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INTRODUCTION 

The polarographic diffusion current of oxygen bears a linear relationship 
to the concentration of dissolved oxygen and thus to the oxygen tension 
(pO~). This simple relationship does not hold when HbO~ is present. In  oxy- 
genated blood the linear relation of current to pO2 no longer holds, but  instead 
the current is in excess of the plasma current under ordinary conditions. 

This paper is concerned with the explanation of this difference which is 
finally shown to be the result of the dissociation characteristics of HbO2. 

In  1938, Baumberger measured the pO2 of blood at fiftyfold dilution by  the 
polarographic method (1). Berggren in 1942 at tempted to measure pO2 of 
undiluted blood polarographically, but  finally had to resort to its measure- 
ment in the separated plasma (2). He also discussed the deviations resulting 
when HbO2 was present and briefly described many of the phenomena involved. 
Others tried similarly (3-5) to measure pO2 in the presence of HbO2, but  with- 
out definite results. A detailed consideration of the findings of the later workers 
will be the subject of a future paper. 

Methods 

The experiments were carried out with defibrinated or heparinized human or 
rabbit blood. The blood samples were equilibrated with gas mixtures, the O~ tensions 
of which had been determined with the Beckman type Pauling oxygen analyzer 
(Model D). The equilibration of 5 ml. samples of blood was carried out in 500 ml. 
tonometers rotated in a constant temperature box for an hour or more. Mter equili- 
bration, the samples were quickly pipetted into shell vials and placed in a constant 
temperature water-bath, in which the polarographic analysis was carried out, with the 
tip of the electrode deeply immersed in the sample. I t  was found that if this transfer 
were fast enough, the samples did not lose measurable amounts of oxygen. All polaro- 
graphic measurements were made at 37°C. Oxygen content determinations were made 
with Baumberger's polarographic acid hematin method (6) and with the Van Slyke 
manometric apparatus. Special techniques will be described in the corresponding 
section. All voltages referred to in this paper are against the saturated calomel half- 
cell as zero. 

* Part of these studies was carried out on a contract between the Office of Naval 
Research ( N 6 0 N R  25137) and Stanford University. 
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E X P E R I M E N T A L  

Effect of 02 Content on the Current 

(a) Influence of CO.--If blood samples are equilibrated with a gas mixture 
containing enough CO to displace most of the 02 from its combination with 
hemoglobin, the current given by whole blood agrees with the plasma current. 
Fig. 1 shows the results of such an experiment. Curve 1 represents the current- 
voltage curve of a pH 7.4 phosphate buffer solution; curve 2, that of whole 
blood, both equilibrated with a gas-mixture containing 21 per cent O~ and 79 
per cent N2. Curves 3 and 4 represent again buffer and blood equilibrated with 
a mixture composed of 5 per cent CO, 21 per cent 02, and 74 per cent N2. 

FIG. 1. Polarograms of buffer (1 and 3) and blood (2 and 4). For further explana- 
tion see text. The initial voltage for each curve is zero against the calomel half-cell, 
and becomes progressively negative from left to right with 0.150 v. per vertical line. 

This finding alone strongly suggests that the "excess current" is due to the 
interference of oxygen dissociated from H b Q .  

(b) Influence of p02 and Oxygen Content on the Current.--Fig. 2 shows the 
polarographic current of blood samples plotted against the pO2 at which they 
were equilibrated. The highest pO2 applied in this experiment was 146 mm. of 
Hg. The same figure shows the respective dissociation curves determined 
with the Van Slyke apparatus. The volumetric and polarographic measure- 
ments were carried out simultaneously on the same aliquot, immediately after 
equilibration. The same pool of blood was used throughout the entire experi- 
ment. The similarity between the polarographic and the volumetric dissocia- 
tion curves is apparent. The Bohr shift, with increasing carbon dioxide pres- 
sures, appears on both types of curves. A striking feature of the polarographic 
curves is that they cross, i.e. with increasing carbon dioxide pressure, the curves, 
besides being shifted to the right, are higher in toto. This becomes clear upon 
examining Fig. 3 which shows the plot of the polarographic current against the 
total oxygen content of the sample. The resulting lines are straight and their 
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respective slopes are higher as the applied carbon dioxide pressure increases. 
This means that the effect of unit volume of oxygen on the current becomes 
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FIo. 2. A, dissociation curves of rabbit blood at 37°C. B, "polarographic dissocia- 
tion curves" of the same blood at 37°C. 

greater as the pC02 increases, and this accounts for the crossing of the "po- 
larographic dissociation" curves. I t  will become apparent that  the reason for 
this phenomenon is the increased rate of dissociation of HbO~. 

