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ABSTRACT. The measurement of carbon dioxide tension (Pco2) 
owes its development to the 1952 polio epidemics in Copenha- 
gen and the United States, during which artificial ventilation 
was first widely and effectively used and it was necessary to 
assess its effectiveness. Pco2 had been determined by various 
"bubble methods" in which carbon dioxide (CO2) was mea- 
sured in gas equilibrated with blood at body temperature, or 
by one of two methods using the manometric apparatus of 
Van Slyke: interpolation on a plot of CO2 content versus 
equilibration gas Pco2 or use of the Henderson-Hassdbalch 
equation to calculate Pco2 from pH and plasma CO2 content. 
In 1954 Richard Stow described a CO2 electrode--a new con- 
cept--using a rubber membrane permeable to CO2 to separate 
a wet pH and reference electrode from the blood sample. This 
was the first membrane electrode, a device now used in hun- 
dreds of different ways. Severinghaus developed Stow's elec- 
trode, stabilizing it with a bicarbonate-salt solution and a 
spacer. The CO2 electrode concept had occurred to Gesell in 
1925, but for measurement of gas only, and to Gertz and 
Loeschcke, who were unaware of the Stow-Severinghaus elec- 
trode, in 1958. The development of the CO2 electrode ter- 
minated the use of bubble methods, the Van Slyke methods, 
and the Astrup technique and at the same time reinforced the 
Astrup-Siggaard-Andersen acid-base analytic theory. 
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From experience in diagnosis and treatment of  cholera 
medical scientists learned to understand water and elec- 
trolyte balance; from diabetes, acid-base balance. In a 
similar way, from the demands of  treating polio came 
artificial respiration and measurement o f  carbon dioxide 
tension (Pco2). In 1951, as an intern, Severinghaus was 
assigned to ventilate a patient with bulbar polio by mask 
and bag during a 90-mile ambulance ride from Coopers- 
town to Albany, New York, the location of  the nearest 
iron lung. The patient died a few days later. No  one had 
much experience with long-term artificial ventilation 
management, so this task had fallen to him, an intern 
who had opted for a career in anesthesia. Severinghaus 
had constructed and sold electrophrenic respirators as a 
student at Columbia after watching Stanley Sarnoff 
demonstrate the technique o f  transcutaneous phrenic 
nerve stimulation, and he had attempted to improve 
Earl Wood's  ear oximeter without success. The first 
positive-pressure ventilators for use in anesthesia were 
built by Sam Gibbon upon the suggestion o f  his 
brother, cardiac surgeon Jack Gibbon, at Jefferson Med- 
ical School in Philadelphia and became available in the 
early 1950s. There were few special-care facilities where 
ventilation of  patients was supervised. 

In 1952, the massive polio epidemic that struck both 
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Copenhagen and the United States was the major im- 
petus for development of means to assess blood Pc02. 
Some 300 Danish patients received tracheotomies for 
artificial ventilation with oxygen by untrained students 
who squeezed rubber anesthesia breathing bags. As dis- 
cussed in the second article of  this series [1], the 
Copenhagen polio epidemic stimulated Lassen and Ib- 
sen to establish an intensive care unit and also led Astrup 
to develop a technique for measuring blood pH, Pc02, 
and acid-base balance by interpolation. In the United 
States James Elam, an anesthesiologist, collaborated 
with Max Liston in developing the Luft detector, a Ger- 
man patent confiscated as war bounty, into a practical, 
rapid infrared CO2 analyzer. Richard Stow, a physiolo- 
gist in the Department of  Physical Therapy and Re- 
habilitation at Ohio State University, was faced with 
the same problems in treating polio patients, and al- 
though he too had developed an infrared CO2 analyzer 
for his PhD thesis at the Mayo Clinic, his response to 
thepolio crisis, the CO2 electrode, is the theme of this 
essay. 

PRE-ELECTRODE METHODS 

Before the discovery of  the Pco2 electrode, measure- 
ment of  Pco2 depended on one of  three methods: (1) 
bubble equilibration, (2) use of the Henderson- 
Hasselbalch equation with pH and plasma or blood CO2 
values, and (3) interpolation methods, involving mea- 
surement o f p H  or plasma CO2 content before and after 
equilibration with gas of  known Pco2 and oxygen ten- 
sion (Po2). 

Pfliiger and Krogh: The Bubble Methods 

The earliest practical method for measuring Pco2 was to 
equilibrate a small bubble of  gas with a large volume of 
blood and then analyze the gas in the bubble. Eduard 
Friedrich Wilhelm Pflfiger [2] (Fig 1) (1828-1910) mea- 
sured blood Pco2 in vivo using his "aerotonometer" 
(Fig 2), in which a small volume of gas (preferably al- 
veolar gas) was exposed to a flowing stream of blood in 
an arteriovenous fistula. He then withdrew and ana- 
lyzed the gas bubble. Pflfiger was an enormously pro- 
ductive and brilliant, but difficult physiologist, the 
originator of  Archly fur die Gesamte Physiologie or "Pflfi- 
ger's Archives." 

In Denmark, Christian Bohr's most famous pupil, 
Schack August Steenberg Krogh (1874-1949), devised 
methods for analyzing extremely small bubbles with 
great accuracy [3,4], permitting, for example, studies of  

Fig 1. Eduard Pfliiger (i828-1910). 

Po2 and PCO2 in grasshoppers. He also used these 
methods to analyze gas bubbles equilibrated with blood 
at 38°C. 

