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Abstract It is important to measure the rate of haemol-
ysis in patients with sickle cell disease (SCD) to identify
aplastic crises and indirectly assess the rate of vaso-
occlusion and sequestration. The aim of this study was
to assess whether end-tidal carbon monoxide (ETCOc)
levels in children with sickle cell disease (SCD) could be
measured reproducibly, reflected haemolysis and whe-
ther they were elevated compared to those of similarly
aged, ethnic matched children without SCD (controls).
ETCOc levels were measured non-invasively in 87 SCD
children (age range 2.3–17.6 years) and 26 age and ethnic
origin matched healthy controls using an electro-chem-
ical sensor. The within- and between- occasion re-
producibilities were assessed in ten and 15 SCD children
respectively. ETCOc levels of 15 SCD children under-
going regular transfusions were related to carboxyhae-
moglobin, haemoglobin and bilirubin levels. The within
and between occasions’ mean intrasubject coefficients of
reproducibility were 5% and 18% respectively. Positive
correlations were found between the ETCOc and carb-
oxyhaemoglobin (P =0.007) and bilirubin (P =0.02)
levels, and a significant negative correlation between the
ETCOc and haemoglobin (P =0.0002) levels. The mean
and SD ETCOc levels of the SCD children (4.9 ppm;
SD 1.7 ppm) were significantly higher than that of the
controls (mean 1.3 ppm; SD 0.4 ppm) (difference be-
tween means 3.60; 95% C.I. 2.93–4.28; P <0.0001).
Conclusion: These results suggest that measurement of
end-tidal carbon monoxide levels is a reliable and useful

method to monitor haemolysis in children with sickle
cell disease.
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Introduction

It is important to measure the rate of haemolysis in
patients with sickle cell disease (SCD) to identify aplastic
crises and indirectly assess the rate of vaso-occlusion and
sequestration. Haemolysis can be assessed by analysing
the carboxyhaemoglobin level of venous blood samples.
The haem released from premature destruction of ery-
throcytes in patients with SCD, is degraded by the haem
oxygenase (HO) enzyme complex to equimolar amounts
of carbon monoxide (CO) and biliverdin [1,16] and CO
combines with haemoglobin to form carboxyhaemo-
globin. To assess carboxyhaemoglobin levels, a chro-
matographic technique [15] and closed rebreathing
system have been used. Unfortunately, the latter tech-
nique is invasive and requires marked patient coopera-
tion, making it unsuitable for use in young children. An
alternative technique to assess haemolysis is to measure
exhaled end-tidal breath carbon monoxide (ETCO)
levels [6]. The catabolism of haem from erythrocytes
accounts for approximately 70% of the body’s CO
production [6]. ETCO levels have been shown to dis-
tinguish between children with haemolytic disorders,
including beta-thalassaemia and hereditary spherocyto-
sis, and healthy controls [3]. A volitional technique,
however, was used which cannot be performed by all
patients, particularly young children, and no patients
with SCD were included. It was important, therefore, to
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establish whether a non-volitional, non-invasive tech-
nique to assess CO levels was well tolerated and repro-
ducible in SCD children. Our aim was to provide such
data and to test the hypothesis that ETCO levels would
reflect haemolysis and be higher in SCD children than in
similarly aged and ethnic origin matched controls. The
CO-Stat device used to measure ETCO computes the
ETCO value from the end-tidal carbon dioxide con-
centration and the mean concentrations of carbon
dioxide and CO over the period of breath sampling.
End-tidal carbon dioxide, however, only reflects alveolar
carbon dioxide when there is a plateau in the tidal car-
bon dioxide curve. In subjects with a fast respiratory
rate, the plateau may not be reached and, therefore, the
ETCO level underestimated. Hence, in addition, we
wished to determine if ETCO levels in children were
affected by respiratory rate and/or age.

Subjects and methods

Subjects

A total of 72 SCD children in steady state with a median
age of 9.5 years (range 2.3 to 17.6 years) and 26 controls
with a median age of 8.1 years (range 2.6 to 17.8 years)
were included in the study. In addition, 15 SCD children
with a median age of 12.8 years (range 5.3 to 17.5 years)
undergoing regular transfusions were studied. None of
the children admitted to smoking. Four of the SCD
children (none in the transfusion group) and five of the
controls were asthmatic and taking regular medication.

Sample size

Recruitment of 15 patients for paired measurements was
necessary to allow detection of a difference in ETCOc
levels equivalent to one SD of the measurement, with
80% power at the 5% level. Recruitment, therefore,
continued until there were 15 SCD children who had had
paired measurements at least 2 weeks apart.

