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"One tends to forget that oxygen is a dangerously corrosive and poisonous 
gas, from which human beings and other organisms are protected by 
elaborate chemical and physical mechanisms." 

R.E. Dickerson [10] 

"But for its [hemoglobin's] existence, man might never have attained any 
activity which the lobster does not possess .... . " 

Joseph Barcroft [36] 

The American physiologist Lawrence J. Henderson is attributed with the statement that 

hemoglobin is the second most interesting molecule in biology; chlorophyll being the 

first [30]. Structural similarity between the prosthetic groups of hemoglobin and 

chlorophyll is striking; the major difference between them is the substitution of iron as 

the respiratory pigment in hemoglobin for the magnesium in chlorophyll, a substitution 

that enabled advanced aerobic life to evolve on this planet. 

The aims of this presentation are to: 

a) dispel the misconception that hemoglobin 

is merely a passive carrier of 02; 

b) develop the concept of active regulation 

of 02 transport by hemoglobin, much as an 

allosteric enzyme regulates a metabolic 

pathway; and 

c) illustrate the clinical and physiological 

significance of hemoglobin control of 02 

transport. 

How the Understanding of Hemoglobin Function Developed [12, 36] 

The presence of a reaction between blood and air was vaguely recognized by the 17th 

century. In 1669 Robert Lower described that the surface of fresh blood clot turned 

bright red when exposed to air and demonstrated that this change also occurred in blood 

passing though the lungs. In 1670 Robert Boyle, the father of modem chemistry, 

extracted gas from blood by applying a vacuum pump. By 1747 it was known that iron 

could be separated from the ash of burned blood by a magnet. In 1779 Antoine Laurent 

Lavoisier was the first to describe combustion and respiration as similar chemical 

processes that re.sulted from the uptake of a gas from air and led to the production of 

carbonic acid; this gas he named "oxygine" (Greek meaning "beget acid"). 



In 1837 Heinrich Gustav Magnus devised the first modern blood gas analyzer and 

showed that arterial blood contained more oxygen than venous, and venous blood 

contained more carbon dioxide than arterial. This was the first evidence that oxidation 

occurred peripherally and not in the lungs. 

His device consisted of a sealed glass vessel the 

lower end of which was immersed in a dish of 

mercury. Blood was added to the vessel, shaken 

and vacuum suction applied. Extracted gases rose 

to the top of the tube and were collected. Volume 

of C02 was determined by reaction with NaOH to 

produce N aHC03. The remaining gas was 

combusted with H2 to determine the volume of 02. 

This method gave surprisingly good results 

considering its crudity. Similar principles were 

employed subsequently in the Van Slyke apparatus 

widely used to measure blood gases until the 1970's. 

Figure adapted from Perkins [36]. 

,• 

In the mid-1800's, German physiologist-chemist Felix Hoppe-Seyler determined the 

absorption spectra of oxy- and deoxy-hemoglobin as well as the formulae of heme, 

hematin and hematoporphyrin. He crystallized hemoglobin and showed that it is 

chemically bound to 02. Around the same time Claude Bernard showed that carbon 

monoxide drove 02 out of blood, supporting the concept of a loose combination between 

02 and hemoglobin. Subsequently Paul Bert, a French physician, determined that the 

physiological effect of 02 depends on its partial pressure in blood. Experimenting on 

himself inside a hypobaric chamber with the pressure reduced to 1/3 of atmosphere 

(equivalent to 28,000 ft.), he experienced severe symptoms of altitude sickness which 

were relieved by breathing 02 from a bag. Thus he was able to attribute the altitude 

sickness and deaths seen in mountaineers and balloonists to ambient hypoxia. He also 

constructed the first dissociation curve for 02. 

Oxyhemoglobin Dissociation Curve (QDC> 

The ODC describes the relationship between fractional saturation of hemoglobin with 02 

(S02) and 02 tension (P02) under equilibrium conditions. Initially hemoglobin was 

believed to behave like myoglobin, i.e., each molecule can bind only one molecule of 02; 

the dissociation curve would thus be a rectangular hyperbola. 
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Mb + 02 H Mb02 

K P02 
S02 = 1 + K P02 

K = dissociation constant 
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In 1904 Christian Bohr, a Danish physician and physiologist, refused to accept the 

prevailing dogma and set out to map the dissociation curve point by point. Through 

painstaking measurements he found that the dissociation curve was in fact S-shaped [ 4]. 

Subsequently A.V. Hill deduced that hemoglobin must contain several binding sites for 

02. i.e., 

Hbn + n02 H Hbn(02)n 

S02 = 
K (P02)n 

1 + K (P02)n 

! 
a 
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... 
0 

POl(mmH&J 

To closely approximate the measured curve n = 2.7 and represents an index of interaction 

or co-operativity among binding sites but not the number of binding sites; nevertheless, 

the Hill Equation is still used today as a useful empirical approximation to estimate the 

relationship between S02 and P02 [27]. It also is used as an index of co-operativity not 

only for hemoglobin, but also for other allosteric enzymes that have a sigmoid binding 

curve for their primary ligand. 

Hemoglobin was the first protein for which molecular interactions were demonstrated in 

the binding of ligands. In their classical paper in 1904 Bohr, Hasselbalch and Krogh [4] 

also reported that adding C02 to blood drives 02 out of solution. At a given P02, the 

higher PC02 and lower pH reduces 02 saturation. This became known as the Bohr 

Effect. Some 30 years later it was recognized that only part of the Bohr shift is due to 

C02, and part of the effect is due to the presence of H+, formed by the hydration of C02 

and subsequent dissociation of carbonic acid [33] (discussed later). 

Since C02 influences the 02 equilibrium in blood, 02 must influence the C02 

equilibrium. The converse of the Bohr effect was discovered by J.S. Haldane in 1914 

that "at a giv~n pressure of C02, blood which has been deprived of 02 takes up 

considerably more C02 than oxygenated blood. The 02 thus tends to drive out C02 and 

this action depends on the saturation of the hemoglobin." [8] This phenomenon became 
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known as the Haldane Effect and explains the transient rise in arterial PC02 when a 

subject is initially placed on 100% inspired 02. 
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Early in this Century it was not possible to obtain arterial blood anaerobically, nor to 

directly measure arterial P02. Haldane derived an indirect and ingenious method of 

estimating arterial P02 from a venous blood sample by having subjects breathe a mixture 

containing low inspired tensions of carbon monoxide (Pico) until blood was fully 

equilibrated with the inspired CO and the final venous saturation of CO (Svco) was 30-

40%. Knowing that CO binds hemoglobin with 200 x the affinity of 02, arterial P02 

(Pa02) could be calculated: 

1-Svco 
Pa02 = · 200 · Pico 

Svco 

Using this technique he found that arterial P02 consistently exceeded alveolar P02 by as 

much as 25 mmHg at high altitude (i.e., a negative alveolar-arterial 02 tension gradient). 

