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Abstract. Two electrodes placed at the tip of catheters for in vivo determinations of Pco, and P, respectively, were
tested in dogs. Results were satisfactory when compared to a highly accurate reference method, correlation coeffi-
cients were close to 1 (P < 10™°). Means of the differences were respectively —1.74 + 1.14 torr for the Po,, probe

(P <0.01) and —1.62 £ 0.72 torr for the Pco, sensor (P <0.0001). While no drift was detected in the Peo, electrode,
that of the Py, was significant but negligible compared to the variability of measurements. Thus, for Pco, values

between 20 and 85 torr, and Py ) values between 20 and 140 torr, in vivo monitoring is sufficiently reliable for clin-

ical use.
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During the last 15 years, the in vifro techniques for blood
gas measurements have become reliable enough to permit
a better understanding of the laws that govern both hema-
tosis and acid-base balance. But they provide only pin-
point information and there is a need for the develop-
ment of new methods for continuous monitoring. Such
devices should meet criteria of accuracy, reproducibil-

ity, shortness of the response time and tolerance in vivo.

The proteic film coating the surface of the platinum
cathode in Po, polarographic measurements precludes its
clinical use. Indeed, in 1953, Clark (2) built a stable
system consisting of a cathode protected by a polyethylene
film and an anode embedded in saline-soaked cotton.
Once miniaturised, this electrode allowed the first contin-
uous Py, measurements to be made (11, 12), but it is an
expensive and fragile sensor with significant drift.

Since 1956, the response time of most of the latest
electrodes have been shortened, but their stability
remains dependent on the electrode coating. On the other
hand although a probe with a cathode, a ring-shaped anode
and a reference central electrode keeps all its properties
over a long period of time (6), it does not resolve the
technical problems related to blood-membrane contact.
Some methods including withdrawal and subsequent
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reinfusion of blood (9, 10) necessitate a total heparinisa-
tion with risks of haemorrhage and blood disorders.

More recently the Ppg, electrodes were miniaturised,
and this paper describes t}21e testing of two sensors for the
continuous i vivo monitoring of Py, and Pco,-

Material and Method
1. Preparation and Monitoring of Dogs

Six mongrel dogs, weighing 17 to 24 kg, were premedi-
cated with 10 mg. Droperidol i.m., and 30 min. later,
2 mg Phenoperidine i.v. Anaesthesia was achieved by an
intravenous injection of Sodium penthiobarbital
(15 mg - kg~") and was maintained throughout an eight-
hour period by continuous infusion of Sodium-penthio-
barbital (0.1 mg - kg~ ! - min~!) and Succicurarium
(0.025 mg - kg~! - min~"). Thereafter, the dogs were
heparinized, intubated and artificially ventilated using a
volume generated servo-ventilator (Elema) fed with vari-
ous inspired oxygen concentrations in N,. Temperature
was continuously recorded with an oesophageal thermo-
couple. : ,

Cournand catheters were placed in the femoral vein
for anaesthesia, and the carotid artery for arterial pres-
sure, cardiac output, heart rate recordings and blood
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Fig. 1. In vivo PO2(IBC) electrode ‘ .
Fig. 2. Invivo Pco, (GE) electrode
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sampling. A fiberoptic catheter (Edwards) was placed in
the aorta via the other carotid artery and permitted a con-
tinuous recording of haemoglobin saturation (Sa0,) to

be made.

2. Modification of Arterial Py, and Fco,

By varying ventilation periods of hypo- (—30%), normo-,
and hyperventilation (+80%) were induced. In each of
them inspired Oxygen changes were monitored by the
fiberoptic catheter so as to obtain different Sa0,. Hyper-
capnia was also induced in some cases by increasing the
inspired carbon dioxide concentration.

3. Reference Measurements

Blood samples were anaerobically withdrawn using heparin-
ized glass-syringes.

pH was determined by a glass microelectrode coupled
with a calomel reference electrode (Radiometer type
E 5021) thermostated at 37 °C and calibrated with two
NBS buffer solutions whose values at 37 °C are respective-
ly 7.383 and 6.841.

