
Pa,
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Fig. 1. System used for ODC determining the oxygen disso-
ciation curve
P0, and P00, are the oxygen and carbon dioxide electrodes. C is the cuvette
containing the blood, M the motor used for magnetic stirring, and S a spacer
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Continuous Determination of the Oxygen
Dissociation Curve for Whole Blood

LulgI Rossi-Bernardi, Massimo Luzzana, Michele Samaja, Mario Davi,
Daniela DaRiva-Ricci, Jolanda Minoli, Brian Seaton,’ and Robert L. Berger2

We report here the development of a new method that
allows continuous determination of the oxygen dissocia-
tion curve for microsamples (600 d) of whole blood
under conditions of pH, Pco2, methemoglobin concen-
tration, and 2,3-diphosphoglycerate content closely ap-
proaching those found in the circulatory system. The
method consists of gradually oxygenating a blood sam-
ple by adding H202 in the presence of catalase (EC
1.11.1.6), to produce the reaction H202 - H20 + 1/2
02. Because the total oxygen content of blood can be
derived from the known rate of H202 addition and the
po2 i5 determined in the liquid phase by an oxygen elec-
trode, the two functions (total 02 content) and (% oxy-
gen saturation) vs. P02 are simple to calculate. pco2 and
pH are controlled by adding base simultaneously with
the gradual oxygenation of blood. The method described
thus avoids the direct measurement of oxygen satura-
tion of whole blood.

AddItional Keyphrases: catalase-produced reaction
sickle cell anemia #{149}respiratory function of blood

.

Determination of the oxygen dissociation curve
(ODC) under near-physiological conditions is of criti-
cal importance in the study of respiratory functions
of blood. Although there are several new methods for
continuously recording the ODC, few of them include
proper attention to the careful control of the various
factors that are known to affect the position and the
shape of the curve.
We report here the development of a new method

that allows continuous determination of the ODC of
microsamples (600 sl) of whole blood under condi-
tions of pH, Pco2, methemoglobin concentration, and
2,3-diphosphoglycerate content closely approaching
those found in the circulatory system.3

Methods
Principle. The method consists of gradually oxy-

genating a blood sample by adding H202 in the pres-
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#{149}ence of catalase (EC 1,11.1.6), to produce the reaction
H202 - H20 + ‘i402. Because the total oxygen con-
tent of blood can be derived from the known rate of
H202 addition, and the P02 is determined in the liq-
uid phase by an oxygen electrode, the two functions
[total 02 content] and [% oxygen saturation] vs. po2
are simple to calculate. pco2 and pH are controlled
by adding base simultaneously with the gradual oxy-
genation of blood. The method described thus avoids
the direct measurement of oxygen saturation of
.whole blood.

Figure 1 shows the cuvette used for the ODC deter-
mination. The sample compartment has a total vol-
ume of 1.0 ml. The stopper on the top keeps the
blood contained in the cuvette under anaerobic con-
ditions and determines the sample volume used in
the experiment. This volume can conveniently be
varied by removing the spacer between the cuvette
and the stopper. Most of the work reported in this
paper was done with a cuvette volume of 0.500 or
1.000 ml. Commercial po2 or pco2 electrodes (Instru-
mentation Laboratory, S.p.A., Milan/Lexington,
Mass. 02173) were used. The cuvette is thermostat-
ted by water circulating from an external, tempera-
ture-controlled reservoir. A circular stirring magnet
is contained in the cuvette and is magnetically cou-
pled to the dc motor (Figure 1), the speed of which is
continuously adjustable by a separate electronic cir-
cuit. Stirring speed influences the size of the stagnant
layer of liquid (and thus the po2 readings) around the