He concluded that 02 was actively secreted across the alveolar epithelium into blood. 

Theoretically his indirect technique of calculating Pa02 should work, but if equilibrium 

is incomplete for any reason, Pa02 will be over-estimated. Christian Bohr took 

Haldane's equilibrium data and made the first estimates of pulmonary CO diffusing 

capacity. He concluded from these measurements that diffusing capacity of the lung was 

too low to account for the 02 transfer into blood during exercise by passive diffusion 

alone, and agreed with Haldane that active secretion must play a role. On the other hand, 

August and Marie Krogh, known for their work on the microcirculation and diffusion, 

made the first measurements of lung diffusing capacity during exercise and showed it to 

increase significantly as the result of an increased cardiac output [29]. They argued that 

passive diffusion is the only mechanism needed to explain the increased uptake of 02 
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during exercise. This controversy raged for nearly 30 years and was finally settled in 

1920 by Joseph Barcroft, a famous and fearless English physiologist who volunteered to 

enter a hypobaric chamber, had his left radial artery exposed and took blood samples 

from it under conditions of simulated high altitude. He showed that 02·· saturation of 

arterial blood was always less than that predicted from simultaneously obtained alveolar 

gas, confirming a passive diffusion gradient for 02 and putting the 02 secretion theory 

to its grave [2]. 

Study of hemoglobin led to an understanding of acid-base equilibrium. In the 1920's 

Lawrence J. Henderson realized the physiological significance of a net negative charge 

carried by hemoglobin which increased with increasing pH and with increasing 

oxygenation of hemoglobin. As such hemoglobin was an important buffer which affected 

the distribution of ions between the plasma and the interior of the red cell. He employed 

newly developed theories of physical chemistry to predict the changes in net hemoglobin 

charge and distribution of chloride and bicarbonate between red cells and plasma in 

response to changes in C02 tension, fixed acid content and oxygenation of blood; this 

work culminated in the classical monograph "Blood, a study in general physiology" 

which contained a whopping 225 figures and the first comprehensive summary of acid

base status of the blood [23]. Hemoglobin was the first protein for which rapid 

molecular reactions rates were measured, by Hartridge and Roughton [17-19]; 

techniques developed by them in the 1920's are still used today for measuring reaction 

velocities in organic and inorganic chemistry. Since blood remains in capillaries for less 

than 1 s at heavy exercise it was important to know whether there was sufficient time for 

complete exchange of 02 and C02. Reaction velocities between 02 and hemoglobin 

were found to be very fast but the rate of HC03· formation from C02 in the absence of 

red cells was much too slow to reach equilibrium in the pulmonary or tissue capillary. 

Another major contribution to the story was the discovery by F.J.W. Roughton of 

carbonic anhydrase in red cells [39] which is essential for the rapid uptake and release of 

C02 in blood during transit through lung and tissue capillaries. 

Hemoglobin also provided the first clear demonstration of how facilitated diffusion 

occurs. P.F. Scholander [41] showed that 02 diffuses through a hemoglobin solution 

much faster than through water because the 02 diffuses not only as physically dissolved 

molecular 02 but also as oxyhemoglobin, which enhances the effective solubility of 02 

in a hemoglobin solution by almost lOOx. The importance of facilitated diffusion is also 

illustrated by the marked enhancement of 02 diffusion in red muscle during heavy 

exercise by the presence of myoglobin. 
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Stereo-chemistry of Hemoglobin Ul 
Hemoglobin is the second protein for which the tertiary structure was described 

(myoglobin being the first), and the first protein for which the quaternary structure was 

described (by Max Perutz in 1959). Each molecule consists of 4 polypeptide chains 

and 4 berne groups (M.W. 64,500). Each heme group contains a prophyrin ring and a 

Fe2+ atom capable of reversibely binding one molecule of 02. The globin portion 

consists of two ex chains and two ~ chains; each polypeptide chain binds a heme group 

and the subunits are bound together in a tetrahedral arrangement. Linus Pauling proposed 

the first stereo-chemical model of hemoglobin function. Subsequently Monad, Wyman 

and Changeux [35] proposed the now accepted model to explain the conformational 

changes of hemoglobin upon oxygenation. In the deoxy- state, the globin units are tightly 

bound by electrostatic bonds or salt bridges in a conformation called the tense (T) state 

which has a low affinity for 02. Binding of 02 imposes a chemical stress that breaks salt 

bridges and leads to an altered conformation in which the remaining 02 binding sites 

become more exposed. This altered conformation assumed by oxy-hemoglobin is called 

the relaxed (R) state which has a high affinity for 02 (500 x that of the T state). Oxygen 

first binds to the heme units attached to the 2 ex-chains, then to the 2 ~-chains. The 

equilibrium between R and T states is influenced by a number of small molecules (eg. 

H+, 2,3-DPG, C02) that bind hemoglobin at non-heme sites to stabilize the T state. 

Conformational changes in hemoglobin with 

oxygenation lead to a phenomenon called co

operativity, first recognized by Linus Pauling, 

whereby binding of one 02 molecule increases 

the probability that further 02 molecules will 

bind to the remaining sites. The first molecule 

of 02 binds to deoxy-hemoglobin with a low 

affinity, but subsequent 02 molecules binds to 

the same hemoglobin with increasing affinity; 

thus the binding curve assumes a sigmoid shape 

which reflects the transition from low to high 

affinity states. Hemoglobin was the first protein 

for which co-operativity among binding sites 

was recognize_d. Figure adapted from Lehninger 

et al [31]. 
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The position of the ODC can be described by just one number: the P02 at which 50% of 

the binding sites are occupied (Pso). The Pso is equivalent to the Km in the conventional 

terminology of enzymology. If Pso is altered by a factor k, the P02 at all other 

saturations are changed by the same factor. Normal standard Pso expressed at 37°C and 

pH of 7.40 in adult subjects at sea level is 26±1 mmHg. The standard Pso is useful in 

comparing the 02 affinity among different hemoglobin variants under uniform 

conditions. However, the important physiological effects are related to the in vivo Pso 
expressed at body temperature and pH. Binding affinity to 02 is inversely related to the 

Pso. An increased 02 affinity leads to a decrease in Pso and a reduced 02 affinity leads 

to an increase in Pso. The standard Pso may be estimated by measuring the saturation of 

blood tonometered at different levels of P02, or alternatively it can be empirically 

calculated from the measured P02 (mmHg) and measured fractional saturation (S02) 

from a single venous blood gas sample (as long as S02 lies between 10 and 90%) using a 

modification of the Hill equation with corrections for the effects of plasma hydrogen ion 

concentration [H+] (in nMIL) and PC02 (in mmHg) as follows [28]: 

(
1 - so2-..p.37 ( 40 Jo.4 ( 40 -..p.o6 

Standard Pso = P02 · so2 ) · [H+] . PC02) 

The in vivo P50 at body temperature (T in °C) can be estimated from the standard P50 as 

follows: 

. ([H+]J0.4 (PC02J0.06 0.024(T-37) 
In vivo Pso = Standard Pso · 40 · ~ · 10 

Physiological Importance of the Sigmoid Shape of ODC 

At rest, hemoglobin is 96% saturated with 02 in arterial blood and == 65% saturated in 

venous blood. Thus blood passing through the tissue releases "" 1/3 of the 02 it carries. 