Po, and Peo, evaluations were performed simulta-
neously in each sample using a Combi analyzer V. D. (Eish-
weiler, Co Kiel).

The reference Pco, (Pco, combi) was determined direct-
ly with the Gleichmann and Lubbers electrode, calibrated
with three gas mixtures of different CO, concentrations
titrated by the Scholander method, humidified and warmed
to 37 °C. The reference Po,, (Po, combi) Was polarographi-
cally determined using the Glelc?hmann and Lubbers plat-
inum macro-electrode fitted with a magnetic stirring sys-
tem and calibrated as above. Measurements of blood equi-
librated with a given Po, allowed an estimate of gas-blood
difference. The Hb concentration was estimated using the
Drabkin method.

4. Electrodes

The Po, gpc) and Peo, (GE) electrodes were placed respec-
tively in either femoral artery and were rinsed with hepa-
rin every hour.

The Py, electrode (16) was built according to the polar-
ographic principle illustrated in Fig. 1. At the tip of a tef-
lon tube, the gold cathode, 100 um. diameter, was coat-
ed with hydrophilic polymer gel and passed readily
through an 18 gauge plastic cannula. The gel was inert
and was not affected by tissue contact. The electrode
required from 20 to 60 min. to reach its full equilibrium.
The anode was fixed to the dog’s skin. The oxygen dif-
fused to the gold cathode where it was reduced and
generated a current proportional to the oxygen partial
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pressure. Current was amplified, and was read on a torr-
graded galvanometer.

The miniaturized Pco, cell (Fig. 2) enclosed in a mem-
brane whose selective permeability was limited to blood
gases and depended on Stow’s principle, consisted of a
metal-metal oxide sensor, a silver-silver chloride electrode
in bicarbonate buffer solution. The membrane was made
of silicone polycarbonate. A reference electrode was
placed on the skin of the animal. When Peo, was to be
read in vivo at a temperature different from 37 °C, this
latter parameter had to be fed to a specific potentiometer,
otherwise the Peo, value on the digital display would
remain that of Pogo ,at 37 °C. Hence the characteristics
of the sensor mean that changes in Pco, due to temper-
ature variations are not taken into account. The device
also included an alarm system and a graphic recorder.

5. Calibration

Calibration of both electrodes and computers was
achieved in the same manner: 30 min. after the electrodes
were positioned blood was withdrawn for in vitro Po,
and Pco, determinations and the values on the computer
were registered. Once the in vitro estimates were known,
digits were corrected for the difference between direct
readings at the time of withdrawal and at that of in vitro
determinations. '

6. Statistical Analysis

Results were analysed by the method of pairs; compari-
son of the difference to “O” used the “t™ test; direct,
partial and multiple correlations and regression coeffi-
cients were evaluated according to Galton’s method. The
95% confidence limits of “y” for a given “x” about the
regressmn 11ne were determmed by estimating the vari-
ance sy (1-1?). Significances were read in the Student-
Fisher table.

Results

Comparisons were performed in a hundred measurements
ranging from 18 to 84 torr for Pcq »(GE) Versus Pco 2 (Combi)>
and in 113 measurements ranging from 22 to 136 torr for
Po, asc) versus Po, combi-

1. Mean of the Difference (Table la) and 95% Confidence
Intervals (=t tsj\/n]

The difference between the Pco, values as provided by
either probes, namely A (GE- Combl) was as much as
—1.62 torr (£0.72), significantly different from O
P<107%.
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Table 1. Direct, partial and multiple correlations between

a) PCOZ(Combi) level, A (Ge-Combi), and lag of time (t) from cali-
bration to measurements

b) P02(C0mbi) level, A (IBC-Combi), and lag of time (t) from

calibration to measurements
N. S. = non significant; » : P < 0.05; m a : P < 0.01; mmm :

1 and 1* = respectively, direct and partial correlation coefficient
R = multiple correlation coefficient

la PC02 APCO2 t

PCO2 R:0.4327 r: 0.4324 r: 0.0482
T T T N.S.

APCO2 r¥: 0.4305 R: 0.4355 r: 0.0728
mEn 11 N. S.

t r*: 0.0186 r*: 0.0577 R: 0.0751
N. S. N. S. N. S.

