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Abstract. Erythrocytosis without clinical illness was noted in a man and
his two daughters. Their blood contained approximately 62% hemoglobin A
and 38% a new hemoglobin, designated hemoglobin Yakima. The oxygen

affinity of whole blood from each subject was greatly increased and heme-
heme interactions were impaired. At 370C and a plasma pH of 7.40, the
oxygen pressure required to produce 50% saturation of hemoglobin with oxy-

gen was only 12 mmHg as compared with a normal of 26 mmHg. The high
oxygen affinity of this blood is attributed to the presence of hemoglobin
Yakima; and the increased oxygen affinity was shown to be characteristic of
the isolated abnormal hemoglobin. A Bohr effect was present in hemoglobin
Yakima.

Arterial oxygen pressure, oxygen consumption, and cardiac output at rest
were normal. With respect to oxygen delivery to tissues, the increased he-
moglobin concentration appears to be the major compensation for the marked
displacement of the oxygen-hemoglobin equilibrium curve, although other
factors may contribute. The finding of high normal quantities of erythro-
poietin in the urine is consistent with this degree of erythrocytosis.

Introduction

In order to function effectively in oxygen trans-
port, hemoglobin must be able to combine with
oxygen at pressures found in the lungs and be
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able to deliver oxygen to tissues at pressures ade-
quate for diffusion to intracellular sites of utiliza-
tion. Normal hemoglobin is well designed for
both these functions as expressed by the Bohr
effect, the midposition of the oxygen-hemoglobin
equilibrium curve and its sigmoid shape (a mea-
sure of heme-group interactions).

More than 70 human hemoglobin variants have
been reported ( 1 ), but only a few have been
associated with altered oxygen-binding properties.
A new hemoglobin, designated hemoglobin Ya-
kima, has been found to constitute approximately
38% of the total hemoglobin in three healthy mem-
bers of one family (2). Each of the three indi-
viduals, heterozygous for hemoglobin Yakima,
possessed a significant erythrocytosis associated
with a high oxygen affinity of the blood.

Significant alterations in the oxygen-carrying
properties of blood might evoke compensatory
responses in other systems concerned with oxygen
transport and utilization. Our study was de-
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signed to characterize the altered oxygen-binding
properties of hemoglobin Yakima and to investi-
gate its possible hemodynamic and metabolic
consequences.

Methods

The family pedigree of these subjects, the results of
hematologic studies, and the details of chemical charac-
terization of hemoglobin Yakima are reported by Jones,
Osgood, Brimhall, and Koler (2). Designation of the
propositus and the two other subjects in our present study
conforms to the schema of those authors.

Oxygen equilibria of whole blood. For studies of the
oxygen-hemoglobin equilibria, venous blood was obtained
without stasis. A solution of heparin (10 mg/ml) satu-
rated with sodium fluoride was used to fill the dead space
of each withdrawal syringe. Immediately after with-
drawal of the blood, we began in vitro oxygen-hemo-
globin equilibrium studies using two different techniques
which have been described in detail in previous publica-
tions and which have shown excellent agreement in our
laboratory (3, 4). Because of the high oxygen affinity
of blood from these patients, complete deoxygenation of
blood was difficult to achieve. We, therefore, measured
the oxygen concentration in the "deoxygenated" samples
by the Van Slyke micromanometric apparatus and made
the necessary corrections in our calculations of per cent
of hemoglobin saturation by the "mixing technique"

(4). Partial pressure of oxygen in millimeters mercury
(Po2) and pH of the mixture were measured with
Radiometer electrodes at 370C. The occurrence of he-
molysis after tonometry was excluded by centrifugation
and visual examination of the plasma. On one occasion,
in vivo data were also obtained by measurement of oxy-
gen saturation, pH, and Po2 of blood taken from the
brachial artery and the antecubital vein.

The hemoglobin concentration of each blood sample
was determined by a spectrophotometric method (5).
Oxygen capacity was determined gasometrically after
oxygenation at 370C (3). Methemoglobin concentrations
in blood and in hemoglobin solutions were measured by
a modification of the method by Evelyn and Malloy (6).

