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A B S T R A C T Oxyhemoglobin dissociation (OHD)
curves were performed on whole blood (WB) from 20
patients with anginal pain, normal hemodynamics, and
normal coronary arteries, as demonstrated by selective
coronary cinearteriography. OHDcurves in 19 of 20
patients, from zero to full saturation, were nearly
identical to those in normal control subjects with values
for Pso (Po2 at 50% saturation and pH 7.4) of 26.7±
1.5 (mean+SD of the mean) torr (mm Hg) and red
blood cell (RBC) levels of 2,3-diphosphoglyceric acid
(2, 3-DPG) of 0.72±0.10 (mean±SD of the mean)
M/M hemoglobin (Hb). Normal values for nonsmoking
adults were: Pw, 26.6+1.4 (mean+SD of the mean)
torr; and RBC2,3-DPG, 0.81±0.09 (mean±SD of the
mean) M/M Hb. Mean levels of carbon monoxide were
normal at 0.14+0.01 (mean+SEM) ml/100 ml WBin
10 patients who were nonsmokers and 0.45±0.15 (mean
+SEM) ml/100 ml WBin 10 smokers. In one patient,
a heavy smoker with markedly elevated blood carbon
monoxide levels, an abnormal leftward shift of the
OHDcurve was observed. This was corrected after dis-
continuation of smoking. In utilizing these methods, we
could not detect consistent abnormalities of Hb affinity
for oxygen at rest in the patients studied, which sug-
gests that a defect in oxygen transport at rest is an
unlikely explanation for the symptoms of chest pain in
patients with the anginal syndrome and normal coronary
arteriograms.

INTRODUCTION
A syndrome of chest pain suggestive of ischemic heart
disease but associated with normal coronary arteriog-
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raphy has become well recognized in recent years (1-9).
Individuals with this syndrome comprise approximately
10-20% of several large series of patients who have
undergone angiographic study for suspected coronary
artery disease. To further complicate the clinical pic-
ture, a number of these patients exhibit objective evi-
dence for myocardial ischemia as manifested by abnor-
mal S-T segment changes after exercise and myocardial
lactate production during cardiac catheterization (4, 9).
Several possible hypotheses have been proposed to ex-
plain the underlying symptomatology of this syndrome.
These include: disease of the small vessels of the myo-
cardium (10), spasm of the large coronary vessels,
maldistribution of coronary blood flow, and abnormalities
of oxyhemoglobin dissociation (11). In a recent report,
Eliot and Bratt demonstrated significant rightward
shifts of oxyhemoglobin dissociation curves at rest in
14 of 15 women with findings suggestive of ischemic
heart disease but with normal coronary arteriograms.
They further suggested that these abnormalities may
play a possible causative role in this condition (11).
The purpose of this study, therefore, was to examine
the hypothesis of a defect in oxygen transport in simi-
lar patients wcho came to study in our laboratory.

METHODS
20 patients, 10 men (ages 3044) and 10 women (ages 37-
59) with chest pain suggestive of coronary arteriosclerosis
(from 6/1970 to 3/1971) form the basis of this report.
Each patient had a history of recurrent chest discomfort
established for at least 6 months and often for several years.
Several of the patients in the group had been hospitalized
on multiple occasions for chest pain suggesting acute coro-
nary insufficiency and were considered to have symptomatic
coronary artery disease before the time of study. In each, a
thorough search was made for extracardiac sources of chest
pain by appropriate clinical studies (including upper gastro-
intestinal series, cholecystogram, and roentgen examination
of the cervicodorsal spine). Individuals with other forms of
clinically recognized cardiac disease were excluded from
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this study, as were patients with significant anemia, eryth-
rocytosis, thyroid disease, and chronic renal or pulmonary
disease. Antianginal agents (propranolol) were discon-
tinued several (2-3) days before catheterization.

A double two-step exercise test was performed as de-
scribed previously (12). An exercise test was considered
abnormal if 0.5 mmor greater flat RS-T segment depression
occurred during the immediate postexercise period in 50%o
of the recorded complexes in any lead.