Fig. 4 shows that  at a critical p02, whole blood current changes its slope and 
becomes identical with the plasma current. The value of this critical p02 de- 
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pends on the rate of dissociation of oxyhemoglobin. The lower the rate, the 
lower will be the critical pO~. This is easily understood, since according to the 
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FIG. 3. Relation of current to O~ content of blood. Symbols as in Fig. 2 
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FIG. 4. Relation of blood current to plasma current at two different temperatures. 
Plasma current is represented as identical for both temperatures. Its slope is actually 
slightly higher at 37°C. 

above statements, with lower rates of dissociation, the blood curve is lower as 
a whole, and hence it reaches the plasma level at a lower pO~. The curve on Fig. 
4 has been traced under circumstances facilitating the observation of this 
phenomenon; i.e., at 2°C. At this temperature the rate of dissociation of oxy- 
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hemoglobinis extremely low, and thus the meeting of blood current and plasma 
current ocGurs at a relatively low pO~, in this case, 50 mm. Hg. 

(c) Influence of Red Blood Cell Concentration on the Current.--At the begin- 
ning of these studies, current measurements were usually taken at a single 
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FIG. 5. A, current-voltage curves of blood samples containing cells in varying 
concentrations. Percentage of cells from lowest to highest curve: 0, 10.2, 20, 29.2, 
40, 48.2. pO~, 150 ram. Hg, temperature, 37°C. B, relation of current at a fixed volt- 
age ( - 0 . 5 )  to volume per cent cells. 

applied voltage, --0.5 volt, referred to the saturated calomel half-cell, this 
being on the plateau of the current-voltage curve (diffusion-current) for oxy- 
gen physically dissolved in plasma or saline solution. If, however, current meas- 
urements are taken on blood samples having different concentrations of red 
blood cells, at a fixed voltage, the current does not increase linearly with the 
hematocrit reading, but rather as a diminishing function of the volume per 
cent of erythrocytes (Fig. 5 b). This is surprising, since the oxygen content of 
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the sample rises linearly with the hematocrit. If one records the whole current- 
voltage curve, however, it becomes apparent that with increasing hematocrit, 
the plateau of the curve shifts to more negative voltages (Fig. 5 a). There are 
two reasons for this shift (a) the increase in the resistance of the sample, as a 
result of the increased percentage of cells. (Red blood cells behave as perfect 
non-conductors (7).); and (b) the increase in current with increase in HbO2. Ac- 
cording to Heyrovsky (8): 
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Fro. 6. Relation of current at the middle of the plateau to volume per cent cells 

in which P is the potential of the dropping mercury cathode, V is the applied 
voltage, iR the product of the current and the resistance of the system. It  
follows that for a given value of V, if iR increases, P will decrease. I t  is es- 
sential that measurements of current be made at the same electrode potential, 
and it therefore follows that the readings must be made at homologous points, 
preferably at the middle of the plateau, rather than at a fixed applied voltage. 
If one plots the current at the middle of the plateau against the hematocrit, 
linearity is obtained (Fig. 6). In this work current measurements were always 
taken at the plateau. 

