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INTRODUCTION

Exhaled nitric oxide (eNO) concentration is a non-invasive measure of airway inflammation
that can be determined by analyzing gas collected from a single breath.1* eNO levels are
elevated in chronic asthma®’ and correlate with other markers of inflammation and
impaired pulmonary function.8-11 High levels can be associated with relapse and
exacerbations,12-15 and greater airway responsiveness.”11.16.17 eNO levels may also change
abruptly after rapid alteration of lower airway caliber. In studies of subjects with stable
asthma, eNO levels decreased after methacholine, histamine, and exercisel8-21 and
increased after short-acting beta-agonists (SABA):11.21 but changes after SABA are less
consistent during acute exacerbations,21:22:23,24

If eNO levels during acute treatment are associated with important outcomes such as need
for hospitalization, this information may aid clinicians in management. Few studies have
investigated eNO in children in emergency department (ED) settings, 22-26 and only two
examined association between eNO and disposition.2425 Although these authors reported
eNO levels were not associated with hospitalization, both studies had limitations. One was
stopped early due to poor eNO measurement reproducibility,?4 and the other did not assess
reproducibility.2> Additionally both studies allowed administration of SABA in the ED
before initial eNO measurement, which may have influenced results.24:25
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In this study, we measured eNO levels in children with acute asthma exacerbations,
examined reproducibility and examined how eNO levels measured before treatment and
when disposition was decided relate to ED disposition. We hypothesized that levels would
be higher for those hospitalized, reflecting greater airway inflammation. Additionally, we
examined how eNO levels changed after treatment and whether change differed according to
ED disposition. Considering eNO levels may vary depending on treatment, we also
examined if eNO levels and change differed according to treatment before arrival and in the
ED.

MATERIALS AND METHODS
Study Design and Setting

We conducted this prospective exploratory study in an urban tertiary-care children's hospital
ED, enrolling subjects from January 2006 to October 2007. The annual census was
approximately 58,000, and most patients with asthma exacerbations were African American,
had Medicaid insurance, and resided in urban zip codes. The institutional review board
approved study procedures, and we completed the informed consent process for all subjects.

Participant Recruitment and Enrollment

We enrolled subjects when research assistants were available to perform study procedures.
Eligibility criteria were age 6 through 17 years, parental report of asthma diagnosis, not born
before 34 weeks gestational age, no other chronic pulmonary conditions, and plan to receive
> 1 inhaled albuterol treatment according to the clinical team. We chose this age group
assuming that younger children would have limited ability to correctly perform eNO
measurements, as is often the case with peak expiratory flow rate (PEFR) measurement.

Asthma Management

ED clinicians independently directed treatment and determined subjects' dispositions. There
is an ED asthma treatment algorithm routinely used that is based on the National Asthma
Education and Prevention Program (NAEPP) guidelines2’ and outlines standard
recommendations including weight-based doses of inhaled albuterol and ipratropium
bromide and systemic corticosteroids. No medications were mandated or withheld due to
study participation.

Outcomes Measured

eNO Measurement—We collected eNO samples using a single-breath off-line technique.
The sampling device (General Electric Analytical/lonics, Boulder, Colorado, United States)
consisted of a rigid tube with filtered mouthpiece, inspiratory filter (nitric oxide scrubber),
pressure gauge, and 1.5 liter Mylar bag. While seated, subjects inhaled through the device to
total lung capacity and immediately exhaled for 8-10 seconds at pressure of 4-8 cmH,0.3
The exhalate was partitioned to avoid collecting dead space gas by closing a valve after the
first five seconds of exhalation and diverting the remainder of exhalate into a Mylar bag. We
collected 2 replicate samples per subject per measurement time (initial and final), and eNO
concentrations (parts per billion, ppb) in the mylar bags were analyzed within 6 hours of
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collection using the NiOX® system (Aerocrine AB, Stockholm, Sweden). eNO values were
not made available to the ED clinicians.

Timing of eNO Measurements—We measured initial eNO levels after subjects were
evaluated by ED clinicians but before they received medications, and measured final levels
as soon as possible after disposition decisions were made without interfering with care. We
chose these time points as they corresponded to when clinicians were making decisions
about severity, treatment plans, and response to treatment.

For patient safety and to avoid interfering with care, we obtained from the ED attending
permission to enroll each subject before he received treatment. While we sought to enroll
subjects representing a range of acute severity levels, there were potential subjects whom
attendings decided were too severe to allow delay of treatment to complete enroliment
procedures and initial measurement. As a result, we acknowledged a severity spectrum bias
toward mild and moderate exacerbations. Shortly after study inception, we began collecting
clinical data and final eNO levels for subjects deemed unable to await treatment (severe

group).