J. K. W. Ferguson in Cambridge [5] developed a 
pipette microtonometer and micro gas analyzer based 
on the method of Krogh with some simplifications. Di- 
rect measurement of  blood Pco2 was standardized for 
accurate laboratory use by Van Slyke, Sendroy, and Liu 
[6], who developed a bubble method in 1932. They 
equilibrated blood with one-ninth its volume of a gas 
mixture with Po2 and Pco2 similar to the blood Po2 and 
Pco2, and then analyzed the gas in the Van Slyke ap- 
paratus. This method was both difficult and inaccurate, 
however, because the gas inevitably altered the blood. 

Roughton and Schotander 

Aviation at high altitudes during World War II in- 
troduced an immediate need for easier methods that 
would allow measurement of Pco 2 outside the labora- 
tory. Francis John Worsley Roughton (1899-1972) of 
Cambridge, England, briefly collaborated at Harvard 
with Per F. Scholander (1905-1980) (Fig 3), who also 
worked at Oslo, Norway, and La Jolla, California, in 
developing a syringe fused to a long calibrated capillary 
in which blood carbon monoxide chemically released 
into a gas bubble could be analyzed by optically measur- 
ing its shrinkage after absorption. Roughton described 
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termining small amounts of carbon monoxide in blood under 
semifield conditions. I suggested to Scholander forthwith 
some possible ways of solving this problem, but he at once 
improved on them and after some discussions, the most fruit- 
ful of which lasted into the small hours of the morning in 
the cellar of  a restaurant in Harvard Square, Cambridge 
[Massachusetts], we hit on the idea of the Scholander- 
Roughton syringe capillary apparatus. The resulting new 
method (1942) proved very satisfactory for measuring the car- 
bon monoxide content of small amounts (ca 40 b~l) of blood, 
and was soon afterwards extended to the estimation also of the 
oxygen, carbon dioxide, and nitrogen contents of blood. 
Speed and skill in devising elegant new techniques were then, 
as now, second nature with Scholander, and it was thanks 
mainly to him that the gestation period of the syringe- 
capillary apparatus was cut down to two to three weeks. 

Fig 2. Pfliiger's aerotonometer for equilibrating a gas bubble with 
flowing blood, after which bubble analysis could measure arterial 
carbon dioxide tension. From Pflidger [2]. 

the development  of  the Roughton-Scholander syringe 
[7] as follows [8]: 

I first met Pete Scholander about the middle of World War II. 
At that time I was working at the Harvard Fatigue Labora- 
tory, which was busy on problems related to War Science and 
Medicine. A few days earlier we had received a brief visit from 
a leading Canadian military scientist, who told me that there 
was a practical need of an accurate, objective method for de- 

The Riley Bubble Method 

The Roughton-Scholander  capillary syringe was first 
used to measure blood carbon monoxide  content, not 
tension. During World War II Richard L. Riley (1911-) 
(Fig 4), at the United States Naval  School of  Aviation 
Medicine, Pensacola, Florida, was involved in studies of  
high altitude hypoxia in a pressure chamber, and needed 
to obtain measurements of  arterial blood Po2 and Pco2. 
In 1945, with Doro thy  O. Proemmel  and Ruth E. 
Franke, he published a Krogh-l ike method o f  equilibrat- 
ing with blood, in the Roughton-Scholander  syringe, a 
very small bubble o f  gas, the composit ion of  which was 
selected to be as similar as possible to that o f  the blood 
[9]. The bubble was then analyzed by  chemical absorp- 
tion in the capillary, and its length was determined with 
a microscope. This "Riley bubble method"  was widely 
used after 1945 in the development  of  respiratory physi- 
ology. There were problems,  however.  It was not accu- 
rate for Po 2 values over 100 m m  Hg. It required equili- 
bration in a 37°C water bath, during which time the 
blood was using its own  oxygen.  An expert required at 
least 10 minutes per sample to per form an analysis. In 
1957, shortly before the CO2 electrodes made the bub-  
ble method obsolete, Riley, who  was then at Johns 
Hopkins Medical School, published a revision o f  the 
method in collaboration with E. J. M. Campbell  and 
Richard H. Shepard [10]. 

Henderson and Hasselbalch: Pc02 from p H  
and C 0 2  Content 

When the relationship between the hydrogen ion (pH), 
Pc02, and CO2 content was clarified in the equations of  
Henderson and Hasselbalch, it became possible to deter- 
mine Pc02 by  measuring p H  and CO2 content. H o w -  
ever, this task was not practical with the platinum hy-  
drogen electrode because the oxygen had to be 
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Fig 3. Left to right: d. W. Severinghaus, L. Rossi-Fanelli, 
F. J. W. Roughton, R. E. Forster, A.  B. ttastings, and 
P. F. Scholander at the American Physiological Society Fall 
Meeting, Los Angeles, 1966. Photo courtesy of Dr Michael T. 
Lategola. 

Fig 4. Richard Riley, who developed the Roughton-Schofander 
capillary syringe for measuring blood oxygen and carbon dioxide 
tensions. Photo courtesy of Dr Richard L. Riley. 

eliminated from the sample. Neither the antimony nor 
the quinhydrone electrode was usable in blood. As re- 
cently as 1955, Richard B. Singer recommended col- 
orimetric determination of blood pH in connection with 
manometric blood gas analysis [11]. 

