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Potassium exchange in the human heart during atrial
pacing and myocardial ischaemia
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SUMMARY Potassium homoeostasis in the heart was studied during atrial pacing in 20 patients
undergoing diagnostic coronary angiography. The potassium concentrations in the coronary

sinus and a systemic artery were recorded continuously by means of catheter tip potassium
electrodes. Ten patients with coronary artery disease and a positive exercise test developed chest
pain and ST segment depression on the electrocardiogram during atrial pacing. Potassium con-

centrations in the coronary sinus rose initially and increased further when myocardial ischaemia
developed. Ten patients including five with normal coronary arteries remained symptom free
during atrial pacing with no electrocardiographic changes. In these patients coronary sinus potas-
sium concentration increased at the onset of pacing, but retumed to near control values despite
continued pacing. In both groups arterial potassium concentration remained constant. Immedi-
ately after the end of pacing there was an abrupt transient fall in potassium concentrations in the
coronary sinus to below control values.
These results indicate that in man, as in other species, an increase in heart rate causes the

transient movement of potassium out of the cell into the extracellular space. The onset of myo-
cardial ischaemia is associated with a further loss of potassium from the cell. The end of pacing
or ischaemia is accompanied by a re-uptake of potassium by heart muscle.

Potassium loss by the ischaemic myocardium has
been known for over 30 years.' More recently, in
vivo recordings with ion selective electrodes have
shown that within seconds of the interruption of
coronary arterial perfusion extracellular potassium
accumulates in the myocardium2-4 and coronary
sinus potassium concentration ([K+]) increases in
animals2 and man.5 The increase in extracellular
[K+] can account for the reduction in resting mem-
brane potential and conduction velocity recorded
during early ischaemia,6 and may contribute to
changes in action potential morphology. Such
observations suggest that monitoring myocardial
potassium balance may be a sensitive means of
detecting the onset of myocardial ischaemia in
patients and that potassium loss may be an
important factor in initiating early arrhythmias.6

Previous attempts to investigate myocardial
potassium exchange in man have been limited to the
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analysis of multiple samples of arterial and coronary
sinus blood obtained during pacing induced myo-
cardial ischaemia.78 Loss of myocardial potassium
is evident under these conditions, but may be attrib-
uted in part to the effects of increasing heart rate7
rather than to the onset of ischaemia.

In order to differentiate between the effects of
heart rate and ischaemia on myocardial potassium
balance we have used ion selective intravascular
electrodes to obtain continuous recordings of arte-
rial and coronary sinus [K+]. We compared the
effects of incremental atrial pacing on the coronary
arteriovenous [K+] gradient in two groups of
patients undergoing investigation of effort related
chest pain. Patients in one group developed angina
and changes on the electrocardiogram during pacing
while patients in the other group did not.

Patients and methods

Twenty subjects were selected from patients under-
going diagnostic coronary angiography for the
investigation of effort related chest pain. Thirteen
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were male and the mean age was 49 years. Patients
with recent myocardial infarction, left ventricular
aneurysm, or chest pain at rest were excluded. All
patients underwent treadmill exercise testing before
investigation and were in sinus rhythm with no con-
duction abnormalities or evidence of any cardiac
pathology other than ischaemic heart disease. No
patients were taking digoxin and all antianginal
medication other than sublingual nitrates were dis-
continued for at least 24 hours before the study.
Written informed consent was obtained in all cases.
The study was approved by the ethical committee of
the National Heart and Chest Hospitals.

