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Continuous recording of coronary sinus oxygen
saturation during atrial pacing in patients with
coronary artery disease or with syndromeX
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SUMMARY Coronary sinus oxygen saturation was measured continuously during incremental
atrial pacing in 34 patients undergoing cardiac catheterisation. In eleven patients with normal
coronary arteriograms, negative exercise tests, and no ST segment depression on the electro-
cardiogram, an increase in the rate of atrial pacing transiently decreased coronary sinus oxygen
saturation but within 20 s oxygen saturation returned to the control value. In six patients with
coronary artery disease ST segment depression developed during atrial pacing. The coronary
sinus oxygen saturation fell and remained reduced until pacing was discontinued. The size of the
fall of coronary sinus oxygen saturation increased with increasing heart rate. In seven patients
with coronary artery disease the ST segments were unaltered during atrial pacing and coronary
sinus oxygen saturation did not fall. Ten patients with syndrome X were studied. In six ST
segment depression developed on atrial pacing. In five, three of whom developed ST segment
depression, the changes in coronary sinus oxygen saturation during atrial pacing were similar to
those observed in patients without any evidence of coronary artery disease. In three, all of whom
developed ST segment depression, coronary sinus oxygen saturation gradually increased
throughout the period of atrial pacing. In two patients coronary sinus oxygen saturation fell in a
manner similar to that observed in patients with obstructive coronary artery disease who devel-
oped ST segment depression on pacing.
Thus regulation of coronary blood flow in normal persons in response to an increase of heart

rate is rapid. Oxygen extraction across the coronary bed can increase by up to 30%o and a persis-
tent increase in oxygen extraction is an indicator of myocardial ischaemia. The term "syndrome
X" does not describe a homogeneous group of patients but in the majority coronary sinus oxygen
saturation does not fall despite symptoms and changes on the electrocardiogram, indicating that
inadequate coronary blood flow is not the dominant mechanism.

The heart is critically dependent on aerobic metabo-
lism.' Oxygen extraction at rest is > 55 O so that a
substantial increase of oxygen supply can only be
brought about by an increase of coronary blood flow.
Coronary blood flow can increase five times whereas
oxygen extraction can increase by only a half.
Although the relation between changes in coronary
blood flow and myocardial oxygen consumption has
been extensively investigated in animals,2 less is
known about the timing of these changes in people.

Myocardial ischaemia develops when myocardial
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consumption of adenosine triphosphate exceeds the
rate of production possible from the oxygen avail-
able in coronary blood3 and is initially characterised
by increased glycogenolysis and lactate production.
This usually occurs when myocardial work is
increased and blood flow is limited by obstructive
atheromatous coronary artery disease. More rarely
ischaemia can result from a primary reduction
of coronary blood flow caused by coronary
constriction.4 Myocardial ischaemia caused by
atheromatous obstructive coronary artery disease is
recognised clinically by angina pectoris, changes on
the electrocardiogram, and the presence of revers-
ible abnormalities of wall motion.
Some patients with angina pectoris have positive
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exercise tests and normal coronary angiograms.5-7
The term syndrome X is used to describe this
group.8 The pathophysiological mechanisms under-
lying syndrome X are not understood.
This study was designed to investigate the

relation between changes in coronary sinus oxygen
saturation during atrial pacing in patients with nor-
mal hearts, coronary artery disease, or syndrome X.

Patients and methods

PATIENTS

The table shows the three groups of patients that we
studied.
Group 1 consisted of eleven patients (seven men

and four women, aged 39-59 years). They had
recurrent atypical chest pain not responsive to nitro-
glycerin, normal electrocardiograms, and negative
exercise tests. Echocardiograms were normal. They
were undergoing cardiac catheterisation to exclude
organic heart disease as a cause of their symptoms.
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After investigation these patients were believed to be
entirely free of any form of heart disease and thus
constituted a control group of patients with normal
hearts.

Group 2 consisted of thirteen patients, all men,

aged 39-67 years. They had typical angina pectoris
on exertion and 10 had positive treadmill exercise
tests (> 1 mm planar or downsloping ST segment
depression 0-8 ms after the J point). All had clin-
ically significant stenosis (> 70% reduction of
diameter) of the left anterior descending coronary

artery. Two had additional disease of the circumflex
artery and the remaining eleven had three vessel
coronary artery disease. No patient had had a myo-

cardial infarction and there was no evidence of left
ventricular hypertrophy on echocardiography.