Influence of the Rate of Dissociation of Oxyhemoglobin on the Current 

(a) pH.--Fig. 7 shows that the slope of the line expressing the relation 
between current and oxygen content is steeper as the carbon dioxide tension 
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increases; i.e., for constant oxygen content the current is determined by the 
carbon dioxide tension, or by the pH change caused by the variation of this 
factor. To test this relation, red blood cells were suspended in three different 
concentrations in plasma, and equilibrated with gas mixtures containing oxygen 
in constant and carbon dioxide in varying proportions. Fig. 7 shows that the 
pH-current relation appears to be linear between pH 7 and 8, whereas this is 
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FIG. 7. Cells suspended in plasma./~)~ constant, (150 mm. Hg), temperature, 37°C. 

not the case with the pCO~-current relation. If we extend the pH range inves- 
tigated to 5.5 and to 9.0 (Fig. 8) by suspending cells in phosphate buffers of 
different pH at constant oxygen content, it appears that the linearity obtains 
only between pH 7 and 8. The total curve bears a very close resemblance to 
the pH dependence of the reduction velocity constant of HbO~ (see Discus- 
sion). When washed red blood ceils are suspended in high concentration (10 
per cent and higher) in isotonic phosphate buffer solutions of different pH values 
(varying proportions of 0.1 ~ NaH2PO4 and 0.1 M Na,HPO4), the resulting 
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pH of the suspension is usually within the narrow range of pH 6.5 and pH 7.7. 
This is due to the very effective buffering action of hemoglobin. To extend this 
limited pH range, the buffering capacity of the red blood cells was exhausted 
in the following way. Whole blood was centrifuged and the cells washed twice 
with isotonic saline solution, and then centrifuged again. Into a series of 50 
ml. plastic centrifuge tubes was transferred 48 ml. of 0.1 M phosphate buffer, 
made up  of different proportions of the monobasic and the dibasic salt to give 
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FIG. 8. Cells suspended in phosphate buffer, pO2, 150 mm. Hg, temperature, 37°C. 

different pH values. Into each of these tubes was pipetted 2 ml. of the washed 
and centrifuged cells. The suspensions were stirred gently with stirring rods 
and then centrifuged. After centrifuging 40 ml. of the supernatant was pipetted 
off from each tube, leaving altogethe r 10 ml. in each of them, containing 20 
volume per cent of red blood cells. These solutions were stirred with a stirring 
rod and then analyzed polarographically. The pH range thus obtained was 
from 5.57 to 8.7. 

(b) Temperalure.--To demonstrate this effect, a 100 per cent saturated sam- 
ple (equilibrated with air) was quickly cooled to 2°C., in a water bath. The 
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water bath was then slowly heated and current measurements were taken at 
approximately 5 ° intervals. The whole experiment lasted approximately 25 
minutes, and it is assumed that the amount of physically dissolved gas did not 
change significantly during this period and probably not at all around the 
deeply immersed electrode. The same procedure was repeated with plasma. 
Fig. 9 shows the relation between diffusion-current and temperature for both 
blood and plasma. The sharp rise in the blood curve indicates increase in the 
rate of dissociation of oxyhemoglobin. On the same graph is plotted the rela- 
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FIG~ 9. Effect of temperature on plasma and blood current, pO2, 150 mm. Hg 

tion of the log of current to the reciprocal of the absolute temperature. I t  can 
be seen that the blood curve is identical with the plasma curve up to 8°C., 
and that at higher temperatures the slope of the blood curve becomes steeper. 

I t  will be recalled that beyond a critical pO2 the whole blood current be- 
comes identical with the plasma current, and that this pO2 depends upon the 
rate of dissociation of oxyhemoglobin. The factor that influences this rate is 
temperature in this case, since in this experiment the pO2 was kept constant. 

In this experiment, the dissociation up to 8°C. is negligible, and hence 
plasma and blood current agree. This is due to the high pO~ at which the 
measurements were made. 
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DISCUSSION 

To be able to understand the meaning of the polarographic current we have 
to consider the events taking place in the immediate vicinity of the dropping 
mercury electrode. In the case of oxygen, the current is the result of the elec- 
troreduction of oxygen at the cathode according to the following equation: 

O ,~ ~ 2e -I- 2H ÷ ffi H202  (1) 

At the plateau all the oxygen that diffuses to the cathode is instantaneously 
eliminated by the process shown in the above equation, and the oxygen ten- 
sion around the drop in an infinitesimally thin layer is always zero. 

