermed on dogs by Kouverhoven, ct al. to Jetonuing

the cffects of d‘ffercnt eleczrical frejuencics on the hcarLLo. Studies were

Aycrfor:cd with both .ntc;ruptec diroc‘ current and hlterﬂatiqo

carrent. . The

;nnimals chcs:s were opcwnd, e’cctrodcs placcd dircctly on . .hc.ﬁcart and tec-minirun
St R ) DI 2

3
i,
!
;
|
A%

. C cCUtrQﬂtS for a given frequency as vcll ‘&% thc typc of currcnts vequitred to proadice
t .

~venti1cular fibrillation ware moasured. Several obcecvations were made. First,

¥

with fecerrupted dlrect current, the heart most readily fibrillacted with currents

-
o~



Searrald Mawatia

arencd

S "'

.rcqucnc.y of in:erwpcion m 60 tlnea }at uqond As__”

e ey g

cgc;hd At frewcncics of 1ater"uptién ;tcucr tluo 100 per second :be hcart
bcc:me lcu rc:pons.ve tnd n 3reoter'mmnt vu rmucd to producc ventr u.nh-

"*,_'- A . : ..f I
'lbrillatlnn, T

With alternating current, llttlc_difkr_ﬁu;;é ;:ta"tl'gj ‘redction ot the heart was
reen to shocki frew 25 to 60 Hz. 'l‘he 'de‘t_"tvedvv'alucf: for fibrillation currents

for both AC and interrupted DC arze shown t_;l Teble 12. A

Table 12: Values for P{Srulatlng Currents (aA)*

Icequency (Hz) Interrupted DC Altematin; Curtent _
Mean Max. Effective Hax.
25 0.52 " 1.04 n.81 1.14
40 0.35 1.70 © 0.7 1.00
60 0.31 0.62 - Cieurs T 1.06

*Frem Keuwznhoven, et 31.50

One of the most extensive carly studics on the effects of electric shock

26 \ , .
on the heare was that pevformed by Ferria, ct al. A nubher of species ol

at..mals were fazluded in the tests to cstabl‘sh the trend of cffects with variation

~in ph\cxologicnl and rcrpnological £accors.

howcvcr. nost o‘ thc DVHc:imc:cs WOTC

upon anLnalf yo*paraalc in body ucigbt and hcart rate ard vcxgut to man

N cTrpdnage Rl

Scven didferent speciea of animals were studicd for measurcizercs of throshiold

2 : ;
currents for ventricular fibrillntion‘s. Standard reference conditions includaed

the use of a 60 Hz AC of threc sccords duratfon yich_thp cl;;trodes on the right
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{ncrcases rcughly with both bzdy weight and heart weight.

. ;rnrh [orﬁ from a r;ccnt stu~v:by’Ccddés.'ct al., sce Figurd 20,3

‘nd upon tlnu deuilcd (westl;‘it:on; '.a ‘pumber’ of:- bis.e.rviu;a;:uc'r-‘

< R B o
N ; . - .

’ Cumutf‘nthér”‘thu voltage is ch.mercﬂtetton of shock lnétcnsﬁy.”{}

e

»-m.- ut-shtlnt, cﬂoct et‘ emcnt thrm.;h tl\c heirt ‘can- «nnxc tu crllmm

causing veatrlcnlu ﬁbru‘.attoa vlthout da-ago to cardtac tissucs but

tuu).ttng in death \mlou (ibtilh’loc ‘is an’ested.

The current just below the threshold for ventricular fibrillation {s the

maximum to which man can safely be lukjected. Based on animals comparaole

i{n size to man, this maximum currei\: {s sbout 0.1 A for a duration of ong

sccond or more if tne current pathway {s betrwecn an arm and a leg.

-

The threshold current for fibrillation is affected by a number of varjablus.

The species and size of the animal is important. The threshold current

(Sce Tigure 19
from ‘Ceddes, et al.)

Approximately similar threshold currents arc found

from the chest t> the

N

for currents from cthe arm to leg, across the chest,

arm and from the head to the leg. ats should bde

Scmewhat higher curre

expected for pathways from arm to ar=. {This is expla‘acd by Youw ~ahoven's

.u?\ previou»ly mentioned39

). For cerrant pa:h 1)5 :ron ono-‘cg to the

'-fzﬂother. the propo'zinn of *urrent>rsaching chc hca e 13 ¥a sm.ll tHat (lb il-

F .
arlen ve

Lo ‘-' - «

. latien is mnot likel; to occur cvcn ‘at currgnts as h‘“l as- 15 "A eor morv.

The well

threshold current alters with frequency,  (This is shown

* For shocks

PRES

e, P
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_ one ano(hqr. For short lhocks the ttle of occurrence {n rclations to thc '1“';~

<h£ghct thanlthc 60'“z-v11uc.: !ot snock ‘utat(ous ot lcts than 1 sce, chts:' )

relatton ptobablyfaoes not bold all thtcsholds bcing crpccted to lpproach

hcirt eycle is.l-portant. _1h¢ heart tl,zhc most scnsittvc for ftbtillatlon
to shocks occurriu; durlng the partlal re(ractoty phnae ot its cyclc, vhlch
is about 207 of ine vhole ind uhlch eccuts simultaneously with thc t-vavc of
the clcétrocardlo;ran. With shocks of about 0.1 sec or acss duratign, it s
practiéally'ihySSslble to produce ventricular fibrillation unless iﬁch.shScki
occur durtng this sensitive pSnse of the cardiac cycle, The aiddle bf tﬁz

rcftartory phasc {s wore sensitive than {ts beginning or end.

The duratlion of thé current is also lmportanr, Tae threshold current
varics inversely with sh-ck duration, but not uniformly, being most sensi-
tive to change as the duration apéroaches the duration of one heart heat.
(Sce Figure 21,) Within this scasitive phase of the heart cvele, thé"ihrcs-
holqnfibrilfallng currcnt foé”sho;k durations of 0.1780; or less is *en
times the thresbold for duraticns of 1 scc or nore, Shocks one-third of
more of the hLeart cycle {n duration may cause ventricular fibrillation even
thouph they would rot cxtend “iato the sensitive paase of the cycle if fhc
heart conzinued its normal bcar afrer the i-itviation of -the shock, This is

prob bl, duc to thc \nductxon of a prematuru hc:*L bcat \hx'

b’11"< about 3"

: . . ~
FRAPR S L 2

prior £o. thc cn. o[ thc;

o~
5 SO SN

v - : ' Lo
Successive shocks have no cumulative cifect on the suscer:itiility of the

heart lbiflbrillafion.

.‘\.-.-7.1‘:5-- . VR - : T

:Susceptlb111ty of:the -heart ‘to’ fibrillation. by short shocks increases with

qurrents up .to. several times the chreshold then decreases, becomlng very

- -

svrend

e d

-
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" condenser shocks were applied to normal hcarts of old or young dogs

of thc. hnft._ llotmnt. otl’ur serious I.ajury My bc Q:pccud !ot wd\ B

A

4-‘/ z

'y nbuqunt electric shock of high imuua avd thou duutioa throu.h

the huxc.- : o

8. ‘nu tesulu indtute on the whole, that shuu uhl utuuu iu excess of

106 mA at 60 Hz tto- hand to fu=t vill be dangeruvus !or thock dutatluns o:

three seconds or more for man.

