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Study objective: Accurate and timely diagnosis of carbon monoxide (CO) poisoning is difficult because of
nonspecific symptoms. Multiwave pulse oximetry might facilitate the screening for occult poisoning by
noninvasive measurement of carboxyhemoglobin (COHb), but its reliability is still unknown. We assess bias and
precision of COHb oximetry compared with the criterion standard blood gas analysis.

Methods: This was a prospective diagnostic accuracy study according to STARD (Standards for the Reporting of
Diagnostic accuracy studies) criteria, performed at a tertiary care hospital emergency department. We included
all patients for whom both invasive and noninvasive measurement within 60 minutes was available, regardless
of their complaints, during a 1-year period.

Results: One thousand five hundred seventy-eight subjects were studied, of whom 17 (1.1%) received a
diagnosis of CO poisoning. In accordance with this limited patient cohort, we found a bias of 2.99% COHb
(1.50% for smokers, 4.33% for nonsmokers) and a precision of 3.27% COHb (2.90% for smokers, 2.98% for
nonsmokers), limits of agreement from �3.55% to 9.53% COHb (�4.30% to 7.30% for smokers, �1.63% to
10.29% for nonsmokers). Upper limit of normal cutoff of 6.6% COHb had the highest sensitivity in screening for
CO poisoning. Smoking status and COHb level had the most influence on the deviation between measurements.

Conclusion: Multiwave pulse oximetry was found to measure COHb with an acceptable bias and precision.
These results suggest it can be used to screen large numbers of patients for occult CO poisoning. [Ann Emerg
Med. 2011;58:74-79.]

Please see page 75 for the Editor’s Capsule Summary of this article.
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INTRODUCTION
Background

Carbon monoxide (CO) poisoning is a major cause of
morbidity and mortality. Official data from the United States
indicate approximately 20,000 exposures1 and 439 deaths2 per
year, including only non�fire-related and unintentional cases.
Large registry trials, however, show much higher numbers than
those officially reported, with approximately 50,000 visits per
year to emergency departments (EDs) alone, representing
0.05% of all patients.3,4 Data from other countries are limited,
but higher rates than in the United States are expected.5

Symptoms of CO poisoning are nonspecific, ranging from mild
headache, nausea, confusion, and dizziness to end-organ injury
such as myocardial infarction,6 stroke,7 and death.8,9 Diagnosis is

therefore difficult and relies on clinical suspicion and confirmation u
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y measurement of carboxyhemoglobin (COHb), using either
enous or arterial10 blood gas analysis. However, COHb analyzers
re not ubiquitously available.11 As a result, many victims of CO
oisoning might be overlooked and misdiagnosed.12,13

mportance
Conventional pulse oximetry uses 2 different wavelengths of

ight only and is not able to explicitly determine COHb or
ethemoglobin levels, leading to wrong results.14 Recent

echnologic advancements allow for noninvasive measurement
f COHb by multiwave pulse oximetry.15 Multiwave pulse
ximeters use 8 different wavelengths to overcome this problem.
his technique has been tested on healthy volunteers15 and

mall groups of selected patients.16-19 To date, however, the
ccuracy of this method has not been studied in daily clinical

se with large numbers of unselected patients.
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Goals of This Investigation
The aim of our study was to assess bias and precision of

multiwave pulse oximetry compared with blood gas analysis as
reference standard in a cohort of unselected patients presenting
to a large tertiary care ED. We further aimed to identify the
upper limit of normal cutoff values of noninvasively measured
COHb to aid in the diagnosis of CO poisoning and identify
factors that influence its accuracy. Subgroup analyses were
performed for smokers and nonsmokers.

MATERIAL AND METHODS
Study Design and Setting

The study was performed as a prospective cohort-type study
according to the STARD (Standards for the Reporting of
Diagnostic accuracy studies) statement for reporting studies of
diagnostic accuracy.20 It was conducted at a tertiary care 2,000-bed
university hospital ED with a census of 30,000 patient visits per
year. The study was approved by our institutional review board for
human studies, with a waived written informed consent.

Selection of Participants and Interventions
For the purpose of this study, we replaced the standard pulse

oximeters with Masimo Radical 7 CO oximeters (Masimo Inc.,
Irvine, CA). All triage nurses were instructed in the use of the
new device both by the study team and company staff. The issue
of correct placement of the probe was explicitly addressed, and
the potential for different measurement results from correct and
incorrect placement was demonstrated. During the study

Editor’s Capsule Summary

What is already known on this topic
Multiwave pulse oximetry can noninvasively
determine carbon monoxide (CO) levels.

What question this study addressed
This prospective study of 1,578 patients determined
the bias and precision of multiwave pulse oximetry,
using blood gas analysis as the criterion standard.

