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a b s t r a c t

The purpose of this study was to compare arterial and arterialized blood gases during normoxic and
hypoxic exercise. In the same conditions, earlobe pulse oximetry O2 saturation (SpO2

) was compared to
arterial oxygen saturation (SaO2 ). Ten men performed incremental cycle ergometer tests, in normoxia
and hypoxia (FIO2 = 0.127). Blood samples were drawn simultaneously from the radial artery and pre-

2
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rterial PO2
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warmed earlobe capillary blood of subjects at rest, submaximal and near maximal exercise. R between
the two samples were 0.99 for PO2 and SO2 , 0.86 for PCO2 and 0.97 between SpO2

and SaO2 . Earlobe PO2

mean was 4.4 ± 3.6 mmHg lower than PaO2 in normoxia but in hypoxia only 1.1 ± 2.2 mmHg low. The mean
difference were low in normoxia between SaO2 and SpO2

and increased in hypoxia, were acceptable for
PCO2 , SO2 , pH in all conditions. In conclusion, except for PO2 in normoxia, pre-warmed earlobe capillary

e to a
ise.
blood is a good substitut
hypoxia at rest and exerc

. Introduction

In the 1960s, it was proposed that capillary blood sampling
rom earlobe puncture could be a substitute for arterial puncture
o assess gas exchange in patients (Langlands and Wallace, 1965).
ndeed, it was shown than the PO2 measured from an arterialized
arlobe (pre-warmed with application of a vasoactive cream to
ssure a sufficient vasodilatation) converges to arterial PO2 . This
ethod, which has the great advantage to be easier, repeatable

nd less painful than arterial puncture has since been widely used
n clinical practice, physiological exercise testing in endurance ath-
etes and scientific studies.

While numerous studies have confirmed the validity of this
ethod (Christoforides and Miller, 1968; MacIntyre et al., 1968;
ogfrey et al., 1971; Sadove et al., 1973; Spiro and Dowdeswell,
976; Pitkin et al., 1994; Dar et al., 1995), nevertheless, others

ndicated that arterialized PO2 at rest often underestimates arterial

O2 , therefore making this method unsuitable for clinical assess-
ent (Dall’Ava-Santucci et al., 1996; Sauty et al., 1996; Fajac et

l., 1998; Zavorsky et al., 2007). This discrepancy was explained
y a difference in the statistical approach, the first studies using
imple regression analysis, the second ones using the method of
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rterial blood to allow measurement of blood gas values in normoxia and

© 2010 Elsevier B.V. All rights reserved.

Bland and Altman (1986). The debate about the validity of arte-
rialized blood sample has been extended to exercise conditions.
Indeed, this method was shown to be valid (Koch, 1965; Gogfrey
et al., 1971; Forster et al., 1972; McEvoy and Jones, 1975; Spiro
and Dowdeswell, 1976; Pitkin et al., 1994) or unsuitable (Fajac et
al., 1998) at exercise. A recent meta-analysis of 29 relevant studies,
concluded that earlobe sampling might be appropriate as a replace-
ment for arterial sampling for, PCO2 and pH but not for PO2 (Zavorsky
et al., 2007).

If the earlobe arterialized capillary PO2 (PcO2 ) often underesti-
mates arterial PO2 (PaO2 ), due to venous admixture, the difference
between PcO2 and PaO2 decreases as PaO2 decreases (Hughes, 1996;
Sauty et al., 1996; Fajac et al., 1998; Zavorsky et al., 2007). We could
hypothesize that at maximal exercise and/or in hypoxia, as PO2 is
lower, the arterialized earlobe measurements could be more accu-
rate. Earlobe arterialized capillary O2 saturation (ScO2 ) and pulse
oximetry O2 saturation (SpO2

) are widely used in physiological
studies in order to evaluate arterial oxygen content. Nevertheless,
no study has ever evaluated if ScO2 were a reliable substitute to arte-
rial O2 saturation (SaO2 ). Furthermore several studies indicated that
the precision of SpO2

decreases in hypoxic conditions (Severinghaus
et al., 1989; Trivedi et al., 1997; Carter et al., 1998; Jensen et al.,

1998; Kolb et al., 2004).