Hemoglobin must bind 02 efficiently in the lungs (at a P02 "" 100 mmHg) and release 

02 efficiently in the tissues (at a P02 == 40 mmHg). The sigmoid shape of the ODC 

allows hemoglobin to respond to small changes in P02, permitting simultaneous 

optimization of both 02 loading and unloading. This advantage is illustrated by 

comparison with myoglobin. Each molecule of myoglobin has only one 02 binding site; 

hence there is no co-operativity and its binding curve is a simple hyperbola with a 

relatively high 02 affinity. Both myoglobin and hemoglobin are fully oxygenated at a 

normal arterial P02. In the lung (the top flat portion of the curve) fluctuations in alveolar 

P02 do not interfere with the arterial 02 content or saturation, so loading of 02 is 
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protected at sea level. If P02 is reduced by moderate lung disease, there is very little 

drop in 02 saturation. In peripheral tissue , diffusion of 02 from capillary blood to 

muscle cell depends on the P02 difference; the venous P02 lies on the steep portion of 

the ODC; hence more 02 can be released from hemoglobin (23%) than from myoglobin 

(7%) at a resting tissue P02 of 40 mmHg. 

Enhancement of 02 release by hemoglobin is 

further accentuated during heavy exercise, when 

venous P02 falls precipitously. Thus the S

shape of the ODC allows more 02 to be 

extracted while the pressure gradient for 

diffusion is maintained. On the other hand, the 

high 02 affinity and hyperbolic binding curve of 

myoglobin facilitate the uptake of 02 from the 

blood and the transfer of as much 02 as possible 

from the muscle cell surface to the mitochondria 

where P02 is <1 mmHg. Thus the binding 
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Concept of Allosterism 

Although hemoglobin is not an enzyme, the feedback control of its action provided the 

first model that clarified the mechanisms whereby an allosteric enzyme works to regulate 

a metabolic pathway [ 11]. Some examples of allosteric enzymes include: 

phosphofructose kinase, hexokinase, pyruvate kinase, and aspartate transcarbamylase. 

An allosteric enzyme has the following properties: 

- multiple interacting binding sites; 

- regulates a reversible non-covalent binding to a primary ligand which is typically 

catalytically changed; 

- quaternary conformational change induced by binding of primary ligand (homotropic 

effect); 

- a sigmoid shaped binding curve similar to hemoglobin; 

- substrate binding is regulated by other secondary molecules (heterotropic effect); 

- provides feedback and/or feed forward control of a metabolic pathway. 
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Secondary Factors Affecting 02 • Hemoglobin Binding and 02 Transport 
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Effect of H+ and CO,~ 

The unloading of 02 in the peripheral tissue is associated with the uptake of C02 and H+ 

and a change from the R to the T quaternary structure. The formation of H2C03 from 

C02 and H20 is catalyzed by carbonic anhydrase (CA) inside the red cell. See diagram 

above adapted from Bunn & Forget [6]. Hemoglotiin transports= 20% of the total C02 

and H+ formed in tissues; these are bound to hemoglobin at non-heme sites. Binding of 

hemoglobin to 02 inhibits the binding of C02 and H+ and vice versa. C02 and H+ have 

independent effects on 02 binding. Hydrogen ions are bound to amino acid residues in 

the globin chain, a reaction that promotes a transition to the T state and inhibits 02 

binding; hence an increase in [H+] increases the Pso. reduces 02 affinity and favors 

unloading of 02 (Acid Bohr Effect). The C02 is bound as carbamate complex by weak . 

covalent bonds to the ex-amino group at the amino-terminal end of each globin chain to 

form carbaminohemoglobin; this reaction results in a direct decrease in 02 affinity (C02 

Bohr Effect). In addition, C02 binding leads to simultaneous release of H+ which 

further contributes to the fixed acid Bohr Effect. C02 binding to hemoglobin is very fast 

and does not require carbonic anhydrase. Bohr shift also occurs very fast, much faster 

than capillary transit time. Thus the primary limitation to tissue C02 transport is the 

chloride-bicarbonate shift between red cells and plasma. 

Physiolo2ical Importance of the H+ and C02 Effects 

As blood passes through the tissue capillaries more and more C02 enters the blood and . . . 
becomes bound to hemoglobin; blood pH decreases and the ODC is shifted to the right 

causing more 02 to be extracted at a given P02 (Bohr effect). At a given 02 content of 
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blood the P02 is higher therefore the gradient for diffusion into tissue is maintained 

despite the higher extraction. As more 02 is unloaded the affinity of blood for C02 

becomes higher and the deoxygenated blood is in tum capable of taking up more C02 

from the tissue. This means that the deoxygenated blood can maintain a lower PC02 at a 

given C02 content so tissue acidosis is minimized (Haldane effect). 
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As the blood passes through the pulmonary capillaries the exact opposite process occurs. 