POTASSIUM ELECTRODES
Catheter tip electrodes for monitoring intravascular
ion concentrations have been described else-
where.5 9 10 Those used in this study were sterilised
by immersion in aqueous glutaraldehyde and
detected changes in K + activity over the range 2-32
mmol/l with a response time of less than 800 ms. No
interference occurred from other ions. For intra-
vascular recording, an electrode was passed through
the lumen of a size 8 French gauge thin walled
Coumand catheter (USCI) via a sliding Y con-
nector. The catheter was continuously flushed
through the second branch of the Y connector with
physiological saline containing 4 mmol/l potassium
chloride by means of a pressurised system (CFS
Intraflo, Sorenson Research, Salt Lake City, Utah)

ECG (VN.)

to prevent reflux of blood. A calomel reference elec-
trode (K4112, Radiometer, Copenhagen) was con-
nected to the flush line by a T piece, thereby
maintaining electrical contact with the patient's
blood through the column of saline in the catheter
surrounding the K + electrode. The potential
difference between the electrode and the reference
was recorded by means of an optically isolated
amplifier (3650 HG, Burr-Brown, Tucson, Arizona)
and a twin channel pen recorder (3559 and MX2,
Devices, Welwyn Garden City).
The potassium electrodes were calibrated before

and after clinical use by immersion in a series of
solutions ofknown concentration of potassium chlo-
ride in physiological saline at 37°C. Plasma [K+] was
determined at the start of each study by photometric
analysis of a sample of blood aspirated from the
recording site. Subsequent variations in plasma
[K + ] were calculated fom the electrical signal by ref-
erence to the calibration curve. Results were
expressed as mean (1 SE) and analysed by Student's
t test.

PACING PROTOCOL
One hour after premedication with lorazepam (1-2
mg orally) the Cournand catheter was inserted via
the left subclavian vein (infraclavicular approach)
and positioned with its tip 4 cm into the coronary
sinus. Its position was checked by injection of con-
trast medium and the control sample of coronary
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Fig. 1 Simultaneous recordings of coronary sinus and arterial potassium concentration ([K+]cs and
[K+]ao) before, during, and after a 9 min period of incremental atrial pacing in a patient in the
non-ischaemia group. [K+]ao remained constant throughout, but [K+]cs rose initially before declining to
near pre-pacing levels by the end of the test. After the end ofpacing, [K+]cs fell rapidly and remained at
subnormal levels for 4 min. No ST segment depression occurred in any electrocardiographic lead (V4
displayed).
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Fig. 2 Experimental recordfrom a patient in the ischaemic group who developed chest pain and ST
segment depression (maximal in lead V4) during incremental atrial pacing. There was little change in
arterial potassium concentration ([K+]ao) but coronary sinus potassium concentration ([K']cs) rose

throughout the test reaching a maximum of 0 4 mmol/l above pre-pacing levels. [K+]csfell rapidly after the
end ofpacing and remained at subnormal levelsfor 3 min.

sinus blood was obtained. A potassium electrode was
introduced until its tip protruded into the coronary
sinus near the origin of the anterior cardiac vein. An
arterial catheter was inserted through a right bra-
chial arteriotomy or direct puncture of the femoral
artery. In 14 patients continuous recordings were
made of left ventricular pressure during pacing. In
the remaining six a second Cournand catheter and
potassium electrode were used to record arterial
[K+] in either the descending aorta or subclavian
artery.
A size 5 French gauge temporary pacemaker elec-

trode was sited in the right atrium and connected to
an impulse generator (Devices). After a 10 min equi-
libration period the patient's heart rate was mea-
sured and an atrial pacing test was performed. The
initial pacing rate was 10 beats/min above sinus rate
and was increased by 10 beats/min every minute.
Technically satisfactory recordings of coronary
sinus [K+] (n=19), arterial [K+] (n=6), 12 lead
surface electrocardiogram (n= 20), and left ventric-
ular end diastolic pressure (n= 12) were obtained.
The test was terminated if the patient complained of
increasing chest pain accompanied by ST segment
depression > 3 mm in any lead, if atrioventricular
block developed, or if a maximum heart rate of 180
beats/min was attained. Recording was continued
after the end of pacing for at least 3 min. Left ven-
triculography and coronary angiography were per-
formed subsequently.

Results

Two groups of patients were defined on the basis of
their clinical and electrocardiographic response to
atrial pacing.