The glass electrode came into practical use in 1933 
(see the first article in this series [12]). The determina- 
tion of  Pco2 using the Henderson-Hasselbalch equation 
required knowledge of  the pK' of "carbonic acid," or 
really of  the relationship among CO2 content, Pco2, and 
pH. This "apparent pK" assumed that all the dissolved 
CO2 was carbonic acid, whereas only about 0.1% is 
actually carbonic acid. The method was extremely accu- 
rate, provided great care was taken with both the pH 
and Van Slyke methods [13,14,15]. In 1956 Severing- 
haus, Stupfel, and Bradley published [16] a detailed 
analysis of  sources of  error and a report of  apparatus 
modifications and techniques needed to obtain accurate 
Pco2 from the Henderson-Hasselbalch equation. 

No commercially available anaerobic thermostatted 
pH electrode was available in the early 1950s. Duncan 
Holaday, an anesthesiologist researcher at Columbia 
University College of Physicians and Surgeons, 
modified the Cambridge pH meter, which contained 
the MacInnes Belcher pH electrode, by enclosing the 
electrodes in an air thermostat. He showed this to 
Severinghaus in 1953, when he was beginning to study 
blood gases in connection with clinical surgical hy- 
pothermia and needed a highly accurate method for 
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measuring Pco2. Severinghaus and Bradley constructed 
an oil-jacketed, air-thermostatted 37°C pH electrode 
[16,17]. They found the bicarbonate concentration to be 
independent of the temperature of centrifugation. How- 
ever, they had to float a cork in the oil on top of blood 
during centrifugation to prevent loss of CO2 through 
the convecting oil. 

At the recommendation of Roger Bates at the Na- 
tional Bureau of Standards, Severinghaus and Bradley 
used NBS buffers of pH 4 and 9 (phthalate and borate) 
to standardize a phosphate working buffer. 

They redetermined pK' as a function of pH and tem- 
perature in 39 samples from 7 men and 2 dogs and ob- 
tained a standard value of 6.086 at 37.5°C, at pH 7.4, or 
6.098 at 37°C, corrected for the suspension effect. They 
found that pK' varied with both pH and temperature. 
These effects were partially anticipated by Warburg in 
1922 [13]. 

Severinghaus and Bradley noted that a "suspension 
effect" causes whole-blood pH to read 0.01 unit lower 
than the true plasma of that blood, due to (1) the pres- 
ence of particulates or movement of red cells at the liq- 
uid junction, (2) precipitation of hemoglobin by potas- 
sium chloride, or (3) diffusion o fK + across red cells at a 
higher rate than that of C1-. The magnitude of this 
effect was found to be 0.008 +-- 0.007 by comparing the 
pH of whole blood, as a function of time, with its true 
plasma. With these modifications, Pco2 could be deter- 
mined to an accuracy of  0.0 - 0.3 mm Hg [16]. 

Using the capillary Radiometer electrode, with a 
37°C liquid junction, Ole Siggaard-Andersen (1932-) 
confirmed the suspension error to be 0.01 [18]. He used 
a novel and clever method:When a drop of blood was 
placed in the pH electrode sampling capillary at its tip 
only (the active glass being filled with plasma), the sus- 
pension effect error was 0.01, as if blood were in the 
glass electrode. Since Siggaard-Andersen's verification 
in t961, careful workers have corrected blood pH values 
upward by 0.01 unit to allow for this effect. 

Over the next few years, several other pK' values and 
variations with pH were presented [18]. Siggaard- 
Andersen redetermined pK' with the Astrup micro pH 
electrode and equilibration apparatus [19]. He noted that 
the value ofpK'  depended on the exact methods used to 
obtain CO2 content and pH. With his apparatus, deter- 
mining CO2 gasometrically, the mean pK' was 6.099 at 
38°C at pH 7.4. He confirmed that apparent pK' de- 
creases with an increase in pH, probably due to undis- 
sociated NaCO3- and CO3- - ,  and carbamino CO2, all 
of which are determined erroneously a s HCO3-.  He 
designated pK'I as the value if the real HCO3- is used, 
pK"~ when HCO3- is the apparent, titrated value, and 
pK"l when CO2 content is determined gasometrically. 

In 1961 Siggaard-Andersen found that pH fell 0.001 
for each degree-Celsius increase in liquid junction tem- 
perature, an effect confirmed in 1966 by William H. 
Austin and Shirley C. Littlefield [20] in Portland, 
Maine. 

The electrolyte used as liquid junction makes a large 
difference [21]. Even substituting 3.5 M potassium 
chloride for saturated potassium chloride reduces mea- 
sured pH by 0.01. Sodium formate (patent-pending), 
now used by the Radiometer Company, was not tested 
at that time. tt is comparable to potassium chloride, 
except that it eliminates the suspension effect. 

The error in pH produced by the use of porous liquid 
junctions, which unfortunately trap wash water, may be 
0.02 routinely. It was, however, recorded in one case as 
0.32 [22]. 

In 1963 Siggaard-Andersen formalized the nomencla- 
ture and physical chemistry of pK' in his thesis, "The 
Acid-Base Status of Blood," which was revised in 1974 
[23]. He later worked out details of nomenclature and 
theoretical chemistry of all the components of acid-base 
relationships [24], particularly in connection with a pro- 
posed change in clinical chemistry to the universal use of 
the International System of Units. 

The Henderson-Hasselbalch equation is no longer 
used for determination of Pco2 but rather for calculation 
of plasma HCO3- and whole-blood CO2. For this pur- 
pose there remain issues about the appropriate values for 
the dissociation constants and for activities of the 
HCO3- as well as o f H  + [24,25]. 