Further studies evaluating the cffects cf electric shock durlng the vulnerablef

————— ey

period of the heart cycle vere done by Wiggers snd Hegr£a64 Srlcf i ? a or

-by stigmatic |
elcctrodes. Fibrillation was produced oaly when the shocks fell dufing the vulunerable

period. 1t was noted by thesc {nvestigatoers that altevnatlng current is more

dangerous than dircct current since cffective variations of current strength fall
during the vulnerahle period (especially with %0 H-) while these varlations

occur only duzing ch2 clusing and cpening of the circuic witn direct current.

Ten years after Ferris' et al., originil paper was published, (previously

menticned in this paper) a further analysis of their data was performed by
26 13 . . L .
Da121el . In tnls analys*s Da121€v cowcerned hlmse&f w1th threshold currents

Y

as” ‘follows.v'

:1‘(T/f2):= 165/ VT mA, where T = time of current flow in seconds and assuming o
'standard" 570 kg man. (A defense with more complete statistical analysis of

this}foxmuiaj&s,presented by Dalziel in a _later paper.)j7
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alﬂicwloﬁs. Dalzlel poin cd out tn a .un llccr mer tlu: the ha .:rd from

-

obore shock- is bencved to uu* ‘neme of the nu:gy eoauined in t.hg ducha:ge.

-
‘s

vhile the crest of the initul fattllt, thc ":ity in tho pulse and the shock

durar.ion aru telated qutn:iuu of oecondary (q:oruneem

Very recently, a still store comprehensive nuly:is uslng Dalzlel s teuhnxque
was pe-fomed by Dalziel a.¢ L-e19 In nddir.i.on to the data includged in the

original analys~s, data was included from the :tudies of Kum.enhaven et al,

Kiselev and I.ee'1 19 46. It was pointed out that shocks administered to hundreds

of animals indicate that the ninimum cormercial frequency clectric current causin"

enercular fibrillation is propurtional to body weight and inversely proportionaj

to the square root of the shock duratioa. Thus, assuning 2 50 Kg human, the

equation, I = 116/YT1 represevts the 1/2% maxiwmum nou-fibrillating current 1ine

while the -equation I = 185/Y'T mA represents the 1/2% minicum fibriilaciag curvent

line.

‘Using Dalziel! and Lee's analysis, the actual figures for fibrillating currents
“for z 50 Kg human become 67 .mA as .the .1/2% zaximum non- ~f£ibrillating current and

. 107 :mA as. the /2% mlnlm_u;;l ;fi.lg_lf.i_}.“l%g:_lp,g‘.‘curfent. L B

R

: ;‘he }ag,tt:_hovs ~p~01nt

ffecté,of .sh’ocks_ of iess than 5 sec duratidn. is Sngnsted that from 5

seconds to 20 or 30 seconds the threshold may remain fai .'1y s\.eady, dropping

- RN <

VT -

e ) . AR S T

RS R

W
1

.“
I
LXs
-
u




Ao\-.r-ab"'." e "‘.‘i:i {,‘:" T T = ‘J’ e

the thruhou uun !utthar.

s r, -
A-" £ 0T ._«

Wimtitm ’ot this tdoa’-ny bc fmuhod ‘h\ part by the xnveatlgaum ot o

Sughoto, et al.. vho mced ttm: 1f an necelcnun; vencricular uehyeardia tba:

'is produced by 60 I: uhulatiou is of utftc!.en: duration (e. ;.. 5 or 6 butu). ‘
the veatrtcular ﬁbtillauou thrcshold 1- roduced progrenlvely aftct uch prmtu"e

ventricular renpome, thus -kiag ic: pout)tc to Lnduce ventricular mu—uuuoa

with ] wry weak current’d, ' ~

)

To this point we have ditcussed only the lcvels of electric current which

will ptoduce ventricular fibrillation when the current {is applied to the body
surface. There are, however, circumstances where electric current may teach the
heact directly, as for cxample, through a dye-filled catheter passed through a

vein into the right atrium. Thus, it is {mportant to coucider thouse curren:s vhich

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

i dircctly to the hcart.

I T

- bty

Y¥eilnderg, et al., performed such a study on dogs62. Catheters were passed into

various heart chambers ‘and measuremcnts taken. It was found that with a catheter
fn each ventriele, currents as low as 35.pA end a veltage as low as 0.06 ¥ could

fuduce ventricular fibrillation. 1In those situations wherc a single intracardiac

cacxﬂtcr &as :n plncc und 3 current flowed betwcen the cathcter and

d.8 wctal -plate

of ‘;Azo"'bij;r.‘s;

Sxmtlnr atudxes were performed by whAqu, ct al. on humans at the time of

N

- open hear: <utggry on cardlo-pulmonary bypass, under moderatr hypothermia (30 349C)
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;dellvered dlrectly to the heart rather-than tO’tue body surface36

i
of i‘ h tuht_, muuu. 8£xty llz Ac uu uud for the studtcs.~ Thc runlts
.z.*m in !ﬂah 43. : ST | . |
mlc 13 mur.m in ‘lhtuhold for Vcattmu:
' nbruhuon u Re -tod to Elcctrpde suct )

' g Cutnnt : s R :
lecttode Dunucr 0 ‘l'g hg&e !;gqnauon Moan Vols._t__g u“n Ruinancc
..zsaf s MM  0.85V zszn
.0.25 cm 4 . s83 uamp 0.1y  imA

*From ﬁhalen.,et 11.39

The avthors ;tnced that the probable rcsison for the lower threshold vith:the

small electrodes could be 2xplained by the greater curreat dens;ty} vhile :he

greater impédunce was due Eo the smaller cross-scctional arca. The former point
recuivcs‘puppor: in a studjy by Furman, ct 31.29. Although Furman and his

associates' study‘vas not to measure thrcsholds for ventricular fibrillacion, but

rathcr, to measure tgé tgrcshold curtcnts for stinulation of the bheart by an

{mplanted artificial pacemaker, he found also that as the electrode diameter

incrcé:cd, the current nucessary for stirwelation increascd. This was €elt to be

evplained by the lesser current demsity using larger electredes,  The sumary of

results of :the study:afe shoﬁﬁrin Table-lé.iThus, Hépps.hasvpoiﬁ@eé 6ut thas thes:=

studies lndlcate that -60. Hz shocks, are. SOO %0, 5000, times.more dangercus whe
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- ;m uxanlc oi t.hu u vuh phtcnic urve ltlmu'ton. vhich prodncc vctar‘c. - ’~

'contueuon of the dlaphup ‘and thuo ptennta rnp!uuoo. !ovcver. -u:ulatun u(. o
the vms nerves wus not roported uneil thu nudy. Using -etal band neck-avdomen _,: "~
oleettodu ‘and then trmuthoucle platc lluctrodon cmeut :lt 'smnl frenuencles

was tncreucd until vagal slowing of thc hestt vas obnrved Tﬁe tcsulls arc

'::hovn in rtgure 22, Proof th.u slwtug of: dn hetttwas :aused by stirulaticn of .