More and more 02 enters the blood and becomes bound to hemoglobin, 02 saturation 

increases so affinity of hemoglobin for C02 is reduced causing more C02 to be released 

and eliminated by ventilation at a given PC02 (Haldane effect). At a given C02 content 

of blood the PC02 is higher therefore the gradient for diffusion of C02 is maintained 

despite the greater elimination. Less C02 in the blood means that pH is higher hence the 

ODC is shifted to the left and more 02 can be taken up across the alveoli at a given P02 

(Bohr effect). Thus rapid and dynamic interactions between the Bohr and Haldane effects 

promote the optimal transport of both 02 and C02 at appropriate sites. In practice due to 

complex molecular interactions, the effect of C02 on Pso is much greater at low Oz 
saturations than at high 02 saturations [24]. Thus the major physiological significance of 

the Bohr and the Haldane effects is to maximize the arterio-venous 02 content difference 

and C02 content difference, as well as to minimize tissue acidosis while maintaining 

blood-tissue P02 and PC02 gradients for diffusive gas transport. Approximately 50% of 

total C02 exchange is the result of the above interaction with Oz exchange and the 

hemoglobin molecule. 
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Effects of temperature 

The binding of 02 to hemoglobin generally releases heat (exothermic); conversely 02 

dissociation from hemoglobin requires heat (endothermic). Hence as temperature 

decreases, 02 binding is enhanced and the ODC shifts to the left. Evolution of life under 

extreme cold conditions demonstrates some remarkable survival mechanisms by which 

organisms maximize their transport of 02. Arctic animals (reindeer, musk ox) require 

very little heat for 02 dissociation from hemoglobin, a necessary feature to enable 02 

unloading in peripheral tissues which may have a temperature some woe lower than core 

blood. Fish from the antarctic ocean are exposed to sea water temperatures of nearly 

-2°C. At such temperatures 02 affinity would be so high that little 02 could be unloaded 

peripherally. To counteract such disadvantages, these organisms develop unique 

specializations such as the ability to synthesize anti-freeze glycols to lower the freezing 

temperature of blood and tissue fluids. Blood of antarctic fish also contains fewer 

erythrocytes and lower hemoglobin content; these changes counteract the cold-induced 

increase in blood viscosity which otherwise would increase cardiac work 

disproportionately [9]. Another example is the ice fish which has no hemoglobin at all; at 

extreme low temperatures solubility of 02 becomes quite high and sufficient amount of 

02 could be extracted from dissolved 02 alone. 

As temperature decreases, the pH of neutrality increases. If a patient's blood sample 

drawn and analyzed at 37°C has a pH of 7.40 and PC02 of 40 mmHg, the same blood 

drawn and analyzed at a core temperature of20°C will have a pH of7.65 and PC02 of 18 

mmHg [37). Since blood gas results are normally reported at 37°C, no corrections for pH 

and PC02 are necessary for clinical interpretation. However, because the ODC has been 

shifted by a change in temperature, the P02 
33"C- 37"C -- 4l"C reported at 37°C does not accurately reflect 100 

the in vivo P02 at body temperature; hence 
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Effect of 2.3-diphosphoglycerate (2.3-DPG) I?. 31]. 

Red cell contains no mitochondria; its metabolism is dependent on glycolysis. The 

compound 2,3-DPG is a normal metabolic intermediate of the glycolytic pathway; its 

synthesis directly depends on the rate of glycolysis. Hence 2,3-DPG accumulates in high 

concentrations inside red cells. 2,3-DPG binds in an electrically charged pocket between 

~-chains, stabilizes the T conformation and maintains a low 02 affinity of hemoglobin. 

Its binding to hemoglobin also lowers intracellular pH and contributes to the Bohr effect. 

The concentration of 2,3-DPG increases when 02 availability is diminished (hypoxia or 

anemia) and when alkalosis is present which stimulates the activity of phosphofructose 

kinase and increases the flux through glycolysis. The result is a shift of the ODC to the 

right, facilitating the transfer of 02 to tissues as long as arterial P02 is normal. 
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1) Exercise at Sea Level 

Because of the exquisite feedback control over 02 transport by hemoglobin, under a 

given circumstance there is an optimal position of the ODC (i.e., optimal in vivo Pso) at .. 
which the P02 gradient driving diffusion of 02 from alveolar air into the lungs (L\P lung) 

and the gradient from capillary blood to the tissues (L\ P tissue) are partitioned 

appropriately such that relative diffusive transport of 02 in the lung and in peripheral 

tissue are both maximized at a given cardiac output. At a given mean P5o. feedback 

control also regulates the differences in PC02 and [H+] between arterial and venous 

blood to achieve the greatest possible arterio·venous 02 content difference during 

exercise. For a given diffusing capacity of the lung or tissue, the amount of 02 per 

minute that will diffuse from the capillary blood to the tissue mitochondria varies directly 

with the difference in P02 between these 2 regions. Since mitochondrial P02 is <1 torr, 

P02 in the capillary determines the rate of 02 diffusion at sea level. 
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At heavy exercise feedback adjustment of 02 

transport is provided by the interaction among a) 

tissue H+ concentration; b) ventilatory control 

through chemoreceptors; and c) chemical control of 

P50 [27]. If 02 delivery to exercising muscle is 

insufficient, tissue acidosis develops and the P50 is 

increased, enhancing the L\p for 02 transfer from 

capillary blood to muscle mitochondria. At the 

same time acidosis stimulates peripheral 

chemoreceptors to increase ventilation which leads 

to a higher alveolar P02, thus minimizing the 

reduction in L\P for 02 transfer from alveolar air to 

pulmonary capillary blood. If L\P lung is reduced 

too much by the acidosis-induced right shift of 
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I 
I 
I 
I 
I 

-AP- O.P~PA 02 
I 
I 
I 
I 
I 

I 
02 

SEA LEVEL 

HIGH ALTITUDE 

at peak exercise increases about 50% and venous P02 about 70% in the dog and horse. 

In humans the increase is about 30% in arterial blood and 50% in venous blood. 

14 



= ] 
e 
~ 

"" l'l e. 
;:J 

0 
"; 
E 
·~ 
l'l ::; 

Is the ODC optimally positioned for maximal 02 transport? 

Horse Foxhound 
70 = ~()\)() :§ 
65 ! 3500 

~ 

"" n 
60 e. 

::> MaXimal 
3000 Exercise ,., 

55 0 I 

"; 
I I 
1-1 

E 2500 
I I 
I 

50 ... 0 

n Rest 
~ 

45 2000 
10 20 30 40 50 60 70 10 20 30 40 50 60 70 

Arterial PSO Arterial PSO 
(mmHg) (mmHg) 

4000 

3.100 

3000 

2500 

2000 
10 20 

Human 

I I 

~-~ I I 
I I 

I 

Rest 

30 

Maximal 
Exercise 

40 

Arterial PSO 
(mmHg) 

50 

Since a shift of P50 in favor of 02 unloading must be unfavorable to 02 loading and vice 

versa, it is clear that the achievement of optimal 02 transport must involve a trade-off 

between pulmonary and tissue 02 uptake. This is particularly important in circumstances 

where prominent 02 desaturation develops during peak exercise (e.g. in race horses, 

foxhounds and elite human athletes) due to the development of hypercapnia, 

hyperthermia and/or diffusion limitation. When 02 loading in the lung becomes a 

limitation, arterial 02 saturation drops to 80-85% at peak exercise and the deficit in 02 

transport cannot be made up by a simple right-shift in P50. Knowing the 02 diffusing 

capacity of lung and muscle, alveolar P02 and PC02, cardiac output, hemoglobin 

concentration and temperature, it is possible to compute maximal 02 extraction and 02 

uptake as a function of P5Q. In all 3 examples given above, there is an optimal P50 

which supports the greatest maximal 02 uptake. The measured maximal 02 uptake and 

P50 coincide with the calculated optimal value. Thus despite a significantly lower 

arterial 02 saturation at peak exercise, control mechanisms effectively balance opposing 

effects on 02 loading and unloading to position the Pso at the optimal value which is 

higher than at rest [27]. 