Emergency Department Clinical Data—We collected data on initial vital signs,
medications administered, PEFR and pulmonary score (PS) when conducted, disposition
(hospitalized or discharged), and return visits within 72 hours. The amount of albuterol was
recorded as total milligrams (mg) and mg per kilogram (kg). PEFR was recorded as percent
predicted based on height. The PS is used routinely and has 3 domains (respiratory rate,
wheeze, and degree of retractions) with 3 possible points per domain (score range 0 to 9).28

Chronic Severity—We collected data regarding chronic severity using 4 questions
designed for the study that assessed symptoms during the 4 weeks preceding the
exacerbation. The first asked “how often did you have cough/wheeze, shortness of breath, or
chest tightness (asthma symptoms)?” with response options: “2 or fewer times per week”; “3
to 6 times per week”; “daily”; and “continuously”. The other questions asked “how often
were you awakened from sleep because of asthma symptoms?”; “how often did you have
asthma symptoms while exercising or playing?”; and “how often did asthma keep you from
doing what you wanted?”. For these three questions, response options were: “2 or fewer
times per month”; “3 to 4 times per month”; “5 to 9 times per month”; or “10 or more times
per month”. Responses were ranked from 1 to 4 in their order presented, and 1 of 4 severity
categories based on NAEPP guidelines?” (intermittent, mild persistent, moderate persistent,
and severe persistent) was assigned based on the highest response for any question (e.g. if
4th response was chosen for any question, severity assignment was severe persistent).

Medications Used Before Arrival—We collected data on medications used before
arrival including use of inhaled corticosteroids (ICS) and/or montelukast during the
preceding 4 weeks, ICS during the preceding 24 hours, oral corticosteroids (OCS) during the
preceding 4 days, and the number of SABA treatments during the preceding 24 hours,
including timing of last SABA treatment.
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We performed statistical analysis using SPSS 12.0 software (SPSS Inc, Chicago, lllinois,
United States). Nominal data are reported as number with percentage and compared using
chi-square or Fisher’s exact test. Continuous data are reported as mean with standard
deviation (SD) or 95% confidence interval (Cl) and compared using t-tests or analysis of
variance. To assess reproducibility, we determined rank correlations and coefficients of
variability (CV) of the 2 replicate eNO samples at each measurement time (initial and final)
and compared CV by measurement time. Individual initial and final eNO levels were the
mean values of the 2 samples collected at that measurement time. Initial levels were
compared according to treatment before arrival, chronic severity, and demographics, and
rank correlations were determined between initial level and heart rate and respiratory rate
and between initial level and PEFR. For the relationship between eNO levels and
disposition, initial and final levels were analyzed on a log scale to better fit the requirements
of parametric tests. Change in eNO was analyzed as arithmetic ppb difference between
initial and final levels and as percent difference, to take into account variability in initial
levels, and compared according to disposition. Change in eNO was also compared according
to demographics, chronic severity category, and treatment before arrival. Rank correlations
were determined between eNO change and amount of albuterol administered in the ED and
between eNO change and PEFR change. Receiver operating characteristic (ROC) curves and
area under the curve (AUC) statistics for discriminating disposition were determined for
initial and final eNO levels and change between. When we designed the study there were no
consistent data for baseline eNO levels for children with acute exacerbations in ED settings
or for clinically meaningful eNO levels or change, and we did not perform a sample size
estimation. Our goal was to include 100 subjects, and we stopped enrollment after accruing
107 total subjects which included a small over-enrollment number allowing for possible
missing data.

Subjects with Initial and Final eNO Measurements

Demographic and Clinical Characteristics—We enrolled 83 subjects for collection of
both initial and final eNO levels. Two did not complete final measurements. Both were
discharged; one did not await final measurement and the other declined. Characteristics of
enrolled subjects by disposition are shown in Table 1. None had return visits within 72
hours.

eNO Measurement Reproducibility—Values of replicate initial eNO samples were
highly correlated (r = 0.98, p<0.001; mean difference = —0.24 ppb, 95% CI -1.02 to 0.54,
p=0.94). Replicate final samples were also correlated (r = 0.99, p<0.001; mean difference =
0.31 ppb, 95% CI —0.35 to 0.98, p=0.95). CV were similar by measurement time (initial =
0.059 + 0.057, final = 0.061 + 0.070; p=0.81).