Group 3 consisted of ten patients (five men and
five women, aged 39-63 years) with exertional chest
pain relieved by rest and nitroglycerin. On treadmill
exercise all developed chest pain typical of angina.
Nine had normal resting electrocardiograms. On

Table Data on patients in the study

Patient Age (yr) Sex Treatment Exercise test* Coronary artery diseaset

1 44 M - N
2 58 M N - N
3 40 M BN - N
4 44 F - N
5 39 F - N
6 47 M - N
7 43 M B - N
8 59 F BC - N
9 53 F - N
10 33 M - N
11 39 M - N

12 52 M B + LC
13 53 M BC + LCR
14 67 M BC + LCR
15 57 M B + LCR
16 57 M L
17 55 M BC + LCR
18 56 M LC
19 45 M B L
20 63 M + LCR
21 46 M BCN + LCR
22 59 M + LCR
23 47 M BN + LCR
24 39 M + LCR

25 58 F + N
26 47 F LBBB N
27 53 M + N
28 39 F + N
29 51 M + N
30 48 M + N
31 47 F BC + N
32 52 M LBBB N
33 55 M + N
34 63 F + N

B, f-blocker; N, nitrate; C, calcium antagonist.
* -, no ST segment changes; +, ST segment depression. LBBB, left bundle-branch block;l tN, normal coronary arteries; disease in left anterior
descending, L; left circumflex, C; or right, R, coronary arteries. HR, heart rate, CSO2, coronary sinus oxygen saturation.
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Coronary sinus oxygen during ischaemia and in syndrome X

exercise eight of these developed ST segment

depression in at least one precordial lead and one

developed left bundle branch block. One patient had
left bundle branch block at rest but developed typi-
cal chest pain on exercise. All had normal coronary

arteries. Chest x rays and left ventriculograms were

normal. Echocardiography showed normal cardiac
dimensions, normal valves, and no hypertrophy.
Seven patients had ergometrine provocation studies
at cardiac catheterisation and these did not show evi-
dence of focal coronary constriction.

PROTOCOL
All patients were undergoing routine diagnostic car-

diac catheterisation at the time of the study. They
were premedicated with lorazepam (1 mg) one hour
before catheterisation.
An optical fibre oxygen saturation catheter (7-5

Opticath, Oximetrix, California, USA) was inserted
into the left subclavian vein and placed approxi-
mately 4 cm into the coronary sinus under
fluoroscopic control. The position was checked by

injection of a small quantity of radiographic contrast

medium (Urografin 370). Coronary sinus oxygen

saturation was measured optically by a spectro-

photometric catheter oxygen saturation system

(Oximetrix Inc, California, USA) and recorded con-

tinuously. A pacing electrode was inserted into the
right atrium either from the left subclavian or right
femoral vein. An incremental atrial pacing test9 was

performed after recording the 12 lead surface elec-
trocardiogram. Heart rate was increased from 20
beats per minute above the resting rate by 10 beats
per minute at one minute intervals. Pacing was per-

formed for the first 50s of each minute period, and
during the last 10 s a 12 lead electrocardiogram was

recorded in sinus rhythm. The pacing test was con-

tinued until a maximum heart rate of 180 beats per

minute had been reached, until the development of
severe chest pain, or until ST segment depression
>2mm or atrioventricular block occurred. Right
ventricular pacing was performed in four patients
from group 1 and in seven from group 2 according to

the same protocol.