2) Exposure to High Altitude 

In the parlance of high altitude physiology, acclimatization refers to a non-inheritable 

process in which changes occur in the anatomy or physiology of an organism to enable it 

to survive at high altitude. On the other hand, true adaptation refers to the development 

of anatomical and biochemical features which are genetically based that enable the 

organism to take the best advantage of the hypoxic environment. When a lowlander is 

exposed to a moderate altitude tissue hypoxia induces a metabolic acidosis and an 

increase in [2,3-DPG] (by about 20%) which tend to shift the P50 to the right [32]. At 
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the same time hypoxia induces hyperventilation which tends to shift the P50 to the left. 

After about 10 days exposure at a moderate altitude (3, 100 m), the net in vivo position of 

the curve for a subject at rest is slightly shifted to the right (about 28 mmHg) [ 15] (see 

graphs on page 14). Unfortunately, this observed decrease in 02 affinity during 

acclimatization in humans is not an optimal adaptation for moderate to extreme high 

altitude. Whenever the primary limiting factor to 02 transport is 02 loading in the lung 

(as at altitude exposure or in lung disease), enhancing 02 unloading peripherally by a 

rightward shift makes little difference to 02 transport. 

For example, when arterial P02 is reduced 

to 43 mmHg, the amount of 02 being 

unloaded at a mixed venous P02 of 30 

mmHg is the same whether the P50 is 26 or 

36 mmHg. Adapted from Bunn & Forget 

[6]. Since tissue hypoxia has not been 

relieved by the reduced 02 affinity, 

erythropoietin production is stimulated and 

polycythemia develops and is sustained for 
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A left shift of the ODC is in fact more advantageous to high altitude acclimatization; this 

is underscored by climbers exposed to extreme hypoxia (>6,000 m altitude) where the 

most pronounced effect is a marked respiratory alkalosis induced by excessive 

hyperventilation [44, 45]. During the American Medical Research Expedition to Mt. 

Everest in 1981, in climbers that reached the summit (8,848 m, barometric pressure =253 

mmHg, inspired P02 =43 mmHg, alveolar P02 =35 mmHg) the standard P50 (at pH 

=7.40) of blood was found to be right-shifted to 29.6 mmHg due to a higher 2,3-DPG 

level stimulated by hypoxia. At this extreme altitude hypoxia also stimulated 

hyperventilation and the resultant respiratory alkalosis was so marked (arterial pH >7.7 

and PC02 =7.5 mmHg) that it overcame the effect of a higher 2,3-DPG concentration and 

the net in vivo P50 of whole blood was actually reduced to ::::: 20 mmHg. Since the 

estimated arterial P02 was 28 mmHg at the summit, this left shift yielded an arterial S02 

of 70%, which may seem rather low by conventional criteria, but was sufficient to allow 

subjects on the summit to perform simple tasks without supplemental 02. In contrast, had 

the P50 remained at the sea level value of 26.5 mmHg, arterial S02 would be < 50% 

which would have been incompatible with consciousness. Thus in the presence of severe 

hypoxia, a net reduction in P50 protects arterial 02 saturation and tissue 02 delivery. 
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Examples of natural adaptation to environmental hypoxia also suggest that the optimal 

shift is to the left in order to maximize diffusive 02 uptake in the lung. Animals 

indigenous to high altitude show uniformly a reduced Pso compared to their sea level 

counterparts. In the llama, alpaca, vicuna and the yak that roam at an altitude as high as 

5,000 m, the left shift is achieved through single amino acid substitutions in the ~ chain. 

To prevent the potentially detrimental effect on peripheral 02 release, these animals 

evolve concurrent mechanisms to maximize peripheral 02 extraction. For example, the 

llama of the Andes (standard P50 23.7 mmHg at 3,420 m) has small ellipsoidal red cells 

(increased surface area for 02 diffusion) and a hemoglobin that responds only weakly to 

2,3-DPG. The shape of their ODC at low saturations is also altered to allow more 

efficient extraction of small concentrations of 02. They extract down to a lower mixed 

venous P02 (26 mmHg at rest) compared to 40 mmHg in other sea level mammals at 

rest. Even though arterial P02 is reduced at altitude, arterio-venous 02 extraction 

remains unchanged from sea level [1]. The alpaca, has a standard P50 of 17.8 mmHg 

and as a result can maintain a normal arterial S02 at 3,300 m. The alpaca maintains a 

high fraction of Hbp (55%) in the blood; their skeletal muscles exhibit a high myoglobin 

content, small muscle fiber diameter, high capillary density and high LDH activity [38]. 

The Himalayan yak lives at altitudes up to 6,000 m. It has an extremely low level of red 

cell 2,3-DPG and two forms of hemoglobin the significance of which is not entirely clear 

[20]. These animals do not develop hyperventilation or polycythemia at high altitude. 
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The Quechua Indians of Peruvian Andes show a right-shifted ODC while the Sherpas 

of the Himalayas show a left-shifted ODC. Other features of the Quechua Indians are 

similar to the well-acclimatized low landers and those of the Sherpas are similar to that of 

high altitude animals, supporting the notion that while the Quechuas may be well 

acclimatized, the Sherpas are truly adapted to high altitude residence. This difference is 

thought to reflect the migration pattern and the evolution of each culture at high altitude. 

Quechua Indians likely originated from Central Asia and migrated to America through 

the Bering Strait about 35,000 years ago; colonization of the Andean Highlands dates 

back only 14,000 years. On the other hand, man has inhabited Central Asia including the 

Himalayan Plateaus for over 500,000 years. Thus the Sherpas, having lived at a high 

altitude for much longer, have evolved more advanced coping mechanisms for their 

specific environment. 