NON-ISCHAEMIC GROUP
In 10 patients no electrocardiographic changes
developed and they either remained symptom free
(n= 8) or complained of mild chest discomfort
(n= 2) during atrial pacing. Five of these patients
were assessed as having normal coronary arteries or
a reduction in coronary artery diameter of < 50%.
Five patients had important coronary artery disease
with a stenosis of >50% in one or more coronary
arteries. The failure to induce evidence of ischaemia
in this latter subgroup was reflected by negative
treadmill exercise testing in three patients. In one
patient atrioventricular block developed after 150
beats/min so that the increase of heart rate may have
been inadequate to induce ischaemia. In one patient
the exercise test was positive, but no evidence of
ischaemia was obtained during pacing at 180
beats/min.

Figure 1 shows a typical recording of changes in
arterial and coronary sinus [K+] during incremental
pacing from a patient in this group. Coronary sinus
[K+] began to rise 10 s after the onset of pacing and
reached 0 18 mmol/l above control after 2 min. With
continuing increments in heart rate, [K+] declined
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Atril pacing rate (beats/min above control)

Fig. 3 Comparison ofmean changes in coronary sinus [K+]
at the end of each pacing stage in the ischaemic and
non-ischaemic groups. Though a similar rise in [K+] was

found in both groups when the heart rate was increased by 10
and 20 beats/min, the subsequent fall during continued pacing
at higher rates in the non-ischaemic group contrasted with the
continuing rise in patients who developed ischaemia. Except
where indicated there were nine patients in the non-ischaemic
group and lO in the ischaemic group.

and was no longer raised above control at a final
heart rate of 180 beats/min. At the end of pacing,
coronary sinus [K+] fell transiently below the con-
trol value by 0-23 mmol/l before slowly rising to the
pre-pacing value over the next 4 min. There was no

significant change in arterial [K+].

ISCHAEMIC GROUP
This group consisted of 10 patients whose atrial
pacing tests were terminated by the development of
chest pain accompanied by ST segment depression
> 1 mm at 80 ms after the J point in at least one of
the anterior chest leads of the electrocardiogram. All
patients were found to have important coronary
artery disease (> 50% stenosis in at least one vessel)
and had positive treadmill exercise tests. All patients
had disease of the left anterior descending coronary
artery. Five patients had three vessel disease, four
had two vessel disease, and one had single vessel dis-
ease.

Figure 2 shows an example of the changes in coro-

nary sinus and arterial [K+] during atrial pacing in
one patient from this group. An increase in coronary
sinus [K+] was evident within 20 s of the start of
pacing, and this rise continued throughout the test
to reach a peak of 0-42 mmol/l above control at a

maximum heart rate of 150 beats/min. Chest pain
and ST segment depression were first noted at a
heart rate of 130 beats/min and were accompanied
by an increase in the rate of rise of coronary sinus
[K +]. At the end of pacing there was an abrupt tran-
sient fall in coronary sinus [K+] to a trough of 0-18
mmol/l below pre-pacing levels. There was no
appreciable change in arterial [K+].

COMPARISON OF RESULTS
Measurements of coronary sinus [K+] at the end of
each incremental pacing stage were taken from a
total of 19 continuous recordings obtained from
patients in the two groups (arterial [K+] alone was
recorded in one patient in the non-ischaemic group).
Figure 3 shows the results, expressed as the change
in [K+] compared with pre-pacing concentrations.
Because arterial [K+] remained constant throughout
the test in both ischaemic (n= 3) and non-ischaemic
patients (n= 3) (Figs. 1 and 2) the differential effects
of pacing on myocardial potassium balance in non-
ischaemic and ischaemic patients could be assessed
by direct comparison of the changes in coronary
sinus [K+].

