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CHAPTER ONE

INTRODUCTION

Much has been learned of the physiology of the nervous
system by recording its electrical activity, and it may be
said that progress in this field, as in many other branches
of science, has been closely correlated with advances in
technique, Thus, as better apparatus has become available,
so work on current neuro-physiological problems has been
facilitated, often leading to new investigations requiring

further technical developments.

It is with this technical, rather than the biological
aspect of electro~physiological recording that this thesis

is concerned.

| The potentials recorded from the nervous system vary
Iin amplitude from around a hundred millivolts for intra-
:cellular recording, to less than one microvolt in some cases
iwhen electrodes on the surface of the body are used to pick
up the action potentials of underlying structures., Record-
ing potentials at the low end of this hundred thousand to

one amplitude range presents considerable technical

difficulty.

While the recording apparatus used by early investi=-
gators was insufficiently sensitive to detect these smaller
potentials, modern amplifiers can provide virtually unlimited
amplification so that the smallest detectable potentials are
inow determined by the effective 'Signal to Noise Ratio' of
the recording systems In this context the *Signal' is the
output of the recording apparatus produced by the wanted

biological potential, while the 'Noise'! is the total output




‘of the system in the absence of the signal.

The noise may be regarded as having four main

components viz:=

l, Unwanted biolocgical potentials

2, Electrical noise originating within the recording system

3¢ Electrical noise originating outside the recording
system, in particular 'hum' induced from the A.C. supply
mains

4o Potentials injected into the recording system through the

use of electrical stimulators.

Lo In addition to the signal, the potentials picked up
é‘by the recording electrodes may include components originate-
ing in biological structures adjacent to the tissue from
éwhich the recording is intended In so far as these extra
5potentials are irrelevant to the investigation in hand, they
‘are undesirable and may be regarded as noise. For example,
when electrodes on the surface of a limb are used to record
the action potential of a peripheral nerve, contraction of
!muscles near the recording electrodes may interfere seriously
with the small signals from the nerve, Separation of the
.?wanted component from the total potential picked up by the
recording electrodes can sometimes be achieved by technical
means, Thus, the low frequency components of an electro-
encephalogram may be separated from the high frequency
icomponents of interfering muscle potentials by filtering in
the recording amplifier, Again, when the wanted potential

ic.‘m be triggered by an applied stimulus, this response can be

‘selected out of unsynchronised activity by the averaging
‘teohniqpe originated by Dawson (1954) for recording evoked



responses in the E.E.G.

In all cases, and in particular when such purely
technical measures camnot be applied, separation of the
signal from unwanted biological potentials is dependent on
electrode positioning and on the extent to which adequate ,
relaxation of the interfering structures can be achieved.
For this reason the problem might well be regarded as a

physiological rather than a purely technical one.

This *biological noise', although inconvenient, is
:at least a natural feature on the record of the electrical
activity of a complex living structure, and it seems diffi-
‘cult to justify the use of the term 'artefact! (from the
Latin 'ars' = art and 'factum' = made) in comnection with
such interferences The Shorter Oxford English Dictionary
defines 'artefact' as 'an artificial product' and, of six
lother dietionaries consulted, all give renderings consistent
|with the Latin derivation and stress the essentially |
lunnatural character of an artefact. Only one of the six
(The British Medical Dictionary, MacNalty) allows for a
natural artefact in its definition ".... (3) In electro-
encephalography, any wave that has its origin elsewhere than
in the brain"., Notwithstanding this last authority, it is
felt that the term 'artefact! might be more logically
reserved for features on the record which are non-biological
.in origin. Into this category fall the remaining three
components of the noise limiting the recording of weak

signals from the nervous system,

2e Electrical noise originating within the recording

system includes the thermal agitation noise of the

Iresiatances in the recording system, particularly in the

iresistance of high impedance microelectrodes if used, the



- L e
shot noise, flicker noise and microphonic noise of the
valves used in the amplifier or the corresponding semi=-
conductor noise of transistors, and "hum' introduced by the
power supply circuits in mains operated equipment. The hum
introduced by a well designed power supply system should be
below the level of the valve and thermal agitation noise and
valves may be selected for low noise and microphony. Using
low resistance electrodes and restricting the bandwidth of
the recording amplifier to the minimum necessary to record
the signal satisfactorily, very low noise levels can be
achievede Indeed, Nightingale (1958) has shown that it is
possible to reduce the noise level of the recording system
sufficiently to record the thermal agitation noise of the
resistance of the tissues themselves, When microelectrodes
must be used, the thermal agitation noise generated in their
high resistance may easily exceed the rest of the recording
system noise, Fortunately the signals recorded by such
electrodes are often relatively large, measurable in milli-
volts rather than microvolts, so that if special low resis-
tance microelectrodes such as those described by
Svaetichin (1952) are used, there must be few occasions bn
which the recording of weak signals is limited by noise

generated within the recording system.

3e The third component of the recording system noise is
that resulting from potentials in the amplifier and its
associated comnections by external electric and magnetic
fields, Although the major part of this inducéd voltage is
%usually due to 50 ¢/s fields from mains operated equipment
and wiring, interference can also be caused by radio
frequency fields emanating from short wave diathermy
apparatus or even from a sparking thermostat contacts The

ftechnique of reducing this type of interference is well



deseribed in such works as Dickenson (1950), Donaldson (1958)

and Whitfield (1959) and by careful attention to the relative
positions of the recording apparatus and the interfering
equipment, the avoidance of 'earth loops®, and the use of
efficient screening, artefacts arising from extermal fields

can be reduced to any desired level,

Le The 'noise' which may be produced on the record when
an electrical stimulator is used is considered separately
from other interference of external origin, for, although the
stimulator may indeed radiate electric and magnetic fields
which can be dealt with by normal screening methods, this
apparatus is distinguished from other sources of interference
by its direct connection to the recording amplifier through

the tissues.

Stimulators normally take the form of electrical pulse
generators by means of which pulses of up to over a hundred |
volts are applied to the tissues to initiate the desired
!action potential, If a stimulus of only a few volts is
!necessary, and this is applied through closely spaced elec-
trodes many centimetres from the recording site, the stimulus
artefact may be so small that it actually serves a useful
?purposc by marking on the record the exact instant of
stimulation, On the other hand, if an intense stimulus is
applied through more widely spaced electrodes within some
;millimetres of the recording electrodes, sufficient energy
may be transferred to the recording amplifier to overload itl
:causing "blocking', so that no signal, however strong, can be
!recordcd for an appreciable time after the stimulus pulse,
Responses of short latency may be lost in this blocked period
pr distorted by oscillations of the record baze line

Fssociated with the recovery of the amplifier from the
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overloade Under some circumstances difficulty may arise in
distinguishing genuine responses from such recovery trans«

ients.

Thus, although in many investigations stimulus
artefact is not a serious problem, it is potentially the most
disabling of the three types of artefact and, at the same
time, the most difficult to control.s While it is not
poseible to assess the preportion of recordings which are
completely prevented by excessive stimulus artefact since
such attempts are seldom reported, implicit and explicit refer-
ences to difficulties in stimulus artefact control are not

uncommon in publisghed worke

Over the past three decades many ingenious devices
have been introduced for stimulus artefact reduction but,
;lthough each of these solutions is evidently very successful
in the application for which it was developed, new apparatus
and techniques are still being described in the literature.
This suggests that existing remedies are being found in-
adequate and that, in general, the problem of stimulus

artefact control has yet to be solved.

Such a conclusion was supported by experience at the
Neurological Unit of the Department of Medicire at Edinburgh
University where extreme difficulty was encountered in cer-
tain neuwo=physiolegical recordings using existing anti-
artefact devicess This situation prompted the investigation

described in this thesis.



CHAPTER TWO

REVIEW OF THE LITERATURE

Considerable difficulties were experienced by early
workers recording from the nervous system using 'single
ended' recording amplifiers in which one of the input
terminals was eartheds Interfering currents flowing
through the tissues to the earthed recording electrode pro=-
'duced a voltage drop across this electrode which was recorded
elong with the signal, 'Hum' could be trouklescme with such
equipment and, especially when a stimulator was used having
one of its output terminals also earthed, very severe
stimulus artefacts could be produceds Under such conditions
the stimulator and the recording amplifier were effectively
coupled together through the common impedance of the earth

connection to the tissues of the preparation.

Attempts were soon made to reduce this coupling by
using two recording electrodes in addition to the earth
electrode, connected to a 'balanced' amplifier, i.e.
essentially two amplifiers comnected in opposition at their
outputse The intention was that interfering potentials
would produce equal 'in=phase' signals at the recording
electrodes, and so cancel each other's effect at the output
of the recording system, given a perfectly symmetrical
balanced amplifiers. At the ssme time, the wanted action
potential could be arranged to preduce a differénce of
potential at the two recording electrodes, often described

rather loosely as an "anti=phase' signal, and so be recorded.

Offner (1937) has shown that this solution was feasible
?ith multi=-stage amplifiers only if transformer coupling was

used between stages, but with resistance-cspacitance coupling
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the system may lead to overloading and intermodulation of

the signal by large 'in-phase'! interfering potentialse

The first amplifier to overcome this difficulty was
that described by Matthews (1934) which has been erroneoudy
referred to Grundfest, 1950) as being of the early balanced
anmplifier type. In the Matthews circuit the two recording
electrodes are connected to the grids of two similer triode
amplifiers, the output being taken between the anocde of the
first triode and earths The anode of the second triode is
earthed so far as alternating currents are concerned so that
this valve is effectively in the earthed anode, or cathode
follower, configuration,and drives the cathode of the first
triode and the floating battery supplys If equal potentials
with respect to earth are applied to both grids forming a
pure 'in-phase signal, the cathode follower action of the
second valve ensures that both the cathode and the H.T.

supply line of the first triode change in potential almost

as much as its gride A detailed study shows that the
;sensitivity of the circuit to 'in-phase' signals is very
much less than that to 'anti-phase' signals so that a real

rejection of the former is achieved,

Matthews' circuit thus bears a striking resemblance,
functionally at least, to that developed by Toennies around
1936 and first published in 1938, which also makes use of a
cathode follower to apply the signal from one recording
electrode to the cathode of the valve which amplifies the
signal from the other recording electrode. Again the out-

' put is taken from one anode and Toennies describes a
potentiometer arrangement between this anode and the common

cathode which may be used to compensate for the inherant
iunbalance of the circuits Toemnnies 'Differential amplifier'
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may be regarded as an asymmetrical version of the circuit now
known as the Long Tailed Pair (L.T.P.) amplifier in which two
amplifying valves have a large resistance in their common
cathode lead, the input being applied to their control grids
land the output taken between their anodes. This circuit has
formed the basis of all modern differential amplifiers and
appears to have been described first by Blumlein in a British
Patent applied for in July 1936, 1In the Long Tailed Pair
circuit, in-phase signsls are subject to heavy negative feed-
back due to the large cathode load resistance, while anti-
phase signals, which produce equal and opposite changes in
cathode current, are amplified in the normal way. The
effectiveness of the circuit in rejecting in-phase signals is
dependent on the use of a very high cathode load resistance
and this originally required a high voltage negative supply
line, An improvement was the introduction by Goldberg (194L)
of the use of a pentode valve in place of the high resistance.
This invention utilises the very high incremental resistance
of the pentode with respect to the in-phase signals, while
‘the relatively low direct current resistance of the valve
eliminates the need for an excessively high voltage negative

supply line,

A communisation from the E.M.I. laboratories in 1946
showed that the effective resistance of a triode when used
as the cathale load in an L.T.P. circuit could be consider-
ably increased by feedback of the mean anode potential of the

L.T.P. stage to the grid of this triode.

In his very general analysis published in 1947,
Offner considered the balanced amplifier as a six terminal
network, and distinguished four 'Gains' relating the

potentials, with respectt earth,of the two output terminals
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to those of the two imput terminals, These four gains may
be defined as follows. For a pure anti=-phase input, the
'Differential Gain' is the ratio of the anti-phase output
component to the anti-phase input, this being the normal
Ygain' of the amplifier, and the 'Differential Unbalance!’
is the ratio of the in-phase component of the amplifier
output to the anti-phase input, Similarly, for a pure
in-phase input, the 'Inversion Gain' is given by the ratio
of the anti-phase output component to the in-phase input,
and the 'In-phase Gain' is the ratio of the in-phase output
component to the in-phase input, Offner concludes that the
In-phase and Inversion Gains can be reduced to a low value
by the use of sufficient in-phase negative feedback, even
when the amplifier is asymmetrical to an appreciable extent.
Thus, in the case of an L.T.P. stage, the use of a large
common cathode load will give low In-phase and Inversion Gain
‘even when the amplification factors of the valves are unequal
iThe paper goes on to show that in-phase negative feedback may
be applied over several stages in a multi-stage amplifier
but, although Offner has designed several amplifiers using
this principle, the idea has not been widely adopted perhaps
because, as Offner indicates, the system may lead to
instability under certain circumstances. It can also be
shown, using Offner's own equations, that the reduction in
In-phase and Inversion Gain so produced will not be
spectacular unless the In-phase Gain of the amplifier with-

out feedback is considerable.

In the same year as Offner's publication, Johnston
(1947) analysed the operation of the L.T.P. amplifier and

propesed as a figure of merit the 'Discrimination Factor!

yhich is the ratio of the Differential Gain to the Inversion

Gain, using Offner's terminology. Johnston describes a
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differential amplifier which achieves a high Discrimination

Factor without the use of balancing controlse.

Parnum (1950) has criticised the use of Johnston's
Discrimination Factor as a figure of merit for differential
amplifiers and propesed instead the use of the ratio of
Differential Gain to Inversion Gain, which he has called the
'"Transmission Factor', 1In his analysis of the L.T.P.
amplifier he obtains an expression for its Transmission
Factor, and récommends that a high value for this ratio can
best be obtained by adjusting the effective amplification
factor of the valves. His analysis also demonstrates that
the attaimment of a high Transmission Factor for th& first
stage of a multi-stage amplifier is a necessary but not
sufficient condition for a high overall Transmission Factor.
To overcome this difficulty Parnum suggests that the Trans=
mission Factor of the first stage may be adjusted to compen-'
sate for the shortcomings of the remaining stages, and des-
cribes an amplifier for which a Transmission Factor of
50,000 is claimeds It seems unlikely that this claim will
be valid, except over a restricted bandwidth, since a purely
resistive circuit is assumed in the analysis and no compensa-
tion for the effects of stray capacitance is provided in the

amplifier,

Andrew (1955) has investigated the possibility of
making an amplifier of high Pransmission Factor without the
use of balancing controls and notes that Parnum's analysis
shows that Johnston's amplifier cannot be relied upon to
achieve this with components and valves of normal tolerances,
He observes that Offner's analysis predicts that the necess=-
ary high Transmission Factor for the first L.T.P. stage in

an amplifier can be achieved by increasing the resistance of



the common cathode load sufficiently, and shows that this is
apparently at variance with Parnum'’s result which leads to a
finite value of the first stage Transmission Factor even when
the cathode resistance tends to infinity, This discrepancy
is resolved by Andrew's demonstration that Offner's result
does not hold for the conventional Long Tailed Pair circuit
unless certain implied conditions are fulfilled. Andrew
proposes several modifications to the L.T.P. circuit for
which Offner's analysis is approximately valid and shows
that, if pentodes are used instead of triodes, a high Trang-
mission Factor is predicted by the analyses of both Offner
and Parnum, A circuit is described using pentodes for which
a Transmission Factor of 30,000 is claimed, but which requires
8 floating battery supply for the pentode screen grids, so
that Andrew concludes that the attaimment of a high Trans-
mission Factor without balancing controls, although possible,

is not practicable.

In 1956 Richards considered the problem of L.T.P.
amplifier design and, working from Parnum's analysis, showed
that the all important high ratio of differential gain to
inversion gain for the first stage could be obtained, for
very large values of the 'tail' resistance, if the amplifi-
cation factors of the 'pair' valves were made high enough,
Thus, he confirmed Andrew's view that pentodes should be used
in the L.T.P. Richards went on to consider the disadvan=
tages of using pentodes in this type of amplifier and showed
| that these can be overcome by feedback to the control grid
' of their cathode load pentode of the mean anode potential of
the two pentodes used in the Long Tailed Pair, In addition

' to increasing the incremental resistance of the cathode load
|

' valwe, as shown by the E.M.I. laboratories for a triode

[
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cathode load, this expedient permits the use of conventional
‘grounded supplies for the heaters and screen grids of the
L.T.Ps pentodes, so avoiding the difficulties encountered by

Andrew.

The amplifier built using this circuit was shown by
Richards to have a Transmission Factor of 2,500 without the
use of balancing controls and largely independent of the
effects of valve aging, When the characteristics of the
valves used in the L.T.P. were balanced by differential con-
trol of their heater potentials, a Transmission Factor of
50,000 was achieved, and this over a bandwidth of 20 ¢/s to
10 ke/s, and for inputs up to five volts R.M.S. This cir=
cult appears to represent the best design for a differential
amplifier giving high rejection of in-phase signals published

to dates

In gpite of the enormous improvement in inherant re-
Jection of in-phase signals achieved by the modern differen-
ﬁial amplifier, it was found that their use in biological
recording sometimes gave disappointing results in rejecting
interference and stimulus artefact.s In part this may be ex~
plained by the fact that the interfering potentials at the |
recording electrodes are seldom 'in-phase' to within a few
parts in a hundred thousand, and, #ven if this were so, un-
iess the recording electrode impedances are negligible com-
pared with the amplifier input impedances, the potentials atl
the amplifier input terminals will have an 'anti-phase' com=-
ponent, so that the in-phase rejection under practical

conditions will be less than that of the amplifier alone,

This phenomenon was illustrated by Haapanen, Hyde and

Skoglund in 1953 when they demonstrated that the rejection of

} |

stimulus artefact in nerve recording could be equally
[ |
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unsatisfactory using amplifiers with in=phase rejection
ratios nominally 2,000 and 30,000, The paper shows that
the poor rejection of in-phase signals observed when record-
ing from high resistance preparations such as excised nerve
was due to the relatively low input impedance of the
amplifiers, To overcome this defect, Haapanen (1951) de-
veloped a floating, single ended pre—implifier, coupled to
the main recording amplifier by a radio frequency link, and
the 1953 paper shows this apparatus to be very effective in
rejecting in-phase stimulus artefact potentials when used
with nerve preparations. Trials of the apparatus on volume
conductors, i.es muscle and brain, were evidently less
isuccessful in artefact reduction due to the asymmetry of the
unit's input impedances. Nevertheless, the authors advocate
the general adoption of this type of input circuit in place
of the conventional symmetrical input which they regard as

superceeded.

The use of a floating amplifier with asymmetric input
has also been described by Tommerdahl (1961) for electro- -
cardiography, This equipment which has a relatively res-
tricted bandwidth,makes use of an iron cored transformer to
couple the output of the floating pre-amplifier to the main
amplifier, Guld (1960) has also suggested the use of a

floating single ended amplifier,

While it will be argued (p.82.) that there is no
peculiar advantage to be gained by the use of asymmetric in-
put amplifiers in recording from volume conductors
(cefe Haapanen et alia) and that in many cases a symmetrical

floating amplifier would give better results, there is no

doubt that these attempts to obtain higher amplifier input

|
impedance by using floating amplifiers represent an important
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advance in the design of recording systems for high
effective rejection of 'in=phase! interference. It is
perhaps surprising that the problem of amplifier input im=-
pedance, as it affects 'in-phase' rejection, has received so
little attention in comparison with the development of the

differential amplifier,

While great progress was being made in rendering re-
cording apparatus insensitive to 'in-phase' potentials and
thus to the voltage dropped across the earth electrode
impedance when one terminal of the stimulator was earthed,
the alternative approach to the problem had not been
neglecteds Thus it was early realised that if the stimu-
lator could be used with neither terminal connected to earth
a great reduction in the 'in-phase'! component of the
stimulating voltage at the recording electrodes would result.
The desired isolation of the stimulus was first contrived by
the use of an iron cored transformer, with an earthed inter-
winding screen, connected between the stimulator and its
electrodess While this measure was effective in insulating
both stimulating electrodes from earth, complete isolation
was not achieved due to the inevitable capacitance between
the transformer secondary and earth., This capacitance,
typically some 200 pF., allowed transient currents to flow
from the stimulus site to the earth electrode at the start
and finish of the stimulus pulse., These residual currents
‘became known as the 'stimulus escape to earth', and, in
addition to producing stimulus artefact, it was found that
‘they could give rise to spurious stimulation at the earth
‘electrode.

| A major reduction in this residual stimulus escape was

hade possible by the introduction of the radio frequency (R.F.)

dsolating unit deseribed bv Sehmi++(1948) and Sehmitt ond
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Dubbert (191;.9). In this device an R.F. oscillator is
modulated by the output of a conventional stimulator and
the R.F. energy passed through an R.F. transformer to a
rectifying circuit where a replica of the original stimulus
pulse is produced. The stimulating electrodes are connected
to the rectifying circuit and are thus connected to earth |
only through the capacitance to earth of this secondary cir-
cuite The essential advantage of this R.F. unit is that the
capacitance between the secondary of the R.F. transformer
and earth may be made very much smaller than that obtainable
with a conventional iron cored transformer, Some workers
(eege Haapanen) have constructed such units with a capacitance
from the secondary circuit to earth claimed to be as low as
2 pF., but it is considered doubtful (p.73.) whether such a
low value could be maintained under conditions of actual use.
Nevertheless, it should not be difficult to attain a total
‘capacitance to earth of 5 to 10 pF, which is in the region of
‘the figure claimed by the original authors. R.F. stimulus
isolating units of this simple type have made possible qu:i.tel
spectacular reduction of stimulus artefacts, particularly inl
recording from nerve preparations, the application for which
they were originally developed. However, the system suffers
from several disadvantages which limit its use for other types
of recordings In the form described by the inventors the
R,F, unit has rather an inconvenient output impedance
(around 5 k), gives rather low power output, and has a
tendency to radiate R.,F. energy which may be rectified in the
|recording amplifier and produce an artefact thus defeating
‘the purpose of the device. Amatniek (1959) has described a
I::m::-e elaborate R.F. unit with controlled output impedance and
!freduced R.,F, radiation. |
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With the advent of transistors came the possibility of
constructing a stimulator, and its battery power supply, in
a2 relatively small space so that the whole apparatus has a
correspondingly small capacitance to earths Stimulators of
this type have been described by George (1959) who has devel-
oped a circuit with a total capacitance to earth of around
50 pF., and Greer (1960) whose apparatus can be assembled
from a mumber of sub-units. Although not attaining the very
low capacitance to earth of an R.F. isolating unit, these
transistor stimulators produce no unwanted R.Fa radiation and
can be made to have convenient output impedsncess Both
stimulators described have a maximum output of 20 volts which
must be considered rather low for applications involving

stimulation through the skin.

A novel way of reducing the stimulus escape to earth
was introduced by Buchthel, Guld, and Rosenfalds (1955) and has
been discussed further by Guld (1959, 1960)s In this method
a floating stimulator and its output leads are completely
surrounded by a screen which is comnected to the tissue thragh
an extra electrode near the stimulating sites The capaci=-
tance to earth of the stimulating circuit is thus replaced by
the capacitance to the additional screen so that the 'escape!
current transients flow from the stimulating electrodes to
the extra electrode rather than to the earth electrode., The
inventors have shown (1955) that the method can result in a
considerable reductiocn in that part of the artefact caused by
the voltage developed across the earth electrode impedance by
the stimulus escape currents, while impesing no restriction
lon the type of stimulator useds Thus, a stimulator for use
with this system can be designed to have any desired output

!impedancc and to have sufficient power for any applications
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Prom time to time other remedies for stimulus artefact
have been proposed which cannot be regarded as falling into
the same category as any of the methods so far discusseds An
early example was the method employed by Bishop (1927, 1928,
1929) in which the nerve under investigation was made to form
one arm of a Wheatstone bridge circuit which was balanced so
as to present no stimulsating voltage to the recording
spparatus. More recently Phillips (1956) has used s similar
circuit to avoid artefact when recording from the braine In
this case the tissues formed two arms of the bridge and a
resistive potentiometer making up the remaining bridge arms
was adjusted for minimum artefacte The use of a 'Wagner
earth' consisting of a potentiometer across the stimulator
terminals with the slider of the potentiometer connected to
earth has been proposed by Dickenson (1950) so that "e... the
output can be balanced to earth." Donaldson (1958) has pro=
Eosed a more elaborate version of the same idea but warns that
%he Wagner earth system may result in spuricus stimulation

taking place at the earth electrode.

The use of the Wagner earth may be regarded as a
Tripolar Stimulation scheme, a more explicit form of which is
described by Bishop and Clare (1953). In this system the
stimulating current is divided into two components which are
applied through two anode stimulating electrodes and a common
cathode electrodes The three electrodes are closely spaced
so as to form a '"Tripolar' stimulating electrode. The rela=
tive magnitudes of the two components of the stimulating
current are adjusted to position the resultant field in the
tissue so as to give the minimum potential difference between
the recording electrodes, A similar technique was used by
%andqu (1956) who used a Wagner earth across the output of the

stimulstor and noted that "... In addition. to control the
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shock artefact, it was useful to connect a variable resis=-
tance <~ capacity to ground from one or other stimulating
lead." A rather more specific version of the same idea
suggested by Buresd (1960) recommends that a variable resis-
tance in series with & variable capacitance be inserted in
the lead from the slider of the Wagner earth potentiometer
to earth, and quotes a range of values for both resistance

and capacitance,

In contrast to the number and variety of devices and
methods which have been proposed for the reduction of
stimulus artefact, there are relatively few published
accounts of the mechanism of artefact production and of the
theory underlying the wvarious anti-srtefact techniques. To
a large extent the difficulty in any theoretical treatment
of the subject centres on the representation of the tissues
involved as part of the electrical system linking the stimu-
ilator and recording apparatus. A considerable simplifica-
‘tion results if attention is confined to stimulation and re-
cord&ing from isolated nerve preparations. So far as
stimulus artefact is concerned, a nerve, or nerve fibre, sus-
jpended in an insulating medium may be regarded as a one
dimensional conductor the resistance of which can be as high
as 107 ohms (Bure¥, 1960). Treating the nerve in this way,
Schaefer (1936) explained the 'Slow Capacitance Component!
of the stimulus artefact obtained with a floating (battery
operated) stimulator and a single ended recording system, as
being caused by the current flowing along the nerve to earth,
‘through the recording electrodes, to charge, and discharge,
|

the capacitance to earth of the stimulator circuit. Petrid
|

(1960) has stated that the time constant of the artefact
| ' '
pbserved experimentally is consistent with this explanation»!

A similar one dimensional resistive model of the isolated ,
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rerve was used by Haapanen et alia (1953) in their work on
the artefact rejection of different recording amplifiers,

and indeed the success of their R.F. recording unit is in
part due to the validity of this model. Thus, treatment of
the artefact problem so far as stimulation and recording from
excised nerve is concerned, may be reduced to the analysis of
a simple electrical circuit in which the stimulator and re-
cording amplifier are connected by a line conductor of

moderately high distributed resistance.