3) Fetal 02 Transport 

Physiologically the fetus has much in common with the high altitude resident. The 

umbilical arterial P02 is about 28 mmHg, equivalent to an elevation of 6,000 m. Fetal 

hemoglobin has similar intrinsic 02 affinity as HbA. However, fetal hemoglobin is much 

less sensitive to 2,3-DPG, so that fetal red cells containing HbF and normal levels of 2,3-

DPG have significantly higher 02 affinity (Pso 19.4 mmHg) than adult red cells 

containing HbA [5]. The molecular basis of this insensitivity to 2,3-DPG is a substitution 

of one amino acid at the binding site for 2,3-DPG on the ~ chain. A high 02 affinity is 

consistent with the primary task of fetal hemoglobin in extracting 02 from the hypoxic 

maternal blood. Since fetal arterial 02 saturation is only about 75-80%, i.e., on the steep 

portion of the ODC, the fetus is very sensitive to even small changes in P02. The P50 

progressively increases after birth corresponding with an increase in [2,3-DPG] and 

progressive replacement of HbF with HbA [6]. Premature infants with respiratory 

distress syndrome show a decrease in 2,3-DPG after birth due to inhibition of 2,3-DPG 

synthesis by a low pH. 

4) Abnormal Hemoglobins 

The single amino acid substitution val --7 glu on the ~ chain of hemoglobin that causes 

sickle cell anemia provided the first example of a genetic disease to be characterized at 

the molecular level [22]. In solution Hbs has normal 02 equilibria. However, SS whole 

blood has a markedly decreased 02 affinity, a result of intracellular polymerization of 

Hbs [13]. The right shifted ODC has the advantage of facilitating 02 unloading and 

helps to explain why SS homozygotes can tolerate severe degrees of anemia surprisingly 

well when they are free of crisis or infection. On the other hand a low 02 affinity also 
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has the disadvantage of promoting the formation of deoxyhemoglobin which in turn 

favors greater polymerization of Hbs and may trigger a sickling crisis, particularly in the 

more acidic environment of the systemic capillaries. The Bohr effect is greatly increased 

in SS blood [43]. Thus a drop of pH below 7.40 in tissue capillaries yields twice the 

normal decrease in 02 affinity and a large release of 02 from red cells. About 43 of the 

nearly 400 known variants of hemoglobin demonstrate an increased 02 affinity [6]; the 

others demonstrate either normal or reduced 02 affinity. 

There is a strong inverse correlation between 

the P50 and blood hemoglobin concentration 

in patients with hemoglobin variants that 

have a high 02 affinity [6]. These patients 

are commonly asymptomatic and usually 

present with erythrocytosis as the only 

manifestation. However, the erythrocytosis 

is an indication that the altered P50 has 

significantly impaired 02 transport. 
20 

P .. (mm Hg) 

Normal Hb 

25 30 

On the other hand, a low P50 might confer an advantage to altitude acclimatization. 

Subjects with Hemoglobin Andrew-Minneapolis, a stable ~ chain mutant with high 02 

affinity (whole blood Pso=17 mmHg), were studied at sea level and during a 10 day stay 

at 3,100m [21]. At sea level, the high affinity 

subjects demonstrated a lower maximal 02 

uptake ('V02max) compared to sex

matched controls. This confirms that the 

mutant hemoglobin imposed an 02 deficit, 

i.e., the secondary erythrocytosis is not fully 

compensatory. At high altitude, in contrast 

to the normal subjects, the high affinity 

subjects showed no arterial 02 desaturation 

and no decrement in maximal 02 uptake; 

they showed a smaller increase in resting 

heart rate, did not show any increase in 

plasma erythropoietin concentration and did 

not develop th.rombocytopenia. Thus these 

subjects were pre-conditioned and adjusted 

more easily to altitude exposure. 
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5) Carbon Monoxide Poisoning 
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As deoxgenated blood passes through the pulmonary capillaries CO competes with 02 

for free heme binding sites. Since the affinity of hemoglobin for CO is 200 x that for 02. 

hemoglobin will take up CO in preference to 02. Subsequently as blood passes through 

systemic capillaries, 02 dissociates from its binding site but CO remains firmly bound. 

Hence with each pass of blood through the pulmonary capillaries, more and more CO 

becomes bound leading to a high carboxyhemoglobin (CO-Hb) level. Similar binding 

kinetics between CO and myoglobin leads to an apparent diffusion block in peripheral 

muscle (25]. Even a very low concentration of CO (e.g. that used in pulmonary function 

testing), if inspired for long enough, will be lethal. Thus the inspired CO concentration 

tends to under-estimate CO-Hb level in blood. 

J.S. Haldane observed 83 years ago that the consequences of CO poisoning were much 

worse than that of an equivalent loss of hemoglobin content by anemia [16]. This is 

because in addition to reducing the 02 carrying capacity (downward shift of ODC), CO 

also shifts the curve to the left, making 02 extraction more difficult at the tissue level. 

This means that the CO-Hb level in blood significantly underestimates the degree of 

tissue 02 deficit. 

An example of the clinical effect of these under-estimations is shown below by the effect 

of tobacco smoke during pregnancy on fetal 02 transport [14]. Cigarette smoke typically 

contains 1.5-4.5% carbon monoxide and CO-Hb has a half-life of about 6 hours. Thus 

the mean CO-Hb level in a smoking pregnant woman can easily exceed 6% which 

reduces maternal P50 to 23.2 mmHg. The increase in 02 affinity reduces the P02 of 

blood in the u~rine vein from 38 mmHg normally to 32 mmHg; this in tum reduces the 

diffusion gradient driving 02 across the placenta. Hence P02 of fetal umbilical cord 

blood will be reduced from 28 mmHg to 22 mmHg. At a fetal P50 of 19.4 mmHg, this 
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reduction in P02 leads to reduction in fetal arterial 02 saturation from 74% to 58%. 

Hence even a modest level of CO-Hb in maternal blood will significantly impair fetal 02 

transport. 
Mother Placenta Fetus 

Normal 

97 53 

75 74 

6% CO·Hb 

98 16 37 

75 22 58 

6) Anemia 
The anemic patient has a normal arterial 02 saturation, but total 02 content is reduced. 

02 uptake in tissue is impaired because of both a) reduced convective 02 delivery to 

tissue capillaries and b) impaired 02 diffusion into tissues [26, 40]. Compensation for 

the reduction in red cell mass is achieved in several ways: 

J. blood flow to non-essential organs 

i cardiac output 

i 2,3-DPG and i P50 

As a result of the right shift in the ODC, an 

anemic subject with a 50% reduction in 02 

carrying capacity demonstrates only a 27% 

reduction in peripheral 02 release at the 

venous P02. 
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7) Acid-base disturbances 

Alkalosis constricts cerebral blood vessels and diminishes cerebral blood flow. Alkalosis 
also impairs the unloading of 02 by reducing the Pso. This combination of effects may 

cause cerebral hypoxia even though blood oxygenation seems adequate, particularly in 

patients with cerebral vascular disease or with an inadequate cardiac output due to heart 

failure of hypovolemic shock [34]. An example is illustrated below. 
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A patient with diffuse vascular disease 

develops pneumonia. As arterial PC02 

drops with hyperventilation, cerebral blood 

flow (CBF) diminishes and arterio-venous 

02 difference must increase in order to 

maintain cerebral 02 uptake (bottom panel). 