Atrial pacing test*

Heart rate (beats/min) Systolic BP (mmHg) C502 (G)
ST segment

Basal Maximum Basal At maximum heart rate Basal At maximum heart rate changes

Group 1
90 180 140 38 40 -

60 140 140 155 30 29 -

75 120 120 118 24 24 -

55 120 140 150 41 42 -

90 180 135 148 34 34 -

61 150 128 44 40 -

85 170 140 152 33 36 -

64 140 100 110 22 25 -

81 180 140 158 33 32 -

79 160 130 19 20 -

74 170 130 34 34 -

Group 2
61 160 135 150 42 38 -

70 100 125 120 31 30 -

86 110 140 140 34 35 -

61 110 135 160 32 24 +
63 150 120 28 28
75 170 115 120 28 26 -

71 140 100 100 40 40 -

73 150 125 150 43 42 -

72 140 130 29 18 +
68 140 125 33 24 +
70 160 130 41 10 +
81 160 130 31 14 +
89 180 135 30 14 +

Group 3
72 170 110 135 40 46 +
64 170 135 140 31 16 LBBB
71 180 128 142 40 59 +
80 170 120 125 22 32 ±
60 180 110 115 51 50 +
72 180 130 135 22 20 +
70 180 110 120 35 35
68 150 115 125 20 19 LBBB
69 120 132 130 30 15
62 140 135 26 26 +
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Patients subsequently underwent coronary angio-

graphy and left ventriculography by either the
Judkins' or Sones' technique. All results are
expressed as mean (SEM).

Results

The table shows the details of individual patients.

Group 1
Figure 1 shows a recording of changes in coronary
sinus oxygen saturation in a patient from this group
undergoing atrial pacing. Mean resting heart rate
was 74 (4) beats per minute (range 55 to 90) and
resting coronary sinus oxygen saturation was 32
(2)% (range 19-44%). With each incremental
increase in heart rate there was an initial drop in
coronary sinus oxygen saturation but within 20s it
returned to the basal value (fig 1). When atrial
pacing was stopped there was a rapid transient rise
in coronary sinus oxygen saturation; this fell
abruptly when pacing was restarted. At the end of
each increase in atrial pacing coronary sinus oxygen
saturation was similar to the basal level (fig 1). The
maximum incremental increase in heart rate that
could be achieved before the onset of atrio-
ventricular block varied from 45 to 100 beats per
minute. Resting systolic blood pressure did not
change throughout the atrial pacing test (131 (4)
basal and 142 (7) mmHg at maximum heart rate).
Four patients underwent right ventricular pacing to
a heart rate 80 beats per minute above the resting
rate. Despite a fall in systolic blood pressure from a
basal level of 131 (4) to 110 (6) mmHg (p < 0 05) at
the maximum heart rate, coronary sinus oxygen
saturation changes were similar to those seen during
atrial pacing. Transient depression of the ST seg-
ments of the electrocardiogram was seen in two
patients after the end of pacing.

Group 2
We saw variable responses in this group of thirteen
i010o-
c 80-

60-

420
X 0 .0) 110 120 130 140 150 160 170 180

m Heart rate (beats/min)
1min

Fig 1 Coronary sinus oxygen saturation during an
incremental atrial pacing test in a patient believed to have a
normal heart. Note that the saturation remained almost
constant. At higher pacing rates there was a small and
transient decline of saturation after the onset ofpacing.
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patients. Six patients who had positive exercise tests
developed pain and significant ST segment depres-
sion on atrial pacing. Figure 2 shows the response
from one such patient. At heart rates up to 20-30
beats per minute above the basal rate the changes in
coronary sinus oxygen saturation were similar to
those seen in the control subjects. When pacing was
performed at heart rates of >40 beats per minute
above the resting rate, however, a different response
was seen. Coronary sinus oxygen saturation rapidly
fell at the onset of atrial pacing and in contrast with
the control subjects in group 1 it remained
significantly below the resting value until the end of
atrial pacing. Oxygen extraction increased with
increasing heart rate (fig 2). In seven patients
significant ST segment depression did not develop
during atrial pacing. In two of these seven patients,
atrioventricular block developed at heart rates of 100
and 110 beats per minute. The remaining five
patients, three of whom had negative exercise tests,
were paced to similar heart rates as the six in whom
ST segment depression did develop, but the changes
in coronary sinus oxygen saturation were similar to
those observed in normal subjects (group 1). There
was no change in systolic blood pressure during the
atrial pacing test (125 (5) basal and 134 (8) at the end
of atrial pacing, n = 7).

