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h e purpose of this report is to point 
out certain phi-siologic and pharma- 

cologic factors which are capable of causing 
measurable changes in the threshold energy 
requirements of the human heart. These 
studies were made possible by the develop- 
ment of simple, external methods for 
making repetitive measurements of myo- 
card-dial threshold and interelectrode im- 
pedance in patients with implanted pace- 
rnakerslJ of a certain type.t 

Random determinations of threshold 
aiter implantation of a pacemaker have 
demonstrated that myocardial threshold 
in the human being is not a static quantity. 
On the contrary, it is highly variable, 
subject to spontaneous changes, as well 
as being significantly modified by certain 
common drugs. A rational application of 
%reshold analysis to the clinical care of 
ilatients, or the development of pacemaker 

technology-, required a5 4 51,s~ i:~‘;’ : ,74 51c.. 
matic, controlled investigatio:, GE ;a:,tors 
capable of modifying threshold, 01i!- ex- 
perience to date suggests Ilr;ij ~;\veral 
factors affect threshold in a prc~iictabie 
way. The most important ;I; thz~ arc 
the physiologic acts of exerc,isc, eating, 
and sleeping. Steroids, s\-n~i;athoi-irimeiic 
agents, and infusions of sodilim, potassium, 
and solutions of potassiu:n 2nd !nsuiin 
in glucose also had pronounced cirects on 
electricai excitation. In preserltinp OliY 
Cndings to date, we wouid like to stres:s 
the importance of monitoring rhe -~ieciricaI 
shreshoid of the heart in patients who are 
5eing paced by artificial mean. <‘is tech- 
~ology improves and these patien tl survive 
ior longer periods, the various biologic 
iactors involved in maintain.iilg sustaineri 
responsiveness of the m\.ocardir!m ma’\- 
assume greater importance. 
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Methods and materials 

All patients in this study had complete 
heart block and permanently implanted 
artificial pacemakers of the type* which 
permit external measurement of myo- 
cardial threshold. These measurements 
can be performed only with this type of 
pacemaker. Patients ranged in age from 
22 to 84 years, with a median of 66% 
years. Six were males, and 8 were females. 
Bipolar myocardial electrodes were used 
exclusively. Measurements of threshold 
were made by using a threshold analyzer, 
a digital electronic counter (Model 5230 
Beckman/Berkely EPUT & Timer), and 
a cardiac monitor. Details of the threshold 
analyzer are reported elsewhereS2 Briefly, 
this instrument allows control of the rate 
and suppression of the energy output of 
the implanted pacemaker by introducing 
induction-coupled high-frequency signals 
which prevent the discharge of the output 
condenser. 

To measure threshold with the threshold 
analyzer, the output of the implanted pace- 
maker is slowly reduced by placing an 
induction coil directly over the implanted 
pacemaker, and capturing control of the 
implanted unit through signals coming 
from the threshold analyzer. We have 
arbitrarily defined threshold as the first 
point at which, with gradual reduction of 
pacemaker output, one or more stimuli 
of every ten fail to excite the heart, as 
detected by the absence of QRS complexes 
on the cardiac monitor. The energy output 
of the pacemaker at threshold can be ac- 
curately calculated by the pulse width 
initially and at threshold, as previously 
described.2 Threshold is measured at the 
inherent rate of the implanted pacemaker. 

Interelectrode resistance can be meas- 
ured by determination of pacemaker pulse 
width and rate, and by a comparison of 
these parameters with precalibrated values 
for the biologic range of interelectrode 
resistance.l 

In order to be sure that measured changes 
in threshold were due to an administered 
agent and were not secondary to spon- 
taneous physiologic changes, a set of strict 
criteria was established as follows : (I) The 
pacemaker must have been implanted for 

*General Electric Company, Milwaukee, Wisconsin. 

at least 3 months in order to provide ade- 
quate time for the threshold to stabilize.3-5 
(2) Prior to and during the test, the patient 
may take no medications except that 
being tested. (3) Physical activity is Iim- 
ited. The patient is confined to bed through- 
out each test period, but is not allowed to 
fall asleep. Distracting activities, such as 
reading or knitting are encouraged. (4) All 
studies are performed in the fasting state. 
Water is allowed. During experiments 
which require more than 8 hours, a light 
meal is permitted. (5) Threshold must 
remain constant (less than a 5 per cent 
change) for a minimum of 30 minutes 
prior to the beginning of each experiment. 
Rarely, it is necessary to wait as long as 2 
hours before this stabilization occurs. (6) 
After maximal change in threshold, due 
to the experimental procedure, the thresh- 
old level must return to within 10 per 
cent of the base-line level and remain 
there. (7) Administration of a drug cannot 
be made in a manner which itself might 
alter threshold. Intravenous medication 
which results in rapid changes is given 
through a needle inserted before the start 
of the test, with no demonstrated change 
in threshold due to venipuncture ; or after 
StabiIization of the threshold for 30 minutes 
after insertion of the needle. (8) The pa- 
tient must not have a competing sinus 
rhythm or multiple ectopic ventricular 
beats, 