At the same time, an increase in 02 affinity 

due to respiratory alkalosis means that the 
minimum venous 02 saturation and content 

required to maintain a cerebral venous P02 

above a critical level of 17 mmHg 

(necessary to maintain consciousness) must 

also be greater (upper panel). If the arterial 

PC02 drops to 20 mmHg and pH rises to 

7.6, the higher minimum venous 02 content 

and a-v 02 difference means that arterial 02 

saturation required to keep the brain 

adequately oxygenated will be greater than 

97%. Even a minimal drop in arterial 02 

lS l" 

saturation under such circumstances might 

cause hypoxic brain damage. From Mitchell 

et al [34]. 
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In metabolic alkalosis hypocapnia is not a factor; a compensatory increase in 2,3-DPG 
occurs within a day or so to bring Pso back to near normal levels and thereby improving 

tissue oxygenation. However, in the interim before Pso is fully returned to normal, 

hypoxic tissue damage may result. Thus it is important to avoid transients of metabolic 

alkalosis in patients with impaired cerebrovascular circulation, such as rapid volume 

contraction alKalosis associated with vigo.rous diuresis. 
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In acute acidosis, the increased P50 favors unloading of 02 in the periphery but depresses 

the loading of 02 in the lung. In the absence of lung disease at sea level the effect of a 

high Pso on pulmonary 02 diffusion is negligible. But if pulmonary disease is present, a 

right-shifted ODC may further impair net 02 transport. In chronic acidosis, there is a 

compensatory reduction of 2,3-DPG level; hence these patients tend to have a nearly 

normal whole blood P50 but at a lower than normal blood pH. A sudden, vigorous 

correction of the pH will have the same effect as acute alkalosis ~nd may impair tissue 

oxygenation. 

For example, a patient with severe COPD 

and chronic respiratory acidosis has a stable 

arterial PC02 of 70 mmHg and pH of 7 .30. 

Because the right shift in ODC due to 

acidosis has been eliminated by a left-shift 

due to a reduction of red cell 2,3-DPG, the 

whole blood Pso is 26 mmHg at a blood pH 

of 7 .30. If the patient deteriorates and is 

placed on mechanical ventilation, a rapid 

reduction of arterial PC02 must be avoided. 

If arterial PC02 is acutely reduced to 40 

mmHg, cerebral blood flow will decrease 

significantly (lower panel). In order to 

maintain cerebral oxygenation the minimum 

arterial 02 saturation required will be 

greater than 90%. From Mitchell et al [34]. 
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Fine tuning of the oxyhemoglobin dissociation curve allows the achievement of an 

optimal P50 under any circumstance in which both pulmonary 02 loading and peripheral 

02 unloading are maximized at a given cardiac output. When 02 transport is limited by 
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cardiac output or total red cell mass (exercise at sea level or anemia) the optimal 

adjustment of the curve is a rightward shift which favors unloading of 02 in the 

periphery. When 02 transport is limited by arterial hypoxemia (high altitude or lung 

disease), the optimal adjustment of the curve is a leftward shift which favors loading of 

02 in the lung. In patients with acid-base disturbances and concomitant cardiopulmonary 

or vascular disease, an understanding of the trade-off in control mechanisms of 

hemoglobin function helps to avoid potentially detrimental effects on oxygen transport. 

References 

1. Banchero, N., R.F. Grover, and J.A. Will. Oxygen transport in the llama Respir. 

Physiol., 13: p. 102-115, 1971. 

2. Barcroft, J., A. Cooke, H. Hartridge, T.R. Parson, and W. Parson. The flow of 

oxygen through the pulmonary epithelium. J. Physiol., London, 53: p. 450-472, 1920. 

3. Bauer, C. Structural biology of hemoglobin. In The lung: scientific foundations, 

R.G. Crystal and J.B. West, Editor. Raven Press: New York. p. 1215-1223, 1991. 

4. Bohr, C., K.A. Hassel balch, and A. Krogh. Ueber einen in biologischer Beziehung 

wichtigen Einfluss, den die Kohlensaurespannung des Blutes auf dessen 

Sauerstoffbindung tibt Skand. Arch. Physiol., 16: p. 402-412, 1904. 

5. Bunn, H.F. Evolution of mammalian hemoglobin function. Blood, 58(2): p. 189-

197, 1981. 

6. Bunn, H.F. and B.G. Forget. Hemoglobin: molecular, genetic and clinical aspects. 

Philadelphia, PA: W. B. Saunders. 1986. 

7. Bunn, H.F. and J.H. Jandl. Control of hemoglobin function within the red cell. N. 

Eng. J. Med., 282(25): p. 1414-1421, 1970. 

8. Christiansen, J., C.G. Douglas, and J.S. Haldane. The absorption and dissociation 

of carbon dioxide by human blood. J. Physiol., London, 48: p. 244-271, 1914. 

24 



9. Clementi, M.E., S.G. Condo, M. Castagnola, and B. Giardina. Hemoglobin 

function under extreme life conditions. European Journal of Biochemistry, 223(2): p. 

309-317, 1994. 

10. Dickerson, R.E. Chemical evolution and the origin of life. Scientific American, 

239:p. 70-86,1978. 

11. Edsall, J.T. Hemoglobin and the origins of the concept of allosterism. Federation 

Proc., 39: p. 226-235, 1980. 

12. Edsall, J.T. Understanding blood and hemoglobin: an example of international 

relations in science. Perspectives in Biology and Medicine, 29(3, part 2): p. S107-S123, 

1986. 

13. Gill, S.J., R.C. Benedict, L. Fall, R. Spokane, and J. Wyman. Oxygen binding to 

sickle cell hemoglobin. J. Mol. Bioi., 130: p. 175, 1979. 

14. Grote, J., P. Dall, K. Oltmanns, and W. Stolp. The effect of increased blood 

carbon monoxide levels on the hemoglobin oxygen affinity during pregnancy. In Oxygen 

transport to tissue, P. Vaulep, Editor. Plenum Press: New York. p. 145-150, 1994. 

15. Grover, R.F., R. Lufschanowski, and J.K. Alexander. Alterations in the coronary 

circulation of man following ascent to 3100 m altitude. J. Appl. Physiol., 41(6): p. 832-

838, 1976. 

