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Point-of-Care End-Tidal Carbon Monoxide Reflects Severity of
Hemolysis in Sickle Cell Anemia

Ashutosh Lal, MDY, Lasandra Patterson, BS!, Alisa Goldrich, BA1, and Anne Marsh, MD?

IHematology/Oncology, University of California San Francisco Benioff Children's Hospital,
Oakland, CA 94609, Unites States of America

Abstract

Carbon monoxide (CO) production from heme catabolism is increased with hemolysis. A portable
end-tidal CO (ETCO) monitor was used to analyze breath samples in 16 children with sickle cell
anemia (SCA, 5-14 years). Median (range) ETCO for SCA was 4.35 ppm (1.8-9.7) versus 0.80
ppm (0.2-2.3) for controls (P<0.001). ETCOc >2.1 ppm provided sensitivity and specificity of
93.8% (69.8-99.8%) for detecting SCA. ETCO correlated with reticulocytosis (P=0.015) and
bilirubin (P=0.009), and was 32% lower in children receiving hydroxyurea (P=0.09). Point-of-care
ETCO analysis may prove useful for non-invasive monitoring of hemolysis and as a screening test

for SCA.
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Introduction

Results

Carbon Monoxide (CO) produced during the cleavage of porphyrin ring of heme is mostly
derived from hemoglobin breakdown [1]. The catabolism of heme by heme oxygenase (HO)
creates equimolar amounts of iron, carbon monoxide and biliverdin [2]. Thus, quantifying
CO in exhaled breath serves as an indicator of hemolysis [3]. Alveolar breath CO closely
approximates carboxyhemoglobin concentration in adults [4]. Since children may not
cooperate to provide a forced breath sample, end-tidal CO (ETCQO) monitoring has been
evaluated as an alternative [5,6]. We describe the utility of point-of-care measurement of
ETCO to detect hemolysis in sickle cell anemia (SCA).

Sixteen children with SCA (HbSS, mean age 9.7 year, range 5-14 years) who were not
transfused in previous 3 months were enrolled, along with age and gender matched controls.
Subjects did not have history of cigarette smoking or exposure to second hand smoke which
are associated with elevated carboxyhemoglobin concentration [4]. Children with recent
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infection or symptomatic asthma were excluded since inflammation raises ETCO through
induction of HO in respiratory epithelial cells [7,8]. One subject in control group (ETCO 3.2
ppm) was excluded due to asthma and oxcarbazepine therapy [9]. Informed consent was
obtained per institutional review board guidelines. ETCO corrected for ambient CO
(ETCOc) was measured during normal breathing with the CoSense® ETCO monitor
(Capnia, Redwood City, CA) in duplicate using a nasal cannula, with a third sample
obtained if the difference was >15%. The mean intra-subject coefficient of variation in
HbSS was 8.0%. Each measurement took typically <1 minute for breath acquisition and a
further 2 minutes to display ETCOc result. The highest ETCOc value for the subject was
used for analysis. (ClinicalTrials.gov: NCT01848691).

The median (range) ETCOc for HbSS was 4.35 ppm (1.8-9.7 ppm) versus 0.80 ppm (0.2-2.3
ppm) for controls (P<0.001, Mann-Whitney test, Figure 1A). Using the lowest (instead of
highest) ETCOc value for each subject dropped the median ETCOc in HbSS to 4.1 ppm
(1.8-9.2 ppm), but did not alter significance of the comparison (P<0.001). In the control
group, ETCOc was <1.2 ppm in 14/16 (88%), which appeared to be the upper limit for
healthy children. In the HbSS group, 15/16 subjects had ETCOc value >2.4 ppm, so the
expected ETCOc in HbSS is likely >2.0 ppm. Receiver-operator characteristic (ROC) curve
confirmed the ability of ETCOc to distinguish between HbSS and controls (Figure 1B) with
area under the curve (AUC) 0.99 £ 0.01. A threshold ETCOc value of >2.1 ppm provided
both sensitivity and specificity equal to 93.8% (95% CI 69.8-99.8%). Inclusion of the
control subject who was found ineligible in the ROC analysis changed sensitivity and
specificity to 94.1% (71.3-99.9%) for ETCOc >2.3 ppm.

ETCOc was closely associated with hemolysis as demonstrated by a significant positive
correlation with absolute reticulocyte count (r2=0.38, P=0.015) and total serum bilirubin
(r2=0.51, P=0.009, Figures 2A and 2B). No correlation was observed with hemoglobin level,
although children with severe anemia (hemoglobin <8 g/dL) had higher mean ETCOc (5.43
ppm vs. 4.40 ppm, P=0.38). There was a lack of association between ETCOc and LDH
(r2=0.12) or AST (r2=0.04). The mean ETCOc was lower in children receiving hydroxyurea
therapy (n=9, 4.01 + 1.62 ppm) compared with those without hydroxyurea (n=7, 5.93+2.57,
P=0.09, Student's t-test). As previously observed [6], there was a trend towards higher
ETCOc level with age for both the HbSS (r2=0.21, P=0.08) and control (r2=0.24, P=0.05)
groups.