1b Po, AP02 t

P02 R: 0.4235 r: —0.4231 r: 0.0855
man 1T H N.S

APQ2 r*: ~0.4163 R: 0.4711 r: —0.2427
s n amm =

t r*: 0.0196 r*: —(0.2288 R:0.2434
N. S. L] [ ]

Table 2, Comparison of in vivo and in vitro paired measurements
for Pg,, and Pg,.
a) Mean differenCes AP and standard error : A (IBC-Combi) P02
and A (GE-Combi) Pco, are compared to zero. “t” values are
given with their significance level (P)

b) Correlation coefficients (r) and regression lines coefficients
(p = slope; q = zero intercept) and their 95% confidence limits
*ts/1 — ri, with t = (N — 2) degrees of freedom.
2a N Ap S/\/n t p
P02 113 - 1.74 0.581 2.99 P <0.01
—2.88 —0.60
Pco, 100 —1.62 0.371 4.36 P < 0.0001
-2.71 -0.99
2b N T p q +tS/1 1%
Po2 113 0.973 0.89 +4.32  10.69
P< 107
PCO2 100 0.972 1.10 —5.24 6.67
P<10°

The difference between the PO2 values as provided by
either probes, namely A (IBC-Combi), was as much as
—1.74 torr (£1.14), significantly different from O

(® < 0.01).

2. Correlation Coefficients

Correlation coefficients are given in Table 1b and the
regression lines are delineated in Fig. 3 for Peo, and

Fig. 4 for Po,.

P < 0.001
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3. Direct, Partial and Multiple Correlations

a) In Table 2a data refer to the level of Pco, (Combi);
A(GE-Combi) and the lag of time between calibrations
and measurements. The correlation coefficients were
significant (P < 0.001) between A (GE-Combi) and

Peo, (combiy level and not significant between the former
and the lag of time.

b) In Table 2b data refer to the level of P, (combi)
the difference A (IBC-Combi) and the lag of time between
calibrations and measurements. The correlation coeffi-
cients were significant either between A (IBC-Combi) and
Po, (combi)level (P < 0.001) or between the former and
the lag of time (P < 0.05).

Comments

The results were generally satisfactory for both the IBC
and the GE electrodes, since in each case, correlations
were good, “r”* was close to 1, significance levels were
above 1077 ;most probably they would even have im-
proved if the analysis had been effected probe by probe,
each time readjusting gain and zero. They were valid for
Po, and Pco, values ranging as defined above. In the pres-
ent study the accuracy of the reference method is note-
worthy.

A-FPeo,(GE)

Mean difference between Pco, (Gg) and Pco, combiy Was

- —1.62£0.72, demonstrating an underestimation of Pco,

by the GE electrode. For a given Pco,, the value read on
the digital display might vary from 1.1 Pco, + 1.43 to

1.1 Pco, —11.91. In other respects no drift of the sensor
existed throughout the 8-hour utilization since the correla-
tion between the A (GE-Combi) and Pco, (combi) level
was significant and since it was not between the former
and the lag of time. Hence the variability of Pco, (GE)can
be characterized by the regression line of Pco, (gE) versus
PC02 (Combi)- Kampire etal (8) have tested the PCO (GE)
electrode in dogs and in surgical patients: mean differences
were respectively 4.5 + 3.8 and 4.3 * 3.8. The in vivo drift
in animals was as much as 6 torr, over a 12-hour period.
These results do not compare with ours since the scatter
found is wider and there is evidence of a drift. It might be
explained by a larger variability of the reference method
during calibration and by the difficulty of achieving valid
Pco, comparisons in clinical practice.

B—Po B¢y

The IBC electrode gave an underestimation of Po, since
the mean difference between Py, qpcy and Po, (combi) Was
—1.74 £ 1.14 torr. For a given P, the 95% confidence



limits of the electrodes ranged from 0.9 Pp,— 6.34 to

0.9 Po, + 15.00 torr. The respective s1gn1ﬁcance levels of
the correlation coefficients between A (IBC-Combi) and
Po, (Combi) level (P < 0.001) on one hand, and the lag of
time on the other hand (P < 0.05) indicate a slight influ-
ence of the sensor drift on P, qpc) variability. Taking into
account the time factor only 7hghtly improves the correla-
tion coefficient as rapc, combi) = 0-42 becomes 0.47 as

far as the relationships between Po, qpc) and either

Po, combiy OT time are concerned.