The purpose of this study was: (1) to evaluate the relationship
between earlobe arterialized capillary blood sampling and arterial
sampling for PO2 , PCO2 , pH and SO2 at rest, during submaximal and
near maximal exercise both in normoxia and in acute hypoxia and

dx.doi.org/10.1016/j.resp.2010.05.017
http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
mailto:pascal.mollard@laposte.net
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2) to compare SpO2
via oximetry to arterial SaO2 in these condi-

ions.

. Methods

.1. Subjects

Ten healthy males (aged 18–40 years, mean: 32.4 ± 6.4 years;
eight: 1.76 ± 0.1 m; mass: 72 ± 5.5 kg), sea level residents, were
ecruited for this study. After being informed of the nature of the
xperiment, each subject gave his written consent to participate in
he study. All procedures were approved by the ethics committee of
ecker Hospital, Paris. They all had previously performed maximal
xercise testing on several occasions.

.2. Protocol

Each subject completed two maximal cycle ergometer tests
Jaeger ER 900, Wuerzburg, Germany), separated at least by a 3-h
est. One test was carried out in normoxia (FIO2 = 0.209 and PIO2 =
50 mmHg). In the other test, subjects breathed a hypoxic gas mix-
ure (FIO2 = 0.127, PIO2 = 87 mmHg, simulated altitude = 4000 m)
btained by adding nitrogen to ambient air (AltiTrainer200

®,
.M.TEC, Geneva, Switzerland). Subjects were blinded to the FIO2
sed for each test, and the session order was randomized. Before
tarting exercise, subjects remained at rest, breathing the desired
as mixture during 5 min for physiological parameters to stabilize.
he exercise began with a 3-min warm-up at a power output of
0 W followed by an incremental load of 25 W every 2 min, until
he subjects could no longer maintain a pedaling frequency of
0 rev min−1. Subjects were verbally encouraged to continue exer-
ise as long as possible.

.3. Measurements

.3.1. Physiological parameters
Gas exchange parameters were recorded breath by breath at

est and during exercise. We used a rigid mouthpiece connected
o a “Y” system fixation with a double valve which ensures sepa-
ate ways between inspired and expired flow (Jaeger, Wuerzburg,
ermany). An inspiratory valve, connected to the AltiTrainer200

®

llowed the subject to inhale the hypoxic mixture. Expired gases
ere collected continuously into a metabograph (Oxycon, Jaeger,
uerzburg, Germany) to measure O2 consumption.
Heart rate (HR) was measured continuously using electrocardio-

raphy. Pulse oximetry O2 saturation was continuously monitored
y the pulse oximetry Nellcor N-595 (Nellcor Inc., Pleasanton, USA).
he sensor was placed on the contralateral earlobe, previously
asodilated by a capsaicin cream.

.3.2. Blood analyses
Blood sampling was carried out simultaneously by the two

ethods at rest, at submaximal exercise (150 W in normoxia,
25 W in hypoxia) and near V̇O2 max to measure PO2 , PCO2 , SO2 [used
ulti-wavelength oximetry (Co-oximetry)], and pH. Capillary

lood was sampled (heparinated 200-�l micro-tubes, Radiometer,
openhagen, Denmark) from an earlobe pre-warmed with a vasodi-

ating capsaicin cream. The earlobe was always physically rubbed
ith a compress in order to further activate blood circulation and

acilitate the cream penetration. Then, the cream was applied for
t least 15–20 min (capsaïcin cream: Disalgyl* Monin) before the

esting blood sampling and during exercise, after each earlobe sam-
ling. The accuracy of arterialized capillary blood sampling being
ery much operator-dependent, a technician was especially trained
n our laboratory to perform the arterialized measurements (this
echnician had realized more than 300 earlobe samplings at V̇O2 max
Neurobiology 172 (2010) 179–183

before this protocol). To avoid air contamination, when the cap-
illary sampling procedure lasted more than 30 s, the sample was
discarded and the sampling repeated. A catheter (Seldicath 3F, Plas-
timed, France) was placed in the radial artery, prior to exercise,
after testing for the patency of the ulnar artery (i.e. collateral cir-
culation) via the Allen test. Arterial blood sampling was performed
simultaneously with the earlobe sampling in resting and exercise
conditions. Central body temperature was monitored during blood
sampling. Earlobe pre-warmed with a vasodilating capsaicin cream
temperature and controlateral earlobe without capsaicin cream
temperature were also monitored. Temperatures were measured
by an infrared Thermoscan Pro 4000 (Braun, Germany) with an
accuracy of ±0.2 ◦C between 35.5 and 42 ◦C.