;thc Vagus nhetves was verlﬂ.ed ty the admiaistration oi n-apine. which abolished

the clectrical eftect.

Nther Effects of Flectricity on Humans

.

This section s not and cannot be all inclusive, sinzc refercnces abound which

discusa thie effcct of electricizy on virtually every huran orsan or fun:tion. An

attempt has thus been made te inclule only a few of the most important or

interesting studics - particularly the cffect of clectricity on the certrel

nerveus system. This latter cophasis is .fmportanc since iﬁé flacement of electrodes
upon the head for purposcs of btooedlical monitoring oncns the possidility of aa

vlectric curvrent passing throuph the brain.

A st
. 42
problex -Electrodes were placed on the skull and- the base .0of the tail cf the
test. animal: (rats)

udy was performed by Kouwenﬁoven and La'lc orthv to investigate this

varing

ro98 njur1es were no t noted’
0 be dlrectly proportlonal to the amount of current' ratber the ini

BT P 4 ._: .

;the duratlon of contact and the size of the anlmal were 1mportant It was noted

41

tial voltage,

that when an electrlc current passes through the brain'a’ tempora~- phvsiological
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fatlure. ‘Delayed death vas duc to honorrhage vuhtn the braln.

B .ruunod tmuuooéily.

. A

: lnco-paclblo vtth ll'c and i.-edluc deat’z ln all casca vu due t.o tnﬂutory

A lnur nuéy was dcui;ned by tho- same twutlgators to explore the problen

of buin duago u'hen tbo cutteut :lul not pau through thc brni "3 -l( the uln

v.-‘--.

current par.h d1d not 1aclude the bnin spinal cord or nerves requhed for resmuuon.

most experimentsl lnuaah bruthcd at once and werc avtlve within a fw uiuul. p 4

was obsarved that thre chances for rccovery of the animals worte bes: when the brain

" did not liec dizectly in the curtent pathway.

The persistance of respiratory arrest when a current };as passed tarough th~
brain has also been discugsed by Lee®5. e relates the acd int of W. Hatson,
vho recorded an experiment by Benjamin Franklin, performed f{n 1751: "In this
'A pullet struck dead {n like manner (viz., by “the electric shock” being directed
through {ts hc;d) beling recovercd hy repcatedly blowing into its lungs, when set
down on the floor, ran headlong againset che wall.'" Lec notes, houeverl tnat recent
experirental vork indicates that permanent vespiratery arrest is unlikely in
accidental shocks which pass from one upper list to another limb unless the currents
arc sulliciently great to cause gruss burniny, and, further, that in electro-
convalsive tncrap) a current ol geveral huandred o is passed trancversely thirough

thc brd n -and only very" ragely causes . reapi'a'ﬁr) reqc '»Thus, it is'implied thnt

Ty “?T'C ::

I

isnrcquxred -




ucond:ruy to 'c

d)s‘mion nad 1uclud¢ ccrebral odau oerivncuhr heaortha;e, ctc. ) It .hwld

itcu h:

_'-

<

he kcp: tn ltnd hmver, thtt theu do not appear to be uuud pﬂ.urily by thc

o . ....._'-._‘..'_"-_1
elechtc currcn:. » . S : : LT ;

H

Mu hu mnd with this intcrpntation in pointhg out thnt the ukely DR }
causcs of pu-mnt mrologic tequhe seen follcving acci.denul clec:roshock ' |

are, in gmul du to hypo:ia aad hut dm-ge and notes r.hat -ost e!ectrical o
ncurolog.c injuries are upuned mdutely 1 .

[

However, ‘Farrell and Starr have Tecently compiled a ciassificatiou cf the

various neurological syndromes secondary to electrical injuries and have proposed

a mechanism of delayed d:nagezk. The classifications are as foliows: W

1. Cerebral Syndromes - delayed vascular occlusion duc to intimil damage from
the initial shock or primary basal ganglia damage. i

2. Spinal Syndromes - intimal damage with delayed vascular occlusion or primar- }
damage. - '

3. Radicular and Peripheral Werve Syndromes - most typically secondary to burns

but can be dite to vascular occlusion
or primary damage. B

The authors point out rhat acute damage to various CilS structures may be

A R I IRETAe

expanted because of :he tissue heating effez:. MHowever, it is notad that >uch
{njury rcprcsente an acute problem and does rne: necesssrm } explain dela-ed N
. (R S A R B N 2 ?‘;.—? gt -q-'“*.f-‘:-- ;»’._ \
1njur\. They ;hus postulate tne follouirg mechunls ; _El c:rictcurtent may act . LT
S

o oy N T T

tike 1onizing rad atxon, in that it a’te s bio;obxcall) active proteins but does

-

not klll the cell. Thesc pro:exns then undcrgo confcrma:ibhal changes seccadary

to changcs in weak chenmical bonds.

This interpretation is compaiible with the

Eacc;:hat.blood veste..s are most promireh:ly affcctcdvby'ioni:ing Eédldtion and

.
—— :
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‘!hc Ffo‘du&tou of bfr{a luim vuh clocttic mtms qmun t!\r;ugh"

blanccd cleetrodeo vas ntudud by Imhad et al.“. zﬂatu thc uc is thc' .

qeti-enul smimal, puhed and coa:tnum unldtue:tml utrm cu c'puel to

‘the brain. "It vas observed that {f the tota) qun"iut‘y‘pf clcetriclty (ﬂlll-
couloorbs) vu constant, vide varlvions in time of cnrrent Tlow, pul.-".;t‘u'-. _’
smperage and 'voltage dc not influence the volm of .-h:ue alteration snd ‘mh
changes which do occur are found to be independent of‘heating In studies vith
bidirectional flow (alternating current) the size of the lesions vas dependan
upon first, the number of microcoulombs per pulse in excess of a threshold value
for damage (determined as 20 to 25 microcoulombs) and, secondly, th: pumber of

such pulses in the applied train., The lesions were found to be independent of time

(pulse duratfon), frequency, amp:arage or voltage.