In work on the brain or muscle, the three dimensional
nature of the tissue must be taken into account, The des-
cription of stimulus artefact given by Petrii (1960) points
out that in volume conductors the stimulating current flow-
ding in the tissues sets up an electric field characterised
by tubes of electric flux and equipotential surfaces, In-
less the recording electrodes lie in the same equipotential
surface, a potential difference will be produced between them
glving rise to the 'Resistive Component' of the artefact.
This reference goes on to discuss the effect of external
resistances connecting the stimulating and recording elec-
trodes, in particular the effect of leakage resistance from
recording and stimulating electrodes to earth; and indicates
that these resistive pathways can be responsible for part of
the 'Resistive Component' and for spurious excitation at the
recording site. Unfortunately, in the English edition of

this book, this part of the argument is somewbat vague,

The second artefact component proposed by Petra is
the 'Rapid Capacitance Component'. This is described as be=-

ing due to capacitive comnection between the stimulating and

recording electrodes "...as in the case of the resistive
|
component" , although excluding, presumably, the indirect path
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via stimulator capacitance to earth, to which is assigned
responsibility for the third 'Slow Capacitance Component'
as described by Schaefer (1936). It seems unlikely that
Schaefer's slow capacitance component would be important when
recording from a volume conductor, as Petra¥ himself points
out that an essential factor in its production is the
relatively high longitudinal resistance of the excised nerve,
The last artefact component distinguished by Petrai is the
'Polarization Component'!, stated to be csused by the slow de-
cay of polarization potentials produced across the recording
electrodes through which a portion of the current from am
‘earthed stimulator has returned to earthe Although drawing
attention to several factors involved in the production of
stimulus artefact, Petran's discussion can hardly be held to

constitute a rigorous exposition of thq problem,

Donaldson (1958) has given a description of stimulus
@artefact production in which the tissues linking the stimu-
lator and recording apparatus are represented by a network
of resistances and capicitances, The argument starts by
recognising the system of equipotentials set up in the tissue
by the stimulus current., A single ended recording system is
‘then assumed, and it is suggested that, since the recording
electrodes (one of which is also the earth electrode) are
both intermediate in potential between the stimulating elec-
trodes, the situation can be represented as a bridge circuit
with the stimulator and recording amplifier connected across
the diagonals of the bridge. Fige 1 (a) shows the equi-
potential surfaces produced in the preparation by the stimu-
lating current flowing between electrodes A and B. The |
recording electrodes C and D are thus intermediate in
gotcntial between A and Bs Donaldson's bridge represcntatid1

of the situation is shown in Fiz. 1 (b). Here E represents
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42 constant voltage stimulator, Ry and R2, and R3 and Rh

ensure that the potentials of C and D lie between those of

1° 02 and 03, Cz‘. represent the capacitances be-

tween the stimulating and recording electrodes, and between

A and Be C

the stimulating electrodes and earths The recording
amplifier is represented by its input impedance Z, "...assumed
relatively large". Consideration of Donaldson's own argu-
nent reveals serious inconsistencies which must inevitably
arise from the basic misconception inherant in this represen-
tation. Consider the discussion of the use of a Wagner
Earth. TFig. 2 (a) shows a Wagner earth connected across the
stimulator, and Fige 2 (b) the equivalent circuit proposed by
Donaldsons It is stated that the total resistance

(R5 + R6) of the Wagner earth potentiometer is much lower
thah (R; + R,), i.e. the resistances between each stimulating
electrode and the earth electrodes The action of the Wagner
earth is then explained as being due to the swamping action

of R5 and R6 across the potential divider formed by'B3 and R&

enabling this side of the bridge to be adjusted for 'R bal-
ance.,' The argument implies that only the potential of D
varies with respect t6 A and B when the Wagner earth is
adjusteds Consideration of Fige 2 (a) shows that, if R5 and
R6 are very small compared with the resistances of the pre-
paration, the earth electrode D will act as a third stimula-
ting electrode, a point recognised by Donaldson, and adjust-
ment of the Wagner earth will alter the field distribution in
the preparation so changing the potential of C with respect
to A and B, an effect which can be confirmed by experiment,
Pn the other hand, the bridge representation of Fig. 2 (b)
Luggeats that the potential of C with respect to A and B does

not change with variation of R, and RG'

| 5
|
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Because of the risk of spurious stimulation Donaldson
does not recommend the use of a Wagner earth in an attempt
to 'balance the bridge', but stresses the importance of
'maximising the bridge arm impedances' o reduce the out of
balance current flowing through the amplifier. The experi-
nental fact that increasing the distance between the stimu-
lating and recording sites leads to a reduction of the arte-

fact is attributed to an increase in R, and R, in the "bridge'.

1
This explanation is inconsistent with the initial assumption
that the amplifier inputimpedance Z is 'relatively large'.
To produce an appreciable reduction in the current through

Z (and in the voltage across it) the stimulating electrodes
would have to be removed to such a distance from the record-

ing site that Rl and R, the resistances of the tissues be-

2’
tween the stimulating and recording sites, become comparable
to Ze Since %2 is typically several megohms this condition
is unlikely to be met in practice, so that the observed re-

duction in artefact canmot be explained in this way.

Again, under the heading of 'Maximising the bridge
arm impedances', it is stressed that "...the stimulator out-
put circuit should have no conductive connection to earth at
all (other than the inevitable path through the preparation =

maximum R, and Rh) and the minimum possible stray capacitance

3

to earth (minimum C., and Ch)“‘ While it is generally agreed

5
that conductive or capacitive connection to earth from the
stimulator should be avoided for minimum artefact, the
implication that these steps are effective through 'maximis=~
ing the bridge arm impedances' is misleading, for the resis-
tances through the preparation from the stimulating electrodes
%o the earth electrode are typically only some thousands of
ohms so that leakage paths from the stimulator to earth would

have to have impedances low enough to be comparable to these
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tissue resistances before their effect would be appreciable.
In practice, as the development of R.F. isolation units has
shown, a very much higher standard of stimulator isolation is

required,

If an attempt is made to extend the 'bridge' concept
to include the more usual case when a balanced input ampli-
fier is used, the shortcomings of this representation are even
more evident, Presumably the situation would be shown as in
Figse 3 (a) and 3 (b)s. Any scheme which attempts to describe
the situation in Fig. 3 (a) by an equivalent circuit of the
form shown in Fig. 3 (b) must fail to explain why resistive
and capacitive conmnection from the stimulator to earth can
Iproduce an artefact, since the currents flowing in such paths

do not flow in the amplifier circuit in Fige 3 (b).

It must be concluded that the use of a 'bridge!
:equivalcnt circuit as proposed by Donaldson cannot be regard=-
.ed as forming the basis of a satisfactory theory of stimulus
artefact, and it would seem that the same conclusion must be
reached with regard to any theory based on the representation
of a volume conductor as a network of lumped impedances.

This view is in agreement with that of Guld (1960) who, in
dealing with the conductive transmission of the stimulus
through the tissue remarks that "...a lumped circuit repre-

sentation is insufficient even for an approximate calculatioﬁ
|

of the interference".

Guld's paper sets out to deal with two of the
[possibilities for transmission of the stimulus to the ampli-
|

éficr input which are referred to as the 'Conductive Trans-
!mission of the Stimulus' and the 'Common Voltage Transmission

|
%f the Stimulus'e The first of these corresponds to

Petrdi's 'Resistive Component', and is treated as a three
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dimensional field problem. It is stated that an approximate
value for the maximum voltage picked up by the recording
electrodes due to this component can be found by applying
simple field theorys The maximum value is given because the
reduction effected by placing the recording electrodes on the
same equipotential surface can seldom be utilised. It is
shown that the artefact from this cause will be small if the
spacing between the stimulating electrodes, and between the
recording electrodes, are small compared with the distance
between the stimulating and recording sites., The 'Common
Voltage Transmigsion of the Stimulus' can be recognised as
the component of the artefact due to the failure of the
recording system to reject the voltage drop across the earth
electrode impedance produced by the 'escape' currents flowing
?o earth via the stimulator/earth capacitance, This is |
analogous to Schaefer's 'Slow capicitance component! in nervd
%reparations, but, in contrast to the essential part played
%y the resistance of the nerve in Schaefer's analysis, Guld
states that, when dealing with volume conductors, the resis=-
tance of the tissue may be neglected in comparison with the
impedances of the electrodes. Thus field theory is not re~
quired in the treatment of this artefact component, and the
éystcm may be reduced to a network of lumped impedances and
solved by ordinary network theory, In an earlier publication
(Guld 1959) the network is shown in the form of a bridge cir-
cuit and the possibility of balancing the bridge by adjust- |
ment of the capacitances from each side of the stimulator to
earth is discussed. The more recent work (1960) indicated
%hat the dominant impedance in the path followed by the
escape current is capacitive, and concludes that the common
voltage artefact component will be proportional to the capacis

tance to earth of the stimulator, the rate of changedf the
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stimulating voltage, the earth electrode impedance, the
recording electrode impedance, and inversely proportional to
the impedance to earth from the amplifier input terminals.
Guld's work does not pretend to be a complete account of tha
mechanism of stimulus artefact production, and it may be
argued that the results given will apply only very loosely in
some cases, but they are at least consistent, and in qualita-
tive agreement with experimental observation. The basic
validity of this theery is further illustrated by the success
of the ingenious scheme proposed by its author for the reduc-

tion of the 'Common Voltage Transmissicn of the Stimulus'.

It may be concluded that most ¢f the work published on
stimulus artefact has resulted from the efforts of the authors
to control the artefact arising in comnection with the parti=
cular biological investigation in which they were interested |
at the times, In this way many excellent techniques have
been developed, but the very variety of solutions offered
indicates that a method developed for one experiment may give

disappeinting results in another applications

Nevertheless, where isolated nerve preparations are
lconcerned, the mechanism of stimulus artefact production
'seems to be sufficiently well understood, and the application
éof the R.F, techniques of Schmitt and Dubbert, and Haapanen,
gshould give adequate control of the artefact in virtually

|every cases

The way in which the artefact is propagated in the
émore complex case involving a volume conductor preparation is
evidently less well appreciated, and, although satisfactory
‘artefact control is achieved in many special cases, notably
by Guld, and by Phillips, no general solution or comprehensiﬁc

|
treatment of the subject has been published to date,



CHAPTER THREE

APPROACH TO THE PROBLEM

The present work attempts to fulfil a three-fold objective:-

1.

2o

|3,

To develop a theory of stimulus artefact production
which accounts for the salient features of the artefact |

25 observed experimentally,

Attention is confined mainly to the more general problem
arising when the tissues under investigation have to be

regarded ax a three dimensional conductor,

In the light of this theory, fto exsmine possible anti-
artefact techniques, consider the potentialities of
existing devices, and, where necessary, to propose

new apparatus and methods.

Thus it is hoped to discover an ‘optimum' stimulating
and recording system capable of giving the maximum
freedom from stimulus artefact compatible with normal

electro-physiological requirements.

To develop apparatus to give substance to such an
optimum system so as to demonstrate its technical

feasibility,
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CHAPTER FQUR

THEORY OF STIMULUS ARTEFACT

L = 1 General Description

For the purpose of this discussion the stimulusg
artefact is defined as that part of the output of the records-
ing apparatus which results from the transference of electri=
cal energy from the stimulator to the recording apparatus via
the preparations This definition implies that the stimu-
lator, preparation, and recording apparatus should be

regarded as component parts of one unified system.

The most difficult part of this system to represent fir
analytical purposes is the preparation, and one of the
simplest solutions is to regard it as a homogeneous and
resistive conducting medium, bounded at an infinite distance
from the electrodess Using such a model, the behaviour of
the preparation may be predicted by simple field theory as
suggested by Guld (1960). Unfortunately, in many prepara- |
‘tions the boundaries of the tissue cannot be regarded as
being at infinity, the electrodes frequintly being placed on
the surface of the tissue. Again, the assumption of a
medium of homogeneous electrical properties cannot usually
be supported since the tissues concerned are often divided
into regions of markedly differing conduetivity. A further
difficulty in the use of this simplest of models is that real
tissue cannot always be assumed to be purely resistive,
?Membranzs separating one region of the tissue from another

lare frequently polarizable by the passage of current through

them, with the result that charges can be buill up within the |

preparation which thus behaves as though it were 'rcactive'.;
[ . i
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In the interests of reglism it is assumed in this work that
the preparation must be represented by a conducting body
which is neither infinite nor homogeneous, so that simple
field theory cannot be used to predict the field distribution
in the tissuess It is considered worthwhile to retain the
figment of a resistive medium since this greatly facilitates
the discussion and affects many of the conclusions to a
negligible extent. The effect of tissue polarization will

be discussed further where relevant.

One further point might usefully be considered before
proceeding with the main argument, and this concerns the con=

icept of electrode impedances

Consider the situations shown in Fige L.l.1l. A
generator, G. passes a current through a volume conductor
by means of electrodes A and B The current flowing will be
associated with an electric field in the volume conductor
suggested by the isopotential surfaces indicated in the fig- |
urees For each value of this current flow the potential
difference between A and B is fixed for a given pair of
electrodes in given positions in the volume conductor. The
Tresistance! of this pair of electrodes can thus be defined
as the ratio of the potential difference between the elec~
trodes to the current flowing. With most of the electrodes
commonly used in biological recording, except microelectrodes,
the major part of the potential drop between a pair of elec-
trodes will occur in the volume conductor (tissue) rather
than in the material of the electrodes proper, so that it is
difficult to define accurately the resistance of a single
electrode. However, where the dimensions of the electrodes
%rc small comparéd with the distance between them, most of

the potential difference between the electrodes will be
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associated with regions of relatively high potential grad-

ient immediately adjacent to the electrode surfaces. Under
such conditions, for a given current flowing to or from one
electrode, the potential difference between this electrode
and any point in the volume conductor which is remote from
the electrodes, and thus in a region of comparatively low
potential gradient, will be substantially independent of the
actual position of such a point. The ratio of this potentiil
difference to the current flowing in the electrode may thus
be regarded, albeit somewhat loosely, as the resistance of
that electrodes This concept can be generalised to define
the impedance of an electrode, and can effect a considerable

simplification of the description of some artefact components.

Consid er now the effect of connecting an earth elec=
trode, E, to a preparation through which a stimulating
icurrent is being passed by a stimulator, S, and electrodes:

.A. and B as shown in Fige 4elo2. The stimulating current
gflowing in the preparation will be accompanied by an electrig
;field in the tissues, again suggested by the isopotential sur-
%faces sketched in the diagrams Due to its position in this
ifield the earth electrode will have a potential intermediate
E'between those of the stimulating electrodes. For conveniense
we may take the potential of earth as zero so that the
;potentials of A and B with respect to earth will be opposite

iin sign although not necessarily of equal magnitude.

Inevitably there will be some admittance to earth from
‘the two sides of the stimulating circuit which may be taken
into account by including in the circuit the admittances

|
Ya and ¥, as in Fige Lele3o

The potentials of A and B relative to earth must re-

lsult in currents il and 12 flowing in the circuits



(Ux+Ex)

(Vy + Ey)

|'_18 414
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L= Ya = earth = E = A, and B = Yb = earth = E = B respec=
tivelys These currents flow in opposite directions in the
ecarth electrode and each must be associated with a corres-
ponding field in the preparations The waveforms of these
currents will depend not only on those of the potentials of
A and B with respect to earth, but also on the nature of the
total impedance round the circuits in which they flow. For
example, in many cases the dominant impedance in each path
will be the relatively small capacitance to earth from each
side of the stimulator circuits In such cases the waveforms
of ths currents flowing in the earth lead may be very
different from that of the stimulating current. This implies
that the waveforms of the potential differences set up in the
preparation by the fields of these earth currents will also
differ markedly from those produced by the field of the
stimulating currents Thus, although the three fields so faf
honsidcred will combine to form one resultant field in the
greparation, it will be convenient to resolve this resultant
ficld into two components, viz, the 'Stimulus field! assoc=-
jated with the stimulating current itself, and the 'Escape
field' being the resultant field obtained by combining the
separate fields of the currents flowing in the earth lead.
The distribution of the two fields will be of the form shown
in Fige Leloks where the Stimulus field is shown by the full

isopotentials and the Escape field by the dottkd ones,

Fige Lelele also shows recording electrodes X and Y
connected at arbitrary points in the preparation. Due to
their positions in the Stimulus field the recording elec=
trodes will have potentials V& and V}, with respect to eau:"t:h,,i

hhile the corresponding potentials due to the Escape field
|

ﬁgy be labelled Ex and Ey’ In general X and Y will lie on
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different isopotential surfaces of the Stimulus field so that
V, is not equal to vy and a potential difference (vx - vy)
will be applied to the recording system, Similarly, the
Escape field will produce a potential difference (Ex - EyJ
between the recording electrodes. Since the recording
system is designed to respond to the difference of potential
between the recording electrodes, an artefact component will
arise due to the recording system response to each of these

two inputss

Unfortunately no practicable recording system can be
entirely isolated from earth, so that a finite response will
be obtained from any recording system when equal potentials
are applied to both input terminals, Thus, even in the
purely hypothetical case when X and Y are equépotential with
respect to both the Stimulus and Escape fields, each field
would still give rise to some response, so that two artefact

components would again result,

The output of the recording system in the general
case when the recordi ng electrodes are situated arbitrarily
ﬁn the Stimulus and Escape fields will thus be compounded of
ihe response due to the intentional sensitivity of the system
to differences of potential between the recording electrodes,
and the unavoidable sensitivity to potentials common to both

inputse

To distinguish these responses it is convenient to
Buhdividc the recording electrode potentials due to each of
#he two fields in the preparation into two components. Thus
ic potentials v and V& due to the Stimulus field can be
}cgarded as the resultant of a '"Common Mode' potential
?E_E_EE applied so that X and Y are each raised abowve earth

potential by this voltage, and a 'Differential Mode! |



potential Vx_;_l.f_z applied differentially, is.ee so that X and

Y are at potentials of : Y.’E_.EJX respectively.

Vx + Uy & Vx = Vy

Then V:c = > =
- s E&ﬁ&iﬁ i E.ﬁ}li

Similarly, the input to the recording system due to

the Escape field may be regarded as havirg a Differential

Mode Component Ex_;_;.:x and a Common Mode Component
Ex + Ey
2 o

Since, in general, the recording system will respond
differently to each of these four inputs, the system output
will have four componentse. By definition the stimulus arte-
fact is the output of the recordirg system due to these four
dinputs, so that the four major artefact components may be

defined as follows:=

le The Differential Direct Component is the output of the
I
recording system representing its response to the Differen-

tial Mode Component of the potentials at the recording elec=
trodes in the Stimulus field. This corresponds to the
"Conductive Transmission of the Stimulus" referred to by

Guld (1960).

2+ The Common Direct Component represents the response of

the recording apparatus to the Common Mode Component of the

recording electrode potentials in the Stimulus field,

3e The Differential Escape Component is the system output

resulting from the response of the recording apparatus to
the Differential Mode component of the recording electrode

potentials in the Escape field,

Lo The Common Escape Component is the response of the
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recording system to the Common Mode component of the record-

ing electrode potentials in the Escape fielde.

This component is recognised as the 'Common Voltage

Transmission of the Stimulus' mentioned by Guld (1960).

The resultant artefact is the sum of these four com-
ponents. Since the artefect is the output of a gystem which
can be regarded as a chain compiising the stimulator, pre-
paration, and recording apparatus, it may be expected that
the magnitude and waveform of the artefact will be a function
of the properties of each link in this chaine Further, the
effect on the resultant artefact of a change in any part of
the overall system may depend on the characteristics of the
remaginder of the systems For example, the result of a
change in the characteristics of the recording amplifier may
depend on the properties of the recording, stimulating and
earth electrodes, on the relative positions of the electrodes
in the preparation, on the nature of the stray impedances to
earth from the recording apparatus and stimulator, on the
waveform of the stimulating current, and many other factors.
Failture to take into account this interdependence between
parts of the overall system may result in an incorrect
assessment of the benefits to be expected from the incorpora=
tion of a new device into a system which differs apprecizbly

from that for which the device was developed.

The next section sets out a quantitative treatment of
the stimulus artefact problem. The usefulness of such a
discussion lies not so much in enabling the prediction of the

magnitude and waveform of the artefact, since in practice
ithis would be difficult to achieve and confer very little
sdvantage, but rather in that a quantitative theory brings

Lut the unity of the system and illustrates the interrelation-
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ships of its component parts. The existence of a

quantitative model also greatly facilitates the assessment of
the effect of proposed modifications to the system and

thus the selection of possible anti-artefact techniques.

he2 Mathematical Representation of the System

The work of F.F. Offner forms a convenient starting
point for a quantitative treatment of the mechanism of
stimulus artefget. In his paper 'Balanced Amplifiers! (1947
it is shown that a push=pull amplifier can be represented as

la six terminal network as in Fige Le2.ls

Input voltages e, and e: are applied to terminals
1,2 and 3,2 respectively, and output voltages e, and e; are
developed between thrminals 4,5 and 6,5. Four Gain Factors

lare defined relating the output voltages to the imput volt=

ages viz:~

1. Differentisl Gain G, = Ei':_:‘% for €)=~ seeke2els

| 1

| (ez+ ez P

2, In=phase Gain Gy (e, + e for €, = € seeke2s26

I /!

! e ' 5

e Inversion Gain G, = %ﬁf;—i?g for e;= € eeskie2s3

L

ko Differential Unbalance G = E: 224 for e{==0,ceckaele

1 '

For the present discussion this concept of four com-

ponent Gains has been modified and extended as follows.

Since it is possible to measure potentials with res-
pect to a single reference point which may be earth, the six
terminal network may be replaced by & five terminal network
without loss of generalitye Further, the network may be
considered not only as an asmplifier, but as the complete

recording system including the input electrode impedances and
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the stray impedances from the amplifier to earths The re-—
cording system may then be represented as a five terminal
network as shown in Fig. 4e2,2s The input terminals (1)
and (2) are regarded as being at the tips of the recording
electrodes, while the output terminals (3) and (4) are the
points at which the output of the recording system is
observeds In general both the input voltages V" and V,
and the output voltages V,, and V,, , will be functions of time
and, due to the imperfections of the recording system, the
output voltages will not be the same functions of time as
the input woltagese Thus an input of a given waveform will
appear at the output of the recording system amplified but
with its waveform altered to some extent, For this reason
it is necessary to abandon the concept of simple Gains in
connection with the recording systems The output voltages
can still be expressed in terms of the input voltages if
Laplace transform methods are used so that the Gains of the
simpler treatment are replaced by transfer fumctions, It
will also be convenient to express the imput and output vol=~
tages in terms of their differential and common mode compon-

ents,

The differential mode component of the network output
voltage is then !“;J“ and the common mode component of the

output voltage is E‘"%—v"‘.

Similarly, the differential end common mode components

of the input voltages are !‘%—Y" and !'-LE-I’“ respectively,

Appendix I defines four transfer functions for a
five terminal netwofk relating the transforms of the output
voltages of the network to those of its input voltages as

shown in Table he2ele



TABLE L4e2e1o

Transfer Function Definition

M Z for Vnm =~V
5 . i t

T{ﬂ v"j:) + Vrl.m for ‘v"'{’l r v“(')

2 =
g G TR il il
2

Hi(n Vg +  Vag) o v:'?-fr\ a vl'(f)
2

Since the output of a recording system is usually
taken to be the potential difference bdween the output ter-
minals, only the differential mode component of the output
voltages :7% of practical importance, The differential mode
component of the output voltages of the system can be com=
pletely specified in terms of the differential and common
mode components of the imput voltages and two of the overall
transfer functions for the system, M d@\anﬂ H'td’ since

—(“——-——vo‘ ; vﬂ’{f‘ = H%M;_v-lzﬂ + Hv M‘;_'_v,z('l esscsse 1{-&20 5.
(1]

To relate the transforms of the differential and

common mode components of the recording system input voltages

6o the transforms of the stimulating and escape currents
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flowing in the preparation, four more transfer functions may

be defined as in Table L4.2,2,

TABLE 202

Transfer Function Definition

(# T

°(r\

d'(r\

°(r\ I

Vhere:

Is = Transform of the Stimulating Current
(e

Ie = Transform of the Escape Current
(p)

These four transfer functions have the dimensionsof im=-
pedance and are in fact transfer impedances which may be used
to express the differential and common mode components of the
recording system imput voltages in terms of the two currents
flowing in the prepara$ion. For example, the differential
mode input voltage due to the stimulating current is given
by: =

vum- VIZ(p) = Da I osesee 1}0206.
2

(p) 'fe}
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Finally, the transform of the essape current Ie nay
(el

be expressed in terms of the transform of the stimulating

eurrent Ia by a transfer funetion Afr} such that:=
(®)

I = A.I [ FE XN NN 1{-.2.7
°® @ 3 .

The transforms of the four major artefact components
can now be expressed in terms of the transfom of the

stimulating current thus:-

Transform of the

Differential Direct Component = M. D. I ceee Le2:8.
dgy @ B¢

Transform of the

Common Direct Component eceo 40209

M C. I
Vi ) 8()

Transform of the

Differential Escape Component M. D AT  oceee 402,10,

Ay S 6 S
Transform of the
Common Escape Component M C AT = 2,11,
P ponen = vmemmsmoo.ll-oo

so that the transform of the resultant artefact is given by

E' where:=
(e

E:ﬂ: Ism[bdm i+ ]’1 + Arp\(De HJM (le 1)] A 202

)
The magnitude of the resultant artefact depends om the

gain of the recording system (implicit in M. and Hv( )) , 80
'

d
that it is usually more convenient to expres:lthe artefact
in terms of an equivalent differential mode imput signal at
the recording electrodes. This may be done by dividing the
above expression by afkctor Hd, a number, representing the

nominal gain of the recording system at the centre of its

pass band,

The transform of the Equivalent Artefact E o) is then:=

E,= Ism]) M +C M '+A”(:D My + C.c“Mv,PJ] - 4,23,

fﬂ ()}
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Since the stimulating current as a function of time

S(t)

the other transfer function om the right hand side of egn.

I is known, Ia may be found, so that, if expressions for
@)

Le2013 can be derived, the Equivalent Artefact as a function
of time, E(t s ay be obtained by an inverse Laplace transfor-
)

mation.

In the next section the nature of these transfer

funtions will be discussed in more detail.