These results are in good agreement with those of other
experiments petformed in animals and in human beings.
Strauss ef al. (14) have tested the Pg, IBC electrode placed
in the umbilicalarlery of 25 new-born infants and studied
296 values. The results were the following : 0.77 for cor-
relation coefficient; 15.9 for mean difference (in absolute
value); and * 34 torr for confidence interval out of the re-
gression line. Reference measurements were achieved with
a Corning 160 analyser. Harris et al. (7) performed 999
comparisons using 50 probes in 48 new-born infants, with
a Po2 varying from 10 to 252 torr. Depending on the sit-
uation of the probe, the mean difference (in absolute values)
varied from % 7.2 for the abdominal aorta to + 28.8 torr
for the left atrium; this deviation increased with the level
of Py, . The reference measurements were carried out
using an I. L. 213 or an I. L. 313 apparatus. The underesti-
mation of Pq,, was confirmed by Diaz ez af. (3) for levels
above 240 torr. The lack of linearity of the results was in
evidence away from the calibration point. Strauss ez al. (14)
documented a drift of I torr during the first 24 hours, of
15 torr between 24 and 48 hours, followed by a 9 torr shift
every subsequent 24 hours. According to Carlsen et al (1),
drift was 1.1 torr per hour during the first"12 hours, decreas-
ing seemingly to an average 0.32 torr per hour during the
following 36 hours. The scatter and the drift found by these
authors proved larger than in the present study. Either a
greater variability of the reference method or of the calibra-
tion, or even the variability inherent in clinical studies might
explain this difference.

Both temperature and pH were found to be of little im-
portance whilst viscosity and hematocrit had no influence
(7). Although the response of the IBC electrode in vitro is
disturbed by small size molecules, the in vivo infusion of
molecules of similar size do not have any effect. This might
be due to the difference of the concentrations in the in vitro
and in vivo studies.

_ The tolerance of in vivo Po, electrodes has been demon-
strated. Strauss et al. (14) documented no difference in the
incidence of complications (thrombosis, infections) in two
groups of new-born infants, the first of which had umbilical
catheters, the second the electrodes under test placed at the
same site; in both instances only heparinized serum was
injected. Carlsen et afl. (1) have left in situ for two weeks
two electrodes without any complications. The Po,, and
Pco, sensors are made of disposable material so as to elim-
inate any risk of infection.
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Fig. 5. Example of a continous recording: a) Pco, by the GE elec-
trode; b) Po2 by the IBC electrode

For physiological research or when an ebjective apprecia-
tion of a clinical picture is needed, the sensors we studied
failed to provide accurate data for P, and Pg, . Moreover,
the response time of both sensors, namely 2 mn. between
10 and 60 torr for Poo, (8) and 45 to 74 seconds for Py,
for a 95% response to step changes (1) preclude their use
in servo-systems, and impairs the rapid detection of varia-
tions connected with the cardiac and respiratory cycles.

On the other hand, as long as systematic recalibration
is made, such probes are accurate enough to define a trend
of P, and Pco, asillustrated in Fig. 5.

The Py, electrode is used most of the time in new-born
infants thus avoiding multiple withdrawals of blood (3, 7,
14). It provides reliable Pp,, values on some occasions
when O, variations can no longer be expressed by changes
in the saturation level as Py, is above 100 torr; it is a way
to prevent the toxic effects of oxygen therapy. The Pco,
electrode covers a similar experimental field. But it is of
little interest to obtain this single information. Indeed,
coupled with a Po, electrode it permits the continuous
evaluation of the patient’s ventilatory status, but is has
to be complemented by an estimation of the pH level to
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give a comprehensive picture. If, as seems probable, such
a pH electrode is to be manufactured soon, it would pro-

vide a definite improvement in the acid-base and respiratory

monitoring.
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