Lamb, et al. performed a study to investigate the problem of elect:iical

‘ A . ' : :
thrombtosis of blood vessels . In vitro coagulation of dog whole blesd and Jn vive

threzzosis of biood vessels by means »f an electrical current were feurnd o be
veltayge dependont phencmena. The cricicsl potential diffcrence below which ther

did not occur appeered to be 2.0 V. With in vitre studies, whole blocd was.toun

“ ot tdidepritfis‘h éoagdlun'bn a pdsl:ivc elcctrdde.ev uhen thc aﬁaunt‘o,.’

o c“arge ulxoued to” flow was crcaccr tﬁ;n thaz ;uich ckusc‘ coaz ulatton at higher

\uthsES “In vivo zlectrical throcbosis was Tound ty
_in studies .with .femoral vein-pairs of .dogs. ‘Those exposed tp, 2.5 V .thrombosed,

O'haveqsiﬁilér'voltége dependen
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i"t'!'o Vi'd aot. even threu;h :he r.urunt

o tf-xt (‘_ )

‘nu mthors auﬁcu tha; n

aha wre thc nm in each msta-\.cc.
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b‘éhatge 4: not the lni: .atlng factor ln t!-
1 ﬁé%ﬁm not ptcc!ude an imolvennt of tke
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maof‘tbrubu formation. nt.her. u u bolievc—d tin

l.ug hu rauod 2 number of intereuing pola“s la%h f_uvuu and oxpcrhuul
studleo on the productlon of catavacts b/ elcctrical clnrgy . 8e potad tlut cuc!-

eauucu typluuy developed on': §f one of the conuct:'uu near the eyc. turther,

it Wu obsct"ved that the time of vaset of the catarzct ;u varisble, from {=mediately

to greater “than une yeat after the s2vek, but 3(nerally oceurrtn; vithin two to

-81x months. ‘Long's own studies wire performed with AC at 60 4z and 30 V and DC with

the sawc total power, A.much groatec luzal effect was noted for dircct current with

‘vascular corneal upacitiey couson. Measurcments of intraocular tumperature revealed

no increase during the eleccrical rhoeks. Cataracts produced by the electric

current were belicved to be due to changes in the capsular pcrmeability of the lens.

“The author points out that the findxngs are exactly like those with X-irradiation

except that X-ray produces chenge: on the nosterior horizontal suture while

electriz cner rodueces changes on Jhe antarfor suture. This findinz mav lend i
g8Y g 3 )

support to the suggestions of Farrell and Scarr,

. 27
previously noted”

In the discussion of the effects of el

_Lc.xc't* on the brain, we have already

-mentioned the- ptoblen of prlmar) respxra*o*\ “rrcsc._gfgr;hcrgpﬁmmen:vis.apprc;ria:c

: .- PRSI I
Lo : N -

15Gﬂ the' c(fcuts ‘of clcctricity On rcsptr-rlo". ;'f A e T

SOLTYAIL G

sn

.

LIfa currcht Is -applicd through the thorex and ts of sufficien: s:rengel, i

tetanlc contraction of Lhc che<t nmaculagu'o ra1y occur, s thereby scopa-.v respiratory

“excharge. Lcc has Suggcsted :hac this cccurs when about-20 to 30 ma pass
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w - 3 :hrough che che'nt" Thus, u:p.\)-ﬁal dcnr.x\ si:h cyamsu uy occur, xesplu:ion =
. . SR R e

' _hgving been a:rested while circul.t'ion wont ;mc:.. It s poinnd out houcv:r.

LE

'._to d-*;etninc that tMs has happencd.

—‘lﬂut ,tnnv not be possiblc .nt mtcps

‘\.\."'

;hc qsﬂl pcuchxal emnha.,..s occu:'

.Bnu vo.ald not be expccted. since thc .moxic uplllaru. irc not suojectcd to

i thc ttrong subatnospheric intraplcuul pmmcs dan‘lcpd with atte-ptcd

O

inspiration during obstruct ‘ve asphyxia. ‘hn) year: pricr to this study, an asitate o

i observation was mdc by Conrad and Haggra~d, uho “tl.‘ that, in gencral, shocks . fatal

ort time were duc to cardiac cf fects, while those requiring a longer t ime

9'

' in a &1

vere secondary to respiratory failure
In contrast to this purcly nmuscular arvest oi tespsiration, clectricity suly

produce a trve regpiratory block, as previously mentoncd,  Angelis, &t al. have

1t e B4l e - ML v iy b R b ¢ LY 0

studied the zffects of dircct current on tespiraticn3. ne clactric snocks wer2

applicd alony the forelimb to forelimy nathway in rattics. The eifects on

respiration were found t> depend on the current value. Wion carcents up to 50 i,

(TR G TEVSRS TN

no respiratory cffects werc noted. Frem $0 mA to 160 mA there Wi.s arrest vi

rospj ration durin the 2arly part of the shock. With o cuveend iran 180 mA oo
L ; y P

350 nA respiTation was arrested thrvoupnout the shock with spontaneous resumption

-~

immediately afterwarcds. Witk o current from 350 w1 and iuiee

1.8 A) respiracion was arrecced chrovntemt tnc sheek with 3 delay Seizre LU ARG EUE
sesumpoion of respivation.
A similar study was performed by Lee, et a: co osveluato the oiiects ef
-
. &7 . - . - car
alternating curvent . Fifty Ez AC of sufficient strenlth Was through

the forelimbs of rabbits such that there was a delav between tho cossation ©

shock and resumpsion cf spontanedus respiratic he rolaticn of this delay =
the duratiocn of shock aund the current magnitude were cwaminad ind sendently &
=ion and current

in terms of two physical concepts - the product of shock dure




kS B

magnitude ("charge 2quivalent™) and a quantity proportional’

The influence of

to ‘the energy input. {

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 appearéd to operate. Although protracted, the delay showed
similar association with the shock duration and current magnitude. It was also
observed that the interval between “spontaneous defibrillation and the resumption
of respiration showed a strong association with shock duration. The restarting

of respiration appeared to depend upon circulation. It was suggested then when the
circulation restarts, after a period of ventricular fibrillatiom, blood-borne

inhibitory substances, which accuiulated during the period of circulatory arrest,
may affect the respiratory center. ‘




IHE PASSIVE ELECTRICAL PROPERTIES OF BIOLOGICAL “.AT‘ERIA;.. ELECTRICAL RESISTANCE

AND DMPEDANC

e

The marmalian bedy may be described electrically as a complex -suspension of

electrolytes and preteins in fluid, with many discont:inuities created by vario

types of merbranes, gencrating potentials and potential differences among

us

different cells, tissues or organs as a normal function of maintaining what
mlght appropriately be called ‘the “"spark of life"., Tius, when one comsiders
thc actfon of extrimsic clectric energy on the body, the final analysis must include

integratior cf the body's intrinsic currents.

Revertheless, in the presence of small currents various body structures may

be anslyzed in terms of cheir passive electrical phencmena, acting, in 2ssence,

a3 cowbinations of resistors and capacitors.

Electrical Resistance of Cells and 'fiii:ues
' ll;ciriéal réshthacc nay be defined as opposition by a cénductor to the

paum of an cloctrleal !:urrent. CmIvcrlcly. con&:cunec ny bc deftned as the

amfti for condnetiu br Ehe' tbuity xo m ‘ibettic&l ieulhctanu can be




u‘éﬁ&i\ee of ‘a so!ut!on esnninln; 1 3:- “Ioeular veuht of

and upautug the eleetzodu “by-a auunce of l u.

K, wh &c eoad-cmcc of a soluuon wvithout renra to :he emen

elutrolyto. ‘nms,st:ongct clcetrolytes -ly be mected to luve a rclativoly

higher -specific couducunce th:m a veak electrolytc.

