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Transcutaneous estimation of arterial carbon dioxide
in intensive care. Which electrode temperature?
G CHERIYAN, P HELMS, F PAKY, D MARSDEN, AND M C CHIU

Hospital for Sick Children, Institute of Child Health, London

SUMMARY Transcutaneous and arterial carbon dioxide were measured simultaneously in 57
children (age range 10 days to 14-3 years) undergoing intensive care. All were haemodynamically
stable at the time of study. Mean calibration time with 5 and 10% carbon dioxide was 43 (range
38-58) minutes and mean arterialisation time was 10*5 (range 3-30) minutes.

Duplicate hourly arterial samples over a four hour period showed that transcutaneous: arterial
carbon dioxide correlation was independent of electrode temperatures over the range 42-440C
and was independent of child age. One and a half hours after electrode placement transcutaneous
carbon dioxide (kPa)= arterial carbon dioxidex 1.41+0.02. Use of a simple ratio (arterial carbon
dioxide=transcutaneous carbon dioxide/1-40) resulted in a mean estimate of arterial carbon
dioxide within 3% of the actual value with coefficients of variation of 11 and 15% at 1.5 and 4-5
hours, respectively.
For prediction of arterial carbon dioxide 95% confidence limits around the regression mean

rose from ±1-04 kPa (7-8 mm Hg) at 1*5 hours to ± 1-56 (11-7 mm Hg) at 4-5 hours. Baseline drift
was more than ±0-67 kPa (5 mm Hg) during 22% of the studies. For a drift of less than 0-67 kPa
95% confidence limits were 0*87 and 1-12 kPa, respectively.

Arterial carbon dioxide can be estimated with clinically acceptable tolerances from surface
electrodes operating at temperatures between 42-44°C. Improved electrode stability and speed of
calibration should make this a valuable monitoring technique.

Continuous measurements of transcutaneous oxy-
gen with electrochemical sensors are widely used in
neonatal intensive care1 and are gaining acceptance
in adult and paediatric intensive care.2-8
Transcutaneous carbon dioxide monitoring is less

well established.1 3 6 8 The main impact of con-
tinuous blood gas monitoring has been in the care
of critically ill neonates. Non-invasive continuous
estimation of arterial carbon dioxide should be
useful in older children requiring intensive care.
Transcutaneous carbon dioxide can be measured
with glass pH electrodes using the Stow-
Severinghaus principle.9 Transcutaneous carbon
dioxide is greater than arterial carbon dioxide
because of the effects of heating, which increases
carbon dioxide tension of capillary blood and local
tissue metabolism. Heat also changes the structure
of the stratum corneum, allowing faster diffusion to
the skin surface, and decreases the solubility of
carbon dioxide, thus increasing tissue release.9-1 In
addition, the rising limbs of dermal capillaries that
parallel the descending venous limbs set up a

counter current exchange mechanism, resulting in a
diffusion gradient towards the arterial limb. 12 These
effects can be 'corrected' by establishing trans-
cutaneous:arterial carbon dioxide relations in vivo
and adjusting calibration values as appropriate. This
approach has been used in children where a correc-
tion factor of 1-61 was found to be adequate at an
electrode temperature of 440C.13
The aims of our study were to evaluate the

relation between transcutaneous and arterial carbon
dioxide in haemodynamically stable children under-
going intensive care, to observe the effects of
changing electrode temperature to this relation, and
to assess the in vivo stability of one of the
commercially available electrodes.

Material and methods

Simultaneous transcutaneous and arterial carbon
dioxide measurements were made in 57 children
aged 10 days to 14-3 years (mean 3-5 years). All
required respiratory support, 51 requiring full ven-

652



Transcutaneous estimation of arterial carbon dioxide in intensive care. Which electrode temperature? 653

tilation and six continuous distending pressure. All
had indwelling arterial lines and were haemodyna-
mically stable as assessed by continuous direct blood
pressure records and peripheral to core temperature
gradients. Two Roche Kontron 634 electrodes at
different temperatures were used in an overlapping
design to provide 16-33 studies at electrode temper-
atures between 42-450C. Subjects were randomly
allocated to studies at 45/44, 44/43, or 43/42°C.
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Fig. 1 Scattergrams oftranscutaneous:arterial carbon dioxide relations atfour different electrode temperatures. All data at
one hour after arterialisation. The lines ofidentity and least square regressions are drawn. (a) Electrode temperature 45°C.
Transcutaneous carbon dioxide (kPa) =arterial carbon dioxidexl -61 +0-17; (b) Electrode temperature 44'C.
Transcutaneous carbon dioxide (kPa) =arterial carbon dioxidexl -41 +0-01; (c) Electrode temperature 43°C.
Transcutaneous carbon dioxide (kPa) =arterial carbon dioxidex 1 43-0-16; (d) Electrode temperature 42°C.
Transcutaneous carbon dioxide (kPa) =arterial carbon dioxidex -40+0-01.