Fig. 2. Block diagram of the complete experimental setup
if and M” represent two Razel syringe PUmPS. A Is an electronic proportion-
al control system for automatically maintainingP0o, (or pH) constant
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P02 electrode, particularly when a fast-response,
highly permeable membrane is used. In the configu-
ration shown in Figure 1 the optimum speed of stir-
ring, above which there is no further change in P02
reading, is about 600 rpm. A Teflon (Du Pont) mem-
brane of i2-m thickness gives the best results in re-
gard to speed and stability. Figure 2 is a block di-
agram of the complete setup.
P02 electrolyte solution type S4064 (Radiometer,

Copenhagen) was used as a supporting electrolyte in
the Instrumentation Laboratory p02 electrode. H202
(300 g/liter, RSE grade, with no added stabilizer, ap-
proximately 8.8 mol/liter) was obtained from C. Erba
(Milan) and diluted to give an approximate 1 mol/
liter stock solution. The exact titer of the peroxide
solution was checked by permanganate titration and
by Van Slyke gasometric analysis as indicated by
Gregory (1). Catalase was obtained from Sigma
Chemical Co., St. Louis, Mo. 63178 (bovine liver ori-
gin; specific activity, 33 000 Sigma units/mi). Of this
preparation, 10 tl was used per milliliter of blood.
The total H2O2 volume needed for a complete ODC
determination depends on the hemoglobin concen-
tration. Typically, 18 to 22 l of 1 mol/liter H2O2 is
required for determination of the ODC of normal
blood. The microsyringes used for adding H202 were
of 30- and 100-tl capacity. H2O2 was added to biood
at constant speed by a Type A-99 syringe pump
(Razel Scientific Instruments, Stamford, Conn.
06907). H202 can be added at a suitable rate by ap-
propriate selection of the 99-speed digital-switch
control of the pump and of the size of the microsy-
ringe. We found it convenient to use rates of H2O2
delivery such as to achieve complete oxygenation of
blood in 10, 15, or 20 mm. When blood is oxygenated
at constant total CO2 content, pco2 will increase and
pH will decrease. We added base, to keep Pco2 con-
stant, either by manually adding 5 to 10 sl of NaOH
(0.5 mol/liter) from a Gilmont precision micrometer
syringe (Cole-Parmer, Chicago, Ill. 60648) or by using
a second Razel syringe pump, under computer con-
trol. Titration curves for whole blood at constant
pco2 were obtained as described before (2), except
that blood was equilibrated in an IL Model 237 to-
nometer.

The most critical factors in the determination of
ODC’s were P02 electrode performance and calibra-
tion. High speed of response is desirable if ODC’s are
to be obtained in 10 to 15 mm. Response time of the
po2 electrode can be estimated by adding a few mi-
croliters of concentrated dithionite solution to the
cuvette containing water in equilibrium with air. Half
time of response of the po2 system described here was
consistently about 1.0 to 1.5 s. Calibration of the elec-
trode requires careful attention, as a P02 electrode
standardized against a gas phase gives a lower read-
ing when measuring a blood sample in equilibrium
with the same po2. This difference in P02 (ipo2, typi-
cally about 5% of the reading) can be decreased, but
not eliminated, by stirring the blood in contact with
the electrode. For estimating the po2 factor, the
stopper on top of the cuvette is raised, to obtain a gas
phase over the blood in the cuvette. After equilibra-
tion of the blood with air, the sensitive tip of the elec-
trode is exposed to air by aspirating some of the
blood. Small droplets of blood occasionally clinging
to the membrane are wiped off with tissue paper. The
difference in p2 reading between the gas and the
blood is noted and a calibration factor is obtained to
correct all P02 readings on blood.
Oxygen capacity at the end of ODC measurement

can be ascertained by the simple extrapolation proce-
dure of Duvelleroy et al. (3), by spectrophotometric
analysis at various wavelengths as described by Ben-
esch et al. (4) and Van Kampen and Zijlstra (5), or by
standard gasometric analysis (6). Methemoglobin
concentration at the end of the experiment was esti-
mated by the method of Kilmartin and Rossi-Bernar-
di (7). 2,3-Diphosphoglycerate concentration was
measured by the method of Rose and Liebowitz (8).
The output of the 02 and CO2 electrodes is fed into
an IL 213 electrometer. The plot of total 02 vs. P02 is
obtained by connecting the output of the 02 amplifi-
er to an x = f(t) recorder. The gain of the recorder is
adjusted initially to give a full-scale reading at 80
mmHg po2. At higher P02 values, this gain is reduced
by a factor of two to record the upper part of the
curve. The start of the recorder is started when the
H202 is added.