L4e3s The Nature of the Artefact Transfer Functions

(a) The four overall transfer functions of a network as
complex as a complete recording system ar-e inevitably very
cumbersome expressions.e However, the work involved in
their derivation can be considerably reduced if the recording
system is regarded as a chain of simpler five terminal net-
works in cascide. By suitable selection of these sub=-
networks, each can be made $0 simple that the four corres-
ponding transfer functions can be derived with relatively
little labour, For example, a passive network of four
impedances as shown in Fig. L.3.l. may be used to represent
the impedances of the recording electrodes (Z1 and 23) and
the shunt impedances to earth from the recording amplifier

input terminals (zz and 2 Similarly, each Long Tailed

l..)"
Pair (L.T.P,) stage in a typical recording amplifier may be
represented essentially as a five terminal network as indi-

cated in the skeleton circuit shown in Fige 4+ 3.20

The relationship between the output and input vol-
tages for each subnetwork can be expressed in two equations
involving the four transfer functions for that network as
in the case for the complete recording system, Thege two

equations can be written in matrix notation so that a matrix
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heving the four transfer functions for its elements can be
associated with each subnetwork., A matrix formed from the
four overall transfer functions of the complete recording
system can then be calculated by matrix multiplication of the

matrices of the subnetworks as shown in Appendix I

In the same appendix an example is given of the
expansion of the overall transfer function matrix of a net-
work formed from three subnetworks in cascade, showing that,
even this relatively simple case, each transfer function of
the overall system invcolves twelve of the transfer functions
from the subnetworkse Fortunately, in the analysis of many
practical systems further simplification car usually be
abhieved by meking use of special properties of the subnete
werkse Thus in evaluating the overall transfer functions
for a recording amplifier consisting of cascaded LT.P.
stages, negligible errors will usually arise from the assump=
tion that the differential gein transfer functions nd“
corresponding to the individual stages are very much g'reater
than the other stage traensfer functions mv(ﬂ, ‘ub) and nim.
For an amplifier of n such stages the overall transfer func-

tions required become (Appendix I ),

M = seee m ssee Le3ole
dapy ¥ (‘ﬁmm - mdﬂﬂ) dufy) b

and

H ; [ E X X-] LA X Z ] s /ole
Yafp) * (ndm(,) mﬁfn_:\(p) ndz(,h nVI(p] el

Where M aagy) and Mvam

Buntions of the lifier and m and m e the transfer
BMD d () me’r

functions of the rth L.T.P. stage.

are the overall trensfer

Use can also be made of the fact that, for a net-

work of four impedances as shown in Fig, Lo3ele, m., =m

dip) ip)

m =m_ , so that only two of the four transfer
Wig) Vip)
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functions need be evaluated.

These results can be used to write down the overall
transfer functions of a typical recording system consisting
of a network of four impedances representing the recording
electrode impedances and the amplifier input impedances,
followed by an amplifier of cascaded L.T.P. stages. The

overall transfer functions M, , M, , etc. are given by:=-

dp” iy
M M M M m n
dg (%) da() Vag) dg) \(0)
= eoe e )-I-o 3. 30
M M M M. m m
uy i uag) da 4% o

where m. o.o I, are the transfer functions of the elec~

i iy
trode input impedance network.

Expanding equation Le3s3. we obtain:=-
M = M m. + M m
Ay Qog) Ay Vapy Uf)

M m. + M mn Sincem = =n
oy Afy Vajy Vip) Wy Yy

M eee Helole ince M < M d Z
day ) RS R “aé dﬂff n"ﬁ»? g

and

M = X m + M m
Vip dagy Vg Vap) i)

= M ssse 40305. Since m =N

m + M mn
dagy Vi Vag) dpp iy — dyy

Thus to evaluate the overall “d,fﬁ uvr‘functiona for
r )
such a recording system we require expressions for Mdar,\

end M_ n for the amplifier and ld{:nd .Vr_.) for the electrode/

imput impedance network.

Using equations Le3ole and Le3.2. the transfer functioms
of the amplifier can be calculated from those of its
individual L.T.P. stages. The transfer functions for an



L.T.P. stage are derived in Appendix II

The transfer functions for the network formed by the
recording electrode impedances and she amplifier input
impedances depend on the exact nature of the four impedances
involved. The input impedances of the amplifier may be
represented by a shunt combination of resistance and capaci=-
tance, the values of which vary over wide limits from one
recording amplifier to another, The resistive component may
lie in the range from a few megohms to some thousanrds of
megohms when special precautions are taken to attain a high
input resistance, Similarly, the capacitance to earth from
the amplifier input terminals may range from less than 1pF
when cathode follower input probes are used, to several
hundred pF when more than a few feet of screened cable is

used to connect the recording electiodes to the amplifier,

The accurate representation of the impedances of
recording electrodes in tissue or saline presentseonsiderable
difficulty and has been the subject of much discussion as
recently as 1959 (Proc. 2nd Int. Conf. Medical Electronics
1959 p. 96). Much of this discussion has been based on the
work of Frike (1932) and Cole (1934) on the polarization
impedance of biological materials., Using this approach the
impedance of most polarizable electrodes in tissue or saline

can be expressed as:e=

-0

Z(w) = R + Zl(,}.b!) eccne 1!-03.60

giving the impedance at any angular frequency in terms of
the impedance at w = 1, and a constant,x , lying between
zero and unity and depending on the type of electrode and
electrolyte considered. The form of this equation implies
that the electrode impedance may be considered as a
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resistance R in series with a parallel combination of resis—
tance and capacitance, say Rp and.Cp, representing the
polarization component of the impedance Z|(haf-“; where both
Rp and Op are functions ofw. Weinman and Mahler (1959)
have shown that when a constant current is suddenly applied
through an eleetrode obeying this law the voltage drop across
the electrode should rise insténtly to a falue corresponding
to the purely resistive component of the electrode impedance
R, and then increase according to t* until the polarization
voltage for the electrode is reached when the voltage drop

across the electrode will remain constant until the removal

of the current.

In the course of the present work the impedancesof a
variety of electrodes have been studied by passing a rapidly
rising pulse from a constent current source (3 See rise
time, 24 Mn output impedence) through the electrode concern=
ed into skin, muscle, brain or 0.9% saline solution, and
observing the voltage drop across the electrode on an
oscilloscopes Where high impedance electrodes were being
investigated the connection to the oscilloscope was made via
a cathode follower, Electrodes examined included types used
for stimulation, recording, and as earth electrodes, varying
in size from enamelled steel needles with an exposed tip of
10 = lgp in diameter, to metal plates approximately 3 x L4 cm,,
electrode materials being steel, silver and platinum. All
electrodes with clean metallic surfaces showed a voltage drop
having fast and slow phases corresponding to the resistive
‘and polarization components of the electrode impedance,

Such fast and slow rising and falling phases can be seen in
Fige 4o303. which is an oscillogram of the voltage drop
across a stainless steel electrode carrying a 2004p Sece.

current pulse into saline solution,



A Y
R I ST b
JeEss ) ;
> (O /
ki -

l'l——‘

\ R00 mSecs.

@) | (b)
Fi Q 435,




While these experiments confirmed that the resistive

component of the electrode impedance varied as expected with
electrode area and electrolyte conductivity, the polarization
component of the impedance of practical electrodes in tissue
was found to be less predictable than might be expected from
Weinman and Mahler's work on electrodes in saline solutions.
The polarization component of the electrode voltage drop
tended to a limit for long pulses of current at sufficient
current density, but the waveform of this component was not
found to be always in accordance with a f“'law. Indeed the
actual waveform observed for the slow component of the volts
drop was found to vary with the type of tissue or electrolyte
in which the electrode was immersed, with the previous his-
tory of the electrode, and with the current demsity. For
this reason it was decided to compare electrodes with poss—

ible models directly under actual conditions of use,

The arrangement used for studying the impedance of
recording electrodes is shown in Fig. Le3e4e A pulse
generator was used to inject rapidly rising (rise time
1=3p Sec.) voltage pulses into one of the input terminals
iof the recording amplifier directly, and into the other input
terminal, either via the electrode under examination, or
through the network representing the model electrode. The
output of the amplifier was observed and photographed on an
oscilloscope. The amplifier used will be described in
Chapter six and was specially developed to have a response to
a eoﬁmon mode step function input less than a millionth of
its response to an equal step function input applied differ-
entially ., With the switch in position 1 and both amplifier
inputs connected directly to the pulse generator, the resg-
ponse to injected pulses less than a few wolts in amplitude

wa.s below the amplifier noise level, Thus any response



obtained for such inputs with the switch in positioms 2 or 3

was due to the m, transfer function of the network comprising
the real, or model electrode, and the amplifier input imped=
ancese Figse 4e3e5. (a) and (b) show the responses obtained
when an electrode made by electrolytically thinning a steel
sewing needle and enamelling it to leave only a 10 =~ 15 )

tip exposed (a), was compared with a 100 Kq resistor (b).

The similarity of these responses obtained under working
conditions suggests that for evaluating the response of a
recording system using such electrodes the actual electrodes
may be represented by pure resistances. Similar 'resistive!
behaviour was observed for all non-polarizable electrodes
€.8. Ag/Agll, balls for cortical recording, and for all
*small?! polarizable electrodes such as the enamelled steel
needle described sbove., It was found that larger steel
electrodes may be rendered resistive, temporarily, by passing
an alternating current through them in saline solution until

a brown discolouration was seen on the steel surface,

The impedance of the electrodes used for stimulating
and recording on the surface of the skin in this laboratory
'was found to vary consideré'bly with the method used to pre-
pare the skin under the electrodess When the skin under a
1 cm. diameter silver plate electrode was thoroughly cleaned
with ether the impedance of the electrode was essentially re-
ristive and usually between 10 and 15 kas If the underlying
skin was abraided to remove the horny layer and electrode
jelly applied, the impedance fell to around 250e, still vir-
tually resistives The use of electrode jelly merely rubbed
well into the skin as recommended by the makers usually re=-
:sulted in an electrode impedance which could be represented

by a resistance in parallel with a capacitance such that the
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time constant remained nearly constant at around 1 milli-
second while the resistance varied from 1 to 10 k ndepending

on the area of skin prepared.

Thus it was found that most electrodes investigated
could be simulated by either a resistance, or a parallel com=

i:ination of resistance and capacitance.

A four impedance network as shown in Fige 4e3.6. can
therefore be used to represent the electrode source imped-
ances and amplifier input impedances. The transfer functims
of such a network are derived in Appendix III and are again
rather cumbersome expressions. If, as is permissable in
many cases, the electrode impedances can be regarded as being
purely capacitive, the transfer functions are greatly simpli-

fied becoming:=

= Tu(f+71~a)+Tu(P*'@) AR 5t

:M,z:m = %
ke T Tae (P 4t %)
# g
M"(,f“‘ﬁ,;:é (TM-T.‘[L\‘: ‘ _ reer 4.3.F
T T (b5 %)
where T,, = R, T34 = 3304 (Fige Le3060)

Similarly simplified expressions are also given in
;ﬁppendix III for the transfer functions epplicable where the
electrodes can be represented by a shunt combination of re-
sistance and capacitance as in the case of many skin surface

eleetrodes.

Taking these transfer functions for the recording
electrode/amplifier input impedance network, together with the
transfer functions for the amplifier proper, equations L4.3.L.
and Lo3,5e can be used to obtain the overall transfer func-

tions M. and H‘_ for the complete recording system.

4 o
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The Transfer Functions D D C and C
' —e @ —Lg p)

The magnitudes of these transfer functions relating
the differential and common mode components of the recording
electrode potentials to the stimulating and 'escape' currents
will be proportional to the resistivity of the medium con=-
cerned, 1i1.e. on the type of tissue involved, They will
also depend, to some extent, on the size and shape of the pre-
paration used and, for a given preparation, will be func-
tions of the sizes and geometrical arrangement of the stimu-

lating, recording, and earth electrodese.

(1) . Dd&qrelates the differential component of the volte
ages at the recording electrodes to the stimulating current

producing ite The magnitude of D, will depend on the

A
‘strength of the field set up by the current flowing between
the stimuleting electrodes and on the positions of the recomi

'ing electrodes in this field,

The situation may be illustrated with reference to
Figo 4o3e7s Where A and B represent the stimulating elec=
trodes and X and Y the recording electrodes lying in the
stimulus field, When the stimulating electrodes are very
close together the strength of this field will be very nearly

‘proportional to the distance A B.  The magnitude of D,
‘ (e)

lunder such conditions will also be proportional to the
'stimulating electrode separation. Similarly, D ag will be
proportional to the recording electrode spacing X Y when this
is very small, As the spacing of the stimulating and re=-
cording electrode pairs increases this proportionality is
lost so that the practical effect of a given electrode
arrangement can best be visualised with the aid of field
‘diagrams like Fige Le3e7e from which it may be seen that the
| |
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voltage picked up between the recording electrodes, and hence
the magnitude of D d(." can be positive, negative, or zero
according to the relative positions of X and Y in the stimu=

lus field,

Since alteration of the spacing and orientation of
the stimulating and recording electrodes within the ranges
used in electrophysiclogical recording can effect a change of
several orders of magnitude in the recorded voltage, &

"typical' value for D. cannot usefully be given. Neverthe~

Gged
less it was félt worthwhile to establish the range of values

of D_ 1likely to be encountered in practice. Since the

de)
lower end of this range is clearly zero a series of observa=
tions were made to find the order of the maximum values of

D. which might be met with under warious recording conditiome.

d(r]

Measurements were made using a variety of stimulating
and recording electrode arrangements in muscle and brain
tissue in the anaesthetised rabbit and guinea pig, and on the
skin surface of human limbs., 1In each case current pulses
from a constant current generator (the stimulator described
in Chapter Six) were passed through the tissues between the
stimulating electrodes and the voltage at the recording
electrodes observed with the special amplifier described in

Chapter Six.

Although values of Da(rl of 0.05%2 (ioee SO)N/M) or
less were found when both stimulating and recording electrodes
had spacings of arcund 1 mm and the stimulating and recording
sites were separated by a distance of about 25 mm in muscle
or brain tissue, a maximum value of 20q (20 mV/mA) could be
obtained in the rather extreme case when the stimulating and
recording electrodes were arranged at the cormers of a 5 mm

square on the cerebral cortex or surface of exposed muscle,

l e - SR RS Ry T - S N e
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Values up to 50awere observed when stimulating and recording

on the surface of the skin of the human limbs.

(11) Demrelates the differential component of the recorded
voltage produced by the escape current to the value of the
currents The escape current flows from the stimulating site
to the earth electrode, usually a considerably greater dis-
tance than does the stimulating current flowing between the
stimulating electrodess This implies a higher field
strength per unit of escape current so that values of De

(]

are generally somewhat greater than those of D Experi=

d)
ment confirmed that this was so, maximum values of Demof up

to 60.Qbeing observed in brain, muscle, and skin preparations

(143) ¢ c.,Lmrela't:eé the common mode component of the recorded
voltage to the value of the stimulating current producing it,
Where the recording electrodes are separated from the earth
electrode by several centimetres, as im often the case, and
especially if either the recording electrodes or the earth
electrode are near to the stimulating electrodes, the magni-
tude of C 8 may be considerable, Thus values close to the
maximum figures quoted here may occur more frequently than

in the case of D. and D o,
dgp (p)

Values of up to 50 were observed in brain and muscle

preparations and up to 30<zin skin preparations.

(iv) Cemrelates the common mode component of the voltages
at the recording electrodes due to the escape field, to the
value of the escape current. Since the escepe current
actually leaves the preparation through the earth electrcde
the major part of the common mode potential produced by it is
composed of the voltage drop across the region of high poten-
tial gradient adjacent to the earth electrode surface i,e,

the voltage drop produced by the escape current flowing

T on (RESEI TRE .
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through the earth electrode impedance, Thus ce(‘depends al=-
k]
most entirely on the nature of the earth electrode and to
only a very small extent on the relative positions of the

electrodes on the tissue.

By comparing the voltage between the preparation and
earth produced by the edcape current during actual stimula=-
tion with the voltage drop across a known resistance in the
earth lead, the nature of Ceﬁqfor various earth electrodes
was investigateds It was found that when an earth electrode
consisting of a No. 16 gauge Hypodermic needle, previously
treated with A.C., was inserted some 2 cm, into muscle the
transfer impedance Ceojwas virtually resistive and of magni=
tude 100ato 200m, The corresponding Ce@for the earth elec=-
trode used in surface recording from limbs (a metal plate
4 cme x 6 cm., on skin preparéd with electrode jelly) can be

represented by a resistance of 1 kain parallel with w capaci-

tance of O.Eij.

Just as the transfer impedance Ce )may not always be
(e
purely resistive, the three other transfer impedances Ddﬁf

and C. may have 'reactive' components due to polariza=-

Pe )
tion effects im the tissuese Fige 4e3080 (a) shows the
voltage recorded between a pair of recording electrodes in
saline solution when a reetangular current pulse was passed
through the solution by an adjacent pair or stimulating elec=
trodes. The recordéd waveform is also rectangular since the
saline being a purely resistive medium leads to a transfer
impedance which is also purely resistive. If the experiment
is repeated using actual tissue instead of saline solution,
the recorded waveform may be of the form shown in Fig,

Le3e8s (b) which is an oscillogram of the voltage recorded
from the surface of the skin when a rectangular current pulse

was injected into adjacent tissue. Here the recorded J
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waveform may be regarded as having a truly redangular com=
ponent as in Fig. 4e3+8. (a), but with & more slowly changing
polarization component superimposed. The corresponding
transfer impedance may then be thought of as a pure resistance
in series with a polarizstion impedance as in the case of

polarizable electrodes in saline,.

The practical effect of this polarization component of

the transfer impedances is slight in the cases of De s C

4
@ (r)
and Cem‘but the distortion of the waveform of the Differen-
tial Direct Component of the artefact in cases where Dd(}is
P

not purely resistive can limit the effectiveness of techni-

gques for the reduction of this component.

The Stimulus/Escape current transfer function A,

In section 4.1 it was shown that the situation of the
earth electrode in the stimulus field implies a potential
difference between each stimulating electrode and earth re-=
sulting in a flow of escape currents through the stray imped-
ances from the stimulus circuit to earth. Unless the earth
electrode is in a region of high potential gradient adjacent
to one of the stimulating electrodes, the potential differen=-
ces between the stimulating electrodes and earth will be al-
most independent of the positions of the electrodes on the
'preparation and almost entirely determined by the nature of
the stimulating electrodes. This being so it is convenient
to make use of the concept of electrode impedance and to dis-
pense with field considerattions when evaluating the escape
currents, The situation may then be represented by a bridge
circuit as shown in Fige. L4e3.9s S represents a stimulator
‘connected to a preparation at P through stimuleting elec-
trodes having impedances zl and.Zz° The preperetion is

iconnected to earth through an earth electrode of impedance Zq
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erd the stray impedences from each side of the stimulator
circuit to earth are shown as 23 and Zl‘_. In general the
bridge will not be balanced so that an out of balance
current Ie flows in the earth electrode impedance ?..5. The
stray impedances from the stimulator to earth are most
commonly the residual capacitances between a 'floating'
stimulator circuit and nearby earthed objects so that, when
the stimulating electrode impedances can be taken as being
purely resistive and much greater than the earth electrode
impedance, the bridge circuit simplifies to that shown in

Fig- Le3610.

Appendix IV shows that when the stimulator output ime
pedance is very low compared with the stimulating electrode
impedances (constant voltage stimulator) Ay is given by:-

= (Tl ~» TZ P o
A‘P]' _—_}T (F—"'g) sses Ue3eTs

where T, =GR,

Tz =C; R,

T = (cl + C,_) (R'I. + R-z)
When the stimulator has an output impedance very much greater
‘than the stimulating electrode impedances (constant current
stimulator) the transfer function is given by:=

! T

e -T{T. (oot + (e ) poefpelt) +T,(p*h:,) e

Gt (P (p 40"
These transfer functions may be used whatever the waveform

of the stimulating current butitisseldom necessary to use

the constant current transfer function in its full and rather
unwieldy form since a further simplification can usually be
mades This is possible because the rise time constant )

of the stimulating pulse is often long compared with the time
constants T; and T,. ¥When this is so it is found that the

escape current in both the constant voltage and constant
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current cases is in the form of a pair of exponentially

decaying transients of the form

- < “t
Ie() = t I(&A_T) e A sesces 1!-.3-11.
t

where I is the stimulating current
This result corresponds with a practical value of Amof:-

-A.(P‘ = P (Tl = Tz) tssense 1|-g3.12.

The rather more complex expressions for A(rl applying
where the stimulating electrodes must be represented by @
parallel combination of resistance and capacitance as in the
case of skin surface electrodes are also shown in Appendix
IV together with examples of the corresponding escape

current waveforms.

heho The form of the Resultant Artefact

The magnitude and waveform of the resultant artefact
will depend on the relative preponderance of the four main

artefact components and on their individual waveforms.

It is possible to enwisage stimulating and recording
systems in which each of the major artefact components would
be dominant so that no generalisa.tion can be made regarding
‘the relative importance of the components and the form of the
resultant artefacte Nevertheless, it is felt that consid-
eration of the artefact components arising in a selected case
‘may help to illustrate the use of the theory. The detailed
'algebra of the necessary calculations has been omitted since

'some are so long that their inclusion cannmot be justified

'in support of such an illustration.
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The description is simplified if it is assumed that
the stimulating pulse lasts long enough for the transient
effects to decay virtually to zero by the end of the pulse.
Equations for the waveforms at the leading edge of the pulse
only need be used since the waveform at the end of the
stimulus pulse will then be a mirror image of that at the
start,

Let it be assumed that a constant current stimulator

is used giving a current pulse rising according to

I = 1(1 - e-:s'{) eses Laltel,
s
()
o 1. = % lhadho2
o o B(P) = A m eoee Hedeolo

If A is around 1}1 Sec. as is commonly the case and

the time constants Tl and T, of the stimulating electrode

2
resistances with the stimulator capacitances to earth are

less than 100 m u Sec. (50pF x 2 Kq) we may apply Eqn.

J-I-o}olBo to obtain A('.’and hence IB (P)thus
I = A I
() (P “s(p
. (T =1T2) 1
b (p +4)

==t
o.a I = I(L;&)e /A ocessce Ll-c’-(-.}.

The escape current then takes the form of a pair of
exponentially decaying 'spikes' of time constant A at the
rising and falling edges of the stimulus pulse, The wave-
forms of the stimulus and escape currents are sketched in
Figse Lelele (a) and (b) alongside actual oscillograms,
Figse Leke2. (a) and (b), of the currents obtained in an ex-
periment using & saline bath 'preparation' with resistive
%electmdes. The stimulus pulse in this experiment was
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500‘p Sec, long and had a& rise and fall time constants of

]UP Secs The escape current transients having a time con=-
stant also of l,P Sec, present a 'spikey' appearance in com=
parison with the relatively long stimulus pulse, Had the
stimulus been applied through electrodes on the surface of the
skin the escape current transients would have had a much
longer time constant, of the order of a millisecond

(Appendix IV).

Assuming a resistive medium, the waveforms of the
potentials at the recording electrodes will be the same as
those of the stimulating and escape currents. The four
artefact components resulting from these potentials depend
on the overall transfer functions of the recording system.
The overall transfer functions of a typical system consisting
of an amplifier of four cascaded L.T.P. stages preceeded by
a network representing the recording electrode impedances
and amplifier input impedances are shown in Appendix V.

‘The same appendix gives the response of the system to

__“b
differential and common mode inputs of the form V(1 = e'43

and'Vé:%a i.es the waveforms of the recording electrode poten-
tials in the stimulus and escape fields in the present case.
‘These four responses give the waveforms of the four artefact
components leaving only the relative magnitudes of the com-
ponents to be determined, The magnitudes depend on the
values of the transfer impedances corresponding to the elee=

trode arrangeménts employed.

Using the stimulator and recording apparatus develop-
'ed in the course of this study it was possible to set up
istimulating and recording systems having the special proper-
!ties needed to illustrate the various artefact components

separately. The recording apparatus could be made to
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behave as a conventional recording system, or to have such a
small common mode response that artefacts could be recorded
virtually free from the Common Direct and Common Escape
Componentse Similarly, the stimulator could be arranged im
give such a small escape current in comparison with the
stimulus current that the escape components of the artefact
were negligible, These facilities were used with suitable
electrode arrangements to obtain the oscillograms of
Fige Lelole showing the four components of the artefact
which would be obtained with the system assumed in this

illustration.

The Differential Direct component is the response of
the recording system to a differential input of the form

T .,
V(1 = e ) i,e. an output of the form

E(1 - ez..'%- -;— e‘% - (;)z g'z) , the wavefom sketched in Fig,
Lelie3s (a)e For this system the principal recording system
time constant, T, is assumed to be of the order of 10 p Sec.
'so that the output is a pulse rising to is full value in some
tens of microseconds. This component is thus a recognisable
reproduction of the stimulus pulse, when the stimulus pulse
length is of the order of a millisecond, as can be seen from

‘the oscillogram of the Differential Direct artefact component
Fig. belrolis (l)o
The Common Direct component is the response of the

system to a common mode input of the form V(1 - e‘%) and in

this system takes the shape of a pair of 'spikes' of the form

| 1
v(}fg i shown in Fig. Lekoe3s (b) and in the oscillogram of

the Common Direct Component Fige lhelole (b)e

The Differential Escape Component and the Common

i
!Escape Component are the responses of the recording system to
i
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differential and common mode inputs of the form Ve A and are

3 t ot R 2 _t
of the form E G‘)% and E@ e 7 - @g 4.) respectively
sketched in Figse Lele3. (c) and (d) and photographed in
Figse 4elioko (c) and (d).

The resultant artefact obtained with this system be-
ing the algebraic sum of the four main components may assume
an unlimited variety of shapes depending on the m:agnitudes
and signs of the four componentse An example of a possible

combination is shown in the oscillogram of Fige Lele5.

It should be emphasised that the system just conside-
ered constitutes a relatively simple case which has been
specially chosen to facilitate the illustration, Thus it
will be observed that only one (T)' of the many time constants
in the system appears in the expressions for the artefact
component waveforms. This is because the example was chosen
so that T was so much greater than the other system time
constants that the other exponential components of the arte=
fact waveforms are negligible, In practice little change is
observed in the artefact waveform with increase in the
smaller time constants until they become larger than T, When
-skin surface electrodes arée used time constants of the order
of a millisecond enter into the system and, since these are
much greater than the assumed value of 10 p Sec. for T, a

much wider variety of artefact waveforms becomes possible.

It has been shown that the form of the stimulus arte-
fact is determined by many factors inwolving every part of
;Ll'.he stimulating and recording system. The close inter-
relationship of these factors makes it necessary to consider

the system as a whole so that actual calculation of the

Lrtefact produced in given circumstances is inevitably a
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tedious process. Nevertheless it is felt that the descrip-
tion outlined in this chapter enables the subject to be
studied systematically in the search for modifications aimed

at reducing the artefacts obtained with practical systems.



CHAPTER FIVE

Consideration of Possible Solutions
to the
Stimulus Artefect Problem

b5el General Remarks

Consideration of the relative merits of proposed solu=
tions to the artefact problem presupposes some coneept of the
desired results The usefulness of the artefact as an event
marker has already been noted as have some of its disadvan-
tagese It is perhaps fair to assume that the ideal solution
would remove all of the undesirable effects of the artefact
without necessarily eliminating all traces of the artefact

itself,

What are the undesirable effects of the artefact?
Clearly 'blocking' of the amplifier, or even oscillations of
the record base line after the stimulus pulse, should be
eliminated if at all possible, but must the artefact also be
controlled in the duration of the stimulus pulse itself? If
not, the use of non-overloading amplifiers may offer a satis-
factory solution, The desirability of recording wave res=
ponses in the central nervous system during trains of stimu=-
lus pulses, or the use of pulses of several milliseconds
‘duration in situations where responses of short latency may
be expected, rules out 'solutions' based on this approach so

that, ideally, the system should give controldf the artefact

both during and after the stimulus pulse.

tgontrol! of the artefact need not necessarily imply |

reduction of its amplitude, indeed it is conceivable that an
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increase in amplitude of the artefact might be acceptable
provided that it was accompenied by a sufficient reduction in
the duration of the artefact, Thus a modification which
offered a reduction in the amplitude of the Differential
Direct component at the expense of an increase in a much
*thinner', and therefore less objectionalle, escape component,

might be regarded as an overall improvement,

Considerationsof this sort are imevitable when the
records produced by the system are subjectively 'filtered' by
the operatér of the equipment who may be prepared to accept
very large deflections due to the stimulus artefact provided

they are readily distinguishable from biological responses.