In the seven patients without ST segment depres-
sion during atrial pacing right ventricular pacing
was performed to a heart rate of 180 beats per
minute. In contrast with the control group there was
a sustained fall in coronary sinus oxygen saturation
which persisted until the end of pacing. The fall in
coronary sinus oxygen saturation increased with
increasing heart rates. Systolic blood pressure at the
maximum pacing rate was significantly lower during
ventricular pacing than during atrial pacing (90 (7)
vs 136 (9) (p < 0 05, n = 6).

Group 3
The ten patients in this group were atrially paced to

| Pain
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2
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1min
Fig 2 Coronary sinus oxygen saturation in a patient with
atheromatous obstructive coronary artery disease. The
saturation fell after the onset ofpacing and the fall was
greater at higher heart rates.
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Coronary sinus oxygen during ischaemia and in syndrome X
heart rates of between 120 and 180 beats per minute
(mean 164 (21)). In five of these patients the changes
in coronary sinus oxygen saturation were identical to
those observed in the control subjects; three of these
five patients developed > 1 mm ST segment depres-
sion during atrial pacing. In three other patients, all
of whom developed ST segment depression, a
different response was observed in that the coronary
sinus oxygen saturation at the end of atrial-pacing
was higher than the resting value (fig 3). This
increase varied between 6% and 20%. Two patients
showed a response which was similar to that seen in
the group 2 patients who developed myocardial
ischaemia during atrial pacing. One of these patients
had left bundle branch block at rest and the other
had a normal resting electrocardiogram and devel-
oped ST segment depression on exercise testing (fig
4). This patient was severely limited by angina pec-
toris and he consistently developed pain on minimal
exercise and when paced at only 10 beats per minute
above his resting rate. Inspection of fig'4 shows that
coronary sinus oxygen saturation fell and remained
low throughout each increment of atrial p^acig, The
maximum heart rate that could be attained before
severe chest pain terminated the test was 120 beats
per minute and ST segment changes were not
observed. Evaluation of ST segment changes in the
first ofthese two patients was not possible because of
the presence of bundle branch block.

-4r
Discussion

Coronary sinus oxygen saturation was recorded dur-
ing and after atrial pacing in patients with normal
hearts, coronary artery disease, or -syndrome X. A
fibreoptic method was used to measure oxygen
saturation. The method depends on the illumination
of blood by light at three selected frequencies and
the sensing of the reflected light at these frequencies.
The output of the analyser gave a mean for data col-
lected over a 5s interval. The accuracy, reliability,

-80-

°, 60-
°l40-
C
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110 120 130 140 150 160 170 180
,
I

Heart rate (beats/min)
1min

Fig 3 Coronary sinus oxygen saturation in a patient with
syndrome X. The saturation never fell below the control
value and the mean rose during the test. At higher heart rates

the saturation fell substantially at the onset ofpacing.
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1min
Fig 4 Coronary sinus oxygen saturation in a patient with
syndrome X. The pattern observed in this patient is similar to
that in patients with obstructive coronary artery disease.

and stability of the recording system have been
reported previously.l0 The method avoids the errors
that might arise from intermittent sampling and
allows rapid changes of saturation to be followed
accurately. The necessity of following continuously
oxygen saturation is evident from inspection of figs
1-4.
When any variable is measured in the coronary

sinus it must be remembered that the blood origi-
nates from different regions of the heart and that
mixing may be incomplete. This is of particular
importance when changes are measured during
atrial pacing in patients with coronary artery disease.
Parts of the myocardium may be rendered ischaemic
whereas others are not. The relative blood flow from
the two regions changes during atrial pacing and if
mixing is incomplete the size of the change in oxy-
gen saturation in the coronary sinus may be less than
that if only blood from the ischaemic region had
been sensed. To minimise these problems we
selected patients who had left anterior descending
coronary artery disease and placed the sensing cath-
eter 4 cm into the coronary sinus.
We used atrial pacing to increase cardiac work.9