All thresholds were measured as a per 
cent of available pacemaker energy,3-5 
and changes due to drugs or physiologic 
activities were reported as the maximum 
per cent change from the base-line thresh- 
old. For example, if a patient’s base-line 
threshold were 20 per cent (of available 
pacemaker energy), and the administration 
of a drug resulted in a maximal increase 
to 26 per cent, this would be reported as a 
30 per cent (6/20 X 100) change in thresh- 
old. After administration of a drug, the 
frequency of measurements of threshold 
was determined by the speed of action of 
the drug, e.g., measurements were made 
every 5 minutes during an infusion of 
potassium, and every one-half hour after 
an injection of aldosterone. 

A total of 95 tests was performed on 14 
patients, each specific test being run on at 
least 3 different patients, Twenty-four 



tests were discarded because of noncon- 

formity to the above-mentioned criteria. 

In all tests reported, the variation of 
threshold was less than 5 per cent over a 
JO-9O-minute control period preceding the 
::est. In 16 patients, threshold was ob- 
served under control conditions for 3 to 
6 hours, with less than 10 per cent vari- 
dtion in all cases. Setting tolerance limits, 
we could be 95 per cent confident that 
95 per cent of normal cases change 16 
;,er cent or less under control conditions. 
Thus, for a.ny patient whose threshold 
varied less than 5 per cent for at least 30 
:ninutes prior to testing, a threshold change 
of greater than 16 per cent after an experi- 
mental procedure was highly significant. 
Changes in threshold are reported in 
Tables I-V as plus (+) or minus (-), 
representing maximal per cent increase or 
decrease from base-line values. 

A. Physiologic stud?:es. Table I shows the 
results of three different physiologic tests. 
Sleep appeared to have a profound effect, 
and in this study resulted in significant 
(p < .OOl) threshold elevations of 30 to 
40 per cent. With one exception, eating 
also resulted in a significantly increased 
threshold (p < .OOl). The exception was 
a patient not kept at a basal level of ac- 
tivity. Physical activity, on the other 
hand, caused a significant (p < .OOl) 
lowering of threshold. 

R. Pharmacologic studies. Four classes 
of pharmacologic agents were tested: 
electrolytes, sympathomimetic agents, atro- 
$ne, steroids, and other drugs commonly 
iised in cardiac patients. 

1. ELECTROLYTES. Sodium, potassium, 
c.aicium, dextrose, and a solution of 40 

Table I. $hysl’ologic threshold changes, each 
measured in 5 patients 

I / 
ivw&r of Maximal per cent 

tests I threshold change 

Sleeping 5 +38, +36, +41, $36, +30 
Eating 5 f21, +26, +42,0, +31 
Zxercise 5 - 18, -11, -37, -32, -29 

:1&q. K Cl plus 20 Linizs Oi 1egr::a “lsLlii:i 

:n 1,000 ml. of 10 per cent dextrose in :yatei- 
were given in a total of eight ilifferent 
concentrations. The rate of ‘infukon for 

each solution is given in Table iI. NaC! 
(0.9 per cent) resulted in insignificant 
::hanges, whereas 3 pe, ,- cent 3daCi ir?fused 
rapidly resulted in very significa:lt (p < 
001) increases in threshold (t56, -60, and 
+ 56 per cent). In each case, the b!pertonic 
saline also caused a marked dec,rease in 
interelectrode resistance. The solution of 
potassium and insulin in gl?~cosc caused 
significant (p < .Ol) rises in :hrcshold 
c-l-17, +32, t30, and $13 per ten’;), Ten 
per cent dextrose in water had :tn insig- 
nificant effect, and the same w-a+ true of 
a standard solution of KC! in dextrose 
(40 mEq. of KC1 in 1,000 ml. elf 10 per 
cent dextrose in water). iThen potassium 
was infused in Ringer’s solution, however, 
it always resu!ted in a decreased threshold. 
The equivalent concentration (40 mEq. 
of KC1 in 1,000 ml. of Ringer’s solution) 
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resulted in changes of - 4, - 3.3, and - 23 
per cent, whereas a more concentrated 
solution (50 mEq. of KC1 in 500 ml. of 
Ringer’s solution) yielded more significant 
(p < .05) decreases (-20, -20, and -44 
per cent) in 3 cases (see Fig. 1). Ten per 
cent calcium gluconate, 0.5 Gm. given 
intravenously over 5 minutes, caused no 
consistent changes. In most cases in which 
electrolyte solutions did alter threshold, 
the changes seemed to be transient, reach- 
ing a peak and in some cases returning 
toward the base-line value before the ad- 
ministration of electrolytes was stopped. 