Thus there exists a tension gradient between the cathode and its environ- 
ment, which extends into a small but well defined shell of the solution sur- 
rounding the dropping mercury cathode. At any distance within this gradient 
the 02 tension is a constant fraction of the ambient O2 tension, irrespective of 
the latter's value. The red cells, situated at a certain distance within this gradi- 
ent, dissociate a quantity of 02, which corresponds to two different states of 
oxygenation of hemoglobin, each determined by the environmental oxygen 
tension. The change in the state of oxygenation for any particular tension drop, 
is determined by the dissociation curve of the sample in question. 

Current, by definition, is the rate of transfer of electrons. Since the number 
of electrons transferred is proportional to the number of oxygen molecules 
reaching the cathode by diffusion, in dt time (two electrons per molecule of 02) 
the following relation holds: 

~[o,] 
i = C. - -  (2) 

dt 

The latter quantity is the sum of two rates (a) the rate at which 02 mole- 
cules originally physically dissolved in plasma diffuse to the cathode, and (b) 
the rate of diffusion of the contribution of oxyhemoglobin. This latter rate is 
proportional to the rate of dissociation of HbO~, and the change in Hb02 
concentration. The rate of this contribution can be expressed as follows:-- 

d[o~' 
d~- = K.([HbO2], -- [HbO2]x) (3) 

in which K is the reduction velocity constant of oxyhemoglobin. If we express 
oxygenation fraction as a function of the pO2, using Hill's equation, oxyhemo- 
globin concentration will be expressed as the product of oxygen capacity and 
the oxygenation fraction. Expressing the concentration of physically dissolved 
02 in terms of pO2, the total current can be expressed as fol lows:-  

/c.po,n K'.(~.po~)~ ~ + 
i, ffi K.[HbO,I  1 -I- K ' . i tO,  ~ 1 ~ ~ , ) ~ ]  k .?O,  (4) 
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in which [HbO~] is equivalent to moles of oxygen attached to hemoglobin at 
full saturation, K '  is the constant of the hemoglobin-oxygen equilibrium, and 
n is the average aggregate number. The term a. pO~ indicates the fraction of 
the oxygen tension prevailing at the distance at which the dissociating red 
blood cells are situated. According to our calculations, the value of a is 0.1; 
i.e., the pO, at the said distance is always 10 per cent of the ambient pO,. 
The plasma current is represented by k. pO,. Any of the other equations ex- 
pressing the oxygenation fraction as a function of pO~ can be used instead of 
Hill's, if desired, though Hill's is advisable on account of its simplicity when 
no great accuracy is needed. If the dissociation curve of the sample in question 
is known, the difference in the state oxygenation can be evaluated graphi- 
cally. 

K is proportional to the reduction velocity constant, but has different di- 
mensions. 

The current values in Fig. 8 express the pH dependence of the product of the 
reduction velocity constant, K, and [Hb02], superimposed on the pH-insensi- 
tive plasma current. The similarity between this curve and the curve express- 
ing the pH dependence of K in Hartridge and Roughton's classical study (9) 
is apparent. I t  should be noted, however, that in our case the dependent varia- 
ble is K [I-Ib02] and not K alone. 