It is unfortunate that a satisfactory design philos=
ophy camnot be based on this circumstance, firstly since the
tolerance of investigators to artefacts in their records is
variable, secondly since such a technique would be ill-adapt-
ed to possible automatic systems, but mainly because an uncon-
trolled artefact component even of short duration, if allowed
:to overload the recording amplifier, could result in an
amplifier recovery transient of much longer duration so that
the system would fail, The assumption will therefore be
made that reduction of the amplitude of all artefact compon=

lents is desirable.

The maximum acceptable amplitude for the artefact is
har& to esteblish, depending as it does on the relative
;import;nce of the four artefact components and on the type
of recording considered. On the other hand, the minimum
élevel below which the artefact need not be reduced is set by

|
‘the noise level of the recording system tdsed.

It is thus considered that an ideal stimulating and

recording system should give control of the resultant
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artefact under all conditions likely to be met in practice
and that, although sufficient artefact may be retained for
marking purposes if required, reduction to the system noise

Jevel may be achieved,

202. Effect of the System Time Constants

The appearance of the time constants M and T in the
amplitudes of the expressions for the escape current and
artefact components in Chapter Four suggests that some advan=-
tage may be gained by manipulating these factors. Thus, for
example, it would appear that increasing the stimulus pulse
rise time constant A would decrease the amplitude of the

escape current transients given by Eqne Leke3e

Although just such a decrease is observed in practice
the effect is less useful than might at first appear. In
the first place the reduction in amplitude of the escape
current transients is accompanied by a corresponding increase
in their duration so that the total charge flowing round the
‘escape circuit in each transient remains unaltered. This
can be predicted by integrating either of the escape current
'expressions in Appendix IV from t = o to t =oco when it is
:seen that the total charge in each transient is always
(T, - '.1'2) and indepenfient of A\, a result which may be of
some significance when considering the spurious stimulation

|lwhich might be produced by the escape current transients.

In the second place, it has been seen that the
Iampl:l'l;udee. of the escape components of the artefact depend
not only on )\ but also on the rise time constant of the

amplifier stages, To Indeed when A is much less than T the

amplitudes of the escape components are independent of A,
|

This reflects the fact that under these conditions, although




a = 6T &

the escape field and hence the voltage at the recording elec=
trodes ,increases in direct proportion to any decrease inA >
the attenuation of the escape components in the later stages
of the amplifier also increases in direct proportion to the
decrease in) , so that the escape artefact components remain
constant. In practice a worthwhile reduction in the escape
components of the artefact is only obtained when ) is consid-
erably greater than Te Since T is typically some lO)ﬂ Sece
this implies that to obtain a useful reduction in escape
artefact the stimulus pulse rise time constant would have to
be increased to some tens or even hundreds of microseconds.
While such slowly rising pulses might be usefully employed
where pulse durations of the order of milliseconds are per=
missable, the effect of such variations in pulse rise time as
can be contemplated using a stimulus of a totsl duration of

some tens of microseconds can be regarded as negligible.

The reduction of three of the artefact components
obtainable by increasing the amplifier time constant T can
often be more readily utiliseds The expression in
Appendix V for the Differential Escape, and Common, Direct
and Escape Components show that these components are inver=-
sely proportional to T where this time constent is much
larger than any of the other system time constants.s This
assumption will be valid in most practical systems except
‘when longer time constants are introduced into the system by
ithe use of polarizable, or skin surface electrodess In all
gother cgses it would seem to be worthwhile to use an empli-
‘fier having the minimum bandwidth (largest T) necessary to
record the response satisfactorily, since this will minimisel

the amplitudes of three of the artefact components.
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5222 Choice of Electrode Position

Substantial reductions of three of the artefact com=
ponents may be achieved by choosing electrode positions to

minimise the transfer impedances D s and C

D o
A’ e )
effect of such manipulation will be determined by the actual

The

field configurstion in the preparation in each case but a few

general rules may be formulsted.

The Differential Direct and Differential Escape com-
ponents of the artefact will be much reduced by choosing &
very small separation between the two recording electrodes.
Similarly, both the Common and Differential Direct components
will be reduced by decreasing the spacing between the
stimulating electrodes to the minimum which will give satis=-
factory stimulation. The Differential Escape Component will
be decreased when the earth electrode is placed near to the
stimulus site although this will generally result in an in-

crease in the Common Direct Component.

Additional control of these artefact components may

‘be obtained by suitable orientation of the electrode pairs
. \since, for example, rotation of the stimuleting electrode
pair will alter the stimulus field distribution in the pre-
paration, the axis of the stimulating 'dipole' may be align-
ied to position the field so that the recording electrodes lie
‘on the same equipotential surface. The same effect might be
;achieved by rotation of the recording electrode pair in &
fixed stimulus field, Thus appropriate orientation of the
%stimulating and recording electrode pairs may be used to con=

‘trol the Differential Direct component.

In the same way the stimulating electrodes may be

orientated to position the stimulus field so that the
|
‘recording electrodes have potentials equally above and below
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that of the earth electrode, or the position of the earth
electrode with respect to the recording electrodes chosen to
bring about the same result in a given stimulus field,
Either manoeuvre would eliminate the Common Direct component
of the artefact . Similarly, orientation of the stimulating
electrode/earth electrode axis to position the escape field,
or of the recording electrodes in this field, could be used

to reduce the Differential Escape componente

In principle,one, two, or even three artefact compon-
ents might be reduced to acceptable limits by careful posi-
tioning and orientation of the electrodes, but for two
reasons this technique cannot be relied on as the sole means
of artefact controle In the first place it has to be borne
in mind that the intention is usually to record the activity
of the nervous system and not merely to eliminate the stimu=-
lus artefact, a consideration which somewhat restricts the
possible positions and orientation of the electrodess
Secondly, movement of the electrodes in an attempt to reduce
the artefact may be very undesirable in view of the risk of

'damage to the tissues.

Within these limitations, careful consideration of
‘the electrode position cam do much to ease the problem and
in some cases the electrode arrangement most suitable from a |
physiological standpoint is also very effective in limiting

the artefact.

° A Special Solution

The anti=artefact technique developed at the
Institute of Neurophysiology of the University of Copenhagen
|
amd described by Buchthal, Guld, and Rosenfalck (1955) and by |

uld (1959, 1960), forms a good example of a system which |
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mekes use of a special electrode arrangement to dispose of

some of the artefact components.

The method appears to have been developed in connec-
tion with work on the velocity of propagation of the action
potential in muscle fibres using concentric or bipolar needles
for both stimulation and recording. The use of such elec-
trodes ensures that the spacing between the stimulating elec-
trodes,and between the recording electrodes, are very small
compared with the distance from the stimulating to the re=-
cording sites This results in a negligibly small Differen-
tial Direct component of the artefgcte Because of the small
recording electrode spacing the Differential Escape component
will also be very small especially if the earth electrode is
‘situated near the stimulating electrodess This last condi=-
‘tion would certainly be fulfilled by using the shaft of a
‘bipolar stimulating needle as the earth electrode,but since
this would place the earth in a relatively intense part of
the stimulus field the Common Direct component would be
excessive. The Common Escape component might also be ex-
pected to be an important feature of the artefact in this
‘type of recording using small, high impedance stimulating and

'recorﬂing electrodes.

The elegant solution adopted by the Danish workers
'was to position the earth at a point remote from the stimulus
gsite so that the Common Direct component was small and to
;rely on a special screening arrangement to control the Escapé
Components of the artefacts The complete stimulating cir-
cuit was entirely surrounded by a metal screen which was
|connected to the preperation by a low impedance electrode

at a point near to the stimulus site.

Since the stimulator capacitance to earth is then
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replaced by the capacitance to this screen, the escape
current tends to flow from the stimulus site to this extra
electrode instead of through the earth electrode as shown in
Fige 5eliele (8)e In so far as the extra electrode is
Pplaced close to the stimulating electrodes, the escape field
in the preparation is reduced, and this combines with the
'small recording electrode separation to produce a very small
Differential Escaepe artefact. Since the escape current
flowing in the earth electrode impedance is much reduced the

Common Escape component is also decreased.

The effectiveness of the system is limited by the
finite impedance of the extra electrode, which can hardly be
much larger, and so of lower impedance, then a conventional
earth electrode, and the inevitable capacitance to earth,
typically some hundreds of pF, of the stimulator screen.

The extra wlectrode impedance Zs and the screen/earth capaci=-
tance Cs are shavn on the equivalent circuit of the system

'in Fige 5e4ele (b) from which it can be seen that a fraction
(12) of the escape current must still flow in the earth elec-

trode impedance Ze producing a volts drop-vee across ite

When this system was tried in this laboratory it was
found that a reduction in the artefact by a factor of ten
could be obtained when the screen surrounding the stimulator
was connected to the extra electrode instead of to earth.
[The overall effect so far as the escape artefact was concern-
ied was equivalent to that which would be obtained with a .
Istimulator having a capacitance to earth of about 10 pF, i.e,
| similar to that of an R.F. unit, but with all the advantages
‘of power output and convenience of a conventional stimulator.
gEncouraging though this result might be, it was felt that

'the system had certain disadvantages which limited its
I



Vce

2
Ze

Zs

A

"

(D
\ e
(b)

Frg S5.41.




usefulness as a basis for a truly general solution to the

artefact problem,

Firstly, the reduction of the Common Escape artefact
is restricted by the difficulty of obtaining an electrode of
much lower impedance for connecting the screen to the prepara-
tion, and of reducing the capacitance from the screen to
earth, It is difficult to imagine this capacitance being re-
duced to much less than 100 pF with a mains operated stimu=
lator, while the extra electrode cannot be increased in size
indefinately and still be kept 'near! to the stimulating
electrodes., Secondly, the small Differential Escape compon=
ent achieved with this system is due partly to the small
recording electrode spacing so that, were this spacing in=-
creased, the maintenance of a small distance bdween the
screen electrode and the stimulating electrodes would become
even more critical, conflicting with the requirement for a
large, low impedance extra electrode, Thirdly, the actual
escape current flowing in the system is diverted to the extra
electrode rather than diminished so that the danger of

spurious stimdation is not entirely eliminated.

5¢5s The General Case

A general solution to the artefact problem requires

that all four of the artefact components be reduced to with-

in acceptable limitse

Consideration of the four components reveals that two
of them (the Differential and Common Escape components)

would be eliminated if the stimulating part of the system
|

}were modified to give zero escape current (zero A#Q' An-

;ther pair of components (the Common Direct and Common ,

scape components) would vanish if the recording apparatus
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could be made to have zero sensitivity to common mode signals
(zero overall M, )s With these shortcomings of the appara=
i7)
tus removed the stimulus artefact would be reduced to a

single component, the Differential Direct component.

Since the stimulating current must necessarily be
accompanied by a field in the preparation, and since the re-
;cording apparatus must be sensitive to the differential mode
voltage at the recording electrodes if it is to record the
signal, the Differential Direct component of the artefact
would appear to be inevitable except in the special case when
the recording electrodes are equipotential in the stimulus
fielde Thus it would seem that unless it is permissable to
position the stimulating snd recording electrodes on the pre=
paration so as to control the Differential Direct compcnent,
no general solution can be founde While this is probably
true in regard to the basic stimulating and recording system
so far considered, the very inevitability of the Differential
Direct component in such a system suggests a way out of the

difficulty.

If, in effect, a double stimulating and recording
system were used, two sets of artefact components, i.e.
eight components in all, would be obtained, Since, in
general, neither Differential Direct component would be zero
there would exist a possibility of combining the outputs of
the two systems in such e way that the Differential Direct
components cancelleds If this could be done so that the
‘wented signal was preserved, and if the other six artefact
icomponents of the double system could be controlled by in-
dependent means, a general solution to the problea would re-

sulte.

Considerations like these made it plain that the
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problem of finding the optimum anti-artefact system would

have to be attacked on three frontse.

(1) To reduce the Differential and Common Escape components
of the artefact the best method for reducing the escape

current with a given stimulating current (reducing A@Q

must be found.

(2) To reduce the Common Escape and Common Direct components
& way must be found to minimise the owversll common mode

sensitivity of the recording system.

(3) Consideration must be given to the best way of splitting
a system incorporating these refinements into two
branches so that the residual Differential Direct
components can be reduced by balancing the part arising
in one branch of the combined system against that from

the other.

The ways in which these three reguirements might be

met are discussed in the remaining sections of this chapter,

5¢6. Escape Current Reduction

In the simplest case when the stimulating electrode
impedances can be represented by resistances R, and Rz, and
|the capacitances to earth from each side of the stimulator
circuit are C; and 02, it has been shown that the escape

current transfer function.AQ]is given by:=-

A, = p(C;R; = C.R))

There are thus three possible ways of reducing the magnitude

of A(pl

(1) By edjusting the values of C;, C,, Ry and R, in an

‘ attempt to equalise C;R, and 02R2 and so balance the
|

escape current bridge circuit.
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(2) By reducing Ry and R, by some factor k, say, which would

have the effect of reducing Amby the same factor.

(3) By reducing C. and 82.

1

(1) The idea of 'balancing the bridge' by artificially
increasing one of the capacitances or resistances is attrac=
tive since it offers the possibility of reducing the escape
current indefinitely by sufficiently accurate adjustment of
the veriable componente The scheme has the additional ad=
vantages of extreme simplicity and economy. It was there-
fore disappointing that when the system was tried in the lab-
oratory, although a reduciion of the order of a hundred times
in the escape artefacts could be demonstrated using pure re=~
sistances to represent the electrodes and adding capacitance
to one side of the stimulator circuit, a decrease of around
ten times wes all that could be achieved using actual elec=
trodes. This result would seem to be adequately explained
by the invalidity of the assumption of resistive electrodes
when very accurate balancing is contemplatkd so that pros-—
pects for development of an ideal system based on a balanecing

technique of this kind seem unpromising.

(2) Evidently if both R; and R, were to be reduced by some
factor the escepe current would be reduced by the same factoy
ﬁnd indeéd this result is not dependent on resistive elec~
trodes since for a given stimulus current the voltage across
the 'escape current bridge’ will be almost exactly proportion-
al to the impedance of the two stimulating electrodes in
series. For this reason the use of stimulating electrodes
of the lowest practiceble impedance will help to minimise

%he escape current, However, since other factors govern the

' |
size and impedance of the stimulating electrodes, reduction
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of the escape current by this means alone has its limitations.

(3) No such restriction applies to the reduciion of the
cepacitances Cl and 02. The expressions given in Appendix
IV for ATmand the escape current show that, in every case, a
proportionate reduction in the cepacitances to earth from
each side of the stimulator will decrease the eseape current
regardless of the nature of the electrode impedances. Since
these capacitors serve no useful function their reduction

would seem to offer the most promising line of development in

escape current control.

In estimating the order of reduction in capacitance
which would be required to give satisfactory comtrol of the
escape artefacts, account was taken of the fact that the
Common Escape component would be doubly controlled, first by
reduction of the escape current, and secondly by the measures
adopted to reduce the common mode response of the recording
systems On the other hand, reduction of the Differential
Escape component to a satisfactory level depends almost en-
tirely on decreasing the capacitance to earth of the stimu=
lators Estimations of the amplitude of the Differential
Escape component in typical systems indicate that to reduce
this component to below the noise level of the recording
amplifier under most conditions would require the total capa-
citance to earth of the stimulator circuit to be reduced to

laround 1 pF or less.

Where no special precautions are taken to ensure low
;capacitance to earth, a value of several hundred pF is per—
lhaps typical of most general purpose laboratory stimulators,
kttempts to reduce this capacitance in the past have relied
Ln reducing the physical size of the stimulating circuit

either directly by miniaturising the complete stimulator as
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in the transistorised stimulators of George (1959) and Greer
(1960) , or indirectly by the use of the R.F. isolating unit
with its smell secondary circuit. Capacitances to earth of
50 pF. and 5 pF. respectively are reported to have been
attained by these mthods at some sacrifice in the performance
of the stimulators,notably in respect of available outpute

It is interesting therefore to speculate on the ultimate

possibilities of this line of attack.

The minimum capacitance of any conducting body when it
is remote from other objects can be calculated from its
dimensionse Thus a conducting sphere of radius one centi=-
metre has a minimum capacitance to earth of 1.1 pF., so that
a stimulator to achieve a total capacitance to earth of less
than 1 pF. would have to have a diameter about that of a six-

pence.

It seems unlikely that any complete stimulator of such
dimensions could be of much use as a serious research tool,
while if the R.F. technique were used the interwinding capa-
citance of the R.F. transformer would have to be so low that
it is difficult to imagine such a device being able to trans-
fer to the stimulating circuit more than a small fraction of

‘the energy which might be radiated to nearby apparatuse.

These considerations led to the conclusion that existing
lines of development of low cepacitance stimulators offered
very little prospect of further exploitation and that a radi-

celly different approach was needed.

Just such an approach suggested itself when it was
observed that existing schemes for the reduction of the
‘escape current could all be interpreted in terms of passive

modifications to the bridge equivalent circuit in which the

escape current flowse Since none of these appeared to offer
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an adequate solution it was felt that perhaps the introduc=—

tion of active elements into the equivalent circuit would

succeedes

Figo 506.1o shows the bridge equivalent circuit slight-
ly modified to include an extra generator inserted in the
earth lead diagonal at either of two alternative positions,
P and Q, at opposite sides of earth, Assuming that this
extra generator is inactive,an escape current I, will flow in
the earth diagonal though the earth electrode impedance Ze.
If the generator in either position is now energised it may
be arranged $o that its voltage tends to oppose the flow of
the escape current, and, if correctly adjusted, to reduce
the escape current to zero. ZEvidently, if the generator
could be arranged to provide just the right voltage auto-
matically, a new way of reducing the escape’current would re=

sult.

Further consideration shoved that position P was un-
suitable for the extra generator since, although it would
undoubtedly operate to reduce the flow of escape current in
the earth lead, the voltage of a generator in this position
would appear as a common mode input to the recording system.
Since no such objection applied to the generator position at
Q an experiment was arranged to check the operation of the

scheme in practice,

Fige 5+662. shows the set up for this pilot experiment.
The secondary circuit of a stimulus isolating transformer was
entirely surrounded by a screen so that the capacitances to
iearﬁh of the stimulus circuit were effectively replaced by
;ﬂhe capacitances to the screens The screen was driven by
%he output of a cathode follower which was in turn fed from a

potentiometer across the stimulating electrodese The current
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in the earth lead was monitored by observing the voltage

dropped across a small resistance inserted in the lead.
This arrangement is equivalent to that of Fige 5.6e1. with

the extra generator placed at Q.

It was found that the slider of the potenticmeter could
be adjusted to a position at which the current in the earth
lead was greatly diminished. This condition oceurs when the
potential at the screen is made equal to that which the
screen would have acquired by virtue of its coupling to the
stimulator circuit via the stimulatoxr/screen capacitances,had

the screen been left 'floating'.

While the result of this experiment encouraged further
development of the principle involved, the circuit of Fig.
50602 had little promise as a practical anti-artefact devica
In the first place the presence of a low resistance potention-
meter across the stimulator output restricts the system to
use with constant voltage stimulators. Secondly, the use of
non=resistive stimulating electrodes would introduce diffi-
culties, and thirdly the system is of the 'open loop' type

and requires manual adjustment of the potentiometer.

A closed loop variation of the same principle based on|
the circuit of Figs. 5.5.3 (a) and (b) was next considered.
In this system the stimulator circuit would be surrounded by
a double screen and a cathode follower used to drive the
outer screen so that its voltage was always very nearly equal
to that of the inner screen. Since the voltage across the
interscreen capacitance 03 would then be very much less than
that which would obtain when the outer screen was earthed,
‘the current flowing through 03, i.e. the escape current,
would be correspondingly reduced.

|
I - 1
| This version has the advantage of being fully automatlﬁ
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and independent of the type of stimulator and stimulating
electrodes,but might be limited in its effectiveness by the

necessity of having a grid leak resistance R, in parallel with

3
65 to provide a D.C. return to earth for the cathode follower
grid. This resistance would have to be limited in value to
safeguard the valve used in the cathode follower circuit

from destructive grid current effects. The requirement for
a double screen surrounding the entire stimulating circuit,

preferably using a large interscreen separation to minimise

03, would also raise practical difficulties.

For these reasons this system was not proceeded with
but modified to make use of two extra generators instesd of

OIl€e

| A stimulator circuit can always be arranged so that

all exposed parts are cornected to either one or other of the
output terminals, Two separate ssreens can then be used to
surround these separate parts of the circuit., Two cathode
followers fed from the two stimulator output terminals can

then be used to drive the corresponding screens zs shown in

Fig. 506.24-0 (a-).

Since the capacitances to earth of the stimulator cir-
cuit are replaced by the capacitances to these screens the
equivalent circuit of the arrangement is as shown in Fig.
5e6else (b)s Each cathode follower circuit can be made to
- - X
have a 'gain' only slightly less than unity, say 1 where
K is much larger than unity, so that the situation reduces to
that illustrated in Fig. 5.6.4. (c) where each cathode
follower is represented by 2 separate generator of volizges
¥ = — and V* = XE. in series with %the czpaci-

ot o = £
‘tances from the stimulator leads to earihn.

The voltage between one side of the stimulafor circuif
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and earth attempts to produce a current through C contribute-
ing to the escape current. Due to the cathode follower
action, the voltage V = ﬁ@ﬁ acts in opposition to this
current flowe The net voltage across C is thus

KE E
E = 2l " gf5g & that the current actually escap=-

ing to earth through this capacitance is given by:-

Ip = p@rpc = Ep(z—mg)

If the cathode followers were not energised, so that the
screen round this part of the circuit was effectively earthed,
the current would have been E pC, so that the action of the
cathode follower is to reduce the apparent capacitance to
earth of this side of the stimulator circuit by a factor of
(K + 1)e Assuming similer cathode followers, a proportion=
ate reduction takes place in the capacitance to earth of the
other side of the stimulator circuit so that the total
capacitance to earth of the stimulator is reduced by a factor
of (K + 1)s Since, in principle, K can be made as large as
we please, an unlimited reduction in stimulator capacitance

to earth, and so in the escape current is apparently possible,

In practice the efficacy of the system is determined Wy
the performance of the cathode followers. The transfer
function of practical cathode followers can never be simply
i-E-i « Assuming only one dominant pole in the open loop
transfer function of the cathode follower requires that in
the closed loop transfer function f’f_l » K be replaced by
fRP—K"-'{y where T is the time constant of the domirant
poles This has the effect of introducing a damped simasoid-
al term into the resulting expression for the escape current
obtained with the system., However, z detailed study shows
that if T, is much less that T, the time constant of the

recording amplifier stages, the aciual escape artefact
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obtained will differ negligibly from that which would have

been found if K had been a pure mumber.

This system requires but a single screen round each
side of the stimulating circuit, thus simplifying constwuc-
tion, and has no grid leaks across the capacitances being
reduced since a D.C. return to earth for the cathode follower
grids is provided through the preparation., Its operation is
not dependent on the stimulating electrodes being resistive
nor on the use of special electrode arrangements as in the
system discussed in Section 5.4s Best of all, the scheme
appears to offer the possibility of constructing a stimulator
of quite unrestricted characteristics as regards available
output, output impedance etc., yet giving escape currents
lower than would be conceivable with a purely passive

technique for reducing stimulator capacitance,

This scheme was therefore adoptsd as part of the gener-

al anti=artefact system.

5e¢7s Reduction of the Common Mode Sensitivity of the
Recording Systen.

It is implied by Eqmse. 4e3els t0 4¢30.5 that the over-
all H?ﬂ, and thus the common mode response of a recording
system, is proportional to the overall gain of the system.
Nevertheless, in the search for methods of reducing the
‘common mode sensitivity of the system, obviouisly trivial
*solutions' imvolving reduction of the system gain must be

rejected.
Comparison of one system with another therefore re-

‘quires some criterion or figure of mepit analogous to the
iarious measures such as Discrimination Ratio, Transmission

Factor etc., which have been used in the course of the
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development of the differential amplifier, These factors

are usually defined in terms of a ratio of the output volt=
ages obtained when the same input is applied as a purely
differential mode, and purely common mode, signal. When,

as is usually the case, the output waveform for a common
mode input is different from that for a differential mode
input, it becomes difficult to attach an exact meaning to
such a ratio, Sometimes the Transmission factor of an
amplifier is measured using sine wave inputs and the ratio
obtained at various frequencies quotede While this informa=
tion is more meaningful than a bald statement of the ratio,
its usefulness is limited by the fact that the interfering
;common mode signal usually has different frequency components
from the wanted differential mode signal, A criterion is
required which is a property of the recording system rather
than of the signal, is easily determined by direct measure-
ment yet amenable to calculation without excessive labour,
land gives an indication of the maximum interference to be

expected from any common mode signale

These requirements would seem to be met by defining a
*Step Function Rejection Ratio' for the overall recording
'system as the ratio of the peak output of the system for a
.step function input applied differentially, to the peak out-
put for a step function input of the same amplitude but
applied as a common mode signsl, This ratio will be referr-

led to as the 'Rejection Ratio' of a system in what follows.

| To assess how high this Rejection Ratio must be to
|
qualify a recording system for inclusion as part of an ideal

stimulating and recording system, it is necessary to consider

the value required to reduce to the system noise level the

Elargest Common Direct artefact component likely to be




- 80 -
encountereds Assuming a maximum likely value of 30, for
G dmand a stimulating current of 10 mA, the maximum common
mode input to the recording system would be 300 mV, To
restrict the Common Direct artefact component to no more than

3 pV peak, corresponding to a typical system noise level,

would require a Rejection Ratio of 105 or greater.

This figure is in excess of that which might be ex~
pected from the best modern amplifiers alone, yet Haspanen
and others have demonstrated that the performance of a com=~
plete recording system is often much inferior to that of 2

quite unpretentious amplifier,

Measurements in this laboratory of the Rejection Ratio
of typical recording systems using electrodes ranging from
silver plates for recording from the surface of the skin, to
electrolytically thinned steel needles having tip diameters
of around 10 p, gave values from less than ten to 2 maximum

of six thousand.

Egqne Le3e5s gives the overall Ev of a recording
(£}
system as:~-

M m + ¥ m sssses 5.7.1.
“i#) Va() dip) dagy Vi

where M and M are transfer functions of
v‘(r) d"-(r)

the amplifier and m. and m_ =zre those of the
A »

electrode/input impedance network.