Experimental Procedure
Manual Procedure
Blood volume required for a complete ODC deter-

mination (including pH measurements) is about 1.2
ml. This volume can be decreased, with minor loss of
accuracy, to about 600 il by removing the spacer
shown in Figure 1. The blood is first deoxygenated in
an IL 237 tonometer by equilibration with a gas
phase containing nitrogen plus an appropriate
amount of CO2. The P02 electrode is calibrated as in-
dicated before, whereas the pco2 electrode is standar-
dized against the pco2 of the same gas mixture used
for deoxygenation. The pH of deoxygenated blood is
measured with a capillary electrode by suction direct-
ly from the tonometer. Blood is sampled by a plastic



cally determined by the residual saturation, S, of the
sample, as the dissolved oxygen can be considered
negligible. Thus,

02 tht(t0) = G = 2240 (So X C X V0) ml/100 ml

The addition of a constant volume of 11202 (VH202)
and NaOH (VNaOH) in a unit interval of time will dis-
place a corresponding volume of blood from the reac-
tion chamber (Figure 1). The total oxygen present in
the cuvette at time t = 1 will then be given by

O2tot(t1) = KO2tht(t,o) + Qo2

where Qo2 = %[H2O2] VH202, and K = V0/[V0 +
VH202 + VNa0H].At time t i

#{176}2tot(t”i) = K(G D) +D

where
D= Qo2

1-K
In a similar way the oxygen capacity at any given
time t = i is given by

C = C0 x K

and S02 by

_K(G -D)+D
S02 COXK1

Since the total dilution of blood at the end of the
ODC determination is only about 2%, equation 3 rep-
resents a convenient and yet simple approximation
for the calculation of So2.

(iv) Oxygen consumption by the blood. Blood, like
all living tissues, consumes oxygen. The change in
po2 of samples of completely oxygenated blood, at 37
#{176}C,is about 2.7 mmHg/min (11). This corresponds to
an oxygen consumption of about 3.8 X 10 mmol of
oxygen per liter. The time required for determining a
complete ODC by the present method, once the blood
has been transferred from the tonometer to the cu-
vette, is about 15 mm, so not more than 5.7 X 102
mmol of oxygen per liter will be consumed. This is a
negligible quantity (i.e., about 0.5%) compared to the
normal total oxygen present in solution at the end of
the ODC determination. However, if the oxygen con-
sumption of whole blood is substantially increased, as
found in samples with an increased number of leuko-
cytes or with heavy bacterial contamination, the oxy-
gen consumption of blood will have more pronounced
effects on the ODC. The rate of oxygen consumption
of blood may be easily deduced at the end of an ODC
determination (at po2 > 130 mmHg) by noting the
rate of change in po2 with time.

Computer-Operated Procedure
Hardware. Complete analysis of the ODC accord-

ing to the more exact principles outlined in (iii)
above usually requires much desk work. Especially
when repeated determinations of the ODC under var-
ied conditions are needed, a computer-operated pro-
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syringe previously washed with the same gas mixture
flowing from the tonometer, and introduced into the
cuvette. The blood is then gradually oxygenated by
adding H2O2 at a suitable rate. In the presence of cat-
alase, the peroxide is very rapidly decomposed to
oxygen, which is itself in instantaneous equilibrium
with the hemoglobin contained in the erythrocyte.
The total amount of oxygen in ml/100 ml and the
percentage oxygen saturation of blood (So2) are
given, at any time t, by the approximate equations 1
and 2:

Total #{176}2(t)= 2240 x VH202(t) x 4[H2O2] (1)
V0

where V0 = cuvette volume (1),
VH2O2(t) = volume of H2O2 added at time t in V0 (1),
[H2O2] = concentration of hydrogen peroxide (mol/
l);and

- VH2O2(t) X ‘/[H2O2] - (p02(t)Voa)
So2(t) - 100 C (2)

where a is the coefficient of oxygen solubility in
blood and C the oxygen capacity. As the peroxide de-
livery system is linear with time (VH202 = kt) and P02

is continuously measured, total 02 and S02 can be
simply calculated from the above equations.
The equations are valid only if an accuracy of ± 1%

to 2% oxygen saturation is required, as in most clini-
cal applications. If more precise determinations are
needed, the following points should be considered.

(i) In Equations 1 and 2 it is assumed that the ini-
tial blood saturation is zero. In fact, it is convenient
to hold the deoxygenation time in the tonometer to
no longer than 18 to 20 mm, thus avoiding significant
changes in the 2,3-diphosphoglycerate concentration
of the original sample. After this time a residual 1 to
2% oxygen saturation is usually found. The final part
of the function (total 02) vs. po2 can be obtained by
extrapolation to P02 = 0, as suggested by Maas et al.
(9), or by estimating the residual oxygen content by
direct manometric analysis.

(ii) Oxygen capacity can be obtained at the end of
the experiment by the simple extrapolation proce-
dure of Duvelleroy et al. (3), which is only valid if P02
values exceeding 350 to 400 mmHg can be reached. It
is not valid to reach such values by adding H2O2, as it
has been found that some small gas bubbles occasion-
ally are liberated from the solution at Po2’s greater
than 150 mmHg. Thus, for accurate results, it is ad-
visable to first obtain oxygen saturation when P02
has reached 100 to 150 mmHg. This is done by using
the micromethod of Rossi-Bernardi et al. (10), which
requires only 20 l of whole blood.

(iii) Effect of dilution. It should be recalled that
introduction of the peroxide and of NaOH into the
cuvette (with a fixed volume Vo) will cause a small
but significant dilution of blood. A more exact ex-
pression for the oxygen saturation at any time (t) can
be obtained from the following considerations. At
time t = 0, the total oxygen content, 02 , is practi-
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Fig. 3. A flow diagram for operating the system shown in fig-
ure 2 under computer control

cedure allows an almost simultaneous analysis of the
data, on-line with the experiment. A complete com-
puter-operated system has thus been built around a
PDP8/e minicomputer (Digital Equipment Corp.,
Maynard, Mass. 01754). The hardware of the com-
plete system, which will only be briefly described,
consists of a type MFE 815 Plotamatic X-Y recorder
(MFE, Salem, N. H. 03079) computer interfaced for
curve plotting, a digital multimeter type 2440 (Data
Precision, Wakefield, Mass. 01880), and a specially
developed interface. The interface provides the con-
trol of the two Raze! syringe pumps (one for addition
of H2O2 and the other for addition of base), the mul-
tiplexing of the analog output of the po2 and pco2
channels of the IL 213 electrometer, and the trans.
mission (as ASC II characters at 4800 baud) of po2
and pco2 readings from the multimeter to a KL8JA
interface card in the computer.

Software. The program is written in FORTRAN II
under OS8. Figure 3 shows a flowsheet. The program
takes less than 4K bytes of memory and provides a
digital printout on a teletype of (a) total oxygen out-
put and percent saturation vs. po2, (b) P50 value, (c)
the value of Hill’s function between 30 and 70% satu-
ration, and (d) the value of , the “Hill coefficient.”
The program also provides an analog output on the
X-Y recorder of the same functions. Complete details
on the hardware and software of the computer oper-
ated system are available on request.