In the light of the above interpretation, it is not apparent why the current 
bears a linear relation to the total oxygen content as shown in Fig. 3. If the 
current is composed of the linearly increasing contribution of physically dis- 
solved oxygen and of the diminishing contribution of chemically combined 
oxygen, the current obviously should not be linearly related to the total oxygen 
content of the sample. The explanation of this seeming paradox is the follow- 
ing. The amounts of oxygen that remain combined with hemoglobin i.e., are 
not liberated at the electrode, and which therefore are subtracted from the total 
amount combined, increase slowly with the oxygen tension (see Fig. 10). 
These remainders when plotted against ambient pO~ give an extremely fiat 
curve which is very close to a straight line. Since this curve is subtracted from 
the actual dissociation curve, and the linearly increasing plasma current is 
added to it, the resultant sum is an approximate restoration of thedissociation 
curve. The straight line plot of total current against total oxygen content 
therefore is a fortunate coincidence, since it enables us to measure the latter 
with its help with surprising accuracy. I t  should be emphasized, however, that 
this relation changes after the contribution of oxyhemoglobin has been reduced 
to zero at high oxygen tensions. From here on, the slope of the line changes 
and the current becomes proportional to the physically dissolved oxygen, as 
can be expected from Equation 4. Fig. 11 shows the good agreement between 
our experimentally obtained values for the total current and the values calcu- 
lated on the basis of our formula. In the calculation of these values the most 
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FIG. 10. The lower line represents the remainder of HbO~ in the cell layer surround- 
ing the drop, after this layer has been exposed to the low environmental pO3 (10 
per cent of the ambient). These remainders, represented by the open circles are pro- 
jected to their ambient O3 tensions. Each vertical line, connecting the solid circles 
with the open ones, represents the contribution of the cell layer surrounding the drop 
at the corresponding pO2. The cross-hatched area is the total contribution of these 
cells for all ambient 03 tensions. Note that lower curve approximates a straight line. 
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satisfactory results were obtained when the pO3 to which the dissociating red 
blood cells are exposed was assumed to be 10 per cent of the ambient O3 ten- 
sion. This value was obtained both mathematically and graphically from the 
dissociation curves. 
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Table I shows the relation between Ai, (blood current-plasma current) 
and A[HbO2] for three sets of data. With increasing carbon dioxide tensions, 
the mean value of K also increases. Statistical analysis shows, that whereas the 
mean K values of the consecutive groups are not significantly different from 
each other (p > 0.5), the difference between the mean K of the first and that 
of the third group is significant (p < 0.03). In the calculation of the current 
values shown in Fig. 11, each A[HbO2] was multiplied by the mean K of its 
own group. 

It  should be emphasized that all the results reported in this paper were ob- 
tained with intact red blood cells. Solutions of hemolyzed erythrocytes exhibit 

T A B L E  I 

pCO~ = 0 ram. Hg pCO~ ~ 40 ram. Hg ~CO2 = 80 ram. Hg 
Stmifle 

Ai ~IbOI K 

• K  

3.15 0.877 3.59 
9 .35  2 .26  3 .56  

14.3 4.01 3.57 
13.9 3.93 3.53 
17.1 4 .88  3 .50  
17.8 4 .98  3 .57  
16.8 4.25 3 .95  
15.1 3.51 4 .30  

M e a n . .  3 .69  
Standard 

dev ia t i on* . .  0 .280 

Ai ~-lbOs ff 

m M  

3,75 1.00 3.73 
11.7 2.97 3.93 
15.2 3 .96  3.83 
19.0 5.07 3.75 
19.2 5.12 3 .74  
18.9 5 .25  3 .59  
18.3 5.01 3 .64  
17.2 4.51 3 .80  

M e a n .  3 .75  
Standard 

deviation . .  0.125 

Ai Al:IbOs E 

m K  

2.20 0 .669 3 .28  
9 .20  2.07 4.43 

14.7 3 .24  4.53 
17.4 4.41 3 .94  
18.7 4.82 3.87 
18.4 4 .75  3 .86  

Mean  3 .99  
Standard 

d e v i a t i o n . . .  0 .450 

* Standard deviations were calculated from the formula S. D. •ffi - ~)~" 
1 

a catalytic wave, originally described by Brdicka and Tropp (10) and Brdicka 
and Wiesner (11), which results from the cyclic oxidation and reduction of the 
iron atom of hemoglobin. This wave disturbs the oxygen determination. In 
intact red blood cell suspensions, the hemoglobin molecule never comes in 
contact with the electrode and thus there is no interference resulting from the 
catalytic wave. 

Some aspects of the physiological applications of the principle described 
have been reported elsewhere (12). 

SUMMARY 

The polarographic current of whole blood is in excess of that given by plasma 
at the same oxygen tension. The magnitude of this difference depends on (a) 
the oxygen content of the sample and thus is determined by the red blood cell 
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content and by the state of oxygen saturation of hemoglobin, and (b) on the 
rate of dissociation of oxyhemoglobin and therefore is influenced by changes 
in pH, pCO2, and temperature. 

The total current at 37°C. is proportional to the oxygen content of the sam- 
ple and can be used to determine the latter. 

The theoretical basis of the studied phenomena is discussed in detail. 
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