Discussion

The results of this pilot study show that ETCOc is a non-invasive point-of-care (POC)
indicator of hemolysis in sickle cell anemia. The range of CO excretion between controls
and HbSS was sufficiently different to discriminate between the two groups with
confidence. The data demonstrated a quantitative relationship between severity of hemolysis
and ETCOc.

The range of ETCOc levels in HbSS observed with CoSense monitor is similar to previous
reports using an earlier device (CO-Stat™, Natus Medical, San Carlos, CA, manufacturing
discontinued) [5,6]. The 5-fold elevation of ETCOc in HbSS supports its potential utility as
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a non-invasive screening test [10], and we found a threshold ETCOc >2.1 ppm will detect
most children with HbSS. A previous study from our institution (with Co-Stat™ monitor)
reported ETCOc >3.0 ppm distinguished patients from controls with 86% sensitivity and
97% specificity [5]. This variation is likely from difference in technology and heterogeneous
subject population (sickle cell disease and thalassemia) in the previous study. The CoSense
monitor used in our study has the advantages of improved end-tidal breath capture,
portability and pre-calibration of the CO sensor (obviating the need for on-site calibration).
Thus, greater ease of use in the field without the need for extensive operator training is
anticipated.

Prior studies in chronically transfused patients showed that ETCOc levels are influenced by
hemoglobin and time since transfusion [5,6]. The current study is the first to observe a
strong association between ETCOc and hemolysis in HbSS at steady state. Thus, ETCOc is
similar to other gauges of CO excretion, such as endogenous CO production rate and
carboxyhemoglobin concentration [3,11], but easier to measure at the POC. We found the
strongest correlation was between ETCOc and total serum bilirubin with a coefficient of
determination (r2) of 0.52, implying that half of the variance in ETCOc was explained by
bilirubin level. Further, it was observed that children with HbSS receiving hydroxyurea
(which is associated with decrease in hemolysis [12]) had 32% lower ETCOc levels. The
lack of association between ETCOc and either LDH or AST may reflect the primary
association of these two markers with intravascular hemolysis [13], while serum bilirubin is
a composite measure of catabolism of all heme (derived from intra- and extravascular
hemolysis) in the body.

A limitation of our data is the small number of subjects and that it was conducted under
controlled circumstances in the clinic. ETCOc levels are affected by genotype (hemolysis is
less severe in HbSC or S beta* thalassemia) and fetal hemoglobin [14,15]. ETCOc has not
been measured in infants to assess the effect of gradual decline in fetal hemoglobin after
birth on hemolysis. However, the validity of measuring ETCOc has been demonstrated in
newborns with immune hemolysis [16]. Further studies should evaluate the impact of
genotype and fetal hemoglobin on ETCOc levels. Respiratory infection, asthma, and to a
lesser extent, non-respiratory infections raise ETCO unrelated to hemolysis [1,7,8], as does
environmental CO inhalation [17]. In all cases with abnormal result, an inquiry into the
presence of infectious and environmental causes of elevated ETCOc should be made.

In conclusion, this study reports the use of a new portable method for measuring ETCOc.
POC testing provides instantaneous results of ETCOc at the bedside, which could be applied
to monitor hemolysis during acute pain or febrile episodes and predicting the need for
transfusion or risk of acute chest syndrome. ETCOc can also be useful to monitor the
response to hydroxyurea therapy. Since ETCOc levels are distinct between HbSS and
controls and the device is suitable for field usage, it could be developed as a tool for POC
screening test for SCA in children living in resource poor countries [18].
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SCA Sickle cell anemia (HbSS)
POC Point-of-care
ETCOc End tidal carbon monoxide corrected for ambient CO
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Figure 1.
(A) End-tidal carbon monoxide concentration in children with sickle cell anemia (SCA) and

healthy age-matched controls (n=16 for both groups). Whiskers extend from 10-90t"
percentile (+: mean). (B) Receiver-operator characteristic curve (solid line) for ETCOc in
children with or without a diagnosis of SCA. A threshold ETCOc value of 2.1 ppm provided
a sensitivity and specificity of 93.8% to differentiate between the two groups. (Dotted line:
line of identity).
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Figure 2.

Association of end-tidal carbon monoxide concentration (ETCOc) with absolute reticulocyte
count (Figure 2A, n=15), and serum bilirubin concentration (Figure 2B, n=12).
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