All subjects underwent diagnostic right and left heart
catheterization, selective coronary cinearteriography, and
left ventriculography. Pressure measurements were made
with Statham P23Db strain gauges (Statham Instruments
Inc., Oxnard, Calif.) and recorded on a Sanborn 560 Poly-
beam photographic recorder (Hewlett-Packard Co., Palo
Alto, Calif.). Cardiac output was determined by the indo-
cyanine green dye-dilution technique. Paired blood samples
for determination of lactate concentrations were obtained
from an indwelling arterial catheter and a second catheter,
fluoroscopically positioned within the coronary sinus. Mea-
surements were made at rest and during a stress state
with either an isoproterenol infusion or tachycardia induced
by atrial pacing. Lactate concentrations were determined in
duplicate by using a modification of the method of Horn
and Bruns previously reported from this laboratory (13).

Coronary arteriography was performed using dual-field
(9-6-inch) (General Electric Medical Systems Div., Gen-
eral Electric Co., Milwaukee, Wis.) image intensification
and recorded on 16-mm Ilford Pan F film (Ilford Ltd.,
Ilford, Essex, England) exposed at 60 frames per s. Mul-
tiple projections, including right and left anterior oblique
views of each coronary artery, were obtained at both mag-
nifications. In each instance, the films were of good radio-
graphic quality and demonstrated no evidence for intra-
luminal coronary artery disease. At least three of the
authors reviewed each film independently and agreed to the
normality of the coronary circulation. Cineventriculograms
were performed and analyzed as previously described (14).

Heparinized samples of venous whole blood (WB) 1 were
drawn usually 1 or 2 days after cardiac catheterization
when the patient was at rest, breathing room air, and
showing no observable evidence of hyperventilation. Red
blood cell (RBC) levels of organic phosphate compounds,
2,3-diphosphoglyceric acid (2,3-DPG) and ATP, were de-
termined by the spectrofluorometric method of Lowry,
Passonneau, Hasselberger, and Schulz (15). Blood levels
of carbon monoxide were determined by a gas chromato-
graphic method (16). Serum inorganic phosphorus was de-
termined by a standard biochemical method.

Oxyhemoglobin dissociation curves using whole blood
were performed by using the method described by Duvel-
leroy, Buckles, Rosenkaimer, Tung, and Laver (17). The
reproducibility for values of P-o when utilizing this method
is within ±0.4 mmHg. Data obtained from patients in
this study were compared to those of seven normal asymp-
tomatic nonsmoking adults who served as controls using
identical methods during the same period of time. Although
the entire oxyhemoglobin dissociation curve was determined
in each instance, only the values for P50 are indicated in the
data reported. Pw0, the partial pressure of oxygen at 50%
hemoglobin saturation at pH 7.4 and 370C, reported here
as torr equivalent to mmHg, is the accepted convention for
numerically defining hemoglobin affinity for oxygen and
reflects the relative ability of hemoglobin to bind or release

'Abbreviations used in this paper: 2,3-DPG, 2,3-diphos-
phoglyceric acid; RBC, red blood cell; WB, whole blood.

oxygen for use by other tissues. Pw, therefore, is used here
for comparative purposes only. A more meaningful physio-
logic value is the P55 at arterial pH. However, assuming
that values for arterial and venous pH in the patient group
were within normal limits, *the correction to pH 7.40 would
introduce no additional technical errors when compared to
studies in control subjects.2

RESULTS
In addition to normal coronary arteriograms, all patients
in this study exhibited normal left ventricular end-
diastolic pressures (< 12 mmHg) and cardiac indices
(>2.5 1/min/M2), normal left ventricular end-diastolic
volumes (90±10 ml/m2), ejection fractions (.55%),
and patterns of contraction. Standard double two-step
exercise tests were performed in 18 patients and were
positive in 5.

Myocardial lactate metabolism was studied in 11 pa-
tients and was found to be abnormal during stress in
2 individuals. One patient, a man aged 33, with a his-
tory of exertional chest pain completely consistent with
classical angina pectoris, demonstrated normal myo-
cardial lactate extraction at rest but lactate production
during tachycardia induced by atrial pacing. The other
patient, a woman aged 49, exhibited both a positive two-
step exercise test and myocardial lactate production
during isoproterenol stress. Studies in this patient are
described in detail below.

Another patient of special interest included in this
group is a woman, aged 52, who presented with the vari-
ant form of angina pectoris attributed to Prinzmetal
(19, 20).