2. SYMPATHOMIMETIC AGENTS AND ATRO- 
PINE. Table III shows the results of ad- 
ministration of epinephrine, isoproterenol, 
ephedrine sulfate, and atropine. Atropine 
had no significant effect on threshold, 
whereas epinephrine and ephedrine low- 
ered threshold, the effect of epinephrine 
being more significant (p < .OS). Iso- 
proterenol given intravenously (1 mg. in 
2.50 ml. of 5 per cent dextrose in water) 
caused an initial decrease in 2 of 3 cases, 
but in all 3 cases the thresholds subse- 
quently increased, to +56, 180, and $31 
per cent (p < .Ol). 

801 
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3. STEROIDS. Three patients were given 
intravenous methylprednisolone, and 3 
patients were given d-aldosterone (see 
Table IV), with significant (p < .Ol) 
changes from both drugs. In addition, 10 
patients have been given oral prednisone 
under noncontrol conditions, and this 
drug always caused decreases in threshold, 

Table 111. Efect of sympathomimekc drugs 
and atropine 

I I 
’ Number ’ Maximal per cent 

of tests threshold change 

Epinephrine, 
1:1000* 

Ephedrine 
sulfate? 

Isoproterenolj 
Atropine$ 

4 --14,-11,-20,-16 

3 -31,0,-16 
3 +56,+80,+3111 
3 0, +16, 0 

*0.3 ml. subcutaneously. 
t2s mg. 0raIly. 
$1 mg. in 250 ml. of 5 per cent dextrose in water, 50 drops per 

minute. 
$0.4 mg. intravenously. 
I/After initial decrease, threshold rose markedly. SW 1,i.z. 4. 

? 3Oi t 
-\ 

‘\. ,3% NaCl 

60 ’ 
31up I.“. 

Fig. 1. Threshold changes after infusions of 3 per cent P\TaCl and KC1 (50 mEq. in 500 ml. of liinger’s solution). 
The infusions were in the same patient on different days. The 3 per cent NaCl was infused at a rate of 120 drops 
per minute; the KCI, at 50 drops per minute. In each case, threshold remained constant for at least 30 minutes 
prior to the infusion. 



fob/e 1V. E.ffect 0j’ a potent mineralocoh- 

;oid and a potent glucocorticoid, given to 
-3 Fatients 

Number Maximal per cent 
, of tests threshold change 

d-Aldosterone, 
500 Gm., 
intramnouslq 3 +37, i-19, i-29 

~2le~hylprednisolone, 
40 mg., 
intravenously 3 -21, -23. -25 

Tuble V. Results 
ialis (2an,atoside 

morphine 

oj adminislration oj’ digi- 
C), procaine amide, and 

/ Number ’ Maximal per cent 

, of tests threshold change 

3igitalis* 3 4-13, -9, 0 

Procaine amidet 3 0, 17, +37 

‘Llorphinet 3 -8, -13, 0 

Yedilanid, 0.8 mg. intravenously. 
1800 mg., intravenously, in SO minutes. 

18 mg., intramusculdy. 

the eiiecr: being relateii 10 cl(io<l~e. ‘i’n,: i-t; 
suits ts date indicate that gl?lCot-01 LicOirlS 
decrease, and mineraiocorticoi& IiXr~iLS~, 

the threshold. Fig. 2 illustrates the op- 
posite effects of these two steroids given 
to one of the patients. 

4. PRONESTYL (PROCAINE AM~DI<:!, CBDI- 

L.n~ID (LAN.$TOSIDE C} 1 AND 3IORPIIII;I’ 

>uLFATE. Table IJ shows the f,es;rlts of 
resting with these drugs. Procaine amide 
and Ianatoside C had no significant effect. 
‘The one rise of +37 per cent w,ith procaine 
dmide came 2 hours after administration 
of the drug, there being no charge in the 
acute period. Morphine caused no sig- 
4?Kant changes in threshold. 