Results
Figure 4 shows the interrelationship, at 37 #{176}C,be-

tween Pco2 and pH in whole human blood, in the
oxy- and deoxygenated state, at various total CO2
contents. Figure 5 shows an ODC for fresh human
blood as obtained by the method herein described

Fig. 4. pco2 vs. pH curves for human blood
varied total CO2 content
#{149}= oxy blood. 0 = deoxy blood

% S.,

Fig. 5. Oxygen dissociation curve for a sample of freshly
drawn normal human blood at 37 #{176}C,Pco2 = 40 mmHg, pH =
7.4
The continuous line refers to the ODC determined by the method described in
this paper, whereas individual points are the results of microgasometric anal-
ysis. The insert shows a plot of the data of the main figure according to Hill’s
equation. The n value equals 2.54

(continuous line). The experimental points refer to
actual gasometric determinations of S02 by the Van
Slyke gasometric technique. Figure 6 shows the ODC
obtained for a single blood sample in a total time in-
terval (from right to left) of 10, 15, and 20 mm. The
three curves (almost superimposed) are well within
experimental error. Figure 7 shows a typical plot of
the total oxygen content vs. P02 of normal blood and
of blood obtained from a homozygous sickle cell pa-
tient. Figure 8 shows the concentrations of 2,3-di-
phosphoglycerate and methemog!obin during the
complete procedure required for the determination of
ODC.

Discussion
The position and the shape of the ODC for human

blood is affected not only by temperature, pH, ionic



PD’

normal blood

tood

2.5

(mis.)

CLINICAL CHEMISTRY, Vol. 21, No. 12, 1975 1751

%S.t

Fig. 6. Oxygen dissociation curves for normal human blood at
37 #{176}C,Pco2 = 40 mmHg, pH = 7.4, determined by the meth-
od described in this paper in a total oxygenation time (right to
ft) of 10, 15, and 20 mm

Tot 02
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‘C

0 20 hO 60 80 100
P02 (mmHg)

Fig. 7. The oxygen dissociation curve, at Pco2 = 40 mmHg, t
= 37 #{176}C,pH = 7.4 (reproduced as total 02 vs. Pc2) for nor-
mal blood and blood obtained from a homozygous sickle cell
anemia patient

2.3 DPG
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Fig. 8. The decrease in 2,3-diphosphoglycerate (in millimoles
per liter of whole blood) and the increase in methemoglobin
content of normal blood at pco2 = 40 mmHg, t = 37 #{176}C,pH
= 7,4, during the time required for an oxygen dissociation
curve determination
The arrows represent the standard error of the method of analysis

strength, and carbonmonoxyhemoglobin or methem-
oglobin concentration, but also by changes of Pco2 at
constant pH, and by variations in the concentration
of labile phosphorylated intermediates of erythrocyte
metabolism, such as 2,3-diphosphoglycerate and
ATP. Thus the determination of the ODC of whole
blood under near-physiological conditions requires
careful control of several variables if meaningful in-
formation is to be derived from the experimental
data.
In very few of the methods so far described, how-

ever, has proper attention been paid to changes in
the oxygen affinity and in the shape of the ODC in-
duced by the experimental procedure. Methods for
ODC determination can basically be classified as dis-
continuous if individual points of either of the two
functions (02 saturation or total 02 content) = f(po2)
are obtained, and continuous if the same functions
are continuously recorded. In this discussion we focus
particularly on the latter approach.
Continuous methods can be further classified as

open methods if the blood is in direct contact with a
gas phase, or closed (or all-liquid) methods if only a
liquid phase is present. The best examples of the con-
tinuous open method are probably those outlined for
hemoglobin solutions by Imai et al. (12) and for
whole blood by Duvelleroy et al. (3). To speed up the
equilibration time, the system in both cases is oper-
ated under nonequilibrium conditions between the
gas and the liquid phase, increasing the oxygen gradi-
ent and the speed of the oxygenation reaction. There
are a few critical points to be considered in the ap-
proach of Duvelleroy et al.: (a) the procedure re-
quires 5 to 10 ml of blood (10 times more than the
method described here) and more than one hour, and
(b) the ODC cannot be run at constant pco2 and/or
pH because of the finite size of the gas compartment
over the blood. Thus Duvelleroy et al. report a posi-
tive change in pco2 of about 6 mmHg and a negative
change in pH of about 0.08 pH units in going from
the deoxy to the oxy state, whereas it is well known
that under physiological conditions changes in pco2
and pH run in opposite directions (13). Experimental
data obtained by the procedure of Duvelleroy et al.
thus require suitable correction if exacting studies on
the functional properties of blood are to be carried
out. Maas et al. (9) have described an automatic
data-acquisition and -correction system by computer
analysis, in which the approach of Duvelleroy et al. is
used, but unfortunately the correction factors used
(such as the Bohr coefficient d log p02/d PH) are
themselves functions of the degree of oxygen satura-
tion, 2,3-diphosphoglycerate content, pco2, etc.
Continuous closed methods usually take less time