Astrup-Siggaard-Andersen Equilibration Method 
for Pco2 
The micro pH electrode and micro tonometer method 
described in the second in this series of essays [1] came 
into general use about 1960, several years before the 
CO2 electrode became generally available. The equili- 
bration time for blood droplets was 3 minutes, and a 
Pco2 value could be obtained in 4 minutes. The tech- 
nique was soon in widespread use in clinical laboratories 
for pH, PCO2, and acid-base analysis. Shortly thereafter, 
the Radiometer Company added to this apparatus a 
Clark electrode with a microcathode. 

THE ELECTRODE CONCEPT 

Living C O  2 Electrodes 

The ability of CO2 to penetrate biologic membranes and 
alter the pH inside plant cells was described by Merkel 
Henry Jacobs in 1920 [26]. The tang of cola drinks and 
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beer results f rom acidification in the tongue, as may be 
demonstrated by blocking carbonic anhydrase with 
acetazolamide. Vertebrates are equipped with biologic 
CO2 electrodes, regulating breathing by the acid 
generated by CO2 in the brain. When COa dissolves in 
water, it is hydrated to carbonic acid (H2CO3), which is 
almost completely dissociated to H + and HCO3-. Be- 
cause the HCO 3- concentration is fixed in both cere- 
brospinal and extracellular fluids, a 10% change in Pc02 
produces a 10% change in physiological H +, which is 
equivalent to 0.041 pH units. The  medullary respiratory 
center makes use o f  this "Pc02 electrode" to drive venti- 
lation in response to rising arterial Pc02. CO2 diffuses 
from blood across the ion-impermeable blood-brain 
barrier into cerebrospinal fluid and the extracellular fluid 
of  the chemoreceptors, where it is hydrated, and the 
resulting rise in hydrogen ion concentration, or fall in 
pH, stimulates specialized chemoreceptors sensitive 
only to their extracellular fluid pH. 

Gesell, McGinty, and Bean: 
The First C O  2 Electrode 

The first experimental CO2 electrode, for use with gas 
only, was described in 1926 by Robert  Gesetl (1886- 
1954) and Daniel McGinty (1896-1960) [27] at the Uni-  
versity of  Michigan with the assistance o f  John Bean 
(1901-). Gesell, McGinty, and Bean used a manganese 
dioxide pH electrode to measure the pH of  a thin film of  
salt solution held on the pH electrode by a canine perito- 
neal membrane (Fig 5). This report was completely for- 
gotten until about 1965, when Myron  Laver (1923- 
1983), professor o f  anesthesia at Harvard, rediscovered 
it and called it to the attention o f  R. V. Trubuhovich 
[28] at Oxford,  who wrote the first history of  CO2 
electrodes. 

The Stow Pco2 Electrode 

In 1954 Richard Stow (1916-) (Fig 6) reported at the fall 
physiology meetings o f  the American Physiological So- 
ciety in Madison, Wisconsin, that a Pco2 electrode 
could be made by covering combined pH and reference 
electrodes with a rubber membrane over a thin layer of  
distilled water (Fig 7). His discovery was judged much 
later to represent a new general principle in which a 
semipermeable membrane separates a sample from an 
electrode pair, the output o f  which is controlled via 
transmembrane diffusion of  a specific substance in the 
sample. As will be described in the next essay on the 
Clark 0 2  electrode, a court determined that the princi- 
ple on which the Clark 0 2  electrode patent was based--  
membrane separation o f  the sample from the analytic 

device--had been anticipated by the 1954 description of  
the Stow CO2 electrode. 

S T O W  A N D  HIS D I S C O V E R Y .  Richard Wolcott Stow w a s  

born in Medina, Ohio, in 1916. He studied physics at 
the University of  Michigan, obtaining a BS in 1937 with 
minors in chemistry and biology. In 1940 he was 
granted an MS in physics at Pennsylvania State Univer-  
sity, and began work  there on a PhD, studying infrared 
spectroscopy. 

In 1947 Stow joined the research group of  Earl H. 
Wood at the Mayo Clinic and Foundation in Rochester, 
Minnesota, working on the development of  cardiac 
catheterization, the recording of  pressures, dye dilution 
curves, and oximetry. He obtained his PhD on "An 
Infra-red Analyzer for CO2 and Its Applications in Cer- 
tain Problems in Respiratory Physiology,"  using a 
high-speed CO2 detector of  his own design. 

Stow's infrared CO2 detector had several interesting 
and original features. The infrared light beam was 
chopped at 360 Hz and divided between two CO2- 
containing Helmholtz resonator cavities tuned to 360 
Hz. The sample cell absorbed infrared light from one o f  
these two pathways in proportion to the sample CO2 
concentration. The cavities were connected by a fine slit 
in which a hot, gold-coated quartz filament measured 
the resulting gas movement.  Thus, when Stow moved 
to Ohio State, he had been working on CO2 analysis 
and infrared spectra for more than a decade. 

Richard Stow described his discovery and its antece- 
dents in a tape recording made in 1984 as follows: 

I had spent several years at the Mayo Clinic finishing up my 
thesis . . . the last year with Earl Wood's group in cardiac 
catheterization and blood gas analysis, especially oxygen. I 
had worked on a very fast infrared analyzer for gaseous carbon 
dioxide to go with the oxygen values. We were sampling from 
the right side of the heart. To get blood Pco2 one had to 
measure pH and CO2 content and then apply the Henderson- 
Hasselbalch equation. It was much easier to get an estimate 
from the expired air. 