Initial eNO Levels—Overall, the mean initial eNO level was 32.1 ppb (95% CI 26.8 to
37.3; range 4.1 to 96.7), and 61% of subjects had levels > 20 ppb. Initial levels were similar
according to disposition (hospitalized = 25.0 ppb * 16.4, discharged = 32.9 * 24.6; mean
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difference = —8.0 ppb,95% CI —24.8 to 8.9, p=0.44) (Figure 1). The ROC curve AUC
statistic (p = 0.53) indicated initial eNO level did not consistently discriminate
hospitalization from discharge.

Initial levels were lower but not clearly different for subjects reporting OCS use within 4
days (20.0 ppb + 10.6 versus 34.9 + 25.4, p =0.055), and initial levels were similar
according to disposition when adjusted for OCS use (p=0.77, logistic regression). Initial
levels were also similar according to use of SABA, montelukast, and ICS before arrival and
chronic severity; and initial levels did not correlate with initial heart rate, respiratory rate,
pulse-oximetry, PEFR or PS (all p-values > 0.05).

Final eNO Levels—Overall, the mean final eNO level was 36.3 ppb (95% CI 29.8 to 42.9;
range 4.6 to 124.0). Final levels were similar according to disposition (hospitalized = 33.8
ppb + 22.2, discharged = 36.6 £ 30.6; mean difference = -2.8 ppb,95% CI -23.8 to 18.2,
p=0.96). (Figure 1). The ROC curve AUC statistic (p = 0.87) indicated final eNO level did
not consistently discriminate hospitalization from discharge.

Change in eNO between Initial and Final Measurement—Overall mean final level
was higher than initial level (36.3 ppb £ 29.7 versus 31.5 £ 23.9, p<0.001) (Figure 2). Mean
ppb change was 4.8 (95% CI 2.3 to 7.3; range = —25.5 to 44.3), and mean percent change
was 16% (95% CI 7% to 24%; range = —44% to 178%). eNO ppb change was similar
according to disposition (hospitalized = 8.9 ppb * 15.3, discharged = 4.3 + 10.9; mean
difference = 4.6 pph,95% CI —3.4 to 12.6, p=0.27), as was percent change (hospitalized =
41% + 52%, discharged = 12% + 36%; mean difference = —0.28%,95% CI -0.55% to
-0.02%; p=0.12) (Figure 1). The ROC curve AUC statistics for ppb change (p = 0.27) and
percent change (p=0.12) indicated eNO change did not consistently discriminate
hospitalization from discharge.

Fifty-one (63%) subjects had increased final levels to some degree, and the hospitalization
rate was similar according to eNO change direction (7/51 versus 2/30, p=0.33). Thirty-seven
(46%) subjects had final levels more than 10% and 5 ppb different from their initial levels;
28 had such increases and 9 had such decreases, and proportions hospitalized in these groups
were similar (p=0.79).

eNO change (as both ppb and percent difference) was similar according to demographics,
chronic severity, or SABA or OCS use before arrival (p-values > 0.05). eNO change
correlated positively with change in PEFR % predicted (ppb change, r = 0.509, p=0.002;
percent change, r = 0.486, p=0.003). Mean time between initial and final eNO measurement
was 100 minutes £ 57 (range 20 to 292), and eNO change correlated positively with greater
elapsed time (ppb change, r = 0.338, p = 0.002 ; percent change, r = 0.363, p = 0.001). eNO
change did not correlate with amount of albuterol administered in the ED.

Subjects with Final eNO Measurement Only (Severe Group)

Twenty-four subjects comprised the severe group deemed unable to await treatment for
study procedures. Compared to the main sample (with initial and final eNO levels), this
severe group had relatively higher initial respiratory rate (29 + 8 breaths per minute versus
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25 + 6; difference of means = 1.17; 95% CI 1.06 to 1.20), heart rate (115 + 120 beats per
minute versus 102 + 17; difference of means = 1.12; 95% CI 1.04 to 1.21) and PS (3.8 £ 2.0
versus 2.5 + 1.4); received more albuterol (total mg = 27 + 14 versus 14 + 11; difference of
means = 2.22; 95% CI 1.53 to 3.20; mg/kg = 0.56 + 0.32 versus 0.28 * 0.22; difference of
means = 2.23; 95% CI 1.59 to 3.15); more frequently received intravenous magnesium
sulfate (8 versus 0); and had a higher hospitalization rate (42% versus 11%). Other
characteristics (as listed in Table 1) were similar between these groups. Final replicate eNO
samples remained highly correlated (r = 0.99, p<0.001) with good CV (0.59 £ 0.66) when
data for this severe group were included in analysis.

Although the severe group had slightly higher mean final eNO level compared to the main
sample of subjects (40.1 ppb + 24.5 versus 36.3 + 29.7, p=0.22), final levels remained
similar according to disposition with data for severe group included in analysis (mean
difference between hospitalized and discharged = 1.42 ppb, 95% CI -13.0 to 15.8, p=0.47).