“The point may be illusttlted by the tollowing. If a potential difference (E)

exists between rwo elcctrodes in an electrolytic solutton 511 charges {(q) in the

solution will experience a force (f = qE) causing them to move along the field

lines of force. The charged particles in tte solution can be considered as being

accelerated to a terminal vclocity virtually imrediately, following which they

will drift at a terminal veloclty’propértional>to the force. 'Specifically, the

teruinal velocity is equal to the product of the force (f) and the mobility (u),

the latter defined as the velocity of the particle when unit force is acting upon

it. “(Terminal Velocicy = fu). ‘Th= toral current (i) flowing throuzh the electrolyvte

is then equal to the number of charges ) times their velocity or i = Nfu.

Ordinarily, the number of charges, posxcxve and nega;xv;, will bc equql tou twice

the number of dxssocxated atocs and the anion ard catt

on

2 .ill have ﬂ‘zfere"'

RTINS :'_ 1~_.«—':‘.”.- o e

If'tﬁe rumber of dxssoc1n~cd FOICuLlC%Aiﬂ a solut on of
-‘.""-'— % 1‘::'. : 1-.-,‘ :_,__. ._:.._..?‘ b

co“ccntratxcn (c) is indxca'ed by BC tbcn thc current flow can be represented by:

CmI L m

Equa:xon 1 i o= qEBC(ua + u)
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_chc ,dbuace bctven ulocuodu or. m.mt(tully. ;be N

hs
The tca&xc:tvlcy. rho, of the loluthn

'Unﬂll mld be the conductance per
r,

\mu: area normal to the direct!m ot m flov, for mit usnnce of platc
separation, or: _ C v
Equation 3: r = gbc (u. + "c)

Jt is obvious, of course, that ihé’bddy is couporid of more than electrolyte
nolutié’tis.' Thus it is necessary to consider the problem of tissue electrical

resistance. If .he tissues are considcred as suspensions of cells in extracellula:

fluid, then the theory of electrical resistivity of suspensions enables one to

predict the resistivity of tissues with some accuracy. The behavior of a group

- - pore

of cells suspended in a conducting medium follows that of suspensions of conducting

spheres in conducting media ay des_crlbcd by Maxwell8, The Maxwell equation for thi

type of."system may be expressed as:

r
T 1
- 24 T !
Equation 4: X _ = ﬁ_L_
3 L3
—+2 —4+2
r

.. . N
. . . Do N o mee - B ST T RPN
R SR L e I TERTIN 4 .

whef:. X 1s ‘the resxs ivity of the AOA.UCiOn, :l ls the

.Y

e51stnxtj c the suspendirng
REAT : :

L v

::edmm, r,, _1s tne res1stiv£t) of thc suspended matcm.al a—xdfsis the relative

PR

volume occupied by the spheres.

A
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Page 62
‘l‘his theory has becen extendcd tu descridbe the condueuace of susyensions of

_quucting clupsoids”. The extcmlon is stated as:

:‘Y !.' ;_ t ' p: . '
Equation $: 1 ...1__ M- fl-if.

B elef e 91 E ¢-1

A 4

-.n.ter than 1.5 for structures of athct g\apes. K

Thus, ¢f living cells are non-conducting, Equation S is applicable, wvhile ) ’,»-»

{f they are non-conducting, Equation 4 should be applied,

Finally, if conducting particles other than spheres suspended in a medium
are considered, Equation &4 must be modified to introduce a shape factor similar
tc that uscd in Equation-S. Thus the statement for the resistive behavior of

suspensions of eliipsoids which are conducting becomes:

1 1
1- — 1- —
r T, (1--¢)r:l + (f+¢)r
Equation 4a: -¢ or r 2
T T (1- &
4 L e+ -}' (1+f¢)r1 + £ (1 ,c)r2
r r,

The complexlty incrcases sozewhat further when one recognizes that not only are
living cells not all spherical, but that cells are not homogenecus objects. Rather
they consist of relatively ann-conducting membranc surrounding & volume cf wlvctrolyte

solution which is of low re

0
—
Vel
[ad
=
<
-
~
<

If the resistivity of cytoplasm is r, , the
resistance per unit avea of the membrane is r4 and the cell radive is a, than the

r, in the preceding cquation may be replsced as follows:

<
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“the gonerolexpnuloa for yesistivity of cellular suspensions Decames::
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An exsmple of the use 'o"ft' these foii:la‘g is given By Cole and Curets®, “if .
sphericsl cell has & _ey'toﬁ!.aulc"i'ciis'i_iyity of 100 oha cm., a membrane vesfecance o i
of 1000 ohms per é-? and a radtus of 10 w or 1077 cm, the equivalent homogeneous , 1
) |
cell has a rcsistivity of 1.0001 ohm cm. (See Equation 4a). Under this condition, |

the current flow through the ccllita'deteq-tned slmost entirely by membrane surface
resistivity, 1f a suspensfon contains 502 by volume of these cclls tn an electrolyte
of resistivity of 100 ohm cm, then the suspcnsion has a resistivity of 249.93 ohm ca,
If the cellular membranes are per[cctly non-conducting, the suspension rcsistivity

then becomes 250 ohm cm. (See Equation 7).

Another method for measurcment and interpretation of cellular characteristics
1s by study of the flov of current through cell membranes when a potential differcnce

exists between two points on the extcrior of the cell membrane. Cells most eastily

studicd in this manner are of a long, cylindrical configuratien, such as nerve

or muscle cells. The technique of analysis {s based on the coaventicnal cakie

i S e L e el el T L
“1f{ ‘the-assumption” i{s'made’ that the interlor of a ccll! (s candusztive and if



vhcrc V‘ u :he voltm m tln tmr mtace of tlu nd'nu

.. SR S - |.’_. . -

ruutms of i:ﬁe eytophn pet unit length Vn:utiou.. of -

throu;h both the "autsidc" and "{nside" circuits are ptr:ducc‘.b'eurrcnt ﬂovlag

through t.be .e-brane.f ‘Ih\u: e

_ Eosation 9 ~8l, 81,
M Tel tion 9! e B wmee ® LR
e Ax ‘4x Im

where Ip {s current per unit length through the -eabrilne.