I came to Ohio State in the fall of 1953 in the prevaccine 
days. Polio was a very important disease which tied up all of 
the facilities of the physical medicine department almost every 
year. They had a number of people with respiratory involve- 
ment, and it was very much on the minds of the clinicians in 
the department to manage the blood gases properly. 

I was the only nonctinician among the professional staff in 
physical medicine. I was assigned to a room on the interior of 
the hospital, without windows--just a desk, a chair, and a 
single 200-watt light bulb that hung from a socket over the 
table. I . . . went over to the library and started reading. I 
found some of the volumes of the Josiah Macy conferences 
about electrode systems which would be sensitive to the activ- 
ity of various ions. Something about the interesting, imagina- 
tive flair of the things [one of the authors] was discussing set 
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Fig 5. The first COe electrode of Gesell and McGinty, developed 
with technical assistance from J. W. Bean. The electrode worked 
for continuous recording of carbon dioxide tension in end-expired 
gas but not in blood. From Gesell and McGinty [27]. Reprinted 
from the American Journal of Physiology by permission of the 
American Physiological Society. 

me to thinking about an electrode system that might be sensi- 
tive to carbon dioxide rather than hydrogen ions. 

My thoughts didn't evolve right away, but this did set me 
to thinking about semipermeable membranes. I thought that 
blood was such a complicated substance chemically that one 
could never single out a particular constituent like carbon 
dioxide from the blood with a sensor exposed to the blood 
itself, tt seemed natural to think in terms of a semipermeable 
membrane to separate the blood from the region in which you 
might have an equilibrium of carbon dioxide, and then [to] 
make a measurement of the carbon dioxide behind that 
semipermeable membrane. 

It seemed certainly easiest and most reasonable to think in 
terms ofa pH measurement of water behind a semipermeable 
membrane, in equilibrium with the blood or other liquid. I 
knew from the work at the Mayo Clinic that rubber was a 
notoriously leaky material with respect to carbon dioxide, but 
impermeable to water. I was amazed to find out from perme- 
ability tables that, while rubber was highly permeable to car- 

bon dioxide, it was more permeable to water vapor. I later 
found out we didn't have to worry about the transport of ions 
across that semipermeable rubber membrane. It certainly 
would get the carbon dioxide across and hopefully wouldn't  
get other materials across. 

The idea then was to make or come by a pair of electrodes 
that would enable one to measure pH in a water film in CO2 
equilibrium with blood on the other side of a semipermeable 
membrane. I didn't have a pH meter o r . . .  a tot of experience 
with it. But I did have quite a bit of experience as a glass 
blower and I thought it was . . . important to fix up a pair of 
electrodes in a single probe--a  single kind of pencil--rather 
than having two electrodes, which was common in pH mea- 
surement in those days, in order that a thin f i l m . . ,  of water 
would be exposed to the rubber membrane, and via the rubber 
membrane to the sample in which one was interested in 
[measuring] the Pco2. 

It seemed that I could make an electrode pair by taking 
ordinary soda lime glass, whereas the best glass for making 
pH elect rodes . . ,  was made by Corning at that time. While I 
didn't have any of those spedal glasses, I knew that the pH of 
[water-containing] carbon dioxide would always be in the acid 
domain and that I would be very far removed from the pH 
regions, where an alkaline error from ordinary soda time glass 
occurred, and that I could thereby fabricate a pair of electrodes 
using soda lime glass, providing I could handle the technical 
end of it. Ralph Stacey of the physiology department turned 
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Fig 6. Richard Stow, inventor of the COe electrode, in I952. 
Photo courtesy of the Department of Physical Medicine, College of 
Medicine, The Ohio State University. 

over his laboratory facilities to me, including a blast lamp in 
which I could blow glass . . . .  he also later loaned me a pH 
meter. 

I fabricated electrode pairs, which were coaxial, in which 
the inner electrode was the calomel electrode with a potassium 
chloride bridge passing through a very small hole at the lower 
end of the electrode tube. Surrounding it was an annular 
space, which was filled with dilute hydrochloric acid, one- 
tenth normal as I remember, with a nonpolarizabte silver/ 
silver chloride electrode that dipped into that hydrochloric 
acid. At the bottom [was] a very thin bulbous end, where the 
glass was thin enough to have a resistance [sufficiently] low 

• . . that the electrode potential of that glass electrode with 
respect to the calomel electrode could be measured with an 
ordinary pH meter. Then I stretched rubber finger cots over 
the end of this electrode pair, which previously had been sit- 
ting in distilled water, and secured it along the shaft with a 
rubber band. 

I tried [the electrode] first in water and then bubbled a mix- 
ture of 95% oxygen and 5% carbon dioxide through it. I got 
the change in the expected direction with approximatdy the 
proper difference. I tried it with a dilute solution of sodium 
hydroxide and hydrochloric acid, and it worked correctly. 
The rubber was impermeable to the sodium ions and the hy- 
drogen ions. Readings on the pH meter reflected the Pco2 of 
the solution and not the pH. Then I tried it in concentrated salt 
solutions. The CO2 content of concentrated salt solution is 
significantly different from the CO2 content of a dilute elec- 
trolyte solution or distilled water. The pH meter once again 
reflected the particular Pc02 rather than the CO2 content. 