than open methods. However, oxygenation of hemo-
globin in presence of CO2 in a closed system causes a
large change in Pco2 and pH. The approach of Col-
man and Longmuir (14) may represent the first ex-
ample of the ODC determination in an all-liquid sys-
tem. In their method the blood is oxygenated and the
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oxygen present in solution (combined plus dissolved)
is then used up at a constant rate by adding a heart-
muscle preparation, while the P02 is continuously
monitored by polarographic methods. Although fur-
ther improvements of this method have been pro-
posed (15), the whole approach has not yet been eval-
uated quantitatively. The main criticism is one com-
mon to all closed methods: they do not allow for pH
and pco2 control along the ODC.

The method of Kiesow et al. (16) is another exam-
ple of the continuous closed system. Here the blood is
diluted with isotonic buffers, saline, or Krebs-Ringer
bicarbonate solutions and then completely deoxygen-
ated. The suspension is gradually oxygenated by gen-
erating oxygen by the catalytic decomposition of
H202, while the oxygen saturation is continuously
monitored in a dual-wavelength spectrophotometer.
Dilution of blood with buffers or other solutions of
definite electrolyte content minimizes changes of
pco2 and pH during oxygenation, but unfortunately
also alters the pre-existing conditions of pH and of
the Donnan equilibrium of the original sample. As
the hematocrit, pco2, pH, and distribution of electro-
lytes between plasma and erythrocyte may be far
from normal in many pathological conditions, dilu-
tion of abnormal samples with saline solutions of nor-
mal osmolarity may alter their original properties.
For instance, large changes in oxygen affinity have
been reported for sickle cell erythrocytes with various
intracellular concentrations of hemoglobin (17). Ki-
esow et al. (18) recently proposed another ingenious
method for determination of the ODC of hemoglobin
solutions, by using liquid fluorocarbon as the oxygen-
transporting system. This approach, which would
avoid some of the difficulties outlined above, may
find interesting applications in the study of whole
blood.

The preceding discussion, although not complete,
points out the main practical and theoretical difficul-
ties in the various experimental approaches to deter-
mination of the ODC for whole blood. The main
problem in an all-liquid system is the significant
change in pH and pco2 caused by the liberation of
Bohr protons upon oxygenation and by the presence
of “oxygen-linked” carbamate compounds of CO2
with hemoglobin. The interrelationship between pco2
and pH for human oxygenated and deoxygenated
blood at 37 #{176}Cat constant total CO2 is shown in Fig-
ure 4. ODC’s at constant pH and pco2 are ideally re-
quired for theoretical studies on the effect of various
allosteric ligands on the oxygen affinity of blood or
hemoglobin solutions (19). As more CO2 is contained
in deoxy blood than in oxy blood, the determination
of the ODC at constant pH and pco2, starting from
the deoxy end of the curve, would require the remov-
al of some CO2. This is experimentally unfeasible in a
closed system. The only practical way to obtain an
ODC at constant pH and pco2 would then be to run
the curve from the oxy toward the deoxy end, while
the total CO2 content is simultaneously increased by

addition of bicarbonate or carbonate solutions. This
approach would require adopting a suitable reaction
for progressively decreasing the total oxygen present
in solution. Several oxygen-consuming reactions (e.g.,
oxidation of glucose to gluconic acid, catalyzed by
glucose oxidase; oxidation of ascorbic to dehydroas-
corbic acid, catalyzed by ascorbic oxidase) have been
extensively tried for this purpose (Rossi-Bernardi
and Luzzana, unpublished work), but no practical so-
lution has yet been found.