As reduction of m, and H will decrease the system gzin,

dep da (o)
any reduction of lv , 2nd thus of the Rejection Ratio, must
(0]
be achieved by decreasing m_ and ¥ o« Since po reliance

can be placed on cancellation of the effects of the %two ferms

of Eqne 5.7.1e, in an ideal system the amplifier should have

an inherent Rejection Ratio of zt least 105 and input imped-

ances so high that when used with high impedznce recording
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electrodes the overall Rejection Ratio for the complete re=-

cording system is maintained above this figure.

The modern differential amplifier has been developed
to such an extent that the best examples (e.gs Richards 1956)
have inherent Rejection Ratios within a factor of two of the
standard suggested above, while the use of entirely 'floating'
amplifiers as advocated by Haapanen, Guld, and others, might
be expected to give even higher inherent Rejection Ratiose
It is unfortunate, therefore, that so little progress has
been made in the design of amplifiers of high input.impedance

with a view to improving the overall Rejection Ratio,

Many recording systems have been designed with very
fhigh input impedances though such apparatus has usually been
used to facilitate micro-electrode recording and not speci-
fically as an anti-artefact measure. There seems little
doubt that, when high impedance recording electrodes are
employed, the use of a cathode follower in each input lead
to a conventional differential amplifier will often improve
the overall Rejection Ratio of the systems The benefit
this confers through reducing the mv(r\of the electrode/input
|impedance nétwork may however be partly offset by the degrada-
ftion of the inherent Rejection Ratio of the amplifier itself
‘due to dissimilar gains in the cathode follower stages.
éWhile circuits have been described in which manual balancing
‘controls are used to restore the Rejection Ratio of the

amplifier to some extent, the effect of such controls is in-

variably restricted by stray capacitance effects.

i The theoretically unlimited Rejection Ratio of the

itmly 'floating' amplifier, coupled with the absence of any |

resistive conmection to earth from its input (c.f. the giid |

leaks commonly used in conventional grounded differential |
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amplifiers) has perhaps encouraged its support by several

‘workerse.

Since a truly 'floating' amplifier attains its high
inherent rejection of common mode signals due to the absence
of any connection to earth, it follows that the performance
should be independent of the actual type of amplifier floated.
This has led some workers (e.g. Haapanen 1953) to the
erroneous conclusion that when a floating amplifier is used
there is no advantage to be gzined by retaining the usual
differential amplifier circuite On the contrary, considera-
tion of practical systems using 'floating' amplifiers shows
that the inevitable stray impedance to earth from such
apparatus leads to a lower overall Rejection Ratio if a
single ended amplifier is used instead of a differential

amplifier,

Fige He7ele whows a single ended 'floating' amplifier
fed by a common mode signal through electrode impedances
Zl and Zs. Since the screening of the amplifier may be ex-
tended along the imput lead containing 23’ the shunt imped-
ance to earth from this lead, (er , may be very large com=
pared with Z,, Z,, and 23. Conversely, the shunt impedance)
to earth from the side of the amplifier input which is
connected to the chassis of the instrument may be relativelyl
élraw, since it will include the capacitance to earth from the

chassis of up to several hundred pFe The four impedances

‘Zl to Z, form a bridge network for which o is given by:=

| b »
' Z.24, = 2.2
1 1) 2

m e =
| (R * B AJE ) |
i ° 1 Z . |
| = 3 zl—_"Lzz when Zh. > Zl’ 22 and 23 ‘
[

Physically, the response resulting from this finite value of
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mv“qcan be thought of as being due to the amplification of

the voltage dropped across Zl by the current flowing to earth

through Zl and 22.
In theory it should be possible to balance out this

response by adjusting Zh so that lek = 2223, but in prac~-

tice this may give poor results due to the swkward nature of

some recording electrode impedances,

The use of a differential floating amplifier as shown
in Fige 5e7+2. would avoid much of this difficulty. In this
case the common mode voltage applied to the overall system
again causes z voltage drop across Zl due to the current flow-

ing to earth through Zl and Z_, but this voltage drop, in-

2’
stead of being subjected to the full amplification of the
system as in the single ended case, produces a response only
because of the common mode sensitivity of the sub=system
within the dotted line, Even if the Rejection Ratio of this
sub-system, comprising the amplifier with the electrode im=
pedances and shunt capacitences from the input leads to the
amplifier chassis, is poor by conventional standards, the
overall Rejection Ratio of the floating differential system
may be many times greater than that of the single ended ver-
sion, Whereas, if the Rejection Ratio of the sub-gystem is
high by conventional standards, that of the floating system |

might be exceptional. i

A disadvantage of the differential system is disclosed
ﬁhen itsuse under practical recording conditions, instead of |
in the rather artificisl test circuit of Fig. 5.7+2., is con=
sidered. This difficulty arises since although in the test |
icircuit the chassis of the amplifier can be comnected via Zl

| the common mode voltage being injected into the recording

Electrodes, this camot be so easily arranged when recordingI
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from an actual volume conductor preparetions In this case the
extra electrode Z would have to be connected to the prepare-
tion at such a point that its potential was equal to the
common mode component of the potentials at electrodes X and

Y. While theoretically this might be possible in the sim=-
pPlest case where there is only one field in the preparation,
'when two or more fields are produced by currents of differ- |
ent waveforms the distribution of the resultant field will

be a function of time so that no such electrode position

could be found,

Despite this fundamental limitation of the system the
idea of applying the common mode component of the recorded
signal to drive the entire recording system, so that the net
common mode signal seen by the system is reduced, is so
lattractive that considerable thought was given to ways in
which this might be achievede In the first place a voltage
equal to the common mode component of the potentials at
'the recording electrodes must be derived automatically. Then
some method of applying this voltage to the chassis of a
floating differential amplifier, so that the whole amplifier
circuit has a potential which is always equal to the
common mode component of the electrode potentials, must be

founde.

The answer to the first part of the problem was
:suggested when it was recalled that the potential across the
icathode load of a Long Tailed Pair amplifying stage is
iappmoximately‘equal to the common mode component of the

potentials at its grids. (4ppendix II).

If such an L.T.P. stage were connected to the same !

recording electrodes as a floating amplifier, the output

|
|from the L.T.P. cathodes could be used to drive the chassis |
[ |
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of the floating amplifier as shown in Fige 5.7+3s Since
the voltage at the cathode of this auxiliary L.T.P. is very
nearly equal to the common mode input voltage V, the voltage
between the two imput leads and the floating amplifier
chassis would be nearly zero so that the common mode response
of the system would be much reduceds If the screening around
the input leads were also comnected to the L.T.P. output,
the voltages between the leads and their screens would be re-
duced so that less current would flow through the capaci-
tances to these screens than would have been the case had the
screens been earthed normally, This can be regarded as
being due to an apparent reduction in the input capacitances.
of the amplifier so that the system succeeds in increasing
both the input impedance and the inherent Rejection Ratio of

{the amplifier,

Since the first stage of the floating amplifier would
normally be a Long Tailed Pair to achieve the maximum initial
Rejection Ratio for the amplifier, the possibility of a more
elegant solution using this stage to do the work of the
‘auxiliary  L.T.P. stage in addition to its normal function as
an amplifier, presented itself, The problem here was some-
thing of a paradox since if the scheme worked and the float-
ing amplifier was driven to follow the common mode potential
at the recording electrodes, both the common mode input to
‘the L.T,P, stage and the output across its cathode load would
be vanishingly small. How then could the first L.T.P. stage
in the amplifier do the work of the auxiliary - L.TeP. of
‘Fig. 56730 which has the full electrode potentials across
‘its inputs and their common mode component at its output? |
The clue to the eventual solution was found in thewnishing
épotential across the cathode loade Fige 5e7ele shows how |

|
|this potential was used as the error signal in a servo systeﬁ
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utilising an auxiliary amplifier which itself 'floated' with

the recording amplifier,

The system is anslysed in Appendix VI where it is
shovn that when the open loop gein of the servo amplifier is
K, the net common mode input appearing at the floating

amplifier is reduced by a factor of (K + 1).

Since, for a given common mode input to the system,
'the voltages across the capacitances between the input leads
‘and the screening of the floating amplifier, which is also
‘driven by the servo system, are reduced by a factor of
(K + 1), the overall Rejection Ratio of the system is in-

‘creased by (K + 1) times,

As in the case of the reduction of the apparent capa-
citance to earth of the stimulator, it would appear that
sufficient increase in the loop gain K would increase the
Rejection Ratio of the system without limit. Again, closer
examination shows that the performance of the system is
limited by the characteristics of the servo system, but that,
'so long as the loop is kept steble, and has a dominant pole
the time constant of which is appreciably smaller than the
high frequency cut off time constant T of the main amplifier
stages, the artefacts obtained with the system will be
negligibly different from those which would have been ob-

'served with an ideal servo loop of the same gain,

| A pilot experiment using a commercial differential
!amplifier (Ediswan Portable EEG machine) confirmed the
lpracticability of the scheme and indeed showed a fifty-fold
iincrease in Rejection Ratio. Since this amplifier was far
ifrom ideal for the purpose, it was conecluded thet using a

'specially designed amplifier of high intrinsic performence,

'a recording system with an overall Rejection Ratio far in



excess of that which might foreseeably be obtained by other

means should result.

28 Reduction of the Differential Direct Component

It was argued in Section 5,5 that the simplest way in
which the Differential Direct component of the artefact could
be controlled would make use of two stimulating and recording
systems, interconnected so that the Differential Direct com=
ponent at their combined output could be reduced by balancing
the contribution from one channel of the double system

against that from the other,

For a good balance to be achieved, the waveforms of
the two Differential Direct components must be very accurate=—
ly matched at the point in thk system where the signals are

combined.

The more complex the two channels préceeding the
point of recombination are, the more difficult becomes the
problem of matching the channel characteristics to obtain
gimilar waveforms at this pointe TFortunately in practice a
large part of the system can be shared between the two
channels so that only those parts of the system peculiar to
the individuel channels need have carefully matched charac-
teristics. Ideally then, the double system should take the
form of a single stimulating and recording 'chain' which
divides into two branches at some point in the system and re-
combines at a later point, such that the divided portion of
the !chein' contains only enough 'links' to provide two
?iffereniial Direct components for balancing one against the|

other.

For each Differential Direct component a stimulus
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field and a pair of recording electrodes acquiring a differ-
ence of potential in this field is required, The simplest
way in which two Differential Direct components could be pro=-
duced would utilise either a single pair of recording elece
trodes acted upon by two stimulus fields, or two pars of re=

cording electrodes operating in a single stimulus field,

The first of these alternztives leads naturslly to
some kind of 'Tripolar Stimulation' scheme, the simplest such
system being the use of a 'Wagner Earth' across the stimula-
tor as shown in Fig. 5.8.1. The stimulator S (necessarily
of the constant voltage type) is shunted by z potentiometer
R the slider of which is earthed, For maximum effectivencss
the resistance of the potentiometer should be very low in
comparison with the stimulating electrode impedzances, The
voltages of the stimulating electrodes A and B czn then be
adjusted differentially with respect ic ezrth by wvariztion of

the setting of the slider of the potentiometer,

Except for one position of the slider, z nef current
must flow into, or out of, the preparation through the earth
electrode E in addition to the current flowing between & and
Be Thus currents enter zt A and E and leave 2t B, or
current enters at 4 and lezves zt B and E, In either czse
two stimulating currents can be regarded zs flowing in the
preparstion, and by selecting the position of the slider o
give currents approprizte to the positions of electrodes
A, B and E, it may be possible fo zrrange the resmulient stinu-
lating field so that recordime electrodes X and ¥ lie on the
same equipotential, The elimimation of the potentizl differ-
ence between the recording electrodes inm this way cam be
interpreted as being due to the cancellation of the Differmen~
tisl Direct artefact components due to the two stimulsting



currents.

As it stends this scheme has several shortcomings,

some of which must arise in any Tripolar Stimulation system.

(1) Since a substantial fraction of the stimulating current
enters or leaves the preparation et the earth electrode E,
the risk of spurious stimubtion at this point is greatly in-
creaseds Even if this does not happen,variation of the
effective stimulus with alteration of the relative magnitudes
of the two currents in a Tripolar Stimulation scheme can

occur. (Bishop and Clare 1953).

(2) The use of a low impedance (constant voltage) source
leads inevitably to differences in the waveforms of the two
stimuleting currents unless the stimulating electrode imped=
ances are identical.

The arrangement used by Bishop and Clare (1953) avoided
this difficulty by using constant current stimuli provided
by a battery and high series resistances. Although the
current waveforms in this case would be relatively unaffected
by the electrode impedances, the waveform matching of the
currents produced by such simple apparstus could not be ex-
pected to be very precise.

A more sophisticated tripoler stimulztor might be con=-
structed using vales or transistors to provide the necessary
high output impkdance, The matching of the current waveforms
could then be more easily controlled but, in the case of the
valve stimulator, it would be difficult to arrange an output
having two anodes and a cathode. This physiologically more
useful output arrangement could more readily be obtained
using transistors, but a transistorised constant current
stimulator would suffer from the limitetions of available out-

Put voltage imposed by present transistor charecteristicse. |
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(3) Even in theory it is not easy to formulste a rule giving
the relationship between the two stimulating currents and the
electrode positions which will guarantee cancellation of the
artefacts In practice it was found thet the system was
difficult to operate, several changes of electrode position
being necessary before cancellation of the artefact could be
achieved.
(4) Both the constant current and constant voltage versions
of the scheme lead to difficulties in controlling the other
artefact components,

The 'Wagner Earth' (constant voltage) type, depending as
it does on a deliberately introduced escape current, produces
a relatively large voltage drop across the earth electrode
impedance, while a floating constant current tripolar stimu=-
lator would obviously increase the difficulty of applying the
capacitance reduction system of section 5.6.

(5) The attainment of perfect metching of the stimulating
current waveforms would not in itself guarantee complete
gcancellation of the Differential Direct component,for should
the assumption of a perfectly resistive preparation not

apply. due to polarization effects in the tissues, the wave=-
forms of the voltages at the recording electrodes produced by

the two currents may not match.

The alternative epproach to the control of the
Differential Direct component using two pairs of recording

electrodes and one pair of stimulating electrodes appears to

present fewer disadvantages.

Fige 5¢8.2. shows a pair of recording electrodes,

X and Y, and an earth electrode E, lying in the field pro=

fuced by a pair of stimulating electrodes A end B. It cen |

be seen that unless the earth electrode E lies in the region
'] |
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enclosed by the isopotential surfaces on which X and Y are
situated, the potentials V-‘x and V‘y of X and Y respectively
must have the same sign although they may differ in magnitude.
If the potentials Vx and Vy are applied to a pair of poten~-
tiometers P1 and P2 arranged as a differential attenuator,

i.e, so that the output from P, is zero when that from P2 is

1

maximum and vice=-versa, a position of the sliders of P1 and

P, must exist such that the outputs V‘1 and VZ are equale If
these outputs are applied to a differential amplifier having
zero common mode sensitivity, the output of the system due

to the stimulus field shown will be zero.

The operation of the system in rejecting this Differ-
ential Direct artefact can be thought of in either of two
wayse The recording system can be regarded as two single
ended systems recording from two pairs of recording electrodes
XE and YE in the same stimulus field, Since one side of
each recording system input is earthed the differential mode
component of the voltage at each pair of recording electrodes
is equal to the common mode components The two Differential
Direct components (and hence the Common Direct components)
are thus eliminated by bzlancing one against the other,
Alternatively the recording system can be regarded as a
differential one using electrodes X, Y and Es 1In this view
the Differential Direct component of the artefact is elimina=-

ted by balancing it agasind the Common Direct Componente

From either point of view it is seen that in principle
the system could be used to eliminate both the Common and
Differential Direct components so that when used with a
stimulator giving negligible escape current, simultzneous

control of all four artefact components could be achieved.

One of the attractions of this scheme is its
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independence of the type of stimulator used so that full
advantage. can be taken of the method proposed in section 5.6
for controlling the escape current by artificial reduction of

the stimulator capacitance to earth.

Another advantage of the system is the relative ease
with which it can be applied in comparison with the Tripolar
Stimulation schemes This follows from the almost unrestrict-
ed choice of positions for the electrodes possible with thisl
arrangement.s For any given positions of the recording elec—
trodes X and Y the earth may be placed anywhere in the pre-
paration with the exception of the 'forbidden zone! shown
shaded in Fig. 5862 There is thus only a rather restrict-
ed choice of positions for the earth electrode for which the
system will not work; in all other positions success is

guaranteed, in theory at least.

This advantage was epparent in practice, it being
found much easier to select electrode positions enabling the
artefact to be minimised using the Differential attenuator
scheme than had been the case with the Tripolar Stimulation

system.

While confirming the expected advantages of the sys=-
tem in controlling the Differential Direct artefact compon-
ent, the same trials demonstrated some of the disadvantages

inhersnt in the system as exemplified in Fige 5.8+2.

For a given setting of the sliders of the potentio=-

meters of the Differential attemuator there will be zero

response to any field in the preparation in which the record-
ing electrodes X and Y acquire potentials in the same ratio |

as they have in the field selected for rejection. Since th4

%ejected field is not unique it is conceivable that some i

Lanted signal may be lost if its field at the recording
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electrodes happens to fulfil this condition., This implies

no restriction on the system which does not apply equally to
every other system, since it is always possible that the two
recording electrodes needed in the simplest of systems, may
lie on the same equipotential surface of the field of a

wanted signal.

Since for complete cancellation a field must satisfy
the special condition that it must produce potentials in an
exactly specified ratio at X and Y, in general a given field
in the preparation will hot be completely cancelled,so that
wanted signals, while possibly suffering some attenuation,

are unlikely to be eliminated with the artefact. In
practice, advantage can be taken of the relative freedom of
choice in the matter of electrode positions so as to arrange

the electrodes to favour the wanted signal..

The existance of some, and possibly considerable,
sensitivity to all fields save those fulfilling the special
distribution required for rejection, underlies the most
serious disadvantage of the systan,'namely the sacrifice of

the rejection of common mode signalse

Except at' the central position of the sliders of the
Differential attenuatar the system will respond to fields
which result in a purely common mode signal being applied to
X and Yo While this does not affect the rejection of the
Common Direct component of the artefact, the contribution of
the recording system to therejection of the Common Escape
component, which was anticipated in section 5.6., is destroy-
eds The decreased rejection of common mode signals may also
result in excessive intkrference from hum and other artefacts

producing common mode signals at the recording electrodes.
|

This difficulty is illustrated in Appendix VII 4,
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where it is shown that the voltage drop across the earth

electrode impedance caused by the escape current and other

interfering sources is not rejected in general by this system

It was observed that this defect of the system of
Fige 5842 can be attributed to the fact that the lower ends
of the two potentiometers of the Differential attemuator are
returned to the earth side of the earth electrode impedance,
with the result that the whole of the voltage é;op across the

earth electrode impedance appears across each potentiometer.

This feature is eliminated in the modified system
illustrated in Fige. 5.8.3, Here an extra electrode Z is
introduced into the recording system to connect the lower
ends of the Differential attenuator to the preparation.
Appendix VII B analyses the results obtained with such a
system when both a stimulating and an escape field are pre-
sent in the preparation. It is shown that, provided the
third electrode Z does not have a potential in the stimulus
field intermediate between those of the recording electrodes
X andY, (i.é. Z does not lie in the 'forbidden zone' shaded |
in Fige 5e8e3.), a setting of the Differential attenuator
can be found such that the voltage between its sliders pro-
duced by the stimulus field is zero. At the same time any
potential common to all three electrodes X, Y and Z, will pro~
duce no difference of potential across the Differential

attenuator output,

! When set to reject the stimulus field the output of

the attenuator will contain only a small voltage representing
Lhe difference between the Differential Escape componems of
the artefact picked up between electrodes X and Z, and Y and
%, and it has already been assumed (Section 5.6) that these

will be adequately controlled by the low capacitance
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stimulator.

Potentials common to X, Y and Z appear as a compon
mode input to the amplifier used in Figs 5.8.3., so that an |
amplifier of high inherent Rejection Ratio is required in
this position. The analysis of Appendix VII takes no
account of stray impedances to earth from the Differential
attenuator circuit, but it is evident that any such imped-
ance which is not very large in comparison wjth the attenua=-
tor output impedance may spoil the rejection of the common
mode signal. At the sgme time, the impedance of the poten-
tiometers of the Differential attenuator must be large com=—
pared with the recording electrode impedances if distortion
of the waveforms across the potentiometers is to be avoided |

when the electrode impedances are not resistive.

Fige 5e8elo shows how these apparently conflicting re-
quirements can be met by the use of cathode followers as part
of the Differential attenuator to provide a high input im=-
pedance as seen by the electtodes, and facilitate a low

output impedance feeding the main amplifier,

If the main amplifier is of the high rejection type
‘described in section 5.7, its screening, maintained at the
common mode input potential, may be extended to surround the
entire Differential attenuator unit so that the stray |

admittance to earth of the circuit would be much reduced.

! As in the case of the Tripolar Stimulation scheme the

effectiveness of the system in controlling the Differential

‘Direct component depends on the assumption of a resistive pre-

'paration. In so far as polarization effects are present in
i

'the tissues, the distributioh of the stimulus field in the

|
preparation will vary with time during the stimulus pulse so!
lthat the waveforms of the potentials across the |




potentiometers of the Differential sttenuator will differ.

Under extreme conditions when the wlue of Dd associa=
ted with each pair of recording electrodes is of the order of
0srand a stimulating current of 10 mA is used, a voltage of
500 mV will appear across each potentiometer. To reduce the
resultant Differential Direct artefact to a few microvolts
then requires that the Differential attenuator be set to an
accuracy of around one part in 105, and that the waveforms

across each half of the attenuator are matched to this order

of accuracy.

It seems unlikely that the waveforms picked up from
actual tissues could be matched to this extent, and since no
way of owercoming this difficulty can be envisaged, it is
concluded that tissue polarization effects must set a final
limitation on the extent to which the Differential Direct
component of the artefact can be controlled. Nevertheless
when recording electrodes X and Y are relatively close toget-
her in the tissue, the difference in waveforms across the two
potentiometers of the Differential attentuator may be small

enough to allow a considerable reduction in the artefact.

Since the Differential attenuator scheme seemed to
offer the most promising solution to the problem of controll=
ing the Differentisl Direct component of the artefact, it was

chosen to complete the proposed general anti-artefact system.

29 Sumnary

i

Consideration of the problem of artefact reduction in

general has led to the conclusion that it is desirable to be |
able to reduce all four artefact components to the noise

level of the recording systems



To do this under the worst conditions likely to be

met in practice would require a stimulator having a total
capacitance to earth of around 1 pF., a recording system
having a Rejection Ratio of the order of 105, and a means of
balancing out the Differentiel Direct component at the record-

ing electrodes also with an accuracy of the order of one part

in 10°.

The possibility of polarization effects in the tissues
of the preparation mekes it doubtful whether azpparatus meet=-
ing this last requirement could in fact be fully utilised

under practical conditions.

The ways in which these requirements might be realised
have been discussed leading to the selection of the Low
Capacitance Stimulator, High Rejection Ratio Amplifier, and
Differentiel Attenuastor Unit, as component parts of an

optimum anti-artefact system.

The development of this apparatus in a practical form

is described in the next chapter.
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CHAPTER SIX

Development of the Apparatus

for the

Antieartefact System

6s1 The Low Capacitance Stimulator

This instrument was developed to demonstrate the
possibility of constructing a mains operated stimulator hav-
ing a range of facilities such as might normally be expected
in a laboratory stimulator, giving a constant current output
of up to 20 mA into loads of up to 10 Kn at least, yet having

an apparent capacitance to earth of around 1 pF.

Fige 6.1l.1. shows the basic screening arrangement.

The stimuletor is eonstructed in a metal box to which one of
the output terminals, referred to as the 'common' terminal,
is connected. (Fige 6el.1.(2)) This ensures that the cir—
cuit behaves as a simple two terminal generator as assumed
in Section 5.6., all exposed parts of the stimulator being

at the potential of one or other of the two output terminals,
An outer screen is arranged round the metal box containing
the stimulator and extended glong the entire length of the
'common' output lead, while a separate screen is provided for

the other, 'live', output leads (Fige 6.1.1.(D)).

Each of the two outer screens is connected to the out=
put of a cathode follower which is fed from the side of the

circuit protected by that screen.

If the cathode followers had unity gain there would be

no potentisl difference between any part of the stimulator
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and its screening so that no currents could flow through the
capacitances between the stimulator and its environment.

This would give the same effect as reducing the capacitances
between the stimulator and screening to zero. In practice
the cathode followers camnot have exactly unity gain so that
the capacitances to the sereens are reduced by a finite re-
duction factor rather than eliminateds In addition, some
parts of the stimulator circuit are inevitably exposed out=
side the screening, for example at the electrodes, so that
there will always be a certain minimum unscreened capacitanece

to earth.

The residual capacitance to earth from each side of
the stimulator circuit is thus made up of two components viz.

- Initial Capacitance :
Residual Capacitance = edotioe Paoker * Unscreen?d Stray
Capacitance

esads 6.1.1.

where the initial capacitance is that to the screening when

the screening is earthed.

Ideally it would seem that the first term in Eqn.
6elele should be reduced until the major part of the resid-
ual capacitance is due to the unavoidable stray capacitance
represented by the second terms It was estimated that the
unscreened stray capacitance might be kept to within a few
tenths of a pF. so that the initial capacitance and reduction
factor should be chosen to reduce the first term of

Eqn. 601.1- to this order.

On the 'Live' side of the circuit the initial capaci=

|
‘tance is virtually that between the inner conductor and i
' |

'screening of the output cable, but on the 'Common' side this

ceble capacitance is augmented by the capacitance between the
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inner and outer screens round the stimulator circuit. Most
of this additional capacitance on the 'Common' side would
normally be concentrated where the inner and outer screens

pass between the windings of the mains transformer.

Experiment with metal boxes of various dimensions
suggested that the capacitance between a case just large
enough to contain the stimulator circuit (12" x 43" x 43")
and an outer case of the largest size convenient for use on

the bench (18" x 18" x 10"), would be around 20 to 30 pF.

On the other hand, judging from the capacitances
measured between the screens and windings of several commer-
cially available mains transformers, the capacitance between
double screens passing through a transformer of ncrmal con—-
struction might well be several hundred, perhaps over a

thousanrd, pF.