it is generally thought rhat recitation 
:)i a single myocardial cell, or a ;,yncytium 
:)f cells,6 is a function of (1) Ihe exciting 
stimulus, (2) the resting mem’brane po- 
tentiaI, (3) membrane resistance, and 
<4) the cellular threshoid potential.‘-” 
For excitation to occur, the exciting stirnu- 
;us must reduce the :res?.ing membrane 
ijotentiai to the level of the cell&r thres- 
hold potential, at which point the action 
potential begins. Thus, for a give;i pace- 
maker stimulus, within certain limits a 
reduction of the resting membrane po- 
rcntia! of the myocardial cells would 
rheoretically reduce the threshold require- 

, I.V. Injection 

Fig. 2. Changes in threshold after intravenous administration oi meth) iprednisoloue anti CL-&~:. ,tt.wlli-, y~x, eAl 
!o the same patient on different days. 
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ment. An increase in the gap between 
cellular resting and threshold membrane 
potentials would increase the myocardial 
threshold. 

Since all patients in this study had their 
pacemaker electrodes implanted directly 
into the myocardium, we assume that the 
changes demonstrated were due to effects 
on cells immediately adjacent to the elec- 
trodes. However, if the electrodes were 
implanted deeply enough, there might 
also be an additional effect mediated by 
the Purkinje conducting system. It is 
known that ventricular muscle fibers are 
relatively insensitive to many agents that 
have an effect on Purkinje tissue.r2 

Three physiologic variables-sleeping, 
eating, and exercise-produced significant 
changes in threshold. We had previously 
observed, in clinical cases of borderline 
high thresholds, patients who were not 
pacing at rest who could be induced to 
pace by mild exercise. Lowering of thres- 
hold secondary to physical activity is 
presumed to be due to increased sympa- 
thetic stimulation. One patient who had 
been resting comfortably had a sudden 
attack of acute back pain, and within 5 
minutes her threshold dropped 57 per 
cent. 

The significant elevation of threshold 
accompanied by sleeping, or the eating 
of a large meal, could be attributed to 
decreased sympathetic tone. We have 2 
patients who report having awakened 
with intermittent pacing, with a return 
to normal pacing after arising. The effects 
of exercise, sleeping, and eating account 
for most of the spontaneous changes in 
threshold observed. For any patient, these 
could result in swings of 50 per cent or 
more during the course of a day. Although 
emotional factors may well have an ad- 
ditional significant effect on threshold, 
no attempt was made in the present study 
to assess this element. 

The results of infusion of electrolytes 
can be classified under three general head- 
ings: potassium, sodium, and calcium (see 
Table II). Electrolyte effects were often 
transient; returning toward normal before 
cessation of the infusion in some cases. 

Inf,usions of potassium and insulin in 
glucose resulted in significant rises in 
threshold, whereas irrfusions of 10 per cent 

dextrose in water with or without po- 
tassium caused no significant effect. It 
is known that insulin increases the uptake 
of potassium by cardiac muscle,1”-15 and 
our findings are consistent with the hypo- 
thesis that threshold is increased by in- 
creasing the KJK,* ratio, thereby in- 
creasing the resting membrane potential 
and the threshold stimulus requirement. 
We interpret the lack of significant change 
in threshold in response to solutions of 
dextrose and potassium without insulin 
to an absence of significant change in the 
Ki/K, ratio. Measurements of serum po- 
tassium during the infusions showed in- 
constant changes which established no 
trend. This is similar to the findings of 
0thers.l” ,I6 

In an attempt to increase K, without 
a proportional increase in Ki, we infused 
potassium in Ringer’s solution (Fig. 1). 
The results in Table II show significant 
decreases in threshold by this method, 
supporting the possibility that the Ki/‘K, 
ratio was indeed decreased. Walker and 
associatesl’ have reported increased re- 
sponsiveness (decreased threshold) to an 
implanted pacemaker after the adminis- 
tration of oral potassium, the mechanism 
presumably being an increase in K, in 
relation to Ki. 

The striking effect of concentrated 
solutions of NaCl in raising threshold 
(see Table I) varies from reports that the 
sodium ion has no effect on cellular ex- 
citability.’ The high concentrations of 
NaCl used in this study may have resulted 
in shifts in potassium. The ancillary find- 
ing of a marked lowering of interelectrode 
resistance1 with 3 per cent saline is proba- 
bly a result of increased conduction be- 
tween the electrodes, secondary to hyper- 
tonicity of the extracellular medium. It 
is conceivable that this shunts current 
past the myocardial cells, thereby in- 
creasing the stimulus necessary for exci- 
tation. 

We found no consistent changes after 
the intravenous administration of 0.5 
Gm. of calcium gluconate, but it is possible 
that larger doses might have had an ef- 
fect ‘,12,18,19 

The results with standard clinical doses 

*K; = Intracellular potassium. IL = Extracellular Potassium. 