Electrodes were placed on the upper chest, where
they were left for 4-5 hours, and sites were inspected
24 and 48 hours after each study.

Arterialisation was assumed to be complete 30
minutes after electrode placement when the first
arterial sample was taken and the time taken for a
stable transcutaneous carbon dioxide value to be
achieved noted. A further four samples were taken
at hourly intervals. Differences between trans-
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cutaneous and arterial carbon dioxide at different
electrode temperatures were tested for significance
by analysis of covariance for slope and for mean
differences around a common regression slope.14
Possible differences with time were assessed by
comparing transcutaneous:arterial carbon dioxide
-relations at arterialisation and at subsequent hourly
intervals up to 4-5 hours. The study had the consent
of the hospital ethical committee, and informed
consent was obtained from one or both parents.
Two point calibrations were performed with 5%

and 10% carbon dioxide before and after each study
to assess baseline drift. Time base records of
transcutaneous carbon dioxide were available in all
children and data were only used if these records
showed stable values (±0-3 kPa) two minutes either
side of an arterial sample. Arterial gas tensions were
measured on an IL613 machine, which was cali-
brated twice daily with reference solutions and
checked once weekly with tonometered blood.

Results

Mean time for in vitro stabilisation was 11 minutes
(range four to 30 minutes) for all four electrode
temperatures. Mean time for two point calibration
was 41 minutes (range 28-58 minutes). Trans-
cutaneous carbon dioxide was linearly related to
arterial carbon dioxide over the range of arterial
carbon dioxide tensions found in our population
(2.7-10-7 kPa). Scattergrams and least square re-
gressions for transcutaneous carbon dioxide on
arterial carbon dioxide for the four electrode
temperatures are shown in Figure 1. Analysis of
variance for slopes and means showed no significant
differences for electrode temperatures 42-44°C.
Data at 45°C did have a significantly higher mean

(p<0-01), although the regression slope was not
significantly different from data at other electrode
temperatures. As data over the electrode tempera-
ture range 42-44°C were not significantly different
these were combined to produce common regression
slopes.

These combined data produced regression equa-
tions that were not significantly different for slope or
mean over the first 2-5 hours. As these calculated
least square regression lines had insignificant inter-
cepts mean transcutaneous:arterial carbon dioxide
ratios were calculated. This ratio (mean 1-40) was
not significantly different from hour to hour over the
whole sampling period, although the scatter about
the mean did increase with time (Table 1). Data for
hours 3 and 4 were not significantly different from
each other but were different from data over the
first two hours for regression slopes but not for
transcutaneous:arterial ratios. Further evidence for
the validity of using the transcutaneous:arterial ratio
to 'correct' transcutaneous carbon dioxide was also
provided by the lack of any significant correlation
between the ratio and arterial carbon dioxide.
When the mean transcutaneous:arterial carbon

dioxide ratio of 1-40 was used to 'correct' all
transcutaneous data the arterial carbon dioxide
could be estimated with greater accuracy over the
first 2-5 hours than over the subsequent two hours.
The coefficient of variation of the estimate from
least square regressions increased from 10-9% at
arterialisation to 15 2% at 4-5 hours (Table 1). The
'corrected' transcutaneous values (transcutaneous
carbon dioxide/1i40) were also directly compared
with simultaneous arterial values and were capable
of predicting arterial carbon dioxide with a 95%
confidence interval of +0-93 kPa (7 mm Hg) for
hours 1 and 2 and ± 1-47 kPa (11 mm Hg) for hours 3
and 4.

Recalibration at the end of each study showed
baseline drift of more than 0-67 kPa (5 mm Hg) for
27 of the 114 studies (22%). In vitro 90% response
times were not significantly different for 43, 44, and
45°C at 72 ±15 seconds. In vitro response times
were longer at the electrode temperature of 42°C
(120 ±22 seconds).
We found a 22% incidence of burns at 48 hours

(five of 23) for the highest electrode temperature of
45°C. At all other temperatures mild erythema was

occasionally noted at 24 hours with no residual signs
at 48 hours.