The development of chest pain during atrial pacing
has been reported as being non-specific for
ischaemia." None of our control patients experi-
enced chest pain during atrial pacing whereas eight
out of 13 patients with coronary artery disease did.
During atrial pacing the ST segment was depressed
in only six of the 13 and there was no ST segment
depression in the control patients. Thus in our
hands atrial pacing is a relatively insensitive means
of detecting coronary artery disease as determined
by ST segment depression or chest pain but is
specific when a positive result is obtained. Similar
findings have been reported by others and appear to
be largely the result of an inability to pace at a rate
sufficient to induce myocardial ischaemia before
atrioventricular block occurs. Right ventricular
pacing can be performed, but the interpretation of

se iou I
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the electrocardiogram immediately after the end of
pacing is complicated by persisting abnormalities of
repolarisation or ischaemia caused by the fall of
blood pressure and perfusion pressure in the
coronary circulation. In the present study right
ventricular pacing of four control patients resulted
in transient ST segment depression in two whereas
all seven patients with coronary artery disease
developed ST segment depression.
Coronary blood flow and arterial oxygen satur-

ation were not measured in this study, but in
animals12 13 and people'4 15 atrial pacing has been
shown to increase coronary flow in normal myo-
cardium but decrease flow in myocardium whose
coronary arteries are severely obstructed by ath-
eroma. In our study in patients with what finally
were considered to be normal hearts, an increment
in pacing rate was accompanied by a transient fall of
saturation lasting approximately 15s. The satur-
ation then returned to the control value and on ces-
sation of pacing the reverse sequence was observed.
An increased heart rate increases the myocardial
work and initially oxygen extraction increases. After
15s, vasodilatation of the coronary bed occurs so

that the venous saturation returns to normal and the
increased oxygen consumption is provided by an
increase of flow. Such rapid adjustments to coronary
flow have previously been demonstrated in animals,
where an increase of coronary flow can be demon-
strated after a single added beat.'6 In dogs an
increase of heart rate increases myocardial work and
coronary blood flow so that coronary sinus oxygen is
unchanged.'3 These observations are entirely com-
patible with the rapid metabolic control of coronary
flow.'7 In individual normal patients the coronary
sinus oxygen saturation in the steady state remained
almost constant at a mean value of approximately
32%. The reason why this should be so is not clear
but an oxygen saturation of 32% may represent the
minimal value for optimum transport of oxygen into
the cell.
The response to atrial pacing in patients with ath-

eromatous obstructive coronary artery disease was
similar to that in controls in the absence of ST seg-
ment depression or chest pain. In patients who
developed chest pain or ST segment depression on

the electrocardiogram, the coronary sinus oxygen
saturation fell after an increment in pacing rate and
then remained at a reduced value. The reduction of
the saturation increased at higher rates of pacing.
The earliest changes of saturation preceded the
development of chest pain or changes on the electro-
cardiogram, as has been reported previously when
chest pain was precipitated by vasoconstriction.4
The probable explanation for these observations is
that oxygen extraction increases after an increment

Crake, Canepa-Anson, Shapiro, Poole-Wilson

in pacing but that an increase of coronary flow is not
possible because flow is limited by stenoses in large
coronary arteries in the presence of an almost max-
imally dilated distal vascular bed. If ischaemia is
defined as occurring when myocardial adenosine
triphosphate consumption exceeds the rate of ade-
nosine triphosphate production that is possible from
the oxygen available in coronary blood, then the
presence of oxygen extraction greater than that
which occurs in normal individuals demonstrates
the presence of myocardial ischaemia. A maintained
reduction of the coronary sinus oxygen saturation in
the presence of increased myocardial work was asso-
ciated with other indicators of ischaemia. This
observation reinforces the idea that active control
mechanisms maintain the coronary sinus oxygen
saturation at a value of approximately 32%.
The term "syndrome X" has been used to

describe very different groups of patients.5 - 8 18 - 33
For the purposes of this study syndrome X was
defined as a clinical syndrome consisting of angina
pectoris, normal coronary arteriograms, and a posi-
tive exercise test. The inclusion of a positive exercise
test in the definition is crucial. We have included
two patients with heart block because although the
exercise electrocardiograms could not be interpreted
the patients developed reproducible and typical
angina pectoris on the treadmill. Many studies of
patients with chest pain and normal coronary arte-
ries have not required a positive exercise test. The
exercise test has been reported as positive in only a
proportion of patients, for example 12/19,6 2/50,33
2/26,18 1/6,24 1/7,25 19/19,21 and 2/13.31 If this
requirement is omitted then more patients will be
included who have genuinely non-cardiac reasons
for chest pain, such as oesophageal disease31 32 or
musculoskeletal abnormalities.31 The differing
characteristics of patients admitted to studies of
patients with normal coronary angiograms almost
certainly account for the widely differing frequency
of oesophageal disease and ventricular dysfunction.
Many mechanisms for syndrome X have been put