What this study adds to our knowledge
Bias and precision seemed acceptable. Negative
predictive value at a cutoff of SpCO 6.6% was
100%; however, there were only 17 patients with
CO poisoning in the cohort.

How this is relevant to clinical practice
This noninvasive technique could be an effective
means for screening at-risk populations for CO
poisoning. Further assessment in samples with a
higher prevalence of CO poisoning is required to
firmly establish the accuracy of this technology.
period, the study team supervised the use of the device and l
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ontinuous feedback was given. Multiwave pulse oximetry was
erformed by a triage nurse. The primary assessment
ocumentation sheet was modified to include COHb saturation
SpCO), methemoglobin saturation (SpMet) levels, and the
atient’s self-reported smoking habits (whether the patient was a
moker, cigarettes smoked per day, and time in minutes since

Figure 1. Patient flow chart.

able 1. Patient characteristics.

atients Included (n�1,578)
n(%) or median (IQR),

as appropriate

omen, No. (%) 773 (49)
ge, y, median (IQR) 48 (34)
ody temperature, °C, median (IQR) 36.6 (0.9)
ystolic blood pressure, mm Hg, median (IQR) 130 (30)
iastolic blood pressure, mm Hg, median
(IQR)

69 (22)

ulse rate, beats/min, median (IQR) 91 (29)
pO2, %, median (IQR) 97.0 (3.0)
pCO, %, median (IQR) 3.0 (5.0)
pMe, %, median (IQR) 0.4 (0.5)
OHb, %, median (IQR) 0.9 (1.2)
enous BGA, No. (%) 1,515 (96)
rterial BGA, No. (%) 63 (4)
ime between CO oximetry and BGA, min,
median (IQR)

38 (21)

mokers, No. (%) 525 (33)
igarettes per day (smokers only), No.,
median (IQR)

20 (10)

ime since last cigarette (smokers only), min,
median (IQR)

60 (50)

QR, Interquartile range; BGA, blood gas analysis.
ast cigarette). Blood gas analysis (arterial or venous) (Table 1)
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was performed later as a standard procedure in our ED on
discretion of the treating physician for a variety of clinical reasons.
A Radiometer ABL700 (Radiometer Medical APS, Copenhagen,
Capital Region, Denmark) was used for blood gas analysis. We
included all patients attending our ED for whom invasive and
noninvasive measurement within 60 minutes was available,
regardless of their complaints during a 1-year period from July 1,
2008, to June 30, 2009. Patients were excluded if more than 60
minutes had elapsed between multiwave pulse oximetry and blood
gas analysis to avoid measurement deviations caused by the half-life
of CO (Figure 1). The diagnosis of CO poisoning was based on
increased COHb levels and clinical symptoms consistent with
poisoning, including headache, vomiting, abdominal pain, and loss
of consciousness.

Primary Data Analysis
Data from the primary assessment documentation, including

Figure 2. Distribution of values measured by CO o

Figure 3. Bland-Altman diagrams comparing CO oximetry (Sp
smokers only; and C, nonsmokers only. d denotes the bias
differences between SpCO and COHb). Dotted lines represe
represent the limits of agreement for SpCO (d�2s).
demographics, vital signs, and blood gas analysis printouts, were t
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ollected the next day and transferred to a spreadsheet
Microsoft Excel 2007; Microsoft, Redmond, WA). Descriptive
tatistics were calculated for all available parameters. The
ethod described by Bland and Altman21 was used to assess

greement between measurement by CO oximetry (SpCO) and
y blood gas analysis (COHb). The mean difference (bias, d) as
metric for the systematic measurement error, the SD of the
ifferences (precision, s), and the limits of agreement (d�2s) as
etrics for scatter were calculated. Receiver operating

haracteristic curves were used to find an “optimal” SpCO
utoff value to screen for CO poisoning (ie, focusing primarily
n high sensitivity; specificity secondary) compared with
onventional criteria (medical history, symptoms, COHb
alue). The area under the curve was calculated as a measure of
iscrimination. We used multivariable linear regression models
o investigate possible influencing factors on the deviation
etween SpCO and COHb. According to pathophysiologic and

etry (A, SpCO) and blood gas analysis (B, COHb).

with blood gas analysis (COHb). A, All patients; B,
n SpCO to COHb), s denotes the precision (SD of the
e limits of agreement for SpCO (d�2s). Dotted lines
CO)
(mea
nt th
echnical considerations, we included sex, age, body
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temperature, mean arterial pressure, pulse rate, SpO2, SpCO,
SpMet, COHb, time between multiwave pulse oximetry and
blood gas analysis, self-reported smoking status, cigarettes
smoked per day, and time since last cigarette as covariates. We
used SPSS for Windows (version 16; SPSS, Inc., Chicago, IL)
for descriptive statistics, Bland-Altman, and receiver operating
characteristic curves. Regression models were calculated with
Stata (version 10; StataCorp, College Station, TX). For
parameters of diagnostic test accuracy, we calculated 95%
confidence intervals (CIs) with exact standard errors. A 2-sided
P�.05 was considered statistically significant.