Methods

Children with SCD were recruited from two specialist
clinics. Siblings without SCD and local school children
of the same ethnic origin were recruited as controls. The
study was approved by the research ethics committee of
King’s College Hospital and parents gave informed
written consent for their child to take part.

ETCO levels and respiratory rate were measured
using an ETCO monitor (CO-Stat, Natus Medical Inc,
San Carlos CA, USA). The system comprises two
analysers, an electrochemical sensor, to measure CO and
hydrogen, and an infrared analyser that measures
carbon dioxide. The carbon dioxide signal from the
infrared analyser is used to determine the end-tidal

carbon dioxide level and the respiratory rate. The results
of end-tidal carbon dioxide and the mean concentrations
of carbon dioxide and CO over the period of breath
sampling are used to compute the ETCO level. No child
was measured within 2 weeks of an upper respiratory
tract infection and the SCD children were not measured
within 4 weeks of hospitalisation for a vaso-occlusive
episode. To measure ETCO, a small sampling catheter
was inserted 5 mm inside the child’s nostril and mea-
surements made with the child seated. Testing was
completed within 3 min of quiet tidal breathing. After
each measurement, the instrument analysed the back-
ground, or inhaled CO level, which was then deducted
from the patient’s value to give a corrected ETCO
measurement (ETCOc). The monitor also measured the
background hydrogen concentration, as this can inter-
fere with measurement of CO levels. If the hydrogen
concentration exceeded 50 ppm, the instrument termi-
nated breath sampling and the ETCOc test was aborted.

To assess the reproducibility of the results of the
ETCOc measurements, ten children each had two mea-
surements on a single occasion and a further 15 SCD
children were re-tested after at least a 2-week period.
None of the 15 children had suffered a vaso-occlusive
episode in the interim. None of the children in either
group were receiving regular transfusion therapy.

To determine if the ETCOc levels accurately reflected
haemolysis, measurements were made in SCD children
undergoing regular transfusions to prevent recurrence of
a major complication, such as stroke [11]. These children
have blood samples immediately prior to the transfusion
and thus it was possible to relate the ETCOc levels to
carboxyhaemoglobin, haemoglobin, reticulocyte and
bilirubin levels. As blood samples were not routinely
measured during outpatient visits, such comparisons
were not possible in non-transfused SCD children.

Statistical analysis

Normality testing using the Kolmogorov-Smirnov test
demonstrated the data to be normally distributed. Dif-
ferences were, therefore, assessed for statistical signifi-
cance using the Student’s t test. Pearson correlation
coefficients were calculated to determine the relation-
ships between ETCOc levels and carboxyhaemoglobin,
haemoglobin, reticulocyte and bilirubin levels and age.

Results

ETCOc measurements were well tolerated by all the
children. The within occasion mean intra-coefficient of
reproducibility of the ETCOc measurements was 5%. A
group of 15 children had their ETCOc measurements
repeated after a median of 8 weeks (range 2 to 36 weeks),
their mean intra-coefficient of repeatability was 18% and
the mean difference in the results of the paired mea-
surements was 1.2 ppm, which was equivalent to one SD
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of the ETCOc levels of the SCD children. The mean in-
tra-coefficient of repeatability was not greater in children
aged 5 years or less (15%) compared to SCD children
older than 5 years (19%). Although there was no sig-
nificant correlation between the ETCOc and reticulocyte
levels, the ETCOc levels of the transfused SCD children
correlated positively with the carboxyhaemoglobin
(r2=0.42, P=0.007) and bilirubin (r 2=0.31, P=0.02)
levels and negatively with the haemoglobin (r2=0.54,
P =0.002) levels (Fig. 1). ETCOc levels were correlated
with age in the SCD children (r2=0.28, P <0.0001) and
their controls (r2=0.33, P =0.001) (Fig. 2). The age-
related increase in ETCO levels was not associated with

respiratory rate in either the SCD children (r2=-0.06,
P =0.6) or healthy controls (r2=-0.23, P =0.3). SCD
children had significantly higher mean ETCOc levels
(4.9 ppm, SD 1.7 ppm) than that of the controls
(1.3 ppm SD 0.4 ppm) (Difference between means 3.60;
95% C.I. 2.93–4.28; P <0.0001).