Oxygen equilibria of hemoglobin solutions. Hemoglo-
bin solutions were prepared from lysed red cells after
extraction of stroma and lipid with toluene. Separation
of hemoglobin Yakima and hemoglobin A was accom-
plished by column chromatography as described by Jones
and coworkers (2). Each 5-10 ml aliquot of hemoglobin
A and hemoglobin Yakima and of unfractionated he-
moglobin solutions (62%o A and 38%o Yakima) was dia-
lyzed for 24 hours against 1 liter of 0.05 Mpotassium phos-
phate buffer. Oxygen-hemoglobin equilibria were deter-
mined by the "mixing technique" at 37°C, pH 6.45-6.50,
and with hemoglobin concentrations of 3.54.5 g/100 ml.
Similar aliquots of pure hemoglobin A and hemoglobin
Yakima were dialyzed overnight against 0.15 M NaCl.
Changes in pH after complete oxygenation by 100%b oxy-
gen and virtual deoxygenation by prepurified -nitrogen

100r
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FIG. 1. OXYGEN-HEMOGLOBINEQUILIBRIUM OF BLOODAT 370C FROMTHE
PROPOSITUS (III-8) AND HIS TWODAUGHTERS(IV-1, IV-2) COMPARED
WITH THAT OF NORMALADULT BLOOD.
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TABLE I

Measured values of pH, Pco2, Po2 at 370
oxygen saturation of blood of three su

I V-1, I V-2) with 38% hemoglobi

Method 1*
111-8

IV-1

IV-2

Method IIt
111-8

pH Pco2

mmHg

7.401 40.8
7.405 42.9
7.428 41.6

7.359 40.8
7.355 42.9
7.375 41.6
7.400 41.8

7.398 40.8
7.400 42.9
7.403 41.6

7.430
7.440
7.420
7.390

IV-1 7.345
7.360
7.365
7.365
7.370

IV-2 7.415
7.410
7.410
7.390

111-8 7.645
7.653
7.403
7.407
7.216
7.213

In vivo determinations§
111-8 7.428

7.418
IV-1

41.1
41.1
41.1
41.1

41.7
41.7
41.7
41.7
41.7

41.2
41.2
41.2
41.2

12.8
12.8
41.2
41.2
84.5
84.5

38.0
43.0

7.426 38.0
7.413 42.0

(7); dye concentration in arterial blood was measured
C and percentage of continuously with a Colson densitometer and Honeywell
tbjects (III-8, recorder. Brachial artery pressure was recorded with a
'n Yakima Statham P23AA strain gauge. After stabilization was

achieved, total body oxygen consumption was measured
P02 Hb 02 (8). Expired air was analyzed for 02 and C02 by the

mmHg % technique of Scholander (9). During collection of the

198.6 100.0 expired air, cardiac output was measured. Duplicate
28.7 81.1 measurements of cardiac output, oxygen consumption,
14.3 63.0 heart rate, and brachial artery pressure were made at

198.6 100.0 10-min intervals and the results were averaged. Arterial
28.7 78.3 blood samples were analyzed for p;H, Po2, and oxygen
14.3 61.9 and carbon dioxide concentrations. Arterial-venous

1.5 15.6 blood oxygen concentration differences were calculated
198.6 100.0 from the average cardiac output and oxygen consumption

28.7 79.8 by the Fick equation. Weestimated mixed venous blood
14.3 55.2 oxygen tension from the patient's oxygen-hemoglobin

equilibrium curve. Normal values for our laboratory are:
3.3 32.0 cardiac index, 2.4-3.4 liters/min per m2; arterial-venous

14.0 54.0 oxygen concentration difference, less than 5.2 volumes/
19.5 60.0 100 ml; arterial blood oxygen saturation, 95-98%.35.0 82.5

48.3
4.8

14.5
19.2
33.5

5.0
13.8
16.5
51.5

10.3
12.5
11.7
16.1
14.3
19.0

82.0
51.0

90.0
47.0

92.0
32.0
54.0
60.0
82.5

32.0
54.0
60.0
92.0

50.8
57.5
48.3
56.0
46.8
54.7

97.5
89.6

98.3
86.0

* Method 1: Per cent of oxygen saturation (Hb 02%)
calculated from measured gas concentrations in blood by
Van Slyke manometric apparatus.

t Method II: Hb 02% determined by volumetric mixing
of oxygenated and deoxygenated blood and Po2 measured
by electrode.