To reduce the initial capacitance on the 'Common'
side to a more regsonable value, a mains transformer was
specially built to have the lowest practicable capacitance
between the screen surrounding-its secondary to its core ard
primery, The construction of this component is illustrated
in Fige 6e4lo2s. The primary and secondary windings were
placed on opposite limbs of a large rectangular core and an
unusually large air gap provided between the core and second=
ary winding. Screens of metal foil were arranged to cover
the inner and outer surfaces of both windings, the secondary:
screen being connected to the 'Common' output lead of the
stimulator, and the primery screen to the output of the

*tCommon' side cathode follower as shown in Fige 6e1l.3e

In this way the total capacitance between the common

side of the stimulator circuit and the common side screening

(including the outer case of the apparatus) was reduced to
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approximately 130 pF. These values of initial capacitance
to earth from the two sides of the stimulator circuit indi-
cated that the reduction fzctor required should be at least
a hundred if a total stimulator capacitence to earth

approaching 1 pF was to be zchieved.
K
K+ 1

yield a reduction factor of X + 1, to obtain a reduction

Since a cathode follower with a gain of would
factor of at least a hundred would require a cathode follower
gein of at least 0.99. In this application the cathode
followers must also work into capacitive loads of several
hundred pF, depending on the proxdmity of earthed cbjects to
the outer screens of the stimulator, and handle pulse inputs
of up to around a hundred volts with rise times of a few
microsecondss Most important of all, the input capacitance
of the cathode follower stages must be much less than 1 pF,

since this is in parallel with the rgduced capacitance,

Since it was apparent that no simple triode or pentode
cathode follower could meet this specification attention was
turned to the more elaborate White cathode follower
(White 1944)e. The modified version shown in Fig. 6.l.k. Was
developed using an auxiliary cathode follower to ensure that
the potential of the screen grid of the upper valve of the
White circuit followed that of its cathode and grid, thus
minimising the input capacitance of the circuit while impos-

ing minimum load on the output.

The input capacitance of this circuit, estimated by
observing the effect on the rise time of a pulse applied to
the imput, of the insertion of a high resistance in the input
lead, appeared to be of the order of 0.1 pFe The gaein of

%he circuit, measured using a calibrated attenuator and high

rejection ratio differential amplifier to compare the signal
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between the input and output terminals with that across the
input, was found to be 1 = 10° (io€e 00999 approximately).
The output impedance, deduced by observing the drop in output
when a known resistance was comnected across the output

terminals, was 10 ohms,

Cathode follower units of this design were built for
use on both the 'Live' and '@ommon' sides of the stimulator

circuit.

The design of the stimulator proper was determined
meinly by the needs of other workers in the laboratory at the
time, The circuit of the complete apparatus is shown in
Fige 6ele5e Stimulus pulses are initiated either by an
external trigger pulse applied through transformer T,, con=-
st;ucted similarly to the special mains transformer, or by
the master oscillator Vi, a Phentastron giving pulse repeti-
tion rates from 0.5 to 50 pulses per seconde Pulses from
this stage can be used to trigger the pulse generator stage
Vs either directly, or indirectly through the delay stage V2,
or by both routes simultaneousiy. The delsy stage provides
an output pulse after a period variable from 100 P Sec. to
100 m Sec. after being triggered by the first stages The
pulse generator stage thus delivers a pulse coincident with,
or delayed with respect to the pulses from the first stage,
or a pair of pulses for each initiating pulse with the inter-

val between the pulses of a pair determined by the delay

stage.

The duration of the pulses produced by the pulse gener-
ator stage is continuously variable from 100 p Sec. to
10 m Seco To ensure that the pulses are 'flat topped' and

of constant amplitude, they are clipped by the sener diode

D4 before application to the output current control Rl. The
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rise and fall time of the output pulses is determined by R2

and 02 and can be vaeried from 1 P Sec. to 1 m Sece.

The shaped pulses so obtained are azpplied to the servo
assisted constant current output stage (VL and Vs). v,
cperates to minimise the difference between the voltage across
the cathode resistor of the output valve Vs and the voltage
across 82. The current through the output valve is thus
almost exgctly proportional to the voltage applied to the
output stage, the constant of proportionality being determin-
ed by the value of R3 which wes chosen to give maximum out-
puts of 2 and 20 mA. Output current between pulses can be

adjusted to zero by means of the pre-set control Rh'

This arrangement givem an output impedance at least an
order of magnitude higher than could be obtained with a
simple pentode constant current source, and much improved
linearity of the output current control scale., The circuit
is elso relatively independent of changes in the character-

istics of the valves and supply voltages.

To ease the design of the special low capacitance mains

transformer T,, the stimulator was designed to consume the

2’
minimum current consistent with obtaining the required per=-
formance from each stage, the total H.T. current drain being
13 to 20 mA, The H.T. and Bias volteges are provided by
half weve semiconductor rectifiers D5 and D6' The two
cathode follower units comprising Vs, 7 and g’ and V,, 10
and 11 are supplied from a conventional power unit external
to the stimulator. They were constructed on subchassis

mounted within the outer case of the stimulator as can be

seen in the rear view of the instrument in Fig. 6els6.

| The performance of the circuit as a stimulator was

|found to be more then adequate for all the applications in ‘
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this laboratory. The output impedsnce, measured on the

2 mA range, was 24 Manso that the stimulating current was
virtually independent of the impedance of the stimulating
electrodes (less than 0.5% change in current for a change in
electrode impedance from zero to 100 Ka)e The instrument
proved to be remarkably stable, no adjustments being necess=-
ary, after initial calibration, over a period of eighteen

months involving an estimated two thousand hours use.

The effective capscitance to earth of the stimulator
was measured using the scheme illustrated in Fige. 6ele7e
The output temminals of the stimulator were connected toget—
her by a resistance R inside the stimulator case so that the
instrument became essentially a voltage generator of output
resistance R. One terminal of the stimulator was connected
to earth through a resistance r across which the wltage drop
due to the current flowing to earth from the other terminal

through the capacitance C, could be measured.

If the stimulator produces voltage pulses of amplitude
E and rise time constant ), at the rising and falling edges

of the pulses a current will flow through r given by:=

= s c 1 - 1 esosoe 6.1.23
I(.P) v .?\-T[p+‘/,t p+/‘4]
where T = (R + r)C
% %
EC
o.o = € - & ) osevee 6»1.3.
Ty = Nmm

Now, if)\»T, these charging and discharging transients

become

- S 6ol
I E- e essssne L3 o’-l-o
tt) A

so thet the amplitudes of the transients are directly pro=-

oj|®

portional to the capacitance to earth from the floating
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terminal of the stimulator.

Assume then that the effective residual cepacitance
to earth from the floating terminal of the stimulator is
x pF., and that a pesk voltage V is observed across the
sampling resistor r due to the charging transients ;Kr
If various known capacitances C are connected between the
floating terminal and earth so as to add to x, and the
corresponding values of V plotted against C, a straight line

should be obtained since

v

]

¥ﬂrcc(c+x)

KC + Kx, say, where K is 2 constant

PThis line cuts the C axis, (V = 0), at C = =x so that the
value of the residual capacitance can be read off from the

graph.

Using capacitors of known value, and pulses of rise
time constant 3 to 30)p Sec., with resistances R and r of a
few kilohms, it was confirmed that the relationship between
C and the peak charging current was a linear one within the
linits of experimental error (usually in the region of I 107
arising from uncertainty regarding the exact values of

capacitance used) for capacitances up to 20 pF.

Fige 6+1e8, is the graph obtained for the 'Common’
side of the stimulator. The points for the lower values of
added capacitance C were obtained using capacitors which had.
been previously standardised (£ 0.1 pf) using a commercial

Q - Meter.

Making the allowances shown by the boundary lines for
possible errors in the values of the capacitors and in the
measurement of the voltage, it was concluded that the value

bf the effective capacitance to earth from the 'Common' side

| Lt
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of the stimulator was 1.0 £ 0,2 pF. 4 similer determination

of the capacitance to earth from the 'Live' gide of the
stimulator gave a result of 0,15 % 0,05 pF, Thus the total
capacitance to earth of the stimulator was found to be

approximately 1 pF.

The only disadvantage of the apparatus as built was
as occasional tendency to instability in the cathode
follower units when low resistance stimulating electrodes
were used, This was entirely eliminated when the resis-
tances of the electrodes were imcreased to 6 Kgcommon side)

and 2,2, Ka(live side).

Since time was not available for a full investigation
of the stability of the circuit, extra resistances were
ingerted in the stimulator leads when low resistance elec-
trodes were in use, an expedient which proved quite satisfac-

t«ory.

62, The High Rejectiom Ratio Amplifier

The primnciple underlying the operation of this

amplifier has been outlined im Chapter 5 section 7, where it
was shown that a theoretically unlimited improvement in the
overall rejection ratio of a recording system could be ob-
tained if the potential of the whole system was made to

follow that of the common mode component of the woltage at

its input, using an auxiliary servo amplifier itself part of
the floating recording system. Since the output of this servo
amplifier would be applied between the circuit of the record-
ing system and earth, the capacitance to earth of the entire
floating system would appear across the servo amplifier out-

put terminals, This is one of the factors which limits the

practical performance of the scheme, |



3

Si’oses
) —N

Sh:\ses
(nm+1) to N

Vi=Viz=V

Vou.

Voz,

Eo.

Eoz.

F'S 6. 2.1,




- 107 -

As a large part of this unwanted capacitance would
normally be composed of the interwinding capacitances of
mains transformers used in the apparatus, one way in which it
could be reduced would be to miniaturise the complete record=-
ing system including the indicating equipment (e.g. Oscillo-
scope or pen recorder) and power the equipment from
batteries. While this would undoubtedly ease the design of
the servo amplifier, this improvement might well be at the
expense of a considerable increase in the design effort re-
quired to develop the rest of the system,so that the overall
simplification obtained would be negligible, It is doubtful
too whether such a 'packaged' system would find a ready
acceptance in other laboratories, since it might well be in-

compatible with existing apparatus,

Fortunately, a method was discovered whereby the
system could be exploited without the necessity of battery
supplies and allowing full use to be made of existing conven-

tionally earthed display equipment.

Consider the system shown in Fig. 6.2,1. comsisting
of a floating amplifier of n stages incorporating a serveo
amplifier of open loep gain K, followed by a conventional
differential amplifier of (N - n) stages, forming a recording
amplifier of N stages. If a common mode signal Visapplied
to the imput of the first amplifier, the action of the serve
system is to reduce the resulting woltage between the output

terminals of this amplifier by a factor of (K + 1).

An apparent disadvantage of the system is that the
input to the second part of the amplifier is subjected to a
commen mode imput of ﬁ—g-I V, which, if the second amplifier
has appreciable common mode sensitivity, may spoil the high

rejection of common mode signals which would have been obtained
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had the whole amplifier of N stages been floatinge

A quantitative treatment of the situation given in
Appendix VIII shows that the results to be expected from
such a hybrid system are by no means as disappointing as
might be expected, If Hnmis the overall inversion gain
transfer function when the whole system is floating, and
Hvsmthe corresponding function when a floating=to-grounded

conversion is made after n stages as in Fig. 6.2.1., the

ratio of the two transfer functions is given by:-

H'E Ig! = 1 -+ (K ¥ 1) ."' ('““) {P) see 60 2010
M n ( m m eoe NI )
VAP Yig Gy Gy e

whelpe .6. i etc. are the individual transfer functions of the

Tth stage.

By providing sufficimnt gain in the second and later
stages of the floating part of the amplifier, the factor
m m oe M can be made so large that the
( Ay Qg Aen+i)(p) )
skcond term of Egn. 6.2.1s becomes very small in comparisen

with unity.

Since the success of this modification to the original
fully floating system depends on the gainm of the amplifier
up to the conversion point being large, if a gain contrel is
éﬂtted in the floating part of the amplifier the overall re=-
jection ratio will vary with the gain and may deteriorate
excessively at very low gains, Such vgriation in rejection
ratio is of little practical importance since the use of very
low gain implies the presence of a large wanted signal so
that the signal te artefact ratie would probably be large in
any case, At high gaims, when artefact rejection is likely
to be more important, the hybrid system can be arranged te

give an overall rejection ratio within one per cent or less
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of that which would have been attained with a fully floating

system,

It was decided, therefore, that the High Rejection
Amplifier should consist of a floating pre-amplifier of ade-
quate gain, powered with its serve amplifier from a small
floating power unit, the system being completed by a grounded
amplifier feeding into conventional display equipment. The

circuit of the complete amplifier is shown in Fig. 6+2.2.

A three stage floating amplifier, Vh to Vn’ with an

auxiliary serve amplifier, Vl and V_, feeds a single stagke

2’
grounded output amplifier, v12 to Vu. Te ebtain the highest
possible initial rejection ratio, i.e. with the serve loep
inoperative, the first L.T.P. stage is based on that describ-
ed by Richards (1956). The output from the anodes of the
first stage L.T.P. (vh, vs) is takem through cathode follow-
ers Vs, 77, which minimise the shunt capacitance acress the
first stage anode loads, to the second L.T.P. stage V,, V9.
The mean potential of the first stage anodes is then fled back
from the cathodes of Vg and v9 to the grid of the first stage

"tadl' valve 73. This arrangement enabled amplifier rejec-
tion raties of from 10!" to 105 to be obtained with most pairs
of valves used for ‘J’h and ?5 without the assistance of the
servo system, After further amplification by le and Vll

the signal is passed to the grounded part of the amplifier,

The common mode rejection of the grounded amplifier
does not need to reach the high standard necessary for the
first stage of the amplifier, since the gain from the second
stage to the output is approximately ].05 at maximum, Thus
:with an open loop gain K of 102 for the servo amplifier, the
common mode rejection of the output stage need be only a

tenth of that of the first stage to achieve an overall |
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rejection ratie within 1% of that for a fully floating

system,

The servo amplifier uses a single pentode ?é with a
simple cathode follewer stage V1 to feed its output to the
capacitive load of some 400 pF presented by the floating

amplifier and its power supply.

The amplifier was constructed in a standard
(*Lektrokit') metal case on two separate chassis, one for the
floating stages, and one for the grounded stages The float-
ing chassis was insulated frem the rest of the structure by
polythene spacers. The layout follewed the usual rules
ebserved in the construction of high gain amplifiers te en-
sure stability, freedom from hum, etc., and in additien,
particular attentien was paid to the provisien of adequate
screening, (at the potential of the fleating chassis), reund
the early stages of the amplifier, This is necessary te
screen the amplifier wiring from nearby earthed ebjects which

are at the full commen mode input potential relative te the

floating amplifier,

One feature of the screening arrangements is of
particular impertance, and umder mamy conditiens makes poss-
ible an improvement of comsiderably mere tham (K + 1) times
in the overall rejection ratie of the system, This is the
comnection of the screeming of the amplifier imput leads,
not to the chassis of the fleating amplifier as eriginally

prepesed, but te the cathede of the first L.T.P. stage.

It is shewn im Appendix VI that this connectien can
result in an impertant increase in the commen mede rejectien
of the recording systemo In theery, the cemtributien te the
cemmen mode respense arisimg from the imput network cam be

! |
reduced by a facter ef up t."T:i; , Wheref> is the gain forI
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common mode signals from the gride to the cathode of the

first L.T.P. stage. Such an improvement, of the order of
several thousand times for typical values of B , would not
be obtained unless the impedances of the recording elesctrodes
were very low, but with normal values for the electrode im=
pedances a reduction of many times in this component would be

expected,

The improvement actually observed in practice is
limited by the stray capacitance to earth and to the floating
chassis resulting from imperfections in the screening of the
input leads, Nevertheless, if, as is usually the case, the
dominant term in the overall Hv(ﬂ of the recording system is
that due to the electrode impedance/imput impedance network,
the overall rejection ratio of the system may be reduced by a

factor substantially greater than (K + 1),

The smp}ifier had an overall maximum gain of 3 x 3.06

and a maximum output of 200 volts peak to peak, The band=-
width (3db. down) was from 10 ¢/s to 10 kc/s and the noise
level referred to the input terminals was approximately 1guv

peak to peak (1.5 pV R.M.S.).

The performance of the system in rejecting common

mode inputs can be gauged from the oscillograms shown in Fig.
602430

The inherent rejection ratio of the amplifier alone
was measured by connecting the two input leads together and
applying a pulse having a rise time of 3 }1 Sec. between the
input leads and earth, Fig. 6.2.3. (a) shows the amplifier
output when a 1 volt pulse was injected with the serve
amplifier disconnected. The peak output, referred to the in-
put terminals, of 51 }N implies a rejection ratio, using the

apparatus as a conventional differential amplifier, of




of 2 x 10#. Fige 64243, (b) shows the respense obtained

with the serve amplifier operating and the imput pulse in-

creased te 50 volts,

The reduction of the peak output te the equivalent of
39 pV at the imput terminals shows that the amplifier rejec~

tion ratio was l.3 x 106.

The teansients at the rising and falling edges of the
output pulse were found to be due to excessive tise time in
the servo amplifier as they could be reduced to the level of
the main body of the output pulse by increasing the open lcep
high frequemcy response at the expense of the serve stability
margin, When this was done the amplifier rejection ratie
was 2 x 106, rorresponding te the value expected for a serve
loep gain of one hundred, Although it was not feund
pessible to combine this impreved rise time with a satisface~
tery stability margin it was not considered worthwhile to
elaborate the serve amplifier to bring this about since a
stable rejection ratie of over a miliien teo one was mere than

enough for the werk in hand,

The imprevement in the rejection ratio of the record-
ing system as a whole was demenstrated using resistances of
1.0 K2and 1.5 Kq te represent the recording electrede imped-
ances, These resistors were comnected te the amplifier
through three foet lengths of co-axial cable so that the
capacitance between each imput lead and ifs screen was
approximately 65 pF, Pulse common mode signals were then
applied through the resisters with the imput lead screens

earthed, and again with the screens connected te the cathede

of the first L.T.P. stage.

Fige 6.2+3+ (&) shows the respemse of the system with

‘the input lead screems earthed whem a pulse of 0.1 volts was
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e2pplieds The output, cerresponding to a differential mede
input of 380 )uV peak, represents an overall rejection ratie
of only 260, illustrating the very poer perfermance of the
system using quite low resistance electrodes, due to the

insufficiently high input impedance of the amplifier.

Fige 64203+ (d) shews the improvement in the overall
rejection ratio when the input lead screens were cennected te
the cathede of the first L.T.P. stage. An imput of 10 volts
then gave an output of only 26 BV peak referred to the imput
terminals, indicating a rejection ratie of 4 x 107, an im-
crease of seme fifteen hundred times over the value obtained

with the system of conventional input impedance.

A similar improvement im overall rejection ratie
should be obtained using all but the very lowest impedance
electrodes (500nor less), for which an imprevement of only
& hundred times would be expected, se that in many cases the
recordi ng system described in this sectien should give an
overall rejection ratio approaching or exceeding the 'ideal!

ratio of 105 recommended in Chapter 5.

663+ The Differential Attemator Unit

Fig., 6+3.1. shows the circuit of the Differentisl
Attenuator Unit developed frem the basic idea discussed in

Chapter 5.

Signals Vn and V-'yz from recerding electrede pairs
XZ and YZ are passed through separate cathede followers and
applied across ganged petentiometers RV’; and HVZ. The
cennections of the potentiemeters are arranged so that mta-l
:tion of their cemmon shaft increases the prepertion ef sz
:fed te the main amplifier while decreasing the centribution |
from vﬂ. The signal applied to the main amplifier is thus
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ef the required form ( , V&z).

Te minimise the distortion of the waveforms of sz
and v&z caused by veltage drop in the recording electrode
impedances, the imput impedances between X and Z and between
Y and Z should be as high as possible, At the same time, to
obtain the maximum rejection of signals commen to all three
recording slectredes, the impedance between the main ampli=
fier imput terminals and the preparation should be as low as
possible, and the shunt impedances frem the amplifier imput

leads teo earth as large as pessible.

The design of the floating cathede follower stages

attempts te satisfy these three requirements.

To minimise the capacitance to earth asseciated with
the pewer supplies fer the cathede fellowers the circuit was
designed around small directly heated battery valves se that
the pewer required by the unit could be supplied frem rela-
tively small dry batteries which are contained within the case

housing the instrument,

The battery voltages and circuit resistances were
chosen to operate the valves under conditions givimg minimum
grid current (1.5 x 10-103) and maximum imput resistance,
When the cathede fellewer valves were mounted close to the
preparation se that grid leads of enly an inch or se in
length could be used, the imput impedances between XZ and YZ
were effectively determined by the imput capacitances of the

cathede followers (one or two pF.).

Under the operating conditions chesen the output im-
pedances of the cathede followers were approximately 1 K o
so thet the maximum impedance between each main amplifier
input and the preparatiem is just over 5 Kaoeccurring when the

sliders of RV, and RV2 are at their mid position.
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To aveid the necessity of balancing the time constants
which would be intreduced by resistance capacitance coupling of
the two cathode followers to the potentiometers RV, and RV,
direct coupling is used throughout the circuit. This makes
it inevitable that some D.C. potential must appear acress the
input te the main amplifier, If excessive this potential may
overload the first amplifier stage so that the signal being
carried might be seriously distorted or even lost entirely if
the first stage is driven to cut—off by the D.C. component at
its input. Another disadvantage of direct coupling is that
the D.C. potential applied to the main amplifier is dependent
on the setting of the Differential Atteruster, se that altera-
tion of this setting will produce changes of potential at the
amplifier input which will be transmitted through the ampli-
fier, and may easily be large emough to cause *'blecking' of
the later stages. These difficulties are largely aveided by
the use of the bias battery C the voltage of which is chess en
te ensure that the D.C. potential across-BYl and RVé is never
more than a few tenths of a velts This protects the main
amplifier first stage from overlead and minimises the distur-

bance preoduced by operation of the Differential Attenuater

contreol.

The circuit was constructed in a small metal case,
separate from the main amplifier, for use as an add-en upit
in cases where the Differential Direct compenent of the stimu-
lus artefact was significant. Fige. 6¢3.2. shows a later
model in which the cathede follower valves were mounted inside
the case of the unmit rather than used as probes, connection
to the preparation being made by short lengths of low capaci-
tance cable, The case of the unit and screming of its
cables was connected to the floating chassis of the main

emnlifier. This mechanically more convenient arrangement
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was adopted since it was found that although the imput capaci-

tances of the unit were raised to some 20 pF due te the imput

cebles, this did not limit the performance of the system

when recerding from actual tissues.

The measured mspense of the system when a step func-
tion signal was injected simultaneously inte all three inmputs
of the Differential Attemuater was found teo correspond te &
rejection ratie of frem 2 x 105 to 4 x 105, depending on the

setting of the coarse centrel, va/sz, of the unit,

When the imput lead Z was earthed and a cemmen mede
step functien inmput applied te leads X and Y, the coarse and
fine contrels va/mrz and RV, could readily be adjusted to re

3
duce the recerding system output te a level correspending te

L

& rejection ratie of over 107,

The perfermance of the system in rejecting signals in
the more general case when Yn is not equal te vya was in=-
vestigated using a saline bath as a purely resistive

*preparation'.

An evaporating dish was filled with 0.9% NaCl seolution
te present a liguid surface of about 7 cm. diameter. Dipping
inte the saline at various peints were six electredes
usually of steel or silver wire for use as stimulating, X, ¥
and Z recording and earth electredess Current pulses of
1 mA having durations of areund 1 m Sec. and rise time con-
stants ef a micresecond were injected inte the saline frem
the lew capacitance constant current stimulater, and the
Differential Attemuator adjusted fer mirnimum artefact with

each arrangement of the electredess

The results at first obtained were incensistent and

somewhat puzzling. It was observed that the waveferm of the

?ireet artefact component occasionally differed considerably |
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frem that of the stimulating current pulses and varied with
the positions of the electredes, especially when electredes
were separated by distances comparable with their dimensiens.
It was apparent that the waveforms of the signals appearing
acress the two potentiometers of the Differential Attenuater
were often dissimilar since with the instrument adjusted feor
minimum artefact, an unexpectedly large residual signal was
obtained in the form ef a pair of transients the !'time

constants' of which suggested a polarizatioen effect.

That the waveform distertion was net due to the
pelarization impedance of the stimulating electredes was con—
firmmed by monitoring the waveferm of the veltage drepped
acress a small sampling resister in series with the stimu=-
lating electredes, The stimulating current and thus the
stimulus field in the resistive 'preparation', was found te
be of the correct waveform, as expected in view of the very
high stimulater eutput impedance, Anether experiment in
which a commen mode step input was applied te leads X and Y
threugh the recording electredes in a saline bath established
that the wavefoerm eof the recerded veltage was virtually un-
affected by the impedances of the electredes used due to the

much higher input impedances of the cathede fellowers,

Eventually it was found that the phenomenon could be
shown te be due te the disturbing effect of the electredes
themselves on the distribution of the field in the preparatien,
Any ebject of conductivity different frem that of the saline
when placed im the bath will alter the field distributien in
its vicinity, If the disturbing ebject is polarizable its
effect on the surreunding field will vary with time as the

conductivity of the bedy changes due to the polarizatien of
its surface by the 6urrent passing through it. The waveferm

s
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of the potential recerded from the saline in the region of

the polarizable bedy will thus differ from that of the
stimulating current, It was shown that the presence of any
polarizaeble materials in the 'preparation', whether in the
form of electredes, or as isclated objects placed in the
neighberheod of the electredes, could give rise to distertion
of the recorded waveform with consequent anemalous behaviour

of the Differential Attenuater.

To demonstrate this effect, and te obtain censistent
results from the apparatus, it was necessary to censtruct
special electrodes se that all polarizable materials were
excluded frem the 'preparatien'. The electrodes were formed
from silver/silver chleride wires sealed inte one end of
glass tubes appreximately 6 cm, leng filled with saline
solutieon, The other ends of the tubes were open and dipped

under the surface of the saline in the bath.

Fige 6433, illustrates some of the results obtained.
A stimulus pulsé of 0.8 mA and 1 m Sec., duration was injected
inte the bath using twe of the glass tube electredes des-
cribed separated by a distance of 2 cme Figs €+3.3. (a)
shows the residual artefact cancelled as far as pessible with
the Differential Attenuater when the X and Y electrodes were
of cleam silver some 2 cm, apart and 3 cm. from the stimu=
lating electredes. Fige 6.3.3. (b) shevs the marked im-
provement in rejectien obtained under identical cemditiens
except that glass tube electrodes were used for X and Y. The
respense to the field which was producing a petential
difference of 5 mV between recording electredes X and Y, and
‘a commen mode petential of seme 80 mV between them and earth

and the Z electrede, was beloew the neise level of the system.

The effect of placing an iselated silver recording
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electrode, a bedy of about 1 ml. in volume, at a distance of
1 cme from one of the recerding electrodes is shown in Fige
6e3¢3s (c), while the disturbance preduced by a much smaller
object is illustrated in Fig, 6.3.3. (d)e Here a noticesble
deterioration in the maximum perfermance of the system was
preduced by placing a 3 mm, length of Ne. 30 S.W.G. silver
wire at a distance of one or two mm., frem ene recording elec-

trede.

It was evident from results like these, obtained
using a purely resistive 'preparatien', that the Differential
Attenuator Unit was capable of effecting a reduction of a
thousand times or mere in the amplitude of the Differential
Direct compenent of the artefact. It was also clear that
te achieve this level of performance a very high degree of
'resistivity' was required of the medium ir which the recerd=-

ing was being made.

Since it seemed mest preobable that under the ordinary
circumstances of recording from the nerveus system the tissues
would fall shert of this requirement, and in se deing set a
limit to the rejection attainable, the performance of the
Differential Attenuater Unit was judged to be entirely

adequate for all practical purpeses.