Both patient groups responded similarly to the
onset of atrial pacing, with a rapid rise in coronary
sinus [K+], indicating loss of potassium from the
myocardium. After pacing at 20 beats/min above
control, coronary sinus [K+] had risen by 0 19 (0 07)
(n=9) and 0 17 (0 03) mmol/l (n= 10) in the non-
ischaemic and ischaemic groups respectively. With
continued pacing at higher rates, however, potas-
sium loss increased in those patients who developed
evidence of ischaemia and declined in those who did
not. At 50 beats/min above control, the increases in
coronary sinus [K+] were 0 14 (0 04) mmol/l (n=9)
(non-ischaemic) and 0-26 (0-02) mmol/l (n= 10)
(ischaemic) (p<0-02 between groups). In those
patients who could be paced up to 70 beats/min
above control, the difference in response became

Table Comparison of the effects of atrial pacing on coronary sinus and arterial [K+] and left ventricular end diastolic
pressure in the non-ischaemic and ischaemic patient groups

Peak heart rate 4 [K'Jcs 4 [K+Jao LVEDP (mma Hg)
(beats/lnn) (mmol/l) (mnoi/i)

Pre-pacing Post-pacing

Non-ischaemic 161 (3.8) +0-08(0-04) (9) -001 (001) (3) 9.9 (2-1) (5) 120 (1-8) (5)
Ischaemic 144 (3 4) +0-40 (0 03) (10) -0.01 (0*02) (3) 12-2(2*7) (7) 18-4(5 0) (7)

Values expressed as mean (SE) (n).
4 [K+cs, change in coronary sinus [K+ at the end of the pacing test compared with pre-pacing values; 4 [K+ao, change in arterial [K+1
at the end of the pacing test compared with pre-pacing values; LVEDP, left ventricular end diastolic pressure.
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Fig. 4 Comparison of mean changes in coronary
recorded at intervals after the end ofpacing in th
and non-ischaemic groups. Results are expressedi
[K+] with respect to the values recorded before th
pacing. The phase of subnormal [K+] (reflecting
potassium uptake) occurred slightly later and per
in the ischaemic patients.

more pronounced. At this rate, coronary
had risen by 0-34 (0 04) mmol/l in the p
ischaemia (n= 9) compared with 0 07 (0(
in its absence (n=8, p<O0OOl). The TE
the mean values for the changes in coro
and arterial [K+] at maximal heart rate tog
the pre-pacing and post-pacing measurem
ventricular end diastolic pressure.

After the end of pacing, coronary s
dropped abruptly in both patient groups
30 s fell below the control levels recor
pacing (Fig. 4). Because arterial [K +] did
(Figs. 1 and 2), this change in coronary
represented potassium uptake by the m:
In the non-ischaemic group, uptake bel
10 s of the return to sinus rhythm and wa
evident after 3 min. Net loss of potassiux
heart persisted for 20 s in the ischaemic
the subsequent uptake was more prolong
coronary sinus [K+] was still depresse
(001) mmol/l at 3 min.

Discussion

We have previously demonstrated that in
potassium electrodes permit the continu
toring of changes in coronary sinus [E
angioplasty' and during coronary arteri:
of solutions rich in potassium.'0 The te
capable of detecting small transient chani
cardial potassium balance by simultanec
ings of arterial and coronary sinus [K+].

In studies on isolated myocardial tissue
ous species, an increase in stimulation ra

rise in extracellular [K+] followed by a return to
control values.11 12 The initial loss of intracellular
potassium has been attributed to the increased num-
ber of action potentials per unit time. Simultaneous
accumulation of intracellular sodium is thought to
activate the Na-K pump, thereby speeding the rate
of K+ uptake by the cell and restoring the extra-
cellular [K + ] to normal.12
Though this mechanism may explain much of the

initial rise and subsequent decline in coronary sinus
[K+] observed during pacing in the non-ischaemic

-r---- group (Fig. 3), changes in myocardial perfusion will
180 have an additional effect. Rapid atrial pacing in the

absence of ischaemia is known to cause coronary
y sinus [K+] vasodilatation."3 14 The consequent increase in
e ischaemic coronary blood flow will tend to reduce the mag-
as changes in nitude of the change in coronary arteriovenous [K +]
ie onset of gradient associated with any given rate of myo-
myocardial cardial potassium loss. Though change in myo-
*sisted longer cardial perfusion will also modify coronary sinus