Arterialized followed by arterial earlobe blood samples were
immediately introduced within a 3-min interval into the same
blood gas analyser (Radiometer ABL 725, Copenhagen, Denmark).
As all blood samples are measured at 37 ◦C, both arterialized and
capillary blood samples were compared at 37 ◦C.

2.4. Statistical analysis

Data are expressed as mean ± SD. Linear regression analysis was
used to correlate quantitative variables. A Student’s paired test was
used to compare arterial and arterialized values as well as arterial
and oximetry values. Confidence intervals (CIs) were determined
for the mean earlobes errors and for the upper (UL) and lower lim-
its (LL) of the errors of earlobe samples. For 95% CIs, t0.05 is the
critical value for 5% two-sided tests drawn from tables of t dis-
tribution with n − 1 degrees of freedom, where n is the sample
size. The mean difference (d) between the two methods (i.e. ear-
lobe errors) participates to the calculation of LL and UL as follows:
LL = d − 1.96 × SD and UL = d + 1.96 × SD. These data were collected
on a Microsoft Excel spreadsheet specifically designed to allow an
automatic calculation. The measure of p values was calculated using
StatView, 5.0 (SAS Institute Inc.).

3. Results

Mean V̇O2 max was 49.7 ± 8.7 ml min−1 kg−1 in normoxia and
37.6 ± 10.2 ml min−1 kg−1 in hypoxia. The earlobe sampling time
was respectively 10.7 ± 5.6 and 11.6 ± 6.6 s in normoxia and in
hypoxia (n.s.) without difference between rest, submaximal and
maximal exercise conditions. None of the earlobe sampling times
were more than 30 s (max. 24 s) and therefore, none were discarded.
There was no correlation between earlobe sampling time and the
differences in PO2 , PCO2 , SO2 and pH between arterial and arterial-
ized earlobe sample (results not shown). There was no significant
difference (p < 0.05) between tympanic temperature (36.6 ± 0.4 ◦C)
and earlobe pre-warmed with a vasodilating capsaicin cream
temperature (35.9 ± 0.5 ◦C). These temperatures were significantly
different than controlateral earlobe without vasodilating capsaicin
cream temperature (30.6 ± 1.0). At maximal exercise, workload was
236 ± 30.9 W in normoxia and 190 ± 24.1 W in hypoxia. Values of
PO2 , PCO2 , SO2 and pH in the various conditions of inspired oxygen
tensions and exercise for arterial and arterialized blood samples
are presented in Table 1. The only significant differences between
methods of sampling were found for PO2 in normoxia (at rest and
submaximal exercise). The relationships between arterial and arte-
rialized samples for PO2 , PCO2 and SO2 are shown in Fig. 1a–c. The
relationships between SaO2 and SpO2

are shown in Fig. 1d. The cor-

relation coefficients between arterial and arterialized samples were
R2 = 0.99 for both PO2 and SO2 , 0.86 for PCO2 , and 0.98 for pH. The
correlation coefficient between SaO2 and SpO2

was R2 = 0.97.
The means earlobe errors (mean difference ± SD) and the abso-

lute difference ± SD in the different conditions of PIO2 (normoxia
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Table 1
Blood gas parameters and pulse oximetry.