Studies of oxyhemoglobin dissociation in normal con-
trol subjects. The data in control subjects is of rele-
vance in interpreting the findings observed in the pa-
tient group. Fig. 1 (first panel of each graph) shows
values for P50 and RBC levels of 2,3-DPG in a normal
nonsmoking adult subject over a 9-mo period of time.
Values for P50 in this subject ranged widely from 25.6
to 29.5 with a mean of 27.6±1.0 torr, and RBC levels
of 2,3-DPG from 0.66 to 0.93 with a mean of 0.83+
0.08 M/M hemoglobin.

The combined data of seven additional normal non-
smoking adults over a period of 12 mo are presented
in the second panel of each graph in Fig. 1. A similar
degree of variability for both values is observed with
values for P5o ranging from 23.5 to 29.3 torr (mm Hg)
(mean 26.6±1.4 torr) and corresponding RBC concen-

trations of 2,3-DPG ranging from 0.60 to 0.95 M/M
hemoglobin (mean 0.81±0.09 M/M hemoglobin).

Studies of oxyhemoglobin dissociation in patients with
the anginal syndrome and normal coronary arterio-

2pH at the point of 50% hemoglobin saturation was de-
termined as previously described (17). Correction to pH
7.40 was obtained by use of the Bohr factor, i.e., A log
Po2/A pH, as defined by a standard dissociation curve (18).
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FIGURE 1 Variability of P60 and RBC concentrations of 2,3-DPG in a normal nonsmoking
individual over a period of 9 mo (first panel of each graph) and in seven other nonsmoking
adult subjects over a period of 12 mo (second panel of each graph). Pro, the partial pressure
of oxygen at 50% saturation and pH 7.4 is reported as Torricelli (torr), equivalent to mem
Hg, and numerically determines hemoglobin affinity for oxygen. Note the relatively wide
range of variation for both values. Mean values±1 SD are indicated by the shaded areas. In
the control group, mean values for P60 and RBC 2,3-DPG were 26.6+1.4 torr (mm Hg) and
0.81+0.09 M/M hemoglobin (Hb), respectively. Determinations of P50 and RBC concentra-
tions of 2,3-DPG in patients with the anginal syndrome and normal coronary arteriograms
(third panel of each graph) are juxtaposed for comparison. Mean levels for PM0 and RBC
2,3-DPG were 26.7+1.5 torr (mm Hg) and 0.72+0.10 M/M hemoglobin, respectively. No
significant statistical differences were observed between the patient and control groups. The
two lowest data points in each panel of the patient group represent values for P50 and
RBC2,3-DPG, respectively, in the same patient.

grams. Fig. 2 illustrates a typical oxyhemoglobin dis-
sociation curve from a representative patient (C. G.),
in this instance, a 49-yr-old female with a long history
of recurrent episodic chest pain and a positive two-
step exercise test. The values for Pro of 27.6 torr (mm
Hg) and RBC 2,3-DPG of 0.77 M/M hemoglobin are
within the normal range.

The specific values for Pro and RBClevels of 2,3-DPG
in the entire patient group are also presented in Fig. 1
(third panel of each graph). The control data are juxta-
posed for the purpose of comparison. Of 20 patients with
the anginal syndrome, studies in 19 fell within or very
near the normal range (mean values for the entire
group were P6o, 26.7±+1.5 torr, and RBC 2,3-DPG,
0.72±0.1 M/M hemoglobin. These include the studies
from four of the five patients with a positive two-step
exercise test, the previously described male patient with
lactate production during stress and the patient with
variant angina pectoris. No statistical differences were
observed between the two groups.

10 smokers were included in the patient group. Of
these, three patients had elevated WBlevels of carbon
monoxide. Two patients with carbon monoxide concen-
trations of 0.72 and 0.85 ml/100 ml WBshowed minor
leftward shifts of the lower portion of their dissociation
curves, but values for P6o remained within the normal
range. Mean levels of carbon monoxide were normal
at 0.14±0.01 ml/100 ml WBin 10 patients who were
nonsmokers.