0‘ the aympathomimetic agents, epineph- 
rine and ephedrine, showed a lowering of 
rnyocardial threshold. Hoff man and Crane- 
5eldisrJ state that epinephrine has very 
little effect on the resting membrane po- 
tential of dog or cat ventricular fibers, 
but it may lower the threshold of Purkinje 
fibers by increasing the membrane thres- 
hold potential. It is conceivable, therefore, 
that -the effect of sympathomimetic agents 
on the responsiveness to an implanted 
pacemaker may depend in part on how 
close the electrodes are to the Purkinje 
system. Isoproterenol infused rapidly (see 
Fig. 3) caused, first, a lowering of thres- 
hoid, and then a marked elevation of 
threshold. This is similar to findings in 
dogs reported by Siebens and co-worlterszO 
It is possible that this is a dose-related 
I jhenomenon, and that a smaller dose 
would produce a persistently decreased 
! hreshold. 

The finding that a. glucocorticoid, methyl- 
Ixednisolone, significantly lowers thres- 
hold, whereas a potent mineralocorticoid, 
aldosterone, significantly elevates thres- 
‘hold, fits with the authors’ clinical im- 
9-ession that glucocorticoids increase 
-esponsiveness to a pacemaker, and min- 
aralocorticoids have the opposite effect. 
VJe have monitored the thresholds of 10 
oatients treated with prednisone and have 
iound a marked reduction of threshold in 
all of them. 

The mode of action of steroids is un- 
certain. Perhaps steroids affect threshold 

&cagse 0:: chetr rrlhueilCe .fi, :b>; :~~.il’;l~~l.- 

bility of the cell membrane. !i sl;~+ir were 
the case, one would have to ds~xe ol)- 
;josing effects of glucorcorticoid~ .in,d min- 
eralocorticoids at the cellular lex-e!, with 
the former decreasing and the latter in- 
creasing the permeability to prtas~i~m~. 
‘The final effect on threshold v~ould then 
be mediated by an altered resting mem- 
brane potential. Modifrca:ion of the 
sodium-potassium relationships could also 
result in alteration of the cellular Lhreshold 
:,,otential. Aber and Jon& report large 
inverted T waves and Q-T prcionga,tion 
during treatment with gIuco,c~orticoitis, 
which findings they think su~iport the 
::oncept that steroids interfere with the 
sodium-potassium pump across i he call 
!nembrane. Another cxpianati~o~! for the 
effect of steroids on threshold is their 
‘inown potentiation of catecholamines. 

In our studies, digitalis and yuinidine 
caused no significant changes in thresho!d, 
&though variable effects have been re- 
ported from microelectrode studies. a22 One 
of our patients had multiple ecroyic ven- 
rricular beats competing with hi: electronic 
pacemaker. The administration of pxai71e 

amide to this patient resulted in complete 
disappearance of the ectopic bcxtx, but it 
caused no change in the threshold t,o stimu- 
lation by the electronic pacemA.xr. This 
iinding shows the disparity betT:<een auto- 
maticity and responsiveness to electrical 
stimulation. 

This investigation has demonstrated 

Fig. 3. Ellfeci: 31 intravenous isoproterenol, which caused mtlal decrease in threshold, zr~\i WC. ~:!evat:vir x 
&-e&old. 
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the lability of myocardial threshold in 
man, and the susceptibility of threshold 
to manipulation by physiologic activities 
and pharmacologic agents. Although of 
uncertain clinical usefulness, these findings 
may be of benefit in cases in which it is 
desirable to alter responsiveness to electri- 
cal stimulation. 

Summary 
Seventy-one controlled threshold studies 

were performed on 14 patients with im- 
planted cardiac pacemakers. 

Eating and sleeping raised myocardial 
threshold significantly, whereas exercise 
had a reverse effect. A solution of insulin 
and potassium in dextrose, 3 per cent 
NaCI, and aldosterone also increased 
threshold. Epinephrine, methylpredniso- 
lone, and potassium chloride in Ringer’s 
solution lowered threshold. Isoproterenol 
caused an initial fall in threshold, followed 
by a marked rise. No significant changes 
were demonstrated with 10 per cent dex- 
trose, normal saline, calcium gluconate, 
lanatoside C, procaine amide, atropine, 
or morphine at those dosages that were 
arbitrarily chosen for this study. 

The results demonstrate that myocardial 
threshold in man is labile, and that it can 
be manipulated by physiologic activities 
and pharmacologic agents. 
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