This rclationship cau be used to calculate the resi{stances of the internal

., RIS

cy toplasm, the external 1aycr of electrOxyte and the membranc. However, ore

must take 1nLo account Lhc chatac.eristfc length™ of the £1ber (\), which {35

definéd as:. -

quatio'\ 10: A o= l
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: resht!vttv of eell cowoacnu‘. ‘The cytoplu-te ruhuvity of collt nrlu fm

"30-3000 oh cm, vlth mt l-nuan cells lnvuxg b mtuhtty ot c

1an'dlté£n5tihg'cdfrott‘fhichfis‘the vecter s:m of chnmt

“The- membrane ruisuvlty vartes from 102 to 103 ohule-’ wlth most eello fulliu
~im the 10’ to: 10% oholcn ‘range. -

r

¥

Electrical Impedance of Coll: and ’r(uufs

'.'6 this point, we hLave dealt only with the concept of cells and‘ tissues as
electrical resistances when a steady continuous curceat is applied to them,
Further, {f all the electrical energy applied to a biologzic systen {s converted
into heat, the system contains only resistances. However, electrical lystemsvgay,
{n general, store potential energy in capacities and kinetic energy in inductarnces.
A thin, poorly conducting cell mcmbrane may he expected to have "cnpscitgnce“
({.e., to act clectrically as a capacitor). (It should be noted, however, that
ne recognized biolegic mochanism exists in which cells ur tissues act as induct-
enzes.) This property of biolozical capacitance becomes important when one ccasiders

N

the effects of cther than »tesdy current upcn tistves, since in :uch & situatica,

ve are ne lnnth cealing with cnly an electrical resistancze, but with ar "impedanze

as well., “In this casc, 'impedance may be defincd as the oppositicn to the flow cf

¢ resistance plus additiovnal

‘resistance due "to the caﬂacisancc effect of cell membranes, with the rosfetanc

PR

aiferded by the latter beinz catllad capscitative reactanc:. The equatic:

for

impcdance may te exprcssed as follows:

—— -

g e o

v



atc cutunt bnt h\cludu thc
DA T ‘Ji@“'h B A R S -
;Miuon of. ths _rucuuco tcr-. IMC luder: not :-uu: vlth :he derlvauor of

1is pt!.uruy a tuncnon of the -ed:nne capacitance. Although the exact ‘rcaaon

. __ 3 thc dnle zuhcanec tutho ttquoaq- of tlw

.-._“.'

tn;nht

g tuutaucq vith the Appuca:lon ot a stcady st

TN i ‘,0 2

:hh formla are nferred to Suc). ct al. £or an cxuuut oxplmtton”

- ~a A

A» -

“uuue chauctcrhtica at low !nqucucv are ahost l.-depcucnt of -ﬂum ’

Teactance and mcml 1~cslct1viry ‘since at low frcq-nehs ulh imtlcn . o X

practically as non-eonducton. At high froquenciu. thc aﬁuu reactanc: und
3
resistancc beco-e nearvly uzll:ibla. Tissue behavlor at hur-cdute frequencies

for the capacitive behavior of cell memhranes at intermediate frequencics {s not

!
known, Cole has suggested that the Debye concept of dipoles may offer an expumuonﬁ.
This conce?: states that any material having a dipole moment of its molecules can
exhibit dielectric behavior which mfght vary with frequency becsuse of the time

required for rotation of the dipoles in an electrostatic field. At low frequencics,

there is time far rotation of the dipoles and an equilibrium stat~ between the

orienting effect uf the applicd volrage and the disorienting cffect of thermal

agitation can be achieved. At intcrmediate frequencies, this state can be only

partially achieved and at high frequencies, therc is not time for any rotation
or orientation of the dipoles.

.,

Stacy, et al note thac measurements of the capacitance of membranes cf

Lo

. U <
thc charac:e:xs:xc valuc bexng abou: 1.0 microfarad p:r cm 5 .

of membrane suriace
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{ -body tru nou ‘source u upmud by 0!-'. Ln. I - 'Il.
- 2 . »,_ - ,-'-_. ‘V- . - * ..
. hcdlnuot:hcbody Mnluotmmhethm!ﬁuhm.-xo(
TO ’ :t.n bdividul impedances of each tiuuc or otm dn utnnt trmm nns. ‘

.zt‘m‘1 -z (.un) +2 (mbcucmm :uau) +t m) + ....: .

-

If one {s to have an understunding of t.ho rupcnu of tho h-m to tbc puuge
of electiie currant, it is thus necastary to h:ve scme knavlndgo'of i-pedance
.measurements for many different biological nmaterials since imedancc to any
.particular current passing through the body will vary, not only with the nature

.'rof tbgq;urrent. but with the pathway taken by the current as it traverses the
‘body. An excellent revicw of the studier =mzking such measurements has been made by

‘Ceddes and Baker and a discussion of their review followsaq. ' : '

In the mammalian species, approximately 70% of vhc body veighc is water,
-with 507 being intraccllular fluid and about 20% being extracellular. The latt°r
includes such fluids as bleod, urine, the ﬁlle, ccrcbros;inal fluid, etc..
Inasouch as ail the B cdy £luids are electrolyte solutions, they typically bave.

frather low resistivities and, in the absence of cellular elecents, can be

. R expected to ac: electr‘cally as tesistors or._conversely. conduc;ors Iab'c 15

y~A\<

"(

;_ggives resistlvxcy fzgu es measured in varxous stu le» orabiological £luids which

L Tt LR

‘are relatively cell—:ree. It shOuld be noted tHa~, in; ger”ral the conductivlty

-cf these .fleids increasss as the tempcrature riscs-thu;iexhibicipg e negative

“temperature coefficient of tesistivity.,
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The resistivity vP.l.ues for eareiac -ueles are listeé in Ttbiel?. It. is
obvious that considetable differences exist among the various msutevnts.

The data derived by Rush may explain this vatiability3°. In his ltudy, resistivity

was measured paralleli ani traasverse to the direction of the mscle fibers.

.

Transverse measurements ware found to be about 2.2 timcs as great as measurements

taken parallel with the fibers. The recorded measurements for human cardiac

tissue are.motrd to te lowe= than that recorded for cardiac muscle of other

mammalian species. Since the huran studies werc perfoimed on post-mortem specimens,

the lower resistivities -found may f t with the view that after deatn, cell membranes

lose their abilicy to maintain tteir insulazing properties aud jonic gradients.

Hulciple peasurements for resistivity of skclezal muscles are tzbulated ie

Tabi= 18 As is t‘le case th‘n .neasurc'ae*\t:. of cardiac mus<le, the resistivil

e. :-;'ghéfhé'f the

'.}-‘- ~ hTele L _._-.4 L I ~ .‘s-~-_v._h-

razio of er:msvcrsc to longxtudxnal resistivitics as bascd ca the cata

-

TablelS is :ppro:cinatcly S to 1.
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uau' thnt durui -ixi- upi.uttan. ﬁcu i.ta are shown in .

‘-__—

' -__.nu. l’.fhct-otta ctudiu. hauvct. oh,v turly 3ood ai,:u-nc for nmlun

n.

; ppeclu pt body t-pcntutn and ln thc lw !ro{uincy :cginu" . ,- s

e .
7

tabh 20:hon resiativity nlus for the kida.yt of vn:ious nassal ian

~opec£u. ‘nn dau suggest the poui.butty o! a ugauvc :qeruure coeffici.ent

of mhtivlty.

lesh:ﬁyitj figures arc shown for li&et. spleen and ﬁ,acteu in Tables

21, 22 and 23 respectively. Data for spleen resiittvity 1nd£¢lte a slightly negativ:

temperature coefficient. Liver and spleen data are rather sparse aud few

conclusioas can oe drawnm.