Discussion

We have demonstrated that ETCOc levels are signifi-
cantly elevated in children with SCD compared to con-
trols. The measurement technique was well tolerated,
even in very young children with SCD. The ETCO
analyser used has been shown to perform similarly to a
previous device in adults and children [18]. It is impor-
tant, however, when undertaking the measurement to
analyse the room air as an index of inhaled CO and thus
the rate of endogenously produced CO can be appro-
priately corrected [19]. There is a relatively long-lasting
effect of CO exposure, as carboxyhaemoglobin has a
half-life of up to 6 h; thus, it is also important to take
into account prior exposure to high levels of CO from
gas heaters, internal combustion engines and tobacco
smoke. None of the children examined admitted to
smoking. Passive smoking has a significant effect on
exhaled CO levels, as levels are doubled in non-smoking
adolescent subjects whose mothers smoke [8]. No parent
admitted to smoking near their child but, as urinary
cotinine levels were not assessed, the smoking status of
the child or the possibility of the child passively smoking
cannot be certain. Nevertheless, the repeated measure-
ments at least 2 weeks apart were similar, suggesting
environmental contamination had not been a problem.
The similarity of the repeated measurements over time
and the within occasion mean intra-coefficient of varia-
tion demonstrate that the technique gives reproducible
results.

Our findings highlight that the ETCOc levels mea-
sured in the SCD children reflect haemolysis, as signifi-
cant positive correlations were demonstrated between
the ETCOc and both the carboxyhaemoglobin and bil-
irubin levels and a significant negative correlation with
the haemoglobin level.

Two forms of HO have been described; the constit-
utive HO-2 and the inducible HO-1, which is ubiqui-
tously distributed [13]. The latter is induced by a variety
of pro-inflammatory cytokines [2], oxidants [9], nitric
oxide [7], endotoxin [12] and reactive oxidant species [5]
and is part of the protective response to oxidative stress.
Patients with cystic fibrosis, particularly those not
receiving treatment with steroids, have higher ETCOc
levels compared to healthy subjects [13], which may
reflect increased lung oxidation resulting in oxidation
induced HO-1 hyperactivity [13]. ETCOc levels are also
higher in children with persistent asthma, but are not
raised in those with infrequent episodic asthma [17].
Very few of the children in this study were taking anti-

Fig. 1 Correlation of ETCO with haemoglobin (Hb) levels in SCD
children on transfusion therapy

Fig. 2 Correlations of ETCO levels with age in SCD children in
steady state (open circles) and ethnically matched controls (solid
circles). Linear regression lines for SCD children (solid line) and
ethnically matched controls (dashed line) are presented
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asthma medication and, as the proportion was similar in
the SCD children and the controls, we do not feel this
biased the results. We also took care not to measure the
children within 2 weeks of an upper respiratory tract
infection, as ETCOc levels are raised in healthy children
with this condition during the acute symptomatic phase
[17]. Thus, we feel that the significant difference we
demonstrate in ETCOc levels between the SCD children
and the controls is genuine.

An explanation for the relationship we demonstrate
between ETCOc levels and age which needs to be con-
sidered is that the younger children had a faster respi-
ratory rate than the older children. In individuals with a
very fast respiratory rate ETCO levels may be underes-
timated. We, however, demonstrated no significant
relationship between ETCOc levels and respiratory rate
and, hence, do not feel differences in respiratory rate do
explain the relationship between ETCOc levels and age.
We also demonstrated that younger SCD children did
not have increased variability in their ETCOc measure-
ments. In the absence of cotinine measurements, we
cannot exclude the higher ETCOc levels in certain of the
older children may at least in part be explained by them
smoking, but again we emphasise none admitted to
smoking. In addition, we saw a linear relationship with
age and ETCOc levels and this seems very unlikely to be
totally explained by covert cigarette smoking. Interest-
ingly, the ETCOc levels in the SCD children appeared to
increase at a greater rate with age than in the controls. A
possible explanation for the relationship in the SCD
children could be that the older children have more
marked haemolysis but, as we did not undertake inva-
sive monitoring in the steady state children, this must
remain speculative. Our results, however, do suggest
that age should be taken into account when interpreting
ETCOc levels in SCD children.

The variability in the ETCOc measurements ap-
peared to increase with age, which may reflect that the
haemolytic rate differs considerably between patients
[15]. A potential explanation is the persistence of fetal
haemoglobin demonstrated in SCD children [10] and
variability in their levels of fetal haemoglobin, which has
been demonstrated in SCD adults [14]. Red blood cells
are less prone to sickling when higher levels of fetal
haemoglobin are present [4] and, hence, there will be
lower levels of haemolysis.

ETCOc levels are raised in children with SCD and
can be readily measured by an ETCO device at all ages.
This technique may be useful to monitor children with
SCD at risk of complications due to high levels of
haemolysis.
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