[K+] after the end of pacing, the reversal of the arte-
riovenous [K+] gradient that occurs on return to

sinus [K+] sinus rhythm implies myocardial potassium uptake.
)resence of This observation is consistent with the theory that
03) mmol/l increased Na-K pump activity persists for several
able shows minutes after restoration of a normal heart rate.1 12
)nary sinus A different response was seen in patients who
gether with developed evidence of ischaemia during the pacing
ients of left test. The progressive rise in coronary sinus [K+]

during pacing in the ischaemic group (Fig. 4) can be
;inus [K+] explained in terms of changes in both myocardial
and within perfusion and potassium efflux from myocardial
ded before cells. In the presence of coronary artery disease, the
not change normal rise in regional perfusion during pacing is
sinus [K+] attenuated and there may even be a reduction in
yocardium. coronary flow distal to a stenosis.5 16 This may
gan within serve to enhance the rise in coronary sinus [K+] that
Ls no longer occurs as a result of both the increase in heart rate
m from the and the loss of potassium from ischaemic myocardial
group, and tissue.2 4 The mechanism of potassium efflux dur-
ged, in that ing ischaemia is unknown,"7 but is probably related
!d by 0.05 to the early intracellular accumulation of permeant

negative ions such as lactate and phosphate.
The abrupt fall in coronary sinus [K+] and tran-

sient uptake of myocardial potassium after the end of
pacing induced ischaemia can also be accounted for

Ltravascular by observations made in animal studies. Early dur-
ious moni- ing ischaemia, loss of intracellular potassium is heart
C +] during rate dependent and the activity (and responsiveness)
al injection of the Na-K pump is preserved.6 18 These factors
tchnique is may combine to cause a rapid restoration of normal
ges in myo- myocardial potassium balance on return to sinus
:us record- rhythm.

There is a substantial difference between this pat-
from vari- tern of changes of coronary sinus [K+] and that

Lte caused a observed for coronary sinus pH under similar
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experimental conditions.'9 Only a minor degree of
acidification of the coronary venous effluent occurs
during pacing induced ischaemia, but there is a brief,
rapid fall in pH on return to sinus rhythm. This may
reflect the fact that whereas potassium lost from
myocardial cells will cause a rapid rise in interstitial
and hence intravascular [K+], hydrogen ions can
accumulate (and be buffered) in all tissue compart-
ments. There may then be a relatively greater
"load" of hydrogen ions to be "washed out" of the
myocardium during the post-ischaemic period.

Previous studies on the effects of rapid atrial
pacing in man have been based on analysis of multi-
ple samples of arterial and coronary venous blood.7 8
They have shown a similar overall pattern of
changes in myocardial potassium balance to those
observed in the current study, but have been unable
to determine the time course of events. Con-
tradictory information has been reported regarding
the effects of changes in heart rate in the absence of
ischaemia. Parker et al showed a transient loss of
myocardial potassium after the onset of pacing7
whereas Dagenais et al were unable to demonstrate
any significant change in myocardial potassium
exchange in the absence of ischaemia.8 It is likely
that the 2 min sampling interval used in the latter
study was responsible for these divergent findings.
Our results demonstrate that the changes in myo-

cardial potassium exchange known to be associated
with the onset of ischaemia in animals also occur in
man. The electrophysiological consequence of rapid
extracellular accumulation of potassium during
ischaemia are likely to contribute to changes in the
surface electrocardiogram and the genesis of
arrhythmias. The technique of continuously moni-
toring coronary sinus [K+] provides a sensitive
means of detecting the onset of myocardial
ischaemia, but the direct effects of any simultaneous
change in heart rate must be taken into account.

This work was undertaken during the tenure by
SCW of a British Heart Foundation Junior Research
Fellowship. We thank Mr R Montgomery for tech-
nical assistance.
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