§ Pco2 calculated from whole blood CO2 content.

were compared in the two isolated hemoglobins for an

estimate of the Bohr effect.
Hemodynamic and metabolic studies. Studies of he-

modynamic function and metabolic rate were performed
on the propositus (subject III-8) and his two daughters
(subjects IV-1 and IV-2). After an overnight fast, each
subject was allowed to rest in the supine position without
sedation. A transcutaneous brachial artery catheter was

inserted. A cephalic vein was cannulated with a 17-
gauge polyethylene cannula for injection of 5 mg of indo-
cyanine green dye followed by isotonic saline. Cardiac
output was measured by the indicator-dilution method

Results

Oxygen equilibria of whole blood. Blood sam-
ples from the propositus and his two daughters
showed an unusually high oxygen affinity (Fig. 1,
Table I). Each point represents the average of
duplicate measurements. In our laboratory, nor-
mal adult whole blood at pH 7.40 and 370C is
half-saturated with oxygen at a pressure (P50) of
26.0 mmHg ± 0.5 mmHg (SD). Blood from each
of the three individuals showed a P(,0 of approxi-
mately 12 mmHg. At 54% saturation the mean
Po., was 14.1 mmHg+0.5 mmHg (SD). The
oxygen-hemoglobin equilibrium curve is hyper-
bolic, indicating significant impairment of heme-
heme interaction. According to Hill's equation:
log (y/100 - y) = n log Po2 + log K, where y is
the per cent of oxyhemoglobin and K is a constant,
n is an expression of heme-heme interactions (n
= 1 = no interactions). The n value calculated
from our data (by the method of least squares) in
the range of 15-82.5%o saturation was 1.1 for blood
that contained 38%o hemoglobin Yakima and 62%o
hemoglobin A. Normal blood has an n value of
2.5-3.0. A near-normal Bohr effect factor (A log
Po,/ApH =- 0.44) in the region of 50%c satura-
tion was found in whole blood from one of our
subjects (III-8). An average factor of - 0.52
was calculated over the range of 15-82.5%o satura-
tion after data from all subjects were pooled.

Methemoglobin in whole blood was excluded by
spectrophotometric examination of freshly drawn
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blood and by comparison of total hemoglobin mea-
sured as cyanmethemoglobin and oxygen capacity
by Van Slyke gasometric methods.

Oxygen equilibria of hemoglobin solutions.
Hemoglobin fractions isolated by column chroma-
tography were 98%o pure. Hemolysates exposed
to chromatography showed an increased propensity
to methemoglobin formation during dialysis and
tonometry, in contrast to unfractionated hemo-
globin solutions. In repeated studies, however,
the concentrations of methemoglobin were the same
in both hemoglobin Yakima and hemoglobin A
solutions and comprised 20-28% of the total hemo-
globin. Oxygen equilibria of hemoglobin Yakima
and hemoglobin A were studied on the same day
under identical in vitro conditions in order to
insure comparative validity.

Absorption spectra in the ultraviolet and visi-
ble spectral regions showed no evidence of de-
naturation of the individual hemoglobin fractions.
Evidence of the functional integrity of unoxidized
hemoglobin was its ability to undergo reversible
oxygenation and deoxygenation during tonometry
and mixing. It is evident from Fig. 2 that the

high oxygen affinity of whole blood is attributable
to the abnormal hemoglobin. Isolated hemoglobin
A from these individuals had a P50 of approxi-
mately 26 mmHg, whereas the P50 of hemoglobin
Yakima was approximately 5 mmHg. Unfrac-
tionated hemolysate (free of methemoglobin)
showed an intermediate P50 of 14 mmHg, al-
though whole hemolysate from normal controls
had a P50 of 34 mmHg under the same conditions.
Wecalculated -n in Hill's equation for each hemo-
globin solution. Pure hemoglobin Yakima had an
n of 1.0 (indicating no heme-heme interactions);
the n of unfractionated hemolysate was 1.1. Chro-
matographically separated hemoglobin A from
these subjects had an n of 2.2, whereas the n of
whole hemolysate from normal controls was 2.7.