The lowest data points in each panel of the patient
group represent values for P60 and RBC 2,3-DPG, re-
spectively, in the same patient (M. P.), a 49-yr-old
female who was a heavy smoker with a 5-yr history of
exertional chest pain and both a positive two-step exer-
cise test and myocardial lactate production (Fig. 3).
An initial study performed during the time when she
maintained her usual pattern of heavy cigarette smok-
ing (no. 1) demonstrated high blood levels of carbon
monoxide at 1.22 ml/100 ml WB (or 7%) and a sig-
nificant leftward shift of the dissociation curve with a
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FIGURE 2 Oxyhemoglobin dissociation studies in a repre-
sentative patient with the anginal syndrome and normal
coronary arteriograms. The dissociation curve is superim-
posed on the normal range (shaded area). Values for P9D
and 2,3-DPG are within normal limits. Hb is hemoglobin.

P6o value of 22.4 torr (mm Hg). A repeat study when
she discontinued smoking for 5 days (no. 2) showed a
marked fall in blood carbon monoxide, a rightward
shift of the dissociation curve to the normal range, but
a concomitant decrease in RBC 2,3-DPG. Levels of
serum inorganic phosphorus were low in both instances.

DISCUSSION
The results of oxyhemoglobin dissociation studies in
8 control subjects and 20 patients with the anginal syn-
drome and normal coronary arteriograms have been
presented. In utilizing the methods described, we were
unable to detect any consistent abnormality of hemo-
globin affinity for oxygen at rest in our patients.

Equal numbers of men and women with this syndrome
comprised the study population, in contrast to previous
reports in the literature in which females predominated
(3, 7). Objective laboratory evidence for the presence
of myocardial ischemia, as manifested by abnormal RS-T
segment depression after exercise or myocardial lactate
production, was present in six patients, five of whom
were women. The increased frequency of these abnor-
malities in women as compared to men is consistent with
our experience in a large group of such patients with
the anginal syndrome and normal coronary arterio-
grams (9).

Hemoglobin affiinity for oxygen. Since nearly all
of the oxygen in the blood is carried within the erythro-
cytes in combination with hemoglobin, the delivery of
oxygen to cardiac muscle and other tissues is in part
determined by the affinity with which hemoglobin binds
or releases oxygen for use by other cells (21). The dy-
namic character of this affinity relationship between
hemoglobin and oxygen over a range of partial pressures
for oxygen is graphically represented by the oxyhemo-
globin dissociation curve. Poe, the partial pressure of
oxygen at 50% saturation at pH 7.4 and at 370C nu-
merically determines the affinity of hemoglobin for
oxygen. Increased hemoglobin affinity for oxygen is
characterized by a shift of the oxyhemoglobin dis-
sociation curve to the left of normal, with a lower
value than normal for P50, while decreased affinity is in-
dicated by a shift of the curve to the right of normal
with a higher value than normal for P50. Recent bio-
chemical studies (22-25) of the hemoglobin-oxygen
interaction have established the important role of cer-
tain intra-erythrocytic organic phosphate compounds de-
rived from the glycolytic cycle, primarily 2,3-diphos-
phoglyceric acid (2,3-DPG), in regulating the binding
or release of oxygen from the hemoglobin molecule.

One possible point of criticism may be raised regard-
ing the specific values for P6o reported in our patients,
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FIGURE 3 Oxyhemoglobin dissociation studies in an un-
usual patient with the anginal syndrome (see text). The
initially observed significant leftward shift of the dissocia-
tion curve was associated with high blood levels of carbon
monoxide (no. 1). This was corrected after discontinuation
of smoking (no. 2). Hb is hemoglobin.
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i.e., that the correction to pH 7.40 may not be physio-
logically relevant for the patient whose arterial pH or
the pH in the coronary arterial bed is markedly diff-
erent from normal. Based on the usual Bohr factor used
for correction (i.e., A log Po2/A pH = - 0.48) we find
that an error as high as 0.1 pH units will alter P02 by
±2.5 torr, depending upon an assumption of either too
high or too low a pH. Wehave, however, no evidence
that such extensive abnormalities existed in our patients.

Changes in oxyhemwglobin dissociation curves: their
physiological significance. Relatively wide ranges of
variation in the position of the oxhemoglobin dissociation
curves, similar to the data in our control subjects, have
previously been reported in normal individuals without
manifest hemoglobinopathies (25, 26) by other investiga-
tors using different methods (18, 27, 28). Furthermore,
within this range of variation, we observed a general
direct relationship between specific values for Pro and
corresponding RBC levels of 2,3-DPG consistent with
the studies of Benesch and Benesch (22, 24) and Chanu-
tin and Curnish (23). This normal variability, therefore,
makes difficult the interpretation of minor changes in
P50 or 2,3-DPG reported to occur in studies both in pa-
tients with the anginal syndrome and normal coronary
arteriograms and those with documented coronary artery
disease as being of physiologic importance (29) (vide
infra).