Datz for the resistivity of nervous tissue are shown in Table I4. "As in

 muscle tissue, wherc there are long well-defined fibers, the lougitudiral and

transverse rcsiscivities wvary considerably. 1In differcrt newve tissues, ratios_

of transverse to longitudinal resistivities are foun? -o vary betwvecn 5.7 and

9.41. 1n ad itton, cne would expect differences in the resistivities of wnite a:

gray matter of tiie brain when the histolozfcal structural differcnces are cons il

Such {s the case whure cemparisons have been made with the white master having
- . a'reststivity about twice that ol the pray macter.

r ¢at're51st1vlty ‘areé“Showh “int 'I'able 25.47¢ s\xo ld 'be noted

,d_;__fpffF ar& no bumav cata for the lnu‘frequencv region.
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. fyoorly eouhcting boay nblu upantd by P’y apoa;y ngtoa m‘t.a;ﬂn;. blood nlhieh
~1c. a8 pnvlouoly uud. a zood couductet. 3 l.tkarhe. the 4.; titl {

condm:tin; c.nm fnhd vich humy conductln; vascularizcd m

™ At
hd a

1:0- tbc pocnl nbuhuon of hn on ruunvzuu eu:gh_

H -
ecttntea can be ude for the tuictivitin of tpecific human ennu ﬂ'm o

- Yo
rcumbu Sy

ﬂ.gures are ohotm 1n Table 27, In those uses vhere human dnu are not avulable.

cnimal data are presented, and the nppropfinte cautions iuvolving the ei:trapolation

of animal data to man should be considered.

When considering the action of electricity applied to the body it is also

-

of some importance to attempt to determine the resistivity of certeln body segments
since this is, in fact, the manner in which the.current may pass through tha

body. Houever,icaution must be used in this approsch. Implied in the determination

of resistivity is the existence of a known current-density di strlbution between

the electrodes which are being used to measure the potential. In non-uniform

conductors such as a boéy segmcnt current density distribution will likely not

be uniferre. EThus sliﬂht alter;tlons ir e;nct*cde pesi icns{may'rcsult'dn large

- . L

":igu:cs dv
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O o .bu;’:ihﬁgl_ﬁ‘fb;’-‘:ua 1a ‘imn-n. th !he muuuzy of the teath:

waford, ’ﬁii&“ﬁéi&bi{-iib&:ﬁ&) s

‘16,-

'a-nl {n lJtpeelnulndhu fmdamnm‘aof&stha‘l‘ tmlar ‘ ;_

' 'é.. k '-'!"' fero’ riiioti_vit}' 'jé't

uwrmu !or &ntlu, ‘weasured alon; tbo Iluu o!’ ‘thc dentiul tablu revealed

- waloe of 330 ohm cm. T T

In the discursion of their review paper, Geddes and Baker make several -

‘omments which are of such importance that they should be carefully cmideredso.

‘irst, most biologi:al structures are compcsed of cells and hence exhibic differeat

iroperties in""t.l:if‘fercn: directions because of cellular orientation. Secondly.

eriations {n biological material related to a‘tered physlology of the -annul -

. 'Yy lue to environmental changes or dilcase - may'bc expected to exist. Ihe size

structure will becormn an'im?ortan: fzctor in the resistivity measurement.

R
>

" "be ohrerved i

N

z gp.quc €5 an organ in {ts recle a2e an

- . Co P )
*urther, wvhen physiologically active structures are bcxng Deasur ed, rizntfic

’f the sample of t{;SUé br organ being éfﬁmin@d ﬁa}nbe icportant and, io gencral,

lara froc s=mall sa=ples of tissue zhc"’A b" evoided, wince the nature of cellular

poiqt has been 2py eention of the elcctrics!l

fntericce



s ns‘

:hn v '%chn't_u tbo total rnuunco n!cud u oloetrl‘c:l
lov in t‘iu téﬂy &' 'hl&‘htauu of the trunk u m.ld.nd to be ‘-ll

‘-M-ol tn l)"lpc&.u ltd b“ found a mean value 6f ‘Soh

easuremsits !ér d'huu. ‘measured along the lines of thc dcutnl tabiu i.y“hd
value of 330 cha P ‘- T T e

C e
I

In the ducuulon ot thcir review pnpcr. chdu aad Baker make asveral -

‘omments uhlch are of such importance that they should be carefully cmlandm

‘irst, most biologi:al structures are compesed of cells and hence exhibit different

| 'roperties in Aifferent directions because of . cellulu‘ orlentltlon Secondly.

-arfations in’ blological uterial related to a} tered phyllology of the lannul -
1

lue to cnvironmental changea or discase - may bc expecteu to exist. Ihe nlze

’f the sample of tiasuc or organ being examlncd may he imporcant and io gcncral,

!1c1 from small samplcs o( tissne ghOJld bte evolded, since the nature of cellular

structure will becoma aﬁ !ﬁportanf factor fn the reeictivity ovmacnuremnnt
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pu-mu neur’ a amcz 'm for: p. m-mu- o uoecm

e e

- Thus, any factor atfeetiw the cpidct-u ily h m‘ zo ﬂm ‘ktn tuumco.

< An cnple of thh u tbe urutton ln *'n e dstc-ee nte‘u ‘l!!mnt parts

‘of ooe.body. ‘Resistance is noruuy u:vesc in«bou mu otch body vheu the
“skin {s "thin" - e.g.. *he axillse, tha mli;_ul fossae, etc. -~ and way ba only
1K to 2K ohms. It ‘iz highest im thick eiliounél skin areas and may be 20K to
00K ohms or -oresg. . B -

Skin reslstnnce h loueted by noicturc. sueu ghné lctlvlty or by the

v»!iutlon of a conducting mute betwaen tl'e sktn And an electroée Kouvenhoven- ;

L TP Wi A RE I D I A SR

P S

has pointed ovt thzt if thc xkia Ls vet, its reclotlbce nay dtop to ;llOOth of -
38 Thoaa- and Korr rxanincd the gquintitative rclationship betwveen’

{ts usual vealue

the rumber of sctive wvest glands and electrical resistance of the sk1n60 They

poted that conductance varies approxizmately linearly with iucrecasing or dccreasiog

nu=bters of sctive sweat glands., The conclusicn vas reachet that eich 2ctive

gland cgn;ribu:cdvavcbn¢u::iou puhbua, cl c*’ric~liy xnalogous tc xdd‘*r L ogvsl

ug curvcs notcd dnr( \f Besgurenxnts

-L.volvlng mcreas:.ng anc aecrer_crw Sw e‘:t glanc act"v* ty vere felt

related to hy dra;:lqn__; of .ronsudoriiic conducti

on ‘pathways.
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.the variations reported reflect the changes in resistance at the entrance point

' Tvpe of Centsct Ave. Eodv Resistznce (Nohms) - A':‘. Voltzre Droz (Nelts

A:. ;\; . a‘} ; "' " : i o
 skin u _abu&d Qrior to :bc muuuu of an tactruo

09 9  of & 5 mhuvlty
h glven h :hc uudy rcported ty ‘thn-po The otdy uu nrteuu on 10

‘z.’» .

~._Mjceu - 23 vomen ced 42 men. The nbjccz' !:Wml.m‘ -io the vrist

- ,.',".;‘1 ..