DISCUSSION

We measured eNO levels in children treated for acute asthma exacerbations to investigate
how levels related to ED disposition. If eNO levels could distinguish those needing
hospitalization, this may help improve care for many children with asthma. However, we
found initial and final levels and change between did not differ significantly according to
whether the child was hospitalized or discharged.

While our findings are consistent with the two other pediatric studies reporting eNO levels
are not associated with hospitalization during treatment of acute exacerbations,242% our
results add precision to this conclusion. Reproducibility of eNO measurement is an
important consideration when examining association with outcomes. Gill and colleagues
stopped their study after interim analysis revealed unacceptably poor reproducibility
(median CV=12%),24 and Kwok and colleagues collected only one sample per subject at
each measurement time.2> In our study we collected two samples per subject per
measurement time, using a single-breath off-line collection method, and had good
reproducibility (CV = 6% for both initial and final measurements).

Another difference between these two studies and ours is timing of eNO measurements.
SABA may rapidly change eNO levels,11:21 and both other studies allowed albuterol in the
ED before eNO measurement. This occurred for 33% of subjects in the study by Gill and
colleagues, 24 and this proportion was not reported by Kwok and colleagues?®; and neither
paper reported results adjusted for this potential confounder. We measured initial levels
before any ED treatment and analyzed results according to treatment before arrival. In this
sample, we found initial levels were similar according to prior treatment. Timing of final
eNO measurements also differed between studies. Gill and colleagues measured subsequent
levels after one hour of treatment, and Kwok and colleagues measured eNO again before
subjects left the ED, but at least 1 hour after systemic steroids.2425 We measured final levels
when disposition was determined to see how levels related to this important clinical
decision. Considering results of these studies collectively, eNO levels are not associated
with hospitalization regardless of when measured.
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Hospitalization is an important patient-oriented outcome potentially influenced by many
factors including acute severity and treatment response, as well as past history and social
and environmental concerns. In chronic asthma, high eNO levels are associated with risk of
exacerbation,12-1% and many of our subjects had high initial levels (although we lacked pre-
enrollment data to which to compare). However, initial levels in our sample did not differ
according to chronic severity, and high levels were not associated with needing
hospitalization. Although initial levels were relatively high in our sample compared to
results reported by Kwok and colleagues (median eNO approximately 9 ppb, range up to
70),25 our data are consistent with results of three other pediatric studies in which mean
baseline levels were 39 + 20, 38 + 19, and 48 + 8 ppb.22:23.26 \We found a broad range of
initial levels that may reflect variability due to prior medication use as well as chronic
severity. However, initial levels were similar according to medication use before arrival.
Although eNO levels are reported to decline after OCS use, 2% and initial levels in our
subjects using OCS within 4 days were relatively lower, levels were similar according to
disposition when adjusted for this variable. Considering other factors related to acute
severity, we found no association between initial levels and vital signs, pulse-oximetry, and
PEFR or PS (although data were limited), results consistent with other studies.?42

Predicting hospitalization for children with asthma exacerbations is challenging, and many
authors conclude the most accurate predictors are oxygen saturation and examination after
treatments.2%-3% We found final eNO levels obtained after treatment (including data from the
severe group) and initial-to-final change were similar according to disposition, and our
analysis with percent change took into consideration variability of initial levels. While most
subjects had increased final levels to some degree, 39% had decreased levels, and the
hospitalization rate was similar according to direction of change. This inconsistency and
variability of eNO change challenge clinical application in predicting disposition.

Studies of subjects with stable asthma report increased eNO levels after SABA 1121 put
investigations during acute exacerbations have less consistent results, possibly due to
variability in study protocols, acute severity and degree of bronchodilation. Small but
statistically significant eNO increases after bronchodilators were reported by two studies,
although one involved inhaled and intravenous medications?!, and the other did not describe
treatment in detail.24 Two other studies reported no significant change after inhaled
terbutaline.22:23 Our finding that overall final eNO level was higher than initial and most
subjects had increased levels may be a result of collecting more native eNO previously
trapped in lower airways which is available for sampling after bronchodilation.21:36
Although we had limited PEFR data, we found eNO change correlated positively with PEFR
change. Other studies have reported no correlation?4 or negative correlation between
changes in eNO and pulmonary function measures.21:22:23

While studies have analyzed and reported eNO change in terms of statistical significance,
there is no literature defining clinically meaningful levels or changes during acute
exacerbations. However, there are guidelines for reliability and acceptable differences
between samples during routine measurement. For online eNO measurement for which
values are immediately available, samples are typically repeated until 2 or 3 levels are
within 10% or not different by > 5 ppb (to account for lower levels).3 If these criteria were
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considered clinically significant, fewer than half of subjects had such change, whether
increased or decreased, and hospitalization rates were similar according to such change.