Presumably a shift in the oxyhemoglobin dissociation
curve should have physiologic consequences only in
organs with high differences in arteriovenous oxygen
content, such as the heart, brain, and skeletal muscle
performing active work (21, 29). Studies of transmyo-
cardial oxygen tension have demonstrated a decreasing
level of Po2 from the epicardium to the endocardium
(30). Hence, one would suspect that such shifts at
rest in oxyhemoglobin dissociation curves, particularly
when substantiated by appropriate changes in RBC
levels of 2,3-DPG, would only be of physiological sig-
nificance if they altered myocardial oxygen arterio-
venous difference, thereby, reflecting a change in myo-
cardial blood flow. This would, at least in theory, be
manifested by appropriate changes in coronary venous
oxygen content, the fraction of oxygen extracted and
resting coronary blood flow (since arterial saturation
tends to remain constant at normal levels of Po2). Such
findings have not been described in either patients with
the anginal syndrome and normal coronary arteriograms,
nor in those with documented coronary artey disease
(4, 8, 9, 31).

In one patient (AM. P.) with an abnormal leftward dis-
placement of the dissociation curve, this was completely
consistent with the high levels of carboxyhemoglobin
present. Similar abnormalities have been reported in
heavy smokers by several investigators (32, 33). While

discontinuation of smoking corrected this abnormality,
the patient's symptoms of chest discomfort did not abate
during this brief period of time. The paradoxical fall in
RBC levels of 2,3-DPG after the rightward shift of the
oxyhemoglobin dissociation curve to the normal range
and the relatively low levels of serum inorganic phos-
phorus remain unexplained.

Comments on studies by other investigators. The pre-
vious findings reported by Eliot and Bratt (11), although
not confirmed by our data, require further comment.
The oxyhemoglobin dissociation curves reported in their
study were determined by different methods from our
own (using RBC hemolysates and standard tonometric
techniques). The rightward shifts in oxyhemoglobin
dissociation curves (>3.1 mmHg than normal) ob-
served in their patients, however, indicate reduced hemo-
globin affinity for oxygen and more likely represent a
result rather than a cause of myocardial hypoxia (34).
More recent studies by these investigators (35, 36)
utilizing an elaborate stop-flow technique to determine
the rate of oxygen release from purified hemoglobin
preparations of -these patients have demonstrated de-
creased rates of release of oxygen, a finding not com-
pletely consistent with the oxygen-hemoglobin equilib-
rium (oxyhemoglobin dissociation curves) data reported
earlier.

Since the patients described in this report were not
studied under conditions of stress, we could not spe-
cifically exclude the possibility of an acute defect in
oxygen transport during the time of cardiac stress when
objective findings of myocardial ischemia were observed.
Two recent studies by other investigators, however, are
important in this regard. Under conditions of angina
pectoris induced by atrial pacing, Schapell et al. (37)
demonstrated minor (0.6-2.9 mmHg) increases from
control in P50 of coronary sinus blood in five patients with
coronary artery disease. These changes occurred without
concomitant changes in RBC levels of 2,3-DPG. In one
patient with normal coronary arteriograms, however, no
change in Pso was observed during pacing tachycardia,
despite the development of ischemic S-T segment de-
pression and myocardial lactate production without con-
comitant chest pain. In contrast, another study demon-
strated minor increases in P50 from control values (right-
ward shift of the oxyhemoglobin dissociation curve)
after pacing tachycardia in 9 of 27 patients with the
anginal syndrome and normal coronary arteriograms and
in 24 of 76 patients with documented coronary artery
disease (38). These findings, particularly in patients
with the anginal syndrome and normal coronary arterio-
grams, are probably of little or no physiologic import-
ance, since normal regulatory mechanisms can augment
coronary blood flow many fold to compensate for pos-
sible myocardial hypoxia (39). These changes may be
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of importance, however, in patients with coronary
arterial lesions during stress where severe coronary
flow limitation occurs. In these instances, acute decreases
in hemoglobin affinity for oxygen may permit a minor,
but perhaps critical, increase in oxygen delivery to
ischemic myocardium (40).
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