Normoxia Hypoxia (4000 m)

Rest Submaximal exercise
150 W

Near maximal exercise
236 ± 30.9 W

Rest Submaximal exercise
125 W

Near maximal exercise
190 ± 24.1 W

PaO2 (mmHg) 99.1 ± 5.3 95.9 ± 5.4 93.7 ± 7.3 56.8 ± 7.7 40.4 ± 4.6 40.9 ± 5.1
PcO2 (mmHg) 93.1 ± 7.9* 91.4 ± 5.3* 91.5 ± 7.8 54.4 ± 7.1 39.6 ± 4.7 40.8 ± 5.1
PaCO2 (mmHg) 38.9 ± 3.5 42.2 ± 3.6 39.4 ± 3.6 34.4 ± 3.8 35.2 ± 2.4 31.5 ± 3.7
PcCO2 (mmHg) 38.4 ± 3.8 41.5 ± 3.2 38.1 ± 4.3 33.7 ± 2.8 34.5 ± 2.7 30.6 ± 3.4
SaO2 (%) 96.2 ± 0.9 95.6 ± 1.4 94.4 ± 1.5 88.5 ± 3.5 73.3 ± 5.2 69.2 ± 6.1
ScO2 (%) 96.1 ± 1.1 95.9 ± 1.4 94.4 ± 1.3 88.6 ± 3.7 75.2 ± 6.3 70.7 ± 6.2
SpO2

(%) 97.3 ± 0.9 96.2 ± 1.1 95.0 ± 1.7 89.6 ± 3.2 74.7 ± 6.4 70.5 ± 8.2
pHa 7.42 ± 0.03 7.36 ± 0.03 7.28 ± 0.03 7.46 ± 0.03 7.42 ± 0.03 7.36 ± 0.03
pHC 7.43 ± 0.03 7.37 ± 0.03 7.28 ± 0.04 7.46 ± 0.03 7.43 ± 0.03 7.37 ± 0.03
[Hba] (g dl−1) 15.7 ± 1.1 16.3 ± 1.1 16.9 ± 1.2 15.7 ± 1.0 16.1 ± 1.0 16.7 ± 1.1
[Hbc] (g dl−1) 15.8 ± 1.2 16.3 ± 1.2 16.9 ± 1.1 15.8 ± 0.8 16.2 ± 1.1 16.7 ± 1.1

Values are mean ± SD. PO2 , PcO2 , PaCO2 , PcCO2 , pHa, pHc, SaO2 , ScO2 , respectively O2 and CO2 pressure, O2 saturation (computed by the blood gas analyzer from PO2 and pH),

pH and [Hb] hemoglobin concentration from arterial (a) and earlobe capillary (c) blood. SpO2
: earlobe pulse oximetry O2 saturation (n = 10).

* Significantly different from arterial values (p < 0.05).
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ig. 1. Correlation between radial artery and arterialized earlobe blood gases (data
alues; (b) pressure of carbon dioxide (PCO2 ) values; (c) oxygen saturation (SO2 ) va
——–) Line of identity; (———) regression lines. Were included, the regression equa

nd/or hypoxia) for PO2 , PCO2 , SO2 , pH and SpO2
are presented in

able 2.
Earlobe PcO2 was lower than PaO2 values in most cases and the

ifferences decreased as PaO2 decreased. Earlobe PO2 mean was
.4 ± 3.6 mmHg lower than PaO2 in normoxia but in hypoxia only
.1 ± 2.2 mmHg low (Table 2). On the contrary, the mean earlobes
rrors ± SD for SO2 (Table 2) was low in normoxia −0.01 ± 0.4 and

lightly greater in hypoxia −1.4 ± 1.7. In spite of the high correlation
oefficient between SaO2 and SpO2

, the mean earlobes errors ± SD
as low in normoxia (−0.9 ± 1.3) but higher in hypoxia (−1.5 ± 1.9).

or PCO2 (Table 2) and pH in all conditions, the mean earlobes
rrors ± SD was close to zero (Table 2).
ine rest and exercise, normoxic and hypoxic values). (a) Pressure of oxygen (PO2 )
and (d) correlation between radial artery and earlobe pulse oximetry SpO2

values.
he R2 and p values and the residual standard error (SD).

From the correlations between PaO2 and PcO2 (Fig. 1a) and SaO2
and SpO2

(Fig. 1d), a correction can be proposed:

PaO2 = 1.06 PcO2 − 1.18

SaO2 = 0.99 SpO2
− 0.46
4. Discussion

This study was the first to evaluate the validity of arterialized
earlobe blood gases at exercise and in hypoxia. We have shown:
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Table 2
Mean difference and absolute difference [differences calculated between arterial and arterialized earlobe blood samples (PO2 , PCO2 , pH and SO2 ),
and between arterial oxygen saturation and oximetry (SpO2

)].