Chapter Seven

Performance of the Anti-Artefact System

The experiments described in this chapter were de-
signed te demonstrate the effectiveness of the various parts
of the anti-artefact system in dealing with the individual
artefact compenents, and of the complete system in rejecting
a general artefact, while recording from live tissue prepara=

tions with practical electredes.

Adult guinea pigs were anaesthetised with Urethane
and the electrodes applied to expesed muscles of the neck
and hind legs and to the cerebral cortex, Although record=
ing of actien potentials from the tissue was seldom required,
te minimise the disturbance of the physical preoperties of the
tissue every care was taken to aveid interference with the
tissue bleed supply and te prevent drying out of the exposed

surfaces,

The oscillegrams reproduced on the follewing pages
illustrate the reduction in Commen Direct and Cemmon Escape
artefact components obtained using the High Rejectien
Amplifiep, in the Common and Differential Escape components
using the Low @apacitance Stimulater, and in the whele arte-

fact when the complete anti-artefact system was employed.

7.1 Reductien of Commen Mode Artefact Components

The effectiveness of the high rejection ratie records

ing amplifier in reducing the Cemmen Direct artefact
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component was investigated using the arrangement shown in

Fige 7elels

The preparation was iselated from earth and & 100 mV,
200 P Sec, pulse injected into the tissue through a lew
impedance electrode (an uninsulated hypodermic needle insert-
ed into mitscle) from an attenuator acress the output of the
stimulator S.

The recording electredes used were of markedly differ=
ing impedance, one being an electrelytically thinned steel
needle enamelled to leave only a2 15 p tip expesed, and having
an impedance of around 100 Kg, the other being a silver/silver
chloride ball electrode of appreximately 1 diameter, hav=-
ing an impedance in the regien of 300, The silver ball
electrode rested on the surface of the exposed muscle while
the needle electrede was inserted some one or two millimetres

under the muscle surface,

Each electrode was connected te the amplifier by three
feet of low capacitance ce-axial cable (17 pF/ft.) the screen-
ing of which could be connected either te earth or to the
cathode of the first L.T.P. stage in the floating amplifier,
The 100 mV stimulus pulse waveform set up between the pre=-
paration and earth and appearing as a commen mede signal at
the recording electredes gave rise te the large Cemmon Direct
artefact seen in the top trace of Fige 7.1.2. (2). The
common mode signal at the amplifier input is alse shown en

the lower traces of the oscillegrams in this figure.

The artefact amplitude of 10 mV peak to peak
corresponds te an overall rejection ratie of only twenty to
Eone -~ a direct result of the use of such dissimilar recordqi
ing electredes with an amplifier having a capacitance te eartlh
of seme 50 pF frem each imput terminal, The disturbing

= 7—4—1
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effect of the same artefact at higher amplifier gains may be

judged frem the oscillegram of Fige 7+1le2. (b)o

Figss T7ele2. (c) and (d) show the very substantial
reduction in amplitude of the artefact resulting from the
coﬁnection of the input lead screens to the cathode of the
first L.T.P. stage converting the recerding system frem a
conventional ene to the high rejection ratie system preposed
in the present work, The artefact, not visible in Fig.
7e1e2. (c), teken at the same gain as was used in (a), mn be
see in Fig, 7.1l.2. (d) fer which the gain was increased teo
that used in (b). The amplitude of the artefact, referred
te the amplifier fmput terminals was 49 pV peak te peak in-
dicating an increase in overall rejection ratie of just ever

twe hundred times,

Te simulate conditions under which the enly signifi-
cant artefact component is the Common Escape compenent, the
experimental set up was changed to that shown in Fig, 7.l.3.
The stimulater was allewed te fleoat with its euter screens
comnected te earth, Resisters, representing the stimulating
electrode impedances, were connected in each stimulator lead,
the junction of the two resisters being connected te earth
through a third resister Re A stimulater eutput was chesen
so that the escape current ﬂoﬁng te earth through R de-
veloped transient voltages of 100 mV peak te peak which were
applied as a cemmon mode potential to the preparation as be-
fore. The lower traces of the oscillegrams of Fige 7oleke
show the waveform of the common mede signal appearing at the
amplifier input terminals as menitored between the fleoating

amplifier chassis and earth,

Fige 7eloko (a) shows the amplifier output at low

gain when this signal was injected with the amplifier input i
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lead screens earthed. Again an output cerrespending te a
differential input of 10 mV peak teo peak was obtained, suffi-
cient to produce severe distortion of the eoscillescepe trace

at the higher gain used in Fige 7.leke (b)e

Restering the high rejection properties of the recerd-
ing system by driving the amplifier inmput lead screens, re-
duced the artefact amplitude to 67 pV peak to peak, demon=-
strating an improvement in the rejection of this Cemmen
Escape artefact by a facter of approximately a hundred and -

fifty times.

Te2e Reduction of Escape Artefact Cempenents

The alternative approach te the contrel of the
Common Escape artefact using the Lew Capacitance Stimulater

was demonstrated using the same arrangements (Fig. 7.1.3.)e

In this case the screening of the amplifier imput
leads was earthed, so destreying the high common mede rejec-
tien of the recerding system., . The amplifier output ebtained
when the stimulater outer screening was earthed, was then
coempared with that when the stimulator screens were driven
by the auxiliary cathede followers to put the stimulater

inte its 'Low Capacitance' conditien.

Fige 7+2+1. (2) shows the recording system respense
with the stimulater eperating conventionally with earthed
screening, Once more the output corresponded te a differen-

tial inmput of 10 mV peak to peak.

Switching en the auxiliary cathede follewers te drive
the stimulater screens se invpking the low capacitance pre-
perties of the instrument, reduced the recerding system out=

rut te that which weuld have been preduced by a differential |
i
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input of only 72 PV peak to peak (Fige 7e2.1le (b) ), thereby
reducing the Common Escape artefact by afecter of a hundred

and forty times,

The circuit shewn in Fig. 7.2.2. was used te demon=-
strate the reduction of a virtually pure Differential Escape

artefact by the Low Capacitance Stimulater,

As before the fleating stimulator eutput was passed
through two resisters representing the stimulating electrede
impedances. The junction of these resistances was connected
to the preparatien at A se that the stimulus escape cureents
flowed through the tissues to a large earth electrede E,
situated seme 15 cm. from A, Lew impedance silver/silver
chloride electrodes were placed on the surface of an exposed
muscle between A and E, and on a line joeining these injectien

electrodes.

The electrode arrangement thus faveured the recording
of & Differential Escape compenent, while the use of large,
low impedance earth and recording electrodes tended to mini-

mise the Common Escape compenent,

With the stimulateor screening earthed, the escape
current transients, as moniteored using & sampling resister in
the earth lead, were adjusted te 100‘pﬁ.peak to peak. This
escape current resulted in the artefact output of 6 m¥ peak
to peak shewn in Fig. 7.2¢3e (&) when the recording amplifier
input lead screens were earthed giving minimum rejection of

commen mode signalse.

The input lead screens were then comnected to the
first L.T.P, stage cathede thereby vastly increasing the
common mode rejection of the recording systeme That the

putput was unaltered by this manoeuvre, (Fige 702+3. (b)),
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confirmed the insignificance of the Commen Escape artefact

component compared with the Differential Escape cempenent,

When the outer screens of the stimulater were then
driven to reduce the stimulater caspacitance to earth, the
artefact was ne longer visible in the output of the ampli-
fier (Fige 7+2+3e (¢)). Increasing the amplifier gain show-
ed that the amplitude of the artefact had in fact been re-

duced te 49 }N peak to peak.

Te3e Reduction of a General Artefact

A simple stimulating and recording experiment was
set up to illustrate the usefulness of the complete anti-
artefact system in a situation where all four artefact com=-

ponents would be encountered.

Silver/silver chleride ball electrodes were used te
stimulate and record from the surface of an exposed muscle us=-
ing the Low Capacitance Stimulater, the High Rejection Ampli-

fier, and the Differential Attenuater.

The separation of both stimulating and X/Y recerding
pairs of electreodes were appreoximately 5 mm, the distance be=-
tween the nearest stimulating and recording electrodes being
7 mme The Z reference electrode was some 10 mm, on the far
side of the recording electrodes from the stimulus site, and
the earth electrede = a large hypedermic needle =~ was
inserted inte muscle several centimetres from the recerding

electredes.

The wide spacing ef beth stimulating and recerding
electrode pairs, in cemparisen with the distance between

‘stimulating and recording sites, was deliberately chosen te

provoke a large Differential Direct artefact compenent te '






demonstrate the use of the Differential Attenuater Unit.

Fige 7e3els () shows the record obtained when a
0.6 mA, 500 p Sec. stimulus pulse was applied and the Differ-
ential Attenuator control was set at its mid pesition so that
the recerding system was equivalent to a fleating differential
amplifier working between recerding electrodes X and Yo A
similar result would have been obtained had the Differential
Attenuater not been in use and the X end Y recording elec-

trodes been comnected directly to the main amplifier.

The stimulus pulse, marked at its start and finish
by the small arrews, preduced a large Differential Direcf
artefact compenent which badly everleaded the amplifier se
that the actien potential follewing, and occurring during the

amplified recovery, was grossly disterted.

When the stimulus pulse duration was increased te
5 m Sec., the overloading of the recording system was se
severe that the trace was driven almest cempletely off the
oscillescepe screen during the entire peried frem the start
of the stimulus pulse until after the end of the response

(Fige 7o3ele (b))'

The experiment was then repeated with the Differential
Attenuater Unit adjusted for minimum artefact yielding the
results shown in Figs. 7.3.1. (c) and (d). The recerd of
Fige 7e3ele (c), obtained using a 500 p1 Sece stimulus as in
(a), shews small residual artefacts at the start and finish
of the stimulus pulse resulting frem incemplete cancellztien
of the Differential Direct cempenent due te tissue polariza=-
tien effects, Therse, havever, act as convenient stimulus
markers, and could not be said te interfere seriocusly with

the recorded respense.
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When the 5 m Sec. stimulus pulse was used a virtually

undi sterted respense was actually recorded during the stimu=-

lus as shewn in Fig. 7.3.1l. (d).

The measured reduction in Differential Direct cem=
ponent obtained was from 6,3 mV in records (a) and (b), to
transients 0.15 mV in amplitude in records (c) and (d).
Although this represents a reduction eof enly forty te ene
which is much less than ceuld be achieved by the Differentiszl
Attenuator}given a resistive medium, this ratie gives little
impression of the marked imprevement in recerding which was
in fact obtained due te the difference in waveferm of the

artefacts before and after cancellatien.

The results of these experiments using real tissue
preparatiens shewed the perfermance of the anti-artefact
system in rejecting actual artefacts te be consistent with
expectations based en the preperties of the apparatus as
reperted in Chapter Six, The reductien in capacitance te
earth of the stimulater circuit, and increase in the Rejectien
ratie of the recerding system, sheuld result in a reductien
of at least a hundred to one in the amplitude of the Cemmen
and Differential Escape cempenents and in the Cemmon Direct
compenent, In fact just such a reductien was observed.
Similer trials of the stimulater and recerding amplifier on
brain tissue, and using surface electredes on the skin of
human limbs, gave equally satisfactery resultse In ne case
was a reductien ef these artefact components by a facter of

less than & hundred te ene observed.

The less spectacular imprevement in the Differential
Direct artefact component ebtained in the experiment describ-
ed here, and in similar experiments on other tissues, was zlse

te be expected in view of the sensitivity of the system te
| |
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the presence of polarizable structures near the electrodes

demonstrated in Chapter Six.
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Chapter Bight

Conclusions.

A theory of the mechanism of the production of
stimulus artefact in three dimensional preparations has been
advanced, in which the artefact is regarded as being compos=-

ed of four major components,

That it has been possible to demonstrate these four
components separately, and to reduce a large artefact to
below the system noise level using methods based on the
theory, would support the view that these four components re-

present the only ones of practical significance.

The theery is quantitative in that, if values are
assigned to the various transfer functions involved, the
amplitude and waveform of the artefact produced in a given
system is predictables It has been found that where the
transfer functions involve the electrode impedances, in many
cases a sufficiently close approximation to the true transfer
function can be obtained by regarding the electrode imped-
ance as either a pure resistance, or a shunt combination of
resistance and capacitance, Values of resistance and capa=-
citance corresponding to the various electrodes used in this
laboratory have been indicated, and it has been shown that
these can be used to evaluate the overall transfer functions

of the recording system and stimulating circuit.

A knowledge of the transfer impedances associated wiﬁ?
the preparation completes the information required to

estimate the amplitude and waveform of the artefact to be



expected in & given situation, The lower limit of one of

these transfer impedances, (Ce(FR’ is set by the earth elec~
trode impedance, but the other three can assume any value,
including zero, over a very wide range. Since the other
transfer functions, associated with the electrode networks,
and the stimulating and recording apparatus, can also vary
within very wide limits, the resultant artefact, being a
function of all these varisbles, can assume an enormous

variety of amplitudes and waveforms.

It is because the artefact is a function of so many
variables, most of which can effect a change of several ordems
of magnitude in one or more of the artefact components, that
the importance of viewing the stimulating/preparation/record-
ing system as a whole, when considering stimulus artefact,

can hardly be overstressed.

The usefulness of a quantitative theory of stimulus
artefact becomes apparent when an attempt is made to reduce
the artefact arising in a practical situation. Thus &
proper appreciation of the mechanism of artefact production
should enable the various components present to be recognised,
and make it possible to diagnose which parts of the system
are responsible, Steps canthen be taken to improve the per-
formance of the relevant parts of the system using the

techniques and apparatus described here and elsewhere,

Consideration of possible methods of reducing stimu-
lus artefact in general has shown that three out of the
four major components could be reduced indefinitely by
sufficient improvement in the isolation of the stimulator,

and in the common mode rejection of the recording system.

Thus it has been argued that the best way in which

the 'Escape' components of the artefact can be controlled
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is to reduce to a minimum the capacitance to earth of the
stimulator circuite The disadvantages of the conventional,
passive way of fulfilling this requirement, using a radio fre-
quency isolating unit, can be overcome by the active system

using the Low Capacitance Stimulator described.

It has been shown possible to construct such an
instrument having substantially less capacitance to earth
than the best R.F. units published, yet retaining all the
advantages of a conventional earthed stimulator, exemplified
in this case by the provision of constant current output

pulses of up to 20 mA,

Measurements of the maximum value of the escape com=-
ponent likely to be observed when using a conventional stimu-
lator, were used to assess the required capacitance to earth
of an 'ideal' stimulator giving escape artefacts below the
recording system noise level in all circumstances. This
ideal capacitance was estimated to be approximately one pF., =
the value chosen as the design target in the development of
the Low Capacitance Stimulateor. The conclusion that this
value represents the 1limit to which the capacitance to earth
of a stimulator may be usefully reduced, is supported by the
complete absence of escape artefaect components always obser—
ved when the stimulator was used under normal stimulating

conditions, i.es not specially arranged to demonstrate
escape componentse

Nevertheless, the stimulator described here is not
presented as a fully engineered equipment, but rather as an

experimental apparatus, constructed to demonstrate the

feasibility of the active technique which it embodies,

There would therefore seem to be no reason why advantage |
|

should not be taken of the possibility of further reduction
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in stimulator capacitance, should this be considered desir=
able, by using a miniature, transistorised construction, and
more sophisticated servo amplifiers in place of the auxiliary
cathode followerss In this way a standard of stimulus
isolation might be attained which would be quite unapproach=

able by any passive technique,

Similer remarks as to the experimental nature of the
High Rejection Ratio recording amplifier described in
chapter six can also be made, No doubt an improvement in
its performance could be obtained by increasing the complex—=
ity of its auxiliary servo amplifier to increase its gain
and bandwidth while retaining adequate stability with high
resistance recording electrodes, but it is questionable
whether a further increase in common mode rejection, already
over a hundred times that of a conventional system, could
often be employeds Certainly it can be said that when
normal stimulation was used, as distinct from the injection
of artificially large common mode potentials into the prepara-
tion, the common components of the artefact obtained with the
smallest electrodes used in this laboratory were always re-

duced to below the recording system noise level,

An additional advantage of the much higher rejection
of common mode interference obtainable under practical condi-
tions with this recording system, is the enhanced rejection
of 'in-phase' potentials induced in the preparation from the
supply mains, and of unwanted biological signals appearing

as common mode potentials at the recording electrodess

There would appear to be other applications for such
a purely 'differential! amplifier in instrumentation in

non-biological fieldse

|
A system using both the Low Capacitance Stimulator
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and the High Rejection Ratio amplifier might be said to be

capable of reducing to below noise level three of the com=
ponents of any artefact likely to be met with in practice.
Were it possible to meke a similar claim for the Differential
Attenuator Unit in dealing with the fourth component, a come
biration of the three unit; might have been held to consti-

tute an 'iceal’ anti-artefact system.

Unfortunately, there seems little chance that the
Differential Attenuator Unit could ever be relied on to
reduce every Differential Direct artefact component en-
countered to below noise level, indeed experience has shown
thet it is not always possible, with arbitrary electrode
positions, te achieve the standard of rejection obtained in
Figo 7e3ele On the other hand, it has been demonstrated
that, using non-polarizable electrodes in an artificial
resistive 'preparation', a much higher standard of rejection
of the whole artefact can be attained, so that the disappoint=
ing results with real tissue can reasorably be ascribed to
the properties of the tissues themselvess This being so,
there is little to be gained ﬁy further develepment of the

Differential Attenuator Unit.

Although the combination of the three units developed
in the course of this study falls short of forming an
'ideal' antieartefact system, in the sense of being able to
eliminate any conceivable artefact, it may be argued that
such a system comes near to being an optimum one in which
further development of the apparatus would yeld no signifi=-

cant improvement of the anti=artefact performance,
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Appendix I

The Overall Transfer Functions of the Recording System,

{

Let the recording system be represented by a five terminal
network as shown, Let one terminal, E, be the reference or

earth point,

Output voltages Vo,(t}and Yo,,(_ﬂoomspond %@ input voltages
V“(ﬂ and v“‘&\ e All of these voltages may be functionsaof

time so that the relationship between the output and input
voltages may be conveniently expressed in terms of their

Laplace Transforms:-

o1 V
<

P -

Mdhm.r_ﬂm + My, Yo Vot

o
2 Z

_\L_m_""%;_m = M Yi{ﬂ:.&fr! + M; .Ym}"'_‘/_t.?-m...(z)
v - “@ Z "(I']' 2
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Thus the four trensfer functions relzating the output of the

network to its input are:-

M‘lﬂ = qot = Voz
o= = = g =

[/g;m = U&[ﬂ

V"(’) + Vll(f) \fu(ﬂ: {n(ﬂ - \’;

f

™M a Vorm + \L‘lm
v" (P) = \[IZ (p] \jll(n = 'V'I- (p)

)
=
-

-

\/tum“‘ oz(p)
Vigy + Vg

=
I

Vu ® = V,.z (p)

l
=
=

For brevity we drop the (p)s it being understood that
Laplace transforms are intended throughout the rest of the
work, Thus Eqns. (1) and (2) may be written in matrix

notation.

-y - ty ~ L

r
!Ll = JO.‘L M‘ Mv — yi2

z Y4
- - ---(3)
yq ; !pz M“ Mi Vll + Vm.
z
d J o - d -

This notation is particularly useful when several networks
are connected in cascade, the output of each forming the
input of the next. The output voltage of a chain of n
;suoh networks is related to the voltages at the input of the

first network in the chain by:-



Voi - Vou
2

Vor + Vez
=

Md Mv,,

n

Mu

n

Mi, || M

(m-1)

(m-1)

(=-1)

M

-

Ma, MJ,_ HJ.

M.

1

Mi (M.,

My, V-V,
M;, 1“-—-";"'

- @)

So that the overall transfer functions of the system are the

elements of the overall transfer function matrix which can

be obtained by matrix multiplication of the individual

transfer function matrices of the sub-networks.

MA M,

Me Mi

Consider, for example, a three stage amplifier,

D

r%r

v 3 eoe etc, for M

r -
Ma, My,
Eul“n M'n

dr?

(m-1)

Mu

(w1}

My

(1)

ey

-~ -

Ma, My,

4 .

M4, ™My,

:1u1 Pﬁﬂ

Lrlur MI;J

“.-(5)

Writing

n eee etc.’ th-e tmmfer ﬁlnc-
vr

tions of the rth stage, we have:=-

541 p1v

Ma Mi

Dy v,

U L

Vs

Us I3

D2

Uz

D,D.+ V2,

U.D, + LU

V

I.

B VY
U; I[
D.vae + VeI .

UV + 1.1,




- s
’DI}-DZ—D| + D:.\(z ulI DSDZVI +)_1, V;.Il
+V; U2D, +UL U, W NIAS VAN
Us DD+ UsVL U, UsD,Vi+ UV, T,
+I3V2DI+I312UI +I3 Ul\/l + ]_-3:[2 Il
~ -
- ()
We are usually interested only in M, and M_ which, from (6)
are given by:-
Ma = D39,D,+D,\,0,+ iU D+ VLU, ---- (7)
My = DadV,+ D\, T,+ VeV + SLT, -+ - (®)

When as is often the case in Differential Amplifiers
Dr>7v'r’ Ur’ and Ir:—

Ma = Dy, as’ (4)

Mv. =  DiPa V, er e (10)
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Appendix II

Trangfer Functions of an L,T.P. Stage

Ta [ R‘l RI.-,_ T&z

Of e i At TO

/-':(Vu =Ry (i I:ﬂ

Fig.2

Consider the L.T.P. circuit of Fig. 1 and its equivelent

circuit of Fig. 2. We have:=-

&l(ﬁ¢+RL|+(,u'“)) + iz (/‘H-l) RK "—'/“lvu -.-- (1)

i‘Cuﬁ )] + i,_(»{,.ﬁ R._Jﬁhﬂ]&)-_—/xl\[u @



“ DG s =
_/uivll /Q"l‘”)KK

Hence 11 = Mz Via (Y“z +Kez "‘,(!"-*bg") sEEED)

'{"i"’etri'(}lﬂl)ﬁ& Q"'”) K

,Ql'l'*l)El( Ya, +RL2+WZ*A RK

T \/,,’p,_['rai+ﬁ,_,+(uzﬁ)ﬂz] ~ Viepta (pi41) R e )
: (Y AR+ (e l)f&)(razﬂhz +H+)Rx ) = (uen et Re

Similerly,

il: V,,_rp,_[‘fa.'l'&,-l-(y,-l-l)&] ar Vu/u; (}11+I) Rk —
(% e o) R )0 #Re i 1)) = (o)t R

Thus

\[ol = = i, EL‘

Vnﬂ./‘:(ﬂ:*ogx = Vi KL/-/"[{“*:*Ku“V‘L*']K'J

6
(1".. e Hut o+ ')RxX‘{ﬁz'f'R'-z"'Q‘:.“]Kl) "Ju -“Xﬂ:.*l) Ex_z )

%z = ~ '.Lz, Rex

-~ V‘l R'-',-.u'(“r"l) K& e Vl‘l. Kl-i}'(‘l—(fﬂl + KLI-FPFH)RK) Hi (7)
(o Ruy et Re (T Rug i s ) — WYt ) RE

and
€ = G- 22 ) Re
2 R | Vi [}1.(4”&1)] + \,fu[ﬂl(f«a,*ghﬂ 2
(o R oy Ry o))~ ) R 2

- (8)

—~
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Note. For /u,.-;-/;,;u,,r,,.%«ra,fa,ﬁ?v,.—{fzena 3
so that Zus )R 2Ry >>((-+23’.hen: -

gl Vi+ Viz
-el( > 2

(9

A potential which can be very nearly equal to the common
mode component of the input to the stege thus appears at its

cathode.

The Transfer function matrix for the stege is[;"l M"] where: -
Mu ™M{

Vot — Vo2
Mi= —2
Vit = Viz

“ Vi ~Vig =V

= il e Rt DR R R 0 R frrt R 4t iR HealR
[t R ) R (Yot Rt bR = (et Ko

s e(30)

AR 20, ..,, PRk @
—5 S0 L i SR

"’a, % T'a.l = ‘I"m
Rl-q %’ RL;_ = RI-.
(4R, > (Va + Re)

er.K._ .+« - (IZ) in the case of pentodes

when rg) R,




Likewise,

VOI = Va'x.

———s

My = 2

Vu + Viz
2z V" = \/u. =V

— pakyta —pKita, + (,u,-,uJ[ Kuﬁqu(Km‘K’u).RK] _
(fa + R X 7o + R +2(u+)Rx)

- - (I3) for triodes

A G fq) + (- ) Re (Rt Z R)
(Voo +R (o + R + 2(u+1)Rec )

- - - - (14) for pentodes

Vou+ Voz
MisaE T
Vi + Vig
4 Viir=Vir =V )
& ek ‘I/i (};'—},I,,)(RL:“RLL)R" +/JK“(,{“+RL) ...-(ls)
(Ya+ RUY Ya + R+ 2(u+1) R
= - (/&/* . DR + B s )
Lz/u 2 fatid, ZRe
for &u-ﬂ) Ek. > {a'fRL
M > ek,
and | |

M Voi+Voz
nw= =

Vi Vi,
=< \fn = -VIZ =V

= 2R Renet) + RoRig (st 20) + (MR = MR o)
2 (Mat R XY+ R+2(u#1)Ruc)

-.o.(‘?)
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Of particular interest are My and Hv because of the way in
which they enter into the overall transfer functions of the
recording system, To take into account the effect of stray
capacitance on the high frequency performance of the stage
let it be assumed that the total strays are represented by
capacitors C1 and C2 in parallel with R and R respective-
1y.

The anode loads then become

K Ri= =
- AEPTR < . ks T =R, C,
L (o R - B

Then
- =2
Ma,. = A= or .Z -+ -(18) assuming Z, = 2
() = Tt = g/"‘ ( ing Ty z.(_P)
In either case Hd( will be approximately of the form
G )

T(P"’}‘F where G is the gein of the stage.

Similarly, assuming a capacitance Cx in parallel with the
Ry

cathode resistor Ry, so that 2g = —n—
T"'("*’ "ﬁ'x)

where T, = RC,, we have:-

g2~z + (moM) 2 @e2d)
M\?P) (2. +¥nx Z+ Ta+t Z’G,HI)EK) )

B (qu.?. o 2-.,) + (U (2 +220) 2 ___(20)
= {l‘*‘ %“][(H- %‘)4-21"2"] Mat2fve+ 2+ +l)2,b

= (d“l?--'"?“‘lz"‘- + Lﬂ-*)l-‘ﬂ?r ....(2_[)

2 2 a
s o >z

/u S>>
2ty > Ya+2.




-

Tl (e )~ e 65, (aemi) .
2pkT T (Pe4) (P+iR) ) wuT(pey)

-

s (ZR)

~
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Appendix ITI

The Transfer Function Matrix of a Passgive Network

r...__ - Z' |___ —————

I
¥ };‘ | X N
Vi N . | et
Viz [;;; ‘Ea' Voz
=T [
Fig

Consider a five terminal network composed of four passive

to Z

impedances Z ags ghown in Fig, 1.