Only two conditions are then left under which to
determine the ODC, starting with completely deoxy-
genated blood: (a) at constant total CO2 content and
constant pco2, at various pH values, and (b) at con-
stant total CO2 and pH, but various pco2 values.
Both conditions can be attained by the addition of
base to the system, simultaneously with the progres-
sive oxygenation of hemoglobin. Figure 4 shows that,
for normal blood, in the pco2 range 20 to 80 mmHg,
the total pH change between deoxy and oxy blood is
no greater than 0.04 pH unit. If, on the other hand,
total CO2 content and pH are kept constant, the Pco2
change is only 3 to 4 mmHg. For case a the change in
pH is close to that found in the circulatory system.
This condition may thus be preferred if data mainly
of clinical or physiological interest are required. If,
however, only a minimum manipulation of the data is
desired, condition b is preferred, because a pco2
change of 3 to 4 mmHg at constant pH has only a
negligible effect on oxygen affinity (less than 1% of
the value of P50). The system shown in Figure 1 can
easily be adapted to the determination of ODC at
constant pH simply by using a pH electrode instead
of the pco2 electrode.

The control experiments reported in Figure 8 show
that (a) the concentration of organic phosphates is
not significantly decreased in the time required (30
mm) for a complete ODC determination, and (b) only
a very slight amount of methemoglobin is formed
during the gradual oxygenation by the peroxide. No
differences were found in the ODC’s determined in
10, 15, and 20 mm by changing the rate of the hydro-
gen peroxide addition. This means that the system
essentially operates under equilibrium conditions.
The automatic data-acquisition system briefly de-
scribed and the possibility of analyzing the ODC on-
line with the experiment make this system ideally
suited for the extensive analysis of the effect of tem-
perature, pH, pco , organic phosphate, and other
variables on the position and shape of the oxygen dis-
sociation curve.

An example of a pathological case is shown in Fig-
ure 7. the striking effect of the presence of anemia
and sickle cell hemoglobin on the oxygen-transport-
ing properties of blood is clearly apparent. The tech-
nique described should be very useful in the study of
functional properties of blood. For example, a com-
plete characterization of the effect of variation of PH,
pco2, 2,3-diphosphoglycerate, and base excess on the
ODC of an homozygous sickle cell patient can be ob-
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Fig. 9. The oxygen dissociation curve for normal blood and for
sickle cell blood and hemolysate
Pco,4 mmHg, pH = 7.4,37#{176}c

tamed in one day, with use of a total of 14 ml of
whole blood (20).
Figure 9 shows the ODC of normal and sickle cell

blood at pco2 = 40 mmHg, pH about 7.4. The two
curves have been represented as percent saturation.
A separate series of experiments shown in Figures 5
and 6 demonstrates that the curves of Figure 9 truly
represent equilibrium conditions. The experiments
involved equilibration of completely oxygenated SS-
blood with various partial pressures of oxygen in a
microtonometer for 30 mm, followed by measure-
ment of total oxygen by a micromanometer tech-
nique. It is remarkable to find that up to the high 02
saturation range investigated (about 96%), the value
of i (the “Hill coefficient,” 12) seems to be identical
for SS and normal blood while the P50 of sickle-cell
whole blood is shifted greatly to the right. The ODC
of sickle cell hemolysate (broken line of Figure 9), ob-
tained by freezing and thawing a sample of SS-blood,
is seen to be very close to the ODC of normal whole
blood. This suggests that some caution should be
used with ODC and P50 methods where the blood is
hemolyzed before measurement, if done anaerobical-
ly. A full clinical study of this point is presently
under way.
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