Conditions Mean difference (mean ± SD) Absolute difference (mean ± SD)

PO2 (mmHg)
Normoxia + hypoxia 2.7 ± 3.7 3.3 ± 3.2
Normoxia 4.4 ± 3.6 4.8 ± 3.3
Hypoxia 1.1 ± 2.2 1.7 ± 1.7

PCO2 (mmHg)
Normoxia + hypoxia 0.7 ± 1.7 1.3 ± 1.1
Normoxia 0.8 ± 2.0 1.4 ± 1.8
Hypoxia 0.8 ± 1.8 1.5 ± 1.4

pH
Normoxia + hypoxia −0.005 ± 0.012 0.009 ± 0.009
Normoxia −0.005 ± 0.009 0.009 ± 0.008
Hypoxia −0.005 ± 0.014 0.010 ± 0.011

SO2 (%)
Normoxia + hypoxia −0.69 ± 1.4 0.1 ± 1.2
Normoxia −0.01 ± 0.4 0.27 ± 0.3
Hypoxia −1.40 ± 1.7 1.74 ± 1.3

SpO2
(%)

Normoxia + hypoxia −1.2 ± 1.3 1.8 ± 1.8
Normoxia −0.9 ± 1.3 1.1 ± 1.2
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Hypoxia −1.5 ± 1.9

Data combine rest and exercise values, n = 10, hypoxia = 4000 m.

1) that arterial and arterialized earlobe PO2 was interchangeable
n hypoxia (for PaO2 < 64 mmHg) but not in normoxia; (2) that
CO2 , pH and SO2 were accurately determined by arterialized blood
ampling in both conditions and (3) that the accuracy of earlobe
ulse oximetry SO2 compared to arterial measurement was high in
ormoxia but decreased at 4000 m.

In the 1960s, based on the significant correlation between arte-
ialized earlobe and arterial blood PO2 and PCO2 , numerous studies
oncluded that arterialized earlobe was suitable for clinical assess-
ent. Our results are in agreement with these results for PO2 and

CO2 , as indicated by the high correlation coefficient (Fig. 1a and b),
nd we showed it is also the case for SaO2 (Fig. 1c). As previously
bserved, despite the highly significant correlation for PO2 , regres-
ion line was slightly different from line of identity for the upper
O2 values (for PaO2 >86 mmHg) (Sauty et al., 1996; Fajac et al.,
998). For SO2 , the regression line was slightly different from line
f identity for the lower SO2 values (for SaO2 < 75%). These results
onfirmed that arterialized earlobe PcO2 , in comparison with arte-
ial PaO2 is more accurate in hypoxia than in normoxia (Sauty et
l., 1996; Fajac et al., 1998; Zavorsky et al., 2007). On the contrary,
rterialized ScO2 , in comparison with SaO2 , was more accurate in
ormoxia than in hypoxia.

However, the use of arterialized earlobe as an acceptable substi-
ute for arterial blood sampling was recently discussed by studies
ased on the analysis of Bland and Altman (1986). At rest, Pitkin et
l. (1994) concluded that the earlobe method was accurate enough
or clinical purposes. Results and conclusions from other studies
iffer from theirs at rest (Dall’Ava-Santucci et al., 1996; Sauty et al.,
996; Fajac et al., 1998) and at exercise (Christoforides and Miller,
968). Indeed, they showed that PO2 values were usually lower in
arlobe than in arterial sampling, and that the limits of agreement
etween the two methods were wide.

When all PO2 values are pooled, our results show a mean and lim-
ts of earlobe errors lower than those observed in the three recent

tudies which disprove the accuracy of arterialized capillary PcO
Dall’Ava-Santucci et al., 1996; Sauty et al., 1996; Fajac et al., 1998),
ut greater than in Zavorsky’s meta-analysis (Zavorsky et al., 2007).
he limits of earlobe errors indicated that PcO2 could be 3.6 mmHg
bove or 10.5 mmHg below PaO2 . These limits are wide and reveal
2.5 ± 1.6

a lack of agreement between the two methods. The PO2 mean and
limits of earlobe errors were emphasized when we considered only
normoxic values (for PaO2 >86 mmHg) and precluded the validity
of PcO2 in this condition. On the contrary, as expected, the PO2 mean
and limits of earlobe errors decreased significantly in hypoxia. Thus,
earlobe arterialized blood seems a suitable substitute of arterial
blood sampling for measuring arterial PO2 in hypoxic conditions.
The fluid collected from the pierced earlobe is probably a mixture
of blood from arterioles, capillaries and venules in undefined pro-
portions. However, the probably low O2 consumption of the earlobe
tissue and the high blood flow rate induced by the vasodilatating
cream minimize the arterio-venous difference in PO2 .