16. Haldane, J.S. The dissociation of oxyhaemoglobin in human blood during partial 

CO poisoning. J. Physiol. Lond., 45: p. 22-24, 1912. 

17. Hartridge, H. and F.J. W. Roughton. A method for measuring the velocity of very 

rapid reactions. Proc. R. Soc. Lond., A104: p. 376-394, 1923. 

18. Hartridge, H. and F.J.W. Roughton. The velocity with which carbon monoxide 

displaces oxygen from combination with hemoglobin. Part I. Proc. R. Soc. Lond., B94: 

p. 336-367' 1923. 

19. Hartridge, H. and F.J.W. Roughton. The velocity with which oxygen combines 

with reduced hemoglobin. Part ill. Proc. R. Soc. Lond., A107: p. 654-683, 1923. 

25 



20. Heath, D. and D.R. Williams. Man at High Altitude. second ed. Edinburgh, 

London, Melbourne, and New York: Churchill Livingstone. 1981. 

21. Hebbel, R.P., J.W. Eaton, E.M. Berger, R.S. Kronenberg, E.D. Zanjani, and L.G. 

Moore. Hemoglobin oxygen affinity and adaptation to altitude: evidence for pre

adaptation to altitude in humans with left-shifted oxyhemoglobin dissociation curves. 

Transactions of the Assoc. of Am. Physicians, 91: p. 212-228, 1978. 

22. Heller, P. Historic reflections on the clinical roots of molecular biology. Ann. N. 

Y. Acad. Sci., 758: p. 83-93, 1995. 

23. Henderson, L.J. Blood, a study in general physiology. New Haven: Yale 

University Press. 1928. 

24. Hlastala, M.P. Interactions between 02 and C02: the blood. In Hypoxia: man at 

altitude, J.R. Sutton, N.L. Jones, andC.S. Houston, Editor. Thieme-Stratton: New York. 

p. 17-23, 1982. 

25. Hogan, M.C., D.E. Bebout, A.T. Gray, P.D. Wagner, J.B. West, and P.E. Haab. 
Muscle maximal 0 2 uptake at constant 02 delivery with and without CO in the blood. J. 

Appl. Physiol., 69(3): p. 830-836, 1990. 

26. Hogan, M.C., D.E. Bebout, and P.D. Wagner. Effect of hemoglobin concentration 

on maximal 02 uptake in canine gastrocnemius muscle in situ. J. Appl. Physiol., 70(3): p. 

1105-12, 1991. 

27. Johnson, R.L., Jr., N.L. Jones, G. Heigenhauser, C.C.W. Hsia, and P.D. Wagner. 

Pulmonary gas exchange and acid base balance during exercise. In Handbook of 

Physiology; Respiration Section, P.D. Wagner, Editor. American Physiological Society: 

Bethesda, MD. in press. 

28. Kelman, G.R. and J.F. Nunn. Nomograms for correction of blood P02, PC02, 

pH, and base excess for time and temperature. J. Appl. Physiol., 21(5): p. 1484-1490, 

1966. 

26 



29. Krogh, M. The diffusion of gases through the lungs of man. J. Physiol., London, 

49: p. 271-300, 1915. 

30. Lehmann, H. and R.G. Huntsman. Man's haemoglobins. Amsterdam: North-

Holland Publishing. 331 , 1968. 

31. Lehninger, A.L., D.L. Nelson, and M.M. Cox. Principles of biochemistry. 2nd ed. 

New York: Worth Publishers. 1993. 

32. Lenfant, C., J. Torrance, E. English, C.A. Finch, C. Reynafarje, J. Ramos, and J. 

Faura. Effect of altitude on oxygen binding by hemoglobin and on organic phosphate 

levels. J. Clin. Invest., 47(12): p. 2652-6, 1968. 

33. Margaria, R. and A.A. Green. The first dissociation constant, pKl, of carbonic 

acid in hemoglobin solutions and its relation to the existence of a combination of 

hemoglobin with carbon dioxide. J. Bioi. Chern., 102: p. 611-634, 1933. 

34. Mitchell, J.H., K. Wildenthal, and R.L. Johnson, Jr. The effects of acid-base 

disturbances on cardiovascular and pulmonary function. Kidney International, 1(5): p. 

375-89, 1972. 

35. Monod, J., J. Wyman, and J.P. Changeux. On the nature of allosteric transitions: a 

plausible model. J. Mol. Bioi., 12: p. 88-118, 1965. 

36. Perkins, J.F., Jr. Historical development of respiratory physiology. In Handbook 

of Physiology. Section 3: Respiration, W.O. Fenn and H. Rahn, Editor. American 

Physiological Society: Washington, D.C. p. 1-62, 1964. 

37. Rahn, H., R.B. Reeves, and B.J. Howell. Hydrogen ion regulation, temperature, 

and evolution. Am. Rev. Respir. Dis., 112: p. 165-172, 1975. 

38. Reynafarje, C., J. Faura, D. Villavicencio, A. Curaca, B. Reynafarje, L. Oyola, L. 

Contreras, E. Vallenas, and A. Faura. Oxygen transport of hemoglobin in high-altitude 

animals (Camelidea). J. Appl. Physiol., 38(5): p. 806-810, 1975. 

39. Roughton, F.J.W. Recent work on carbon dioxide transport by blood. Physiol. 

Rev., 15: p. 241-296, 1935. 

27 



40. Schaffartzik, W., E.D. Barton, D.C. Poole, K. Tsukimoto, M.C. Hogan, D.E. 

Bebout, and P.D. Wagner. Effect of reduced hemoglobin concentration on leg oxygen 

uptake during maximal exercise in humans. J. Appl. Physiol., 75(2): p. 491-498, 1993. 

41. Scholander, P.F. Oxygen transport through hemoglobin solutions. Science, 131: p. 

585-590, 1960. 

42. Severinghaus, J.W. Oxyhemoglobin dissociation curve correction for temperature 

and pH variation in human blood. J. Appl. Physiol., 12: p. 485-486, 1958. 

43. Ueda, Y., R.L. Nagel, and R.M. Bookchin. An increased Bohr effect in sickle cell 

anemia. Blood, 53(3): p. 472-480, 1979. 

44. West, J.B., P.H. Hackett, K.H. Maret, J.S. Milledge, R.M. Peters, Jr., C.J. Pizzo, 

and M. Winslow. Pulmonary gas exchange on the summit of Mount Everest J. Appl. 

Physiol., 55(3): p. 678-687, 1983. 

45. Winslow, R.M., M. Samaja, and J.B. West. Red cell function at extreme altitude 

on Mount Everest J. Appl. Physiol., 56(1): p. 109-116, 1984. 

28 