The P50 and n values of normal whole hemoly-
sate are comparable with data of Nechtman and
Huisman (10), which were obtained under condi-
tions of temperature, buffer, and hemoglobin con-
centration similar to ours but with conventional
spectrophotometric techniques. The lower values
of P,0 and n found in chromatographically sepa-
rated hemoglobin A are probably related to the
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FIG. 2. COMPARISONOF OXYGEN-HEMOGLOBINEQUILIBRIA OF HEMOGLOBIN
SOLUTIONS.
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TABLE II

A comparison of change in pH in hemoglobin Yakima* and
hemoglobin A* upon deoxygenation (Bohr effect)

in 0.15 MNaCi

pH

Hemoglobin Yakima
Oxygenated 7.471 i 0.002
Deoxygenated 7.572 ± 0.004

Hemoglobin A
Oxygenated 7.440 :1 0.001
Deoxygenated 7.569 d 0.005

* Total hemoglobin concentration 3.6 0.1 g/100 ml;
the data shown are mean values of three determinations.

presence of methemoglobin and are in accord with
the observations of Darling and Roughton (11).

A qualitative comparison of the Bohr effect in
isolated hemoglobin Yakima and in hemoglobin A
is given in Table II. Methemoglobin concentra-
tions before and after deoxygenation remain the
same in both hemoglobin fractions.

Hemodynamic and metabolic studies. Arterial
oxygen saturations, rates of oxygen consumption,
and cardiac indexes were within normal ranges
(Tables I and III). Normal acid-base status was
present as indicated by normal blood pH values at
approximately 40 mmHg Pco2.

The oxygen concentration in arterial blood
(Cao2) was 23.9 volumes/100 ml for subject III-8
and 22.0 volumes/100 ml for subject IV-1. Ar-
terial pH was 7.428 and 7.426, respectively. Cal-
culated values for mixed venous blood at pH 7.40
were: an oxygen pressure (Po2) of 34 mmHg

TABLE III

Resting hemodynamic and metabolic studies in three
subjects with 38% hemoglobin Yakima

III-8 IV-1 IV-2

Body surface area, m2 2.22 1.86 1.76
Bodyweight, kg 93.2 71.8 61.8
Cardiac index, 2.58 3.32

liters/min per m2
Oxygen consumption, 125 125 117

ml/min per m2
Mixed venous Po2, 34 35

mmHg
RQ(expired air) 0.77 0.60 0.74
Basal metabolic rate -6 +3 -8
Heart rate, beats/min 58 67 66
Blood pressure, mmHg 116/72 130/74 115/70
Oxygen capacity, 24.2 22.1

volumes/100 ml*
Hemoglobin concentra- 18.3-18.9 17.0-17.7 17.2

tion, g/100 mlt

* Van Slyke determinations at time of cardiac output
study.

t Variation during 2-month interval.

and an oxygen concentration (Co2) of 19.1 vol-
umes/100 ml for subject III-8; and PV%2 of 35
mmHg and Co2 of 18.2 volumes/100 ml for
subject IV-1. Cardiac output studies were not
performed on subject IV-2, but other parameters
were within normal limits (Table III). Mixed
venous oxygen pressures of 34-35 mmHg were
somewhat lower than the 39-40 mmHg reported
for normal subjects under comparable circum-
stances (12). A decreased intercapillary diffusion
distance in the tissues would allow adequate oxy-
gen supply at lower than normal mean capillary
Po2, but no studies of tissue capillarity were per-
formed. Significant elevations of hematocrit,
hemoglobin concentration, and red cell mass have
been documented in these subjects who were with-
out clinical illness (2).

Discussion

The extremely high oxygen affinity of isolated
hemoglobin Yakima is comparable to that found in
Bart's hemoglobin (13) and in hemoglobin H
(14). The oxygen affinity of blood containing
hemoglobin Yakima is higher than that of any
human blood previously recorded, including hemo-
globin Chesapeake which was also accompanied by
an erythrocytosis (15).