Then I tried it [in] blood. I got readings I would expect for 
mixed venous blood. After exposure to the blood, the water 
reading was unchanged. This was at least a preliminary sub- 
stantiation that the rubber finger cot was sufficiently im- 
permeable to everything . . . in blood, [except] CO2, which 
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Fig 7. Stow's schematic of a C02 electrode. Beckman general pur- 
pose glass electrode (A); rubber membrane (finger cot) (B) pulled 
tightly over sensitive end of glass electrode and silver-silver chloride 
electrode; rubber band (C) securing finger cot; electrode leads (D); 
strip of Tygon enamel (H) on outer surface of gtass electsode; strip 
of"silver print" (J) painted on Tygon (strip of Tygon covering 
silver except at lower tip not shown); exposed tip of silver (K) on 
which silver chloride is deposited electrolytically. From Stow, 
Baer, and Randall [30]. Reprinted by permission. 

might affect the pH of the water film on the inside of the 
rubber membrane. 

One thing that surprised me and a lot of other people 
• . . was the fact that the thin film of water was sufficiently 
conductive to allow a satisfactory pH reading to be obtained. 
B u t . . .  the film of water would not have to be very thick to 
provide a conductivity greater than that of the glass. 

About this time I had a visit by a Mayo Clinic surgeon, a 
friend of mine who had attended the meeting of surgeons in 
Cincinnati. He told me of hearing Lee Clark's paper in the fall 
of 1953 about a P02 electrode using volt ammetry. I was ac- 
quainted with the vottammetric determination attempt at 
measuring Po2 of biological fluids from the work of Davies at 
Johns Hopkins or earlier at the Johnson Foundation, where he 
did his first work using volt ammetry to measure the Po2 of 
tissues. 

• . . I assumed Clark was covering both electrodes of his pair 
with a semipermeable membrane . . . .  From what I have 
gathered since, this was not  the case. Clark was covering one 
electrode to prevent the poisoning from the proteins in blood, 
and so on, that had foiled earlier attempts at measuring Po2. In 
other words, he was covering one electrode with this 
semipermeable membrane, which was keeping a lot of the 
gunk present in blood away from the electrode, but he was not 
putting his reference electrode inside that semipermeable 
membrane. That was to come later. 
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t did consider the possibility of  patenting the idea . . . .  two 
factors weighed heavily on my decision not to attempt to 
patent; one was magnanimous and the other was scurrilous, 
you might say. On  the one hand t felt that if t were to get 
worried about . . . pursuing a patent and seeing how much 
money it could generate, I would not be paying full attention 
to my job as a faculty member at the university with responsi- 
bility for conducting and organizing research in our depart- 
ment. The other one had to do with the fact that at the time 
Ohio State was giving their faculty members or employees 
only 15% of  the royalties from any patent that developed from 
the work that they did. It seemed to me that this was not very 
fair. 

I had reported to work [at Ohio State] in 1953 about the 
15th of  September. The work that I described was done 
around November 24th. I also applied for a research grant 
from the Polio Foundation to pursue that work. The Polio 
Foundation came through very quickly and I was able to get 
the most sensitive pH meter that was available at the time. 

I was encouraged by my colleagues in the physiology de- 
partment to present a paper at the fall meeting of  the Physio- 
logical Society at Madison. That paper was very well received; 
• . . after I gave the talk in a really crowded room Hermann 
Rahn, among others, came up and asked me some detailed 
questions and indicated that he was quite impressed with that 
piece of  work. That made me feet good as a young neophyte 
who had read the papers of  Otis and Rahn emanating from 
that wonderful group at Rochester, which had done such im- 
portant work on respiration. 

My principal appointment at Ohio State was with the De- 
partment of  Physical Medicine, and I felt obligated to publish 
in their journal. Actually, that decision gave rise to a very long 
delay. They lost the manuscript at one point. The paper came 
out in 1957. 

Once in a seminar talk, I described myself as a butterfly 
flitting from this flower to that flower or sampling the nectar 
from this field and that field or this problem and that problem, 
and never staying long at any one thing. This is true. 
Throughout my career I've done a little work on a lot of  
different problems. The work on the Pco2 electrode never 
went further than the activity that was published in the Ar- 
chives of Physical Medicine. 

DEVELOPMENT OF THE STOW CO 2 ELECTRODE. Severing- 
hans was fortunate to be present when  Richard 
S tow presented his CO 2  electrode in Augus t  1954 at 
the Amer ican  Physio logic  Society meet ing in Madi -  
son, Wisconsin  [29]. S tow reported problems wi th  
stability, p resumably  because the distilled-water 
electrolyte so easily changed its p H  wi th  slight 
contaminat ion.  Severinghaus, Bradley,  and Stupfel 
had been spending much  effort on  making  accurate 
Pco2  measurement  wi th  bo th  the Henderson-  
Hasselbalch equat ion and the Riley bubble method.  
These experiments  had made it only too clear that p H  
was changed by  P c o  2 in bicarbonate-containing solu- 
tions. For example, p H  o f  spinal fluid was very  sensitive 
to Pco2. Dur ing  the quest ion period Severinghaus sug- 
gested adding sod ium bicarbonate to the water  to 
stabilize the p H  and increase the sensitivity. S tow re- 
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Fig 8. The sensitivity of the C02 electrode is a function of the 
electrolyte bicarbonate concentration. Maximum sensitivity ranges 
between 5 and 50 raM. Stow's original electrode, using distilled 
water, had about half this sensitivity. From Severinghaus and 
Bradley [3t]. Reprinted frora the Journal of  Applied Physiol- 
ogy by permission of the American Physiological Society. 

plied that in his opinion this wou ld  decrease the sensitiv- 
ity by  buffering. Stow" published the complete  descrip- 
t ion o f  his w o r k  wi th  this electrode [30] wi thou t  going 
on to test the possible effect o f  H C O 3 - .  