Our study has some limitations not yet discussed. It was conducted at a single site, and
subjects may not be representative of all children with acute exacerbations limiting
application of results to other settings and populations. We had a relatively small proportion
of subjects with initial eNO levels who were eventually hospitalized. ED clinicians
independently directed treatment, and not all subjects received identical therapy. Although
differences in treatment may influence eNO change, the treatment algorithm is based on
national guidelines,?” and treatments administered were based on clinical judgment allowing
examination of eNO levels with respect to medication administered in standard practice.
While we attempted to enroll a clinically relevant sample of subjects, we did not exclude
children with upper respiratory tract infections, gastroesophageal reflux, tobacco smoke
exposure, or recent intake of food or drink, and we did not collect information about these
characteristics that may affect eNO levels.

In conclusion, we found eNO measurement was feasible for children age 6 to 17 years with
acute asthma exacerbations. However, eNO levels measured before treatment and when
disposition was decided did not differ significantly between hospitalized and discharged
children, and eNO levels appear to be poor predictors of the need for hospitalization. eNO
increased after treatment for most subjects, and eNO change correlated positively with
PEFR change, but there was inconsistency and variability of change and no association with
other severity indicators. Considering these results and those of other studies, eNO
measurement is unlikely to be useful during ED management of children with acute asthma
exacerbations.
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Figure 1. Initial and Final Exhaled Nitric Oxide (eNO) Levels and Change in eNO Levels by
Emergency Department Disposition

Initial and Final exhaled nitric oxide (eNO) levels and difference between Initial and Final
levels by disposition. Data reported as parts per billion (ppb) or percent difference for eNO
change. Box-plots depict medians and interquartile ranges.
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Figure 2. Initial and Final Exhaled Nitric Oxide (eNO) Levels for Individual Subjects
Figure shows data points for Initial and Final exhaled nitric oxide (eNO) levels for each

individual subjects measured in parts per billion (ppb) with line of identify.
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Characteristics of Subjects Enrolled for Initial and Final eNO Measurements According to Emergency

Department Disposition

Table 1

Age, years
Gender, male
Race
African American
White/Caucasian
Height, centimeters
Weight, kilograms
Home medicines
Albuterol
Any inhaled corticosteroid
Montelukast
Medicines used before emergency department visit
SABA during preceding 24 hours
Number of SABA doses
SABA during preceding 4 hours
Inhaled corticosteroid during preceding 24 hours
Oral corticosteroid during preceding 4 days
Asthma severity
Intermittent
Mild persistent
Moderate persistent
Severe persistent
Initial vital signs
Heart rate, beats per minute
Respiratory rate, breaths per minute

Pulse oximetry % (room air)

PEFR (% predicted) before treatment

Pulmonary Score before treatment

Medications administered in emergency department
Albuterol nebulizer dose total, milligrams
Albuterol nebulizer dose total, milligram/kilogram
Ipratropium bromide

Oral corticosteroid

PEFR % predicted change, final-initial

Hospitalized  Discharged
(n=9) (n=74)
12.1 (2.4) 11.1 (2.8)
5 (56%) 39 (53%)
8 (89%) 69 (93%)
1 (11%) 5 (7%)
150.1(11.8)  152.3 (14.6)
56.6 (26.4)  53.1(22.9)
9 (100%) 71 (96%)
6 (67%) 33 (45%)
4 (44%) 22 (30%)
9 (100%) 64 (87%)
2.9(1.8) 2.5(1.7)
6 (67%) 30 (47%)
4 (44%) 17 (23%)
5 (56%) 11 (15%)
1 (11%) 23 (31%)
2 (22%) 25 (34%)
3 (33%) 13 (18%)
3 (33%) 13 (18%)
108.8 (19.7)  101.2 (16.3)
30.0(10.2)  244(5.7)
96.7 (2.3) 97.6 (2.0)
n=9 n=58
492 (26.4)  59.7 (22.6)
n=8 n=58
3.1(L9) 2.4 (1.3)
29.7 (11.8) 12.1(9.1)
0.61(0.33)  0.24(0.17)
9 (100%) 67 (91%)
9 (100%) 52 (70%)
n=8 n=36
12,6 (14.4)  21.8(15.9)
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Categorical data reported as number (%). Other data reported as mean (SD).

SABA = short-acting-beta-agonist, PEFR = peak expiratory flow rate.
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