-h [ 2 mk uuu solucioen. Fout :ypu of cbatodcb couucta were -do with the

rtght htnd Pirst, tapptng s -au“.c ﬂ'.qec Illth m n, of thc loreﬂ.nger second,
pln:hln; s meiallic conductor with tbc ﬁuﬂﬂp‘ fore!tn;et' third. ;rtpptag a
long -ctal tod 1 inch in dlmter' ‘fourth, tnrung the band in salt vater to

the vrist. Table 29 gives the results of the ttudy ‘1t should be poted that the

‘resistance is reported as average "body" resistance. Since under the conditions

‘of the experimect the intecrnal bod‘y resistance would not be expected to change,

.of the current through tht skin. - :

"I'ablc 29: Effects of Surface of‘ Skin-Electrode
Csyntact ot Hecsurcoents of Skin Resistance®

Vozern - Hen ALY &'V'..;cn ... .Ken - o AlL

om
o

~Ny
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An Example of

Frequency and

103 10* 10
“Frequency (Hz)
the - : o ¢ -

Veraztion of Skin Impedance with

Condition of Eleét:ode~$kin;€ontéét.*
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~ fcurve:No A TA" ‘BT "B €
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Table 30 h‘-l‘l Varhtim 1n Skin hcutlme*
(An muunces in Kol'-s) S

St. Louis étucy ‘ . $an Dlego Study

Caucasian
’ Mean R : Mean R . Yean R Mean R
Male #65 170.75 #22 210.08 Male #16 - 171. #16 373,
Temale #55 168.94 #32 309.93 Female #5 171. #5 373.

*From Johnssn ..ad Corah3’

The authers concluded that skin color itself was not the important variable,

since the melanin is located {n the basai layers. 7%hey suggested that the differences

were either becausc of a thicker stratum corneum in Negroes or possibly because Lo

erences in active eccrireswezt glands between the two races. Another study,

Vo

cf dif
however, has pointed out that racial difference in shin reristance exist which are

not ccrrelated u'~h the emount of

<

S 'n ‘1.“0 pefformea Aan 1nvest1_g
ra

L s& in curlnv brief hva‘-'la

P
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‘increascs the threshold Ic:_perccprian increases. There is,

é\irrcnt -ut bc emtdcr.d.

. A.-.

The first physiological reséme t;‘n'clectri.c current cln ﬁ'lunlly be
regarded az the petceptlon of t'e cmrrent. For perccpu.on through the hand,
Dalziel and Hansfield suggested that vith direct current, about. 5 nA 1s
perceptible, while a current of less than 1 wA 13 perceptible uith 60 Hz
alternating currentza. Lower figures were reported by Carter and Coulter
suggesting that for direct curtenL 0. 2 - 0 3'nA is yerceptible and that nearly
simila levels of alterﬂatiny current at 100 Hz ;re perceptib1e7. Usiug trans-
chest electrode and neck-zbdomen ele*trode arrangements Geddes el al found

responles t> z2lternating current in fair agreement with those levels‘xeportcd

:by Dalzie131.

Sorew.a: lower figures fer direst current perceptiou we

R Lo AT SR MLt Te L el e
34 . .

-(See Figu:e . Coﬂ.dd ct al have puinted -out

There.is general sgreement thet for altermating current

.es the frequengy

however, -little



B Ligi

"be expected that studies to evelute peni‘can only suggest tu-e:enge of

" Using 2 "pain prick” sensation as the cub:]ective response to be called

- painful, Notermans reported levele for e!.teiniéiﬁg ‘eurrent quite close to
those levels péeviously discussed as sensa't'idnmthresholdssz. He 1lso observed
that as an impuioe duration increased, the paln thteshold fell. . Measurement
of pain thres‘\ol—’s by Plutchik and bender suggested ‘siightly higher. current
1gvels thaﬂ'those reported by Notetmans‘(épptoklﬁatély 1.0 mA as opposed to
26.5>n%) but still within the ranges pPrev-ously mentioned as *“sensation"

- .

1;erc.gencrally qcccpted 1evels for the pein threskelo are thore supgested

223_{ thc otbe~.

and h.Dou'ail



"rmaubly uit cmcnt" n ?M"
») - s “‘_" s \ 5 Te c‘--. ‘
) ;toup of subj.ctt m rclute ‘1 um

,.\gg

mt, B‘hul*unil‘hhl 52 -A nc fot m nnd@l J‘ﬁ 'fut m

> e ,,.
DS

ly ufe cutmtsu Con-upondiu; valun !otio fiz AC are 9 u

v ‘x‘sxﬂ .‘.\'k-'

the ntc of lncruse vith antmlng fnqucncy is n).ov bcunu ‘0 and 500 lz. »
- PR
- The nature of the study demands that most i.nﬁsti;atﬁﬁ of the production
of ventricular fibrnhtion' by electric currsnt be’ performed on enimals. Ferris
et al, performed extensive gtu’ies on different animal species ayd observed
tnat the threshola current to produce ventricular fibrillation was rclated to
the body and heart veightzs. Based cn animais comparable in size to man, it

was suggested that (wix:h 60 Hz AC, for a duration of 1 or more secvads with a .

curient path between ar arm and a lcg) a current cf.100 mA would produce
ventricular fibrillation. The threshold for ventricular fibriliation zlso
2ltcrs with frequency. * (Sne Figure 20). Further, the du;.ation of the shock

,;%; : i¢ important, since for short skocke (e.g., less than 1 sec), the shozkh must

7; ccour during the sensitive phase ¢f the heart cvele. o

o -\7 an er:‘tle'ns'ii‘c;_anal}'swf.s o€ ‘the proeblen was ‘perfernad Lé .Dalziel =l dcrive

¢ fermule to predict.the produsticn of ventricuicor Tikrillation in X% of 2 -

“large group ,of.mermzl f.e.. I &%) e 165/} 7T mA, where T.4f the tize o




in such cases only very -a.l hounts of ¢urrent troduu ,ftbrﬂ.h lon l‘!nu

it has been ume.:ed that 60 !!z sbocks m 500 to 5000 ﬂ.-u utc lm;crmu
PR "—_'-.?.-,g

- &

" when delivered directly to the hmt. rather than tb ; bédy miace“.» 7




frethe effects of dtuct

Pain by tactile stisulation - c!foct ot .vibutm a
»a='>m£ous stimulus intmity. 3

--:im R. L., R. A, SPERN, »:ns.. m Beissles Mremtauum
“-.and individual differences in cutancous sessitivity. e electropulse
stimulation. :!crcgt uotor sum. : ul$‘

T s
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BLv 6. BURNS, R, C. Study of skin iqednce gge_cnafu '13 m—zoo. 1950.
A 7. .CARTER, H. H., AND S. S. COULTER. thnsbold of at{muiation of ntemung
E currents. Arch. Phys. Thera 23 207-213 19L2 .
N T SRR
w1 8. -COLE, K, S.,, AND M. J. CURTILS. Bioelectriclty !lectric?hyaiology in
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: 9. comu.n A. G., AND H. H IMGGARD prerinents :ln flul ‘electric shock.
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