Within a week after hearing S tow at the Madison 
meeting,  Severinghaus and Bradley constructed a Pco2 
electrode using a Beckman  hemispherical  bulb p H  elec- 
trode, about  7 m m  in diameter,  over  which  they 
stretched a cellophane spacer. They  covered the first 
electrodes wi th  rubber  dam; later they used rubber  
glove material, then silastic membrane ,  and finally 
Teflon. T h e y  tested the effect o f  varying H C O 3 -  con-  
centrat ion f rom 0 to 1 M on the relationship between 
p H  and Pco2,  first wi th  a normal  p H  electrode in 
bubbled solutions and then in a cuvette containing the 
new electrode (Fig 8). A m a x i m u m  sensitivity occurred 
at 5 to 20 m M ,  and the speed o f  response was clearly 
faster at lowest  concentrat ions.  At  the suggest ion o f  
Roger  Bates o f  the Nat ional  Bureau o f  Standards, they 
added sod ium chloride to stabilize the reference elec- 
trode. The  membrane  was m o u n t e d  on a ny lon  jacket  
until they found that ny lon  gradually hydrates and be- 
comes electrically conduct ive when  immersed.  The  first 
electrode metal cuvette jacket  had three large holes in 
each side to let water  in to better heat the inner electrode 
jacket (Fig 9A). 

The  p H  was found  to be a linear funct ion o f  log Pco2  
f rom 5 to 700 m m  Hg,  but  to eliminate drift a better 
reference electrode stability was needed. Saturation o f  
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the electrolyte with silver chloride helped. For a while 
they used a calomel reference for greater stability. 

The sensitivity was slightly less than 60 mV per de- 
cade change of Pco> about 97% of that predicted by the 
Nernst equation. Sensitivity was found to decrease to 
half this value as the HCO3- concentration decreased to 
zero; it also decreased at high HCO3- concentration as 
the C O 3 - -  ion concentration rose. 

Response time was slow. Various separator materials 
were tried. Glass powder speeded the response but cut 
through the membrane. Sheer nylon stocking worked 
well, especially if a run was produced and ironed fiat 
where it went over the glass. Severinghaus's credibility 
with the University of California purchasing depart- 
ment collapsed when he asked them to buy, for labora- 
tory use, the finest sheer nylon stockings available. 

This CO2 electrode was installed in the water baths 
that Bradley was constructing for the Clark 02 elec- 
trode. The 02 electrode was more complicated, needing 
a motor-driven stirring paddle and a tonometer, built 
into the bath, for equilibration of blood or a substitute. 

Fig 10. The first commercial blood gas apparatus (Yellow Springs 
Instrument Company, Yellow Springs, OH), containing a Clark 
Po2 electrode, a stirring paddle, a tonometer, and a Stow- 
Severinghaus C02 electrode. From Woolmer [32]. Reprinted 
by permission, 

Severinghaus and Bradley demonstrated this first com- 
bined 02 and CO2 electrode blood gas apparatus at a 
meeting of FASEB (the Federation of American 
Societies for Experimental Biology) in Atlantic City in 
April 1958. On May 13, 1958, a paper entitled "Elec- 
trodes for Blood Po2 and Pco2 Determination" was 
submitted to the Journal of  Applied Physiology, and pub- 
lished in November [31]. The original apparatus de- 
picted in that paper (see Figure 9) was discarded by a 
cleaning crew about 15 years later. 

In 1958, The Yellow Springs Instrument Company 
began building the stirred 02 electrode cuvette water 
bath and tonometer. Severinghaus and Bradley added 
the homemade CO2 electrode to it in time for its photo- 
graph to appear at the Ciba Symposium in December 
1958 (Fig 10) [32]. 

Shortly after Severinghaus arrived in San Francisco, 
he told Forrest Bird, the developer of the Bird respira- 
tor, about the CO2 electrode and his interest in finding a 
manufacturer. Bird suggested the National Welding 
Company, which was manufacturing his ventilator. 
Henry Pahndorf, the president, immediately agreed. 
The Beckman Company supplied pH electrodes and 
soon thereafter was buying back the resulting CO2 elec- 
trodes. This National Welding Company CO2 electrode 
(Fig 11) was widely used and tested over the next few" 
years [33-38]. These studies established that the re- 
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Fig 11. The "Severinghaus" CO2 electrode, manufactured by the 
National Welding Company, San Francisco, CA (1960). From 
Severinghaus [34]. Reprinted from Anesthesiology by permission 
of The American Society of Anesthesiologists. 

Fig 12. The Gertz-Loeschcke Pco2 electrode (1958), 

sponse of  the CO2 electrode is linear, that there is no 
difference between liquid and gas samples, provided 
temperature is precisely regulated, that the electrode is 
not sensitive to hydrostatic pressure or flow, and that 
very accurate analysis of  Pco2 can be obtained. 

K. H. Gertz and Hans H. Loeschcke in G6ttingen, 
West Germany,  published a short note in 1958 [39] 
about a CO2 electrode (Fig 12) that they constructed 
without knowing o f  Stow's work. The principle was 
the same as that o f  the Stow-Severinghaus electrode. 
Their  interest was primarily in recording tissue Pco2. 
Loeschcke helped the Eschweiler Company of  Keil and 
the Ingold Company of  Frankfort develop a CO2 elec- 
trode in which nylon weave was used as a separator. 