forward including impaired coronary vasodilator
reserve,6 7 disease of small vessels (disease of vessels
beyond the resolution of coronary angio-
graphy),24 28 epicardial-endocardial redistribution
of blood flow,26 and myocardial cell abnormal-
ities.6 25 Disease of small vessels has been shown
only in patients with evidence of cardiomyopathy,
hypertrophy, decreased ventricular compliance, and
negative exercise tests.24 That patients with syn-
drome X develop myocardial ischaemia is suggested
by the demonstration of perfusion defects22 and
ventricular wall motion abnormalities on exercise19
although others, in differently defined groups of
patients, have been unable to show a change in left
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Coronary sinus oxygen during ischaemia and in syndrome X 37

ventricular function by continuous monitoring of
pulmonary end diastolic pressure.23 The presence of
ischaemia has also been claimed because changes
of the ST segment were detected during 24 h
monitoring of the electrocardiogram.21 Equating
*ST segment changes with myocardial ischaemia is as
yet unjustified, except in patients with known coro-
nary artery disease and angina pectoris.4 ST
segment changes are common in patients with
cardiomyopathy, hypertrophy, or on treatment with
digoxin. The ST segment may alter on exercise or
over 24 h in a substantial proportion of apparently
normal persons.35 ST segment changes are not
therefore always synonymous with myocardial
ischaemia, and even left ventricular dysfunction
does not necessarily imply ischaemia since there are
many other mechanisms for such abnormalities.
We measured the coronary sinus oxygen satur-

ation in ten patients with syndrome X. All except
two developed ST segment changes on the exercise
test. One of these had left bundle branch block at
rest. The other developed left bundle branch block
on exercise. Both had typical and reproducible chest
pain on exercise. No patient was diagnosed as having
overt cardiomyopathy and none had hypertrophy of
the myocardium. In two out of the ten patients with
syndrome X the coronary sinus oxygen saturation
changed with a pattern similar to that observed in
patients with known atheromatous coronary artery
disease. Since the coronary angiograms were normal
these patients may either have had vasoconstriction
on exercise36 and atrial pacing or have disease of the
small vessels. In the other eight patients coronary
sinus oxygen never fell and in three it rose. Since six
out of eight of these patients had changes on the
electrocardiogram and chest pain similar to the
group of patients with known coronary artery dis-
ease it is difficult to argue that these patients had
myocardial ischaemia in the sense defined above. It
is conceivable that the endocardium became
ischaemic and the epicardium was abundantly per-
fused so that the mixed venous blood in the coronary
sinus had a normal oxygen saturation. Such a phe-
nomenon would be a form of "steal" except that the
epicardial bed would have an excessive flow and a
high venous oxygen saturation. If that were the
explanation then ventricular dysfunction should be
evident on exercise and in the majority of these
patients no abnormality of ventricular function has
been described.23

Alternative mechanisms may account for syn-
drome X. The syndrome could be caused by an
increased retention of potassium in the extracellular
space between cells.37 Potassium is lost from the
normal heart as heart rate increases38 and in
response to other stimuli. If this potassium could

not freely exchange with the vasculature, potassium
would accumulate and bring about the changes on
the electrocardiogram that the physician might mis-
takenly interpret as ischaemia.39 A rise of extra-
cellular potassium concentration can largely account
for the change in the configuration of the action
potential404' and by causing the depolarisation of
pain sensors it could account for the onset of chest
pain. The reason for the accumulation of potassium
in the tissue may be minor changes of anatomy as
presumably are present in hypertrophied myo-
cardium or in the cardiomyopathic heart where ST
segment depression is known to occur on exercise in
the absence of obstructive coronary disease.

We thank the staff of the National Heart Hospital
and Professor A Henderson for their collaboration
and assistance without which this study could not
have been undertaken.
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