Table 1 Transcutaneous:arterial carbon dioxide relations at arterialisation and at hourly intervals thereafter

n Correlation Slope Intercept Standard error Transcutaneous:arterial
coefficient (kPa) of estimate ratio (SD)

(kPa)

Arterialisation 63 0-94 1-45 -0-47 0-70 1-36 (0-15)
Hour:

1 76 0-95 1-41 0-02 0-70 1.42 (0-15)
2 76 0.90 1-47 -0-03 0-98 1-40 (0-21)
3 76 0-88 1-19 1-04 0-98 1-40 (0-19)
4 43 0-86 1-14 1-34 1-05 1-41 (0-21)
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Discussion

In children requiring respiratory support and who
are not in shock arterial carbon dioxide can be
estimated from surface electrodes, with a 95%
accuracy of roughly ±1-3 kPa (10 mm Hg). If
electrodes were to be calibrated once every 12
hours-that is, after two site changes-and if a
constant drift of the size seen in our study is assumed
the accuracy of estimation of arterial carbon dioxide
should be in the order of ±2-6 kPa (20mm Hg) at the
end of that extended period. Improved electrode
stability and single point calibrations between site
changes should, however, further reduce the error of
estimation of arterial carbon dioxide. If those studies
with a drift ofmore than 0 67 kPa are excluded arterial
carbon dioxide could be estimated to within 0-85
and 1*12 kPa at 1-5 and 4-5 hours, respectively.
Electrode temperatures of 44-430C are less likely

to give rise to burns and have an acceptable in
vitro response time. The use of the simple ratio
(arterial carbon dioxide=transcutaneous carbon
dioxide/1i40) resulted in a mean estimate of arterial
carbon dioxide within 3% of the actual value (Table
2) and indicates that such ratio 'corrected'
transcutaneous carbon dioxide readings are
clinically acceptable. This is a reflection of the small
intercepts found in our data, a situation in which
ratio standards result in minimal errors.15
Our correction factor of 1 40 for electrode

temperatures 44 42°C is lower than that of 1 61
reported by Monaco et al.13 They, however, used a
single temperature of 44°C and a different type of
electrode (Novametrix 818). Their data at 44°C
agrees closely with ours at 45°C and could be due to
design differences such as the surface area of
the heating coil and the position of the sensing
thermistor.

Table 2 Transcutaneous:arterial carbon dioxide reiations at arterialisation and at hourly intervals thereafter
corrected using arterial carbon dioxide=transcutaneous carbon dioxidell -40 ratio

n Correlation Slope Intercept Standard error Transcutaneous:arterial
coefficient (kPa) ofestimate ratio (SD)

(kPa)

Arterialisation 63 0-94 1-04 -0-34 0-50 0-97 (0-11)
Hour:

1 76 0-95 1-01 0-01 0-50 1-01 (0-10)
2 76 0 90 1-05 -0-21 0 70 1-00 (0-15)
3 76 0-88 0-85 0-75 0-70 1.00(0.13)
4 43 0-86 0-81 0-96 0 75 1-01 (0-15)
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Fig. 2 Transcutaneous carbon dioxide and oxygen traces over afour hourperiod in an 8 month old girl with Beckwith's
syndrome and associated intermittent upper airway obstruction. The degree ofhypercarbia and hypoxia can be clearly seen.
The carbon dioxide electrode was heated to 43°C and the oxygen electrode to 44°C and carbon dioxide calibration
performed with a 'correction' ofcalibration carbon dioxide tensionll -40. Arterialised capillary gases (arrow) showed an
oxygen tension of 7-1 kPa (transcutaneous oxygen 5-4 kPa) and a carbon dioxide tension of 7-3 kPa (transcutaneous carbon
dioxide 7-3 kPa).
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This disparity of results, at an apparently identical
operating temperature, suggests that results from
one machine type should not be applied to all
others. This is also likely to effect results from the
newer combined oxygen/carbon dioxide electrodes.
The close agreement over the range 44-42°C does
suggest that avoiding the higher effective tempera-
tures should result in comparable results for all
different machine types. For the type of electrode
we used an operating temperature of 43°C would be
ideal.
We have found the technique useful in showing

episodes of retention of carbon dioxide in children
with obstructive upper airway problems (Figure 2).
Improved electrode stability and speed of calibra-
tion should make this a valuable non-invasive
monitoring and investigative technique.
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