Cellular oxygen supply requires the integrated
action of several physiologic variables and a
change in any of these without associated com-
pensatory responses will produce a change in the
rate of oxygen delivery. Haldane, as quoted by
Roughton, postulated that a blood oxygen-hemo-
globin equilibrium curve shaped and positioned
like that of myoglobin would be incompatible with
human life (16). Our subjects with hemoglobin
Yakima have a functional defect in one identifiable
link in the oxygen-delivery chain based upon the
high affinity of their blood for oxygen. As oxy-
gen is delivered to tissues, the fall of blood oxygen
pressure will be more pronounced in blood with
hemoglobin Yakima than in human blood with
normal hemoglobin and may reach levels that, in
accordance with Haldane's observations, would
jeopardize oxygen delivery to intracellular sites
of utilization. Compensatory adjustments, which
would help to maintain the Po2 in capillary blood
at normal levels, include an increase in hemoglobin
concentration and an increased rate of blood flow.
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FIG. 3. COMPARISONOF OXYGEN-HEMOGLOBINEQUILIBRIA OF NORMALADULT BLOOD
AND BLOOD OF THE PROPOSITUS TO ILLUSTRATE THE EFFECT OF OXYGENAFFINITY AND
OXYGEN-CARRYINGCAPACITY ON MIXED VENOUSPo2. The ordinate is expressed as 02
concentration (volumes per 100 ml) rather than the usual per cent of O saturation.
The resting arterial-venous 02 concentration difference in volumes per 100 ml (Ca, -
CV..) of the propositus is shown. The curve of interrupted lines represents blood
with 38% hemoglobin Yakima and a hypothetical oxygen-carrying capacity of 19.6
volumes/100 ml.

The net effect of an increased oxygen-carrying
capacity is to increase venous Po, for a given
extraction of oxygen from blood. In Fig. 3 we
have illustrated by the dashed line the hypothetical
fall of Po, in subject III-8 with the same arterial-
venous oxygen concentration difference, as calcu-
lated from our studies, but without a compensatory
erythrocytosis. A mixed venous Po, of 25 mmHg
would be observed under those circumstances.
This is in contrast to the value of 34-35 mmHg
calculated from our studies in the presence of
erythrocytosis. Oxygen consumption in our sub-
jects was normal and no increase in cardiac output

at rest above normal values was found. The low
resting heart rates, however, suggest that con-
siderable cardiac reserve would be available during
exercise.

It is noteworthy that the over-all increase in
the red cell mass in these patients is associated
with high normal values of urinary erythropoietin
activity as studied and interpreted as compatible
with a secondary erythrocytosis by Adamson.'
The normal arterial oxygen pressures observed in
our subjects suggest that the erythropoietin pro-

' Adamson, J. 1966. Personal communication.
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duction system is responsive to oxygen pressures

in postarterial sites.
Under normal circumstances, oxygen delivery

to the fetus is facilitated by an increased oxygen

affinity of fetal blood in comparison to maternal
blood. Since hemoglobin Yakima is a f8-chain
variant, we would not expect this hemoglobin to
occur in utero in a significant amount. During
pregnancy, in carriers of hemoglobin Yakima, the
usual relationship between oxygen affinity of ma-

ternal and fetal blood would probably be reversed.
Our estimates of transplacental oxygen pressure

gradients from available data (17) suggest that in
addition to an elevated hemoglobin concentration
in maternal blood, an increase in maternal uterine
blood flow, and (or) an increase in placental dif-
fusing capacity would be necessary for adequate
oxygen transfer to the fetus.

The shape and position of the oxygen-hemo-
globin equilibrium curve in these subjects would
be expected to show less reserve of Po2 in anemia,
in exercise, and in tissues with a high degree of
oxygen extraction, e.g., myocardium. However,
all three subjects with hemoglobin Yakima and
erythrocytosis are active and healthy, which would
indicate the benefit of a high blood oxygen-carry-

ing capacity, and possibly other as yet unidentified
compensatory mechanisms.
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