1 L
vo = (_Z_z_) y Vo, =, Zg
We have l(P‘ \4.&, =12, 02,= Viz Fat3,
Hence,
Voi -~ Vez
Md - :'i. . - } 21 - z.q
('] Vir — Viz Z| 2442, Z3+Z2
Z Vie = Vo=V
[ ~
e s L s ! 2
Ve Vit Viz Z 2,42, 2 +24
= vll = Vn_:-" v ~
VordNon [~
Mi 2 :"/Z. Z2 + 24 = MA(
(?) Vn + \/“_ Erf'i;_ ‘Z)"‘Z?q, f)
2. Vu?‘- +Vl'l.r v "~~~
H Noi+ Vor
(r) Vy—Vi b i 2142, 23424 [P)
L U“: —vlg_: V
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Thug the Transfer Function Matrix of the Passive Network is:=

-

Ez Z4 Zz . Ty
z,+21 Z3tZy Z+2, 23tZq4

24 Zz + Zyg
|+2.z Zy+24 2142, @ty

—

Consider now the case where each impedance in the network

consists of a resistor shunted by a capacitor. (Fig. 2)

= . 3 W
v" Fol [=] V[z
4 A
C-z e Rz Vo: vaz R'* === C4
| i |
Fig. 2
Ry
Here Z., = Ty where 1+=RvCr [ 7=1,2,3,4.
Thus
M‘r(ﬂz Mu(?) 3
I
R2 R
= 14 Plztl o= PTa+I
AR, R R ot W
PT i+l P+l Pla+l PTa+l
::-%ﬁ F>§1-+.CQF.~kF{
S (P+’l{n.x P +%34)




ws ADG -

Where le = -Eg-!f—':-(c‘l + C:_)
t T

ol
n

RaRe (C .+
R;i-i:q( = Cq.)

= (ng,,g-sgq)(clcq = ch})

= g,_zs(T.+T4) - K.Ku(T?-*TS)

R,‘K:, — ng4~

= (R'-l- sz R++ 24)_’:1 T:M-

hs R & "0

Similerly

R4

P | + Ply + |
. Bl R Rl
P+l P+l PTQ“ 1

—

= ;/ UPz + VP +* W
y &
S(P+*-n=)('°+"ﬁ4)

Where

U =2 KIRL[-E T} + R;R‘;r[‘[q + Rl RQTZTS

V= 2RR(T4T) + Rafty (T ) + KRy (T+Ts)

W = ZRKy + R 2R+ + RiRq
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Special Cases

Case 1 =~ Registive Electrodes and Infinite Input Resistance

This case occurs when the recording electrodes can be regard-
ed as pure resistances and the registance to earth from each
amplifier input terminal is very high, as when grid leaks are

omitted. Then C., and C. tend to zerc and R, and R, tend to

3 2 2 L
infinity, Thus T, % RC, and T_=RC, So the transfer
34 3 &

functions become: -

Ma = M; :/'z T-:"i-("*'%q-) "‘Tz(f"""‘ﬁ;)

e Tix T (bt £ Y+ 5)
Ve~ M“tﬂ:l/z PR T )
Tiz Top (p 52 b+ o)
Case 2 - The Skin Electrode Case

Here C.9C , C,$C, and R&R, RgR,
Hence T % T, and T
Ma = Mig,

T3 Thus: =

— —

= b | 2Rk, (T KpTs+1) + RoRy(PT, + PG +)+ RuRee (PTo+pT5 1)
~ 3 (Rix R2 YRy +Ra)fpTi+ YpT3+1) B

=~ N

4 2GRy 4 RaBs (PTa+!) + RiRy _(pT1+|)
2 lﬂrlﬁ:XRs-i 'x‘ (R‘"'Iﬂs‘ﬂq‘( PT5+ 0 (R'"‘Xﬁl*f‘MPTl x |)

~

= i R (PTa+1) R (Bratl)
A I oo BT ey

'rﬂ'fez»Ef
?4_ :$> EiB
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M V2 Mu, = b R. R, (PT+NpT +1) — RiR, (FT24)pTs +1)
; (R4% X R+ RYPTi+iYPT= +1)

When Tl = T3 =T
My =M, =/ R.Es(PTat ') s 'R!RLL(PTE*'I)
() 7R (Ri+R2\R3+ReX pT+1)
2 lé_ p;‘/;zq (qu-H) = R/'['zl (pTat I)J
. T(p+ 1)

“'Iﬂ Rz JKQ >> Rl 123.
For Tlfé '1‘3 but T,>T, and T4>T3

vap)r- M“(ﬂ =y ReRs (PT:I-'H) ~ RiRy (pTat1)

= (Ry+R2 X Ry 4R X pT; +pT3+1)
. l/"' %* (PT;**I) -— %‘L(PT‘L‘*‘)
2l T (pr k) peHE)

ol

." 21 ZE«} »2‘223
For I r& T3 but 'I‘2>T1 and Tl,.»T3

Mvin= Ma, = l/z. B2R3 (pTi+1) — RiRg (pTs+1)
| ReAR Y Ra# RaX PN T #1)

()

N\-

B ot TN O By o)
Re T3(P+/‘4 3) Ry Tl(pb'ﬁ)

o

.‘:“ Rleﬁi' »Rl gR}



- 156 =

Appendix IV

Evaluation of Afﬂ

I Purely Resistive Stimulating Electrodes

(1) Constant Voltage Stimulator

E(P) CD

Let the stimulator voltage E(P‘produce an escape current I,

(¢)
in the earth lead (Fig. 1.)

Using Thevenins theorem to find the out of balance current

Ix(ﬂ’ we have:=-
= Exm
I‘(f) i Zg
where .
E > C oo 2
() E(” C+Ca Ri+ Ry
and I
z - RR e
8 = B +(c.+c.)-—'5-'l-
P(R#'Rt) R+Rz
j
. Ix()
LR R AR e, e - Cl R( =) C?.K:_g_. b '
E 7 R R & ]
$C2) S k2 +R +
) ‘ :)erﬂt R.; P (Clicl)aﬁ‘;g-:
ithe

o (&,.:RQ . T;T;_ GP_-LP“_/%) (:)

Rk
Where T."""C'IR| s I R I Tz(c-l*’cl)?t-.:li%
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Now, so long as it is valid to represent the stimulating

electrode impedances by resistors R, and R

1 09 the stimulus

current I  ig given by:-
3(p)

I ' E e
5p Rtk

E(ﬂ = Ism(z""g"-)

Hence, from (1),
A _ E_’f(n_ (T, —-T:_} P
'( ‘ > - ’ '
P L T (P"‘/ﬁ')

ot (2)

(2) Constant Current Stimulator

I
5.
Fig.2_
For the circuit of Fig. 2, assuming that the earth electrode
impedance Z5 is negligible compared with Zl’ 22, Z3 and Zh,
the escape current I,,_mis given by:=-
I = \/X(,)
) O
) =y
where vx :-_,Brz“'_zz]
fP‘ (i'l 23.'.2‘. =1 'f'?.gJ
and Z‘r = @i+Z( 22+ 24)
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Now,

AL & 2,23 2. Z,
B I‘*“Zﬁ-zg. * Z.+ 24

2,23 + Z124 26 Zf_._.]
b Ix = I L1423 Zaviql TV ZA22

)
° Z 23] 2,4 24)
‘Z(* 2t 23""1*

-' A - Il(ﬂ = rz 124 —Z2Z || 24 ?3(22‘{'24-) +2Z; 24(2.1'23) 21424254
o I, leewesw)| (EaeEo 22 424)

e (’3)

For the circuit of Fig, 3, Eqn. (3) reduces to:-

= fclﬁl —GRz || Ca(p+Aa)t C.(]:--P".’-;) pLR(p+4)+ E)Z(P"‘"ft)]]
2) [ErrXRea)]| CCalpriYpr) R:Kz(f’*/’ﬁXP*f'ﬁ)J

where Tl =CR, ) Tz =<K

5 _ECT,-TZ_ Jn (p+46) + (Cet o Yp+ A )+ T (pe ;@z)

T C'“"X‘F“ ('F’*’lﬁ'u)z(P*'/'fi 7

" (4)



(3) Escape Current for Stimulus Pulse of Finite Rise Time.
Consider the escape current obtained when the stimulus pulse
has exponentially rising and falling edges of time constant).

The rising edge of the stimulus current pulse is given by:-

£
I (l - e /")
S S
A p(p+R)
Thug, in the constant voltage case (1), we have:-

- = I . T —Tz . !
I« 'Imn'm S (Up+ KK p+ )

]Ldﬁ

Ll =

1 (ﬂ_I T'—Tz(“z e %) el

{ <
éI Tn;T‘:. _e""A ..(6)

I A>T

In the constant current case (2), we have:-

Ix =1 A

(p) ()" "2(p)

=3 {1-. T, ][r. T D AT A]
e W A )
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Whence

Ix(ﬂ z I%J T),\TJT (::,} cf +i|(1LT‘X‘ )ﬂ (%ﬂ ¢ |

-

t -
+ -FL_T‘,_%C*“{(Z“D + )\t%’. 4 %?z)} k‘e" /ﬂ_. - %r.)

-—

%ﬁ‘ﬁ (‘Tﬂ*?“ Y AR %Tée (Hk'%
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Note that the escape current in both the constant voltage and
constant current cases when the rise time constant of the

stimulus pulse is much greater than the time constants of the
stimulus capacitances to earth with the stimulating electrode

resistances, is virtually the same as would have been obtain-

ed had the transfer functions of the circuits been:-

Ap = pi-T2)
I"(P\ = I(ﬂnm

L e (T,-TJ |
» )/‘(ﬁ) N

e IX. = I(Tl"‘Tz.) e""t/ﬁ “ o W (q)

A
So that A H 3 ﬂ F:Cr‘ —T,_) (10)

II Skin Surface Electrodes

(1) Constant Voltage Case

\/ - /\‘ﬁ}%
R KR,

Fis. 4

In the circuit of Fig. 4 the escape current is given by:=-

I! - _\_/i(r)
(p) ZB

()
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Where -
Ca

vx(,) = \/(?) 340, - (.H;rz)

(P'rs‘*) F’th 1)

-rl. s C‘ Rl
- C:.Z«.
R Ra

| ¥ —
Z = T——— i BT+l pla+i

PT+\ * P+

Vm E,[Cac?. (sz #) - c.4g,_\p‘l‘.+:)]

R, Ty +R,T, + R, (C3+¢ * (RuieRy)
[ 1la ] ! 1( *)][ P QIT:.*&;T;*F,E._QQQ,

@)

= Vo PLOR GTas) - corTi+0)]
« T R-._ 1
(K+R-.,{__ 2 .+T]{P+a. T ng_”.]

Rit€: R+

T= hl;fz‘ (C3+¢<q)

= Vi b [CSR: (pTz+) — ce R (pTi+1) ]
(Ri+R) T (fD 4._,%i;')

( i:zt‘r-z + ;-;l‘!".T + T)

The circuit transfer function in this case is given by Ae
(P

where: -

ﬂ - _l_lf(p‘; = P [C3R. (PT;-H) - Cq?z,(f‘.n +l )]
" va) (Ri+R) T (p+ )
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t
Now assume a form E(1 - 0"4) for the stimulating voltage V’(t)

Hence,

I

oAV =B GREEHD —crfpriei)
P PR T (mr 15 X p)

So that

I = E [GR0T)- ol A, Tl ) sfor-cr) 1
yRAR) T -\ P

- - (12)
If the assumption is made that Tl’ T2 and T are all very

much greater than), almost always valid for skin surface

atimulatio?l then the escape current is given approximately\

by:=
T; T, + — Vil - t
¥ E -'i_.-’-‘-(;?,"' #Cq?m €—4+ I.(h"Tz,"‘(CJRI CHRZ\e——ﬁ
) i
@) Rty A T |
. -
w8 B)

(2) Constant Current Case

s c,
G
(; R
= £,
s Ca

Fig. 5

We assume that 03 and C}+ are much smaller than Cl and 02, 80

that Tl and T2 are much greater than R103 and RZCI:-'



Then
Ix = I(rl K(rl Zb{r)
(e) z

T(r)

Where

22

K“ = Ca = PT2+1\
e C-3+C* (X e 22
PTet prati

= GR(pTatt) — CaRe(pTi+1)

(ca+cq Xg+R=) s+ )

R‘ T E-;_ ‘r
5= Wi+ 2.ish T A0 l)

gt ' | =% of- Sl ==
ZT = | phitl ¥ pcs || PRA PCq
(»

=5t e Bpe gt g b,
PTitl  $Tdl pG3  peg

I
-
B(C34C) fo RG <Ty R «T,

- 3 R
Ao = o = b] GRTH) - () in
" f’ (Riza)s(p +./2) Terk)  Tfe's)

A _]\ e
- (142)
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The escape current IJc when the stimulus current is given by

e -
I, = I(1=64) is thus:=

&)\

.Ix=I

(e Q)

ﬂ(r)

I |CREO-cm(pTH) || R, e
s"‘@'m‘)L (e 5 Yp+2) || Tileek)  Talpesty)

~

=T | R 1) +Ro( T, +) \’[Cﬂt(PTzﬂ)—%(PTﬁB
TG AS(R+R:) J{Pv/,q( b+ bt e \pe )

Assuming ((Tl, Tz, and S we obtain:=-
T 21|28 (o %) - SR - %)
&) ” 1 id §F )
-~
.t
= =2 -e,-%' - ~e_4
$ C| Cz
a0 ('5'\
Or, if the electrodes are similar so that
R15R2=R,01%02=G,T1%T2=T then,

: _t
Pow= Loa-Eailp=F
*) A



166

Appendix V

Recording System Response

4_&4&; LR T
IBEzmyIININ,
| /
o B O
“ll TQ l Joz
Fig. 1.

Consider a recording system consisting of an amplifier of

four L.T.P. stages preceeded by an RC network representing

the recording electrode and amplifier input impedances.

(Pige 1) Let the first stage gain be G

succeeding stages G.

1’
Let the time constants of the first

stage anode loads be T} and T} where T, =T, =T

and those of the

Let the time constant at the first stage cathode be T,

Let the time constants associated with the amode loads of

stages 2, 3 and 4 be all equal to T,

Let the time constants of the electrode resistances with

the amplifier input capacitances be F'.LGZ

33011- = TB&'

From Eqns. ll--}oh-o and 1{-.305.

(e

MV = M4, o

(p)

T

12

and

(1)

From Eqns. Le.3.1ls and L4.3.2. and the results of Appendix II

MAa L &y

G

() ~ T‘(‘H-%.) ) T‘!(P""ﬁ')s

. -

“ 3)



- ]_6‘? —

M -f‘b—)‘-\ TK(Pi'/'flt) (W;K;(}’Tl“'q-q‘ﬂﬁ.(ﬂ‘tﬂm_{_ (i!:*!!-lﬁ

YME; T+l 2qm R, (p+ /'/rl)( pt /Iﬁ',) o e (Ffr_”)
From Eqns. 4e3.8. and L4e3.9. © @)
Taa+1 Tz +1
™= 4 i) '*‘(E ) ) (5)
it T;:. ‘T;q.(t) +,§‘_XP+/ﬁ)
mv. .z / p(T5s — Tr2) b s )

(F.)- 2 1"1'[;? (F.;,}i’IP-I-/'f‘M)

Substituting results (3), (4), (5), and (6) in (1) and (2)

and inserting the following typical values,

&R ” L
&= end @R 100 = G, = G

(em,R, - em, R)

e B : 1,000
(uy = £ w; = {5 emdp & 1,000
(= ) = 0.1 psec.

T = 10 pSec,

Tk -5 5 /J.SCCQ

Yields values for M and Hv involving errors of around

| ) (k)
10% in amplitude.

G & Pk e M)
T (p+4)”

Mdy =

2l

| 3
! - Q.4 Tiz = Toe F 3 - (8
My 2 [ T J THptH)" )
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The waveforms of the artefact components obtained in the
example considered in Chapter 4.4. are given by the response
of this system to differential and common mode input voltages
of the form E(1 - e.’?) and Ee-—t/,{whera A , the rise time con-
stant of the stimulator pulse is much less than T,

Thus the response to a differential mode input of the form
B(1 - e"%) gives the waveform of the Differential Direct

component as:=

£ - = o
e~'++ {/Tc—%_ (t ) < ]

ea.6{1-

The response to a common mode input of the form E(1 - é%)
'gives the Common Direct component as:-
3 ) 2 "2‘
EG6" [T -Tae| (L) &
2 T &

The response to a differential mode input of the form Ee &

gives the Differential Escape component

-3¢
Eaa® (%) £

_ The regponse to a common mode input of the form Ee%ivea

‘the Common Escape component

t
| Y Te-Tagl t = _ (£ 2 &™7
Ly e~ )
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Appendix VI

The High Rejection Ratio Amplifier

Consider the floating amplifier of Fig. 1, incorporating an
auxiliary amplifier of gain - G, the output of which is
lapplied between the floating chassis and earth,

Zl and Z3 represent the recording electrode impedances and

L
input E is applied between the recording electrodes and

22 and Z, the amplifier input impedances. A common mode
earth, Let the grid voltages of the first L,T.P. stage in
the amplifier be vy and V‘2. As was shown in Appendix II,
a potential proportional to the common mode component of

these voltages = s Yy 2 V2 orere §is some factor
o 2

approaching unity = appears at the cathode of this stage.

The response of the recording system to the common mode

input E is given by:



where Mv is the overall

Vor — Vo2 = Mv.E

Inversion Gain Transfer Func-

Z
tion of the system
- /n“ld.q_ v'l-"‘G- +/m1.(¢ VIl""v('?- * % o= w (I')
e =
where m and m are the transfer functions of the
da Ve
amplifier,

Now, when the auxiliary amplifier is inoperative L '2' e

and E‘—E—E" are given simply by:=-
Vl = \/Z = fm.d'm. E
2

i+ \, m:_.E
2

"

Where m and m, are the transfer functions of the input
n

12 Zps B3 and 2,

So that the overall common mode response of the system is:=-

network Z

¥ — e = [fmela/m{“ + fMJmmt;“J E ---(2)
R

When the auxiliary emplifier is operating we have:=-

V \f — * V-Hfz
1;7_ _m‘m[E*FG‘ 12 J

= M E Rgeur =l (X
l'l'mi“FG-.

- e e )

K+
Where K= ""‘;,“ch )

= Gain round the servo amplifier loop.
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and Vi-Vz _ ’m«(..[E = PG‘ V;;:\/a]

m«{r—: -G mim E

"

= myg E
| tpEmiL,

= mu E = w A B )
K+ 1

Thus, from(1l), the overall common mode response is:=-

VOI Vez_ . = [’m‘iq.m‘!m + mAa ’MLMJE .(6)

gk K+ 1\
Consider now the effect of returning the amplifier input im=-

pedances 22 and Zh to the cathode of the first L.T.P. stage,

J =1 v N { [3(4._;1:)

-palig
Fiq
Now :
V'_;_‘f_t = FQ—’%”&) + miﬂ(&: -pa V‘;"a -p \I.wl]
= ’"llm E o X . . L '7 )
| + F,G
and

V]"“\/z = mJ [E _ﬁc,] Vl‘l‘\fz _F V|2‘f‘\/z]

=Emd, [I- pomia — 5“‘-*} from (7)

I+ pG 146
= 1+ 86 — minB(g+)
i S e R

-“-’de[-L&} for mlﬂ:p-(‘i)

I+ 36
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Comparing these results with those from the previous case, we

see that where miq‘is close to unity, as is usually the case,

Vitva . mag, B NP - T
2 I+fﬂ'l.'1.‘\‘F.G|

- R « B

I-¥i§G1

‘..:.‘. ’mimE # e = o (4‘)
K+1

So that the common mode input to the first L.T.P. stage in
both cases is reduced by a factor of (K + 1) The Differen-
tial mode input to the first stage can, however, be much
smaller in the second case (Eqn. 8) than in the first

(Eqn. 5)« The condition for this to be so when m, is

in
close to unity is given approximately by:-

(I+pa) - mi, F(g+;)<< |

S N i1 - - ¢ - 0o

This condition is easily satisfied in a typical case where,
at the centre of the pass band, m, = (1- 16;3),

G = 100,f(1-2x 10°). Then Eqn. 8 yields a differen-
tial mode component at the amplifier input only a tenth of
that given by Eqn. 5.

If the overall common mode response of the system is due
mainly to this component, the improvement in the overall
common mode rejection obtained by retuming the input imped-;
ances to the cathode of the first L,T.P. stage may be very
?ignificant.
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Appendix VII

The Differentiel Attenuator

&, System Using Earth Electrode

bt

{ ' \4,:4((;\(.,15,,)
R %‘yﬂ

J

[¥3

Vyo =lotVyetEse)

\(u= [T(\Q*‘-&n‘f

Fia. |

Fig. 1 -shows the preparation with the stimulator S and re-
cording electrodes X and Y and earth electrode E.

Let the Direct artefact field in the preparation produce
potentials E,, and Eye between electrodes X and E, and Y
and E as shown.

Let the escape current produce a volts drop Veg across the
‘earth electrode impedance, and let the field in the prepara-
tion due to the escape current produce potentials Vye and
Vye between the X and Y and earth electrodes.

|Thus the potentials of the recording electrodes X and Y with

|respect to earth are:-

Viem (Ve & Ve + Exe)

V:jo = (V&.o o+ VJ-I. + E.d")
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These potentials are applied across two potentiometers the
sliders of which tap off fractionso/ andF; of the potential
drop across each potentiometer,
The sliders are connected to the inputs of a differentiel
recording amplifier so that the amplifier input voltages are

given by:=-

Vi Ol(\feo + Vxe + Ex;)
Via i3 (:VQ@'i"Vgc.-b E%gej)

The potentiometers are ganged together so that the output of

one is zero when that of the other is maximum, (<¥+Fs=l )

'The common mode signal to the amplifier is thus:=-

!‘L%'_\L‘.L = /‘é otéfe,-f\/u-fEu) -\—F) (\(eo+\(34+ ch)

% oo 5 XherE) + Whor2yd)

= 15 Veot & [odVie+ Exg) + Re + Euf-):]

()
Simee (Xt R) = .

The differential mode signel at the amplifier input is:-

V"; #=y o Vet cet ) = [3(\/‘"’*"\/1"’%‘)}

s e ey
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Now, so long as the electrodes are arranged so that the earth
electrode is not intermediate in potential with respect to
the X and Y electrodes in the Direct field, then E, . and Eje
will have the same sign, so that %:?0.

It is then possible to set the ganged potentiometers so that
CEy c"F’Eﬂt and the differential input to the amplifier

becomes:=

\-/l'—-z:-‘—"-‘ = % Veo(t-§) + Y5&Ve =B Vye) - (3
There is then no differential signal at the amplifier input
due to the direct artefact fielde There remain, however,
two components due to the escape field of which the first,

% Veo(a(-—P), may be considerable, unless X =R , since Vg,

is usually much larger than Vy. and Vye »

The case oc:,_?, corresponds to a conventional differential
recording system giving rejection of "In phase" or common
mode signalse For other settinge; of the Differential
Attenuator such thatocfp , the direct artefact component may
be rejected but at the expense of degradation of the common
mode rejection of the system. This may give rise to 'hum'
;e,rtefact as well as to bresk through of the Common Escape

artefact,
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B. System Using an Extra Recording Electrode

Fiq.2.
If, instead of returning the junction of the two potentio=-
meters forming the Differential Attenuator to earth, we

connect it to the preparation through a third recording elec-

trode Z, we have the system shown in Fig. 2.
Now Vtt = “Zeo*’ x¢+Ex¢)+(l-dXVQo+\’Ze*Ete)

Veo + O‘(sz + Exe)_""(l -'O((ng_ t+ Eae)

and vl?.

R(Veo + Vet Ege) + (i-X Veo ¢ ect E2
= Veo + ]3(\/5‘4E5¢)+ U‘P)(\/u-l- Ea)
The common mode input to the amplifier is then:=
ﬁgﬁ = '/,_EZ\/co + Vet bre) (- Ve +Ene )

+ B(Vyer Egh(-B)Vact Ez,_)]

= V‘Co + %‘- (VIC'I' EL(,) + -g(\fj{ +E‘j° - \flc; Eze

ol . A (4)
Slq,(d-i-ﬁ):’



The differential mode input to the amplifier is:=-

Vi-Vie = }z (ot.(\,xe “ Exe) + (|"dXV2e + Eze))

2
- (F,(vj._ + E,o.) +(l-BXVzc-tEu))
= '/z(ot\(xz +oExz = BVye — FE‘F) -+ (5)

Where Vx: = (\/xe F e Vz e)

= the potential
between x and z etec.

='ﬁ(°‘\fxz - FVJE)

when the Differential Attenuator is set so that O(Ex‘z=PE52:

From (5) it is seen that the differential mode input to the

amplifier contains no component derived from V

o » the poten-

tial common to all three recording electrodes. In addition,
by suitable choice of%g} the component of the differential
mode input signal due to the Direct artefact field can be
cancelled, leaving only a residual signal due to the Escape
component of the artefact,

Thus one selected field component in the preparation can be
rejected from the recording system while retaining rejection
Ff signals common to all three recording electrodes, such as

"hum' and escape voltages across the earth electrode imped-

ance,
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Appendix VIII

Float to Grounded lifier Conversion

STAGES StTaqes [ o
!< | — \ fn41)--- N |
' A i i
" Vu-
o—-»—@— Vou Voz Eoy €z
K
"

Consider an N stage amplifying system with the first n stages
arranged as a floating amplifier driven By an auxiliary servo
system with loop gain K, and the last (N -=n) stages as a

conventional differential amplifier.

We have:=
Overall Eai—Ese
M s e
Vi + Viz
Z th = \fu_ = \/

is the differential gain of stage r, etc.

M K
= ,:7 "“"::‘ - ndw (M Md)VJ' “(M(I)’M‘{}«u} wdy E?i!v+|¢.+lv

where_ M is the overall 'in phase gain' of the first n stages,
= 9‘"“ wmdy - ""‘lnX""‘*um ""“")4- mS ( (1:411 o )('&""'E'j

-

[

(s, ::;T_ : Hdsgxmld(‘ a0y M‘(H) ik 4"*&+€}""°l(,.ﬂ) ""AH):I

for K> 1

|
\rﬂ y SAy. .
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For the whole N stages floating and driven by the servo

amplifier, the overall M_ is given by:-

Mv&: (S mdy - - - mdy (mdnen md N )

( +1)
Hence
Mve = | + MSn 41 (W‘m:-_\" 'MJN)(K“)
Mva /\fnxfl(fmd,_ e MJ'“XMJ'(?‘*')” m,c[u)

=k (K+1) M a0
/md‘(’lﬂd,_- L md-@lﬂ))

{Note For splitting after the nth stage where

and m =

m = N = = md{ﬂ-l-l)= md’ v, mvf"-l'ﬂ

dg dz

MV&: K""
s 14 kel

‘Which is very nearly unity for fmd)'“ > (K+l)

leege If m‘?«m =n , (n+1) 25,8, ==m, = 100,
K = 100,