In 1959 C. H. Hertz and Bo K. Siesjo constructed a 
smaller, flat-surfaced PCO2 electrode for use on brain 
surface [40]. They built their own pH electrodes with 

slightly concave Coming 015 pH glass. By using Teflon 
6 txm in thickness and 1 mM NaHCO3 electrolyte, they 
obtained response times of  1 minute. A faster response 
was seen with 0.1 m M  H C O 3 - ,  but it was nonlinear 
and less stable. Since this response time was still much 
slower than that obtained by others, one may conclude 
that the trapped pool of  electrolyte in the concave glass 
surface was responsible for the delay. Frederic Snell [41] 
described a modification o f  the Stow CO2 electrode us- 
ing a powder  called Celite, an analytic filter aid, to ob- 
tain a separation o f  the Teflon from the glass electrode. 

The CO2 electrode can be used for electrometric anal- 
ysis o f  blood CO2 content by measuring a 254o-1 dilu- 
tion of  blood with 0.1 N HC1 [35]. R. J. Reyes and J. 
Ryan Neville [42] constructed their own Pco2 electrode 
for this purpose, using silastic membrane and a 
separator of  two layers of  surgical gauze, with an elec- 
trolyte o f  5 mM Tris buffer, which somewhat reduces 
the sensitivity. Blood was diluted with an acid phos- 
phate and a hemolyzing agent. They obtained an accu- 
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racy of  _+0.76 vol% compared to an accuracy of  _+0.12 
vol% obtained by Van Slyke manometr ic  analysis. 

L. H. J. van Kempen and Ferdinand Kreuzer [43] de- 
scribed a CO2 electrode that was essentially a Clark Po 2 
electrode containing quinhydrone, such that its poten- 
tial became a function of  log Pco2, but not o f  oxygen 
below 21%. This design was intended to permit  them to 
use their Po 2 catheters for measuring Pco2. Unfor tu-  
nately, the quinhydrone electrode requires a rather large 
metal surface; therefore, little has been done to pursue 
this interesting idea. The same authors [44] then con- 
structed a CO2 sensor "electrode," which used the effect 
o f  CO2 on the conductivity of  water. A double-lumen 
catheter terminated in a stainless-steel tip covered with a 
CO2-permeable membrane.  Conductivi ty was mea- 
sured in the perfusing distilled water before and after 
passing the membrane,  where it took up CO2 in pro-  
portion to the Pco2 of  the sample outside. Although a 
fast response (4 seconds) was obtained, sensitivity was low. 

The response time of  the CO2 electrode is slow, typi- 
cally 1 minute for a 99% response time with 5 m M  
H C O 3 -  and 25 Ixm Teflon. The cellophane spacer was 
found to be slower than either nylon stocking or a thin 
lens cleaning tissue called Joseph paper. Thin aqueous 
films can be maintained on glass electrode surfaces with- 
out spacers by adding hydroxyethyl  cellulose (0.5 to 
1%). Silicone rubber films are much more permeable 
than Teflon, hence faster. The addition of  carbonic an- 
hydrase did not decrease response time [31] when 
H C O 3 -  concentration was high, but A. Lutmann et al 
in Loeschcke's laboratory [45], summarizing extensive 
work  on response times, reported significant im- 
provement  in CO2 electrodes, with carbonic anhydrase 
decreasing the 95% response time from 11.5 to 6.5 sec- 
onds. These workers  developed an analog forward inte- 
gration circuit to anticipate the final response from the 
initial slope and were able to obtain 95% response times 
of  0.2 seconds. This integration method is used in some 
commercial  blood gas systems. 

By 1968 many  hospitals had been equipped with 
blood gas instruments for clinical use. A. P. Adams, 
J. O. Morgan-Hughes ,  and M. K. Sykes [46], anes- 
thesiologists at H a m m e r s m i t h  Hospital in London, 
undertook a careful analysis o f  the sources of  error in all 
three measu remen t s - -pH,  Pco2, and Po2- -and  recom- 
mended not only better techniques, but also new 
methods of  quality control, such as duplicate analysis. 
Alex Crampton  Smith and Clive Hahn reviewed the 
development of  Po2 and Pco2 measurement theory and 
practice [37]. 

The CO2 electrode o f  Richard Stow is now part o f  every 
blood gas apparatus and has been used for ambient gas 

and transcutaneous Pco  2 monitoring, as well as in tissue 
studies, industry, fermentation control, and even satel- 
lite atmosphere monitoring. Optodes and captodes have 
been described in which the membrane  principle is used 
to separate a sample f rom a dye or fluorescent material, 
with optical sensing ofPco2.  Stow's invention seems, in 
retrospect, even more remarkable for several reasons. 
Unlike so many  discoveries it was in no way serendipi- 
tous, but a result o f  logical thinking. It did not depend 
on a long series of  prior discoveries, and it was not a 
joint or team effort, despite Stow's inclusion of  two 
assistants in the final paper. Finally, it was not patented, 
not disputed, and never profited the inventor. 

On April 23, 1985, at the Respiration Dinner of  the 
American Physiological Society meeting in Anaheim, 
California, in conjunction with the Biomedical En- 
gineering Society, Richard Stow received the Nernst  
Award for his 1954 discovery of  the CO2 electrode. 
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