RESULTS
A total of 2,292 patients receiving both blood gas analysis

(arterial or venous) and noninvasive multiwave pulse oximetry
were eligible for the study. Seven hundred fourteen patients
were excluded because time between CO oximetry and blood
gas analysis exceeded 60 minutes, resulting in 1,578 patients
finally included (Table 1; Figure 2A and B). SpCO values
ranged from 0% to 50% (median 3% SpCO; interquartile range
5% SpCO) and COHb values from 0% to 39.3% (median
0.9% COHb; interquartile range 1.2% COHb). Seventeen
(1.1%; 95% CI 0.6% to 1.7%) of the 1,578 patients received a
final diagnosis of CO poisoning. Their mean COHb level was
14.1% (SD 9.0%). Among those 17 patients, 9 were smokers
and 8 were nonsmokers.

Bland-Altman analysis revealed a bias between SpCO and
COHb of 2.32% (95% CI 2.11% to 2.54%) for all patients,

Figure 4. Receiver operating characteristic curves showing s
having truly increased CO levels for various SpCO cutoff valu
smokers only; and C, nonsmokers only.
ensitivity versus 1–specificity to detect cases considered as
es. Black dot marks “optimal” cutoff value. A, All patients; B,
1.41% (95% CI 1.01% to 1.81%) for smokers, and 2.80%
n
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able 2. Diagnostic test accuracy.*

% (fraction) 95% CI

utoff 6.6% SpCO for all patients
(n�1,578)

ensitivity
†

94 (16/17) 71–100
pecificity

‡
77 (1,201/1,561) 75–79

ositive predictive value
§

4 (16/376) 2–7
egative predictive value

�
100 (1,201/1,202) 100–100

utoff 6.6% SpCO for smokers
(n�525)

ensitivity
†

89 (8/9) 52–100
pecificity

‡
71 (368/516) 67–75

ositive predictive value
§

5 (8/156) 2–10
egative predictive value

�
100 (368/369) 98–100

utoff 6.6% SpCO for nonsmokers
(n�921)

ensitivity
†

100 (8/8) 63–100
pecificity

‡
78 (713/913) 75–81

ositive predictive value
§

4 (8/208) 2–7
egative predictive value

�
100 (713/713) 99–100

Information on smoking status was missing for 132 nonpoisoned patients.
omplete information on smoking status was available for all poisoned patients.
arameters of diagnostic test accuracy were derived from multiwave pulse oxim-
try as the index test and the clinical diagnosis of CO poisoning as reference
tandard. Continuous SpCO values from multiwave pulse oximetry have been
ichotomized at 6.6%.
Sensitivity: number of true positives/number of true positives � number of
alse negatives.
Specificity: number of true negatives/number of true negatives � number false
ositives.
Positive predictive value: number of true positives/number of true positives �
umber of false positives.
Negative predictive value: number of true negatives/number of true negatives �

umber of false negatives.
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(95% CI 2.52% to 3.07%) for nonsmokers and a precision of
4.01% (4.40% for smokers, 4.28% for nonsmokers), resulting
in limits of agreement from �5.7% to 10.37% (�7.39% to
10.21% for smokers, �5.76% to 11.36% for nonsmokers).
Deviation between SpCO and COHb, however, was not
normally distributed. Accordingly, we also performed Bland-
Altman analysis, using log-transformed values. This resulted in a
bias of 2.99% higher readings in SpCO compared with COHb
(1.50% for smokers, 4.33% for nonsmokers) and a precision
equivalent to 3.27% (2.90% for smokers, 2.98% for
nonsmokers), with limits of agreement from �3.55% to 9.53%
(�4.30% to 7.30% for smokers, �1.63% to 10.29% for
nonsmokers). See Figure 3A and C for Bland-Altman diagrams.

Receiver operating characteristic curves were used to find
optimal SpCO cutoff values for the identification of these
patients (Figure 4A to C). According to data from the 17
patients who received a diagnosis of CO poisoning, SpCO 6.6%
provided the best combination of sensitivity and specificity as a
screening test for the total cohort, as well as for both subgroups
of smokers and nonsmokers, respectively (Table 2).