The blood temperature in the radial artery is very close to the
core temperature, while that in the arterialized earlobe, blood
is expected to be appreciably lower as indicated by the cold
earlobe temperature. Indeed, the temperature of the earlobe pre-
warmed with a vasodilating capsaicin cream temperature was very
close to tympanic (core) temperature suggesting a near maximal
vasodilatation. In these conditions, vasodilated earlobe blood was
probably fully arterialized in comparison with the cold earlobe.

The better correlation between PcO2 and PaO2 in hypoxia
compared to normoxia is probably due to the hypoxia-induced
reduction in the arterio-venous difference in PO2 (Zavorsky et al.,
2007). As an example, at maximal exercise, the arterio-venous PO2
difference decreased from 74 mmHg in normoxia to 30 mmHg at
4500 m (Mollard et al., 2007). Therefore, in hypoxia, the conse-
quence of venous admixture in the arterialized blood sample is
much less detrimental for the accuracy of PcCO2 than in normoxic
conditions.

Concerning PCO2 values, the mean bias of this study was approx-
imately similar to what was observed in previous studies (Sauty et
al., 1996; Fajac et al., 1998) even though the limits of earlobe errors
were slightly greater in this study especially in normoxia. Never-
theless, these results support a good agreement between PaCO2 and

PcCO2 as previously shown by others (Koch, 1965; Gogfrey et al.,
1971; Spiro and Dowdeswell, 1976; Dar et al., 1995; Fajac et al.,
1998; Zavorsky et al., 2007). This reflects the insignificant effect of
venous admixture, due to the smaller arterio-venous difference in
PCO2 when compared to PO2 (Sauty et al., 1996).



logy &

(
m

b
c
e
s
c
b
a

i
h
d
(
i
t
a

e
c
c
s
a
s
h
o
T

A

v
c
e
h

R

B

P. Mollard et al. / Respiratory Physio

For pH, our results are in agreement with previous studies
Zavorsky et al., 2007), mean and limits of earlobe errors in nor-

oxia and hypoxia being close to zero (Table 2).
The difference in SO2 values between arterial and arterialized

lood samples had never been evaluated before. Nevertheless,
apillary blood sampling is widely used in integrative physiology
specially in order to calculate arterial O2 content. Plotting the O2
aturation data we found a mean earlobe error of −0.69 and a 95%
onfidence interval of ±2.09%. Therefore, earlobe ScO2 appears to
e an acceptable substitute for SaO2 and can be used to calculate
rterial O2 content.

The comparison between oximetry and arterial SO2 indicates an
mportant level of concordance in normoxia. On the contrary, in
ypoxia, with low SO2 values (for SaO2 < 75%), the concordance
ecreases, as indicated by the important 95% confidence interval
±3.81%). These results are in accordance with a recent study which
ndicated that the precision for pulse oximetry worsens at satura-
ion levels below 85% (Kolb et al., 2004) or below 75% (Trivedi et
l., 1997; Carter et al., 1998).

In summary, although regressions between blood gas param-
ters obtained by arterial and arterialized blood sampling are
lose to being identical, a graphic representation suggests a more
autious use of this alternative method. Earlobe capillary blood
ampling accurately reflects arterial PCO2 , pH and SO2 in normoxia
nd hypoxia, at rest and exercise. For PO2 values, arterialized blood
ampling appears a suitable substitute of arterial blood sampling in
ypoxic (PO2 < 70 mmHg) but not in normoxic conditions. More-
ver, a regression equation can be used to approximate arterial PO2 .
he accuracy of pulse oximetry is good when SO2 > 75%.
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