We used multiple linear regression to model deviation
between SpCO and COHb as the dependent variable. For the
total population, for smokers and for nonsmokers we developed
separate models. We found that smoking, SpCO, interval
between measurements, and age independently influenced the
measurement deviation. For smokers, the number of cigarettes
smoked per day also was an independent predictor. In smokers,
deviation between SpCO and COHb was 2.7% lower compared
with that of nonsmokers. Deviation between SpCO and COHb
decreased with increasing age (0.01% per year of age) and
increased with SpCO levels (0.9% per percentage SpCO) and
interval between measurements (0.01% per minute delay).
None of the vital parameters, such as pulse rate or blood
pressure, had an influence on the deviation (Table 3).

LIMITATIONS
Compared with the large population used for the calculation

of bias and precision, the number of patients actually found to
be poisoned was small, especially in the group of poisoned
smokers. Therefore, the opportunity for false-negative results was
limited. Because a false-negative reading could have serious medical
consequences, this device should be tested in a much larger number

Table 3. Predictors for deviation between SpCO and COHb.

Predictors All Patients

Smoker, yes/no �2.72 (�2.92 to �2.5
SpCO, % 0.89 (0.85 to 0.93)
Interval between measurements, min 0.01 (0 to 0.02)
Age, y �0.01 (�0.01 to �0)
Number of cigarettes per day —

� indicates the according predictor was not part of this particular model.
of poisoned patients to confirm the generalizability of our stated s
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utoff values. Despite intensive staff training, there is potential that
he new probe placement affects device accuracy.22 This study was
esigned to investigate multiwave pulse oximetry as an ED
creening tool to detect occult CO poisoning. Independent
onfirmation of COHb concentration is warranted in patients with
ositive screening results.

ISCUSSION
In a cohort of consecutive unselected ED patients, we found

bias between SpCO and COHb of 2.99% and a precision of
.27%. There are currently no standards of acceptable bias and
recision of COHb measurements. However, conventional
ulse oximetry, which is a widely used and accepted tool, has
een shown to measure oxyhemoglobin with a bias of �0.02%
nd a precision of 2.10% compared with blood gas analysis.23

s a result, a bias of 2% to 4% seems acceptable to us for the
etection of high concentrations of COHb, as found in acute
O poisoning. The international standard on pulse oximeters

or medical use requires those devices to measure SpO2 with a
oot mean square deviation less than or equal to 4.0% SpO2.
ias and precision of noninvasive CO oximetry as found by us
as equivalent to a root mean square deviation of 4.43%
OHb.

Our study suggests that noninvasive multiwave pulse
ximetry constantly overestimates COHb compared with blood
as analysis. This effect is noticeably more pronounced in
onsmokers. We found a number of factors contributing to this
ncertainty, but the absolute SpCO value and the number of
igarettes smoked seemed to be of the most clinical importance
nd should be kept in mind when this technique is used. A
OHb value of 6.6% appears to be a reasonable upper limit of
ormal cutoff value for a screening test in the ED setting.
ecause of the short half-life of CO, neither method can safely

ule out remote CO exposure. Diagnosis must be made
ccording to clinical presentation, history, circumstances, and
ime elapsed from possible CO exposure.

Previous smaller studies on multiwave pulse oximetry have
emonstrated varying outcomes, even differing in the direction
f the bias. A study by Barker et al15 of 10 healthy volunteers
esulted in a bias of �1.22% and a precision of 2.19% for the
easurement of COHb by multiwave pulse oximetry. In 12

Regression Coefficient (95% CI)

Nonsmokers Smokers

— —
0.98 (0.96 to 1.00) 0.804 (0.73 to 0.88)
0.01 (�0.00 to 0.01) 0.01 (�0.01 to 0.03)

�0.03 (�0.01 to �0.00) �0.03 (�0.04 to �0.01)
— �0.05 (�0.07 to �0.03)
2)
elected patients, Coulange et al18 found a bias of �1.5% and a

Volume , .  : July 



R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

Roth et al Accuracy of CO Oximetry vs Carboxyhemoglobin From Blood Gas Analysis
precision of 2.5%. Suner et al17 reported a bias of �4.2% in 64
of the patients in their study, without giving a precision.
Piatkowski et al19 reported a bias of 3.43% and a precision of
2.362% for 20 patients and 5 healthy volunteers. A recently
published study by Touger et al24 of 120 patients resulted in a
bias of 1.4% and a precision of 6.5%, which did not represent
an unselected ED population because only suspected victims of
CO poisoning were included. It remains, however, unclear how
the decision was actually made because no exact criteria are
given, and a median COHb level of 2.3% seems surprisingly
low for a population of potentially poisoned patients.

In conclusion, multiwave pulse oximetry was found to
measure COHb with an acceptable bias and precision. Keeping
influencing factors in mind, it can therefore be used to screen
large numbers of patients for latent CO poisoning, using
presented cutoff values. Verification of suspicious cases
identified noninvasively by blood gas analysis should be
undertaken, if possible.
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